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The evolution of human altriciality and brain 
development in comparative context

Aida Gómez-Robles    1,2 , Christos Nicolaou    1, Jeroen B. Smaers    3 & 
Chet C. Sherwood    4

Human newborns are considered altricial compared with other primates 
because they are relatively underdeveloped at birth. However, in a broader 
comparative context, other mammals are more altricial than humans. 
It has been proposed that altricial development evolved secondarily in 
humans due to obstetrical or metabolic constraints, and in association with 
increased brain plasticity. To explore this association, we used comparative 
data from 140 placental mammals to measure how altriciality evolved 
in humans and other species. We also estimated how changes in brain 
size and gestation length influenced the timing of neurodevelopment 
during hominin evolution. Based on our data, humans show the highest 
evolutionary rate to become more altricial (measured as the proportion 
of adult brain size at birth) across all placental mammals, but this results 
primarily from the pronounced postnatal enlargement of brain size rather 
than neonatal changes. In addition, we show that only a small number of 
neurodevelopmental events were shifted to the postnatal period during 
hominin evolution, and that they were primarily related to the myelination of 
certain brain pathways. These results indicate that the perception of human 
altriciality is mostly driven by postnatal changes, and they point to a possible 
association between the timing of myelination and human neuroplasticity.

Mammalian species can be classified according to their developmental 
patterns as altricial or precocial. Altricial species are characterized by 
having large litter sizes, short gestations, closed sensory organs and 
naked skin at birth, and by having limited mobility when they are born. 
Precocial species have small litters and long gestations, their sensory 
organs are open and functional at birth, their body hair is present when 
they are born, and they are able to locomote on their own soon after 
birth1,2. Human newborns are generally described as altricial because, 
compared with other primates, infants are underdeveloped at birth 
and more dependent on parental care for survival. Human altriciality, 
or helplessness at birth, has been associated with a high level of brain 
plasticity resulting in increased learning capacities, behavioural flex-
ibility and enhanced capacity for cultural transmission1–4. The logic 
underlying the link between altricial development, brain plasticity and 

behavioural complexity is that a higher proportion of brain develop-
ment happening postnatally allows for neural circuitry to be shaped 
directly by the environment where the adult individual will have to 
survive, thus resulting in behaviours that are directly shaped by and 
adapted to those environments4.

Although humans appear altricial when compared with other 
primates, a broader phylogenetic perspective that includes additional 
mammalian orders shows that many other species are substantially 
more altricial. However, although a relationship between altricial 
development, delayed brain maturation and enhanced learning capaci-
ties has been hypothesized for birds5, the available evidence does not 
currently indicate a relationship between developmental patterns 
and adaptations related to social behaviour in mammals6. Therefore, 
our study aims to analyse the evolution of human altriciality relative 
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Results
Brain and body proportion at birth across mammals
Brain and body proportion at birth (measured as the percentage of 
adult size that is present at birth) were compared across the four clades 
of mammals that are the best represented in our sample: artiodactyls, 
carnivorans, primates and rodents (Fig. 1a). All the species included in 
our study attain less than 21% of their adult body size at the time of birth, 
with minor differences across the major mammalian orders (Fig. 1b and 
Extended Data Table 1). However, other studies have reported higher 
body proportion values at birth in some groups that are not included 
in our study, such as some species of bat, which can reach almost 50% 
of their maternal body size at birth28. Among the phylogenetic groups 
we compared, body proportion at birth is significantly lower in car-
nivorans relative to artiodactyls (P = 0.011) and primates (P = 0.003), 
with no other significant differences observed.

In contrast, ranges of variation for brain proportion at birth are 
very wide. Within artiodactyls and primates, most species achieve 
between 25% and 75% of their adult brain size when they are born, with 
mean values of 40–50% (Extended Data Table 1). Humans show the 
lowest value within primates, with slightly less than 25% of adult brain 
size attained at birth. Carnivorans and rodents tend to show lower brain 
proportions at birth, with mean values around 25%, but their ranges 
of variation are also very wide, with maximum values reaching almost 
75% in carnivorans and almost 60% in rodents (Fig. 1c and Extended 
Data Table 1). Primates display significantly higher brain proportions 
at birth than rodents (P < 0.001) and carnivorans (P < 0.001), but not 
artiodactyls (P = 0.943).

A similar pattern is observed when focusing on mammalian species 
with particularly large absolute adult brain sizes (Fig. 1d). These groups 
also show narrow ranges of variation for body proportion at birth, with 
the lowest overall values observed in hominids (great apes and humans) 
and elephants (Fig. 1e). These groups tend to show brain proportions at 
birth of around 40–50% (Fig. 1f and Extended Data Table 1), but humans 
and, especially, bears show particularly low values within their clades.

Evolutionary rates
To assess the strength of selection over each branch of the mammalian 
phylogeny, we calculated the amount of change accumulated over 
each branch with respect to a neutral expectation. We call these values 
evolutionary rates because they are indicative of how fast individual 
branches have evolved, although they are not rates in the strict sense, 
but rather a ratio of the observed amount of change versus the expected 
amount of change at each branch (see Methods for detailed explana-
tions on how these values have been calculated). Humans show the 
highest evolutionary rate towards a smaller brain proportion at birth 
(which we refer to as increased brain size altriciality) across all mam-
mals (Fig. 2a,f, Extended Data Fig. 1 and Extended Data Table 2), with 
the same result obtained when brain size altriciality is measured as 
residuals from a phylogenetic generalized least squares (PGLS) regres-
sion line between neonatal and adult brain size (Extended Data Fig. 2). 
Although there are other mammalian species that have lower brain 
proportions at birth than humans, they have evolved their high levels 
of brain size altriciality within clades where other closely related spe-
cies are similarly altricial. Humans, however, show a high level of brain 
size altriciality within the evolutionary context of primates, which are 
generally more precocial.

With respect to body proportion at birth, the species that shows 
the highest rate to increase body size altriciality (that is, to decrease 
body proportion at birth) is the orca (Orcinus orca), followed by the 
striped dolphin (Stenella coeruleoalba; Fig. 2b and Extended Data 
Table 2). Notably, the fast increase in brain size altriciality observed in 
humans is not a secondary result of an increase in body size altricial-
ity, as humans show a moderate increase in body proportion at birth 
with respect to the last common ancestor of Homo and Pan (rate = 1.41;  
Fig. 2f). Indeed, humans have a higher body proportion at birth with 

to other primates and mammals to determine whether the evolution 
of our species’ development departs from other groups, and whether 
these differences might be linked to the emergence of human speciali-
zations for brain plasticity2,7,8.

One explanation for human altriciality is that it arose as the result 
of an obstetrical dilemma: as humans evolved larger brains and the 
birth canal became constrained due to biomechanical adaptations for 
bipedality, selection favoured neonates with relatively smaller brains 
at the time of birth, and a greater proportion of brain growth was offset 
to the postnatal period9,10. Other authors suggest that metabolic con-
straints are more likely to have driven the evolution of human altricial-
ity, as foetal energetic demands towards the final part of pregnancy are 
too high to maintain gestation much beyond 40 weeks11,12. Whether 
human altriciality evolved because of obstetrical or metabolic factors, 
or a combination of both, the resulting opportunity for extrauterine 
brain growth and maturation may have proved selectively advanta-
geous2,4. Survival of the mother and newborn during labour would be 
strong selective forces, but additional selective advantages in the form 
of increased brain plasticity and learning abilities could also explain 
why giving birth to underdeveloped and vulnerable infants, a seemingly 
disadvantageous trait, evolved in humans1.

The altriciality–precociality spectrum is complex and multifac-
eted. The first part of our study, however, focuses on a simple metric, 
which is the proportion or percentage of adult brain size that is present 
at birth. This variable is broadly discussed in the human altriciality 
literature, as it shows a substantially lower value in humans (different 
studies report between 20% and 30% of adult brain size at birth13) than in 
all the other primates (35–40% in chimpanzees and even higher values 
in the other primates2,4,13). It is important to note that this percentage 
value provides only limited information on the level of altriciality or 
precociality of each species, it is not exposed to selection per se, and 
its study poses methodological limitations (Methods). However, it 
is important to understand how this proportion of neonatal to adult 
brain size has varied across mammalian evolution because of its histori-
cal importance in discussions about human altriciality1,2,12,14–16. After 
exploring the variation and evolution of brain and body proportion at 
birth across mammals, we studied the relationship between neonatal 
and adult brain and body sizes in a regression context.

Given the differences in developmental patterns observed 
between extant humans and the great apes, increased altriciality 
must have evolved within the hominin clade, which is the clade that 
includes fossil species that are more closely related to humans than 
to chimpanzees. However, there are uncertainties associated with 
the estimate of neonatal brain and body size in the hominin fossil 
record17,18, which have made it difficult to infer how developmental 
patterns evolved in hominins. Some studies indicate that altricial-
ity is associated with a large brain size, either through metabolic or 
obstetrical constraints, and that it evolved in large-brained hominins, 
perhaps in Homo erectus4,19 (but see ref. 20). Recent research, however, 
suggests that a more altricial pattern of development might have 
evolved in earlier hominins, perhaps even in some australopiths21,22, 
but these claims remain difficult to confirm or refute. Meanwhile, 
comparative data indicate a strongly conserved nature of neurodevel-
opment across all placental mammals23, as well as an overall increase 
in adult brain size during hominin evolution24–26 and probably a slight 
increase in gestation lengths from earlier to later hominins27. Based 
on these comparative data, it is possible to estimate of how the tim-
ing of neurodevelopment (that is, the date after conception at which 
each neurodevelopmental event occurs) with respect to the time of 
birth has changed during hominin evolution. Our analyses across 
the mammalian phylogeny and within the hominin clade can help us 
understand whether humans are unexpectedly altricial given their 
evolutionary context, and whether a more altricial pattern of devel-
opment has been selected in humans because of its association with 
increased neuroplasticity.
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respect to maternal body size than all the other great apes (6.03% 
in humans versus 3.92% in chimpanzees, 4.83% in bonobos, 2.32% 
in gorillas and 4.25% in orangutans, according to our data). When 
considering our complete mammalian sample, evolutionary rates for 
brain and body proportions at birth are not significantly correlated 
(r = 0.007, P = 0.903; Fig. 3a), although they show a moderate cor-
relation when outlier rates are removed (r = 0.272, P < 0.001; Fig. 3c). 
Within primates, these rates are not significantly correlated when 
outlier values are included in analyses (r = 0.001, P = 0.994; Fig. 3b), 
but they are positively correlated when outliers are excluded (r = 0.298, 
P = 0.006; Fig. 3d).

Although humans show a high rate to increase absolute adult brain 
size, this rate is not the highest observed across all mammals (Fig. 2c,f 
and Extended Data Table 2). The highest rate to increase adult brain 
size is observed in the branch leading to both species of elephants, 
and the second highest rate in the branch leading to fereuungulates 
(carnivorans, artiodactyls and perissodactyls). Evolutionary rates for 
brain proportion at birth and for absolute adult brain size have a nega-
tive borderline significant correlation, such that species that tend to 

show high rates to increase their absolute adult brain size also tend to 
show high rates to decrease their brain proportion at birth (r = −0.117, 
P = 0.051; Fig. 3a), which is not surprising because brain proportion 
values also reflect changes in adult brain size. Across the complete 
mammalian sample, this negative correlation is also borderline signifi-
cant when outlier rates are removed (r = −0.119, P = 0.053; Fig. 3c). This 
negative correlation is particularly strong within primates (r = −0.481, 
P < 0.001; Fig. 3b), although the strength of the correlation decreases 
when outlier rates, such as the human rate, are excluded (r = −0.241, 
P = 0.027; Fig. 3d). This negative correlation indicates that primate 
species showing high rates to increase adult brain size also tend to show 
high rates to decrease brain proportion at birth (in other words, they 
tend to increase brain size altriciality), a pattern that is not observed 
outside primates.

Humans have an evolutionary rate for absolute neonatal brain size 
of 1.59, which is indicative of a quasi-neutral increase with respect to 
the value that is inferred for the last common ancestor of chimpanzees 
and humans (Fig. 2d). As for gestation length, humans show a rate of 
1.66 to increase the length of the gestation period with respect to the 
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Fig. 1 | Phylogeny and brain and body proportion values. a, Phylogeny 
highlighting the four best-represented orders of mammals studied in the 
different analyses (artiodactyls in dark orange, carnivorans in blue, primates 
in green, rodents in light orange, others in grey). b, Comparison of body 
proportions at birth (percentage of maternal body size at birth) across the four 
orders of mammals. c, Comparison of brain proportions at birth (percentage 
of adult brain size at birth) across the four orders of mammals. d, Mammalian 
phylogeny highlighting the clades whose species have a particularly large 
absolute adult brain size (perissodactyls in yellow, cetaceans in maroon, 
pinnipeds and bears in dark blue, hominids in dark green, elephants in purple). 
e, Comparison of body proportions at birth across the five groups of mammals 

with large brain sizes. f, Comparison of brain proportions at birth across the five 
groups of mammals with large brain sizes. Artio, artiodactyls (n = 26 species); 
Carn, carnivorans (n = 21 species); Prim, primates (n = 44 species); Rod, rodents 
(n = 24 species); Periss, perissodactyls (n = 5 species); Cet, cetaceans (n = 6 
species); P&B, pinnipeds and bears (n = 8 species); Hom, hominids (n = 5 species); 
Eleph, elephants (n = 2 species). Raincloud plots show individual datapoints, 
probability density distributions and summary statistics in the box plots 
(median as the thick horizontal line, interquartile range within the box, minimum 
and maximum as the lower and upper whiskers, and outliers as black circles). 
Silhouettes are all from https://www.phylopic.org and are not to scale.
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Fig. 2 | Branch-specific evolutionary rates across the mammalian phylogeny. 
a, Brain proportion at birth. b, Body proportion at birth. c, Adult brain size. 
d, Neonatal brain size. e, Gestation length. f, Comparison of the distribution 
of evolutionary rates for each trait across the mammalian phylogeny with the 
human rate (dark green dashed line). The layout of the plots in f is the same as in 
the general figure. For branch colours, yellow indicates fast rates to decrease the 

value of the trait under study, blue indicates high rates to increase the value of the 
traits and grey indicates low rates. Nodes are represented in white and tips  
are represented in black, with tip/node size proportional to the trait value  
within each phylogeny. Species names are colour-coded according to their order 
as in Fig. 1a, with humans highlighted in dark green. Silhouettes are all from 
https://www.phylopic.org.
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Fig. 3 | Correlations between evolutionary rates. Correlations between rates 
for brain proportion at birth (Brainprop), body proportion at birth (Bodyprop), 
absolute adult brain size (Adultbrain), absolute neonatal brain size (Neobrain) 
and gestation length (Gestation). a, All mammalian species are considered 
together. b, Correlations are measured within each of the four best-represented 
orders. c, All mammalian species are considered together, but outlier rate values 

(rate values greater than 3 or lower than −3) have been excluded from correlation 
analyses. d, Correlations obtained within each of the four best-represented 
orders after excluding outlier rate values. Asterisks indicate significant 
correlations at P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***). Silhouettes are all from 
https://www.phylopic.org.
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last common ancestor of chimpanzees and humans, also indicating a 
neutrally evolving slight increase in gestation length with respect to 
the Homo–Pan ancestral value (Fig. 2e,f). Evolutionary rates for brain 
proportion at birth show a moderate positive correlation with rates for 
neonatal brain size and gestation length across the complete mamma-
lian sample (Fig. 3a,c), which is not observed within primates (Fig. 3b,d).

Scaling relationship between neonatal and adult brain and 
body size
The relationship between neonatal and adult brain and body size was 
also explored using PGLS regressions. Neonatal and adult body size 
scale with a slope similar to 1 in all mammalian orders, with generalized 
phylogenetic analysis of covariance (pANCOVA) procedures showing 
no significant differences in slope or intercept between the four orders 
(Fig. 4). Concurring with previous analyses of primate data29, neonatal 
and adult brain size scale with a slope that is close to 1 in primates, 
rodents and artiodactyls, but not in carnivorans (Fig. 4). Indeed, pri-
mates and carnivorans differ significantly in their intercept and slope 
(P < 0.001), with carnivorans showing a lower slope than all the other 
orders. Despite their clear differences in absolute brain size and in 
their ecological specializations, we do not find any differences in the 
scaling relationship between neonatal and adult brain size between 
cetaceans and other artiodactyls (P = 0.816), between pinnipeds and 
terrestrial carnivorans (P = 0.693), between hominids and other pri-
mates (P = 0.156), or between murids and other rodents (P = 0.338; 
Extended Data Fig. 3).

pANCOVA analyses, however, show that humans differ signifi-
cantly from all the other primates in their scaling relationship between 
neonatal and adult brain size (P < 0.001), but not in their scaling rela-
tionship between neonatal and adult body size (P = 0.192; Fig. 5a,b).  
A more detailed analysis of the relationship between neonatal and adult 
brain size between humans and non-human primates indicates that 
the change in the scaling relationship in humans is driven by a higher 

than expected adult brain size, rather than by a lower than expected 
neonatal brain size (Extended Data Table 3).

Regarding other apparent outliers with respect to their orders, 
bears differ significantly from all the other carnivorans in the slope and 
intercept of their scaling relationship between neonatal and adult brain 
size (P = 0.014), and of their scaling relationship between neonatal and 
adult body size (P = 0.033; Fig. 5c,d). Sus scrofa also differs significantly 
from all the other artiodactyls in its relationship between neonatal and 
adult brain size (P = 0.050), and in its relationship between neonatal 
and adult body size (P = 0.039; Fig. 5e,f). Although visually not a clear 
outlier, the golden hamster (Mesocricetus auratus) differs significantly 
from other rodents in its relationship between neonatal and adult brain 
size (P = 0.005), and it shows the same trend in the difference of its scal-
ing relationship between neonatal and adult body size, although this 
is not significant (P = 0.058; Fig. 5g,h). These results indicate that, out 
of the outliers observed for each order, humans are the only ones that 
show a scaling relationship between neonatal and adult brain size that 
is significantly different from the scaling relationship observed for the 
rest of their order, and that is not associated with a similar difference in 
the scaling relationship between neonatal and adult body size.

Timing of neurodevelopment
Next, we aimed to understand how the timing of neurodevelopmen-
tal processes relative to birth changed during hominin evolution. To 
do so, we relied on Workman et al.’s model of neural development23, 
which showed that the progress of neural events across 18 mammalian 
species (which span the phylogenetic diversity of mammals) is highly 
conserved. We used this model to calculate the day after conception 
at which key neurodevelopmental events occurred in fossil hominins, 
with particular focus on whether they happened before or after birth23. 
This timing was calculated based on the inferred adult brain size and 
gestation length of each hominin species (Extended Data Table 4; see 
Methods for more details).
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Fig. 4 | PGLS regressions between neonatal and adult brain and body size. 
PGLS regressions between neonatal and adult brain size (top) and neonatal and 
adult body size (bottom) with comparisons between primates and the other 
three best-represented orders. Intercepts (a) and slopes (b) are indicated for each 
order, and they are compared based on pANCOVA analyses. a, Adult to neonatal 
brain size in the complete mammalian sample. b, Adult to neonatal body size 
in the complete mammalian sample. c, Adult to neonatal brain size in primates 
versus carnivorans (F = 7.765, P < 0.001). d, Adult to neonatal body size in 

primates versus carnivorans (F = 0.639, P = 0.531). e, Adult to neonatal brain size 
in primates versus artiodactyls (F = 0. 911, P = 0.407). f, Adult to neonatal body 
size in primates versus artiodactyls (F = 0.341, P = 0.712). g, Adult to neonatal 
brain size in primates versus rodents (F = 1.573, P = 0.215). h, Adult to neonatal 
body size in primates versus rodents (F = 0.612, P = 0.545). Mammalian orders are 
represented using the same colors as in Fig. 1, with all species represented in grey 
in the left-most panels. Silhouettes are all from https://www.phylopic.org.
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Workman et al. calculated an ‘event score’ for each neurodevel-
opmental event that describes the order in which they occur23. This 
score ranges from 0 to 1, with 0 corresponding to the earliest occur-
ring events (peak of neurogenesis of the cranial motor nuclei in the 
brainstem) and 1 corresponding to the latest occurring event (which 
corresponds to the end of the myelination of the middle cerebellar 
peduncle in their dataset)23. Using this model to study different homi-
nin species shows that the duration of neurodevelopment is extended 
in modern humans and Neanderthals with respect to earlier hominins, 
and that modern humans and Neanderthals are born at an earlier neu-
rodevelopmental stage not because gestation is shorter, but because 
neurodevelopment takes longer (Fig. 6a). This result is further con-
firmed when comparing the scale of neurodevelopment in humans 
with that corresponding to the great apes (Extended Data Fig. 4). Our 
results indicate that humans are born with an event score of 0.695, 
which compares with the event scores in the range of 0.728 to 0.756 
shown by chimpanzees, bonobos, gorillas and orangutans at birth 
(Extended Data Fig. 4). If humans (present-day Homo sapiens) were 
born with the same event score as the other great apes (that is, at the 
same neurodevelopmental stage), this would correspond to an average 
gestation length of 321 days (10.7 months). Interestingly, the applica-
tion of Workman et al.’s model23 to the complete mammalian sample 
shows that there is a significant correlation between brain proportion 
at birth (percentage of adult brain size at birth) and neurodevelopmen-
tal stage at birth (measured as the event score with which species are 
born) across mammals (r = 0.439, P < 0.001), but there is no significant 
correlation within primates (r = 0.289, P = 0.057).

Focusing on fossil hominin species and on events related to 
brain development, there are only 13 out of 215 events (those with 
event scores ranging from 0.675 to 0.770) that change in their 

pre- or postnatal occurrence during hominin evolution, depending 
on species-specific combinations of brain size and gestation lengths 
(Fig. 6b and Extended Data Table 5). All events outside this range would 
have happened prenatally (when the event score is lower than 0.675) or 
postnatally (when the event score is higher than 0.770) in all hominin 
species. More specifically, events with lower event scores within the 
0.675–0.770 range are the ones that were moved to the postnatal period 
as later hominins evolved larger brains. A closer examination of these 
events indicates that they are mostly related to the onset of myelina-
tion of different brain structures, including the anterior commissure, 
hippocampus, striatum and corpus callosum, among others (Fig. 6b 
and Extended Data Table 5).

Discussion
Previous work has explored the relationship between neonatal brain 
size and several other factors, including maternal body size, maternal 
metabolic rate, overall maternal investment, gestation length, type of 
placentation and litter size in mammals29–32. These studies have tried to 
explain human altriciality relative to other primates as the result of cer-
tain evolutionary and developmental constraints. In contrast, our study 
has focused on brain development in an attempt to understand whether 
human altriciality has evolved as a selectively advantageous trait that 
may have increased brain plasticity and behavioural complexity1,2.

Our results indicate that brain proportion at birth, which is gen-
erally considered a proxy for brain size altriciality, varies extensively 
within all mammalian orders included in our study. In addition, brain 
proportion at birth does not show a clear association with the neurode-
velopmental stage at which species are born within primates. There-
fore, although this percentage value is broadly used in the literature 
to discuss the evolution of human altriciality, our results indicate that 
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Fig. 5 | Scaling relationships between neonatal and adult brain and body size 
in outlier species. Comparison of the scaling relationship between neonatal 
and adult brain and body size for the four mammalian orders and their apparent 
outliers in their scaling relationship between neonatal and adult brain size, 
with significance assessed based on pANCOVA. a, Adult versus neonatal brain 
size in humans with respect to other primates (F = 13.799, P < 0.001). b, Adult 
versus neonatal body size in humans with respect to other primates (F = 1.761, 
P = 0.192). c, Adult versus neonatal brain size in bears with respect to other 
carnivorans (F = 5.585, P = 0.014). d, Adult versus neonatal body size in bears 
with respect to other carnivorans (F = 4.178, P = 0.033). e, Adult versus neonatal 

brain size in boars with respect to other artiodactyls (F = 4.185, P = 0.050). f, Adult 
versus neonatal body size in boars with respect to other artiodactyls (F = 4.674, 
P = 0.039). g, Adult versus neonatal brain size in golden hamsters with respect 
to other rodents (F = 9.821, P = 0.005). h, Adult versus neonatal body size in 
golden hamsters with respect to other rodents (F = 4.018, P = 0.058). Apparent 
outliers with respect to each order are represented with a darker shade of their 
order-specific colour. Confidence intervals (dashed) and prediction intervals 
(dotted) are plotted. Silhouettes are all from https://www.phylopic.org, with the 
exception of the golden hamster, which is self-generated.
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this proportion is not an accurate measure of the level of neurodevel-
opmental altriciality, particularly within primates. When altriciality 
is measured as this percentage value, humans appear to have evolved 
their high level of brain size altriciality at a very fast rate in the context 

of their more precocial primate relatives, showing the largest accumu-
lated change with respect to a neutral expectation across our complete 
mammalian sample. Also, although the scaling relationship between 
neonatal and adult brain size appears to be highly conserved across 
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Fig. 6 | Change in the timing of neurodevelopment across hominin evolution. 
a, Variation in the timing of neurodevelopmental events across Workman’s 
complete scale (event score = 0 to event score = 1). Labels 0–10 in the plot 
represent Workman’s event scores 0–1 (1 in the plot corresponds to an event score 
of 0.1 and so on). b, Variation in the timing of neurodevelopment of the events 
whose pre- or postnatal occurrence is inferred to change over hominin evolution, 
which corresponds to the shaded area in a. Only the events whose pre- or postnatal 
occurrence is inferred to change during hominin evolution are represented in 
b. Labels in the plot correspond to the following events and event scores (from 
ref. 23): 1, fornix myelination onset (0.675); 2, anterior commissure myelination 

onset (0.677); 3, lateral geniculate nucleus myelination onset (0.68); 4, cingulum 
myelination onset (0.687); 5, mammillothalamic tract myelination onset (0.689); 
6, internal capsule myelination onset (0.692); 7, hippocampus myelination onset 
(0.699); 8, fasciculus retroflexus myelination onset (0.7); 9, stria terminalis 
myelination onset (0.703); 10, striatum myelination onset (0.715); 11, corpus 
callosum body myelination onset (0.722); 12, splenium myelination onset (0.732); 
13, start of the plasticity/ocular dominance critical period (0.77). In both plots, 
the x axis represents the post-conception day at which events occur, with the plot 
centred on the day of birth (day 0), and the y axis represents hominin species in 
association with their adult brain size. The y axis in the plots is not to scale.
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mammals (with the exception of carnivorans; Fig. 4), and particularly 
within primates, humans are the only species that departs significantly 
from the scaling relationship observed in their order (primates) in a 
way that is independent of the scaling relationship between neonatal 
and adult body size.

Given these results, we evaluated the likely drivers of the fast 
increase in brain size altriciality observed in humans. Our results indi-
cate that the apparent high level of human brain size altriciality most 
strongly relates to a larger than expected adult brain size, rather than 
a smaller than expected neonatal brain size or a shortened gestation 
length. Indeed, humans show increased neonatal brain size and ges-
tation length with respect to the last common ancestor shared with 
chimpanzees (Fig. 2). In taking body size scaling into account, pub-
lished studies disagree on whether human gestation length is shorter 
than expected or not. Comparisons with other primates indicate that 
humans and the great apes have the gestation length that is expected 
for their body size33, whereas other analyses indicate that human gesta-
tion length is shorter than expected in comparison with other primates, 
and that genes involved in parturition may show accelerated evolution 
in humans34.

In our analysis, humans show a moderate rate of 1.66 to increase 
the length of the gestation period with respect to the last common 
ancestor shared with chimpanzees and bonobos. If the human ges-
tation length was 7 months longer than it is, as expected if humans 
were to be born with a chimpanzee value of 40% of adult brain size at 
birth35,36, this would require an evolutionary rate of 8.02 to increase 
the length of the gestation period (Extended Data Fig. 5). If the human 
gestation length was 21 months, which is often invoked as the gesta-
tion length that would be required for humans to be born at the same 
developmental stage of a chimpanzee1, this would require a rate of 
9.88 along the human branch. These rates would be the highest across 
all mammals and extreme outliers with respect to the rates measured 
within the primate clade for gestation lengths, which range from −1.18 
to 2.05. Even our estimate of a gestation length of 10.7 months, which 
would be required for humans to be born at the neurodevelopmental 
stage of the other great apes according to Workman’s model23, would 
require an evolutionary rate of 3.5 along the human branch, which is 
within the range of variation of mammals, but outside the range of 
variation observed in primates. These comparisons show that, given 
the evolutionary context of the variation in gestation length across pri-
mates, humans could not have evolved the very long gestation periods 
that align with what would be expected for the brain size precociality 
observed in other primate species.

Previous work has shown that pre- and postnatal brain growth 
rates show a strongly conserved pattern across placental mammals, 
with brain size at birth simply capturing one particular time point 
within the dynamic process of neurodevelopment37. The timing of birth 
with respect to neurodevelopment, however, is known to be highly 
variable across clades, but also between closely related species38, 
as also shown by our analyses. Previously published work on a small 
but diverse sample of mammalian species37 shows that peak growth 
velocity happens postnatally in all altricial species and prenatally in 
all precocial species included in the sample, and also in humans. How-
ever, birth happens closer to peak growth velocity in humans than in 
other precocial species37, which results in the accelerated brain growth 
observed in humans during the first year of life in comparison with 
chimpanzees39,40 and other primates41. In spite of these differences 
in postnatal brain growth rates, comparisons between humans and 
chimpanzees42 and other great apes43 based on anatomy, behaviour 
and transcriptional profiles indicate that humans and great apes are 
in many ways similar from a developmental point of view during the 
first year of life, and that differences between species become more 
marked during later stages of maturation.

Still, humans are often described as developmentally delayed at 
birth in comparison with other primates. Comparisons of humans and 

chimpanzees indicate that gross motor control, including the ability 
to sit up, stand up, walk and climb, develops faster in chimpanzees44, 
although other studies indicate that the timing of walking onset is 
accurately predicted by brain size in humans and other mammals45. 
Fine motor control and social behaviour seem to emerge at similar 
paces in chimpanzees and humans, particularly when differences in 
lifespan and age at first reproduction are taken into account44. Focus-
ing on the early postnatal period (that is, the first 30 days after birth), 
behavioural studies of captive chimpanzees have shown that they 
differ significantly from humans in only 1 of the 25 traits assessed by 
the Neonatal Behavioural Assessment Scale, namely in muscle tone46 
(assessed traits are related to attention, arousal, motor ability and cop-
ing). These comparisons indicate that the assertion that humans are 
developmentally and behaviourally more altricial than other primates 
is primarily based on gross motor development, but both newborn 
and adult humans show substantially less motor strength than their 
great ape counterparts (also discussed in ref. 35). More comparable 
data with respect to other behavioural domains are needed to clarify 
the nature of differences during the early postnatal period between 
humans and other primates.

Confirming previous studies23,38,47, our analyses show that the 
duration of neurodevelopment is longer in modern humans and 
Neanderthals with respect to earlier hominins with smaller brains  
(Fig. 6a). This effect is amplified towards the later occurring events and, 
therefore, is particularly marked during the postnatal period. In fact, 
this extended duration of neurodevelopment drives the apparent altri-
ciality of humans to a much stronger degree than a change in the length 
of the gestation period, which remains fairly stable among hominids 
(great apes and humans)12,33. Our analyses indicate that approximately 
6% of all the neurodevelopmental events studied by Workman et al.23 
were shifted to the postnatal period during hominin evolution (that 
is, they would have happened prenatally in early hominins, includ-
ing Ardipithecus ramidus and australopiths, and postnatally in later 
hominins, including Neanderthals and modern humans; Fig. 6b). Those 
events are mostly related to the onset of the myelination of some brain 
regions (including the corpus callosum, hippocampus and striatum, 
among others), which adds to the existing evidence that there are 
changes in the development of white matter between chimpanzees and 
humans that evolved after their divergence39,40. The pre- or postnatal 
occurrence of some other neurodevelopmental events related to brain 
plasticity, such as those related to synaptogenesis and attainment of 
peak synaptic density, seem to be shared by both chimpanzees and 
humans42,48 and, according to our estimates, by fossil hominins.

Together with observations that myelination is developmentally 
protracted in humans with respect to chimpanzees49, our results indi-
cate that evolved differences in the timing of myelination involve the 
complete period of postnatal development in humans, from birth 
to early adulthood. Because differences in brain plasticity between 
chimpanzees and humans are well described at the anatomical and 
molecular level50–56, our results point to a particularly important role 
of myelination in driving human brain plasticity. Activity-dependent 
myelination is a mechanism of brain plasticity that can optimize the 
timing of information transmission through neural circuits and that 
can be increasingly important in large brains with complex networks, 
such as human brains, where conduction delays are substantial and 
the synchronous arrival of action potentials is critical for optimal 
network function57.

Differences in human brain plasticity further develop later in 
the postnatal period. The existence of a critical window during the 
early infancy for the onset of a variety of cognitive functions and 
species-specific social behaviours is widely documented in humans58 
and other primates59, and is also demonstrated by studies showing 
the effect of early rearing experience on brain structure in humans60, 
chimpanzees61 and rhesus monkeys62. In humans, some key develop-
mental milestones that do not have a clear parallel in other primates are 
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attained during the first year of life, including those that are related to 
the emergence of language63 and shared intentionality64. By two years 
of age, humans show significant differences with chimpanzees and 
bonobos in several aspects related to social cognition, which further 
develop afterwards65. The small proportion of neurodevelopment 
that has been moved from the prenatal to the postnatal period during 
human evolution seems to indicate that human specializations for 
neuroplasticity are more strongly linked to later stages of neurodevel-
opment, rather than to the early postnatal period. However, this small 
number of events may have had a large functional significance, and 
their effects can be increasingly pronounced as neurodevelopment 
progresses into later postnatal stages.

In summary, our results suggest that humans are not exceptionally 
altricial in comparison with other species12, and they help us under-
stand the aspects of early postnatal brain development that have 
changed during human evolution. While human brains are slightly less 
developed at birth than expected within their phylogenetic context, 
this is not because of a shortened gestation, but because of the longer 
extension of neurodevelopment, which is ultimately linked to increased 
adult brain size (that is, larger brains need more time to grow). Our 
results indicate that only a minor proportion of neurodevelopment 
was shifted from the prenatal to the postnatal period during human 
evolution, but additional data are required to elucidate whether this 
apparently minor shift may have had substantial functional effects. 
More specifically, the slight underdevelopment of human brains at 
birth is consistently associated with the postnatal occurrence of some 
developmental events related to myelination that happened prenatally 
in earlier hominins. Our results point to the interaction between myeli-
nation, environmental influences during postnatal development and 
brain plasticity as a fruitful avenue for future research to shed light on 
the evolution of human-specific behavioural traits.

Methods
Sample and phylogeny
We studied the relationship between neonatal and adult brain and body 
size in a broad sample of placental mammals whose position along the 
altricial–precocial spectrum spans all the diversity observed in this 
clade (Fig. 1a). These species differ widely in their absolute adult brain 
size from less than 1 g in some bats and rodents to more than 7,000 g 
in the sperm whale, and in their absolute adult body size from 10–20 g 
in some rodents and bats to 14,000 kg in the sperm whale66. A sample 
of 140 species (including 44 primate species, 24 rodent species, 21 
carnivoran species, 26 artiodactyl species and 25 species from other 
mammalian orders) was used. Artiodactyla in our study includes both 
artiodactyls and cetaceans, a clade that is sometimes termed Cetartio-
dactyla67. Data on species’ mean neonatal and adult brain and body size, 
and well as on gestation length and generation times, were compiled 
for all the species from different sources. Data on neonatal and adult 
brain and body size were obtained from refs. 68,69. For those values 
that were missing or looked too different from those reported in other 
publications, values were added or double-checked and amended as 
necessary using refs. 30,34,70 for brain size data and refs. 28,30,66,71 
for body size data. Data on gestation lengths and generation times were 
obtained from refs. 66,71, with age at first reproduction used as a proxy 
for generation time. The species-specific values we obtained from the 
literature did not represent longitudinal data on neonatal and adult 
brain and body sizes from the same individuals. Consequently, like 
previous comparative research, the relationship between neonatal and 
adult brain and body size in our study is influenced by intraspecific vari-
ation. Adult body size values corresponded to maternal values, whereas 
neonatal brain and body size values, as well as adult brain size values, 
were normally not assigned to males or females in the source datasets.

Given that some of these datasets were published decades ago, 
species names were checked and amended as needed to make sure that 
they matched current taxonomic views as reflected in the employed 

phylogeny (see below). Species were not included when they had miss-
ing data for one or more variables. In a few cases, gestation lengths 
and generation time values corresponding to a given species were 
obtained from their closest sister species within the same genus. We 
used a recently estimated mammalian phylogeny72, which was pruned 
to include only the species included in our dataset.

Analysis of extant mammals
We first tested whether the best-represented orders within our dataset 
(Primates, Carnivora, Rodentia and Artiodactyla) differ in their brain 
and body proportion at birth, defined as the proportion of adult brain 
(or body) size that is represented by neonatal brain (or body) size. 
Significance was assessed based on pairwise Wilcoxon rank sum tests 
with Bonferroni correction. This comparison was carried out for the 
complete sample and for a selection of those species whose brain sizes 
are particularly large, which are grouped in five different clades at dif-
ferent taxonomic levels: cetaceans, hominids (great apes and humans), 
elephants, perissodactyls, and the clade formed by pinnipeds and 
bears. The mammalian phylogeny used in our study includes pinni-
peds and bears as sister clades, with musteloids forming a sister group 
to both of them. Other mammalian phylogenies, however, consider 
musteloids as the sister group of pinnipeds, with bears as a sister group 
to the pinniped–musteloid clade73. The sample size of these groups 
ranged from two (elephants) to eight (pinnipeds–bears).

Evolutionary rates
To infer the strength of selection over each branch of the mammalian 
phylogeny, we calculated the amount of change accumulated over 
each branch relative to the expected amount of change per branch, 
which depends on branch length (that is, longer branches are expected 
to accumulate more change than shorter branches). As a first step, 
we calculated ancestral values at each node of the phylogeny. To do 
so, we used a variable rates approach implemented in the software 
BayesTraits V374,75. The variable rates model was used with the default 
priors, and it was run for 10 million iterations with a 20% burn-in period. 
BayesTraits’ variable rates model detects shifts from an underlying 
homogenous Brownian motion model of evolution in a phylogeny 
without prior knowledge of where those shifts have occurred74,76. This 
model finds a set of branch length scalars that optimize the fit of the 
data to a homogenous Brownian motion model of evolution, which 
results into a rescaled tree where each branch has been stretched or 
compressed to conform to a Brownian motion process76. Stretched 
branches represent fast evolutionary change, whereas compressed 
branches represent slow evolutionary change for a given trait.

The obtained rescaled trees were used to calculate the most likely 
ancestral value at each node of the mammalian phylogeny using the 
package ape77 in R. The amount of change accumulated over each 
branch was then calculated as the difference between each descendant 
and ancestral value, and it was compared with the amount of change 
that each branch would have accumulated had they evolved at the same 
rate26. This expected amount of change was calculated for each branch 
of the phylogeny as a constant tree-wide per-generation variance 
parameter (estimated from the values observed in our dataset for each 
trait) multiplied by the square root of branch lengths after transforming 
each branch of the phylogeny to generations78. This transformation 
was attained using the generation time typical of each species and the 
reconstructed ancestral generation times26. A ratio was then calculated 
between the observed and expected amount of change per branch. 
This ratio has an absolute value of 1 when the observed and expected 
amounts of change are the same for a given branch. An absolute value 
higher than 1 indicates that branches accumulated more change (and, 
therefore, evolved faster) than expected, and an absolute ratio between 
0 and 1 indicates that branches accumulated less change (and, there-
fore, evolved slower) than expected26, with a positive or negative sign 
indicating trait increase or decrease with respect to the ancestral value. 
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A value close to 0 indicates that a given branch has not changed from its 
ancestral to its descendant value, then indicating evolutionary stasis.

Our approach results in distributions of ratios of observed versus 
expected change that are directly comparable across different traits. 
These values can be understood as evolutionary rates because they indi-
cate how fast evolutionary change has accumulated, but they are not 
rates in the strict sense, as they do not measure change per unit of time. 
Rather, these ratios measure the amount of change accumulated along 
each branch of the mammalian phylogeny with respect to a neutral 
expectation, and they indicate both the strength and the directionality 
of evolutionary change by comparing each descendent value with its 
ancestral value. This approach is conceptually similar to that we have 
used in previous publications26,79, but it relies on BayesTraits’ variable 
rates approach to calculate ancestral values. Phylogenetic analyses and 
visualization of results also relied on the packages phytools80, geiger81, 
ggplot282 and smplot283.

Apart from being biologically reductionist and not fully reflective 
of the complex distinction between altriciality and precociality, brain 
proportion at birth as a proxy for brain size altriciality is also problem-
atic from a purely quantitative point of view. Percentage values often 
show distributional issues that may violate the assumptions of subse-
quent statistical analyses, they increase the measurement error and 
they may introduce spurious correlations with other variables, among 
other statistical issues84–86. However, as mentioned in the introduction, 
we deemed it important to explore the variation of brain and body pro-
portions at birth across mammals because of the historical importance 
of this value in discussions about human altriciality. We compared the 
evolutionary rates obtained for brain and body proportion at birth with 
those obtained when measuring brain and body size altriciality as the 
residuals obtained from a phylogenetic regression between neonatal 
and adult size. The evolutionary rates obtained based on brain and 
body proportions at birth are highly correlated with those based on 
PGLS regression residuals (Extended Data Fig. 2).

Brain and body proportions at birth were arcsine squared root 
transformed, and absolute adult brain size, absolute neonatal brain 
size and gestation length (in days) were log-transformed for the 
measurement of evolutionary rates. Pearson’s correlations between 
evolutionary rates for brain proportion at birth, body proportion at 
birth, absolute brain size in adults, absolute brain size in neonates 
and gestation length were measured across the complete mammalian 
sample and within each of the four best-represented orders. Because 
correlations can be influenced by extreme rate values, these correla-
tions were measured twice, first including all the rates and later after 
removing outliers, corresponding to rates lower than −3 or higher than 
3. Before measuring these correlations, we tested whether unsigned 
rates obtained for the five variables are significantly correlated with 
branch lengths (BL). Two of these correlations show significant P val-
ues, but we did not find a consistent negative correlation between BL 
(measured as millions of years or as generations) and evolutionary 
rates, which indicates that high rates are not preferentially found in 
short branches (brain proportion at birth versus BL (Myr): r = −0.022, 
P = 0.719; brain proportion at birth versus BL (generations): r = −0.096, 
P = 0.111; body proportion at birth versus BL (Myr): r = −0.040, P = 0.505; 
body proportion at birth versus BL (generations): r = −0.133, P = 0.026; 
absolute adult brain size versus BL (Myr): r = 0.093, P = 0.120; absolute 
adult brain size versus BL (generations): r = −0.099, P = 0.099; neona-
tal brain size versus BL (Myr): r = 0.108, P = 0.071; neonatal brain size 
versus BL (generations): r = −0.098, P = 0.102; gestation length versus 
BL (Myr): r = 0.240, P < 0.001; gestation length versus BL (generations): 
r = −0.056, P = 0.349).

Scaling relationships between neonatal and adult size
To further explore the evolution of developmental patterns across 
mammals, the scaling relationship between neonatal and adult brain 
and body size was compared across the four best-represented orders 

using PGLS regression analysis. This comparison used a generalized 
pANCOVA approach87 implemented in the R package evomap88 to 
test for differences in intercepts and slopes among those orders. This 
approach allows testing whether individual species, or groups of spe-
cies, deviate significantly from the expected scaling relationships 
observed in the other species in their clade. The scaling relationships 
between these variables were also tested in the species or clades that 
looked like apparent outliers with respect to the order they belong to, 
that is, humans with respect to other primates, bears (clade formed 
by Ursus arctos, U. maritimus and U. americanus) with respect to other 
carnivorans, boars (Sus scrofa) with respect to other artiodactyls and 
golden hamsters (Mesocricetus auratus) with respect to other rodents. 
For humans, we further assessed whether changes in the scaling rela-
tionship between neonatal and adult brain and body size were primarily 
driven by neonatal or adult values. This was attained by comparing 
the human neonatal and adult values with the Homo–Pan estimated 
ancestral values relative to the scaling coefficient of the non-human 
primate scaling relationship as described in ref. 89. Within each order, 
we also compared the scaling relationship between neonatal and adult 
brain and body size values between subclades that differ substantially 
in adult brain size and/or ecological specializations (hominids versus 
other primates, pinnipeds versus terrestrial carnivorans, cetaceans 
versus other artiodactyls and murids versus other rodents). Following 
the temporal sequence of ontogenetic development, our regression 
analyses consider neonatal values as the independent variable and 
adult values as the dependent variable.

Timing of neurodevelopment
Workman et al.’s model was used to infer the pre- or postnatal occur-
rence of neurodevelopmental events in fossil hominin species23 (we use 
the term hominin to refer to fossil species that are more closely related 
to humans than to chimpanzees, whereas we use the term hominid to 
refer to the clade formed by humans and the great apes). The model 
estimates the day after conception at which a particular neurodevel-
opmental event would happen in a given species as:

Y = intercept + slope × eventscale + (interaction term) (1)

where Y is the log-transformed day after conception at which a given event 
happens and ‘eventscale’ is the event score calculated by Workman et al. 
for each of the 271 neurodevelopmental events included in their study 
(which can be found in Table 1 of ref. 23). Out of those 271 events, we 
focused on the 215 events that are specifically related to brain develop-
ment, which are allocated to the brainstem, cerebellum, limbic system, 
thalamus, striatum and cortex. We excluded the events that are described 
as increases in brain size, as variation in the sensory periphery and retina, 
and those classified as behavioural responses of the whole organism. 
While the list of neurodevelopmental events studied by Workman et al. is 
necessarily limited and cannot accurately reflect the whole complexity of 
neurodevelopment23, it is still the most complete compilation that is avail-
able for comparison across species. For neurogenetic events happening in 
the cortex of non-glire mammals (which include primates and, therefore, 
hominins), an interaction term of 0.263 is added, although this is not 
relevant to our study because all neurogenetic events are early occurring 
events that happen prenatally in all primates23, so we did not study them in 
detail. The intercept and slope in equation (1) are species-specific values 
that are calculated for each species as follows, according to the empirical 
relationships inferred by Workman et al.23:

Species intercept = 1.241 + 0.368 × log(gestation length) (2)

Species slope = 1.474 + 0.257 × log(adult brain mass) (3)

where ‘gestation length’ is the species-specific average gestation length 
measured in days, and ‘adult brain mass’ is the species-specific average 
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adult brain weight measured in grams. The pre- or postnatal occurrence 
of each neurodevelopmental event was calculated simply by subtract-
ing the species-specific gestation length from the post-conception day 
at which each event is estimated to happen:

Pre− or postnatal day = exp(Y)−gestation length (4)

A positive value indicates a postnatal occurrence, whereas a nega-
tive value indicates a prenatal occurrence.

Adult brain weight can be reliably estimated for most hominin 
species based on endocranial volume. Species-specific endocranial 
volumes were obtained from refs. 18,27, and they were transformed 
to brain masses in grams following ref. 90 (Extended Data Table 4). 
Following ref. 27, species-specific gestation lengths in hominins 
were calculated as the neonatal body mass typical of each species 
(obtained from ref. 18) divided by the prenatal growth rate estimated 
in ref. 27. This approach consistently indicates that earlier hominin 
species had shorter gestation lengths than later hominin species27. 
However, gestation length values obtained using this approach 
show unrealistically extreme values that range from a mean gesta-
tion length of 168 days (5.6 months) in Ar. ramidus to 313 days (10.4 
months) in Neanderthals (Extended Data Table 4), which are far from 
the range of variation observed in all the great apes and humans 
(from 227 days in chimpanzees to 275 days in humans). Therefore, 
the obtained gestation lengths were rescaled to the interval 245–275 
days to obtain an adjusted gestation length for each species. The 
lower bound of this interval corresponds to the gestation length 
calculated for the last common ancestor of chimpanzees and humans 
based on the variable rates approach described above (245 days), 
and the upper bound corresponds to the value observed in modern 
humans (275 days)66. While, based on their larger adult brain size, it 
is possible that Neanderthals and fossil modern humans had a longer 
average gestation than present-day modern humans, their gestation 
lengths are unlikely to have differed radically from that observed in 
present-day humans.

An error range for the gestation length value was calculated 
by using a minimum and maximum neonatal body mass estimate 
based on a human model and an ape model from ref. 18, respectively.  
A minimum and maximum gestation length was calculated using 
the minimum and maximum neonatal body masses. The percent-
age values with respect to the mean gestation length represented 
by the minimum and maximum values were subtracted or added to 
the adjusted mean gestation length to obtain an adjusted minimum 
and adjusted maximum gestation length. The error associated with 
other variables involved in the analysis of the timing of neurode-
velopment, such as adult brain size and Workman’s event score, 
was not included in the analysis, as those values are more directly 
based on empirical data. While this does not imply that these vari-
ables are free of error or variation, it does mean that their values 
are known with more accuracy than that of the gestation length of 
fossil hominin species.

Workman’s equations were also used to calculate the event score at 
which each mammalian species is born by making Y equal to the day of 
birth of each species (that is, to their log-transformed gestation length) 
and solving ‘eventscale’ in equation (1) above. The intercept and slope 
in equation (1) were calculated from equations (2) and (3) using the 
average brain size and gestation length corresponding to each species. 
The gestation length that would be expected in humans if they were 
born at the same neurodevelopmental stage as the great apes was also 
calculated using equation (1) by making ‘eventscale’ equal to the event 
score at birth of each great ape species and solving Y.

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

Data availability
Datasets used in this study are available at https://doi.org/10.6084/
m9.figshare.22242724.

Code availability
The scripts used to carry out analyses are available at https://doi.
org/10.6084/m9.figshare.22242724.
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Extended Data Fig. 1 | Phylogeny with node numbers. Node numbers in this figure match those listed in Extended Data Table 2.
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Extended Data Fig. 2 | Evolutionary rates obtained when quantifying 
altriciality-precociality as the residuals from a PGLS regression between 
neonatal and adult brain and body size. a Evolutionary rates for neonatal-
adult brain residuals plotted on the phylogeny (top) and distribution of rates 
compared with the human evolutionary rate (dark green line, bottom). b As 
a, but for body residuals. Both sets of rates are strongly correlated with those 

obtained when calculating rates for brain and body proportions at birth as 
percentage values of neonatal to adult size, shown Fig. 2a and b, respectively 
(brain: r = −0.833, P < 0.001; body: r = −0.934, P < 0.001). Increased altriciality is 
indicated by a decrease in brain and body proportion values, but by an increase in 
brain and body residuals, hence the negative correlations.
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Extended Data Fig. 3 | Scaling relationship between neonatal and adult brain 
and body size in mammalian subclades. pANCOVA-based comparisons of the 
scaling relationship between neonatal and adult brain and body size in clades 
that differ substantially in adult brain size and/or ecological specializations 
within each order. a Adult versus neonatal brain size in hominids with respect 
to other primates (F = 1.944, P = 0.156). b Adult versus neonatal body size in 
hominids with respect to other primates (F = 1.062, P = 0.355). c Adult versus 
neonatal brain size in pinnipeds with respect to other carnivorans (F = 0.375, 
P = 0.693). d Adult versus neonatal body size in pinnipeds with respect to other 

carnivorans (F = 5.580, P = 0.030 for differences in slope). e Adult versus neonatal 
brain size in cetaceans with respect to other artiodactyls (F = 0.205, P = 0.816).  
f Adult versus neonatal body size in cetaceans with respect to other artiodactyls 
(F = 1.304, P = 0.288). g Adult versus neonatal brain size in murids with respect to 
other rodents (F = 1.145, P = 0.338). h Adult versus neonatal body size in murids 
with respect to other rodents (F = 0.806, P = 0.460). Groups with a larger adult 
brain size within each order are represented with a darker shade of their order-
specific color. Silhouettes are from https://www.phylopic.org.
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Extended Data Fig. 4 | Comparison of the timing of neurodevelopment 
between humans and the great apes. The x-axis shows the day after conception 
at which events with a given event score happen in each species. The y-axis shows 
species-specific average brain size and it is not to scale. The human average 
brain size used in this figure is that of present-day modern humans, which is 
smaller than the average brain size of fossil modern humans shown in Fig. 6. The 
labels 0 to 10 in the plot represent Workman’s event scores 0 to 1 (1 in the plot 

corresponds to an event score of 0.1 and so on). The event score at birth for each 
species is 0.742 (P. paniscus), 0.756 (P. pygmaeus), 0.728 (P. troglodytes), 0.738 
(G. gorilla), and 0.695 (H. sapiens). When transformed to the human scale, those 
event scores correspond to a mean gestation length of 321 days (10.7 months), 
which is the gestation length that would correspond to humans if they were born 
at the same neurodevelopmental stage of the other great apes.
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Extended Data Fig. 5 | Evolutionary rates for human gestation length. Comparison of the human evolutionary rate (dark green dashed line) with the distribution of 
evolutionary rates across mammals for a typical human gestation length of 275 days (9 months, a), and for hypothetical gestation lengths of 321 days (10.7 months,  
b), 480 days (16 months, c), and 630 days (21 months, d).
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Extended Data Table 1 | Body and brain proportion at birth

Mean values and ranges of variation of body and brain proportions at birth observed in the four best represented orders of mammals and in the five clades including big-brained species.
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Extended Data Table 2 | Highest evolutionary rates across the mammalian phylogeny

Top 10 rates to increase and decrease the values of brain proportion at birth, body proportion at birth, absolute adult brain size, absolute neonatal brain size, and gestation length as shown in 
Fig. 2. Nodes can be identified in Extended Data Fig. 1. When nodes are listed, the relevant evolutionary rate is the rate of the branch leading to that node.
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Extended Data Table 3 | Evaluation of the values driving altriciality-precociality in human brain and body size with respect 
to nonhuman primates

Descendant values observed in H. sapiens are compared with ancestral values inferred in the Pan-Homo last common ancestral species (LCA) to calculate neonatal and adult differences 
(Adult diff. and Neo diff.) and a scaling ratio between them (Adult/Neo). This ratio is then compared with the upper and lower bound of the confidence interval of the nonhuman primate 
scaling relationship (CI lower bound and CI upper bound). A value higher than 0 for ‘Diff. max. expectation’, as observed for brain size, indicates more change in adult brain size relative to 
neonatal brain size than the upper bound expectation of the ancestral grade. In other words, this means that the human adult brain size is larger than expected with respect to nonhuman 
primates and that this drives the relationship between neonatal and adult brain size. A value lower than 0 for ‘Min. diff. expectation’, as observed for body size, indicates less change in adult 
body size relative to neonatal body size than the lower bound expectation of the ancestral grade. In other words, this means that neonatal body size is larger than expected in humans with 
respect to nonhuman primates and that this drives the relationship between neonatal and adult body size.
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Extended Data Table 4 | Variables used in the analysis of the timing of neurodevelopment across hominin evolution

Variable abbreviations: ECV: Endocranial volume; Brain mass: brain weight in grams; PGR brain: Prenatal growth rate based on endocranial volume (from ref. 27); Neo body mean: estimated 
neonatal body mass according to the intermediate model in ref. 18; Neo body min: estimated minimum neonatal body mass according to the human model in ref. 18; Neo body max: estimated 
maximum neonatal body mass according to the ape model in ref. 18; Gest mean: estimated mean gestation length based on Monson and colleagues’ model and on the mean neonatal body 
mass; Gest min: estimated minimum gestation length based on the minimum neonatal body mass; Gest max: estimated maximum gestation length based on the maximum neonatal body 
mass; Adj gest mean: adjusted mean gestation length; Adj gest min: adjusted minimum gestation length; Adj gest max: adjusted maximum gestation length.
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Extended Data Table 5 | Pre- or postnatal occurrence of neurodevelopmental events in fossil hominins

Only the events that differ in their pre- or postnatal occurrence across the hominin fossil record are represented, excluding those related to increases in brain size, to variation in sensory 
organs, and those categorized as behavioural responses of the whole organism23. For the range-based estimates, perinatal events are the ones that may have happened pre- or postnatally 
depending on the exact gestation length typical of each species. Species are listed in the pre- or postnatal columns only if a pre- or postnatal occurrence is inferred for that event for the 
whole range of possible gestation lengths. For the mean-based estimates, only the pre- or postnatal occurrence of each event at the mean estimate of species-specific gestation length is 
considered. Species abbreviations: RAM: Ar. ramidus; AFA: Au. afarensis; AFR: Au. africanus; BOI: P. boisei; ROB: P. robustus; HAB: H. habilis; ERG: H. ergaster; ERE: H. erectus;  
HEI: H. heidelbergensis; NEA: H. neanderthalensis; SAP: H. sapiens.
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