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A B S T R A C T

Among mammals, including humans, adult brain size and the relative size of brain components depend precisely
on the duration of a highly regular process of neural development. Much wider variation is seen in rates of body
growth and the state of neural maturation at life history events like birth and weaning. Large brains result from
slow maturation, which in humans is accompanied by weaning early with respect to both neural maturation
and longevity. The grandmother hypothesis proposes this distinctive combination of life history features evolved
as ancestral populations began to depend on foods that just weaned juveniles couldn't handle. Here we trace
possible reciprocal connections between brain development and life history, highlighting the resulting extended
neural plasticity in a wider cognitive ecology of allomaternal care that distinguishes human ontogeny with con-
sequences for other peculiarities of our lineage.

1. Introduction

Evolutionary anthropologists, developmental psychologists and neu-
robiologists all have something to say about human development and
evolution, but differ profoundly in what they hope to explain. Aca-
demic fields exist in part for the pragmatic reason that no scientist
can routinely consider the advanced details of all realms of knowl-
edge. Idiosyncratic x- and y-axes generate each field's data representa-
tions, their customary “independent” versus “dependent” variables pro-
foundly influencing the questions they focus on and each field's views
of how causal arrows point. Periodic attempts at alignment and in-
tegration are therefore essential. Here we propose to align evolution-
ary anthropology, psychology and neurobiology on the general sub-
ject of human development and demographic life history. In partic-
ular, we will describe the regularities in brain development across
placental mammals including humans. We will connect those regu-
larities to life history associations between duration of development
and longevity, privileging the hypothesis that human post-menopausal
longevity evolved as a consequence of allomaternal subsidies from an-
cestral grandmothers. Subsidies allowed mothers to wean infants still
very dependent and so widened the cast of interacting characters at an
early point in their neural development. Each field has produced its in-
sights and narratives on this central subject in relative independence. As

coauthors from different fields, we are not always in agreement, except
on the importance of integrating these different lines of evidence about
human development and evolution.

1.1. Anthropology versus psychology

Two contemporary misalignments, observed informally, will illus-
trate the divergence independent lines of explanation have produced. If
an evolutionary anthropologist asks a group of psychologists how early
development might differ between humans and non-human primates,
the psychologists will typically center on the importance of the
mother-infant bond for social and cognitive adjustment. If they are
asked then to guess how early or late humans are weaned compared to
other great apes, they will map “importance” onto duration, and hazard
that human infants are dependent longer and so must require greater
maternal effort, spend a longer time with their mothers and therefore
nurse longer. Yet, evolutionary anthropologists comparing humans to
our closest living relatives, the great apes have recognized for more that
two decades that humans wean earlier, and space births more closely
than they do [134].

For a converse example, if cognitive scientists ask anthropologists
how large human brains have evolved, anthropologists will most often
invoke selection on the size or properties of individual cortical areas,
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which highlights the critical role of selection over evolutionary time on
particular behavioral competencies. Understanding improvement in a
particular behavioral competency as selection on the size of a particu-
lar brain region can trace its lineage to Jerison's idea of “proper mass”
(1973) [74] coupled with the earliest examples of lesion-symptom map-
ping in neurology.

Therefore, for example, increase in the size of “Broca's area” and im-
mediately associated tracts in the cerebral cortex might be used as an
index of selection on language competency [10,122]. The distributed,
overlapping and network-based views of neural mechanisms arising in
current neurology, cognitive and computational neuroscience, however,
are increasingly at odds with this modular view [5,114,135].

1.2. Evolution of life histories, developmental neurobiology and evo-devo

The general accumulation and systematization of knowledge about
the progress of life from conception, birth, development, sexual matu-
rity and death across vertebrates will be found across multiple acad-
emic departments, principally different aspects of biology. As we will
be discussing features of human life history in the context of primates,
and great apes, and more generally mammals, we will be considering
general control of growth and behavioral development, as well as spe-
cific events like birth, weaning, duration of childhood, sexual matu-
rity, menopause and death, as they are typically studied in anthropol-
ogy departments. This research concerns itself with description of ba-
sic commonality and diversity in strategies; interaction of life histo-
ries with particular ecologies; and costs, benefits, and contests in re-
source allocation. Theorizing in this area typically involves discover-
ing the ecological and social determinates of developmental trajecto-
ries, where energetics have long been of special interest for human evo-
lution (e.g., [1,69,70,93,94]) and are increasingly described more pre-
cisely [89,115,116]. But the mechanisms of development, except as re-
alized, for example, in the energetic requirements of producing a brain
of a certain size over a certain time, are not considered.

Developmental neurobiology, for the most of its history, did not fo-
cus on the evolution and the production of diversity among organisms.
The generation and placement of neurons, wiring them up, placing them
in environments and specifying initial parameters typically take place in
a generic fruit fly-mouse-rhesus nervous system.

In the last twenty years, this gap in integration has been bridged
by the joint study of evolution and development, “evo-devo”. Many in-
sights have been generated, but the central one we address here is what
Kirschner and Gerhart [84] have called the “third pillar of Darwinism.”

“Darwin's all-encompassing theory of evolution was based on three
major supports: a theory of natural selection, a theory of heredity, and
a theory of the generation of variation in the organism”.

The first two pillars have been extensively studied, ever since Dar-
win. The last pillar, examination of and theorizing about the variation
offered to selection by the organism, became structurally significant to
our understanding when rapid cataloguing of the genome across organ-
isms became possible. The first rudimentary steps in decoding the mech-
anistic path from genome to phenotype produced major surprises. The
variation offered for selection by the genomes of existing creatures was
anything but random. Random, point-by-point mutations of single DNA
base-pairs, first guessed to be the main cause of variation, from “ge-
netic drift” to “hopeful monsters” did occur, but their effects are typi-
cally made negligible by recurring replication of local sequences, large
segments, and even entirety of the genome. Some fundamental compo-
nents, notably the Hox and similar regulatory genes, which specify the
major axes and components of the body and brain plans, have been con-
served across invertebrates and vertebrates [110].

Moreover, evolution progressively filtered developmental mecha-
nisms toward suites of control mechanisms that produced functional
outcomes in the face of normal variation, either variation produced by
the developing animal itself, or the environmental variation the animal
will encounter. For example, in producing a limb, linking the generation
of bone and muscle mass, vascularization and neural innervation to each
other by molecular recognition and trophic interactions rather than sep-
arately generating and linking them post hoc is more efficient and less
prone to end-stage failure [83]; in producing an eye, the length of the
eye and the power of the lens and cornea are matched only roughly
by genetics, but are brought to focus as the retina's activity (a mea-
sure of focus) slows eye growth as external light activates photorecep-
tors [143]. A single species may encounter resource-rich, stable environ-
ments or resource-poor unpredictable ones in its phylogenetic history,
and come to be equipped with environment-appropriate multicompo-
nent “game plans” executed after environmental quality is ascertained.
This phenomenon has been much studied, but particularly as epigenetic
responses to stress is another example [72].

“Evolvability” is the concept spanning these particular types of ge-
nomic variability and environmental interaction. The best way to de-
scribe the extreme conservation of basic body plan and organ structure,
developmental programs coordinating functional systems, and predic-
tion of environmental variability is under hot debate, as expected for a
young research area [83]. Stable information may be distributed across
genome and environment. It is not only the province of genes.

The overall goal of this article is to first, align basic facts about
brains and life histories across the views of anthropology, psychology
and neurobiology. Second, to the extent possible, we will try to in-
tegrate the views of anthropological examinations of life history and
evo-devo approaches with each other. A review that spans G-proteins
to grandmothers will present a different combination of challenge and
boredom to each reader, but we will attempt to underline the relevance
of the various necessary bodies of data to the eventual integration as we
go.

Specifically, the features of human evolution we will consider in the
frames of our disciplines are the following. First, human brains are very
large, both absolutely and relatively compared to all mammals [74].
For primates overall, the best account of the evolutionary progression of
brain size and body size is that body size was first reduced, producing
relatively large brain sizes, and subsequently, in some radiations, larger
brains evolved, placing those brains in the range of largest mammalian
brains in both relative and absolute size [133]. Bodies are small for both
age at maturity and longevity compared to non-primate mammals [20].
Since relatively larger brain size can arise from selection for smaller body
size [133], widely used measures of brain size relative to body size, like
encephalization indices, that incorporate both effects can obscure the
separate roles of each. Our own hominid radiation, which includes great
apes and humans, has the largest brains and bodies, longest offspring
dependence, slowest maturations, and greatest longevities among all the
primates [134]. Maturation is even slower in humans than other ho-
minids, where it occurs in an intensely social context that varies across
cultures [67]. Human females have unique and superficially contradic-
tory life history features compared to other hominids: relatively earlier
weaning with higher fertility, combined with longer duration of devel-
opment and notably greater longevity even though latest last births oc-
cur at about the same age in women as in other great apes [59,134].

We will begin from developmental neurobiology, and present evi-
dence about what mechanisms generate large brains, and what compo-
nents these brains consist of. We will be interested in the interrelation-
ships of the rate of brain growth, final brain mass, somatic growth, ap-
parent maturational state both in morphology and behavior, and over-
all longevity. We will discuss what features like “extended maturation”
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or “critical” or “sensitive” periods might correspond to structurally for
complex abilities like language, or elaborated cognitive control. In the
context of a changed social niche produced by changes in life history,
we will highlight new evidence about comparative differences in brains
other than size that could enable evolving humans to be maximally at-
tentive to and able to learn from their changed social niche [28,45,141].

We aim to link this information from developmental neuroscience
with theoretical and empirical work in demographic life history evolu-
tion. Life history theoreticians use stable population theory, which relies
on the Euler-Lotka equation to explain the necessary interdependence
of age- specific fertility and mortality rates throughout the lifespan
[16,136]. Since the size of each cohort of newborns in age-structured
populations depends on the number of females in the fertile ages and
their rates of offspring production, and those females come from surviv-
ing cohorts of past newborns, the interdependencies result in a stable
age distributions. In a stable population, the fraction in each age-class
remains unchanged. A variant that alters the rate of fertility or mortality
at any age can then affect the population growth rate. Comparing the
growth rate of a variant to the growth rate of the background popula-
tion indicates whether it would spread or decline against the common
type (Hamilton, 1966, [16]). These consequences and the life histories
of ancestral populations determine the range of life histories in immedi-
ate descendants.

Up to this point, however, the developmental mechanisms underpin-
ning growth, fertility and longevity have usually been assumed to have
multipotentiality by life history theorists. However, particular configu-
rations of the genome (e.g. [6]) or developmental mechanisms filtered
by survival through repeatedly encountered challenges [21,30], limit
and channel the phenotypic space that adaptation and selection can ex-
plore.

As findings from different research agendas accumulate and more
is known about the proximate mechanisms, ontogeny, phylogeny, and
likely adaptive effects of any collection of features [140], the more
findings in one line of inquiry establish the range of possibilities for
the others. The emerging evo-devo field has challenged the idea that
evolutionary history might ever be usefully understood separated from
development. Particularly, multiple instances of extreme conservation
and covariation of developmental mechanisms, sequences and their ma-
ture outcomes eliminate the idea that any aspect of mature pheno-
types are the result of “random walks” through developmental mecha-
nisms [84,144]. Our task here is to consider convergence among find-
ings in the neurobiology of mammalian brain development with human
life history evolution including the timing and character of allomaternal
care. The close covariation of duration and rate of brain development
with eventual brain size and organization, timing of release from full
dependence on the mother coupled with the effects that both extended
duration of maturation and relatively early weaning may offer neuro-
plasticity will be the linkages of concern here [22,35].

2. Generation and growth of mammalian brains

We will first discuss the problem of understanding relative volumes
(or number of neurons) of brain parts in different mammals, as a very
well-worked-out problem, to introduce results from comparing develop-
mental duration across species. If the volume of neocortex is the focus,
the fact that the human brain has a disproportionately large cortex is
obvious (Fig. 1). This kind of comparison makes cortex volume appear
to be an object of special evolutionary selection in primates, and in hu-
mans particularly, and it is often described this way.

2.1. Describing and representing allometric differences fairly

However, studying variation across species of different sizes and de-
velopmental durations requires care. Even with “all else equal” the laws
of space and time, of physics and chemistry, impose changes in both
form and process as size and time change, making allometries a subject
of long interest [37]. Gould [46] underlined the pervasiveness of allom-
etry as “…perhaps the major principle regulating basic differences in
form among related animals. It explains, among many other things, why
large animals have relatively thick legs and small brains, why dachs-
hunds can't be as large as elephants, why flies can walk up walls, and
why large homeotherms metabolize so much more slowly than small
ones.” Moreover, in addition to the intrinsic geometry that results in
allometric relationships (e.g., doubling the volume of a sphere length-
ens its radius only 1.26 times), datasets we develop and explore have
an underlying geometry that can mislead comparisons if represented
“unfairly.” Consider the Mercator projection of the earth's landmasses,
where the continents of Africa and Greenland appear approximately
equal in size, but when measured in its correct spherical coordinates,
Africa is more than 10 times larger than Greenland.

Allometries are conventionally represented as scaling relationships.
If the relationship between two features that correlate with each other
in size, say ‘x’ and ‘y,’ is represented as y = kx⁠a where ‘k’ is some con-
stant, the exponent ‘a’ represents the rate at which ‘y’ changes with re-
spect to a change in ‘x.’ If ‘k’ and ‘a’ both equal 1, then x = y. If ‘k’
is more or less than 1 but 'a' equals 1, they differ in size but their rela-
tionship is isometric. If ‘a’ is more or less than 1 then a change in 'y' is
associated with an exponential change in ‘x.’ Exponential relationships
can be plotted and visualized as linear ones by logarithmic transforma-
tion: log y = alog x + log k. The exponent ‘a’ is the slope of the change
in 'y' with respect to a change in 'x.'

Returning to brains, if any measure of cortex mass relative to other
brain components, or to whole brain is represented on a logarithmic
scale, it is clear that the human isocortex is exactly the size it should be
following the size allometries among these units (Fig. 1). The entire hu-
man brain is large compared to other primates, and large with respect
to body size, but given this large brain size, each part falls onto its ex-
pected position. The rate of increase of each brain component differs
with respect to whole brain volume (or any index of brain volume or
neuron number) as y = kx⁠a. Then, when the logarithms of x and y are
plotted, the exponent ‘a’ is the slope of the change in y with respect to
a change in x. The vertebrate brain itself has negative allometry with
respect to body mass. Brains are larger in larger bodied mammals, but
the scaling exponent, the slope of the increase in brain size, is less than
one. As the body enlarges, brains become a progressively smaller com-
ponent of whole body mass [74]. Considering only brain mass, the cor-
tex has positive allometry with respect to the rest of the brain, a slope
greater than one. Thus larger mammalian brains become progressively
more composed of cortex, ranging from under 20% in relative volume
in small shrews and rodents to over 80% in humans [34,65].

2.2. Why do researchers in evolution care so much, and write so much
about allometric predictability?

Much energy, for example, has gone into a debate about whether
a specific region of cortex, the prefrontal cortex, is “allometrically un-
expected” in humans [132]. Every cortical area has its own exponent
(slope in the log-transformed equation) for its change in relative volume
compared to overall cortex volume. In mammals, both the prefrontal
and parietal cortex regions have an exponent that is larger than the cor-
tex's overall exponent, a positive allometry, while somatosensory and
auditory cortices have negative allometry [75].
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Fig. 1. Comparisons of brain volume representations.Top: Brain images, normalized to show varying sizes of components. Species: Lesser horseshoe bat, (Rhinolophus hipposideros); Mouse
(Mus musculus); Common marmoset (Callithrix jacchus); Domestic cat (Felis catusi); American black bear (Ursus americanus); One- humped camel (Camelus dromedaries); Human (Homo
sapiens) Images courtesy of University of Wisconsin and Michigan State Comparative Mammalian Brain Collections (http://neurosciencelibrary.org/). This site supported by the National
Institutes of Health and the National Science foundation).Middle: Same images, vignetted midsagittal view above, to show absolute size. Image sources as above.Bottom: Brain component
sizes from 160 mammalian species including the individual species shown above, both natural log scales, to demonstrate predictable scaling of brain components with respect to a brain
volume index. The sizes of the 6 brain structures in the 160 species from the 9 keyed taxonomic groups are plotted relative to “brain core volume” (medulla, mesencephalon, diencephalon
and striatum). The 6 individual structure volumes have been adjusted by the indicated arbitrary constants to the right of each structure's name to separate the 6 scatterplots visually. Data
replotted from Reep, Finlay & Darlington [121].

The reason for concern about predictable allometries is that devia-
tions could produce insights into the nature of past selection on brain
and behavior. If researchers claim a region's volume is “allometrically
unexpected” in humans, they are claiming that it must have been the
target of special selection, typically because of special importance of
the function ascribed to that brain region in that species. In the case
of human frontal cortex, unexpectedly high allometric slopes might se-
lectively enhance the cognitive abilities associated with frontal cortex,
such as “cognitive control,” the weighing of competing behavioral pos-
sibilities, or planning for the distant future [98]. By contrast, structures
that change their volume according to their allometric rules, even if
they look disproportionate on a linear scale, require no special explana-
tion. If the entire brain has been under special selection for larger size
in any species, every single change in the proportionality of its parts
is generated by its change in overall size. Whether the volume of hu-
man frontal cortex is allometrically expected or not is still under de-
bate, though the deviation, if it exists, is small enough to make is sus

ceptible to relatively minor differences in methodology between re-
search groups [4,14,109,131].

2.3. The allometry of developmental duration

The idea of “allometrically expected” changes in mass also applies
to translations of developmental time from one species to another. The
appropriate coordinate system to represent time translations will de-
pend on the data components represented, and the representation de-
sired, not presumed to be a linear scale. Just as each part of the brain
has its own relative rate of enlargement with respect to total brain size,
each brain part has its own relative duration or rate of development
with respect to the overall duration of that species' maturation [149].
In order to compare developmental schedules between animals, enough
data must be collected to reveal these allometric relationships from a
number of relevant species. For example, if you wish to show that the
mass of Broca's area has been the object of special selection in humans
compared to a rhesus monkey, it is necessary to show that the size of
Broca's area in humans exceeds its expected allometric position com
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pared to Broca's area in other primates [128]. You cannot compare the
relative size of a “control structure” such as primary visual cortex in the
two species to “normalize” the comparison, see that the ratio of relative
sizes of Broca's area is greater than that of the two primary visual cor-
tices, and conclude that the increased volume of Broca's area has been
specially selected for in humans. If Broca's area has positive allometry
compared to visual cortex, every contrast of a large and small mam-
malian brain will show disproportionate volume increase in Broca's area
in the larger brain.

2.3.1. Norming and zeroing developmental allometries
Inappropriate norming procedures applied to developmental timing

questions will produce the identical errors seen in comparing brain vol-
umes. You cannot, for example, compare the time from birth to ado-
lescence in chimpanzees versus humans, see that the duration is longer
in humans, and conclude that human have been specially selected for
a longer childhood. The duration may be entirely predictable from
longevity. In addition to determination of the exponent, the slope in the
allometric equation, a further important issue in the accuracy of such
comparisons is what point in development represents ‘zero,’ the inter-
cept or constant ‘k’ in the allometric equation. Although birth is often
chosen as a natural zero, this choice can be very misleading. The range
of maturational states at birth in mammals, including primates, is wide.
Time from conception, not birth, proves to best explain variation in
brain maturational state [34,149].

2.4. Developing methodologies for translating time across species

Over the past 20 years, a database and methodology to compare
the progress of neural development across species has been elaborated,
called “translating time” (www.translatingtime.net). The purpose of this
work has been to describe a mammalian “Bauplan” for neural devel-
opment, and thus be able to identify deviations from this plan that
might mark taxon- or species-specific alterations corresponding to evo

lutionary adaptations, as we described earlier for the case of human
frontal cortex. “Heterochrony” is the term used for this kind of develop-
mental alteration [47]. The present model includes 18 species, and 271
“events” of mixed type. Here we include some detail to emphasize that
virtually every measurable feature of brain production is included, not
only the volume-generating kind. These include neurogenesis in partic-
ular structures or cell classes (e.g., Layer 4 of striate cortex; Purkinje
cells in the cerebellum; onset of synaptogenesis in a thalamic nucleus;
emergence of some minimal behavioral reactivity, and also milestones
in continuous processes like increase in brain volume) extending to a
maturational stage equal to approximately 3 years postnatal in humans
[149]. Of equal importance is that development of non-brain aspects
of the organism are not included, this decision is dictated by the em-
pirical fact that brain “events” covary exceptionally strongly with each
other while generation of organs and the body overall shows much more
species variation in pattern, interruptibility, and responsiveness to ear-
lier environmental stressors (e.g., [100])

Thus, only events in brain and some early behavioral capacities
are included in the translating time model – no measures of body
or organ maturation or volume, or interactional, life history events
like birth or weaning are part of the dataset. A single “event scale”
is fit iteratively to all the data, the best order and interval relation-
ship of the 271 distinct neurodevelopmental events (x-axis, Fig. 2).
The speed of progress of each individual species through these events
is given as a regression equation, in days (y-axis). The differences in
each species' slope show differences in maturational rate, with steeper
slopes meaning slower progress through maturational stages in ab-
solute time: the mouse takes only about 30 days to execute its neu-
rodevelopmental 271 events, while the human takes 1000 days for the
same 271, humans generating greater numbers of neurons and vol-
umes of connectivity per event. The fit of model results to empiri-
cally-measured results is astonishingly close, 0.9929, including only
two interaction terms, a delay in corticogenesis in primates, marsupi-
als and carnivores associated with a larger isocortex in these species,
and a delay in neurogenesis in the retina of

Fig. 2. Translating time model.Predicted developmental schedules for human (blue), macaque (red), cat (yellow), short-tailed opossum (green), and mouse (black), selected from the
modeled 18 species to illustrate the full range of developmental durations. The x-axis, the “Event Scale,” is a common ordering of developmental events across all species and shows a
subset of the 271 observed events. This scale ranges from 0 to 1, but in this case, event scale numerical values are replaced by these example events. The y-axis, log scale, is the estimated
date of occurrence of each event in each species, measured from conception. Also represented on this graph are interaction terms for corticogenesis and retinogenesis, with interaction
terms always associated with individual species. The parallel lines for a subset of events in four of the species (black bordered circles for human, macaque, cat, and possum) represent
delays in cortical neurogenesis with respect to their time of occurrence in the rodent and rabbit. In the cat, a second parallel line can be seen representing the delay of retinal neurogenesis,
(yellow circle with a black dot). SC, superior colliculus; DLGN, dorsal lateral geniculate nucleus.Reproduced with permission, Figure 4 in [149]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the nocturnal cat and ferret, associated with greater numbers of rods
and rod-associated neurons (also owl monkey, [30]).

Empirical support for the surprising claim of an extremely con-
served neurodevelopmental schedule can be found in several indepen-
dent sources. The brains of all mammals continue to grow after birth,
and Passingham [108] first noted that if the volume of the brain at birth
is plotted against gestation length for an eclectic set of eutherian mam-
mals (log transformed), a straight line results, suggesting brain mass is
produced at the same rates in all species, smaller brains simply ceasing
growth earlier. Halley [51], in a much larger and more closely measured
data set of changes in brain volume post-conception, recently confirmed
the same. The conservation of the order and sequence of the events of
brain development has unexpectedly given us a new research tool, a
ruler by which to describe how much somatic development and life his-
tory (age-specific fertility and mortality rates) vary across species.

2.4.1. Changes in rate or interruptions in continuity of neurodevelopment
have not yet been observed in eutherian mammals, even when they might
appear desirable

For example, some early behavioral capabilities follow the brain
schedule. The time of the first unsupported step is highly predictable
from a developmental allometric equation derived from adult brain
mass, with one interaction term slightly accelerating the time of first
step for those species with a plantigrade standing position [41]. That is,
precocial ungulates like sheep and elk, who must be ready to run just
after birth, have accomplished this evolutionarily by extending gesta-
tion and delaying birth to match conserved parameters of brain devel-
opment, not by selectively advancing the rate of maturation in brain re-
gions associated with running. A related peculiarity can be seen in pre-
cocial species with relatively small brains like the guinea pig and spiny
mouse, who are born looking and moving quite maturely, furred, and
with all sensory systems functional. While it might seem a reasonable
strategy to make the most of every possible second for brain maturation
in utero in such precocial species, to allow fine tuning of the coordi-
nated behavior required immediately after birth, the conserved pace of
brain maturation seems to rule this out. Since these animals must also
produce large, mature bodies, which appears to require more time than
the brain, the onset of neural development is actually substantially de-
layed. The apparently fixed amount of time required to generate a brain
of guinea pig size begins later in these precocial animals, allowing so-
matic maturation a head start [149].

2.4.2. The timing of birth, a negotiation between mother and offspring, is
quite variable

Interestingly, birth may occur at a wide range of stages in neural de-
velopment in different species. Some rodents (mice and rats) are born
at a stage of maturation equivalent to a human at 4–5 months gesta-
tion, while others like the guinea pig correspond to a human of approx-
imately three postnatal years. Primates, in general, are born at a middle
stage of neural maturation, neither so mature as the precocial ungulates
nor as immature as a number of altricial rodents, and many carnivores.
Nevertheless primates do show a range of (neural) maturational states
at birth, rhesus macaques relatively mature at birth, chimpanzees in-
termediate, and humans least mature (Fig. 3, bottom graph). No trace
of any inflection, halt or acceleration near birth can be found in basic
central nervous system construction, with the important exception of a
whole-brain surge of synaptogenesis which appears to predict the onset
of ex utero or burrow experience in the four mammals studied to date
(reviewed in [35]).

2.5. Consequences and causes of a fixed rate of neural development in
eutherian mammals

A fixed neurodevelopmental program, duration predictable from
adult brain mass, has wide-ranging consequences for understanding hu-
man evolution. First, recalling the idea of “allometrically expected”,
nothing as yet appears unexpected about the duration, rate or deviations
from loglinearity in brain development for primates in general or for
humans in particular. For example, Fig. 3 shows the rate of production
of brain mass for rhesus macaque, chimpanzee and human plotted as in
Fig. 2, calculated from conception until well past birth ([36] replotting
[126,127]). Humans have the duration and rate of neural development
exactly appropriate to produce a brain of typical human size. Therefore,
though it is entirely accurate to say that humans have the longest pe-
riod of brain development of any primate, as this parameter is virtually
perfectly correlated with brain size [149], it is not “unexpected.” Fur-
thermore, either brain size, or developmental duration, or both might
have been the object of selection. A certain developmental duration ap-
pears necessarily specified if a particular brain size is under selection
[2,22]; and conversely, if selection favors a given duration of develop-
ment, that carries with it a particular brain size. Decoupling of brain size
and neurodevelopmental duration does not appear to occur in primates.
We have found absolutely no evidence for “human exceptionalism” in
any feature of brain maturation we have measured.

2.5.1. The reason for the close conservation of eutherian brain development
is not yet known

While variation in the rate of development of other organs is
marked, the rate of neurogenesis, including the secondary steps of
neural construction is remarkably fixed and very closely related to adult
brain size in eutherian mammals [52]. There is no hidden physical law
about cell division per se that dictates the observed fixed rate – non-eu-
therian mammals, marsupials, generate their brains considerably more
slowly, and with more variability [27]. Precocial birds, like chickens
and ducks, can accelerate neural maturation selectively in their mid-
brains, anticipating hatching [24]. The answer may depend on partic-
ular advantageous outcomes embedded in the developmental mecha-
nisms when their duration is extended. For example, when large cor-
tices evolve, they do not change by simply enlarging in area, retaining
a fixed internal structure. Rather, the increased number of neurons sup-
porting initial sensory analysis and environmental description in poste-
rior cortex allows faithful transcription of high-acuity sensory informa-
tion and separation of channels for its analysis. Simultaneously, com-
pression, or abstraction of information along the anterior-to-posterior
axis (sensory, to motor, to cognitive control) also increases. This or-
ganizational change depends upon the precise relationship of an an-
terior-to-posterior gradient of neurogenesis and its subsequent interac-
tion with neuron-type specification. Such a progressive, predictable re-
organization would appear to facilitate the extraction, and ability to re-
member environmental features and behavioral strategies extended over
greater space and time [35]. This progressive compression and abstrac-
tion of information in larger brains may be the basic structural fea-
ture of the computations allowing improved “cognitive control” (weigh-
ing the best behavioral response over competing possibilities) [98],
better maintenance of behavioral choices over extended time intervals
(Stevens, 2014) [xx], and more range in the hierarchical abstraction
of concepts in the frontal lobe (Badre et al., 2009 [xx]). This dura-
tion-dependent computational structure and others not yet known could
thus usefully predict the loose linkage of brain size, body size, range
and longevity, and be selected in the way multiple coordinating de-
velopmental programs are stabilized. Whatever the reason, however,
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Fig. 3. Comparison of postnatal and prenatal brain growth in the rhesus macaque, Macaca mulatta; chimpanzee (Pan troglodytes) and human (Homo sapiens).Top left: Data replotted from
Sakai et al. [127] to show postnatal volumetric growth of the monkey, chimpanzee and human brains on linear scales of volume (y axis) and years (x axis).Top right: Volume change
and birth date position (open circle) plotted against a model overall of neural maturation in the same species from Workman et al. [149]. The “Event Scale”, the x-axis, is a set of 271
normalized neural maturational events drawn from 18 species, including primates, and consists of such items as neurogenesis in multiple structures, myelination, and brain growth. The
Y-axis, days post-conception, allows the day each species reaches each neural maturational milestone to be represented. The yellow overlay and dotted lines on the top left and right
graphs represent identical points in the “Event Scale” in the two representations.Bottom graph: Growth in brain volumes for human, chimpanzee and macaque (solid points) embedded in
other neurodevelopmental events (small open points) before and after birth (large open circles) plotted on the “Event Scale” showing the different relative slopes and absolute durations
for the three primates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the fixed rate of generation of neural tissue in eutherian mammals, in-
cluding primates in general and ourselves in particular has large con-
sequences for our theorizing. To select on brain size is to select on a
particular neurodevelopmental duration. Selection on “duration” would

also affect brain size. If so, are the various durations of life span com-
ponents, time to adulthood, length of adulthood, rate of senescence and
so forth, linked to the duration of neurodevelopment, how strongly, and
through what underlying mechanisms?
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2.6. What varies between brains? Some necessary warnings that duration of
development is not the only source of variation between brains

The subject of evolutionary changes in brains is obviously complex,
and cannot be reviewed completely here, but before turning to longevity
and grandmothering, a few caveats are in order. The emphasis on al-
lometric predictability of the relative sizes of brain parts and develop-
mental durations should not be taken to indicate that “mosaic” changes,
structure-specific volume changes, never occur, they certainly do. Birds
show substantially more mosaicism by brain part than mammals do, and
marsupials vary more in the rate of brain developmental than euther-
ian mammals do [29,71]. The interaction terms described earlier for the
limbic system versus the cortex, or generation of the nocturnal or diur-
nal eyes are examples of mosaicism [30,121], and mosaicism may also
be found in the residual variation, discussed at length in Finlay, Darling-
ton and Nicastro (2001) [xx]. Due to the ease of measuring the volume
of a brain part compared to understanding the details of its intrinsic cir-
cuitry, or varying environments or species-specific learning strategies,
relative volumes were the focus of study for many years, accumulating
the evidence of allometric regularities reviewed above. But, if relative
volumes do not account for all or even much of the wide range of be-
havioral variation across taxa, something must generate the profound
differences in behavioral competencies displayed by vertebrate species.
Here we underline a few of particular interest.

2.6.1. What generates the wide range of species differences in behavior?
First, while the central nervous system remains relatively stable

in organization prior to innervation, the sensory and motor periphery
varies widely, including animals variably employing vision, whiskers,
echolocation or electroreception to explore their immediate-to-distal en-
vironment [77]. The associated motor periphery ranges from limbless,
to quadrupedal to prehensile tails and trunks, to dexterous hands. In
every case studied closely, it is the details of these systems that im-
press and alter the nervous system to their particular forms in develop-
ment and throughout individual lifetimes [87]. Similarly, the environ-
ment those sensory systems encounter can be a stable source of informa-
tion for directing brain organization. For example, the regular statistical
structure of the information provided by the visual environment in com-
bination with a generic learning mechanism produce the receptive field
structure that compresses and renders “sparse” (energetically compact)
visual representations [105]. Initial human preference for faces begins
as a preference for an ovoid form with more contrast-y elements in the
top half. It requires 10–13 years of experience before adult discrimina-
tion of, and neural organization responding to individuals, expressions,
and social markers stabilizes [76].

2.6.2. Connectivity of motivational and reward systems varies a great deal
between mammals, and will prove to be essential in understanding the
significance of life history alterations

Perhaps one of the most interesting features to come to the fore
in current research is the profound malleability of circuitry associated
with motivation and reward. Contrary to the expectations generated by
the apparent volumetric and morphological conservatism of subcorti-
cal circuitry, connectivity between motivational, motor, and sensory
systems therein can change profoundly over the lifespan of individu-
als, between individuals, and between species. The first observation to
energize this field of research was demonstration of the relative sim-
plicity of linkage between the presence of a particular individual and
motivational systems. Monogamous voles possessing increases in vaso-
pressin receptors will work hard to be in the presence of their preferred
mate, clearly distinguishing males in one species from their promiscu-
ous cousins. Profound differences in social behavior can thus be gener

ated with rather minimal neural change, that is without changes in neu-
ronal numbers or structure volumes, and without de novo generation
of neuromodulators or their receptors [28]. Similar subcortical mech-
anisms for differing inter-species preferences for such varied things as
numbers of conspecifics, territory size, vigilance or aggression rates are
presently being described [45].

Considering human gesture and language learning, motivational re-
organization rather than committed modules are increasingly reported.
Human infants are unusually responsive to social reward compared to
other primate infants, that responsiveness scaffolding early visual and
language learning [42]. While human birth is slightly early in terms
of neural maturation compared to chimpanzees and macaques (Fig. 3
bottom graph), more notable is the comparative neural immaturity of
human infants at weaning (Fig. 4). No longer fully reliant on moth-
ers while their developing brains are still early in the maturational se-
quence, infants extend their initial preference for voices and face-like
forms [76] to any actions that elicit attention and action from parents
or alloparents. This early responsiveness is coming to give a better ac-
count of language, gesture and expression learning than the invoca-
tion of a committed “language module” [3,38,106] Additionally, moti-
vational preferences underlying human cognition can likely employ the

Fig. 4. Variability in weaning compared to neural maturational state.Predicted
developmental schedules for eight primate and seven nonprimate species, with observed
timing of weaning indicated for each. The event scale on the x-axis has been extended
beyond its original range of 0–1, to allow for extrapolation of developmental trajectories
into the range in which weaning occurs. Examples of events included in the model are
displayed at their respective positions on the event scale on the x-axis. The y-axis indicates
the estimated date of the occurrence of each event in each species. Plotted species include
those whose developmental schedules are directly predicted by the model as well as those
that are not. The latter consists of all of the primates except for the human and rhesus
macaque, which are the two primates included in the current version of model. For the
unmodeled primate species, we used adult brain weight to estimate slope and gestation
length to estimate intercept, as these variables have been shown to predict the timing of
events with reasonable accuracy. Species are as follows: baboon (Papio cynocephalus);
cat (Felis catus); chimpanzee (Pan troglodytes); ferret (Mustela putorius); gerbil (Meriones
unguiculatus); guinea pig (Cavia porcellus); hamster (Mesocricetus auratus); human (Homo
sapiens);lemur (Lemur catta); macaque (Macaca mulatta); marmoset (Callithrix jacchus);
Orangutan (Pongo pygmaeus pygmaeus); owl monkey (Aotus azarae); rabbit (Oryctolagus
cuniculus); rat (Rattus norvegicus); sheep (Ovis aries). Source data for weaning are reviewed
in Finlay and Uchiyama [35].
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same subcortical mechanisms that direct species-typical preferences in
other mammals, operating over extended domains [139,141].

3. Life history evolution

3.1. Regularities in mammalian life history variation

The pace of discovery in mammalian life history evolution cannot
match that of neuroscience, in part because aspects of brains and bodies
can be measured on single representatives of a species, but population
vital rates cannot. Even when mortality risk is tightly correlated with
age, each individual only dies once. Evolutionary life history theory de-
veloped in the 1980s only as (hard won) data on age-specific fertility
and mortality in mammal populations began to accumulate [136]. Wide
differences in the pace of life cycles, and the association between that
variation and adult body size had long been of interest (Bonner, 1965;
[12,111]). Yet as comparative analyses began, some of the apparent
life history tradeoffs seemed initially puzzling. Instead of longer gesta-
tion length allowing shorter time to weaning, or later weaning shorten-
ing time required to reach maturity, correlations among these variables
turned out to be positive. This vastly expands the range of potential pop-
ulation growth rates from species that mature quickly, produce many
offspring, and die soon to those that take a long time to mature, and pro-
duce few offspring over long adult lives [117]. The smallest and largest
primates differ a thousand-fold in adult body size. That difference trans-
lates from three into nine orders of magnitude in potential population
growth rates: “A female mouse lemur (Microcebus murinus) born at the
same time as a female gorilla (Gorilla gorilla) could leave 10 million de-
scendants before the gorilla became sexually mature” ([55]: 14).

3.2. The importance of mortality risk

After some feasible threshold, the time spent growing larger instead
of producing offspring is reproduction foregone, an opportunity cost
with geometrically increasing consequences. There must be benefits that
compensate that cost. Clearly mortality must play a major role. Mam-
mals are determinant growers. Unlike most fish that continue to grow
larger throughout life, mammals grow until reaching maturity (age of
first reproduction), and then stop growing to reproduce. It takes longer
to grow bigger, but perhaps larger size improves predator defense, or
increases mobility over larger foraging ranges and tolerance of lower
diet quality or local resource fluctuations, all of which would reduce
adult mortality risk [26,86,107,145,146]. But the direction of causal-
ity could run the other way. Larger body sizes could be a consequence
of lower adult mortality risk. If reproductive efficiency increased with
age or size [55], then lower mortality risks would allow growing longer
before maturing to reap more of those benefits [17,85]. Positive corre-
lation between longevity and age at maturity is consistent with either
direction of causality. As the empirical associations among the life his-
tory variables became irrefutable, so did their stronger correlation with
each other than with body size. The timing variables remain correlated
even when the effects of body size are statistically removed, suggest-
ing that body size might not be as important as previously assumed
[56,117,120,138].

3.3. Allometric regularities in life history variables

Charnov [17] drew attention to the fact that average adult lifespan
and age at maturity each increase with body size at the same allomet-
ric rate. The same ¾ power scaling means that the product of the vari-
ables (e.g. the product of age at maturity times average adult mortal-
ity) remains the same across large changes in body size. He constructed
a model of mammalian life history evolution aimed at recovering these

allometries and explaining the invariance of these products across trans-
formations of body size [18]. Building on his own previous work and
that of many others, he used a simple growth model in which a ju-
venile's production goes into increasing her own size and then is redi-
rected at maturity into producing offspring. Recognizing the importance
of interspecific differences in rates of growth and of offspring produc-
tion [13], Charnov identified a lineage specific production coefficient,
‘A,’ to capture that rate. Separating it can explain why correlations be-
tween adult mortality, age at maturity, and rate of offspring production
are tighter than between any of them and body size. Species with low
‘A’ grow slowly; so are relatively small at a given age of maturity. With
low ‘A’ they also produce offspring at a low rate for a given adult size.
Because adult body size for a given age at maturity varies with ‘A,’ and
‘A’ varies among lineages, body size correlates less closely with age at
maturity, reproductive rate, and lifespan than those variables do with
each other. The difference between primate and non-primate mammals
is quantified by different values of that one parameter, ‘A.’ Fitting data
to the model, gives ‘A’ of about 0.4 for primates compared to about 1.0
for non-primate mammals generally, explaining why, for a given adult
size, primates have greater longevity, later maturity, and slower rate of
offspring production than do most non-primate mammals [20].

3.4. Body growth vs brain growth

Previous sections are strong foundation for skepticism that varia-
tion in rates of body growth could be usefully captured with such an
extreme simplification. As noted above, variation in mammalian so-
matic growth rates contrast with tight cross-species regularities in brain
growth. Charnov's mammal model highlighted the empirical pattern
that primate bodies grow slowly compared to non-primate mammals but
did not deal with brains [20]. Recent analyses [52] confirm previous
findings [108] that fetal body growth is much more variable than fetal
brain growth, extending the evidence that body growth in primates is
notably slow compared to non-primate eutherians. Slow body growth,
not faster brain growth results in exceptional encephalization in pri-
mates across gestation and beyond.

The evidence of extreme regularity in neurogenesis, in which devel-
opmental duration determines final brain size and organization, points
to brain size as a potential index of features that propel life history
evolution. Pursuing that possibility must await future work. For now
we take advantage of Charnov's use of the simple body growth model
because it reproduces relationships among adult mortality rates, age
at maturity, and length of offspring dependence that characterize the
broad mammalian variation, which provides the context for identifying
distinctive life history features that evolved in humans. Those features
will bring us back to the role of allomaternal care in extending the du-
ration of development and propelling infants into a wider social context
during early neural maturation in our lineage.

4. Brains & our grandmothering life history

4.1. Humans compared to great apes

To display an important regularity in mammalian life history varia-
tion Charnov [19] plotted average female adult lifespans by age at ma-
turity for 15 primate subfamilies using data from Millar & Zammuto
[101] and Harvey & Clutton-Brock [54]. The received taxonomy at the
time classified humans as the only living hominids with the other great
apes separated as pongids. The plot showed that great apes have the
longest adult lifespans and oldest ages at maturity of the non-human
primates, but their values are substantially exceeded by higher values
for humans. Yet both fit the approximate “invariance” of an important
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product in his model, αM, age at maturity times average adult mortality.
That humans fit this invariant went unremarked at the time, but is

initially quite puzzling. Charnov's assembly rules for the life history of
female mammals assume that adulthood is spent producing offspring.
But since women cease childbearing at about the same age as great ape
females (the pongids) do, a substantial fraction of female adult years
in humans is post-fertile. Genetic evidence now puts humans and great
apes in the same hominid family and shows that some of them are even
more closely related to us than they are to each other. The age female
fertility ends is similar in all living hominids, suggesting that is the an-
cestral condition; but great ape females become decrepit with age and
– as in mammals generally - rarely outlive their fertile years. Women,
in contrast, can remain strong and productive well past menopause. Our
low adult mortality could account for distinctively late human maturity
by pathways in Charnov's mammal model only if all of adulthood con-
tributed to producing descendants [63].

4.2. Costs and benefits of increased somatic maintenance

In Charnov's initial model [18] adult mortality is entirely exoge-
nous. Yet evolutionary life history theory recognizes that selection ad-
justs vulnerability to mortality risks by allocation to somatic mainte-
nance and repair, an allocation that must compete with growth and
reproduction throughout life [40,147,148]. Kirkwood's [80–82] dispos-
able soma model focuses specifically on the question of optimal main-
tenance, directing attention to the tradeoff with current reproduction. If
the risk of dying is inevitably high, then allocation to maintenance and
repair nets little benefit because the chance of dying is high no matter
the repair. Conversely, if the risk is low, selection can favor trading off
some growth and/or current reproduction for more maintenance and re-
pair. But, in addition, as noted by Williams ([147], and see [19], Chap-
ter 7) the likely contribution to future generations gained with increas-
ing adult age also affects this tradeoff. The more descendants that result
from persistent competence, the more selection favors maintenance and
repair. While we will follow this argument about life history trade-offs,
remember how tightly constrained brain development is by develop-
mental duration, constraints we will return to at the end.

With this framework of life history interactions as a guide, [19] plot
of the relationship between age at maturity and average adult lifespan
showing that humans (under a hunting and gathering mortality regime)
obey Charnov's symmetry model invites a question. If slower maturation
in humans results from lower adult mortality, and lower adult mortal-
ity comes with more allocated to maintenance and repair leaving less
for current reproduction, what ancestral condition could have favored
those tradeoffs in our lineage?

4.3. Lessons from the modern Hadza

Ethnographic observations of Hadza hunter-gatherers in northern
Tanzania [8] supplied a promising clue. Hadza are modern people, not
living ancestors, but as foragers they face ecological challenges and
tradeoffs that reveal ancient problems our ancestors faced foraging for
a living before the origins of agriculture. Moreover the Hadza occupy
the best modern analog of the savannas that witnessed the evolution of
genus Homo.

Hadza children are productive and energetic foragers [9]. But young
children are not very effective at handling an important dietary sta-
ple, the deeply buried underground storage organ of a plant that re-
quires some strength to excavate [61]. Women past menopause are es-
pecially active tuber diggers [60]. In this population, mothers' foraging
effort has a measurable effect on their children's nutritional welfare ex-
cept when those mothers bear another baby and reallocate effort to in

clude nursing their new infants. Then it is the work of postmenopausal
grandmothers that differentially affects the growth and survival of
weaned children [8,62]. This association between subsidies from
post-fertile women and the welfare of weaned grandchildren could have
propelled evolution toward human life histories long before the appear-
ance of Homo sapiens [104]. Subsequent work across the diverse subsis-
tence and social systems of contemporary people has shown that grand-
mothers usually continue to play a measurable role in their descendants'
welfare (e.g. [91,129,130,142], see [59]).

The tradeoffs observed among the modern Hadza offer a lesson
about likely ancestral ones. In the other living hominids, as in mam-
mals generally, infants are weaned when they can forage for themselves.
In our lineage ancestral mothers shifted from forest to savanna foods,
many of which their young offspring could not handle for themselves.
Under these circumstances the few surviving elder females who had no
newborns of their own could have novel effects on their own inclusive
fitness. As elders continued to exploit those savanna foods, their eco-
nomic productivity would allow their daughters to wean earlier, raising
their own fitness by moving on to next babies sooner with less cost to
the survival of previous offspring.

In this ancestral scenario, elders that were aging slightly more slowly
could help more. Previously selection would not have favored more allo-
cation to somatic maintenance because it left less for current reproduc-
tion. Now mothers allocating less to current reproduction themselves
would still be more successful at offspring production due to subsidies
from grandmothers. These interdependencies point to pathways for se-
lection to increase longevity as longer-lived grandmothers left more de-
scendants. This grandmother hypothesis proposes that our distinctive
postmenopausal longevity evolved as a consequence of ancestral grand-
mother effects [57,63]. While explaining the greater longevity and later
age at maturity that fit humans to Charnov's αM invariant (age at ma-
turity times average adult mortality), it also explains the human depar-
ture from another of Charnov's invariants, the αb product (age at ma-
turity times baby production). The rate of offspring production should
be higher for a grandmothering mammal than predicted for a mammal
without grandmothering as postmenopausal longevity results in more
descendants by subsidizing (and so increasing) baby production during
the fertile years. Thus higher human fertility, shorter birth spacing and
weaning earlier than predicted for a primate with our age at maturity
could be the consequence of ancestral grandmothering [63].

4.4. Mathematical models of life history evolution

Could grandmothering really be enough to explain these fea-
tures? Absent a time machine, formal modeling allows some check on
whether or not it might. Peter Kim's two-sex agent-based model allows
simulations of the verbal grandmother hypothesis [78,79]. Starting with
a great ape-like life history in which female fertility ends in the for-
ties as it does in living hominids, and costs of increased longevity in-
clude later age at maturity and longer offspring dependence as assumed
in Charnov's mammal model, variants that alter longevity away from
the great ape equilibrium do not spread. At this model equilibrium, as
with living great apes, very few females survive their fertility. But when
those rare females subsidize still dependent juveniles, mothers can wean
them earlier and have next babies sooner. Then increased longevity
is favored, and the proportion of post-fertile females expands to re-
sult in an age structure like that observed among modern hunter-gath-
erers. Once grandmothering subsidies propel a population out of the
great ape-like basin of attraction, selection on longevity moves agent
populations steadily to the human equilibrium. Evaluating the hypoth-
esis with partial differential equations rather than agent-based sim-
ulations, assuming a more realistic mortality schedule, and allowing
both longevity and the end of female fertility to vary, found the same
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two equilibria, one with and one without grandmothering [15]. This is
consistent with the hypothesis that subsidies of dependent juveniles by
grandmothers are foundation for the evolution genus Homo, long ante-
dating the appearance of our species [104].

5. What is the structure of selectable variation in longevity? Evo-
devo meets grandmothers.

The social and energetic factors considered to affect selection on life
histories could not be more distinct from a neurodevelopmental account
of why sequences and durations of neurogenesis and synaptic connec-
tivity assemble in the way they do. Nevertheless, both are speaking of
the same human evolution, and there is a tantalizing convergence in
the two in the potential relationship of longevity, grandmothering, and
brain size.

The first 20 years of work in evo-devo, demonstrating actively con-
served processes of immense antiquity coexisting side-by side with fully
variable processes suggests that conservation produces mammalian-gen-
eral properties useful across multiple niches (Gerhardt & Kirschner,
2005). Covariation of the duration of life phases in mammals has both
logical and empirical support. From the perspective of evolutionary life
history, longer duration of development can only persist in the context
of lower mortality. A consequence is then both cause and effect relation-
ships among brain size, the developmental duration required to produce
a certain size brain, and what the brain is used for. A large brain will re-
quire a long period of development that can be employed for extended
environmental learning, integration over long times and spaces matched
to the computing power such brains possess.

Relationships among brain size, behavioral/cognitive complexity,
and ecological niche variables are evident from cross-taxa compar-
isons. For example, large brains in cetaceans are associated with wider
breadth of social behaviors, prey diversity, and aspects of range
[39]. Across multiple species including primates, larger brain size is as-
sociated with greater behavioral innovation, better success in niche in-
vasion, tool use [92], and better cognitive control [98]. No claim is
made that primates or cetaceans have a unique organization of their
brains, simply that their radiations are enriched with large brained
species. The work we have described here relates brain size to neu-
rodevelopmental duration. A strong relationship between brain size
and overall longevity independent of body size has been demonstrated
[44,64,125]. It is not implausible that an overall developmental regula-
tor or timekeeper sets the pace of early neural development and contin-
ues through the lifespan.

A new way to consider the evolution of longevity is to take an
evo-devo stance and ask what structure, or components of variation
in longevity could be offered to selection. Investigation of longevity is
mostly of the medical variety, analyzing predispositions and risk fac-
tors for diseases. But there has been substantial application of a life his-
tory approach to varying mortality risk across human groups and asso-
ciated variation in somatic maturation rates and age at first birth (e.g.,
Draper & Harpending, 1982; Belsky et al., 1991; Geronimus, 1996; Daly
& Wilson, 1997; [32,33,50,97,102,103,112,113]). These life history ad-
justments are developmental plasticity of a particular sort, widely hy-
pothesized to be adaptive. If so, they are the result of natural se-
lection on ancestral populations that regularly faced similar environ-
mental variation (e.g. [88,90]). Behavioral ecologists often use con-
cepts like the phenotypic gambit, strategy set, and reaction norms to
study such phenotypic variation [48,49]. As noted by West-Eberhard,“The
concept of reaction norm bridges the gap between phenotypic plas-
ticity and quantitative genetic studies of natural selection by connect-
ing quantitative phenotypic plasticity and genotype…. Because reac-
tion norms vary among individuals, the environment is not only an
agent of selection but also a determinant of the range of phenotypes

expressed to selection” ([144]: 26–7). Norms of reaction for variation
in age at first birth mimic what appears to be the life history variation
“game plan” across lineages. As duration of development is the single
factor most clearly associated with major differences in brain mass and
organization across mammalian species, it seems clear there must some-
times be heritable variation on this dimension, but it has never been
empirically demonstrated. However, there are tantalizing hints – the
Hox-gene-regulated rate of segment generation of the spinal cord can
be more than doubled in snakes, multiplying this feature while others
are unchanged [43]; cerebellar precursor cells from short-lived species
inserted into the brains of long-lived species develop into mature neu-
rons that share the greater longevity of their hosts [99]. In general, how-
ever, this question has been oddly neglected and the nature of control
processes regulating developmental duration have been virtually unex-
plored, a perplexing absence in the research literature.

6. Special features of the progress of human infancy and
childhood: a conserved neurodevelopmental program within an
unusual life history

In the prior section, we concentrated on the hypothesis that distinc-
tive human postmenopausal longevity is linked with our longer develop-
mental period and earlier weaning, all potentially initiated from ances-
tral grandmothering subsidies. Preceding sections reviewed the mam-
malian evidence that later maturity and greater longevity are inevitably
accompanied by larger brains. From the point of view of the infant and
child this combination of features proves to have especially interesting
consequences for important aspects of human sociality. The conserved
neurodevelopmental program assures that it takes longer to reach larger
final brain size. Yet weaning is unexpectedly early for a mammal with
our age at maturity. In terms of neural maturation weaning is espe-
cially early (Fig. 4). As in other species, the highly predictable duration
and stages of development produce a distinctive developmental ecol-
ogy. Earlier we gave two examples of how precocial rodents and ungu-
lates coordinate fixed brain growth patterns with gestation; here we de-
scribe some emergent, or possibly selected features of more altricial hu-
man somatic development.

Human infants are intermediate in the state of neural maturation at
birth compared to the mammalian range. Their eyes are open and fully
functional, hearing well established, but motorically they are somewhat
delayed, unable to support their unusually heavy heads, or guide their
hands in the first three months of life. Is this a bug or a feature? Exciting
research is now showing that the maturational state of the infant at birth
and thereafter may have an important role in guiding the trajectory of
facial and vocal communication, and object recognition and manipula-
tion. Unable to lift its heavy head, the infant spends a great deal of time
observing a small number of faces in much detail (2–4 depending on
culture), those faces conveniently in a relatively standard position and
orientation with respect to the infant, an introductory seminar in facial
recognition and expression [73]. Next, when the infant gains control
of its head and begins to control its hands, the following three months
move from concentration on faces to concentration on objects and ma-
nipulation [25]. The idea of an “object,” a nameable entity recognizable
over translations and rotations, is not nearly so central to vision across
vertebrates as it is to us. For most mammals identifiable individuals or
object types are often limited to a few conspecifics, food items, preda-
tors and prey species, whereas we routinely interact with multiple indi-
viduals, artifacts, signs and symbols. Early attention to hands and very
basic manipulation of food, toys and attractive contraband, enforced by
the immature absence of independent mobility, neatly links object, vi-
sion, manipulation and eventual tool use, and the substrate of naming
and eventual language in an organic package.
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Finally, when toddlers are becoming motorically independent,
though still far from fully competent at locomotion and long before
they can feed independently, they are displaced from the center of their
mothers' attention. Not only is weaning much earlier than the age ex-
pected for a primate with our age at maturity [63,123], it is especially
early in neural development compared to in other great apes (Fig. 4).
Human infants, with their very immature brains, are released from com-
plete dependence on mothers into a social milieu populated with a large
number of alloparents and social partners. The social ecology they con-
front is variable among cultures and responses fitting those variations
inevitable.

Subsidies that allow the early weaning and short birth intervals have
evolutionary consequences for both mothers and infants that have been
especially well elaborated [66–68]. When mothers can net higher fitness
by overlapping dependents, their distributed attention dilutes focus on
infants. Without the full maternal commitment that is the birthright of
apes that rear one dependent at a time, infant features that attract more
attention from mothers and allomothers are exposed to selection. Sur-
vival advantages for precocious responsiveness can help explain the evo-
lution of a distinctly human social appetite for what Michael Tomasello
(1999, Tomasello et al., 2005) labeled “shared intentionality.” Review-
ing descriptions of captive chimpanzee infants, some mother-reared and
others raised by multiple attentive carers, Hrdy [68:29] identified a “vir-
tual experiment,” testing likely developmental consequences when a ho-
minid used to independent mothering is exposed to regular allomother-
ing. Although “none of these captive infants were reared under species
typical conditions, … those exposed to multiple responsive others devel-
oped to be more-other regarding than their exclusively mother reared
counterparts”[68:35]. Such effects of social context are directly consis-
tent with the hypothesis that a shift to dependence on allomothering ex-
posed ancestral infants to interactions that had profound effects. “New
modes of child-rearing meant changing our minds” ([68]: 23).

Building on Hrdy's insights, Hawkes [58] added heterochrony infer-
ences and linked differences in white matter development between in-
fant human and infant chimpanzee brains [126] to exceptional social
capacities and appetites in human infants. That missed Finlay and Work-
man's [36] reanalysis showing the chimpanzee-human white matter dif-
ferences to be simply the consequence of the longer developmental du-
ration to larger size of human brains. Regularities in mammalian brain
development combined with comparative neural and somatic matura-
tion in human infants indicate that features of our sociality may have
arisen as necessary consequences of life history shifts on a develop-
mental framework shared with other primates. The distributed attention
of mothers and the importance of allomothers present human infants
with a complex social landscape, even before weaning. Links among
longevity, longer duration of development, early weaning, and distinc-
tive dimensions of human sociality – perhaps even that most distinctive
of all: language - may be a cognitive version of emerging universal re-
lationships of growth and form, like the stouter legs and the lowered
metabolic rate of larger bodies, links whose significance we are only just
beginning to appreciate.
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