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Intelligence has evolved many times independently

among vertebrates. Primates, elephants and cetaceans

are assumed to be more intelligent than ‘lower’

mammals, the great apes and humans more than

monkeys, and humans more than the great apes. Brain

properties assumed to be relevant for intelligence are

the (absolute or relative) size of the brain, cortex,

prefrontal cortex and degree of encephalization. How-

ever, factors that correlate better with intelligence are

the number of cortical neurons and conduction velocity,

as the basis for information-processing capacity.

Humans have more cortical neurons than other mam-

mals, although only marginally more than whales and

elephants. The outstanding intelligence of humans

appears to result from a combination and enhancement

of properties found in non-human primates, such as

theory of mind, imitation and language, rather than from

‘unique’ properties.
Introduction

Animals differ in intelligence, and humans are usually
considered to be by far the most intelligent. However, it is
unclear which brain properties might explain these
differences. Furthermore, the question of whether proper-
ties such as a theory of mind, imitation or a syntactical
language are uniquely found in humans is hotly debated.
Finally, recent reports on high intelligence in animals
with relatively small brains, such as corvid birds and dogs,
has raised once again the discussion about the relation-
ship between brain and intelligence [1,2].

In this context, we will address the following questions:
(1) How can we define and measure animal intelligence?
(2) What differences in intelligence are supposed to
exist among animals and between animals and humans?
(3) When we relate differences in intelligence to brain
properties, which properties should we look for? (4) Are
differences, especially those between humans and other
mammals, quantitative or qualitative in nature?

How do we define and measure intelligence?

There is no universally accepted definition of animal
intelligence, or procedure to measure it. Intelligence may
be defined and measured by the speed and success of how
animals, including humans, solve problems to survive in
their natural and social environments (see also [3]). These
include, for example, problems related to feeding, spatial
orientation, social relationships and intraspecific
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communication. However, what animals must learn in
their environments and how they accomplish this can
differ considerably. Accordingly, behavioral ecologists
have proposed that intelligence is nothing but an
aggregate of special abilities that evolved in response to
specific environments [4]. Comparative psychologists
disagree by pointing out that we can test animals for
general problem solving and associative-learning abilities.
This should be done with ‘unnatural’ tasks in ‘arbitrary
environments’, that is, using laboratory tests [5,6].
However, laboratory tests carry the risk of posing
problems in an ‘unfair’ manner, because of certain
perceptual or cognitive predispositions of the animals
being tested [7].

Recently, several comparative and evolutionary
psychologists and cognitive ecologists have converged on
the view that mental or behavioral flexibility is a good
measure of intelligence, resulting in the appearance of
novel solutions that are not part of the animal’s normal
repertoire [8–10]. This can be studied either in the
laboratory by measuring changes of tactics in problem
solving or by observing ‘innovation rates’ in the wild [11].

Supposed differences in intelligence

Using mental and behavioral flexibility as a criterion for
intelligence, among tetrapod vertebrates, mammals and
birds appear (on average) to be more intelligent (cf. [8]).
Among birds, corvids, parrots and owls are considered
more intelligent [11], and among mammals, primates and
cetaceans [12]. Among primates, apes come out as more
intelligent than monkeys, and monkeys more than
prosimians; and among apes, chimpanzees, bonobos and
humans appear to be particularly intelligent [8]. Thus,
intelligence as defined above has apparently evolved inde-
pendently in different classes of vertebrates (e.g. birds
and mammals [1]), and in different orders of the same
class (e.g. cetaceans and primates), as well as in
different families of the same order. This speaks strongly
against an ‘orthogenetic’ view of intelligence, that is, a
single evolutionary line culminating, for example, in
Homo sapiens.

Neural correlates of intelligence

The question arises of how to relate these supposed
differences in intelligence to brain properties, and which
properties we should compare. These could either be
general properties, if we assume that the evolution of
intelligence is based on an increase in ‘information
processing capacities’ [13,14]), or specialities of anatomy
or physiology of different brains, if we conceive
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Figure 1. A series of mammalian brains. Humans do not have the largest brain in absolute terms and are exceeded in size by many cetaceans (whales, dolphins, porpoises)

and the elephants. They also do not have the most convoluted cortex. With a few exceptions, convolution of the cortex increases in proportion to cortical size.
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intelligence as a number of special adaptations to a given
environment [3].
General properties

Absolute size is the most general of all brain properties
(Figure 1; Table 1), and ranges in mammals from brains of
small bats and insectivores (weighing less than 0.1 g) to
those of large cetaceans (up to 9000 g). It is assumed that
animals with larger brains are more intelligent than those
with smaller ones [15]. However, monkeys possess brains
that are much smaller than those of ungulates (Table 1),
but their higher cognitive and behavioral flexibility is
Table 1. Brain weight, encephalization quotient and number of cor

Animal taxa Brain weight (in g)a

Whales 2600–9000

False killer whale 3650

African elephant 4200

Man 1250–1450e

Bottlenose dolphin 1350

Walrus 1130

Camel 762

Ox 490

Horse 510

Gorilla 430e–570

Chimpanzee 330–430e

Lion 260

Sheep 140

Old world monkeys 41–122

Rhesus monkey 88

Gibbon 88–105

Capuchin monkeys 26–80

White-fronted capuchin 57

Dog 64

Fox 53

Cat 25

Squirrel monkey 23

Rabbit 11

Marmoset 7

Opossum 7.6

Squirrel 7

Hedgehog 3.3

Rat 2

Mouse 0.3
aData from [13,17,73].
bIndicates the deviation of the brain size of a species from brain size expected on the b
cData after [13,73].
dCalculated using data from [17].
eBasis for calculation of neuron number.
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undisputed. Also, the 1.35 kg brain of Homo sapiens,
supposedly the smartest creature on earth, is significantly
exceeded by the brains of elephants and some cetaceans.
Thus, a larger brain alone does not necessarily assure
greater intelligence.

The next much-discussed general factor is relative
brain size (Figure 2). Mammals with relatively larger
brains are often assumed to be more intelligent [13]. As
body size increases, brain size increases in a negatively
allometric way following a power function with an
exponent of 0.6–0.8 [13,14]. This means that with
increasing body size, brains become absolutely larger,
tical neurons in selected mammals

Encephalization quotientb,c Number of cortical neurons

(in millions)d

1.8

10 500

1.3 11 000

7.4–7.8 11 500

5.3 5800

1.2

1.2

0.5

0.9 1200

1.5–1.8 4300

2.2–2.5 6200

0.6

0.8

1.7–2.7

2.1 480

1.9–2.7

2.4–4.8

4.8 610

1.2 160

1.6

1.0 300

2.3 480

0.4

1.7

0.2 27

1.1

0.3 24

0.4 15

0.5 4

asis of a ‘standard’ species of the same taxon, in this case of the cat.
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Figure 2. Relationship between brain size and body size in selected mammals. Brain size (kg) and body size (g) are given for 20 mammals, including those with the smallest

and the largest body and brain weights (in the shrew and mouse, two different species are represented). In all vertebrates, brain size increases negatively allometrically with a

power function of exponent 0.6–0.8, meaning that an increase in brain size lags behind an increase in body size. The data are plotted in log–log coordinates, with a regression

line (black line) drawn through the data points. The exponent of the power function is represented by the slope of the regression line. The green line connects the data points

that are furthest from the regression line and indicates how much brain size deviates, positively or negatively from average mammalian brain:body ratio. As can be seen,

humans as well as dolphins have larger brains, and the hippopotamus and blue whale smaller brains than expected. Modified from [74].
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but relatively smaller. Among large mammals, humans
have the relatively largest brain (2% of body mass),
whereas shrews, the smallest mammals, who exhibit
supposedly much less cognitive and behavioral flexibility,
have brains of up to 10% of their bodymass [16] (Figure 3).
The relationship between relative brain size and intelli-
gence is therefore inconclusive.

Another much-discussed general factor is encephaliza-
tion. This is expressed by an ‘encephalization quotient’,
EQZEa/Ee, which indicates the extent to which the brain
size of a given species Ea deviates from the expected brain
size Ee, based on a ‘standard’ species of the same taxon
[13]. With the cat as ‘standard’ for mammals (EQZ1;
Table 1), humans have the highest EQ of 7.4–7.8,
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Figure 3. Mammalian brain size as a percentage of body size. Brain weight is given as a p

plotted in log–log coordinates. As can be seen, small mammals such as mice and shre

cetaceans (less than 0.01%). Humans, with a brain representing 2% of body weight, have

from [74].
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indicating that the human brain is 7–8 times larger than
expected. This can be related to an extremely rapid
increase in brain size during hominid evolution (see Box 1),
which in turn required substantial reorganization of the
digestive system and feeding behavior (see Box 2).
Humans are followed by some dolphin species with EQs
of around 5 [12]. The snag with the EQ as a predictor for
greater intelligence is that some New World capuchin
monkeys have higher EQs than chimpanzees and gorillas
[13,15] (see Table 1) despite their lower intelligence. Thus,
EQ is also not the optimal predictor for intelligence.

Perhaps absolute or relative size of the cerebral cortex,
as the assumed substrate for higher cognitive abilities,
might better predict intelligence. Cortical volume
eight (kg)
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ercentage of body weight for the same 20 mammalian species as in Figure 2, again

ws have much larger brains in relative terms (10% or more of body weight) than

a much higher relative brain size than would be expected (around 0.3%). Modified
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Box 1. How can brains grow rapidly?

During 3.5 million years of human evolution, an enormous increase in

brain size has occurred, from a volume of 450 cm3 found in

Australopithecines to about 1350 cm3 in modern Homo sapiens and

1500 cm3 in Homo neanderthalensis, which is mostly the result of a

positively allometric growth of the cortex (Fig. I). Experts agree that

such a rapid growth, independent of its evolutionary ‘driving forces’,

must be based on relatively simple genetic mechanisms [65,66]. In the

mammalian cortex, neurons are produced at two stages and modes of

cell division. First, progenitor cells are formed in a narrow zone around

the telencephalic ventricle. By symmetric cell division, this ventricular

zone grows exponentially. This is followed by asymmetric cell

division, in which one precursor cell gives rise to another precursor

cell and a neuron, which then migrates from the ventricle to distant

positions forming the cortical plate. According to the ‘radial-unit

hypothesis’ of Rakic [67,68], neurons originating from the same

progenitor cell form a cortical column, in which later-born neurons

position themselves on top of earlier-born ones. Evidently, the

number of cycles of symmetric cell production is most important for

the expansion of the cortex, because each cycle doubles the number of

precursor cells and with this the number of cortical columns. The

number of asymmetric cell divisions, by contrast, controls the number

of neurons per column and with this the thickness of the cortex in a

linear fashion. This could explain, why there is a roughly 1000-fold

difference in cortical surface between mouse and man, but only a

two- to threefold difference in cortical thickness [13]. Accordingly, a

delay in the onset of the second, asymmetric mode of cell division

allowing a few extra symmetric cell divisions would lead to an

exponential increase in cortical surface. Furthermore, if onset, rate

and cessation of symmetrical cell cycles are identical in all parts of

the brain, we get a uniform increase in size; if they differ in different

parts of the brain, we get positive or negative allometric growth

(that is, some parts of the brain increase in relative size while others

fall behind). Both effects could be induced by small modifications of

regulatory genes [68].
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gorilla), australopithecines (red squares: Australopithecus africanus, A robustus,

A. boisei) and hominids (green circles: Homo habilis, H. erectus, H. sapiens,

H. neanderthalensis) (data from [13]). Whereas in the great apes and the extinct

australopithecines, brain/endocranial volume has increased only slightly with

body size, in hominids a steep increase in brain/endocranial volume has occurred

during 2.5 million years culminating in the brain of the extinct Homo

neanderthalensis, which with a volume of 1200–1750 cm3 was considerably

larger than that of modern Homo sapiens.
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increases faster than brain volume as a power function
with an exponent of 1.13 [13,17]. Consequently, human
cortical volume is considerably exceeded by that of the
elephants and large cetaceans, both in absolute and
relative terms, despite those taxa being considered less
intelligent [13,17]. But what about the prefrontal cortex
(PFC), as the ‘seat’ of reason and action planning [18]? It
has previously been claimed that the PFC is exceptionally
large in humans [19,20], although recent studies contend
that the human frontal or prefrontal cortex is not
disproportionally large compared with other primates
[21,22] and may be exceeded by that of elephants and
cetaceans. However, these discrepanciesmight result from
the difficulty, among others, of exactly defining the
prefrontal cortex in different mammals.
Intrinsic organization of cortex

The number of cortical areas increases with cortex size or
surface area [23,24]. Cortical areas are believed to be
composed of ‘columns’ or ‘modules’ [25,26], recent studies
have demonstrated that the volume of a cortical column
increases with brain size by an exponent of 0.34 [27]. This
is matched, however, by a decrease in neuron density so
that the number of neurons per column is nearly constant
[27,28]. Average cortical thickness is not correlated with
cortical or brain volume; cetaceans and elephants gener-
ally have thin cortices (about 1.2 mm) and primates thick
cortices (2–3 mm) [17]. Cortical neuronal density varies
among mammalian brains, but in general is negatively
correlated with brain volume. Humans and the great apes
www.sciencedirect.com
are situated well above and elephants and cetaceans well
below the regression line [17].

From cortical volume and cell density, we can calculate
the number of cortical neurons (Table 1). It turns out that
humans have the largest number of cortical neurons
(about 1.2!1010) but are closely followed by large
cetaceans and elephants. Although the human cortex is
much smaller in surface area than that of these animals, it
is twice as thick and has a much higher cell density. A
similar situation is found when comparing, for example,
dogs and cats (see Table 1): cats have much smaller brains
than dogs, but a much higher cell density. Neurons in the
human cortex have 29 800 synapses on average [29]
resulting in a total of about 3.6!1014 synapses. Unfortu-
nately, the number of synapses per neuron is at present
unknown in elephants and cetaceans. An important
parameter for information processing capacity (IPC) is
conduction velocity of cortical fibers. It is mostly deter-
mined by the diameter of myelinated fibers. Myelinated
cortical fibers are particularly thick in primates and
relatively thin in elephants and cetaceans [28,30]. The
thinner fibres have a much lower conduction velocity. In
addition, the average distance between neurons in
elephants and cetaceans is larger, which further impairs
their cortical IPC.

Thus, humans do not have the largest brain or cortex
either in absolute or relative terms. However, owing to the
thickness and relatively high cell density in the cortex,
humans have the largest number of cortical neurons,
although not that many more than elephants and whales.
Given the higher conduction velocity and smaller
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Box 2. The costs of large brains

The human brain occupies only 2% of body mass, but consumes

about 20% of total metabolism. However, heart, liver, kidney and the

gastrointestinal tract are equally ‘expensive’. Together with the

brain, they consume about 70% of basal metabolism of the human

body [69]. According to the ‘expensive tissue hypothesis’ by Aiello

and colleagues [69,70], every increase in brain size must be balanced

by a reduction of the demands of the other ‘expensive’ organs. The

solution for the ‘energy crisis’ of the human brain consisted in a

reduction of gut size, which had to be compensated by an increase in

the quality of food, that is, higher nutritional value and digestibility.

Recently, Fish and Lockwood [71] confirmed that in most primates

diet quality and brain size are significantly positively correlated and

found that evolutionary changes in diet quality are related to

changes in relative brain size. Diet quality is favored by higher

motor and cognitive skills, improved recognition of high-quality

food, better foraging tactics or better manual processing of food, for

example, by means of instruments, which, in turn, is favored by

increased manual dexterity and increased action planning abilities.

However, Fish and Lockwood discovered deviations from the overall

pattern indicating the additional effect of non-dietary constraints.

The true bottleneck of energy demand of the human brain appears to

lie in its prenatal and early childhood growth. The brain exceeds all

other ‘expensive’ organs by its extremely rapid growth that

prenatally requires 60% of basal metabolism, and this continues

during the first year slowing down until the age of 7 years [69].

According to the ‘maternal energy hypothesis developed by Martin

[72], this rapid growth puts a heavy load on the energy budget for

both infant and mother before birth and during early childhood.

According to Aiello and colleagues [69], besides an increase in food

quality, the solution lay in specific social interactions such as

grandmothering and food-sharing between unrelated adults of both

sexes.
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distances between neurons, the human cortex probably
has the greatest IPC.
The search for cortical specialties

So far, we have dealt with possible correlations between
general problem-solving ability and general brain traits.
The alternative is to look for adaptive specializationswithin
the brains of vertebrate or mammalian taxa. In cognitive
ecology, some experts view responses to challenges from the
environment as a basis for an increase in cognitive
capacities and brain complexity, whereas others emphasize
a correlation with the complexity of social relationships.

A much cited example for the first view is the
relationship between spatial memory and the size of the
hippocampus in birds and mammals [6,31,32]. However,
Macphail and Bolhuis [33] conclude that empirical evidence
for a strict correlation is weak at best. For example, birds
with excellent food-storing abilities do not always perform
better than other birds when tested for spatial orientation,
and they do not always have the largest hippocampi.
Shettleworth [7] concurs that no simple relationship exists
between these parameters, but argues that species-specific
differences in the use of spatial as opposed to non-spatial
cues (e.g. color) can explain the observed discrepancies.
Furthermore, experience is known to influence hippo-
campal development, which could explain intra-specific
differences in hippocampal volume in relation to spatial
memory in both birds and humans.

Dunbar [34,35] as well as Byrne and co-workers [8,36]
propose that neocortical enlargement correlates better
with social than with environmental complexity. Dunbar
www.sciencedirect.com
found a close correlation between the ratio of isocortex to
the rest of the brain on the one hand and social group size
and complexity of social relationships on the other. For
example, baboons show a remarkably high degree of
sociability and have the largest isocortex of Old World
monkeys [35]. Byrne and Whiten found a highly signifi-
cant correlation between isocortical size and the preva-
lence of tactical deception [36].

More subtle features, for example, differences in
cortical cytoarchitecture, have been claimed to contribute
to intelligence and IPC. The morphological (and probably
functional) diversity of cortical neurons (i.e. number of
subtypes) increases with size of cortex (reviewed in [37]).
There are differences in the percentage of GABAergic cells
in the rat (15%) and primate (20%) cortices, but the
significance of this finding is unclear. Only in the primate
cortex are large Betz cells found in motor areas, and large
Meynert cells in the primary visual cortex, and this has
been interpreted as favoring increased sensorimotor
abilities, which are typical of primates. In layer 5b of the
anterior cingulate cortex of great apes and humans,
spindle-shaped cells are found that are four times larger
than average pyramidal cells and have widespread
connections with other brain areas [38,39], although
their specific significance for cognition is unknown.

Recent studies [37,40] have shown that the intra-
cortical organization in mammals regarding density, size
and shape of pyramidal cells and spine density is more
variable than previously assumed. In the prefrontal cortex
of macaque monkeys and humans, respectively, neurons
carry up to 16 and 23 times more spines than neurons in
the primary visual area [37,41], and dendrites are more
branched. These differences are interpreted as indicating
a greater IPC of the prefrontal cortex [37].

Do humans and their brains have unique properties?

There is a long tradition that ascribes properties to
humans that are supposedly not found in other animals.
Themost cited are causal understanding of mechanisms of
tool use, tool-making, syntactical–grammatical language,
consciousness, self-awareness, imitation, deception and
theory of mind [9]. There is evidence, however that great
apes possess at least some states of consciousness found in
humans (reviewed in [42]; see Figure 4). Deception has
been widely observed among monkeys; great apes and
cetaceans show mirror self-recognition, and great apes
and even corvids show an understanding of the mechan-
isms of tool use and tool-making [1,3,8]. Existence of
imitation, theory of mind and syntactical language in non-
human animals is under debate and will be briefly
discussed in the following sections.

Imitation

The prevalent view is that imitation is found only in
humans, and that non-human primates exhibit ‘stimulus
enhancement’ and ‘emulation’ rather than true imitation
[43–45]. In ‘stimulus enhancement’ an animal watches a
conspecific successfully solving a problem (e.g. cracking a
coconut). This attracts the new animal’s attention to the
object and it will then learn more quickly by trial and
error. In ‘emulation’ an animal observes a conspecific
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Figure 4. Action planning in apes. The photograph shows the chimpanzee Julia

from the zoological institute of the University of Muenster, Germany, being

confronted with a simple maze (above) and a complex maze (below). Julia had to

decide whether to move the disk (by means of a magnet) either to the right or to the

left side of the starting point to find the correct way out of the maze. Julia stared at

the maze for a while and then made the correct choice. There can be little doubt that

Julia mastered this task with conscious action planning. Reproduced with

permission from [75].
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reaching a certain goal and tries to act similarly, although
not behaving precisely like the conspecific. ‘True’ imitation
is defined as the acquisition of skills by observation,
resulting in novel behavior. Byrne and Russon [45]
distinguish between ‘action-level’ imitation, requiring
the copying of a certain sequence of actions, and
‘program-level’ imitation, which is reaching a goal in
variable ways. On the basis of food-preparation techniques
of gorillas and the imitative behavior of orangutans they
argue that these animals show program-level imitation,
and that action-level imitation is seldom observed in the
great apes as opposed to humans. Recently, Subiaul et al.
[46] claimed that rhesus monkeys are capable of imitation
by copying an expert’s use of a rule rather than just
copying a certain motor behavior. This again widens the
discussion about imitation in non-human primates.

Studies of the macaque brain show that posterior
parietal and frontal areas, including the much discussed
‘mirror neurons’ in frontal area F5, are dedicated to the
execution and recognition of meaningful hand-reaching
and grasping as well as facial movements [47]. It is,
however, unclear to what degree this might form the
neuronal basis of imitation.
www.sciencedirect.com
Theory of mind

It is disputed whether non-human primates possess a
theory of mind (ToM), that is, the ability to understand
another individual’s mental state and take it into account
in one’s own behavior [48]. A related question concerns the
concept of knowledge and the distinction between ‘right’
and ‘false beliefs’. Some experts, such as Povinelli, initially
contended that chimpanzees have ToM, but later came
to the view that a full ToM is unique to humans [49].
Others, such as Tomasello, initially denied the existence
of ToM in chimpanzees, but now see signs of some aspects
of it [50]. In humans, ToM and the understanding that
a person can hold a false belief develops between the
ages of 3–4 years and is fully developed only at the age of 5.
In a recent study by O’Connell and Dunbar on false belief
[51], chimpanzees, a group of autistic children (assumed
characteristically to lack ToM) and children of ages
between 3 and 6 years were tested non-verbally. The
chimpanzees performed better than both the autistic
children and 3-year-old normal children; they were equal
to 4–5-year-old children and inferior to 6-year-olds. This
would corroborate the idea that chimpanzees exhibit at
least some aspects of ToM.

Recent fMRI studies in humans identified cortical areas
related to empathy/ToM, imitation and the distinction
between self and others (review in [52]). The right inferior
parietal and posterior temporal cortex plus the right
dorsal lateral, orbital, anterior cingulate and insular
cortex showed activations when subjects were asked to
focus either on themselves or on others. In this context,
‘mirror neurons’ in monkey frontal area F5 are viewed by
some as ‘forerunners’ of human cortical areas underlying
ToM and the distinction between self and others [47]. This
interpretation is weakened by the fact that no signs for a
ToM have yet been found in monkeys.

Syntactical–grammatical language

The most-cited example for a unique human ability is
syntactical–grammatical language [53–55]. Most authors
agree that sentences consisting of up to three words can
be understood and used by chimpanzees, gorillas and
dolphins. Savage-Rumbaugh and colleagues demon-
strated that the 8-year-old bonobo chimp, Kanzi, who
was raised in a language environment similar to that of
children showed linguistic capabilities including signs of
grammar and syntax typical of a 2-year-old girl [56], but
Kanzi did not go beyond these abilities despite his long
training period.

Wernicke’s speech area located in the superior temporal
and inferior parietal lobe [57] is apparently not unique to
humans [58], and the existence of precursors of Broca’s
area in the frontal lobe in non-human primates is disputed
[58,59]. The monkey F5 ‘mirror neurons’ are believed to be
partially homologous to Broca’s area, particularly because
Broca’s area in humans is also active during movements
of the hand and mouth, as is the case with the mirror
neurons [47].

There is a controversy about the roots from which
human language evolved (vocal, mostly affective-emotional
communication versus visual communication, gestures
and mimicry, or a combination of both) [60,61]. It has
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also been argued that speech and gesture develop in
parallel, phylogenetically and ontogenetically [62].
Accordingly, the ability of humans to use languagewithout
accompanying gestures would just be a further specializ-
ation, because under normal conditions humans use both
components [62,63].

Conclusions

If we define animal intelligence as the degree of mental or
behavioral flexibility resulting in novel solutions, either in
the wild or in the laboratory, we can conclude that among
tetrapods, mammals and birds are more intelligent, and
among mammals, humans are more intelligent than
members of other taxa. Differences in intelligence among
the great apes, cetaceans and elephants are not suffi-
ciently tested, but these taxa all appear to be more
intelligent than monkeys, and monkeys more intelligent
than prosimians and the remaining mammals. Evidently,
among vertebrates, intelligence has not increased in a
unilinear or ‘orthogenetic’ way towards humans, but in a
parallel fashion.

Of the more general brain features discussed here,
number of cortical neurons combined with a high conduc-
tion velocity of cortical fibers correlates best with
intelligence. Here, humans win over elephants, cetaceans
and the great apes. This would corroborate the view that
an increase in ‘information processing capacity’ is of high
importance for intelligence. However, structural and
functional specializations in the human prefrontal cortex
might also have played an important role.

Corvid birds are astonishingly intelligent when it
comes to tool use, flexibility and action planning, and
may even rival primates in some respect [1]. The relative
size of their brains and pallium (cortex), and particularly
of those parts that appear to correspond to the prefrontal
cortex of mammals, is much larger than in other birds
except parrots, but at about 10 g, corvid brains are rather
small in absolute terms. Unfortunately, data about the
number of neurons, synapses and connections in their
brain or pallium are lacking. As birds generally have
much smaller cells than mammals [64], this, combined
with higher packing density, could result in a much higher
number of pallial/cortical neurons in corvids compared
with mammals with the same brain or cortex size.

It remains open whether humans have truly unique
cognitive properties. Experts recognize aspects of imita-
tion, theory of mind, grammatical–syntactical language
and consciousness in non-human primates and other
large-brained mammals. This would mean that the
outstanding intelligence of humans results not so much
from qualitative differences, but from a combination and
improvement of these abilities. This might be specifically
true for the human prefrontal cortex, where a combination
of an ability for temporal analysis with motor behavior,
action planning, thinking and language is evident [18]. In
this way, a number of quantitative changes could lead to
events that look like ‘jumps’ in the evolution of brains and
intelligence.

Regrettably, truly comparative data about animal
intelligence are rare. Hence, we are still far from a full
understanding of the neurobiological basis of the
www.sciencedirect.com
differences in intelligence across vertebrates. Future
research should investigate the neural basis of high
intelligence of some birds, for example, corvids, most
desirably the collection of exact data on neuron density.
Another unsolved problem is the large difference in EQ
between Old World and New World monkeys: is there a
parallel difference in intelligence? Finally, it would be
useful to develop tests by which the intelligence of
members of distantly related taxa, such as corvid birds
and primates, can be tested under the same conditions.

References

1 Emery, N.J. and Clayton, N.S. (2004) The mentality of crows:
Convergent evolution of intelligence in corvids and apes. Science
306, 1903–1907

2 Kaminski, J. et al. (2004) Word learning in a domestic dog: Evidence
for “fast” mapping. Science 304, 1682–1683

3 Pearce, J.M. (1997) Animal Learning and Cognition, Psychology
Press, Exeter

4 Lockard, R.B. (1971) Reflections on the fall of psychology: Is there a
message for us all? Am. Psychol. 26, 168–179

5 MacPhail, E.M. (1982) Brain and Intelligence in Vertebrates,
Clarendon Press

6 Plowright, C.M.S. et al. (1998) Finding hidden food: behavior on visible
displacement tasks by mynahs (Gracula religiosa) and pigeons
(Columba livia). J. Comp. Psychol. 86, 13–25

7 Shettleworth, S.J. (2003) Memory and hippocampal specialization in
food-storing birds: challenges for research on comparative cognition.
Brain Behav. Evol. 62, 108–116

8 Byrne, R. (1995) The Thinking Ape: Evolutionary Origins of
Intelligence, Oxford University Press

9 Gibson, K.R. (2002) Evolution of human intelligence: The roles of
brain size and mental construction. Brain Behav. Evol. 59, 10–20

10 Gould, J.L. (2003) Animal cognition. Curr. Biol. 14, 372–375
11 Lefebvre, L. et al. (2004) Brains, innovations and evolution in birds

and primates. Brain Behav. Evol. 63, 233–246
12 Marino, L. (2002) Convergence of complex cognitive abilities in

cetaceans and primates. Brain Behav. Evol. 59, 21–32
13 Jerison, H.J. (1973) Evolution of the Brain and Intelligence, Academic

Press
14 Hofman, M.A. (2003) Of brains and minds. A neurobiological treatise

on the nature of intelligence. Evolution and Cognition 9, 178–188
15 Gibson, K.R. et al. (2001) Bigger is better: primate brain size in

relationship to cognition. In Evolutionary Anatomy of the Primate
Cerebral Cortex (Falk, D. and Gibson, K.R., eds), pp. 79–97, Cam-
bridge University Press

16 Van Dongen, P.A.M. (1998) Brain size in vertebrates. In The Central
Nervous System of Vertebrates (Vol. 3) (Nieuwenhuys, R. et al., eds),
pp. 2099–2134, Springer Berlin

17 Haug, H. (1987) Brain sizes, surfaces, and neuronal sizes of the cortex
cerebri: a stereological investigation of man and his variability and a
comparison with some mammals (primates, whales, marsupials,
insectivores, and one elephant). Am. J. Anat. 180, 126–142

18 Fuster, J.M. (2002) Frontal lobe and cognitive development.
J. Neurocytol. 31, 373–385

19 Brodmann, K. (1909, reprinted 1985) Vergleichende Lokalisation-
slehre der Grobhirnrinde, Barth, Leipzig

20 Deacon, T.W. (1990) Rethinking mammalian brain evolution. Am.
Zool. 30, 629–705

21 Jerison, H.J. (1997) Evolution of prefrontal cortex. In Development of
the Prefrontal Cortex: Evolution, Neurobiology, and Behavior
(Krasnegor, N.A. et al., eds), pp. 9–26, Brookes

22 Semendeferi, K. et al. (2002) Humans and great apes share a large
frontal cortex. Nat. Neurosci. 5, 272–276

23 Kaas, J. (1993) Evolution of multiple areas and modules within
neocortex. Perspect. Dev. Neurobiol. 1, 101–107

24 Krubitzer, L. et al. (1997) Organization of sensory cortex in a
Madagascan insectivore, the tenrec (Echinops telfairi). J. Comp.
Neurol. 379, 399–414

25 Szentágothai, J. (1975) The ‘module-concept’ in cerebral cortex
architecture. Brain Res. 95, 475–496

http://www.sciencedirect.com


Review TRENDS in Cognitive Sciences Vol.9 No.5 May 2005 257
26 Mountcastle, V.B. (1997) The columnar organization of the neocortex.
Brain 120, 701–722

27 Harrison, K.H. et al. (2002) Scaling laws in the mammalian neocortex:
Does form provide clues for function? J. Neurocytol. 31, 289–298

28 Changizi, M.A. (2001) Principles underlying mammalian neocortical
scaling. Biol. Cybern. 84, 207–215

29 Rockland, K.S. (2002) Non-uniformity of extrinsic connections and
columnar organization. J. Neurocytol. 31, 247–253

30 Zhang, K. and Sejnowski, T.J. (2000) A universal scaling law between
gray matter and white matter of cerebral cortex. Proc. Natl. Acad. Sci.
U. S. A. 97, 5621–5626

31 Healy, S.D. and Hurly, T.A. (2004) Spatial learning and memory in
birds. Brain Behav. Evol. 63, 211–220

32 Maguire, E.A. et al. (2000) Navigation-related structural change
in the hippocampi of taxi drivers. Proc. Natl. Acad. Sci. U. S. A.
97, 4398–4403

33 Macphail, E.M. and Bolhuis, J.J. (2001) The evolution of intelligence:
adaptive specializastions versus general process. Biol. Rev. Camb.
Philos. Soc. 76, 341–364

34 Dunbar, R.I.M. (1992) Neocortex size as a constraint on group size in
primates. J. Hum. Evol. 20, 469–493

35 Dunbar, R.I.M. (1998) The social brain hypothesis. Evol. Anthropol. 6,
178–190

36 Byrne, R.W. and Whiten, A. (1992) Cognitive evolution in primates:
evidence from tactical deception. Man 27, 609–627

37 de Felipe, J. et al. (2002)Microstructure of the neocortex: Comparative
aspects. J. Neurocytol. 31, 299–316

38 Allman, J.M. et al. (2001) The anterior cingulate cortex. In Unity of
Knowlegde (Damasio, A.R. et al., eds), pp. 107–117, The New York
Academy of Sciences

39 Nimchinsky, E. et al. (1999) A neuronal morphologic type unique to
humans and great apes. Proc. Natl. Acad. Sci. U. S. A. 96, 5268–5273

40 Elston, G.N. (2002) Cortical heterogeneity: Implications for visual
processing and polysensory integration. J. Neurocytol. 31, 317–335

41 Elston, G.N. et al. (2001) The pyramidal cell in cognition: A
comparative study in human and monkey. J. Neurosci. 21, RC163

42 Roth, G. (2000) The evolution of consciousness. In Brain, Evolution
and Cognition (Roth, G. and Wullimann, M.F., eds), pp. 555–582,
Wiley-Spektrum Akademischer Verlag

43 Tomasello, M. (1996) Do apes ape? In Social Learning in Animals: The
Roots of Culture (Galef, J. and Heyes, C., eds), pp. 319–343, Academic
Press

44 Tomasello, M. and Call, J. (1997) Primate Cognition, Oxford
University Press

45 Byrne, R.W. and Russon, A.E. (1998) Learning by imitation: a
hierarchical approach. Behav. Brain Sci. 21, 667–684

46 Subiaul, F. et al. (2004) Cognitive imitation in rhesus macaques.
Science 305, 407–410

47 Rizzolatti, G. and Craighero, L. (2004) The mirror-neuron system.
Annu. Rev. Neurosci. 27, 169–192

48 Premack, D. and Woodruff, G. (1978) Does the chimpanzee have a
theory of mind? Behav. Brain Sci. 4, 515–526

49 Povinelli, D.J. and Vonk, J. (2003) Chimpanzee minds: suspiciously
human? Trends Cogn. Sci. 7, 157–161

50 Tomasello, M. et al. (2003) Chimpanzees understand psychological
states – the question is which ones and to what extend. Trends Cogn.
Sci. 7, 153–156

51 O’Connell, S. and Dunbar, R.I.M. (2003) A test for comprehension of
false belief in chimpanzees. Evolution and Cognition 9, 131–140

52 Decety, J. and Sommerville, J.A. (2003) Shared representations
between self and other: a social cognitive neuroscience view. Trends
Cogn. Sci. 7, 527–533
Free journals for dev

The WHO and six medical journal publishers have launched the Acc

poorest countries to gain free access to bio

Gro Harlem Brundtland, director-general for the WHO, said that this in

the health information gap betw

See http://www.healthinternetw

www.sciencedirect.com
53 Pinker, S. (1997) How the Mind Works, W.W. Norton & Co
54 MacPhail, E.M. (1998) The Evolution of Consciousness, Oxford

University Press
55 Fitch, W.T. and Hauser, M.D. (2004) Computational constraints on

syntactic processing in a nonhuman primate. Science 303, 377–380
56 Savage-Rumbaugh, E.S. et al. (1993) Language comprehension in ape

and child. Monogr. Soc. Res. Child Dev. 58, 1–222
57 Galaburda, A.M. and Geschwind, N. (1980) The human language

areas and cerebral asymmetries. Rev. Med. Suisse Romande 100,
119–128

58 Preuss, T.M. (2000)What’s human about the human brain? In The New
Cognitive Neurosciences (Gazzaniga, M.S. et al., eds), pp. 1219–1234,
MIT Press

59 Gannon, P.J. et al. (2001) Language areas of the hominoid brain: a
dynamic communicative shift on the upper east side planum. In
Evolutionary Anatomy of the Primate Cerebral Cortex (Falk, D. and
Gibson, K.R., eds), pp. 216–240, Cambridge University Press

60 Goldin-Meadow, S. (1999) The role of gesture in communication and
thinking. Trends Cogn. Sci. 3, 419–429

61 Savage-Rumbaugh, E.S. et al. (1998) Apes, Language, and the Human
Mind, University Press

62 Kelly, S.D. et al. (2002) Putting language back into the body: Speech
and gesture on three time frames. Dev. Neuropsychol. 22, 323–349

63 Corballis, M.C. (1998) Evolution of the human mind. In Advances in
Psychological Science (Sabourin, M. et al., eds), pp. 31–62, Psychology
Press

64 Olmo, E. (1983) Nucleotype and cell size in vertebrates: a review.Basic
Appl. Histochem. 27, 227–256

65 Finlay, B.L. and Darlington, R.B. (1995) Linked regularities in the
development and evolution of mammalian brains. Science 268,
1578–1584

66 Kaskan, P.M. and Finlay, B.L. (2001) Encephalization and its
developmental structure: how many ways can a brain get big? In
Evolutionary Anatomy of the Primate Cerebral Cortex (Falk, D. and
Gibson, K.R., eds), pp. 14–2, Cambridge University Press

67 Rakic, P. (1988) Specification of the cerebral cortex. Science 241,
170–176

68 Rakic, P. and Kornack, D.R. (2001) Neocortical expansion and
elaboration during primate evolution: a view from neuroembryology.
In Evolutionary Anatomy of the Primate Cerebral Cortex (Falk, D. and
Gibson, K.R., eds), pp. 30–56, Cambridge University Press

69 Aiello, L.C. et al. (2001) In defense of the Expensive Tissue
Hypothesis. In Evolutionary Anatomy of the Primate Cerebral Cortex
(Falk, D. and Gibson, K.R., eds), pp. 57–78, Cambridge University
Press

70 Aiello, L.C. and Wheeler, P. (1995) The expensive-tissue hypothesis:
the brain and the digestive system in human and primate evolution.
Curr. Anthropol. 36, 199–221

71 Fish, J.L. and Lockwood, C.A. (2003) Dietary constraints on
encephalization in primates. Am. J. Phys. Anthropol. 120, 171–181

72 Martin, R.D. (1996) Scaling of the mammalian brain: the maternal
energy hypothesis. News Physiol. Sci. 11, 149–156

73 Russell, S. (1979) Brain size and intelligence: a comparative
perspective. In Brain, Behavior and Evolution (Oakley, D.A. and
Plotkin, H.C., eds), pp. 126–153, Methuen

74 Van Dongen, P.A.M. (1998) Brain size in vertebrates. In The Central
Nervous System of Vertebrates (Vol. 3) (Nieuwenhuys, R. et al., eds),
pp. 2099–2134, Springer Berlin

75 Rensch, B. (1968) Manipulierfähigkeit und Komplikation von Han-
dlungsketten bei Menschenaffen. In Handgebrauch und Verständi-
gung bei Affen und Frühmenschen (Rensch, B., ed.), pp. 103–126,
Hans Huber, Bern
eloping countries

ess to Research Initiative, which enables nearly 70 of the world’s

medical literature through the Internet.

itiative was ‘perhaps the biggest step ever taken towards reducing

een rich and poor countries’.

ork.net for more information.

http://www.sciencedirect.com

	Evolution of the brain and intelligence
	Introduction
	How do we define and measure intelligence?
	Supposed differences in intelligence
	Neural correlates of intelligence
	General properties
	Intrinsic organization of cortex

	The search for cortical specialties
	Do humans and their brains have unique properties?
	Imitation
	Theory of mind
	Syntactical-grammatical language

	Conclusions
	References


