
Scaling of the Mammalian Brain: 
the Maternal Energy Hypothesis 
Robert D. Martin 

Mammalian brain sizes have been linked to specific behavioral or physiological 
features because of simple scaling correlations. Examination of the correlation 
network for body size, brain size, basal metabolic rate, and gestation period 
indicates that the primary link is between ma ternal metabolic capacity and 
the developing brain of -the offspring. 

T he concept of scaling is now well estab- 
lished, and allometric analysis has become a 

standard tool for quantitative comparison of 
features between organisms of differing body 
size. This technique has been applied with great 
success in the field of comparative physiology, 
notably to respiratory physiology of mammals 
and of the avian egg, and the major findings have 
been succinctly reviewed by Knut Schmidt- 

Nielsen (14). Comparative physiologists have 
repeatedly used scaling analyses to explore 
functional relationships, but in other fields the 
main objective has been to identify general 
scaling trends to exclude body size effects from 
comparisons between species. Thus various 
studies of comparative morphology, reproduc- 
tive biology, and behavioral ecology have fo- 
cused on distinctions between taxonomic 
groups and associated evolutionary relation- 
ships, without much concern for underlying 
functional relationships. 

Many authors trace the origins of the modern 
concept of allometric scaling back to Julian 
Huxley’s pioneering treatise on quantitative as- 
pects of growth (6), but the first significant 
application of the concept of allometric scaling 
was in fact made in studies of mammalian brain 
size at the turn of the century by Eugene Dubois 
(3), the discoverer of Homo erectus. Dubois 
introduced and applied the standard allometric 
formula that is now almost universally used in 
scaling studies. Scaling relationships broadly 
conform to the power function Y = kX” (cu being 
the scaling exponent and k the scaling coeffi- 
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cient), and logarithmic transformation yields the 

linear equation log Y = a l log X + log k, which 

is more amenable to straightforward statistical 
treatment (Fig. 1). 

Scaling analyses based on the concepts illus- 

trated in Fig. 1 have various applications. In 
addition to recognition of general scaling prin- 

ciples and identification of outliers and grades, 
empirically determined scaling relationships can 
be used to test hypotheses, to make predictions, 

and to explore potential functional relationships. 
It must be emphasized, however, that this latter 

application requires great caution. Many scaling 
analyses are confined to the relationship be- 
tween a single variable and body weight, and it 

is vital to recognize that many such relationships 
exist, such that a correlation in any one analysis 
does not necessarily indicate a causal connec- “Scaling relationships 
tion. Functional relationships can only be in- broadly conform to 
ferred with any confidence following compre- the power function 
hensive scaling analyses of an entire set of Y= kx?...” 

interconnected features. 

Scaling of basal metabolism 

Perhaps the most widely recognized example 
of allometric scaling in comparative physiology 
is the relationship between basal metabolic rate 

and body size in placental mammals (1, 9). It is 
now widely (if not universally) accepted that the 
interspecific scaling exponent for this relation- 

ship is 0.75, and analyses of large data samples 
provide strong empirical support (Fig. 2A). Rec- 
ognition of this exponent value was particularly 

advocated by Max Kleiber (9), and the empirical 
scaling principle is now commonly referred to as 
Kleiber’s law. The relationship is relatively tight; 

although individual species deviate from the 
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FIGURE 1. Basic illustration of scaling relationships in 

comparative biology. Data for body weight (X) and a chosen 

biological variable (Y) are presented in a logarithmic biva- 

riate plot. A best-fit line determined for a given group of 

species (e.g., points marked A) indicates overall scaling 

trend; exponent a in the allometric equation is directly 

identifiable as slope of the line, and intercept is log k. Within 

a given group, deviations of individual species from best-fit 

line (residual values) indicate specific positive or negative 

adaptations (+ res, - res; shaded areas show typical ranges of 

such deviations). Residual values can be used as an index of 

relative size of Y after taking scaling effect of body size (X) 

into account. The 2 groups of species A and B exhibit 

separate scaling relationships defined as grades (indicated by 

hatched best-fit lines). In this example, slope ind cati ng 

scaling exponent (cw = 0.75) is same in both cases, but 

intercept (= log k) differs between the 2 groups of species. 

If an overall best-fit line is determined for all species taken 

together (thin dotted line), a line with a markedly greater 

slope of 1.22 is obtained. (All lines are reduced major axes.) 

best-fit line, such deviations are quite limited. 
This is reflected in the high value of the corre- 
lation coefficient (r = 0.98 for the data in Fig. 
2A). The extremes are represented by species 
that have approximately three times the value 
predicted by the best-fit line and those that have 
about one-third of the predicted value. Although 
the exponent value of 0.75 for scaling of basal 
metabolic rate remains empirical, since there is 
still no widely accepted theoretical explanation, 
the relationship has been broadly and success- 

fully applied (I 4). 
Despite the restricted range of deviation from 

the general scaling trend for basal metabolic rate 

in mammals, various grades (Fig. 1) and indi- 
vidual outliers can be recognized. It is, for 
instance, well known that (relative to body size) 
marsupials tend to have lower basal metabolic 
rates than placental mammals (-25% on aver- 
age). Among primates, prosimians (lemurs, lor- 
ises, and tarsiers) generally have relatively low 
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basal metabolic rates, whereas simians (mon- 
keys, apes, and humans) typically lie quite close 
to the line for Kleiber’s law. It has also been 

noted for mammals generally that leaf-eating 
species tend to have lower basal metabolic rates 
than fruit eaters and that insectivorous bats 

typically have lower basal metabolic rates than 
fruit-eating bats (10). 

Scaling of mammalian brain size 

Ever since the early work of Dubois, the 
scaling of brain size relative to body size in 

mammals has remained one of the prime exam- 
ples of empirical scaling relationships. An ex- 
tensive literature was reviewed in 1973 by Harry 

Jerison (7). At that time, the dominant interpre- 
tation was that the scaling exponent for this 

relationship has the value 0.67, and a possible 
functional explanation was based on the surface- 
to-volume ratio. For a given body shape, body 

surface area increases according to the square of 
body length, whereas body weight increases 
according to the cube. Accordingly, the expo- 

nent value for scaling of a surface-to-volume 
relationship will be 2/3 or 0.67. One simplistic 

explanation for a scaling exponent value of 0.67 
was based on the argument that many receptors 
and effecters are distributed over external or 
internal body surfaces, such that the brain con- 
nected with them might be expected to scale in 
relation to body surface area rather than its 
volume or weight. Of course, much of the brain 
is not connected in this simple manner with 
receptors and effecters. 

In fact, surface-volume scaling was subse- 
quently ruled out on empirical grounds because 
independent analyses of large data sets indicated 
a scaling exponent significantly greater than 
0.67 and in fact quite close to 0.75 (10) (Fig. 2B). 
There is an interesting parallel here in that it was 
originally believed that basal metabolic rate 
scales with an exponent value of 0.67 to body 
weight, fitting the expectation that heat is gen- 
erated or required by a body according to its 
volume, whereas gain or loss of heat from or to 
the external environment would be dependent 
on body surface area. It was eventually shown 
convincingly by Brody and Kleiber, with the 
“mouse-to-elephant curve,” that the empirical 
exponent value for the scaling of basal metabolic 
rate is 0.75, not 0.67. Empirical scaling expo- 
nents for basal metabolism and for brain size are 
hence both close to 0.75. In other words, the 
relationship between brain size and basal met- 

abolic rate is directly proportional or isometric 
(a ml), suggesting a possible link between brain 
size and metabolic turnover. 
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FIGURE 2. A: scaling of ba- 

sic metabolic rate (M) against 

body weight (W) in a large 

sample of placental mammal 

species [n = 269; data from 

McNab (1 I)]. Empirical scal- 

ing formula is log, M = 0.73 

log, W + 1 .I 6 (r = 0.98). 

Solid circle is Homo sapiens. 

B: scaling of adult brain 

weight (E) against adult body 

weight (W) in a large sample 

of placental mammal species 

(n = 477; author’s data set). 

Empirical scaling formula is 

log.,, E= 0.77 log.,, W+ 1.66 

(I- = 0.98). Solid circle is 

Homo sapiens. C: scaling of 

neonatal brain weight (E,) 

against neonatal body weight 

(W,) for a sample of placental 

mammals (n = II 7; author’s 

data set). Points for primates 

(black circles; n = 43) consis- 

tently I ie above points for non- 

primates (stippled circles; n = 

74). This is a clear-cut grade 

relationship, reflecting the fact 

that in primates brain repre- 

sents a larger proportion of 

fetal body mass throughout 

development than in nonpri- 

mates. 
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Problem of statistical independence 
of species of species 

The empirical value of 0.75 for the exponent The empirical value of 0.75 for the exponent 
for scaling of brain size to body size in placental for scaling of brain size to body size in placental 

mammals, based on analyses of large samples mammals, based on analyses of large samples 
(lo), was subsequently questioned from a new (lo), was subsequently questioned from a new 
direction. The challenge was based on the direction. The challenge was based on the 
statistical argument that species in such a com- statistical argument that species in such a com- 
parative scaling analysis may not represent in- parative scaling analysis may not represent in- 
dependent data points (4, 5). The reason for this dependent data points (4, 5). The reason for this 
is that individual species are, of course, related is that individual species are, of course, related 
to one another to varying degrees within the to one another to varying degrees within the 
evolutionary tree of mammals. It is therefore evolutionary tree of mammals. It is therefore 
theoretically possible that values for closely theoretically possible that values for closely 
related species may introduce a statistical bias related species may introduce a statistical bias 
into the analysis. Hence, the use of statistical into the analysis. Hence, the use of statistical 
treatments, such as standard line-fitting proce- treatments, such as standard line-fitting proce- 
dures, that require independence between indi- dures, that require independence between indi- 
vidual data points could be inappropriate. vidual data points could be inappropriate. 

One approach to counter the potential prob- One approach to counter the potential prob- 
lem of bias arising from differential degrees of lem of bias arising from differential degrees of 
relationship between species is that of phyloge- relationship between species is that of phyloge- 

netic contrasts (4, 5). This is based on the netic contrasts (4, 5). This is based on the 
following reasoning: if species A and species B following reasoning: if species A and species B 
are derived from a common ancestor, it may be are derived from a common ancestor, it may be 
the case that the values they exhibit for the two the case that the values they exhibit for the two 
variables of interest (X,, YA and XB,YB, respec- variables of interest (X,, YA and XB,YB, respec- 
tively) are both heavily influenced by the values tively) are both heavily influenced by the values 
present in the common ancestor. On the other present in the common ancestor. On the other 
hand, the differences in the values (“contrasts”) hand, the differences in the values (“contrasts”) 
between A and B reflect changes that took place between A and B reflect changes that took place 
following their divergence from that common following their divergence from that common 
ancestor. Instead of examining the scaling of the ancestor. Instead of examining the scaling of the 
raw values, therefore, one can examine the raw values, therefore, one can examine the 
scaling of the contrasts between them in the scaling of the contrasts between them in the 
belief that this will eliminate the problem of belief that this will eliminate the problem of 
statistical interdependence between data points. statistical interdependence between data points. 
For logarithmic values, the relationships in- For logarithmic values, the relationships in- 
volved are in principle quite simple, as is shown volved are in principle quite simple, as is shown 
by the following equations for species A and B by the following equations for species A and B 
(assuming perfect scaling) (assuming perfect scaling) 

log Yn = log Yn = a l log xn + log k a l log xn + log k 

log YB = log YB = a. log xB + log k a. log xB + log k 

thus thus 

log YA - log YB = cx(log xn - log xR> log YA - log YB = cx(log xn - log xR> 

Accordingly, a plot of contrasts in Yvalues (e.g., Accordingly, a plot of contrasts in Yvalues (e.g., 
log YA - log Ys) against the corresponding log YA - log Ys) against the corresponding 
contrasts in X values (e.g., log XA - log X,) for contrasts in X values (e.g., log XA - log X,) for 
a given set of species should yield a line of slope a given set of species should yield a line of slope 
a passing through the origin. Following this a passing through the origin. Following this 
rationale, Harvey and Pagel (5) confirmed that rationale, Harvey and Pagel (5) confirmed that 
the scaling exponent for basal metabolic rate in the scaling exponent for basal metabolic rate in 
placental mammals is close to 0.75. However, placental mammals is close to 0.75. However, 
they also conducted an analysis of mammalian they also conducted an analysis of mammalian 
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brain and body weights and determined a scal- 
ing exponent value of 0.69. This is closer to the 
value of 0.67 expected from surface scaling than 
to the value of 0.75 expected from a link with 
metabolic scaling and throws doubt on the 
suggestion that there is some connection be- 
tween brain size and basal metabolism. 

There are, however, numerous problems with 
the use of contrast values for determining em- 
pirical scaling relationships. In the first place, the 
equations given above apply only if the two taxa 
compared belong to the same grade and hence 
have the same value of the scaling coefficient k 
(Fig. 1). I f  a grade shift separates two species in 
a comparison, it will distort the contrast value. 
Second, contrasts determined between closely 
related taxa will be particularly problematic 
because close similarity in body size will result 
in very small contrast values that are particularly 
prone to error. Errors in contrast values for 
closely related taxa combined with the effects of 
multiple grade shifts might therefore invalidate 

the results of contrast analysis. Last but not least, 
the slope of an empirical scaling relationship is 
influenced mainly by values at the upper and 
lower extremes of the distribution, such that 
phylogenetic relatedness should not be expected 
to have much effect on the overall relationship 
determined. One way of countering the potential 
problem of statistical interdependence between 
closely related species while taking these objec- 
tions into account is to conduct a simplified 
analysis using overall average values for mam- 
malian orders. Reanalysis of McNab’s data (1 1) 
for basal metabolic rate (Fig. 2A) using averaged 
values for 16 orders of mammals yields a scaling 
exponent of 0.76 (r = 0.97). For the 15 contrast 
values determined from these ordinal averages 
using the program CAIC (12), a line passing 
though the origin yields a scaling exponent of 
0.82. In this case, considerable scatter of the 
points in the contrast plot probably reflects grade 
differences between mammalian orders in basal 
metabolic rate, and this could have led to some 
distortion of the inferred exponent value. A 
parallel reanalysis of the data for adult brain size 
(Fig. 2B) using averaged values for 14 orders of 
mammals yields a scaling exponent of 0.77 (r = 
0.99). For the 13 contrast values derived from 
these ordinal averages, a line passing though the 
origin yields an almost identical scaling expo- 
nent of 0.76, and there is very little scatter of 
points. Overall, these results show that the 
scaling exponents for both basal metabolic rate 
and adult brain size are consistently higher than 

0.67 and generally close to the value of 0.75. 
Thus the possibility of a link between basal 
metabolic rate and brain size remains. 



Scaling of the brain in primates 

Having established a reliable empirical scal- 
ing relationship between brain size and body 

size for a large sample of placental mammal 
species, one can turn to interpretation of the 

residual values of individual species and groups 
of species. First, it should be noted that the range 
of residual values exceeds that found with basal 

metabolic rate, extending from species that have 
approximately five times the brain size predicted 
by the best-fit line to those that have about 

one-fifth of the predicted value. Second, it has 
been widely claimed that adult primates have 
bigger brains than other adult mammals, but 

there is in fact no foundation for this. It is 
certainly not true in terms of absolute brain size, 

since an elephant’s brain, for example, is four 
times bigger than that of a human, and it is not 
even true with respect to relative brain size. 

Examination of the residual values for various 
orders of placental mammals shows that there is 

considerable overlap between primates and 
nonprimates and that a few primate species 
actually lie close to or even below the average 

condition for mammals. While it is true that the 
average residual value for primates is greater 
than the average value for other mammalian 
orders, there is no discrete grade shift between 
primates and other mammals. Indeed, although 
humans do have the largest relative brain sizes 
in the sample, the next largest relative brain sizes 
are not found in other primates at all, but in 
dolphins (members of the order Cetacea). 

Nevertheless, examination of a different as- 
pect of the relationship between brain size and 
body size reveals a systematic grade distinction 
between primates and other mammals. This 
distinction lies in the growth of the brain relative 
to the growth of the rest of the body throughout 
gestation. As was originally shown by George 
Sacher (13), the brain of a primate fetus at any 
stage of development constitutes a markedly 
larger proportion of total fetal weight than in 
other mammals (-12% as compared with 6%). 

Because this difference is consistently present 
throughout gestation, it is still observable in 
neonates (10). Hence, a plot of neonatal brain 
weight against neonatal body weight (for which 
a much bigger sample is available) also reveals 
this clear systematic difference between pri- 
mates and other mammals (Fig. 2C). Hence, 
primates as a group do have greater relative brain 
sizes than other mammals at birth, but because 
of differential postnatal changes in different 
mammals, this difference is no longer clear in 
comparisons among adults. This finding is im- 
portant because it shows that the development of 

the brain, and not just its ultimate size in the 
adult, may be crucial. 

Explanations of relative brain size 

Many attempts have been made to explain 
differences in relative brain size among pri- 

mates, with special emphasis on humans. Var- 
ious links to specific behavioral and/or ecolog- 

ical variables have been suggested, usually on 
the basis of single correlations. One correlation 
that was noted early on for primates is that 

leaf-eating species generally tend to have 
smaller brains than fruit-eating species (2). A 
possible explanation of this correlation is that a 

greater central nervous processing capacity is 
required to locate fruits than leaves in tropical 
forests inhabited by primates. Links have also 

been suggested between relative size of the brain 
or parts thereof and complexity of social orga- 

nization. Most recently, it has been proposed 
that there is a trade-off between the size of the “. . . the brain of a 
brain and the size of the digestive system, which primate fetus . . . con- 
could explain why leaf-eating primates have stitutes a markedly 
smaller brains than fruit-eating primates (1). larger proportion 
There is, however, an alternative explanation for of total fetal 

all of these findings. Leaf-eating primates gen- weight . . . . fl 

erally have lower basal metabolic rates than 
fruit-eating primates (IO), and this may constrain 
their energy expenditure in various directions. 
The low metabolic rates of leaf-eaters may 
account not only for their smaller brains but also 
for their smaller social groups, and it is obvious 
that digestion of leaves will require a relatively 
larger digestive tract. Indeed, support for a 
metabolic link is provided by the observation 
that fruit-eating bats have relatively larger brains 
than insect-eating bats. As noted above, fruit- 
eating bats also have relatively higher metabolic 
rates than insect-eating bats (10). In this case, 
there are no apparent correlations either with 
social complexity or with the relative size of the 

digestive tract, so the explanations suggested for 
primates have no general validity. Indeed, com- 
parative studies show that insectivorous mam- 

mals typically have relatively smaller digestive 
tracts than fruit-eating mammals, so the hypoth- 
esis that there is a trade-off between the brain 

and the gut in primates (1) receives no support 
from bats. 

Even if it is accepted that the primary link is 
between basal metabolism and brain size, dif- 
ferent interpretations are possible. The observed 
correlation could be explained either by depen- 
dency of basal metabolism on adult brain size or 
by dependency of adult brain size on basal 
metabolism. (Both possibilities have, in fact, 
been suggested in the literature.) In fact, how- 
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FIGURE 3. Flow diagram showing partial correlations between body weight, brain weight, basal metabolic rate, and 

gestation period with possible directions of effects. Note that there is no remaining association between body weight and 

gestation period and that partial correlation between basal metabolic rate and gestation is negative. 

ever, a direct link in either direction between 
basal metabolism and brain size in the adult can 
be ruled out for a number or reasons. First, it has 
already been noted that residuals for brain size 
show a fivefold range of variation on either side 
of the best-fit line, whereas residuals for basal 
metabolism show only a threefold range of 
variation. This indicates that a significant 
amount of variation in adult brain size is not 

explained by variation in basal metabolic rate. 
This is confirmed by a direct plot of adult brain 
size against basal metabolic rate, which shows 
considerable scatter. Second, one cannot ac- 
count for the very large size of the human brain 
(Fig. 2B) on this basis, since humans lie more or 
less on the best-fit line for scaling of basal 
metabolic rate to body weight in mammals (Fig. 
2A). Hence, if there is a connection between 
basal metabolic rate and adult brain size, it must 
be indirect. 

Maternal energy hypothesis 

Various lines of evidence, including the grade 
distinction for neonatal primates presented in 
Fig. 2C, indicate that the development of the 
brain is of particular significance in scaling 

relationships, and this led the author to suggest 
that there is a link between the basal metabolic 
rate of the mother (an indicator of her energy 

turnover) and the brain size of her developing 
offspring. The brain is unusual among body 
organs in that most of its growth is completed at 
a very early stage, and hence resources provided 
by the mother during pregnancy and lactation 
support the main phase of brain development. I f  
the primary link is between the mother’s meta- 
bolic capacity and the developing brain of her 
offspring, this would allow other variables to 
influence ultimate adult brain size. Both the 
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length of gestation and the period of postnatal 
growth supported by lactation could exert mod- 
ifying effects, thus explaining why there is no 

tight scaling relationship between the brain size 
of an adult and its own basal metabolic rate. 

The dense network of individual correlations 
involved can be tackled by calculating partial 
correlations between pairs of variables, having 

excluded the effects of all others. With data on 
body weight, brain weight, basal metabolic rate, 
and gestation period taken into account for a 

sample of 53 placental mammal species, stan- 
dard pairwise comparison indicates strong and 

significant correlations between all variables. 
Partial correlations (Q, on the other hand, reveal 
that additional variables exert a confounding 

influence on the relationship between any two 
variables. Indeed, the original correlation be- 

tween gestation period and body weight virtually 
disappears when the effects of basal metabolic 
rate and brain weight are taken into account 

(reduction from r = 0.71 to rP = O.O7), while the 
original positive correlation between gestation 
and basal metabolic rate is transformed into a 

negative correlation (conversion from r = 0.69 to 
r, = -0.25). The results of partial correlation 
analysis can be presented in the form of a flow 
diagram (Fig. 3), showing the remaining associ- 
ations and the possible direction of effects. From 
this, it can be seen that (as expected) a strong 
partial correlation remains between basal met- 
abolic rate and body weight but that the partial 
correlation between body weight and brain 
weight is considerably reduced. Both basal met- 
abolic rate and gestation period show stronger 
partial correlations with brain weight than does 
body weight, as would be expected from the 
hypothesis that ultimate adult brain size is de- 
pendent primarily on the mother’s basal meta- 



bolic rate mediated (among other things) by the 
gestation period. The negative partial correlation 

between basal metabolic rate and gestation 
period is also compatible with the hypothesis. I f  
the mother has a low basal metabolic rate, this 
is likely to constrain the rate of fetal growth, and 

one way of offsetting this is to extend the 
gestation period. Hence (other things being 

equal), species with relatively low basal metab- 
olism might be expected to have relatively long 
gestation periods. 

One factor that might be expected to influence 
the development of the fetal brain, in addition to 
the availability of maternal metabolic resources 

and the length of the gestation period, is the 
efficiency of transfer of resources across the 
placenta. Interestingly, however, the structure of 

the placenta does not seem to be a limiting factor 
for the development of the mammalian brain. 
While it is true that humans, with the largest 

relative brain size among mammals, have a 
highly invasive hemochorial placenta (pre- 
sumed to maximize transfer between mother and 

fetus), the next largest relative brain size is found 
in dolphins, which have a noninvasive epithe- 
liochorial placenta, widely regarded as being 
relatively “inefficient.” 

Independent evidence for the existence of a 
special relationship between the mother and the 
development of her offspring’s brain has recently 
been provided by work on genomic imprinting 

by Barry Keverne and colleagues (8). Genomic 
imprinting leads to differential expression of 
maternal or paternal genes during development 
in mammals. With the use of a transgenic 
procedure, mouse embryos were produced in 
which either the paternal or the maternal ge- 
nome had been duplicated at the expense of that 
of the other parent. Cells with a duplicated 
paternal genome contributed substantially to 
basal parts of the brain (hypothalamic struc- 
tures), while those with a duplicated maternal 
genome contributed substantially to more ad- 
vanced parts of the brain (cortex, striatum, and 
hippocampus). Furthermore, growth of the brain 
overall was promoted by a duplicated maternal 
genome but retarded by a duplicated paternal 
genome. These findings clearly indicate a spe- 
cial role for the mother in the evolution of 
mammalian brain size. 

Implications for human brain size 

The maternal energy hypothesis has a number 
of implications for interpretation of relative brain 
size. In the first place, various correlations be- 
tween brain size and behavioral or ecological 
variables may be a secondary consequence of a 

primary link between the basal metabolic rate of 
a mother and the developing brain of her off- 
spring. Second, there may be no very tight 
relationship between relative brain size and 
specific behavioral capacities. The latter may be 
far more dependent on the internal wiring of the 
brain rather than its overall size. While it is 
undoubtedly true that large brains are generally 
superior to small brains, no convincing case has 
been made for the proposal that any particular 
feature of behavior (e.g., feeding ecology, com- 
plexity of social organization) has exerted a 
specific selection pressure favoring an increase 
in brain size. Instead, it seems more likely that an 
increase in brain size is advantageous in a diffuse 
fashion, as is witnessed by the fossil evidence 
that relative brain size has increased in all 
mammalian lineages over time (albeit at different 
rates). The maternal energy hypothesis proposes 
that all mammals have the largest brains that are 
compatible with the metabolic resources avail- 
able to their mothers during gestation and lac- 
tation, and it should therefore not be expected 
that relative brain size will be specifically linked 
to a given behavioral function. 

This hypothesis has important implications for 
the discussion of brain size in humans. As for 
primates generally, various specific links have 
been suggested between brain size and individ- 
ual behavioral features such as social complex- 
ity, along with certain special human features 

such as advanced tool-making capacity and 
language. However, when the effects of con- 
founding variables such as body size and socio- 
economic status are excluded, no correlation is 
found between IQ and brain size among modern 
humans. Until some behavioral advantage of 
increased brain size per se has been demon- 
strated, there is no basis for arguing that specific 
selection pressures have favored the develop- 
ment of a very large brain in humans. 

In fact, there is one puzzling feature of modern 
human brain size that is quite incompatible with 
any proposed link between brain size and spe- 
cific behavioral capacities. It is widely recog- 
nized that the Neanderthals had a larger brain 
than modern humans, but it has now emerged 
that anatomically modern humans also had 
larger brains some 30,000 years ago and that our 
brain size seems to have declined progressively 
since then (Fig. 4). It has been suggested that this 
is simply a consequence of a progressive decline 
in body size, but there is no good skeletal 
evidence to confirm this. In any case, human 
brain size has been declining in size over the 
very period (the last 30,000 years), during which 
our most impressive cultural achievements have 
become apparent. This apparent paradox might 
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FIGURE 4. Changes in hominid cranial capacity over the past 400,000 years. A general increase over period between 

200,000 and 30,000 years ago has been followed by a progressive decline toward level found in modern Homo sapiens. Both 

Neanderthals (solid circles) and earlier anatomically modern humans had larger brains than modern humans. [Data from 

Stanyon et al. (I 5).] 

be resolved if it is accepted that there is no direct 
link between behavioral capacities and brain 

size in mammals. Indeed, the maternal energy 
hypothesis would indicate that the explanation 
for the progressive decline in human brain size 

should in fact be sought in changes in the 
allocation of maternal resources to fetal and 
postnatal development. 
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