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Abstract A negative allometric relationship between body mass (BM) and brain size (BS)
can be observed for many vertebrate groups. In the past decades, researchers have proposed
several hypotheses to explain this finding, but none is definitive and some are possibly not
mutually exclusive. Certain species diverge markedly (positively or negatively) from the
mean of the ratio BM/BS expected for a particular taxonomic group. It is possible to define
encephalization quotient (EQ) as the ratio between the actual BS and the expected brain
size. Several cetacean species show higher EQs compared to all primates, except modern
humans. The process that led to big brains in primates and cetaceans produced different
trajectories, as shown by the organizational differences observed in every encephalic district
(e.g., the cortex). However, these two groups both convergently developed complex
cognitive abilities. The comparative study on the trajectories through which the
encephalization process has independently evolved in primates and cetaceans allows a
critical appraisal of the causes, the time and the mode of quantitative and qualitative
development of the brain in our species and in the hominid evolutionary lineage.
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Introduction

Body size (BM) and brain size (BS) are important and strictly related biological factors of
species. Body dimensions impose severe physiological and ethological constraints on living
vertebrates while brain size is linked to the capabilities of a species to acquire and process
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sensorial information and transmit motor signals. The relationship between these two
variables is non-linear, but allometric.

An allometric equation of this type

y ¼ bxað1Þ
in our case; y ¼ BS; x ¼ BM; b ¼ allometric coefficient; a ¼ slopeð Þ

can be empirically calculated for any vertebrates group (e.g., birds, reptiles, fishes, etc. or
lower taxonomic ranks) as for all vertebrates.

Generally, the equation describes the relation between these two variables with high
reliability if the taxonomic rank is taken into account. The calculated value of the exponent
of the power function ranges from 0.6 to 0.8. There is no agreement among researchers
about the meaning of such an exponent; in fact, some authors suggested that it should
simply reflect a surface area vs. volume relationship (a≅0.67), while others hypothesized
that it represents a basal metabolic rate (BMR) vs. volume relationship (for which the
available data best fit if a≅0.75); alternatively, it may in some way be related to both [12,
22, 26]. Based on this relation, it can be inferred that small vertebrates exhibit com-
paratively bigger brains than larger ones. Some species show a particular deviation from
average brain/body ratio exhibited by the higher taxonomic rank used for comparison. To
better describe this deviation, Jerison [12] proposed to define an encephalization quotient
(EQ) = BSr/BSe, where BSr is the brain size recorded for a given species and BSe is the
expected brain size for a species of a given weight. It is important to say that, for Jerison
[12],

EQ mammalsð Þ ¼ brain weight 0:12 body weightð Þ 0:67=

while in Martin’s view,

EQ mammalsð Þ ¼ brain weight 0:059 body weightð Þ 0:76:=

Other authors derived this quotient in different ways from different data sets (for this
reason, caution must be used when comparing EQs from different sources).

A quotient greater than 1 indicates that actual brain mass is greater than predicted, while
quotients lower than 1 indicate the opposite. Modern humans have the highest EQ (7.4–7.8,
if we consider the cat as reference mammal with EQ=1, which is to say that our brain is
more than 7 times larger than the expected ratio for mammals of the same weight). This
value is the highest not only among Primates, but also among all vertebrates. Some species
of modern odontocetes have EQs values of higher than 4.

The mean of EQ values ([12]; Jerison [13]) in modern odontocetes (mean EQ=2.56,
range 0.58–4.56) exceeds the mean of modern non-human anthropoid primates (mean EQ=
2.0, range 1.02–3.2).

It is interesting to note that the EQ has increased in most vertebrate groups during the
course of the Cenozoic and this increase accelerated very quickly in the human
evolutionary lineage in the last 5 Myr ([10]; Tartarelli, this volume). In the past, this fact,
together with the peculiarity of the very high EQ detectable in our species, supported the
use of EQ as preferred indicator of overall intelligence of a species. At present, other
indicators such as the absolute or relative size of the cerebral cortex, and cortical neuron
number or density have been proposed.

Why did cetaceans and primates, in general, diverged so markedly from the mean trend
of all other mammals? How can we explain the different EQ distributions in these groups?
How should we interpret the EQ of these groups in biological terms?
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To explore the problems raised by these questions, we reviewed some data about primate
and cetacean BS and BM.

Cetaceans

Cetacean Brains Cetaceans are usually regarded as very intelligent marine mammals. Lay
people and scientists share this view because cetaceans are able to demonstrate complex
behaviours and reach goals that depend on the understanding of sophisticated command
sequences. In recent times, field studies of cetacean societies revealed a variety of intra- and
inter-group relationships depending on such complex abilities as recognition of single
individuals through individual sound repertoire in some odontocetes, coordinated hunting
techniques in both odontocetes and mysticetes, communication through complex vocal
repertoires (which some authors have assimilated to music) that differ from population to
population (especially in mysticetes), self-recognition in mirrors by odontocetes, cultural
transmission of vocal repertoires (documented in mysticetes) and, possibly, cultural
transmission of behaviours (suggested on the basis of mitochondrial DNA in both
odontocetes and mysticetes) (e.g., [4, 11, 23, 29, 30]).

The cerebral structures enabling cetaceans to coordinate such complex functions have
been investigated from both neuroanatomical and citoarchitectonical points of view.
Cetacean brain is highly gyrencephalic with well-developed temporal and frontal lobes.
Brain organization differs in odontocetes and mysticetes in that in odontocetes the olfactive
lobe and the olfactive nerve become atrophic and disappear during the late ontogeny, and
the connection between the brain cavity and the narial cavity is obliterated by an over-
growth of the mesethmoid [24, 25]. In mysticetes, the connection between the brain cavity
and the narial cavity is maintained over the whole life of individuals, thus the olfactive lobe
and the olfactive nerve can continue their usual work. From a citoarchitectonical view,
it has been shown that the density of neural cells in cetacean brains is lower than that
observed in human brains [17].

Brain Size in Cetaceans The size of cetacean brains depends largely upon the body size of
the species under consideration. reflecting some allometrical relationship [7]. In absolute
terms, a dolphin brain is obviously smaller than rorqual brain; however, when dolphin and
rorqual brains are compared in the context of Mammalia, it appears that the dolphin brain is
comparatively larger than the rorqual brain. This difference can be seen in a regression
analysis of brain size vs. body size in the whole Mammalia, from which it is evident that
the brain of a giant blue whale (Balaenoptera musculus, the largest rorqual) is smaller than
expected based on its enormous body size; in contrast, the brain of a bottlenose dolphin
(Tursiops truncatus) is much larger than expected in relation to its body size (Table 1 and
Fig. 1 for raw data and plot, respectively).

As discussed above, the ratio between brain size and body size is known as
encephalization quotient (EQ). The regression analysis of mammalian EQs (as plotted in
Fig. 1) shows that a group of four species of odontocetes includes the most encephalized
mammals (with the exception of Homo sapiens): Sotalia fluviatilis, Lagenorhynchus
obliquidens, Delphinus delphis, and T. truncatus [18]. All of them belong to the family
Delphinidae, have small and middle-sized bodies, live in groups, and use high-frequency
sounds to echolocate and communicate over short distances (see [33] for a detailed
account).
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Table 1 Body weights (in kg) and brain weights (in g) for 70 mammal species

Species Body weight (kg) Brain weight (g)

Arctic fox 3.38 44.5
Owl monkey 0.48 15.5
Mountain beaver 1.35 8.1
Cow 465 423
Grey wolf 36.33 19.5
Goat 27.66 115
Roe deer 14.83 98.2
Guinea pig 1.04 5.5
Vervet 4.19 58
Chinchilla 0.43 6.4
Ground squirrel 0.1 4
Arctic ground squirrel 0.92 5.7
African giant pouched rat 1 6.6
Lesser short-tailed shrew 0 0.14
Star-nose mole 0.06 1
Nine-banded armadillo 3.5 10.8
Tree hyrax 2 12.3
North American opossum 1.7 6.3
Asian elephant 2,547 4,603
Big brown bat 0.02 0.3
Donkey 187.1 419
Horse 521 655
European hedgehog 0.79 3.5
Patas monkey 10 115
Cat 3.3 25.6
Galago 0.2 5
Genet 1.41 17.5
Giraffe 529 680
Gorilla 207 406
Grey seal 85 325
Rock hyrax (Heterohyrax brucci) 0.75 12.3
African elephant 6,654 5,712
Water opossum 3.5 3.9
Rhesus monkey 6.8 179
Kangaroo 35 56
Yellow-bellied marmot 4.05 17
Golden hamster 0.12 1
Mouse 0.02 0.4
Little brown bat 0.01 0.25
Slow loris 1.4 12.5
Okapi 250 490
Rabbit 2.5 12.1
Sheep 55.5 175
Jaguar 100 157
Chimpanzee 52.16 440
Baboon 10.55 179.5
Desert hedgehog 0.55 2.4
Giant armadillo 60 81
Rock hyrax (Procavia habessinica) 3.6 21
Raccoon 4.29 39.2
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In comparative terms, the EQs of these species fill the gap between the human EQ and
the EQs of other mammals. In fact, while human EQ approaches 7, the highest EQ among
the other mammals excluding delphinids is about 4 [12]. In the delphinid species cited
above, the EQ values are about 5 – supporting the view that they are the most encephalized
mammals with the exclusion of H. sapiens [18].

In contrast, the large baleen whales are among the less encephalized living mammals.
Two possible explanations have been proposed for this observation. (1) As the brain size/
body size relationship is non-linear, the low EQ of mysticetes could depend on an
allometric growth trajectory in which brain growth is slower than body growth [7]. This
means that large baleen whales should have smaller brains than small ones. Even though
this generic allometric trajectory is well demonstrated in the whole Mammalia, it is not
clear if it consistently applies to the whole suborder Mysticeti. (2) A methodological
problem has been discussed in recent studies on brain measurements among cetaceans. In
the large mysticetes, the fat superficial layer is much thicker than in all other mammals, but
this layer does not receive any nerve; this means that a large part of the mysticete body is
not directly represented in the brain. In turn, this means that in order to obtain a good
comparison with other mammals, a fat-free estimate of body size should be considered in
mysticetes. Otherwise, calculation of their EQs will be misled by this large amount of fat
that increases body size by adding volume and weight not represented in the brain (see
[17, 37]).

Spatial Organization in Cetacean Brain In the past century, several authors have addressed
the problem of the origin of the hypercomplication of cetacean brains by suggesting that the
land-to-water transition following the origin of the group required the development of
newer abilities as well as different and more sophisticated systems for sensory treatment

Table 1 (continued)

Species Body weight (kg) Brain weight (g)

Rat 0.28 1.9
Eastern American mole 0.08 1.2
Mole rat 0.12 3
Musk shrew 0.05 0.33
Pig 192 180
Echidna 3 25
Brazilian tapir 160 169
Tenrec 0.9 2.6
Phalanger 1.62 11.4
Tree shrew 0.1 2.5
Red fox 4.24 50.4
Human 62 1,320
Sperm whale 35,632 7,999.4
Bowhead whale 91,000 2,738
Fin whale 63,000 6,930
Bottlenose dolphin 700 1,600
Fat-free sperm whale 17,600 7,999.4 (50% fat)
Fat-free bowhead whale 72,600 2,738 (40% fat)
Fat-free fin whale 40,950 6,930 (35% fat)
Fat-free bottlenose dolphin 560 1,600 (20% fat)

Data from Stephan et al. [39] and Allison and Cicchetti [2].
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and movement control. Recent comparative analyses have shown that the situation is more
complicated. Quantitative studies demonstrate that land-to-water transition did not trigger
an explosive increase in brain size and did not result in a particular and detectable increase
in the whole size of the brain of early, fully aquatic archaeocetes [9, 40]. However, some
areas of the brain followed divergent theories. The cerebellum, for example, became larger
in the early cetacean evolution, showing the development of large hemispheres but
reduction of the vermis [17]. While the vermis is responsible of automatic control of
equilibrium and posture in terrestrial animals, cerebellar hemispheres are responsible for
automatic control of more complicated movements that, in the case of modern cetaceans,
possibly include assistance in telencephalon-driven acrobatic swimming.

The cerebral structures responsible of sensory analysis underwent diverse evolutionary
histories. Fossils show that over time there has been a strong reduction in the size of brain
structures related to the treatment of olfactive inputs in both odontocetes and mysticetes.
Possibly at the end of the Oligocene (about 25 million years ago), odontocetes completely
lost the olfactive nerve and bulb upon reaching adulthood (while maintaining them in fetal
and juvenile phases). The ontogenetic loss of the olfactive nerve, bulb and associated
structures was thoroughly described in the sperm whale and in the common porpoise [24,
25]. In addition to the loss of cerebral structures related to olfaction, other parts of the
odontocete brain were reduced during evolution. In particular, the archicortex (including the
hippocampus) together with mammillar bodies and fornix were shown to be strongly
reduced while the amygdala maintained its large size (possibly because it receives non-
olfactive inputs). Marino [17] suggested that the general reduction of the lymbic system is
related to the loss of the olfactive structures. Archaeocete brain endocasts show that the
olfactive structures were well developed up to at least the late Oligocene [40].
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Fig. 1 Plot presenting the relationship between log (body size) vs. log (body weight). Filled squares
represent EQ values for mammal species excluding man (open square) and cetacean (open and filled
triangles). Filled triangles represent EQ values calculated including the total amount of fat in the body
weight; open triangles represent EQ values calculated excluding fat from the body weight. Fat-free data are
for cetaceans only. Numerical values are reported in Table 1. Regression line equation on the left superior
corner. R2 value suggests that the data are well fitted by the regression line
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Cerebral areas directly related to the treatment of auditory information are particularly
well developed and hyperthrophied in cetacean brains ([17] and literature therein). The
diameter of the vestibulocochlear nerve is relatively large, together with the primary
auditory cortex and thalamic nuclei related to auditory processing (including pulvinar).
Associative regions in the telencephalic hemispheres related to auditory stimulations and
elaborations have been mapped and were revealed to be large and morphologically
complex. The auditory sensory system is thought to be important in a cetacean’s life for
several reasons. Odontocetes use auditory signals in inter-individual communication and in
determining spatial distribution of objects in the surrounding environment through
sophisticated their echolocation capabilities. Mysticetes use auditory signals in long-
distance inter-individual communication, but they do not possess physical characteristics
that support echolocating capabilities. The evolution of osteological features, related to
echolocation in odontocetes, were studied in fossil squalodontids [16]. These studies
resulted in the observation that early odontocetes lacked the osteological characteristics
related to echolocation, suggesting that this capability evolved at least during middle
Miocene (approximately 15 million years ago). Unfortunately, comparative studies on the
relative development of brain areas related to auditory processing in squalodontids are
currently not available; they would certainly enhance our understanding of the origin of
echolocating capabilities in odontocetes. Such a study would also illuminate a possible path
toward the evolution of a large and complex brain as that found in odontocetes.

Surprisingly, inter-hemispherical connection systems are among the most reduced
portions of cetacean brain [17]. Corpus callosum and fornix are particularly reduced in
large-brained dolphins, and no other commissural structures can compensate for this
reduction. It has been hypothesized that the reduction of interconnections allows whales to
perform sleeping activities affecting only one hemisphere, thus maintaining vigilance with
the active hemisphere.

Other enlarged brain portions include the basal nuclei and the telencephalic hemispheres.
The total neocortical area of large-brained odontocetes exceeds that of humans and most of
other mammals, documenting the presence of a highly complicated hardware for
sophisticated cognitive output [32]. However, the height of the neocortex is approximately
half of the height of human neocortex, suggesting that this wide neocortical area would not
be able to provide high cognitive results. At present, there is no general consensus about
what the cetacean brain should be able to do in terms of motional control, sensory analysis,
and integrative functions. Field and behavioral studies strongly support a view of the
cetacean brain as extremely complicated and able to produce sophisticated cognitive
outputs, but anatomical and physiological works are not currently able to completely
support this view.

Primates

Primate Brains The primates brain is characterized by features that distinguish it from
those of other mammals. Part of the outstanding mental abilities of our species are a
consequence of this basal architecture; this means that the principal differences existing
between humans and other primate species are quantitative instead of qualitative. The
primate visual cortex is particularly developed as a consequence of the importance (at
different levels) of the sense of vision in the biology of the order.

Most of anthropoid species live in societies and spend much time in social intercourse.
They have very complex communication strategies (implicating not only vision, but all
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senses), and feeding research and acquisition strategies. Our closest relatives (chimpanzees,
gorilla and orangutan) were used as models for the study of the human mind, because they
show human-like capabilities such as self-recognition in mirror, abstract representation of
the relations between objects, capacity to learn sign language, some states of consciousness,
capacity to understand the mechanisms of tool use and toolmaking, etc. (e.g., papers in [8]).

Primate brains show a distinct temporal lobe separated from parietal and frontal regions
by the Sylvian fissure. Interestingly, deep within this fissure is the presence of a large island
of cortex (insula) under which a planar nuclear structure (claustrum) lies. Convolution of
the brain varies considerably among primates (it is less variable in prosimians, more in
great apes and men) and lateralization is somewhat developed. In a consistent way, the
cortices of humans and great apes show high cortical neuron density and high thickness in
comparison to other large brained mammals such as cetaceans and elephants [34, 35].

Brain Size in Primates In general, most primates have average brain sizes larger than those
of other mammals, but there are several exceptions. Generally, anthropoids, whose Jerison’s
EQ ranges from 1.0 to 3.2 with a mean of about 2, show brains relatively larger than
prosimians (EQ≅1), while the brains of great apes (except man) is larger than that of

Taxa EQ value

Nasalis 1.24
Alouatta 1.29
Colobus 1.41
Aotus 1.52
Presbytis 1.58
Calicebus 1.59
Gorilla gorilla 1.61
Theropithecus 1.61
Macaca 1.95
Pithecia 1.97
Cercopithecus 2.05
Papio 2.05
Brachyteles 2.17
Erythrocebus 2.19
Chiropotes 2.27
Cercocebus 2.29
Lagothrix 2.29
Pongo pygmaeus 2.36
Australopithecus afarensis 2.44
Ateles 2.49
Hylobates 2.6
Saimiri 2.68
Australopithecus africanus 2.79
Pan troglodytes 3.01
Paranthropus boisei 3.22
Paranthropus robustus 3.24
Cebus 3.25
Homo habilis 4.31
Homo erectus 4.4
Homo sapiens 8.07

Table 2 Encephalization
quotients (EQ) of a number
of Primate taxa

Data from Aiello and Dean [1].
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monkeys only in absolute terms. Among the living non-human primates, the higher EQ
value is found in capuchin monkeys (genus Cebus), for which recorded EQs range from 2.4
to 4.8. Our species shows the highest EQ of all primates, ranging from 7 to 8 (Table 2 and
Fig. 2 for raw data and plot, respectively). Our high grade of encephalization is the result of
an evolutionary process that started rather abruptly 2.5 Myr ago, which caused a strong
increase in brain size at a nonconstant rate (Tartarelli, this volume).

According to Dunbar [5], it is possible to include the hypotheses proposed to explain the
increase in brain size among primates into four classes: (1) epiphenomenal, (2)
developmental, (3) ecological, and (4) social. The first two postulate that brain evolution
is the result of the complex interaction of developmental processes instead of an external
selective pressure. From an epiphenomenal point of view, primate brain evolution is simply
the by-product of body size evolution; similarly, the evolution of different parts of the brain
is the mere result of the whole brain evolution. Starting from the consideration that most of
brain growth occurs before birth, the developmental hypothesis identifies in the maternal
metabolic input the critical factor influencing brain development so that maternal energy
constraints determine the energetic capacity available for fetal brain growth. The differences
in brain size between the folivorous (smaller brains) and frugivorous (bigger brains) pri-
mate species could support this hypothesis since higher-quality diets enabled the fru-
givorous to invest more energy budget in fetal growth [21]. The ecological hypothesis
explains the higher encephalization of the fruit eater species as a consequence of the need
for more complex cognitive abilities (ephemeral food supply hypothesis), memory
capacities (mental map hypothesis), and better sensorimotor coordination ( food extraction
hypothesis) to monitor the availability of a food supply highly dispersed in time and space
and to extract it. The last class of hypotheses, the social ones, relate bigger brains to the
high level of sociality shown by primates (with some exception in prosimians). Some
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correlations have been proposed between the total dimensions of the brain or one of its
parts in particular (e.g., neocortex ratio) and group size, social structure and deception rates.
This class of hypotheses are not mutually exclusive, and the primate brain size probably
evolved as the result of constraints and selective forces acting in different ways on different
brain regions [36].

Discussion [27]

The preliminary comparative analysis performed in our study shows the lack of a sole
interpretative model able to explain the EQ distributions in primates and cetaceans.
Analysis of fat-free data set for cetaceans showed little or no difference with respect to
analysis based on total body weight (Fig. 1), suggesting that body composition should not
have a significant impact on brain size.

The rate of brain size increase followed two different speeds in cetaceans and primates;
in fact, while primates approached EQ∼1 by the end of the Eocene (33.7 Ma), cetaceans
had already reached this value about 5 million years earlier, after the divergence of the
odontocetes from the archaeocetes [19]. Cetacean EQ distribution is highly variable due to
the emergence of large brains in an odontocete group, which occurred about 15 million
years after the macroevolutionary process leading terrestrial cetaceans, such as Pakicetus
inachus, to invade the water column during Early Eocene [19, 40]. There is no clear
relationship between cetacean EQ and social complexity of groups, cultural behaviour, or
other evident abilities of these marine mammals. In general, however, the cetacean brain is
considered more complex than that of other marine mammals such as the extinct
desmostylians and the living sirenians, which have more lissencephalic brains that probably
resulted from an evolutionary process directed towards simplification of cerebral structures
[20, 28]. The functional implications and the evolutionary path(s) of this supposed
simplification have yet to be fully understood.

Among primates, the highest acceleration in the rate of brain increase occurred since
Middle and Upper Pliocene. This acceleration affected two hominid lineages including the
genus Homo and the genus Paranthropus. The parallel increase in EQs in paranthropines
and humans was marked by different speeds: human EQ increase rate has risen more
quickly than paranthropine EQ increase rate. It seems to be rather likely that dietetic
constraints have influenced these rates, but some selective pressure towards higher EQs
may have depended on evolution of more complex social structures and relationships
[6, 41].

Future research on encephalization should focus on two distinct areas: (1) a fuller
assessment of the impact of fat-free data set in the comparative evaluation of EQ in
Mammalia (and, in consequence, in Primates and Cetacea); (2) a comparative study of the
extension of brain areas and structures, such as the cerebellum, which should provide
information about specific motor and/or cognitive capabilities in different species.

The evolution of sophisticated cognitive abilities remains a largely unresolved problem.
A hypothesis that has been formulated long ago predicts that the complex cognitive abilities
of humans are largely attributable to the disproportionate development of the cortex of the
frontal lobes. A recent investigation on the relative size and allometry of the frontal lobe in
humans and great apes demonstrated that a massive development of the cortex of the frontal
lobe is shared by all living Hominoidea [38]. This means that other factors must have been
involved in the evolution of complex cognitive abilities in the human lineage. Semendeferi
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et al. [38] also suggested that there were no clear differences in the bauplan of human and
great ape brains. It was also suggested that the advanced cognitive performance of the
human brain was mainly due to enhanced interconnectivity [38]. However, as stated above,
high interconnectivity did not play any crucial role in the evolution of complex cognitive
abilities in cetaceans.

It is not yet clear how and why humans evolved large brains and complex behavioral
patterns despite around one-and-a-half century of archaeological and anthropological
studies. It is easy to imagine that the evolution of similar capabilities in animals other than
humans is even more difficult to understand. Comparative studies on cognitive perform-
ances in different taxonomical groups can be of great help in obtaining a preliminary
overview of the situation, eventually providing students with starting points for further and
sharper researches. Comparisons of cetaceans and primates have been performed in the past
20 years, showing that only a small taxonomical sample of cetaceans displays an EQ
comparable to that of humans. These include a few odontocetes belonging to the family
Delphinidae whose brain has evolved into a larger size in the last 15 million years, about 10
million years after the functional loss of the olfaction in the toothed whales and about 30
million years after the invasion of the water column by stem cetaceans [19]. In toothed
whales, a large brain has evolved primarily through the maintenance of large cerebellum
and through the development of wider areas for receiving and processing auditory
information. This occurred together with an increase in the size of basal nuclei and
telencephalic hemispheres. In general, it can be said that large-brained odontocetes have
brains with highly developed centers for automatic movement control (including automatic
control of sophisticated movement sequences), highly developed centers for receiving and
processing auditory information, and highly developed centers for integration in the
telencephalon, but reduced inter-hemispheric connection systems and small-to-absent
structures related to olfaction.

In about a century, the ontogeny of the cetacean brain has been clearly described but the
genetic control of the process is yet largely unknown. The role of Otx genes, for example, is
not known and the same is true about other key genes. The role of skull-vault segmentation
genes described by, e.g., Iseki et al. [14, 15], is not observed in the highly modified skull
structure of both odontocetes and mysticetes. The knowledge of the function of such genes
during the development of cetacean skull would be very important because at least one of
them is related to the position and probably to the extent of the cerebellum, a part which has
been subject of wide expansion during cetacean evolution. Recent research efforts on
cetacean development have been directed to understanding fin development and evolution
[3, 31] and brain ontogeny, but they involved descriptive morphology and no molecular
experiments have been carried out. Unavailability of high numbers of cetacean embryos
will prevent such experiments from being carried out in the next several years. After this
summary, it can be concluded that the sophisticated cognitive behaviors of cetaceans are
performed under the control of a brain that is substantially different from that of humans.
Self-recognition in the bottlenose dolphin is possible thanks to a set of hardware with few
inter-hemispherical transfer of information and with less developed limbic structures than
those of humans. In contrast, the observation of a marine landscape by a dolphin should be
much richer in details due to its radar-like sound scanning of the environment. It is
extremely difficult to even imagine what a dolphin or a whale would think about the world
that it inhabits, or what happens in the brain of such an animal when it observes or hears the
surrounding environment. The differences in brain architecture between humans and
cetaceans make this task a speculative exercise without any scientific value. The point is
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that we know that at least some cetacean species are able to behave in a way that appears
extraordinarily similar to what we experience in our daily life when we see ourselves
through a mirror. What we observe in cetacean behaviors is the final output of complex
neural activities performed by a brain that is largely different from our brain in terms of
spatial organization and architecture. In conclusion, we can reasonably think that when a
dolphin recognizes itself through a mirror, it is doing that through mental processes
different than our own. If this proves to be true (as it seemingly does), then we will be
aware that complex and human-like cognitive abilities can be performed by minds that are
vastly different from ours, minds shaped by selective forces generated in environments
completely different from those where human evolution took place. And we will be aware
that complex cognitive abilities can be convergently developed by different species with
different brain structures after different evolutionary histories.

Acknowledgements Part of this work has been presented as a poster at the First Meeting of the Italian
Society of Evolutionary Biology, Florence, and part as an oral communication at the 16th Congress of Italian
Anthropologists, Genova. We thank Prof. Francesco Mallegni, who invited us to publish in this current
volume of Human Evolution. We also wish to thank Ian Tattersall for his suggestions and encouragement.

References

1. Aiello L, Dean C (1990) An introduction to human evolutionary anatomy. Academic Press, Oxford, UK
2. Allison T, Cicchetti DH (1976) Sleep in mammals: ecological and constitutional correlates. Science

194:732–734
3. Bejder L, Hall BK (2002) Limbs in whales and limblessness in other vertebrates: mechanisms of

evolutionary and developmental transformation and loss. Evolut Develop 4:445–458
4. Domenici P, Batty RS, Simila T, Ogam E (2000) Killer whales (Orcinus orca) feeding on schooling

herring (Clupea harengus) using underwater tail-slaps: kinematic analyses of field observations. J Exp
Biol 203:283–294

5. Dunbar RIM (1998) The social brain hypothesis. Evol Anthropol 6:178–190
6. Elton S, Bishop LC, Wood B (2001) Comparative context of Plio–Pleistocene hominin brain

evolution. J Hum Evol 41:1–27
7. Emerson SB, Bramble DM (1993) Scaling, allometry, and skull design. In: Hanken J, Hall BK (eds) The

skull, vol 3. The University of Chicago Press, Chicago, pp 384–421 (p 460)
8. Gozzano S (ed) (2001) Mente Senza Linguaggio. Editori Riuniti, Roma, p 166
9. Gingerich PD (1998) Paleobiological perspectives on Mesonychia, Archaeoceti, and the origin of

whales. In: Thewissen JGM (ed) Emergence of whales: evolutionary patterns in the origin of Cetacea.
Plenum, New York, pp 423–449 (p 492)

10. Holloway RL, Broadfield DC, Yuan MS, Schwartz JH, Tattersall I (2004) The human fossil record, brain
endocasts: the paleoneurological evidence, vol 3. Wiley-Liss, New York, p 315

11. Janik VM (2000) Whistle matching in wild bottlenose dolphins (Tursiops truncatus). Science 289:1355–
1357

12. Jerison HJ (1973) Evolution of the brain and intelligence. Academic Press, San Diego, p 482
13. Jerison HJ (1985) Animal intelligence as encephalization. Philos. Trans. R. Soc. London Ser. B 308:

21–35
14. Iseki S, Wilkie AO, Morriss-Kay GM (1999) Fgfr1 and Fgfr2 have distinct differentiation- and

proliferation-related roles in the developing mouse skull vault. Development 126:5611–5620
15. Iseki S, Wilkie AO, Heath JK, Ishimaru T, Eto K, Morriss-Kay GM (1997) Fgfr2 and osteopontin

domains in the developing skull vault are mutually exclusive and can be altered by locally applied FGF2.
Development 124:3375–3384

16. Luo Z-X, Eastman ER (1995) The petrosal and inner ear structures of a squalodontoid whale:
Implications for evolution of hearing in odontocetes. J Vertebr Paleontol 15:431–442

17. Marino L (2004) Cetacean brain evolution: multiplication generates complexity. Int J Comp Psychol
17:1–16

18. Marino L (1998) A comparison of encephalization between odontocete cetaceans and anthropoid
primates. Brain Behav Evol 51:230–238

286 Human Evolution (2006) 21:275–287



19. Marino L, McShea DW, Uhen MD (2004) Origin and evolution of large brains in toothed whales. Anat
Rec 281A:1247–1255

20. Marshall CD, Reep RL (1995) Manatee cerebral cortex: cytoarchitecture of the caudal region in
Trichechus manatus latirostris. Brain Behav Evol 45:1–18

21. Martin RD (1996) Scaling of the mammalian brain: maternal energy hypothesis. News Physiol Sci
11:149–156

22. Martin RD (1981) Relative brain size and basal metabolic rate in terrestrial vertebrates. Nature
293:57–60

23. Noad MJ, Cato DH, Bryden MM, Jenner M-N, Jenner KCS (2000) Cultural revolution in whale song.
Nature 408:537

24. Oelschläger HHA, Buhl EH (1985) Occurrence of an olfactory bulb in the early development of the
harbour porpoise (Phocoena phocoena L.). In: Duncker HR, Fleischer G (eds) Functional morphology
of vertebrates. Fortschr Zool 30:695–698

25. Oelschläger HHA, Kemp B (1998) Ontogenesis of the sperm whale brain. J Comp Neurol 399:210–228
26. Pagel MD, Harvey PH (1988) How mammals produce large-brained offspring. Evolution 42:948–957
27. Rakic P, Kornack DR (2001) Neocortical expansion and elaboration during primate evolution: a view

from neuroembryology. In: Falk D, Gibson KR (eds) Evolutionary anatomy of the primate cerebral
cortex. Cambridge University Press, Cambridge, pp 30–56 (p 362)

28. Reep RL, O’Shea TJ (1990) Regional brain morphometry and lissencephaly in the Sirenia. Brain Behav
Evol 35:185–194

29. Reiss D, Marino L (2001) Mirror self recognition in the bottlenose dolphin: a case of cognitive
convergence. Proc Natl Acad Sci USA 98:5937–5942

30. Rendell L, Whitehead H (2001) Culture in whales and dolphins. Behav Brain Sci 24:309–382
31. Richardson MK, Oelschläger HHA (2002) Time, pattern, and heterochrony: a study of hyperphalangy in

the dolphin embryo flipper. Evolut Develop 4:435–444
32. Ridgway SH, Brownson RH (1984) Relative brain sizes and cortical surface areas of odontocetes. Acta

Zool Fenn 172:149–152
33. Ridgway SM, Harrison R (eds) (1985) Handbook of marine mammals, vol 3. Academic Press, London,

p 362
34. Roth von G, Wullimann MF (2000) Brain evolution and cognition. Wiley-Spektrum, Heidelberg, p 616
35. Roth G, Dicke U (2005) Evolution of the brain and intelligence. Trends Cogn Sci 9:250–257
36. Savage-Rumbaugh S, Shanker SG, Taylor TJ (1998) Apes, language and the human mind. Oxford

University Press, Oxford, p 256
37. Schoenemann PT (2004) Body size scaling and body composition in mammals. Brain Behav Evol

63:47–60
38. Semendeferi K, Lu A, Schenker N, Damasio H (2002) Humans and great apes share a large frontal

cortex. Nat Genet 5:272–276
39. Stephan H, Frahm H, Baron G (1981) New and revised data on volumes of brain structures in

insectivores and primates. Folia Primatol (Basel) 35:1–29
40. Uhen MD (2004) Form, function, and anatomy of Dorudon atrox (Mammalia, Cetacea): an Archaeocete

from the Middle to Late Eocene of Egypt. University of Michigan Papers on Paleontology 34, pp 1–222
41. Wood B, Strait D (2004) Patterns of resource use in early Homo and Paranthropus. J Hum Evol

46:119–162

Human Evolution (2006) 21:275–287 287


	Trajectories and Constraints in Brain Evolution in Primates and Cetaceans
	Abstract
	Introduction
	Cetaceans
	Primates
	Discussion [27]
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


