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Evidence of how gestational parameters evolved is essential to understanding this funda-
mental stage of human life. Until now, these data seemed elusive given the skeletal bias
of the fossil record. We demonstrate that dentition provides a window into the life of
neonates. Teeth begin to form in utero and are intimately associated with gestational
development. We measured the molar dentition for 608 catarrhine primates and
collected data on prenatal growth rate (PGR) and endocranial volume (ECV) for 19 pri-
mate genera from the literature. We found that PGR and ECV are highly correlated
(R2 = 0.93, P < 0.001). Additionally, we demonstrated that molar proportions are sig-
ni!cantly correlated with PGR (P = 0.004) and log-transformed ECV (P = 0.001).
From these correlations, we developed two methods for reconstructing PGR in the fos-
sil record, one using ECV and one using molar proportions. Dental proportions recon-
struct hominid ECV (R2 = 0.81, P < 0.001), a result that can be extrapolated to PGR.
As teeth dominate fossil assemblages, our !ndings greatly expand our ability to investi-
gate life history in the fossil record. Fossil ECVs and dental measurements from 13
hominid species both support signi!cantly increasing PGR throughout the terminal
Miocene and Plio-Pleistocene, re"ecting known evolutionary changes. Together with
pelvic and endocranial morphology, reconstructed PGRs indicate the need for increas-
ing maternal energetics during pregnancy over the last 6 million years, reaching a
human-like PGR (i.e., more similar to humans than to other extant apes) and ECV in
later Homo less than 1 million years ago.

maternal energetics j dentition j hominid fossil record j prenatal growth j endocranial volume

Life history describes the schedule and process of growth and development, otherwise
known as ontogeny (1, 2). Key milestones in mammalian life history begin early in
development with conception and gestation, and proceed throughout the lifespan, end-
ing in death. The earliest stages of primate life history are intricately balanced through
the maternal–infant relationship (3). Developing human embryos, like those of other
primates, are entirely reliant on their gestating parent throughout prenatal develop-
ment; it is the only stage of primate life history where a gestating female cannot pass
on or distribute any of the metabolic or physiological burden of growing and raising
offspring to other members of the social group (3–5). However, a gestating parent can
receive support through the community, including through a partner, whether or not
they have contributed genetic material to the offspring. This support is almost always
linked to resource provisioning and protection from predators (6–8).
The growing body of research on primate maternal energetics, infant growth and

development, and the evolution of cognition revolves around a complex network of
resource provisioning, maternal health, trophic status, locomotion, body size, infant
dependency (sometimes referred to as altriciality), and social network (5, 9–17). The
importance of each of these factors in the evolution of the human species is still very
much under debate, largely complicated by the dif!culty of assessing many of these
physiological and behavioral traits in the fossil record. While a large body of research
has focused on postnatal growth rates and duration in humans and other hominids
(18–20), almost no research has investigated prenatal growth rates (PGRs) in the fossil
record. This imbalance is due in part to the prior inability to infer such a complex life
history trait from skeletal remains.
Prenatal growth, the rate of embryonic and fetal growth in utero, plays a key role in

establishing the trajectory of an individual’s metabolism, neurological development,
and ultimate growth during their lifetime (21). Calculated as the ratio of birth weight
(mass in grams) to gestation length (days) (22), mammalian species that have high rates
of prenatal growth have infants that are larger at birth relative to other species with
comparable lengths of gestation. In primates, gestational length is relatively similar

Signi!cance

Humans are characterized by
having very large brains relative to
body size. Because gestation is
critically linked to brain size,
pregnancy is an important but
elusive aspect of hominid
evolution. We developed two
methods for reconstructing
prenatal growth during this
earliest phase of life history using
brain size and dental morphology.
Our results indicate a signi!cant
increase in prenatal growth rates
(PGRs) throughout the terminal
Miocene and Plio-Pleistocene with
the evolution of human-like PGRs
in later Homo, less than 1 million
years ago. These results align with
fossilized pelvic and cranial
anatomy to support the evolution
of human-like pregnancy in the
Pleistocene and open up
possibilities for novel ways to
explore the evolution of hominid
gestation via dental variation.

Author contributions: T.A.M. designed research; T.A.M.
and A.P.W. performed research and analyzed data;
T.A.M., A.P.W., M.F.B., and L.J.H. interpreted results;
T.A.M. wrote the paper; and A.P.W., M.F.B., and L.J.H.
edited the paper.

The authors declare no competing interest.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

This article is a PNAS Invited Submission. P.U. is a
guest editor invited by the Editorial Board.
1To whom correspondence may be addressed. Email:
tesla.monson@wwu.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2200689119/-/DCSupplemental.

Published October 3, 2022.

PNAS 2022 Vol. 119 No. 41 e2200689119 https://doi.org/10.1073/pnas.2200689119 1 of 10

RESEARCH ARTICLE | ANTHROPOLOGY OPEN ACCESS

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

17
8.

14
4.

67
.2

13
 o

n 
O

ct
ob

er
 1

2,
 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

78
.1

44
.6

7.
21

3.



across the phylogeny, while PGR can vary quite signi!cantly
(23, 24), suggesting that growth rate provides a key source of
variation upon which primate evolution occurs.
Despite the oft-repeated statement that human infants are

secondarily altricial, meaning that they have most of their
growing to do after they are born, humans have the highest
PGR among primates (25–27). This life history distinguishes
humans from even their closest living relatives (26, 28, 29).
This high PGR results in human infants that are quite large at
birth relative to their time of gestation, with both large neona-
tal body mass and brain mass compared to other primates (25,
30). Yet, despite this large body and brain mass, at birth the
human infant brain is still only 30% of the size of the adult
brain, a developmental characteristic that leads to a helpless
infant that is highly reliant on parents and other social group
members for survival (19, 31).
Cooperative breeding, pair bonding, and group care have

been hypothesized as critical factors in the evolution of the
human brain and the helpless infant (11, 17, 21, 32–37). The
helpless infant requires constant care and attention, which is
provided only by the birthing parent unless they can receive
some assistance. Research in nonhuman primates shows that
mothers who receive assistance are better able to secure resour-
ces for themselves and their infants (30, 36, 38). As the brain is
a metabolically expensive organ, resource intake is essential for
infant brain growth and development (32, 39, 40). This is also
true at earlier life history stages, when the fetus is developing in
utero (5, 15, 28). Research in cetaceans has demonstrated that
brain size in these large and highly social animals is related to
PGR as well as gestational length, with growth rate dependent
on maternal energetics, including metabolism, resource intake,
and other physiological traits involved in gestation (41). This
supports the hypothesis that PGRs are also signi!cantly associ-
ated with adult endocranial volume (ECV) in primates, which
would not be a surprising result since adult ECV is strongly
correlated with neonatal ECV in primates (4). Across euther-
ians, large neonatal and adult relative brain size do not appear
to be related to periods of accelerated brain growth during fetal
development, as higher encephalization seems to be a product
of slower body growth rather than an increased rate of brain
growth (42). However, to our knowledge the direct correlation
between PGR and adult ECV has not been previously quanti-
!ed in primates, and so we test this hypothesis here.
Like the brain, teeth begin to form in utero and are thus

intimately associated with the developmental processes in mam-
malian early life history (43, 44). After birth, teeth remain
linked to crucial life history landmarks, including weaning,
menarche, and sexual activity through mate competition, and
have thus been used extensively to reconstruct primate life
histories in the fossil record (1, 29, 45–55). Considerable
pleiotropy underlies dental development, with genetic and phe-
notypic variation in individual tooth morphology being shared
with body size, craniofacial structures, and other teeth across
the dental arch (43, 44, 56, 57). More recent work has demon-
strated that these pleiotropic effects extend even to traits in
other parts of the body, including those associated with the
maternal–infant relationship, such as a lactation (58).
Our previous work in callitrichids linked slow PGRs to third

molar loss, providing one of the !rst lines of evidence that
dental morphology may be directly associated with PGR in pri-
mates (59). This insight has direct bearing on humans, as third
molar reduction remains one of the most distinct dental fea-
tures of humans compared to other primates (60–62). A large
body of work has generated hypotheses for the drivers of third

molar reduction and loss in humans, which range from craniofa-
cial reduction, to brain size increases, to changes in diet and tech-
nology, and may in fact be related to all of these morphological
and behavioral evolutionary shifts; these relationships have yet to
be resolved (60, 63, 64). Based on our previous work, we
hypothesized that PGR has a direct quantitative relationship
with both ECV and third molar reduction in humans. One of
the clearest ways to investigate third molar reduction is through
quanti!cation of molar proportions (60–63).

In order to test our hypothesis, we collected dental data on
extant and fossil primates and calculated the molar module
component (MMC), a genetically patterned trait that captures
the ratio of the third to !rst molar length and thus third molar
relative size. MMC has been genetically and phenotypically
assessed in a range of catarrhine primates (57, 65), including
fossil hominids (66, 67), as well as more broadly across mam-
mals (68, 69). All of these studies demonstrate that MMC car-
ries a strong phylogenetic signal and is not driven by dietary
adaptation or body size. Given that disruptions to intrauterine
growth in humans result in reduced cranial and tooth size (43,
70), the genetic mechanism underlying variation in MMC may
be shared between these traits. We present here an investigation
of the relationship between MMC and PGR in extant and fossil
primates. Our work aims to develop methods for estimating
the evolution of PGR in the hominid fossil record and thereby
open a window into the evolutionary history of human gestation.

One of the great challenges to human evolutionary research
lies in the limitations of the fossil record. Although fossils are
an essential resource that provide the only direct line into the
past, the factors at play in fossilization result in a vertebrate
record that is comprised almost exclusively of fossilized teeth
and bones (71). Thus, in order to elucidate the evolution of
human life history, researchers are tasked with the critical job
of developing new methods for deducing life history details
from hard tissues. Reconstructing life history in the fossil
record remains a primary focus of human evolutionary studies
(49, 72–74), and a large body of research has focused on the
evolutionary interplay between brain size and craniodental and
pelvic morphology in fossil hominids (75, 76). Considering
that PGR is linked to maternal investment and ECV, a clearer
understanding of PGRs in fossil hominids is invaluable to the
study of the evolution of human gestation and brain size, cru-
cial elements in life history theory. Using extant and fossil pri-
mate data, including dental metrics, PGR, and ECV, we tested
the following hypotheses:

H1) PGR is highly correlated with ECV in extant catarrhine
primates.

H2) Third molar proportions (as captured by MMC) are signif-
icantly associated with PGR and ECV in extant catarrhine
primates.

H3) Third molar proportions (as captured by MMC) can accu-
rately predict ECV, and thus PGR, in the hominid fossil
record.

By testing these hypotheses, we aimed to address two larger
outstanding questions about the evolution of life history in
humans:

Q1) Have hominoid PGRs increased signi!cantly throughout
the Miocene and Plio-Pleistocene?

Q2) When did human-like (i.e., more similar to humans than
to other extant apes) PGRs !rst evolve?

In order to test our hypotheses and answer these essential
questions about life history, we developed two models for
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predicting PGR (infant body mass in grams divided by gesta-
tion length in days) in the fossil record by using statistical rela-
tionships between PGR, ECV, and molar proportions (third
molar length relative to !rst molar length, MMC) in extant
catarrhines (n = 608). We present evidence that fossil PGRs
can be predicted from both ECV and MMC and thus provide
two methods for investigating life history in the fossil record.
The relationship between ECV and PGR is extremely tight,
while the dental model has more variable predictions, probably
due to the impacts of derived craniofacial morphology (e.g.,
extreme prognathism). To check that dental proportions accu-
rately reconstruct PGR and ECV, we validated our dental
model through a quantitative comparison of predicted and
observed ECV in the hominid fossil record (n = 13 species).
Additionally, we statistically compared the results from both
models and assessed the evolution of PGR over the last 6 million
years of the hominid fossil record.

Results

We demonstrated that measurements from both fossil crania and
fossil postcanine dentitions can be used to reconstruct PGR in
the fossil record. Both of our methods provided consistent and
statistically signi!cant results: PGRs have increased over the last
6 million years in hominids, and a human-like PGR evolved less
than 1 million years ago in later Homo. We de!ne human-like as

more similar to humans than to other extant apes. Gorillas
have the highest PGR of all nonhuman apes at 8.16 g/day,
while humans have a PGR of 11.58 g/day, making a PGR of
9.87 g/day the midpoint between humans and the other great
apes. Thus, we classify any PGR greater than 9.87 g/day as
human-like, rather than nonhuman ape-like.

ECV Predicts Increasing Prenatal Growth Rates in the Hominid
Fossil Record. ECV is highly and signi!cantly correlated with
PGR in extant catarrhines (R2 = 0.93, P < 0.001; Fig. 1A and
Table 1). Thus, ECV is a strong indicator of PGR and, in turn,
maternal physiological investment during gestation. From this
statistical relationship observed in extant taxa, we developed a
model to predict PGR from ECV. Using ECV measured from
fossil crania, we were then able to predict PGR in 13 fossil
hominid species (Fig. 1B and Table 2). Our model indicates
that early hominids (Ardipithecus and Australopithecus) had
PGRs similar to extant nonhuman apes. PGR is predicted to
have exceeded rates seen in extant nonhuman apes in Homo
habilis and Homo ergaster, !1.5–2 million years ago. Homo erectus
is predicted to have had a relatively high PGR (9.83 g/day, Table
2), and later Homo (H. heidelbergensis, H. neanderthalensis, and
fossil H. sapiens) are all predicted to have had a human-like
PGR (PGR > 9.87 g/day). It is not until fossil H. sapiens and
H. neanderthalensis that we predict a PGR that is the same as

Fig. 1. (A) PGR (g/day) is signi!cantly correlated with log-transformed ECV in extant catarrhines (R2 = 0.93, P < 0.001). (B) PGRs of fossil hominids, recon-
structed from fossil ECV measurements, are plotted alongside extant catarrhines. Values were reconstructed via a linear regression model developed from
extant data (Table 1). Homo sapiens are labeled with an asterisk, extant cercopithecids are labeled with a circle, extant nonhuman apes are labeled with a tri-
angle, Ardipithecus is marked with a crossed circle, Australopithecus are marked with a crossed diamond, and nonhuman fossil Homo species are marked
with a crossed square. Homo sapiens (North Africa) and (South Africa) are fossil samples. See SI Appendix, Figs. S3 and S4 for mandibular MMC results. See
SI Appendix text for notes on morphospace clustering.

Table 1. Linear regression models and statistical signi!cance

Linear regression model Equation R2 F (df) P

PGR ! Maxillary MMC y = !214.70x + 97.18x2 + 121.01 0.50 7.98 (2, 16) 0.0039
Log-transformed ECV (cm3) ! Maxillary MMC y = !34.86x + 15.90x2 + 20.98 0.57 10.75 (2, 16) 0.0011
PGR ! Log-transformed ECV (cm3) y = 6.76x ! 10.27 0.93 233.20 (1, 17) <0.001
Predicted log-transformed ECV (cm3)

! Observed log-transformed ECV (cm3)
y = 2.00x ! 3.37 0.81 52.21 (1, 12) <0.001

Predicted PGR (from XMMC) ! Predicted PGR
(from ECV [cm3])

y = 1.92x ! 11.66 0.82 53.33 (1, 12) <0.001

Predicted PGR (from ECV [cm3]) ! Geologic age y = !0.80x + 10.2352 0.69 26.70 (1, 12) <0.001
Predicted PGR (from XMMC) ! Geologic age y = !1.40x + 7.7353 0.46 10.42 (1, 12) <0.01

XMMC, maxillary MMC. All P values are signi!cant. PGLS R2 and P values are equivalent to the linear modeling results and are reported in SI Appendix, Table S6. PGR is calculated as the
mass of the newborn (g) divided by the length of gestation (days); see Materials and Methods for more details.
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modern humans (PGR " 11 g/day). Overall, our model pre-
dicting PGR from fossil ECV !nds that human-like PGR !rst
evolved in later Homo !0.25–0.75 million years ago.
Given the tight correlation between ECV and PGR in

extant catarrhines, estimating PGR from fossil ECV (measured
from fossil crania) is currently the best-supported method for
predicting PGR in the fossil record (Fig. 1B). However, we
also demonstrated that molar proportions are signi!cantly
correlated with PGR (R2 = 0.5, P = 0.004; Fig. 2A) and
ECV (R2 = 0.57, P = 0.001; Fig. 2B) in extant catarrhines,
offering a secondary method for estimating PGR in the fossil
record. With these two methods, partial cranial and dental
fossils can independently be used to predict PGRs in the fossil
record.

Molar Proportions Predict Increasing PGRs and ECVs in the
Fossil Record. Molar proportions (as captured by MMC) are
signi!cantly correlated with PGR and ECV in extant catar-
rhines (Fig. 2). We found a polynomial relationship to be the
best !t for the data, largely because of the high MMC and
PGR in baboons (Papio hamadryas). Papio is the most progna-
thic genus of the catarrhines, with notably elongated third
molars. Among the extant catarrhines sampled, there is substan-
tial overlap between species with approximately equal-length

third and !rst molars (MMC " 1). However, no species with
an MMC >1 has a PGR >5, and no species with an MMC <1
has a PGR <5, a pattern that is emulated in our predictions of
PGR. Building from the signi!cant correlations in extant pri-
mates, we generated a polynomial regression model to predict
PGRs from molar proportions in fossil hominids (Fig. 2C).
Because PGR and ECV are so tightly correlated, we also pre-
dicted ECV from molar proportions in fossil hominids and
compared our predictions to previously published ECVs recon-
structed from fossil crania (77). This comparison of predicted
versus observed ECVs serves as a model validation. Our pre-
dicted ECVs were signi!cantly correlated with observed ECVs
(R2 = 0.81, P < 0.001; Table 1), demonstrating that our model
predicts ECVs that are consistent with those estimated directly
from cranial fossil remains (SI Appendix, Fig. S1A). Since our
models are currently the only quantitative method for predict-
ing PGRs in the fossil record, we were not able to compare our
estimates with observed values. However, the tight correlation
between ECV and PGR in extant taxa strongly suggests that
our model reliably predicts PGR in the fossil record. Future
studies that investigate life history, brain size, and molar pro-
portions more broadly across primates may help elucidate the
ecological and physiological pressures shaping the associations
between these traits.

Table 2. Extant and fossil data used in this study, including average maxillary MMC values, observed PGRs and
ECVs, and predicted PGRs and ECVs*

Species

Average
geologic
age (Ma)

Average
maxillary
MMC

Observed
PGR

Average
predicted
PGR (ECV)

Average
predicted
PGR (MMC)

Observed
ECV
(cm3)

Observed
logECV
(cm3)

Average
predicted

logECV (cm3)

Cercocebus torquatus Extant 1.06 3.10 — — 93.48 1.97 —
Cercopithecus mitis Extant 0.95 2.90 — — 65.62 1.82 —
Chlorocebus aethiops Extant 0.96 1.94 — — 58.25 1.77 —
Colobus guereza Extant 1.08 2.63 — — 72.00 1.86 —
Erythrocebus patas Extant 1.04 3.72 — — 87.57 1.94 —
Gorilla gorilla Extant 1.00 8.16 — — 433.74 2.64 —
Homo sapiens Extant 0.84 11.58 — — 1478.00 3.17 —
Lophocebus albigena Extant 0.98 2.73 — — 90.64 1.96 —
Macaca fascicularis Extant 1.12 2.00 — — 60.93 1.78 —
Mandrillus sphinx Extant 1.15 3.52 — — 136.42 2.13 —
Nasalis larvatus Extant 1.09 2.73 — — 84.85 1.93 —
Pan paniscus Extant 0.93 5.95 — — 326.25 2.51 —
Pan troglodytes Extant 0.92 7.54 — — 357.71 2.55 —
Papio hamadryas Extant 1.22 4.94 — — 137.00 2.14 —
Pongo pygmaeus Extant 0.88 6.34 — — 339.56 2.53 —
Semnopithecus entellus Extant 1.06 2.60 — — 95.24 1.98 —
Theropithecus gelada Extant 1.25 2.60 — — 123.22 2.09 —
Trachypithecus obscurus Extant 1.03 2.07 — — 59.30 1.77
Ardipithecus ramidus 5.20 1.05 — 6.71 2.75 325.00 2.51 1.91
Australopithecus anamensis 4.05 1.04 — 7.09 2.80 370.00 2.57 1.92
Australopithecus afarensis 3.09 1.06 — 7.63 2.64 445.80 2.65 1.90
Australopithecus africanus 2.80 1.09 — 7.74 2.47 462.33 2.66 1.87
Homo ergaster 1.73 0.97 — 9.35 4.23 800.67 2.90 2.13
Homo habilis 1.69 0.98 — 8.55 4.02 610.00 2.79 2.10
Australopithecus boisei 1.63 1.00 — 8.06 3.50 515.00 2.71 2.02
Australopithecus robustus 1.50 1.12 — 7.93 2.46 493.33 2.69 1.88
Homo erectus 0.89 0.84 — 9.83 9.43 941.44 2.97 2.95
Homo heidelbergensis 0.47 0.79 — 10.70 11.77 1265.75 3.10 3.32
Homo naledi 0.29 1.00 — 8.01 3.50 507.50 2.71 2.02
Homo neanderthalensis 0.09 0.85 — 11.17 8.56 1487.50 3.17 2.81
Homo sapiens (North Africa) 0.07 0.86 — 10.84 8.45 1330.00 3.12 2.79
Homo sapiens (South Africa) 0.07 0.85 — 10.84 8.93 1330.00 3.12 2.87

Ma, millions of years ago; logECV, log-transformed ECV. Fossil ECVs and geologic ages are from (76, 98, 116, 117). SI Appendix, Table S1 includes minimum and maximum predicted
values. PGR is calculated as the mass of the newborn (g) divided by the length of gestation (days); see Materials and Methods for more details.

4 of 10 https://doi.org/10.1073/pnas.2200689119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

17
8.

14
4.

67
.2

13
 o

n 
O

ct
ob

er
 1

2,
 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

78
.1

44
.6

7.
21

3.



Consistent with our !ndings from ECV, our dental model
predicts lower PGRs for Ardipithecus, Australopithecus, and
early Homo, similar to values seen in extant cercopithecids
and nonhuman apes. This model predicts that PGR !rst
increased beyond rates seen in extant nonhuman apes
(PGR >8) !1–1.5 million years ago with H. erectus, and fur-
ther increased in the geologically more recent H. heidelbergensis,
H. neanderthalensis, and fossil H. sapiens. Both models support
signi!cantly increasing PGRs throughout the terminal Miocene
and Plio-Pleistocene, with predicted PGR signi!cantly corre-
lated with geologic time in fossil hominids (P < 0.01 for pre-
dictions from ECV and MMC; Table 1 and SI Appendix, Fig.
S2 A and B).
Additionally, we found that the predictions of PGR from

fossil ECV values are signi!cantly correlated with the predic-
tions of PGR from maxillary dental proportions (R2 = 0.82,
P < 0.001; Table 1 and SI Appendix, Fig. S1B). Because several
of the extant species sampled have proportionately equal third
and !rst molar lengths (MMC !1), the dental model under-
predicts PGR at higher MMC values (MMC >0.9). However,
predictions at lower MMC values (MMC <0.9) have smaller
con!dence intervals and more closely approximate predictions
from ECV (SI Appendix, Table S1). Overall, the predictions from

this model are signi!cantly correlated with predictions derived
from the ECV model. While ECV is a more statistically sup-
ported predictor of PGR in fossil hominids, predictions from
molar proportions are still strongly and signi!cantly supported
(correlated with observed ECV values, P < 0.001; correlated
with predictions from ECV model, P < 0.001). Both models
support increasing PGR over the last 6 million years, with
human-like PGRs (>9.87 g/day) !rst evolving within the last
1 million years in later Homo.

Discussion

We demonstrated that PGR can be reconstructed in the homi-
nid fossil record by using fossilized cranial and dental remains.
The results from both methods are signi!cantly correlated:
Both models indicate that PGR has increased signi!cantly
over the last 6 million years, and both models indicate that a
human-like PGR (i.e., more similar to humans than to other
extant apes) !rst evolved in later Homo, about 0.5 million years
ago (0.25–0.75 Ma). Synthesizing the predictions from both
models, we found evidence that increases in PGR during homi-
nid evolution align with major taxonomic and morphological
changes, as seen in many aspects of hominid biology.

Fig. 2. (A) PGRs (R2 = 0.50, P < 0.004) and (B) log-transformed ECVs (R2 = 0.57, P = 0.001) are signi!cantly correlated with maxillary MMC in extant catar-
rhines. (C) PGRs of fossil hominids, reconstructed from molar proportions, are plotted alongside extant catarrhines. Values were reconstructed via a linear
regression model developed from extant data (Table 1). (D) Figurative illustration of MMC in apes. Dashed red line on the third molar (M3) indicates where
molar mesiodistal length is measured. Distal is to the Left, and mesial is to the Right. Homo sapiens are labeled with an asterisk, extant cercopithecids are
labeled with a circle, extant nonhuman apes are labeled with a triangle, Ardipithecus is marked with a crossed circle, Australopithecus are marked with a
crossed diamond, and nonhuman fossil Homo species are marked with a crossed square. Homo sapiens (North Africa) and (South Africa) are fossil samples.
SI Appendix, Figs. S3 and S4 include mandibular MMC results.
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Evolution of PGRs in Hominid Evolution. Our statistically
supported predictions of PGR broadly re"ect anatomical and
evolutionary changes across geologic time (Fig. 3) and align with
previous work on the evolution of neonatal brain size and pelvic

morphology in hominids (19, 20, 28, 72, 78). Fossil evidence
from the Late Miocene and Early Pliocene !rst re"ects a shift in
locomotor habitus, with adaptations to bipedality visible in the
skeletons of Ardipithecus, and especially Australopithecus (79, 80).

Fig. 3. Timeline of morphological, behavioral, and ecological changes in the hominid fossil record from terminal Miocene to present. The x-axis is geologic
time in millions of years (Ma). The y-axes are parsed by variable. From Top to Bottom: (A) Predicted PGR, predicted via the linear regression model (for ECV)
developed as part of the method published in this article. (B) ECV (in cubic centimeters) reconstructed from cranial fossil specimens [data from (77)]. (C)
Maxillary MMC. (D) Soil carbonate !13C (& Vienna Pee Dee Belemnite), sampled from paleosols in eastern African hominid-bearing areas. Stable isotope
data (D) were obtained from (101); temporal shifts toward more positive (enriched) isotopic values on the y-axis indicate ecological transitions from C3 to C4

vegetation coinciding with climatological increases in aridity. Fossil species are plotted as averages with error bars to represent currently known !rst and
last appearance dates (77, 97, 116, 117). Evolutionary changes in pelvic shape, ECV, and MMC are visualized through extremes (A–C, respectively). PGR is
represented by fossil pelves from Australopithecus afarensis AL 288-1 and recent Homo sapiens [images adapted from (118)]. ECV is represented by
Australopithecus anamensis MRD-VP-1/1 [image adapted from (116)] and Homo sapiens Skhul V [image adapted from (119)]. MMC is represented by a
!gurative visualization of dental proportions. Major changes in behavior are plotted on the x-axis at the top of the !gure using illustrative images,
representing the evolution of obligate bipedalism, use of Oldowan tools, and use of Acheulean tools [images and dates are adapted from (75)]. Figure
legend includes fossil taxa and extant Homo sapiens. Fossil Homo sapiens are demarcated as North Africa and South Africa. Location refers to the sites where
the soil carbonate isotopes were sampled. SI Appendix, Fig. S8 includes expanded !gure that includes PGR predicted from MMC, and additional stable
isotope data.

6 of 10 https://doi.org/10.1073/pnas.2200689119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

17
8.

14
4.

67
.2

13
 o

n 
O

ct
ob

er
 1

2,
 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

78
.1

44
.6

7.
21

3.



During this period, Ardipithecus and Australopithecus are pre-
dicted to have had lower PGRs and smaller ECVs, more similar
to those of extant monkeys and apes today, as well as third
molars that are larger than, or approximately equal in size to, the
!rst molars.
Our models indicate that PGRs increased about 1.5–2 million

years ago alongside increasing brain size, a phenomenon associ-
ated with the evolution of genus Homo. Our method of predict-
ing PGR from fossil ECV supports the interpretation that PGR
!rst exceeded what is seen in extant apes today during this period
of the Early Pleistocene. However, early Homo, including
H. ergaster and H. habilis, are predicted to have had PGRs and
ECVs that were still more similar to those of extant apes than
modern humans (PGR <9.87 g/day). The predictions of PGR
from the dentition are lower but still re"ect an increase from
what is predicted for early hominids, as well as a lower predicted
PGR than in later Homo. There is also a reduction of the third
molar relative to the !rst molar (lower MMC). The behavioral
evidence from this period demonstrates re!nements in tool mak-
ing, perhaps re"ecting a cognitive shift that enabled the imposi-
tion of preconceived form onto stone (81). While there is some
evidence for butchery as early as 2.5 million years ago (82), or
perhaps even 3.3 million years ago (83), advanced food process-
ing behavior became much more common during this later phase
(84) and may have supported the substantial calorie intake
required for the evolution of increased brain size (17). Other
hypothesized factors in increasing brain size include changes in
social structure and metabolic physiology (85).
Hominid PGRs increased substantially again with the evolu-

tion of H. erectus in the Early Pleistocene (Fig. 3). An increased
PGR occurs in step with increasing brain size in H. erectus and
may be associated with, if not driving, the evolution of increas-
ing encephalization in Pleistocene hominids (86). This may
have occurred in tandem with increases in metabolic rate,
which are hypothesized to be a strong driver in the evolution of
brain size and life history in humans (17). Near this time, the
fossil and archaeological records demonstrate notable increases
in the production and use of technology, as well as the !rst
near-global dispersal of a hominid species (87). The fossil evi-
dence also indicates that, alongside increases in brain size,
human-like limb proportions !rst evolved in H. erectus (88).
The pelvic anatomy of H. erectus has been suggested to demon-
strate evidence for a high PGR similar to that of humans, but
other researchers have cautioned against an overreliance on pel-
vic anatomy for reconstructing life history traits such as prena-
tal or postnatal growth rates (76, 88–91). This ongoing debate
further emphasizes the importance of the methods described
herein. Taken together, these changes in bony anatomy rein-
force our predictions of a high PGR in H. erectus and support
the interpretation that metabolically costly pregnancy and dif!-
cult birth evolved in Pleistocene Homo.
Research on Neanderthal pelvic and perinatal cranial dimen-

sions supports a rotational, or at least very dif!cult, birth in this
taxon, much like that of modern humans (20, 92). Fossil evi-
dence also supports a rotational birth in later Homo, including
H. erectus in the Middle Pleistocene (93). This is in line with
Walker and Ruff’s (88) conclusions that H. erectus had a neona-
tal brain size and pelvic canal diameter similar to that of modern
humans, resulting in a dif!cult, rotational delivery. In contrast,
reconstructions of Australopithecus sediba pelvic anatomy support
a nonrotational birth in this geologically older taxon, with no
evidence for cranial or shoulder constraints in the birth canal
(94). Our predictions for PGR align with this previous research
in supporting a human-like PGR (>9.87 g/day) and ECV in

later Homo, evolving in H. heidelbergensis !0.25–0.75 million
years ago. Changing pelvic anatomy, endocranial volume, and
predicted PGRs all provide independent lines of evidence
that support human-like pregnancy and birth evolving in the
Pleistocene in the later Homo species, before the emergence of
Homo sapiens (Fig. 3).

Our research provides a line of evidence for an increase in
PGRs over the last 6 million years. We found a statistically sig-
ni!cant relationship between predicted PGR and geologic time
for both the cranial and dental models. One exception is seen
with H. naledi. The H. naledi predicted PGR falls in between
the Ardipithecus/Australopithecus and early Homo clades, as would
be expected given the similar molar proportions and ECV
(Table 2), but in contrast to the young geologic age estimated
for this taxon (95). This af!nity to early Homo is not particu-
larly surprising as it echoes other reports of mosaic anatomy in
H. naledi, comprising a mix of ancestral and derived features
[including in dental morphology (66, 96–98)]. Our data indi-
cate that H. naledi had the lowest PGR of all species in genus
Homo, more similar to Australopithecus boisei and extant apes
today.

Conclusions

We detailed and quantitatively validated two methods for recon-
structing PGRs from primate skeletal materials: predictions
based on endocranial volume and predictions based on molar
proportions. Together with previous work on African ecology
(from paleosol and tooth isotope data), as well as dental, pelvic,
and endocranial morphology, our reconstructed PGRs build a
picture of increasing maternal energetics during pregnancy over
the last 6 million years of hominid evolution. Expanding C4
grasslands and herbivore populations coincide with evolutionary
advancements in tool technologies and evolutionary increases
in brain size in genus Homo (99). These changes may have
provided the impetus for the increased resource provisioning
necessary for growing prenatal and postnatal infant brains (25,
100–102). Increased neonatal size and maternal investment have
also been hypothesized to be linked to locomotion and selection
on bipedality (30). These increases can be further associated with
behaviors linked to changes in social structure and larger group
sizes (32), including the likely evolution of group hunting and
early language (103). Together, the data support a changing
morphological and ecological landscape of increased resources
available to gestating mothers, as well as to their helpless infants.
This feedback loop may have in turn allowed for the evolution
of even larger brains and increased cranial capacity in later
Homo, leading to H. sapiens.

Materials and Methods

Extant Materials. PGR is an informative trait that quanti!es growth of the fetus
and maternal energetics. Using data for 19 extant catarrhine primate species,
we demonstrated that adult ECV is a very strong predictor of PGR (R2 = 0.93;
Fig. 1A). Our previous work on platyrrhines (59) hypothesized that PGR is tied to
molar development, including size and number. This provided the theoretical
basis for our hypothesis that postcanine tooth proportions are correlated with
PGR in primates.

We measured the molar dentition for 608 catarrhine primates across 18
extant species and collected data for gibbons from the literature (n = 1) to
assess the quantitative relationship between the postcanine dentition, PGR, and
ECV (Tables 1 and 2). Dental metrics were taken with calipers according to pub-
lished standards (104). Our growing body of work has demonstrated that molar
proportions (MMC) are heritable, have a reliable phylogenetic signal, and are
independent of diet and body size (57, 65–69). For this study, we focused on
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relative third molar length, as captured by the MMC. We focused on third molar
proportions because they are an evolutionarily and morphologically interesting
trait in humans (52, 64), and because our previous work hypothesized that PGRs
are linked to third molar presence through the iterative developmental processes
of postcanine tooth development (59). We statistically compared third molar pro-
portions (MMC), PGR, and ECV in extant catarrhines, controlling for phylogenetic
relatedness by using phylogenetic generalized least squares regression (PGLS).
Our extant analyses focused on catarrhine species (n = 19) for which we had
postcanine dental data, PGR (grams/day), ECV (cubic centimeters), and molecular
data. Dental proportions were averaged from 608 primate individuals across
18 species and combined with data for gibbons from the literature (105) (see
SI Appendix, Table S4 for species sample sizes and Table 2 for average trait
values by species).

Dental data were collected as linear dental metrics. MMC was calculated with
the following equation according to previous standards for the trait (57):

MMC =
Mesiodistal length of the third molar
Mesiodistal length of the first molar

:

We calculated both maxillary and mandibular MMC from our linear metric
data for analyses. The maxillary data had stronger statistical !t with PGRs and
ECVs in extant primates, probably related to the variable presence of the hypoco-
nulid on the lower third molar in catarrhines (106). Therefore, we present the
maxillary data in the main body of the article. Results from the mandibular data
are still signi!cant and are presented in the SI Appendix. Residual plots from
models of linear regressions between PGR and maxillary MMC, log-transformed
ECV and maxillary MMC, and PGR and log-transformed ECV are reported in SI
Appendix, Fig. S5.

Additionally, we calculated dental area to see whether it outperformed MMC
as a predictor of published ECV values. Dental area was calculated as:

Tooth area = Mesiodistal tooth length ! Buccolingual tooth width:
We used size-corrected (square root) tooth area for all tooth area analyses

(SI Appendix, Table S5). Results for maxillary and mandibular tooth area are
available in SI Appendix, Figs. S6 and S7.

Average PGR and ECV were used for each extant species. PGR was calculated
according to previous standards (22) and the following equation:

Prenatal growth rate =
Neonatal birth weight "grams#

Gestation length "days#
:

Neonatal birth weight and gestation length were taken from (22) for all spe-
cies except Chlorocebus aethiops, Trachypithecus obscurus, and Semnopithecus
entellus; data for these species were compiled from the online life history data-
base AnAge, part of the Human Aging Genomic Resources database (107). All
ECV averages for extant primates were taken from (108).

To test the fossil applications of this method, we compiled data on molar pro-
portions for 13 fossil species. After testing for the effects of phylogeny via PGLS,
we generated a linear regression equation from the extant catarrhines and applied
it to our fossil data as a predictive model. As another quality check on our model,
we compiled data on reconstructed ECV for all 13 fossil species (detailed below).

Fossil Materials. We used previously published dental data for all fossils
included in our analyses [majority of data from (98); see SI Appendix for details].
We also gathered published ECVs (cubic centimeters) for the fossils included in our
dataset (77). These ECVs were compiled from other publications that made esti-
mates directly from cranial fossil specimens. With these fossil data, we predicted
ECV using our molar proportion method and compared it to the published ECV
reconstructions (Table 1). For consistency with the adaptive grade-based de!nition
of the human clade used in our previous work, we use Hominidae (and hominid)
to refer to all taxa on the human side of the human–chimpanzee divergence.

Statistical Analyses. Statistical analyses and !gures were produced in R version
4.1.2 (109) via RStudio software version 2021.09.1+372 (110). All plots were
made with the ggplot2 package (111), and averages and log-transformed values
were calculated with the dplyr package (112).

To statistically test the relationships between PGR, ECV, and MMC in extant
catarrhines, we conducted a PGLS regression analysis by using a published phy-
logenetic supertree built from molecular data and generated via a heuristic-
hierarchical Bayesian method (113). We read and truncated the phylogenetic

tree using ape (114). The PGLS analysis was run with the pgls function in caper
(115). After testing for the effect of phylogeny with PGLS, we used the lm func-
tion in R to build models describing the statistical relationship between each
pair of traits. A linear model for the relationship between PGR and ECV was most
signi!cantly supported via PGLS and lm. Quadratic polynomial models were
most signi!cantly supported via PGLS and lm for the relationship between PGR
and maxillary MMC and between ECV and maxillary MMC (lm models reported
in Table 1; PGLS models reported in SI Appendix, Table S6). The lm models were
then used to predict PGR and ECV for hominid fossils (see Table 1 for model
equations and Table 2 for predicted values).

We visualized predicted PGRs in hominids by plotting predicted PGRs against
fossil ECV and maxillary MMC values and including observed PGRs for extant
species from the literature (Figs. 1B and 2C). As a check of our model validity,
we also compared predicted ECV (from our polynomial regression model) with
observed ECV (from fossil cranial data) across the sampled hominids. Predicted
and observed ECVs are signi!cantly correlated, indicating that our regression
model successfully predicts ECV in a way that accords with observed values from
fossil crania (SI Appendix, Fig. S1A). Our predicted ECV values are lower than the
observed ECV values, but they are signi!cantly correlated. The difference
between predicted and observed values could be related to underestimation in
our dental model. The PGR predictions generated from the ECV and dental
models are signi!cantly correlated (R2 = 0.82, P < 0.001). All results for man-
dibular MMC are presented in the SI Appendix. All original maxillary dental data
collected for this study, and all R code used to conduct analyses, are available
at https://github.com/teslamonson/prenatal. Mandibular dental data are from a
previously published dataset (57).

Data, Materials, and Software Availability. Dental measurement data
have been deposited in GitHub (https://github.com/teslamonson/prenatal). All
study data are included in the article and/or supporting information. Previously
published data were used for this work [1. L. J. Hlusko, C. A. Schmitt, T. A.
Monson, M. F. Brasil, M. C. Mahaney. The integration of quantitative genetics,
paleontology, and neontology reveals genetic underpinnings of primate dental
evolution. Proc. Natl. Acad. Sci. U.S.A. 113(33), 9262–9267 (2016). 2. R. L.
Holloway, D. C. Broad!eld, M. S. Yuan. The Human Fossil Record, Brain
Endocasts-The Paleoneurological Evidence (John Wiley and Sons, 2004). 3. S. H.
Montgomery, N. I. Mundy. Parallel episodes of phyletic dwar!sm in callitrichid
and cheirogaleid primates. J. Evol. Biol. 26(4), 810–819 (2013). 4. R. Tacutu,
T. Craig, A. Budovsky, D. Wuttke, G. Lehmann, D. Taranukha,... J. P. de
Magalh~aes. Human aging genomic resources: Integrated databases and tools
for the biology and genetics of aging. Nuc. Acids. Res. 41, D1027–D1033
(2012). 5. P. W. Lucas, R. T. Corlett, D. A. Luke. Postcanine tooth size and diet in
anthropoid primates. Z. Morph. Anthropol. 76(3), 253–276 (1986). 6. J. D. Irish,
M. Grabowski. Relative tooth size, Bayesian inference, and Homo naledi. Am. J.
Phys. Anthropol. 176(2), 262–282 (2021). 7. Y. Haile-Selassie, S. M. Melillo,
A. Vazzana, S. Benazzi, T. M. Ryan. A 3.8-million-year-old hominin cranium from
Woranso-Mille, Ethiopia. Nature 573(7773), 214–219 (2019). 8. G. Suwa, R. T.
Kono, S. W. Simpson, B. Asfaw, C. O. Lovejoy, T. D. White. Paleobiological impli-
cations of the Ardipithecus ramidus dentition. Science, 326(5949), 69–99
(2009). 9. R. L. Holloway, S. D. Hurst, H. M. Garvin, P. T. Schoenemann, W. B.
Vanti, L. R. Berger, J. Hawks. Endocast morphology of Homo naledi from
the Dinaledi Chamber, South Africa. Proc. Natl. Acad. Sci. U.S.A. 115(22),
5738–5743 (2018). 10. Y. Kaifu, R. T. Kono, T. Sutikna, E. W. Saptomo, R. A.
Due. Unique dental morphology of Homo !oresiensis and its evolutionary impli-
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Brain size of Homo !oresiensis and its evolutionary implications. Proc. Roy. Soc.
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Re-evaluating the link between brain size and behavioral ecology in primates.
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