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ABSTRACT

In a recent publication in Biological Reviews, Manger (2006) made the controversial claim that the large brains of

cetaceans evolved to generate heat during oceanic cooling in theOligocene epoch andnot, as is the currently accepted

view, as a basis for an increase in cognitive or information-processing capabilities in response to ecological or social

pressures. Manger further argued that dolphins and other cetaceans are considerably less intelligent than generally

thought. In this review we challenge Manger’s arguments and provide abundant evidence that modern cetacean

brains are large in order to support complex cognitive abilities driven by social and ecological forces.

Key words: brain, brain size, marine mammals, thermogenesis, intelligence, cognition, encephalisation, dolphin,

cetacean, temperature.
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I. INTRODUCTION

Modern cetacean brains are among the largest of all
mammals in absolute mass and in mass relative to body size.
For instance, the sperm whale brain is approximately 60%
larger than the largest non-cetacean brain, that of the ele-
phant. Furthermore, odontocete (toothed whale), and par-
ticularly delphinid (dolphin), brains are significantly larger
than the brains of any nonhuman primates and second only
to humans in relative brain size measures (Marino, 1998).
Thus, there has been a longstanding interest in the factors
that influenced the evolution of cetacean brains. One cur-
rent view of the evolution of dolphin brains is that their
large size was primarily a response to social forces—the
requirements for effective functioning within a complex
society characterised by communication and collaboration
as well as competition among group members (Connor,
2007; Connor, Smolker & Richards,1992a, b; Herman, 1980).
In such a society, individuals can benefit from recognition
of others and knowledge of their relationships, and from
flexibility in adapting or implementing new behaviours as
the social or ecological context shifts. Other views focus on
the cognitive demands associated with the use of echoloca-
tion in odontocetes ( Jerison, 1986; Ridgway, 1986; Wood &
Evans, 1980). Regardless of what role each of these
potential selective factors may have played in cetacean
brain evolution the accepted general conclusion is that the
large brain of cetaceans evolved in conjunction with
complex cognitive abilities.
Recently, Manger (2006) made the controversial claim

that cetacean brains are large because they contain an
unusually large number of thermogenic glial cells whose
numbers supposedly increased greatly to counteract heat
loss during a decrease in ocean temperatures in the Eocene-
Oligocene transition. Therefore, he claims the cetacean
brain lacks the organisational structure necessary for
complex information processing. These claims have gar-
nered considerable attention in the popular press because

they challenge prevailing knowledge and understanding of
cetacean brain evolution, cognition and behaviour. Specif-
ically, Manger (2006) makes three major assertions based on
his interpretation of data in several areas of cetacean
research: evolution and paleoecology, brain/body allometry,
neuroanatomy, cognition, and behaviour. These claims are:
1) cetacean brains enlarged as a ‘‘punctuated’’ evolutionary
event driven by a decrease in oceanic temperatures during
the Eocene-Oligocene transition, 2) there is no neural
basis for complex cognition in cetaceans, 3) there is no
behavioural evidence for complex cognition in cetaceans.

Here we collectively respond to these three claims and
show that each is seriously flawed. We produce evidence
that invalidates each of Manger’s claims and sustains the
prevailing conclusion that cetacean brains became large to
support complex cognitive abilities driven by social and
ecological forces during cetacean evolution.

II. CLAIM 1: CETACEAN BRAINS ENLARGED
IN A ‘‘PUNCTUATED’’ EVOLUTIONARY
EVENT WHEN OCEANIC TEMPERATURES
DROPPED DURING THE
EOCENE-OLIGOCENE TRANSITION

Manger (2006, p. 317) describes the origin of large brains in
cetaceans as an evolutionary ‘‘punctuation.’’ He (p. 322)
postulates that cetaceans evolved large brains in response to
selection pressure from declining ocean temperatures
during the Eocene-Oligocene transition. To support this
hypothesis Manger (2006) summarises cetacean and oceanic
history, largely without phylogenetic or stratigraphic detail,
and, in so doing, misinterprets the data presented by
Marino, McShea & Uhen (2004a).

To address these issues, we first review relevant aspects of
phylogeny. Odontocetes and mysticetes, which together
comprise the Neoceti, evolved from basilosaurid
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archaeocetes late in the Eocene; the oldest named mysticete
is Llanocetus (;34.2 million years ago [mya]), and the oldest
named odontocete is Simocetus (;32 Ma) (Fordyce, 2002b,
2003b). It is not known when precisely the Neoceti
appeared, but Neoceti are at least as old as Llanocetus, and
closely related archaeocetes are known from the same time
(e.g. Chrysocetus, Uhen & Gingerich, 2001). Another example
is Saghacetus osiris, one of the geologically youngest ‘‘classic’’
archaeocetes which Manger (2006, pp. 314-315, his Fig. 11)
discussed under the names Zeuglodon osiris, Z. sensitivus, and
Z. elliotsmithi (see Gingerich, 1998, 439 for clarification).
Archaeocetes and Neoceti clearly overlap in time, and
archaeocetes did not disappear with the rise of Neoceti, but
persisted at least until the Late Oligocene, ;26 Ma
(Fordyce, 2002a). The Early Oligocene record (33.7-28.5
Ma) of cetaceans is poor globally, with few described fossils
(Fordyce, 2003a; Uhen & Pyenson, 2007). Manger (2006)
suggests that large brains in cetaceans arose circa the Early
Oligocene as an evolutionary ‘‘punctuation,’’ but there are no
sequences of Early Oligocene fossils through which to track
the tempo or mode of brain evolution, and thus claims about
‘‘punctuation’’ are not supportable at this point. However,
many lineages of odontocetes andmysticetes are known from
the LateOligocene, 28.5-23.8 Ma (Fordyce, 2003a), implying
a rapid, indeed explosive, earlier radiation of both odonto-
cetes (raptorial echolocators) and mysticetes (bulk-filter
feeders).Why, then, is the EarlyOligocene record of cetacean
fossils so sparse? A major global decrease in sea level about
29-30Ma (Haq, Hardenbol & Vail, 1987), possibly caused by
growth of ice on Antarctica (DeConto & Pollard, 2003; Lyle
et al., 2007), is thought to have eroded away much of the
global record of continental shelf sediments in which Early
Oligocene cetaceans would have been found (Fordyce, 2003a,
Uhen & Pyenson, 2007). In short, because of the relative
paucity of fossil data in the earlyOligocene it is not possible to
characterise the increase in relative brain size in odontocetes
as punctuated or otherwise.

Early odontocetes were markedly smaller than putative
archaeocete ancestors.Thus, asMarino et al. (2004a) found, the
dramatic increase in relative brain size that occurred at the
origin of Odontoceti resulted mainly from a significant
decrease in body size, coupled with a modest increase in brain
size, resulting in a substantial increase in relative brain size.
Also, this description is onlycharacteristic of theOdontoceti, as
brain size trends in mysticetes have yet to be studied.
Interestingly, odontocetes evolved during a lengthy period of
cooling. Cooler climates have been linked with increases in
body size (Bergmann’s rule; e.g. Millien et al., 2006) because
larger animals lose relatively less heat to the environment. This
is not the case with odontocetes, who actually got smaller
during that time. But importantly, the smaller odontocetes
were still well above the minimum size needed for survival in
a cool ocean (Downhower & Blumer, 1988; Innes & Lavigne,
1989). Therefore, there was no pressure for odontocetes to
respond to these temperature decreases with either a change in
body size or brain size. We conclude that changes in body size
(and relative brain size) in odontocetes were due to factors
other than the direct impact of oceanic cooling.

Manger’s (2006, pp. 322-323) summary of cetacean
evolution in relation to climate change needs clarification.

He alludes to supposedly warm water habits of archaeocetes,
noting their distribution mainly in the equatorial Tethys Sea.
Broader habits and tolerances are indicated, however, by the
presence of archaeocetes in mid southern latitudes about 38-
37 Ma (Fordyce, 2003a). Further, the deep-sea temperature
curve of Zachos et al. (2001, their Fig. 2) shows that oceans
cooled steadily from 50 Ma to 35 Ma, as archaeocetes
diversified and spread out from the Tethys, before a sudden
sharp Eocene-Oligocene drop about the time of origin of the
Neoceti. There are caveats: the deep sea curve of Zachos et al.
(2001) is widely accepted as an index of changing ocean
climate and circulation, but it is a long-term global
temperature curve which is not necessarily a proxy for
surface water temperature at any one place. The scale of the
Zachos et al. (2001) curve cannot show the predicted myriad
of short-term orbitally-induced temperature fluctuations.
Finally, latitudinal patterns must be considered. It is likely
that tropical waters remained warm (Matthews & Poore,
1980) throughout the history of cetaceans, and that changes
indicated by the Zachos et al. (2001) curve reflect the
development of ice at high latitudes and consequent changed
temperature gradients from poles to tropics. The points
made here are consistent with the hypothesis that cetacean
evolution was not driven directly by climatic upset of
homeostasis, but rather that climate change affected ocean
circulation and food chains (Fordyce, 2003a), setting the
scene for the Eocene-Oligocene radiation of the Neoceti.

Manger (2006) implies that the origin of large brains in
odontocetes is linked to the ‘‘major cooling of oceanic
temperatures’’ shown by Zachos et al. (2001) at 34-35 Ma, as
addressed below, but cites Whitmore (1994) in support, and
also implies a climate-forcing role for the closure of the
Tethys sea as India and Africa sutured to Eurasia, citing
Fordyce & Barnes (1994). Whitmore (1994), however, only
discusses climate change from 17 Ma to present, long after
the origin of Odontoceti (and Mysticeti). Fordyce & Barnes
(1994, p. 449) recognised the closure of the Tethys as a
middle Eocene event affecting archaeocetes long before the
Eocene-Oligocene cooling pulse and the origin of odonto-
cetes. These misattributions and misrepresentations are
surprising, given the wide literature on Eocene-Oligocene
climate change and paleoceanography (see contributions in
Prothero, Ivany & Nesbitt (2003), and its relation to
cetacean evolution (Fordyce, 2003a and references therein).

(1) The real test of the thermogenesis
hypothesis is in the Eocene

It is an intriguing idea that oceanic temperature decrease
was the selection pressure that drove the evolution of brain
size in odontocetes. We have already discussed a number of
problems with this thermogenesis hypothesis. We indicated
above that Eocene-Oligocene temperature change was
more complex than suggested by Manger (2006). To show
further that the evidence does not match the prediction of
the thermogenesis hypothesis, we now consider cetacean
homeothermy, concluding that the Eocene-Oligocene cool-
ing pulse probably had less direct impact on homeothermy
than did the thermal stress encountered by cetaceans in
their Early Eocene move from land to water.
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On thermal adaptation, Manger’s (2006) reference (p.
318) on the insulative properties of blubber (Iverson, 2002)
gives the thermal conductivity of water as 25 times that of
air. Elsewhere, he (p. 314, 327) follows Downhower &
Blumer (1988), stating that heat loss in water is 90.8 times
faster than in air at the same ambient temperature. How-
ever, actual heat loss in water, even for terrestrial mammals
such as humans, is much lower. In a critique of Downhower &
Blumer (1988), Innes & Lavigne (1989) gave the rate of
heat loss by aquatic endotherms in water as only 1.6-4.5
times greater than in air. Smith & Hanna (1975) reported
studies of heat loss in water of humans, citing a range of
water/air conductance ratios from 2.30 to 4.45 for the
heaviest and lightest subjects, respectively, and a mean
conductance ratio (water/air) of 3.34. If one were to predict
a change in brain size due to the need for thermogenesis in
a new aquatic environment, one would expect to see it at
the change from a terrestrial to an aquatic environment,
not at the change from the relatively warm Eocene ocean to
the relatively cool Oligocene ocean. This change is demon-
strably absent at the transition from either the terrestrial
pakicetids to the semi-aquatic protocetids, or from the pro-
tocetids to the fully aquatic basilosaurids. And, as previously
stated, even the smallest juvenile cetaceans were well above
the threshold for heat loss described by Downhower &
Blumer (1988) making the issue of selection for increased
brain size moot.
The most plausible explanation for the change in brain/

body allometry in odontocetes is that cooling in temperate
to polar latitudes (Zachos et al., 2001) led to oceanic trophic
changes and ultimately the evolution of a new echolocat-
ing niche for some Cetacea. Cooling-induced changes in
oceanic current systems triggered changes in diversity and
productivity in oceanic food chains as revealed by evidence
for increases in productivity close to the Eocene/Oligocene
boundary in the Southern Ocean (Salamy & Zachos, 1999).
Odontocetes, with their new echolocation-assisted hunting
strategy, evolved at this time of changing oceanic ecology
(Fordyce, 2003a; Lindberg & Pyenson, 2007). The initial
moderate increase in odontocete brain size is matched by
changes in cranial architecture including the evolution of
the novel echolocation-related nasofacial muscle complex
(Fordyce, 2002b, 2003a), and there is evidence of concurrent
change in ear structure associated with echolocation
(Fleischer, 1976). Thus the large brains of early odontocetes
were likely used, at least partly, for processing an entirely
new sensory mode. Additionally, the decrease in body size
may have driven changes in behavioural ecology (foraging
and predation risk, for instance see Lindberg & Pyenson,
2007). It is likely that the enlarged brain was used for
integrating echolocation information into an increasingly
complex behavioural ecological system.

(2) Homeostatic inconsistencies in Manger’s
thermogenesis hypothesis

Manger’s (2006) thermogenesis hypothesis is inconsistent
with what is known about mammalian homeostatic
mechanisms. First, he (p. 314) suggests that unihemispheric
sleep and the small amount of rapid-eye-movement (REM)

sleep in cetaceans are responsible for an increase in firing
of noradrenaline-secreting neurons, producing high levels
of noradrenaline in the brain. He then concludes that ‘‘[a]
high percentage of glia and a consistent metabolic
influence of noradrenaline, would suggest that the brain
of the cetacean is likely to be a proficient thermogenesic
organ’’ (p. 314). However, biological systems are regulated by
multiple dynamic equilibrium adjustments such as the
adaptation of the brain to changes in neurotransmitter
levels by up- or down regulation of receptors over the
course of minutes or days. Adaptive changes to catechol-
amine levels in particular are well documented (Reisine,
1981; Schwartz et al., 1978; Sutin & Minneman, 1985) and
adaptation to changes in noradrenaline levels have been
reported in the mouse brain (Magistretti, Hof & Celio,
1987) and are mentioned in Stone & Ariano (1989), an
article that Manger (2006) quotes on p. 314. Thus, the
chronic presence of high levels of noradrenaline in the
cetacean brain would likely be followed by an adaptive
process with a consequent decrease of sensitivity to this
substance, and not by a sustained state of increased
excitability extending not only over minutes or hours, but
through millions of years of evolution.

Second, Manger (2006) claims that high levels of
noradrenaline lead to increases in astrocyte metabolic rate
and consequently additional heat production in the brain.
However, whereas the noradrenergic system influences glial
metabolism, it does not necessarily follow that an increase
in metabolic rate generates heat, and enough heat to im-
plicate astrocytes as major players in temperature regula-
tion. Manger’s (2006) argument is an empirical quantitative
argument that should be addressed by data or by com-
putational techniques. Yet he provides no such evidence.
This is quite surprising, given that the biochemical path-
ways and their energetic dynamics are currently understood
well enough in a quantitative manner to permit at least
some rudimentary modeling.

Moreover, Manger (2006) does not consider several
aspects of an increased metabolic rate of astrocytes which
would play a role in this context. There is considerable
evidence of neuron-glia metabolic ‘cooperation’ in the
lactate shuttle hypothesis (Magistretti & Pellerin, 1999;
Pellerin, 2003; Pellerin & Magistretti, 2004). This hypoth-
esis suggests astrocytes respond to synaptic activity with
glutamate uptake and thus increase their rate of anaerobic
glycolysis and lactate production. Lactate is then used by
neurons as a preferential oxidative energy substrate
(Bouzier-Sore et al., 2003). In this context, to be convincing,
Manger’s (2006) thermogenesis hypothesis not only should
explain the qualitative and quantitative details of heat
production by astrocytes but should also consider that the
products of astrocytic metabolism, such as lactate, might
become a limiting factor at cold temperatures, as the brain
manages the effect of lactate on its tightly regulated pH.

Third, Manger (2006) does not provide any empirical
support for the assumption that heat in the brain is
produced specifically by astrocytes. In fact, although there is
evidence of the possible dissipation of energy as heat in
nervous tissue due to the role of uncoupling proteins
(Erlanson-Albertsson, 2003; Mao et al., 1999; Yu et al.,
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2000), it is not clear whether it is neurons, astrocytes, or
both cell types that express these proteins.

Fourth, it should also be noted that Manger (2006) refers
to a ‘‘high proportion of glial cells in the cetacean cerebral
cortex’’ (p. 310) without discriminating among oligodendro-
cytes, astrocytes, and microglia, which have very different
functions and influences on brain energy metabolism as
a whole. Oligodendrocytes are responsible for the synthesis of
the myelin sheath. They have been shown to use lactate as
a substrate for both energy metabolism and lipogenesis and
they have a higher metabolic rate than neurons and
astrocytes (Sanchez-Abarca, Tabernero & Medina 2001).
Thus, the lactate produced and released by astrocytes is
metabolised by both neurons and oligodendrocytes. Oligo-
dendrocytes may have a role in Manger’s (2006) theory but
he does not address this. What he proposes involves only
astrocytes; the relative contribution of astrocytes and
oligodendrocytes to the purported high glia/neuron index
is not considered by Manger (2006), which in itself weakens
the claim of its role in cetacean brain homeostasis.

Fifth, Manger (2006) does not deal with one particularly
problematic consequence of his theory: the decrease of heat
exchange at the capillary level that would be driven by the
reduced temperature gradient caused by the warm
astrocytes enveloping blood vessels. In the dolphin the
blood vessels of the brain are surrounded by astrocytic
endfeet (Glezer, Jacobs & Morgane, 1987; Pritz-Hohmeier
et al., 1994) as in other mammals (Peters, Palay & Webster,
1991). It is reasonable to assume that the vascular system
here plays the same temperature-moderating role in
homeostasis as in other mammals.

Sixth, adaptations, such as blubber, the rete mirabile (see
below), and a highly efficient counter-current heat exchange
system, probably evolved early, not late, in cetacean history
(Uhen, 2004). Moreover, it cannot be argued that known
cetacean mechanisms of thermoregulation regulate body
temperature to the exclusion of the brain. Cerebrospinal
fluid is filtrated from blood, and is equally warm. Cold
water is a challenge to the entire body of the whale, and its
adaptations serve the entire organism.

In this context, it is odd that Manger (2006) does not
mention the classic role of the vasculature in the regulation
of brain (and body) temperature (Hayward & Baker, 1969)
and the evidence for the more pressing need to cool rather
than heat the brain (Caputa, 2004; Zenker & Kubik, 1996).
Specifically, Manger (2006) does not mention the extremely
specialised cerebrovascular blood supply that cetaceans
possess. In cetaceans, the blood supply to the brain is
derived entirely from an extremely well-developed thoraco-
spinal rete mirabile as internal carotid and vertebral arteries
do not play any role in brain vascularisation (McFarland,
Jacobs & Morgane, 1979). Several functions have been
proposed for the rete mirabile system in cetaceans. In their
authoritative paper on the cetacean cerebrovascular supply
system McFarland et al. (1979) provide evidence from the
work of Nakajima (1961) of a high proportion of veins in
both odontocete and mysticete retia, with the exception of
the thoracic rete. They also discuss evidence from Slijper
(1936, 1958) that spinal veins are the most important route
of venous return from the cetacean brain. Furthermore,

Pfeiffer & Kinkead (1990, p. 141) described brain retia as
composed of ‘‘branched small arteries, veins, or of mixed composition’’.
Such evidence leads one to wonder whether the retia in
cetaceans may have a role in thermoregulation as already
described for the counter-current heat exchange system,
a specialisation described in odontocetes (Rommel et al.,
1992; Scholander & Schevill, 1955), mysticetes (Heyning &
Mead, 1997), sirenians (Rommel & Caplan, 2003), and
phocids (Rommel et al., 1995). In the counter-current heat
exchanger, the major arteries entering the fins, flippers and
fluke are surrounded by a venous channel (Scholander &
Schevill, 1955) and, depending on the blood flow velocity, this
systemallows for eithermaximal heat conservation ormaximal
coolingof thebodyaswell as thermoregulation of target organs
(Rommel et al., 1992, 1995). Given this precedent, a thermo-
regulatory function of the rete mirabilewould be less exotic and
more plausible than the recruitment of glial cells for this
purpose. Given the impressive efficiency of the vascular
system in regulating body temperature throughout the
cetacean body, the burden is on Manger to demonstrate that
this existing system would be inadequate to maintain brain
temperature as well.

(3) Sleep in cetaceans

Manger (2006) infers from a set of unrelated studies (Lyamin
et al., 2002; Mukhametov, 1995; Stone & Ariano, 1989), that
REM sleep might be associated with a cooling of the brain.
Thus, he claims that the very small amount of REM sleep, if
any, in cetaceans is direct support for his ‘‘thermogenesis
hypothesis’’. Here, again, Manger (2006) does not provide
supporting evidence for his claim. More importantly,
numerous studies (reviewed in Wehr, 1992, but not cited by
Manger, 2006) provide direct contrary evidence. Wehr (1992)
reports that increases in the central nervous system tem-
perature during REM sleep have been observed in rats
(Alföldi et al., 1990; Schmidek, Zachariassen & Hammel,
1983), cats (Hayward & Baker, 1969; Parmeggiani et al.,
1984), sheep (Hayward & Baker, 1969), rabbits (Hayward &
Baker, 1969; Kawamura & Sawyer, 1965; Kawamura,
Whitmeyer & Sawyer, 1966), and squirrel monkeys (Edgar &
Furrel,1984) and that there is indirect evidence of an in-
crease in brain temperature during REM sleep in humans
(Palca, Walker & Berger,1981). The available data thus do
not support a REM-associated cooling of the brain.

(4) Brain size and temperature re-analyses

Even without the myriad of theoretical, mechanistic, and
empirical flaws in Manger’s (2006) arguments described
above, there still remains a basic question about the quality
of the specific analyses Manger (2006) used to test the
relationship between thermoregulation and brain size.
There are numerous fatal flaws in his analyses. First, the
temperature range data used in his Table 1 are often
incorrect. Indeed, these values are even in disagreement
with the examples he gives in his Fig.16. For example, in his
Fig.16 Balaenoptera musculus and Megaptera novaeangliae range
from polar to tropical waters (which they do) giving them
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a temperature range in excess of 27°C, yet in Table 1 they are
reported to have a temperature range of[1 to]5°C.We list
these errors and our corrections in our Table 1. Also, Manger
(2006) does not include temperature data for two further
species (fin whale, Balaenoptera physalus and killer whale, Orcinus
orca) in his analysis although the information is readily
available. B. physalus is found in the Ligurian Sea during the
summer where temperatures can reach 27°C, as well as the
polar ice edges ([1°C) giving a temperature range of 28°C.
O. orca is found from the equator to the ice edge, from -1 to
29°C, giving a temperature range of 30°C. The distributional
information used tomake these corrections is well summarised
by Reeves et al. (2002), as well as being recorded personally by
several of the present authors. We repeated the regression of
habitat temperature range on encephalization quotient (EQ)
that Manger (2006) used to suggest a relationship between
brain size and thermal buffering needs, using the corrected
temperature range values, and found no significant relation-
ship between the two. In fact, there is a negative trend, the
opposite of that claimed byManger (2006) (compare our Fig. 1
with Fig. 15 in Manger, 2006), thus eliminating a critical
component of his argument.
Manger used EQ (Jerison, 1973) as the metric of relative

brain size in these correlational analyses. In cetaceans, EQ
derived from a class-level equation is negatively correlated
with log body size (Marino et al., 2006), which is also the
case in Manger’s (2006) data set on extant (r ¼ -0.768, N ¼
34, P < 0.001) and fossil (r ¼ -0.701, N ¼ 56, P <0.001)
species. When we factor in body weight in multiple
regressions, the partial correlations between EQ and
minimum or maximum temperature fail to reach signifi-
cance whether we use Manger’s incorrect temperature data
or the corrected ones referred to above (EQ with Manger’s
data on minimum temperature: partial r ¼ -0.209, P ¼
0.306; on maximum temperature: partial r ¼ 0.024, P ¼
0.909; with corrected data on minimum temperature:
partial r ¼ -0.349, P ¼ 0.069; with corrected data on
maximum temperature: partial r ¼ 0.165, P ¼ 0.392).
Instead, body size is the only variable that is significantly

associated with temperature in three of the four multiple
regressions (with Manger’s data on minimum temperature:
partial r ¼ -0.469, P ¼ 0.014; on maximum temperature:
partial r ¼ -0.697, P < 0.001; with corrected data on
minimum temperature: partial r ¼ -0.618, P< 0.001; with
corrected data on maximum temperature: partial r ¼
-0.100, P ¼ 0.604). Neither maximum nor minimum tem-
perature, whether taken from Manger’s Table 1 or corrected,
correlate with residual brain size (log brain size regressed
against log body size), a standard measure of brain size that
is not confounded by body size when the regression is
conducted at the level of the order (Marino et al., 2006).

Aside from EQ, Manger uses two corticalisation indices
(CI) to argue his case against the cognitive interpretation of
cetacean brain size. Like EQ, however, the two indices are
confounded by body size, so we cannot tell if it is the
corticalisation differences or the body mass differences that
are driving the observed trends. CI1, the ratio of cortical
volume divided by brain volume, is positively correlated
with body mass (r ¼ 0.686, N ¼ 86, P < 0.001). CI2, the
ratio of grey matter volume divided by brain volume, has
a relationship that goes in different directions for cetaceans
versus other mammals. For cetaceans, the data show a strong
negative relationship with body size (r ¼ -0.801, N¼ 9, P ¼
0.009), which is opposite to the positive one for CI1. For
other mammals, the relationship is strongly positive (r ¼
0.656, N ¼ 16, P ¼ 0.006).

To summarise, there are two major flaws in Manger’s
(2006) analyses of the relationship between brain size and
temperature. First, the temperature data he used contain
incorrect values and do not take into account all of the
temperature data available. Second, he uses EQ in a sta-
tistically inappropriate way. When his statistical analyses are
redone with the correct available temperature data and the
correct measure of relative brain size there is no relation-
ship between temperature and brain size. Given that this
postulation forms the foundation of Manger’s (2006) entire
argument, these re-analyses show that Manger’s (2006)
major argument is unfounded.

Table 1. Corrected habitat temperature range data presented in Manger (2006)

Species and temp. range
(°C) given in Manger (2006) Temp. range (correct)

Old range /
New range /
Difference Comments

P. macrocephalus (15-23) 0–29 8 / 29 / ]21 Commonly found in waters down to 0°C
(for example off west Greenland and near
the ice edge in Antarctica), as well as up to
29°C (e.g. western tropical Pacific).

T. truncatus (13-29) 2–29 16 / 27 / ]11 Found in waters down to 2°C in New Zealand
fjords in winter.

E. robustus (-1-4) -1–17 5 / 18 / ]13 Found very commonly in waters up to 17°C off Mexico,
where they give birth in coastal lagoons.

B. borealis (2-8) 2–18 6 / 16 / ]13 Common on edge of the Scotian Shelf in summer
in temperatures up to about 18°C.

B. musculus (-1-5) -1–27 6 / 28 / ]22 Common off Sri Lanka, where temperatures reach 27°C
M. novaeangliae (-1-5) -1–23 6 / 24 / ]18 Very common in the Caribbean in winter in

temperatures up to 23°C.
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III. CLAIM 2: THERE IS NO NEURAL BASIS FOR
COMPLEX COGNITION IN CETACEANS

Modern cetaceans and primates both have extraordinarily
high relative brain sizes, despite the fact that the two groups
diverged from a common ancestor over 95 million years ago
(Kumar & Blair Hedges, 1998) and derived these high
encephalisation quotients completely independently. During
that time cetacean brains evolved a unique combination of
features that are different in many respects from primate
brains. These differences are the most compelling aspect of
cetacean brains, which in all likelihood represent a non-
primate route to neuroanatomical (and cognitive) complexity.

Manger (2006, p. 294) states that ‘‘The belief in the
apparently undeniable high level of intelligence is derived
from two features of the cetaceans, one morphological and
the other behavioural’’. In the following section we will
further describe and discuss the morphological features of
the cetacean cortex and argue that there is indeed strong
evidence of a neural basis for complex cognition in
cetaceans.

(1) Lamination

The general lamination pattern of the cetacean neocortex is
characterised by a thick, cellular layer I, a densely packed
layer II containing extraverted neurons with dendrites ex-
tending into layer I, a wide pyramidal layer III, an absent or
underdeveloped layer IV, a magnocellular layer V with large
pyramidal cells, and a heterogeneous layer VI (Glezer &
Morgane, 1990; Hof, Chanis & Marino, 2005; Hof & Van
der Gucht, 2007; Morgane, Glezer and Jacobs,1988). The

findings of Glezer and Morgane (1990) on synaptic
distribution in the cetacean neocortex highlight the peculiar
organisation of this laminar pattern in which layer I possibly
represents the main target for subcortical afferent neurons,
owing to the absence of layer IV, whereas layer II may relay
information from layer I afferents to the lower cortical
layers. Thus, the general lamination pattern exhibited by
the cetacean neocortex reflects a very different connectivity
scheme compared to more commonly studied species, like
rats and macaque monkeys. These particular arrangements
of layers, with the drastic reduction of layer IV as an input
layer, may have involved a reorganisation of the neocortex
into a thinner and deeply convoluted structure.

Although the organisation of the cetacean neocortex still
retains regions of less differentiated lamination, several
recently described features of both the odontocete and
mysticete neocortex point to the neocortical complexity and
variability in these mammals (Hof et al., 2005; Hof & Van
der Gucht, 2007). Thus, the three ‘‘points of interest’’ that
Manger (2006, p. 303) gives regarding the indistinct
lamination of the cortex, the pyramidalization of layer II
and the absence of layer IV, are just one aspect of the
unusual combination of (elaborated) conservative and
derived features that characterise the complexity of
cetacean neocortex.

(2) Parcellation

Regarding the parcellation of the cetacean cerebral cortex
Manger (2006, p. 305) concludes that: ‘‘There does not
appear to be a prefrontal cortical region; the number of the
subdivisions of the cortex appears to be low compared with
other mammals with similarly sized brains or even
mammals with far smaller brains; the temporal cortical
region is small and undeveloped; and the limbic region of
cortex, or cingulate cortex, is small, especially in its anterior
aspect’’. This statement is not consistent with anatomical
evidence.

Although there is no reason to expect that, given their
long and highly divergent evolutionary histories and
different morphological arrangements, cetacean and pri-
mate prefrontal cortical homologues would be located in
the same region of the brain, it remains that the frontopolar
region of the cetacean brain includes a large expansion of
cortex and is histologically distinct from the motor and
somatosensory cortices located dorsal to it. In addition, this
region is characterised by a variable cytoarchitecture
indicating the presence of a number of cortical subregions
(Hof et al., 2005; Hof & Van der Gucht, 2007). If the
primate frontal cortex can be subdivided into many regions,
some having a well-known function, the histological findings
in cetaceans offer no reason to suspect that a similar degree
of functional complexity could not exist in these species.
Albeit the orbitofrontal cortex does contain domains that
appear to be less ‘‘differentiated’’, especially in its posterior
aspects, any observer of the human brain will not miss the
fact that a comparable cytoarchitectural trend occurs as one
proceeds posteriorly. The possible homologue of the
orbitofrontal cortex in cetaceans is notably very large.

Fig. 1. Plot of habitat water temperature range against
encephalisation quotient (EQ), using corrected temperature
range data. There is no significant relationship between the
two variables: the trend is opposite to that claimed in Manger
(2006). Except where corrected (see text and Table 1 for
details), data are from Table 1 in Manger (2006).
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Furthermore it is unclear why Manger (2006) alleges that
the anterior cingulate cortex in cetaceans is small. It is
located ventral to the limbic cleft and is characterised by
a highly sulcated, large amount of tissue, especially around
the genu of the corpus callosum, presenting with many
distinguishable subdomains along two intercalate sulci that
may find an equivalent in the paracingulate sulcus, a highly
variable feature observed, interestingly, only in the human
brain (Jacobs, McFarland & Morgane, 1979; Morgane,
Jacobs & McFarland, 1980; Ono, Kublik & Abernathy,
1990). Morgane and collaborators have presented detailed
descriptions of its histological complexity in their classic
papers on the bottlenose dolphin (Tursiops truncatus) (Jacobs et
al., 1979; Morgane et al., 1980) and similar observations
were recently made for the humpback whale (Megaptera
novaeangliae) by Hof and Van der Gucht (2007). Indeed, the
cingulate gyrus has been previously described as ‘‘extremely
well developed’’ in different odontocete species by different
authors (Breathnach & Goldby, 1954; Jacobs et al., 1979)
and Hof & Van der Gucht (2007) confirmed the presence of
‘‘complex and extensive’’ cingulate and insular cortices in
the humpback whale. The expansion of the insular and
cingulate cortices in cetaceans is consistent with high-level
cognitive functions: attention, judgment, intuition, and
social awareness and known to be associated with these
regions in primates (Allman et al., 2005; also see Marino
et al., 2004b). Moreover, the anterior cingulate and the
insular cortices are two select areas in which, in large-
bodied cetaceans, a unique type of projection neuron has
been observed, known as the spindle cell or Von Economo
neuron, that has been related to complex cognitive func-
tion in humans and great apes (Allman et al., 2005) (see
Section III. 5).
Finally, several cytoarchitectural analyses reveal the

existence of a clear regional parcellation in cetaceans
comparable to cortical hierarchies in primates and
carnivores in the parietal and temporal opercular regions
(Felleman & Van Essen, 1991; Glezer et al., 1993; Glezer,
Hof & Morgane, 1998; Hof et al., 1992, 2000, 2005; Hof &
Van der Gucht, 2007; Scannell, Blakemore & Young, 1995).
The cortical organisation in both odontocetes and mysti-
cetes is mainly based on a common scheme but specific
cytoarchitectural differences are evident between the two
suborders and among species belonging to the same family.
These cytoarchitectural differences appear to reflect
functional organisation and, again, point to the exquisite
specialization of the brain in these aquatic mammals.
Finally, Manger (2006, p. 332) states that ’’ the anatomy

of the acoustic system demonstrates that while it is
specialised, this is to a similar degree as specialised sensory
systems in other mammals with standard brain sizes and
therefore cannot be a contributing factor to increased
relative brain size’’.
This statement is unsubstantiated because there is a lack

of direct experimental data in cetaceans. In echolocating
cetaceans it is well known that the acoustic structures of the
brainstem and thalamus are considerably increased in size
(Glezer et al., 1998), contributing to an increase in the rel-
ative size of these brain segments. In most cetacean species
the brain shows a massive extension of temporoparietal

cortex that is unlike that in any other species (Hof et al.,
2005; Hof & Van der Gucht, 2007). The issue is that in spite
of evidence for a high diversity of cytoarchitectural features
in these cortical regions we simply do not have enough
direct evidence to determine the functional significance of
the sizes of different brain areas in cetaceans. Therefore,
with no such evidence, Manger’s (2006) contention remains
ungrounded.

(3) Neuronal density, the glia/neuron index and
the composition of the neuropil

At the core of Manger’s (2006) argument is the apparent
observation that cetacean brains have a glia/neuron (G/N)
index that is higher than expected. In this section we will
demonstrate that the extant data simply do not support this
observation, and therefore that this argument, and by
extension, the thesis of Manger (2006), is baseless. However,
since in the course of his discussion numerous other issues
arose which call for discussion, we will also address each of
these in turn, even though the validity of the initial argu-
ment does not hinge upon them.

First it is important to note that, in contrast to the data on
brain and body size or encephalisation, data on cell types in
cetaceans, and indeed in other mammals, are relatively
sparse. They are not, however, quite as sparse as one would
assume based on Manger’s discussion (see his Section III. 6).
In fact, there are data from rodents (Ren et al., 1992) and
even from cetaceans (Blinkov & Glezer, 1968; Gihr &
Pilleri, 1969; Kraus & Pilleri, 1969) that greatly contribute
to this discussion, and it is unfortunate that Manger did not
avail himself of them. As such, his contention that cetaceans
are outliers in the G/N-brain volume curve is based solely
on his extension of data from insectivores to cetaceans. The
assumption, then, is that insectivores represent the norm,
and cetaceans are the outliers, a supposition that is very
difficult to support, since neither Order can be described
as being ‘‘typical’’ for the Class. Insectivores are highly
conserved, and cetaceans highly derived—both are prob-
ably outliers within Mammalia.

Second, on the basis of three studies (Garey & Leuba,
1986; Hawkins & Olszewski, 1957; Reichenbach, 1989),
Manger (2006, p. 310) concludes that ’’. . .it appears that the
cetacean cerebral cortex has a substantially higher pro-
portion of glia than is found in other mammals’’. This
is a misinterpretation of the available data. Manger (2006,
p. 310) refers to Fig. 3 of Reichenbach (1989, p. 75) as showing
‘‘the allometric relationship’’ between the G/N ratio and
the thickness of the cerebral cortex. This figure is a crude
schematic, not a nomogram, and cannot be used for quan-
titative measurements. More importantly, in Stolzenburg.
Reichenbach & Neumann (1989, Fig. 7B, p. 82), the cor-
relation between the G/N index and the brain tissue thick-
ness (which can be either thickness of the total brain wall
from ventricle to pia, total cortical thickness or thickness of
the cortical layers) is shown only in five insectivore species
(etruscan shrew, Suncus etruscus; pygmy shrew, Microsorex hoyi;
european mole, Talpa europaea; checkered elephant shrew,
Rhynchocyon cirnei; and giant otter shrew, Potamogale velox)
and not in a wide range of mammals, and none of them
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cetaceans. The ‘‘other mammals’’ in the above quote, are
thus actually all insectivores, a highly conserved subgroup of
the mammalian class. It is worth noting that none of the
species used to define the relationship between G/N index
and brain tissue thickness possess a convoluted brain; as
Stolzenburg et al. (1989) argue, an estimate of brain wall
thickness can be reliably obtained ‘‘only in agyral cortices’’.
Since the cetacean cortex is anything but agyral there are
no reliable estimates of this variable for cetaceans. The
relationship between brain tissue thickness and G/N index
remains valid only for the insectivore species studied by
Stolzenburg et al. (1989). It must still be demonstrated that
this relationship, as intriguing as it is, holds true for other
mammals, such as rodents, carnivores, lagomorphs, pri-
mates or cetaceans.

Third, it is difficult to reach meaningful conclusions on
the G/N index of cetaceans when comparing data obtained
with different techniques (Garey & Leuba, 1986; Hawkins &
Olszewski, 1957; Reichenbach,1989). The best method
for obtaining quantitative data on cell populations is stere-
ology that allows for unbiased population estimates. To our
knowledge, a G/N index of 7.7/1 reported by Eriksen &
Pakkenberg (2007) in the minke whale, Balaenoptera
acutorostrata, neocortex is the only published quantitative
estimate obtained in the cetaceans using a reliable tech-
nique. Using the same stereological approach, we have
estimated a G/N index of 5.7/1 in the anterior cingulate
cortex of a beluga whale (Delpinapterus leucas, C. Butti & P.R.
Hof, unpublished data). This value is comparable with
those obtained by Eriksen & Pakkenberg (2007) and reflects
the expectation of a lower value of this parameter in
odontocetes than in mysticetes. Thus, there is no evidence
that G/N index is disproportionately higher in cetaceans
than in other mammals, since there are few such studies
using similar techniques in other orders. As such, until
reliable and comparable data become available, no mean-
ingful conclusions can be drawn comparing the G/N index
between cetaceans and other mammals.

Fourth, with respect to the space occupied by neuropil in
the cetacean brain Manger (2006) states ‘‘. . .there appears
to be a high proportion of glial cells in the cetacean cerebral
cortex. It is therefore reasonable to assume that glial
processes occupy a greater proportion of the neuropil in
cetaceans than in other mammals’’ (p. 310), ‘‘. . .a high
density of myelinated axons indicates that a higher pro-
portion of the neuropil is occupied by myelin sheaths’’
(p. 310), ‘‘. . .the observed higher proportion of glial processes,
myelin sheaths and axons of passage’’ without showing
any data in support of such statements. It is particularly
disturbing that, given the morphological differences be-
tween cetacean and other mammalian neurons to which
Manger (2006) devotes considerable discussion (p.306-307),
he does not seem to consider the possibility that glial cells,
too, might differ considerably among these species. Indeed,
Manger’s inference that the larger neuropil in cetaceans is
occupied by glial processes rests on the assumption that glial
processes in cetaceans behave the same way as those in
other mammals. Until reliable data on the G/N ratio,
axonal length and degree of dendritic arborisation, and
glial morphology are available for cetacean brains, any

assumption on the proportion of neuropil occupied by
axons, dendrites, spines, glial processes and myelin sheaths
is without basis.

Manger (2006, p. 310) states that the ‘‘cerebral cortex of
cetaceans stains heavily for myelin’’; this is not direct
evidence that the cetacean cortex is more myelinated than
that of other mammals and certainly may not be used as
evidence to support the bold claim (p. 311) that the
cetacean cortex ‘‘. . .may not be optimally wired.’’ Axonal
diameter in the bottlenose dolphin optic nerve has been
reported to be up to 15 mm with a mean of 11 mm (Dawson
et al., 1982) and additional estimates are available for the
genual and splenial area of the corpus callosum where the
average axonal diameter is 5.05 mm and 5.54 mm,
respectively, in the bottlenose dolphin, 4.86 mm and 4.92
mm in the humpback whale, 3.87 mm and 4.13 mm in the
harbor porpoise (Phocoena phocoena), and 3.98 mm and 4.08
mm in the striped dolphin (Stenella coeruleoalba) (Hof,
unpublished data). Although comparable data on other
mammals are not available, we can speculate that the
combination of a large number of neocortical neurons
(Eriksen & Pakkenberg, 2007) and a high conduction
velocity due to the presence of large myelinated axons
(reviewed in Hartline & Colman, 2007) may actually place
the cetacean brain into a privileged condition for complex
information-processing capacities.

Finally, Manger (2006, p. 310) points out that several
studies reported a low neuronal density in the cetacean
brain. This observation simply confirms expectations for
large mammalian brains. In fact, as earlier hypothesised,
there is an inverse relationship between brain size and
neuronal density (Poth et al., 2005; Tower, 1954). Data
reported by Manger (2006) himself (p.310) show that the
neuronal density in the mammalian brain tends to decrease
with an increase in brain size, with Homo sapiens having
a lower neuronal density than small mammals. As such, the
low neuronal density observed in the cetacean brain is not a
unique feature of these aquatic mammals but rather a
common feature of big-brained species. On p. 332 Manger
(2006) concludes that a ‘‘low number of neurons’’ and other
features that he attributes to the cetacean brain ‘‘will all
impact negatively on the processing capacity of the cerebral
cortex’’. This is a non sequitur. The number of neurons in the
cetacean brain is, in fact, quite high. Neuron number and
neuronal density are two completely different and often
independent values. What is low in the cetacean neocortex,
as in all big-brained mammals, is the neuronal density.
Confusing density and number can, and often does, lead to
the erroneous conclusions that Manger (2006) draws, which
are precisely the type of errors that can be avoided using
unbiased stereological methods and approaches.

(4) Columnar, modular and clustering
organization

Manger (2006, p. 305) states that: ‘‘it is difficult to identify
columnar and microcolumnar organisation in the photo-
micrographs of architectonically defined regions of dolphin
brain. . .whereas these features are readily identifiable in the
cortex of other mammals’’. This is incorrect. Several lines of
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evidence exist in support of columnar, modular and
clustering organisation in the cetacean neocortex. Hof &
Van der Gucht (2007) reported a remarkable layer II
clustering pattern in the anterior insular cortex in
mysticetes. This had been reported earlier in the bottlenose
dolphin (Manger et al., 1998). Moreover, layer II clustering
occurs in a large region of the occipital cortex of the
humpback whale and the fin whale as well. These
observations represent strong evidence for organisational
complexity and specialisation of the cetacean neocortex and
point to the evolution of different regional specialisations in
odontocetes and mysticetes. This peculiar distribution of
layer II clustering may represent a strategy to optimize the
connectivity of intrahemispheric pathways in the very large
brains of mysticetes. This theory is further supported by the
observation that layer II clustering neurons often align with
groups of small pyramidal neurons in the underlying layer
V (Hof & Van der Gucht, 2007).
Furthermore, Morgane et al. (1988) reported the presence

of vertical major and minor columns of neurons in the
visual cortex of the striped dolphin. Similar findings were
made in the visual and auditory cortices of the humpback
whale and several other cetacean species (Hof & Van der
Gucht, 2007). Although Manger (2006, p. 306) reported the
Morgane et al. (1988) findings on the size of the major and
the minor columns in the striped dolphin visual cortex as
being smaller than the columns or modules observed in
primates and humans, he completely omitted the striking
observation of Morgane et al. (1988) that major and minor
cytoarchitectonic columns in human and striped dolphin
visual cortex contain practically the same number of
synapses.
The biological significance of columns, modules and

clusters is likely to be related to a need for optimisation of
wiring among cortical domains and to limit the energy
demands generated by such circuits. This idea is consistent
with the finding of Hof & Van der Gucht (2007) that large-
brained mysticetes have a more extensive modular
organisation of layer II than smaller-brained odontocetes.
Finally, the differing patterns of columns, modules and
clustering observed in odontocetes and mysticetes might be
seen as a specific evolutionary route to organising networks
in possibly highly specialised cortical regions (Hof & Van
der Gucht, 2007; Jacobs et al., 1984).

(5) Cell typology and neurochemistry

General homogeneity in neuronal typology in the cetacean
neocortex has been described several times (Glezer &
Morgane, 1990; Morgane et al., 1988) and is reiterated at
the chemoarchitectonic level showing the distribution
pattern of calcium-binding proteins, with a predominance
of calbindin- and calretinin-containing neurons in the upper
layers and a paucity of parvalbumin-immunoreactive
neurons (Hof et al., 1999; Hof & Sherwood, 2005). Manger
(2006, p. 307) concludes: ‘‘. . .the relative paucity of
parvalbumin-immunoreactive cells indicates a lack of
horizontal inhibitory influences, potentially characterizing
inefficient horizontal processing between cortical columns,
and suggesting poor integrative abilities’’. However, it is

likely that the integration of the column’s activity in the
cetacean cortex occurs in the thick layer I within which
70% of the total cortical synapses in odontocetes are
contained (Glezer & Morgane, 1990) and where the
majority of calbindin- and calretinin-expressing inhibitory
interneurons are located (Hof et al., 1999). Moreover, the
fact that the usual parvalbumin-containing neurons are not
visible in cetaceans does not mean that these do not exist –
they may simply not be expressed in the same way as in
other mammals. Major differences in calcium-binding
protein expression have indeed been reported in many
neuronal types across a large range of mammals (Hof et al.,
1999). Thus, here again, Manger’s (2006) conclusion is
based upon unreliable assumptions.

Furthermore, Manger (2006, p. 332) claims that: ‘‘It is
demonstrated that there are no neurological correlates for
the purported intellectual abilities of cetaceans. . .’’ and
again ‘‘The neuroanatomical features of the cetacean
cerebral hemisphere do not indicate a structure supportive
of high levels of intellectual capacities.’’ The cetacean
species with the largest brains (and also the largest bodies)
exhibit a large number of spindle-shaped Von Economo
neurons in layer V of the anterior cingulate, the frontoin-
sular and the frontopolar cortices (Hof & Van der Gucht,
2007). Von Economo neurons are highly specialised
projection neurons considered to be involved in neural
networks subserving aspects of social cognition (Allman
et al., 2005). The presence of these neurons in cetaceans does
not demonstrate, but is consistent with, complex cognitive
abilities in this group. Prior to their identification in two
mysticete species, the humpback whale and the fin whale,
and in two odontocetes species, the sperm whale (Physeter
macrocephalus) and the killer whale, Von Economo neurons
were thought to be a neuronal type unique to humans and
great apes (Nimchinsky et al., 1995, 1999). Given the 95
million years that separate the evolutionary history of
cetaceans and primates (Kumar & Blair Hedges, 1998) it is
likely that Von Economo neurons evolved independently in
these taxa as a consequence of separate, yet potentially
similar, selective pressures. Moreover, as proposed by Hof &
Van der Gucht (2007), if Von Economo neurons arose in the
ancestor of the extant taxa that possess this unusual
neuronal morphotype, we speculate that these highly
specialised cells evolved in cetaceans several millions years
earlier than in primates.

The regional and laminar distribution of Von Economo
neurons is similar for both cetaceans and hominids.
However, these neurons have also been observed in
cetaceans with a scattered distribution in areas where they
have not been found in hominids such as the frontopolar
cortex, inferior temporal cortex, inferior surface of the
occipital region and posterior part of the cingulate and
retrosplenial cortices (Hof & Van der Gucht, 2007).
Concentrations of Von Economo neurons in selected areas
of the brain classically involved in high-level cognitive
functions in primates (the anterior cingulate, frontoinsular
and frontopolar cortices) are a strong indication of the
anatomical and functional specialization of these cortical
areas in cetaceans. The highly localised presence of Von
Economo neurons in species with the largest brains both
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among primates and cetaceans leads to speculations about
the possible role of these cells in the reorganisation of
cognition-related specific functional connectivity pathways
as a consequence of brain size increase. This might explain
the relative rarity of Von Economo neurons in odontocetes
with a smaller absolute brain size (Hof & Van der Gucht,
2007). In particular, the long and wide axons of these cells
have been related to a possible role in fast relay of outputs
from and possibly between the anterior cingulate and
frontoinsular cortices (Allman, Hakeem & Watson, 2002;
Allman et al., 2005). Hominids and cetaceans, groups with the
biggest absolute brain sizes, seem to be ‘‘equipped’’ to
compensate for longer distances of information processing,
thus maintaining an efficient and fast transmission among
specialised areas of the brain. Although this cell type is not
a unique feature of cetaceans, it should be noted that
cetaceans are among the very few non-primate species in
which spindle cells have been identified to date. The
evolution of this particular cell type in two distantly related
taxa that show comparable levels of behavioural complexity,
suggests that spindle cells might be the neurological result of
selective pressure acting on complex cognitive processes.

(6) Hippocampal formation

All the subregions of the hippocampal formation typical of
terrestrial mammals (dentate gyrus, hippocampus proper
and subiculum, plus the entorhinal cortex) are found in
cetaceans (Breathnach & Goldby, 1954; Hof et al., 2005;
Hof & Van der Gucht, 2007). However, as Manger (2006)
points out, this formation is relatively small in cetaceans
compared to the hippocampal size in large-brained
terrestrial mammals like the elephant (Loxodonta africana)
(Hakeem et al., 2005). Hakeem et al. (2005) found that the
two closest relatives of the elephant, the terrestrial rock
hyrax (Procavia capensis) and the aquatic ‘‘Florida’’ manatee
(Trichechus manatus latirostris) have a large and a very small
hippocampus, respectively. This paradoxical finding inevi-
tably led to the speculation that the development of the
hippocampus, recently suggested to be independently reg-
ulated with respect to other brain structures, followed a
different evolutionary pathway in aquatic mammals com-
pared to terrestrial mammals. Furthermore, the relatively
small size of the hippocampus in both odontocetes and
mysticetes is strikingly offset by the well-differentiated and
extended entorhinal cortex (Breathnach & Golby, 1954;
Hof & Van der Gucht, 2007). Particularly, the diminutive
dentate gyrus, the major projection area of the entorhinal
cortex (Zola-Morgan & Squire, 1993), suggests that the
cetacean memory storage system might use strategies that
involve a different circuitry and additional regions as well as
the hippocampus (Marino et al., 2004b; Oelschlager &
Oelschlager, 2002). In this context, the general observations
Manger (2006, p. 311) reported about the size of the
hippocampal formation are limited to merely a gross
analysis that ignores the relevant extensive and differenti-
ated entorhinal cortex.

In conclusion, the current evidence suggests that
cetacean cortical organisation is complex but very different
from, and certainly not inferior to, that found in other

mammals. Compared to terrestrial mammals, most ceta-
ceans have clearly elaborated parietal and temporal regions,
the purposes of which remain largely unknown. Cetaceans
possess a large domain of frontal cortex that is the likely
homologue of the primate prefrontal cortex, however, it is
also likely that the functional analogue of primate prefrontal
cortex spreads onto other neocortical territories (e.g. the
highly expanded temporal and parietal regions). Cetaceans
also possess unique cytoarchitectural features related to
columnarity and modularity that are likely related to
specialised wiring of specific cortical fields. They share
with hominids a unique type of neuron in the same location
of the anterior cingulate cortex and insular cortices, but
cetaceans may have been first tto evolve these neurons.
Furthermore, cytoarchitecture, even for primary cortical
fields, is quite variable among cetaceans, and certainly
between odontocetes and mysticetes. We consider such
differences strong neurobiological support for complex
cognitive and behavioural abilities in cetaceans.

IV. CLAIM 3: THERE IS NO BEHAVIOURAL
EVIDENCE FOR COMPLEX COGNITION IN
CETACEANS

Manger (2006) makes the sweeping claim that there is no
behavioural evidence for complex cognition in cetaceans. In
doing so he refers to several specific domains of evidence:
(1) learning and memory, (2) vocalisations and communi-
cation, and (3) cognitive and social convergence with other
mammals, particularly humans and other primates. How-
ever, there are two glaring limitations to Manger’s (2006)
discussion of dolphin cognition: (i) his often erroneous
conclusions about the data he presents and (ii) his omission
of a large literature demonstrating sophisticated cognitive
skills in dolphins. Here, we review the cognitive issues
discussed by Manger (2006) and show why his interpreta-
tions are inadequate and misinformed. In addition, we
summarise a large number of published studies not
considered by Manger (2006) that reveal impressive
intellectual accomplishment by dolphins and illustrate the
high degree of behavioural complexity and flexibility in
these animals. Our review is mainly focused on the
bottlenose dolphin, the most well-studied species on
cognitive capabilities, unless otherwise indicated.

(1) Memory and learning

Manger (2006, p. 320) argues from analogy with food-
caching versus non-food-caching birds that the relatively
small hippocampal formation in cetaceans implies poor
spatial memory and, in general, ‘‘suggest(s) that functions
related to hippocampal processing must be compromised in
cetaceans’’. The hippocampus is involved in long- and
short-term memory processing and these processes form the
foundation for learning capacities. Consequently, Manger
(2006) is advancing a strong claim that amounts to implying
that cetaceans not only possess poor memory but are poor
learners as well. In making this claim, he ignores, or is
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unaware of, a large body of data showing otherwise. Various
dimensions of intellectual performance in cetaceans (again,
mainly but not exclusively, bottlenose dolphins) have been
investigated in laboratory studies, including declarative and
procedural knowledge (knowing what things or events are,
and knowing how to manipulate those elements), social
knowledge, and self knowledge (reviewed in Herman,
2006). All these varieties of intellectual performance rest
on a strong foundation of memory. Moreover, direct studies
of dolphin short-term or ‘‘working’’ memory – processing
of new information and retaining it in conscious memory –
have shown that auditory memory (memory for things
heard), visual memory (memory for things seen, including
objects and behaviours), and spatial memory (memory
for locations) are well developed and robust (Herman, 1975;
Herman & Gordon, 1974; Herman & Thompson, 1982;
Herman et al., 1989; Reiss & McCowan, 1993; Richards,
Wolz & Herman, 1984; Thompson & Herman, 1977, 1981).
Where comparisons are available, dolphin short-term mem-
ory is similar in its fidelity and its characteristics to the
demonstrated short-term memory capabilities of non-
human primates (e.g. D’Amato, 1973), or in the case of
probe memory—memory for lists of items—comparable to
memory characteristics demonstrated in humans (Herman,
1980; Thompson & Herman, 1977). In two studies cited
above, for example, a dolphin listened to lists of as many as
eight different short sounds and then indicated whether
a probe sound occurring after the list was presented was or
was not a member of that list (Herman, 1980; Thompson &
Herman, 1977). The dolphin could retain up to five items
in memory reliably. As in human studies of list memory, the
dolphin’s memory was better for later items in the list than
for earlier items (the so-called ‘‘recency effect’’) (see, e.g.,
Waugh & Norman, 1965).
Although there are no formal studies of long-term

memory in dolphins (which may include reference memory,
procedural memory, declarative memory and more), the
dolphins in Herman, Richards & Wolz (1984) remembered
vocabulary items and syntactic rules over months without
practice (declarative and reference memory). With respect to
spatial memory, Manger (2006) overlooks the work of Xitco,
Cory & Kuczaj (2001) that showed, in part, the dolphin’s
ability to remember the spatial locations of named structures
in an extensive habitat. Likewise, field studies (e.g. Connor,
2007) reveal the importance of learning and remembering
the individuals of one’s community, their characteristics and
interrelationships, and their relationships to oneself – all
abilities reliant upon strong long-term memory.
There is a large body of data demonstrating sophisticated

cognitive abilities by dolphins that was not discussed or
considered by Manger (2006). These various studies
illustrate impressive learning capacities and behavioural
flexibility in dolphins. Flexibility in behaviour—‘‘the ability
to modify behaviour adaptively in the face of new evidence
or changes in world conditions (Herman, 2006, p. 441)’’ is
probably one of the strongest indicants of a high level of
intellectual functioning. Some of the findings ignored by
Manger (2006) include:
(a) Dolphins demonstrate the ability to learn a variety of

types of governing rules for solving abstract problems

(Herman, Pack & Wood, 1994). For example, they
can reliably classify pairs of objects as ‘‘same’’ or
‘‘different’’ (Herman & Gordon, 1974; Mercado et al.,
2000).

(b) Dolphins understand representations of the real world.
They have demonstrated a spontaneous (untrained)
ability to respond to instructions from the small images
of televised trainers with the same fidelity that these
responses are made to ‘‘live’’ trainers (Herman,
Morrel-Samuels & Pack, 1990);

(c) Dolphins learn and master not only the semantic
features of artificial gestural and acoustic languages,
but also the syntactic features (Herman et al., 1984;
Herman, Kuczaj & Holder, 1993a) (see below). After
a certain level of proficiency was attained with
elementary syntactic structures, learning of more
complex syntactic structures was accomplished by
dolphins through inference, rather than through
explicit instruction

(d ) Dolphins are one of the few species that can imitate
both arbitrary sounds and arbitrary behaviours
(Richards et al., 1984; Reiss & McCowan, 1993;
Herman, 2002). For example, they can imitate
electronically generated sounds of a variety of wave-
forms and they can mimic the motor behaviours of
another dolphin or a human demonstrator, viewed
either live or via television images. Moreover, dolphins
have demonstrated an understanding of the abstract
concept of ‘‘imitate’’ (Herman, 2002; Xitco, 1988).

(e) Dolphins can learn numerical concepts. After learning
to select a set of two items out of a set of five, a dolphin
demonstrated successfully that it had learned a concept
of numerically ‘‘less’’ by generalising to novel sets
outside of the numerical ranges used in training
(Jaakkola et al., 2005; Kilian et al., 2003).

( f ) Dolphins can innovate motor behaviours in paradigms
requesting innovation and pairs of dolphins can
‘‘create’’ the same behaviour in close synchrony
(Braslau-Schneck, 1994; Herman, 2006; Pryor, Haag
& O’Reilly, 1969).

(g) Complexly shaped objects perceived through echolo-
cation alone can be spontaneously recognised through
vision alone, and vice-versa (Herman, Pack & Hoffmann-
Kuhnt, 1998; Pack & Herman, 1995). Like visual
perception, echolocation perception for the dolphin
appears to represent the whole object rather than only
selected features (Pack et al., 2002). Moreover, the
ability to transfer across sensory modalities (cross-modal
transfer) has been linked to a variety of intellectual
functions in humans and non-human primates (e.g.
Rose & Wallace, 1985; Gunderson, Rose & Grant-
Webster, 1990).

(h) Dolphins can reliably choose the object pointed to by
a human informant or gazed at with a turn of the head
(Pack & Herman, 2004, 2006, 2007; Tschudin et al.,
2001). Dolphins can also understand spontaneously
the use of pointing gestures substituted for symbolic
gestures in language-like tasks (Herman et al., 1999).
Additionally, dolphins can spontaneously produce
pointing (using rostrum and body alignment) to
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communicate desired objects to a human observer
(Xitco et al., 2001), and appear to understand that the
human observer must be present and attending to the
pointing dolphin for communication to be effective
(Xitco, Gory & Kuczaj, 2004).

(i) Dolphins appear to have a sense of what they know
and what they don’t know—often termed metacogni-
tion. Smith et al. (1995) demonstrated that a dolphin
will use an ‘‘escape’’ response when he/she is un-
certain about the classification of a sound it is listening
to. The dolphin presses one paddle if a sound is
perceptibly high in pitch and another paddle if low, or
a third paddle if it is uncertain.

( j ) Dolphins have demonstrated rapid and spontaneous
vocal imitation, vocal learning, and the ability to
develop learned associations between temporally
paired elements in the absence of explicit training
(Hooper et al., 2006; Reiss & McCowan, 1993).

(2) Vocalisations and communication

(a ) Vocal behaviour, vocal learning and cultural transmission

Manger (2006) makes two major errors in his treatment of
cetacean vocal behaviour. The first is the claim that
‘investigators still persist with the possibility that dolphins
have a language’ (p. 312). He erects this straw man by
referring to the early hypothesis of Lilly (1967) that dolphins
possess a language as sophisticated as that of humans. In
doing so Manger (2006) ignores the fact that most
contemporary scientists investigating cetacean communica-
tion do not accept Lilly’s (1967) original hypothesis of
a human-like language in cetaceans and have not for many
years (see e.g., Caldwell & Caldwell, 1966; Herman &
Tavolga, 1980; Wilson, 1975; Wood, 1973). The two books
by Lilly that Manger (2006) cites have, according to the ISI
Citation Index, themselves been cited only once since 1972
in papers about cetacean vocal behaviour – hardly an active
endorsement. While scientists today have largely dismissed
claims for human-equivalent language in cetaceans, it is
widely recognised that cetacean communication is varied
and complex in its own right.

Manger (2006) argues that cetacean vocalisations and
conspecific communication are involuntary, stereotyped,
simplistic and limited. Specifically, he asserts that ‘‘vocal-
isations of the dolphin must be mainly under control of a
mesencephalic structure, with minor telencephalic influ-
ence. This feature of the cetacean brain indicates a spe-
cialised, but probably non-conscious and involuntary, vocal
generation system. . .’’ (p. 313; see also similar arguments
advanced on p. 318). This is the basis for Manger’s second
major error in his treatment: the claim that the dolphin
vocal repertoire is limited to ‘‘seven different species-specific
calls. . .’’(p. 298) – less than that observed in many other
mammals. Manger’s (2006) claim that dolphins possess an
unsophisticated communication system is contradicted by
an abundant literature on cetacean vocal behaviour and
vocal learning (e.g. Deecke, Ford & Spong, 2000; Ford
1991; Janik, 1999; Janik & Slater, 1997; Janik et al., 2006;
McCowan & Reiss, 1995 a,b; Miller & Bain, 2000; Noad

et al., 2000; Reiss & McCowan, 1993; Rendell & Whitehead,
2003; Richards, 1986; Sayigh et al., 1990, 1999; Smolker,
Mann & Smuts, 1993; Stafford, Nieukirk & Fox, 2001;
Tyack, 1986; Tyack & Sayigh, 1997; Yurk et al., 2002;).
This literature pertains in particular to the four best-studied
species – the bottlenose dolphin, killer whale, humpback
whale and sperm whale.

Bottlenose dolphins are adept vocal learners, a trait rare
among mammals (Caldwell, Caldwell & Tyack, 1990;
Deecke et al., 2000; Hooper et al., 2006; Janik & Slater,
1997; McCowan & Reiss, 1995b; Reiss & McCowan, 1993;
Richards et al., 1984). In fact, a large proportion of vocal
variation within cetacean species is likely the result of vocal
learning (Rendell & Whitehead, 2001). There is evidence
for individual-level variation in the whistle repertoires of
dolphins (McCowan & Reiss, 2005a). Bottlenose dolphins
produce individually distinctive whistles that they appar-
ently use to identify conspecifics and may also be employed
as a cohesion call (Janik & Slater, 1998; McCowan & Reiss,
1995a, 2001). There are different viewpoints as to whether
these whistles are actually different whistle types, known as
‘‘signature whistles’’ (Sayigh et al., 1999; Janik et al., 2006;
Tyack, 1997) or a shared rise-type whistle that is
individually distinctive, similar to the contact calls of many
other species (McCowan & Reiss, 1995a, 2001). In either
case there is little disagreement that these are individually
distinctive calls that predominate within a much larger
whistle repertoire (Janik & Slater, 1998; McCowan & Reiss,
1995a). Manger (2006) refers to these whistles to suggest
that dolphins may simply be learning that ‘‘increasing pod
coherence in response to a specific vocalisation decreases
their chance of being predated’’ (p. 318). This suggestion
demonstrates a lack of understanding of whistle variation in
dolphins. There is population-level variation in whistle
parameters (Ding, Wursig & Evans, 1995) and two cases of
population-specific (i.e. again - not species typical) non-
whistle call types – ‘bray’ calls associated with salmon
capture off eastern Scotland ( Janik, 2000) and ‘pop’ calls
associated with male aggression in Shark Bay, western
Australia (Connor & Smolker, 1996). The claim that dolphin
calls are ’species-specific’ is wrong; there is abundant within-
species variation in dolphin vocal output.

Other research that has explored dolphin vocal repertoires
and complexity of dolphin communication (McCowan &
Reiss, 1995a; McCowan, Hanser & Doyle, 1999, 2002) has
shown that dolphins produce many different whistle types
and that there is some evidence that the sequential order of
whistles is an important feature of their whistled commu-
nication. Manger’s (2006) claim that ‘‘[McCowan et al.’s]
results suggested a certain level of internal structure to be
present in dolphin vocalisations; however, it was clear that
higher order entropies, typical of human language, were not
found’’ (p. 312) is misleading. Internal structure (second-
order entropy) was indeed present. Furthermore, McCowan
et al. (1999, 2002) limited their analysis to second-order
entropies due to sample size; therefore, they have not yet
explored whether dolphin whistled communication exhibits
higher orders of entropy indicative of more complex com-
munication. Indeed, data from McCowan et al. (1999, 2002)
suggest that at least for two-whistle sequences (second-order
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entropy) internal structure is present. Future research on
a larger corpus of data will be needed to explore whether
the dolphin communication system continues to exhibit
evidence of internal structure and thus complexity at higher
levels.
Similarly, the vocal repertoires of killer whales could not

possibly be described as ’species specific’. These animals
produce dozens of community, clan and pod-specific call
types (Ford, 1991; Yurk et al., 2002), and there is
documentation that call types evolve over time and in
parallel when shared between separate but associating pods
(Deecke et al., 2000). In fact, within-species variation in
killer whale calls is so pronounced that other marine
mammals have learned to tell them apart based on their
calls – harbor seals become selectively habituated to the
calls of local fish-eating pods but not to local mammal-
eating pods nor to strange fish-eating pods (Deecke, Slater &
Ford, 2002). Such phenomena would be impossible were
killer whale calls ’species specific’, as Manger(2006)
suggests.
Manger (2006) makes the claim that dolphin vocalisations

are involuntary unconscious acts controlled by the brain-
stem. However the literature on dolphin vocal learning and
behaviour clearly contradicts this view. As previously noted,
dolphins have demonstrated superb vocal control in several
published studies. Dolphins are, in fact, excellent vocal
mimics capable at either their own discretion or ‘‘on
command’’ of imitating a wide variety of arbitrary
electronic sounds broadcast into their habitat (Reiss &
McCowan, 1993; Richards et al., 1984). They have also
shown analogous stages in vocal development to those
reported for humans and songbirds, including imitation,
overproduction and vocal play (Hooper et al., 2006; Reiss &
McCowan, 1993; McCowan & Reiss, 1995b) In one study,
a group of dolphins was provided with an underwater
keyboard that gave them choice and control over specific
keys that were associated with specific contingencies –
specific synthesised whistles were generated that were
immediately followed with specific objects and activities
delivered to the dolphins (Reiss & McCowan, 1993). The
dolphins actively used the keyboard and demonstrated
rapid and spontaneous vocal imitation of the novel whistles,
produced facsimiles of the novel whistles in behaviourally
appropriate contexts and showed evidence for learned
associations between the visual keyboard and the tempo-
rally paired acoustic signals and objects and activities.
These results also indicated the dolphins formed learned
associations between temporally related events in their
environment without explicit training and demonstrated
active and contextually appropriate use of newly learned
signals in behaviourally flexible ways within a changing
environment.
In another example, Richards et al. (1984) demonstrated

a dolphin’s ability to copy pure tones, sine waves, square
waves, triangle waves, and pulse-like sounds. Further, the
dolphin subject was able to reproduce the contour of the
model sound an octave below or above the model, when the
model was out of the dolphin’s preferred vocal range. These
skills obviously require exquisite vocal control and flexibility.
Dolphins are also able to control the spectral content,

amplitude, and click rate of their echolocation sounds (Au,
1993). All of the above studies provide an empirical
contradiction to Manger’s(2006) claim that the vocalisations
of dolphins are involuntary rudimentary unconscious
sounds.

Manger (2006) criticizes reports of cultural transmission
in humpback whale song by suggesting that a similar
behaviour to ‘birds copying each other’s songs but with
a low and constant random error rate’ (p. 319) could
explain the patterns observed. This criticism is confused on
a number of levels. First, the fact that birds may exhibit
some similar behavioural characteristics to cetaceans and
other mammals does not imply that the mammalian
behaviour is simple; rather, use of this comparison reveals
a misguided and rather outdated assumption about the
simplicity of avian behaviour (Emery, 2006). Notwithstand-
ing the fact that the song-copying he describes in birds is
routinely described as cultural transmission by ornitholo-
gists (e.g. Slater, 1986), his criticism is mistaken. Copying (or
some other form of social learning) with error is a large part
of the nature of culture (e.g. Boyd & Richerson, 1985), but
not all. The other attribute generally ascribed to culture
is that it is collective or convergent (e.g. McGrew, 2003).
A constant random error rate would clearly result in the
opposite of convergence - increasing song divergence over
time. This is not the case in humpbacks where some
mechanism acts to restrict severely this divergence such that
all members of a population sing the same song. Neither can
a constant random error rate explain Noad et al.’s (2000)
observation of a cultural revolution wherein an entire
humpback whale population rapidly altered its song to that
used by another population over a period that would
ordinarily see just a few phrases being modified.

In addition, recent work on sperm whales has docu-
mented over 33 types of ‘coda’ vocalisations (rhythmic
patterns of clicks) and shown how their use varies among
social groups (Rendell & Whitehead, 2003). In one study,
a single social unit of sperm whales comprising nine animals
was shown to produce around 30 different coda types.
Again, the claim that calls are ‘‘species-specific’’ does not
hold. The only known parallel to the sympatry of social
groups with distinct cultures in killer and sperm whales is in
the multicultural societies of humans (although elephants
may possess this attribute) (Rendell & Whitehead, 2001).
Multifaceted cultures such as those found in these two
species (killer whales have cultural attributes in vocal, social,
feeding and play behaviour) have known parallels only
among the great apes and other cognitively complex
primates such as capuchins (although, once again, elephants
may also share this attribute). Thus, to reiterate, the fact
that birds may exhibit some similar characteristics to
cetaceans and other mammals does not imply that the
mammalian behaviour is simple. Rather, Manger’s (2006)
use of the comparison reveals a misguided and outdated
assumption about the simplicity of avian behaviour.

(b ) Cetacean non-vocal behaviour

Manger (2006) extends his argument about limited
communication in cetaceans to the non-vocal domain.
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Citing loss of facial expression, a streamlined body, and loss
of limbs, he states: ‘‘This body language repertoire is clearly
limited to gross movements’’ (p. 312). First, ‘‘gross’’ is
a relative term; the avoidance of eye contact by some
primates may be viewed by some as gross and others as
subtle. Second, the limitation to so-called gross body
movements does not mean that these movements are not
communicative or that they cannot communicate subtle
messages. Again, Manger (2006) demonstrates a primate-
centered and woefully parochial view of the diversity of
expression and movement available to cetaceans. Manger
disregards the rich body of in situ and ex situ research that
describes an extensive diversity of non-vocal behaviour used
by cetaceans in affiliative, epimeletic (care-giving), and
disciplinary contexts (Caldwell & Caldwell, 1965, 1966;
Connor & Norris, 1982; Tavolga & Essapian, 1957),
showing that dolphins can convey not only intention but
motivation using non-vocal behaviours (reviewed in Lus-
seau, 2006; Tyack, 2000). For example, bottlenose dolphins
display aggression by vigorous, jerky movements of their
head, often up and down, and by opening the mouth,
baring teeth. A U-shaped posture sometimes precedes an
aggressive strike by the tail. Fear or apprehension may be
displayed by the bulging of the eyes, revealing the sclera. By
contrast, closing of the eyes with little muscle tension is often
associated with a more relaxed state. Submissive move-
ments may include flinching and orienting the body away
from the aggressor. Sexual communication may include
display of the ventral region and an S-shaped posture (e.g.
see Madsen & Herman, 1980; Puente & Dewsbury, 1976).

Non-vocal behaviours are also used to synchronise the
activity of dolphin schools (Lusseau, 2007). Additionally,
cetaceans in general often supplement their rich vocal
repertoire with visual cues (e.g. changes in body posture),
tactile behaviours (e.g. flipper touching), and non-vocal
acoustic behaviours (e.g., lobtailing) (see Herzing, 2000, for
a review; also Dudzinski, Thomas & Douaze, 2000).
Furthermore, recent analyses show that the performance
of behavioural events is structured in time with long-range
correlation in the temporal sequence of behavioural events
which is only paralleled by human language (Ferrer i
Cancho & Lusseau, 2006). As another example, male
humpback whales in the winter reproductive grounds, when
engaged in aggressive male-male competition, often inflate
their ventral pleats, enlarging their apparent size (Baker &
Herman, 1984) and sometimes perform S-shaped postures
(Helweg, Bauer & Herman, 1992).

(c ) Artificial language comprehension

Regardless of the evidence for a human-like natural
language in cetaceans, a significant empirical question
about language is whether dolphins can learn to understand
a symbolic language-like system comprised of both semantic
and syntactic features, the two key components of any
human natural language (Pavio & Begg, 1981). Manger
(2006) misunderstands the essence of the language work
with dolphins when he states, ‘‘At best, dolphins have been
shown to be capable of learning approximately 40 symbolic
associations (or ‘words’)’’ (p. 294). Human language gains its

versatility and communicative power not through the word,
but through the sentence. Even with a limited vocabulary of
words, a large number of unique sentences may be created
by combining words in various ways and in various sentence
lengths according to syntactic rules. In human language,
there are an infinite number of possibilities. In the dolphin
language comprehension study of Herman et al. (1984) (see
also Herman, 1986, 1987; Herman et al., 1993a; Herman,
Pack & Morrel-Samuels, 1993b), using several different
syntactic rules, thousands of unique sentences could be
constructed from the finite 40-item vocabulary and acted on
appropriately by the dolphins. Among nonhumans, only the
great apes, particularly the bonobo (Pan paniscus), have shown
this type of ability (e.g. Savage-Rumbaugh et al., 1993).

The symbolic language-like system learned by the
dolphins conveyed instructions, many of which were novel,
to carry out named actions to named objects or required the
dolphins to construct relationships between pairs of objects,
such as placing one named object next to or on top of
another named object. Symbols could be expressed either
as electronically generated sounds broadcast underwater, or
as gestures of a trainer’s arms and hands. In their responses,
the dolphins took account of both the semantic component
(the referents of the symbols, i.e. the object, action, or
relationship that the symbol represented) and the syntactic
component [how symbol (‘‘word’’) order affected the
meaning of the instruction]. There was roughly comparable
understanding whether the symbols were presented via the
acoustic or the visual system across hundreds of novel
sentences.

One of the hallmarks of symbol processing is an
understanding that symbols can refer—that they can
represent or stand for objects, actions, or events. One of
the strongest indications of this is an understanding of the
referent of the symbol even when the referent is absent.
Work by Herman & Forestell (1985) showed that a bot-
tlenose dolphin could respond reliably and accurately to
questions asking whether a named object indicated by
a gestural symbol was present or not in the dolphin’s
habitat. The dolphin could respond ‘‘present’’ or ‘‘absent’’
by pressing the appropriate paddle to her right (‘‘present’’)
or left (‘‘absent’’). Her responses were 80% correct or better,
providing strong evidence that she understood that the
symbol stood for or referenced a particular object, even if
that object was absent from her surroundings.

(3) Cognitive and social convergence with
non-human primates

Manger (2006) challenges the claim by Marino (2002) that
cetaceans and primates possess some convergent cognitive
abilities (in social behaviour, artificial language comprehen-
sion, and self-recognition, for instance) that may be related to
their large brains (or high EQs). He critiques the idea of
convergence in social complexity by appealing to the fact that
many socially complex behaviours (e.g. alloparenting) are
found across a range of EQ levels in cetaceans. He notes, for
example, that both sperm whales (EQ ¼ 0.44), and
bottlenose dolphins (EQ ¼ 4.2), exhibit alloparenting
behaviour and thus concludes that there is no relationship
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between complex social behaviours and brain size. The
claims made by Marino (2002) are, therefore, unfounded,
he argues. But Manger (2006) neglects to take into account
the fact that the effectiveness of EQ comparisons at the ends
of the range of body sizes, as in the sperm whales, breaks
down because of nonlinearity. More importantly, Manger
(2006) has completely missed the main point of Marino
(2002), which is that some highly complex social behaviours
might be found in both primates and cetaceans because both
groups contain species with large, complex brains.
Manger (2006) contends that several socially complex

behaviours cited in Marino (2002), such as cultural
transmission and alliance formation, have not been
sufficiently documented to allow independent scrutiny.
Here again, he ignores a substantial body of evidence for
social complexity and culture in cetaceans. The hypothe-
sized relationship between social complexity and brain size
is that social complexity was a driving force in the evolution
of intellect, and by implication, in the expansion of the
brain, as first hypothesised for dolphins by Herman (1980)
and for animals in general by Humphrey (1976). What we
have learned from two well-studied dolphin societies
(bottlenose dolphins and killer whales) suggests that
dolphins live in large highly complex societies with
differentiated relationships (Baird, 2000; Connor et al.,
2000; Lusseau, 2007) that include long-term bonds, higher
order alliances and cooperative networks (Baird, 2000;
Connor et al., 2000) that rely upon learning and memory.
Some of the complexities typical of within-group primate
alliances, such as individuals switching sides in different
social contexts, are also seen among bottlenose dolphins.
The most complex nonhuman social relationships described
to date are among bottlenose dolphins in Shark Bay,
Western Australia. Males in this population form two and
possibly three levels of nested alliances within a social
network numbering in the hundreds. Males cooperate in
groups of 2-3 to form consortships, often initiated and
maintained with aggression, with individual estrus females
(Connor et al., 1992a, b, 1996). Males also hold membership
in larger groups of 4-14 individuals that cooperate in
competition with other groups over oestrus females. The
alliance bonds between males, both within the pairs and
trios, and among males in the larger groups, are maintained
by affiliative behaviour such as petting and possibly even
synchrony (Connor, 2007). Similar complex relationships
are present in another bottlenose dolphin population in
Doubtful Sound, New Zealand in which males form groups
and higher order relationships, interacting in several social
dimensions (Lusseau, 2007). Males also use petting to
maintain group-level affiliations, and fights between groups
are observed. However, male relationships in this popula-
tion further indicate the potential for forward planning in
bottlenose dolphins since competition between male groups
does not lead to the immediate benefits of female consort-
ship observed in Shark Bay but to a longer term benefit of
female access (Lusseau, 2007). Some of the complexities
typical of within-group primate alliances, such as individ-
uals switching sides in different social contexts, are also seen
among the Shark Bay and Doubtful Sound males (Connor
et al., 1992a; Lusseau, 2007) Such ‘alliances of alliances’ are

rare outside of our own species, even among old world
monkeys and apes (Connor et al., 1992b). There is also
evidence that individual role-taking has emerged in dolphin
societies to facilitate cooperative relationships (Gazda et al.,
2005) and decision-making processes (Lusseau, 2006, 2007).

Field studies have documented impressive cultural
learning of dialects, foraging sites, and feeding strategies
in cetaceans. Culture, the transmission of learned behav-
iour, is one of the attributes of cetaceans that most sets them
apart from the majority of other nonhuman species
(Rendell & Whitehead, 2001) and is likely underpinned
by advanced social learning abilities such as imitation
(Herman, 2002; Herman & Pack, 2001). Cultural attributes
have been identified in many species of cetaceans but
principally in those best-studied: the bottlenose dolphin, the
killer whale, the sperm whale, and the humpback whale
(Rendell & Whitehead, 2001). Tool use has been documented
among bottlenose dolphins, who use sponges to probe into
crevices for prey and appear to transmit the technique
culturally (Krûtzen et al., 2005).

One of the most distinctive elements of cetacean culture
is multiculturalism (groups with different cultures using the
same habitat) which is known in bottlenose dolphins,
humpback whales, killer whales and sperm whales. For
example, killer whale populations of the eastern North
Pacific are structured into several social tiers, which possess
distinctive cultural attributes in vocal, social, feeding and
play behaviour (Ford, Ellis & Balcomb, 2000; Yurk, 2003).

A recent study of sperm whales found strong indications
of fitness differences between sympatric cultural clans of
sperm whales (Marcoux, Rendell & Whitehead, 2007).
There is very little other evidence that cultural differences
affect fitness, except in humans. If culture affects fitness,
then gene-culture coevolution – a phenomenon often
believed to be unique to humans – is likely (Feldman &
Laland, 1996). However, there are several strong sugges-
tions of culture affecting genetic evolution in cetaceans,
including the divergence of the types of killer whales, and
the low mitochondrial diversity of matrilineal groups
being caused by the phenomenon of cultural hitchhiking
(Rendell & Whitehead, 2001).

Manger (2006) criticises the notion that comprehension
of an artificial language is a convergent ability across
cetaceans (specifically bottlenose dolphins) and primates
(specifically great apes), as suggested by Marino (2002). The
point of identifying language comprehension as a conver-
gent trait in great apes and cetaceans in Marino (2002) was
to show that very few species can even be meaningfully
engaged in studies of comprehension of a symbolic, rule-
based, artificial language and that comprehension of these
languages by great apes and dolphins is a further illustration
of the convergence of these species in cognitive skills.

Finally, Manger (2006) suggests that while the evidence
for mirror self-recognition (MSR) in chimpanzees is robust,
the findings of Reiss & Marino (2001) showing MSR in
bottlenose dolphins are questionable. This contention is
based on a serious misunderstanding and misrepresentation
of the Reiss and Marino (2001) study. Manger (2006) points
to weaknesses in other studies of MSR in cetaceans (e.g.,
Delfour & Marten, 2001) to make the argument that
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Reiss & Marino (2001) is, by extension, equally flawed.
Previous studies that investigated this ability in cetaceans
did not employ sufficient controls nor did they claim to
convincingly demonstrate MSR (Delfour & Marten, 2001;
Marino et al., 1994; Marten & Psarakos, 1994). By contrast,
Reiss & Marino (2001) demonstrated MSR unequivocably
in a rigorous study with proper experimental controls.

Manger (2006) claims that Reiss & Marino (2001) relied
solely on latency (time between marking, sham marking or
no marking event to the dolphin’s arrival time at the mirror)
measures to infer cognitive activity. This is incorrect.
Latency data was but one of multiple lines of evidence in
support of the conclusion that the dolphins demonstrated
MSR. Reiss & Marino (2001) tested their main hypothesis
by quantifying identifiable behaviours that allowed them to
distinguish between cognitive stages in their subjects. These
behaviours were categorised as self-directed, exploratory,
non-directed, social, or ambiguous (see Table 1 in Reiss &
Marino, 2001). Latency was employed as an additional
measure to impose further rigour on the testing of multiple
hypotheses about whether the dolphins recognised them-
selves in mirrors. Importantly, the conclusion that the
dolphins demonstrated MSRwas based on several measures
and multiple tests that employed rigorous controls.

Manger (2006) also criticises Reiss & Marino (2001) by
claiming that unmarked dolphins spent almost as much
time at the mirror as marked individuals and the target
behaviour was increased in the absence of a mirror. This is
also incorrect. Reiss & Marino (2001 found that the time
spent at the mirror when marked was significantly greater
than under any other condition – precisely what would
be predicted by the self-recognition hypothesis. Figure 3b in
Reiss & Marino (2001) includes both early and late sham
markings. The authors are explicit about the differences
between the two and provide statistical tests to differentiate
them which were consistent, again, with the self-recognition
hypothesis.

In addition to Reiss & Marino (2001) there is a growing
body of experimental evidence for other facets of self-
awareness in dolphins. Body awareness has been demon-
strated through the dolphin’s ability to understand symbolic
gestural references to her own body parts and the ability to
use those body parts in ways (often novel) specified by the
experimenter, such as touching a frisbee with her dorsal fin,
raising her tail out of the water, or tossing a surfboard with
her genital area (Herman et al., 2001). Also, awareness of
one’s own behaviours has been demonstrated through the
dolphin’s ability to repeat a behaviour she just performed,
in response to a ‘‘repeat’’ command, or to perform
a different behaviour if so instructed (Herman, 2002;
Mercado et al., 1998, 1999). Moreover, McCowan et al.
(2000) provided evidence that bottlenose dolphins antici-
pate, monitor, organize, and modify goal-directed behav-
iour on the basis of contingencies. By applying statistical
tests to observations of bubble ring play in captive
bottlenose dolphins McCowan et al. (2000) revealed
evidence that the dolphins were monitoring the quality of
their bubble rings and planning future bubble production
actions based upon this information. Finally, as described
earlier, knowledge awareness has been demonstrated by

dolphins reporting when they were ‘‘uncertain’’ about
discriminations they were asked to make. These findings are
evidence of abstract ‘‘meta-knowledge’’ in dolphins (Smith
et al., 1995).

V. CONCLUSIONS

(1) Manger (2006) concludes that his three major claims
are substantiated. Here we have shown that none of these
claims have merit. Furthermore, we provide substantial
evidence that Manger’s (2006) line of argumentation is
seriously flawed.

(2) Contrary to Manger’s (2006) claim, there is no
evidence that a ‘‘punctuated’’ enlargement of the cetacean
brain during the Eocene-Oligocene transition ever oc-
curred. The fossil record clearly shows that the increase in
relative brain size was primarily due to a decrease in body
size and not a large increase in brain size (Marino et al.,
2004a). Furthermore, the notion that this change in rela-
tive brain size was a punctuated evolutionary event is an
illusion deriving from inconsistencies in the cetacean fossil
record.

(3) Manger’s (2006) key analysis of the relationship
between ocean temperature range and brain size is fatally
flawed. Much of his temperature range data are either
incorrect or missing. Our re-analysis using corrected data
shows that the relationship between temperature and brain
size is the opposite of that claimed by Manger (2006).
Furthermore, he used the metric of EQ in a statistically
inappropriate manner in his analyses. When the correct
metric, residual brain size, is used there is no correlation
between maximum or minimum temperature, whether
taken from Manger’s (2006) Table 1 or corrected, and
residual brain size, again, falsifying another of his central
claims.

(4) There are no empirical data to support Manger’s
(2006) claim that REM sleep in cetaceans or any other
mammals is associated with a decrease in thermogenesis. In
fact, the available evidence from other species shows, once
again, the opposite.

(5) Manger’s (2006) interpretation of the complexity of
cetacean brain organisation is not consistent with the
anatomical evidence. Furthermore, at the core of his
argument is his contention that cetacean brains have
a glia/neuron (G/N) index that is higher than expected.
We have demonstrated that the existing data do not support
this claim.

(6) Manger (2006) claims there is no complex cognition in
cetaceans. Here too, we show that his claims are based on
a combination of erroneous information and omission of
scores of peer-reviewed published studies showing other-
wise. In particular, his claims about the simplicity and
involuntary nature of cetacean vocalisations are simply not
parsimonious with the copious amount of evidence for vocal
learning and flexibility in cetaceans.

(7) Manger’s approach is in direct opposition to the
normal flow of logic used in scientific inquiry. It is as if his
mantra was ‘‘function follows form’’ rather than ‘‘form
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follows function’’. In point of fact, given that so little is
known about cetacean brain anatomy it is premature to
draw firm conclusions about the functional characteristics
of cetacean brains based on anatomy. Moreover, given the
substantial evidence for cognitive complexity in cetaceans
Manger’s claim is not reasonable.
(8) In one of the last points made in Manger (2006) he

states that his thermogenesis hypothesis is a ‘‘credible and
testable alternative to explain actual and relative brain
size. . .’’ (p. 333). We have shown that it is testable and
ungrounded. Manger’s (2006) thermogenesis hypothesis
remains a claim in search of evidence.
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