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Abstract

The endemic bovid Myotragus, from the Plio-Pleistocene deposits of Majorca, underwent a significant reduction in relative brain size,

especially affecting the vision and locomotor centres. These important modifications allow the hypothesis that, under altered condi-

tions in predator free insular environments, functional demands on neural performance are reduced, allowing a reduction in brain

structures and associated sense organs. This is suggested, for example, by the small orbits and reduced visual brain structures of

Myotragus balearicus Bate, 1909. These changes, which parallel those shown by domesticated animals, have been interpreted as an

adaptive response to insular environmental conditions, in particular to a lack of interspecific competitors and predators. Results obtained

from analysis of the smallest Cretan deer (Candiacervus ropalophorus de Vos, 1984, and Candiacervus spp. II) are not as outstanding as it

is in Myotragus, and apparently run counter to the fact that dwarfed insular artiodactyls living in environments without any predation

pressure would be characterised by a proportional decrease in brain volume as a rule. Brain/body mass proportion of the smallest

Candiacervus species provides evidence that this endemic deer underwent only minor changes in the relative size of brain after its

geographic isolation. On the other hand, orbit and foramen magnum size are proportionally reduced. Accordingly, different evolutionary

process likely affected brain and sense organs changes of these endemic artiodactyls. Other factors, nature of available niches, inter-

specific competition, maybe island size and time from isolation, would have played a role in the possible differential evolution of insular

ruminants in addition to the change in adaptive strategy for a more efficient energy use under the free-predators environmental

conditions of the insular ecosystem.

r 2007 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Endemic mammals represent a special ground for the
study of evolutionary mechanisms and speciation processes
in isolated environments. The pathways of island colonisa-
tion and the evolution processes of endemic settlers have
caused considerable concern. Nevertheless, changes in size
of vertebrates once segregated in isolated geographic areas
e front matter r 2007 Elsevier Ltd and INQUA. All rights re
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such as islands, and notably the dwarfism of large
mammals, is a rather debated question (Lomolino, 2005;
Lomolino et al., 2006; Meiri et al., 2006; Palombo, 2007
and references therein).
Moreover, insular endemic mammals show structural

and morphofunctional modifications related to changes of
distribution of body mass or depending on complex causes
related to the different way of life acquired by the insular
species. These morphological modifications can be studied
under the perspective of allometric development, hetero-
chrony, evolutionary rate and pattern and kind of
adaptation. The variations in brain volume versus body
mass showed by endemic large mammals are of particular
interest.
served.
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For instance, insular environmental conditions do not
seem to induce any important brain change in endemic
predators (Palombo and Giovinazzo, 2004), whereas
the most dwarfed elephant Elephas (Palaeoloxodon)

falconeri from Sicily shows a proportional increase of the
brain volume (Palombo, 2001, 2004; Palombo and
Giovinazzo, 2005). Moreover, some insular bovids, notably
Myotragus balearicus from Balearic Islands (Köhler
and Moyà-Solà, 2004) are characterised by a propor-
tional decrease in the brain volume and efficiency of the
central nervous system, especially as far as the functionality
of the sense organs is concerned. These changes, which
parallel those shown by domesticated animals (see inter
alios Kruska 1988a, b, 1996, 2005; Stuermer et al., 1997;
Röhrs and Ebinger, 2001; Marchetti and Nevitt, 2003),
notably by artiodactyls (see inter alios Kruska and Röhrs,
1974; Ebinger, 1975a, b; Kruska, 1982; Hemmer, 1990;
Birks and Kitchener, 1999; O’Regan and Kitchener,
2005), have been interpreted as an adaptive response to
insular environmental conditions, in particular to a lack
of competitors and predators (Köhler and Moyà-Solà,
2003, 2004).

Accordingly, it is of interest to evaluate the degree of
encephalisation of the most dwarfed endemic deer belong-
ing to the endemic Cretan genus Candiacervus, whose
evolutionary processes differ in time and patterns from
those underwent by Myotragus lineage on Balearic Islands
(Fig. 1). The aim was to verify if insular artiodactyls living
in environments without any predation pressure are
characterised by a proportional decrease in the brain
volume as a rule.
Fig. 1. Map of Mediterranean showing the Balearic Islands with Myotragus b

Candiacervus spp. II, sensu de Vos, 1979, 1984) from Bate and Simonelli cave
2. Myotragus and Candiacervus: comparing insular

evolutionary patterns

2.1. Myotragus balearicus Bate 1909

Bovids are unusual components of endemic insular
faunas and are only recorded in some Mediterranean and
South East Asian islands (Palombo et al., 2006a, b; Croft
et al., 2006 and references therein). Some of the most
interesting and enigmatic bovids, belonging to the Myo-

tragus lineage, have been found in the Plio-Pleistocene
deposits of the Eastern Balearic Islands (also known as
Gymnesic Islands) (see inter alios Alcover, 1976; Pons-
Moyà et al., 1979; Alcover et al., 1981; Moyà-Solà and
Pons-Moyà, 1982; Moyà-Solà et al., 1985; Bover, 2004;
Köhler and Moyà-Solà, 2004; Palombo et al., 2006a and
references therein). They have been generally regarded as
belonging to the Caprinae subfamily (sensu Gentry, 1992),
according to some cranial and dental features, but these
strongly modified taxa show numerous apomorphies that
obscure phyletic relationships, and thus the ancestor
remains hitherto unknown. The ancestor of Myotragus

settled in Majorca in the Late Miocene during the
Messinian Salinity Crisis (about 6Ma), when the fall of
sea level uncovered extensive areas of the sea floor and
allowed occasional migrations from the mainland to the
Balearic Islands (Moyà-Solà et al., 1985; Palombo et al.,
2006a). The dispersal to Europe of continental goats and of
the ancestor of both endemic lineages probably occurred at
the same time as the arrival of the Turolian fauna, in
connection with the spread of more arid environments
alearicus and Crete of small Candiacervus (Candiacervus ropalophorus and

(Palaeontological Museum, ‘‘La Sapienza’’ University, Rome).
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Fig. 2. Skulls and endocasts of Late Pleistocene Myotragus balearicus

Bate (1909) (Majorca, Cova de Moleta) in dorsal (on the left) and lateral

(on the right) view.
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(Alcover et al., 1981). At the end of the Salinity Crisis (end
of Messinian, Pliocene transgression, 5.2Ma) the sea level
rose again and disconnected the higher parts of the Betic
mountain chains from the continent, forming today’s
Eastern Balearic Islands (Majorca, Minorca, Ibiza and
Formentera). The representatives of the Myotragus lineage
were the only large mammals in the Eastern Balearic
Islands, recorded in highly impoverished, unbalanced
faunas, which evolved under the specific ecological condi-
tions that characterise these small to medium-sized islands,
for more than 5 million years before becoming extinct
between 3700 and 2040 BC as indicated by 14C data (Ramis
and Alcover, 2001; Bover and Alcover, 2003; Quintana
et al., 2003; Bover, 2004). The endemic genus Myotragus

comprises a group of at least 6 fossil endemic species:
M. pepgonellae (Early Pliocene, Moyà-Solà and Pons-
Moyà, 1982), M. antiquus (paleomagnetic data provide an
age of about 2.8/2.6Ma; layer K, Canet Cave, Esporles,
Mallorca, Pons-Moyà et al., 1979), M. kopperi (age of
about 2.4Ma; layer D, Canet Cave, Esporles, Mallorca,
Pons-Moyà et al., 1979), M. batei (Early Pleistocene,
Crusafont and Angel, 1966), and M. balearicus (Pleisto-
cene-Early Holocene) (Bover, 2004; Köhler and Moyà-
Solà, 2004; Bover and Alcover, 2005 and references
therein). From Menorca Myotragus binigausensis has also
been reported (Moyà-Solà and Pons-Moyà, 1980),
although this species has recently been regarded as younger
synonymous of M. batei (Bover and Alcover, 2000, but see
Moyà-Solà et al., in press).

On the Balearic Islands, Myotragus was the only large
mammal in an impoverished predator-free fauna composed
of only three mammalian species (the bovid Myotragus, an
insectivore of the genus Nesiotites, and a glirid of the genus
Hypnomys). In this peculiar environment, where no inter-
specific competition existed (see Palombo, 2007 and
references therein for a discussion), Myotragus underwent
an important size decrease and adapted to the new
environmental conditions by a series of important mor-
phological changes, which became increasingly accentuated
from the earliest known species, M. pepgonellae, through
the latest, M. balearicus.

These changes essentially affected the locomotor system,
the digestive system (dentition) and the visual system. The
most advanced Balearic species M. balearicus (Fig. 2)
shows very peculiar features in its cranium, dentition and
body proportions. The orbits, in a shortened face, were
small and located more frontally than those of recent
bovids, which might have improved perception of spatial
depth at the cost of a large visual field (Alcover et al., 1981;
Bover, 2004). Modification of dentition (such as the
increase in hypsodonty of incisors and molariforms, the
reduction of the anterior cheek-teeth, the presence of just
one ever-growing incisor in each hemimandible) increased
feeding efficacy on abrasive vegetation (Alcover et al.,
1981; Moyà-Solà and Pons-Moyà, 1982; Bover and
Alcover, 1999). The postcranial was also extremely
modified: the reduced limb length, especially the very short
metapodials and phalanges, the fusion of limb elements
and the loss of the shock-absorbing spring mechanism in
manus and pes suggest that Myotragus reduced the energy
costs of locomotion by adopting a slow and powerful
walking gait with reduced step length (Moyà-Solà, 1979;
Spoor, 1988a, b; Köhler and Moyà-Solà, 2001; Bover,
2004).
Since these modifications became more and more

accentuated from the earliest known species, M. pepgonel-

lae, through the most advanced M. balearicus, Myotragus

lineage can be regarded as a example of anagenetic
evolution under the special environmental conditions
characterising the Plio-Pleistocene Balearic Islands (limited
food resources, null interspecific pressure, increase in
intraspecific competition, times of mass starvation), where
selection is expected to favour both an increase in capacity
for absorbing energy and a decrease in energy expenditure
(cf. Köhler and Moyà-Solà, 2004).

2.2. Small Candiacervus (Candiacervus ropalophorus de

Vos, 1984 and Candiacervus spp. II)

Endemic cervids were among the most common species
in the unbalanced faunas of the Mediterranean Islands.
Although several taxa with varying levels of endemism
were present, no species with an entirely comparable
adaptation existed on different islands, and it is difficult
to single out a dominant factor in their evolution (Caloi
and Palombo, 1995). The presence of available niches and
the competitive inter- and intra-specific relationships seem



ARTICLE IN PRESS
M.R. Palombo et al. / Quaternary International 182 (2008) 160–183 163
to be more important in driving their evolutionary
processes than the basic morphological characteristics of
their ancestors (Palombo, 1996). The Crete cervids
exemplified the possibility of colonizing very different
niches (possible example of radioactive adaptation and
speciation) (de Vos, 1996, 2000) and are the only large
endemic mammals that show both a decrease and, perhaps,
an increase in size. The strongly impoverished (Kritimys

faunal complex) or the more diversified but unbalanced
(Mus faunal complex) faunas of Crete, as well as their
biochronological setting, have been described by several
authors (see inter alios Bate, 1905, 1907; Simonelli, 1907,
1908; Kuss, 1965, 1966, 1973, 1975a, b; Boekschoten and
Sondaar, 1966; Kuss and Misonne, 1968; Bachmayer et al.,
1975; Mayhew, 1977, 1996; de Vos, 1979, 1984; Willemsen,
1980; Weesie, 1982, 1987; Capasso Barbato and Petronio,
1986; Reumer and Payne, 1986; Dermitzakis and de Vos,
1987; Capasso Barbato, 1989, 1990, 1992a, b; Reumer,
1996; Sondaar et al., 1996; Spaan, 1996; Poulakakis et al.,
2002). Endemic deer are recorded from the Late Pleisto-
cene Mus faunal complex; their forerunners reached the
island probably by swimming during the latest Middle
Pleistocene glacio-eustatic sea lowering. When deer arrived
on the island no direct competitors were present, and
consequently numerous habitats and niches were likely
available (de Vos, 1996, 2000; Palombo, 1996). This
allowed not just a decrease in size, as expected in
accordance with the Foster’s ‘‘island rule’’ (see for a
discussion Palombo, 2007 and references therein), but to
the differentiation of species varying in size, in feeding
behaviour and in locomotion (Caloi and Palombo, 1995,
1996; Palombo, 1996). Their evolution suggests an adaptive
radiation (de Vos, 1996, 2000; Palombo, 1996), but authors
still disagree about their taxonomy, phylogenetical rela-
tionships, speciation, time and number of migrations.

According to de Vos (1979, 1984, 1996, 2000), on the
basis of the biometrical and morphological characteristics
of cranial and postcranial material from several sites, it is
possible to recognise six group of size (C. ropalophorus de
Vos, 1984 with a withers height of about 40 cm; Candia-

cervus spp. II high about 50 cm; Candiacevus cretensis

(Simonelli, 1907) high about 65 cm; Candiacervus rethym-

nensis Kuss, 1975, whose size is comparable to the
mainland species Cervus elaphus; the larger Candiacervus

sp. V and the giant Candiacervus sp. VI) and at least eight
different species, three of which belonging to Candiacervus

spp. II group.
On the other hand, Capasso Barbato (1989) attributed to

‘‘Megaceros’’ (Candiacervus) ropalophorus the three mor-
photypes ascribed by de Vos (1979, 1984) to Candiacervus

spp. II without any in-depth discussion. Later, Caloi and
Palombo (1996) recognised among the forms referred by
Capasso Barbato to ‘‘M.’’ ropalophorus two extreme
morphotypes, independent of the sexual dimorphism (at
least concerning the skull) and of the size. Moreover,
Capasso Barbato (1992b) created the new subgenus
Leptocervus to whom the species Cervus (Leptocervus)
rethymnensis, the new species Cervus (Leptocervus) dor-

othensis Capasso Barbato, 1992a, b (=Candiacervus sp. V)
and the already erected species Cervus (Leptocervus) major

Capasso Barbato and Petronio, 1986 ( ¼ Candiacervus sp.
VI) were ascribed. Accordingly, the hypothesis of a
different origin of the Cretan cervids was once more
implied, reopening the discussion concerning their phylo-
genetical relationship with mainland species (see for
instance Azzaroli, 1953, 1977; Kurtén, 1968; Kuss and
Misonne, 1968; Sondaar, 1971; Accordi, 1972; Kuss,
1975a; Sickenberg, 1975; de Vos, 1979, 1984; Malatesta,
1980; Capasso Barbato and Petronio, 1986; Capasso
Barbato, 1992a, b; Caloi and Palombo, 1996), as well as
the issue of ‘‘migrations’’ and speciations (see de Vos, 2000
for a discussion).
Even though the origin of Cretan cervids is actually

unclear, we agree with de Vos (2000, p. 131) in claiming
that ‘‘although there are different opinions concerning the
number of cervid species in Crete, it is clear that the species
differ in dental, cranial and postcranial morphology, which
point to the fact that they must be adapted to different
habitats and occupy different niches. There was only one
invasion and the species originated from a still unknown
ancestor from the continent’’.
Here, only the deer group that includes the small-sized

Candiacervus specimens already ascribed by de Vos (1984)
to C. ropalophorus and Candiacervus spp. II has been
analysed (Figs. 3 and 4). Remains referable to this group
have so far been found in Crete in more than 30 localities
ascribed to Mus minotaurus faunal subcomplex (Late
Pleistocene). The age of deposits ranges from about
152720 kaBP (Bate Cave) to 21.5720 kaBP (Simonelli
Cave). A 14C date of 53207100BP, obtained from
charcoal samples from a Rethymnon fissure is questionable
(Lax, 1996; Reese et al., 1996). The medium-sized species
(Candiacervus cretensis and Candiacervus rethyimnensis)
are less frequent, whilst the largest deer (Candiacervus

dorothensis and Candiacervus major) are recorded from a
few localities (Bate Cave, Liko) (de Vos, 1996, 2000).
The smallest Cretan deer C. ropalophorus (sensu de Vos,

1984) is characterised by very peculiar antlers, rather
shortened metacarpal and massive limb-bones, whereas
the skull is slightly bigger than in continental species.
Some metatarsals (6%) are fused with the naviculo-cuboid,
and naviculo-cuboids are often fused with the central
cuneiform (68%) (de Vos, 1979). Accordingly, the mod-
ification of the locomotory system (lowering of centre of
gravity, greater stability, low-gear locomotion, lost of
zigzag movements) resembles the changes underwent by
Myotrogus balearicus in a similar predator-free insular
environment.
The Candiacervus spp. II (sensu de Vos, 1984) is larger

(withers height about 50 cm), but similar in proportion to
C. ropalophorus, being characterised by shortened and
massive legs. Three morphotypes, different in skull
morphology and antlers have been indicated by de Vos
(1984) as Candiacervus sp. IIa, IIb and IIc.
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Fig. 3. Skulls of Late Pleistocene small-sized Candiacervus from Simonelli cave. Males (specimen 2 above, and 19 below), in lateral (on the left) and dorsal

(on the right) view.
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3. Materials

To estimate brain versus body mass allometric changes,
measurements of Myotragus have been taken from 93
skulls, from 8 localities of Majorca, covering a time span of
5.5Ma. Hollow braincases that allow direct measurement
of brain volumes are only preserved in M. batei and
M. balearicus. The morphologies of 8 endocasts of
M. balearicus from Cova de Moleta have been studied
(Table. 1). Measurements of small-sized Candiacervus have
been taken from Simonelli ( ¼Megaceros cretensis in
Malatesta, 1980) and Bate cave ( ¼Megaceros (Candia-

cervus) ropalophorus in Capasso Barbato, 1989, 1992a, b;
Megaceroides (Candiacervus) ‘‘ropalophorus’’ in Caloi and
Palombo, 1996) (Table 1).

In both caves, specimens of small size show a range of
dimensions unusually wide for mainland deer and perhaps
for endemic cervids (cfr. Pfeiffer, 1999). Thus, the presence
of more than a small species cannot be ruled out.
Moreover, different morphotypes can be recognised
on the basis of the features already noted by de Vos
(1979, 1984), as well as according to the shape of
frontal, occipital and basishenoidal bones (Palombo, in
preparation). Dimensions of skulls from Simonelli cave
(five almost complete male individuals), are quite large,
reaching the maximum value found in C. ropalophorus

from Liko and Gerani (de Vos, 1984, Table 7), with the
exception of specimens number 4 (?morphotype A or
B, sensu de Vos, 1984) and number 6 (?morphotypes
C sensu de Vos, 1984) that are larger. Among the eight
almost complete skulls found in Bate Cave (six males,
two females), the specimens number 1, 5 (male) and X
(female) fall within the dimensional range of C. ropalo-

phorus from Liko and Gerani (de Vos, 1984, Table 7),
whereas the specimens number 2,3,7,8 (male) and 6
(female) are larger.
Hollow braincases that allow direct measurement of

brain volumes are preserved in four and six individuals
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Fig. 4. Skulls of Late Pleistocene small-sized Candiacervus from Bate cave. Male (specimen 2 above and specimen 5 below), and female (specimen 19 in the

middle) in lateral (on the left) and dorsal (on the right) view.
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from Simonelli and Bate Cave respectively. The morphol-
ogy of six endocasts of small-sized Candiacervus has been
studied.

Data for extant taxa were collected on 55 bovid species
(236 individuals) and 12 cervid species (32 individuals)
(Table 2).
4. Methods

Since the aim is to analyse modifications in relative brain
size, structures and associated locomotor centres and sense
organs underwent by dwarfed bovid and cervid under
altered conditions in predator free insular environments, it
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Table 1

Geological age, taxonomy, and localities of Myotragus and Candiacervus specimens discussed herein

Geological age Absolute dates Species Locality Skulls

Late Pleistocene–Holocene Myotragus balearicus

Cova des Moro 18

Son Mayol 9

Moleta 39

Late Pleistocene–Middle Pleistocene Small-sized Candiacervus

AAR 152.000720% Bate 6

AAR 21.500720%; 24.000720% Simonelli 4

Table 2

Extant bovid and cervid species used in this study

Family Species Individuals p 95% CI

Bovidae

Cephalophus natalensis 2 14.55 13.16–16.09

Cephalophus natalensis (callipygus) 2 32.96 28.63–34.88

Cephalophus nigrifrons 2 21.25 19.21–23.00

Cephalophus sylvicultor 1 69.88 59.78–81.91

Cephalophus monticola 9 6.87 5.80–7.96

Sylvicapra grimmia 14 18.14 16.39–19.73

Madoqua kirki 8 6.33 5.27–7.35

Nesotragus moschatus 2 5.74 4.81–6.81

Ourebia ourebi 7 11.38 10.12–12.76

Oreotragus oreotragus 1 14.39 13.02–15.94

Raphicerus campestris 6 8.09 7.00–9.31

Raphicerus melanotis 2 9.46 8.31–10.77

Redunca fulvorufula 2 41.41 36.93–46.43

Redunca redunca 4 59.66 51.70–68.86

Redunca arundinum 6 90.32 74.66–107.13

Kobus (Adenota) kob 5 111.86 91.08–136.47

Kobus (Onototragus) leche 2 182.80 141.94–235.22

Kobus ellipsiprymnus (defassa) 3 387.38 275.39–533.79

Damaliscus lunatus 5 203.05 154.02–260.15

Alcelaphus buselaphus 5 279.70 204.58–369.41

Connochaetes gnou 2 305.94 223.81–412.85

Connochaetes taurinus 5 418.16 293.16–576.81

Tragelaphus strepsiceros 7 289.82 213.59–389.65

Tragelaphus scriptus 12 52.29 45.23–58.78

Tragelaphus angasi 2 128.22 103.42–159.42

Tragelaphus imberbis 2 119.09 95.62–144.83

Tragelaphus spekei 3 108.49 88.28–131.37

Tragelaphus oryx 2 629.53 428.38–923.70

Syncerus caffer 4 325.78 237.44–444.20

Bubalus depressicornis 4 123.81 96.57–146.59

Boselaphus tragocamelus 4 200.12 153.68–259.43

Hippotragus equinus 7 292.26 215.84–394.71

Hippotragus niger 2 260.87 195.53–349.31

Oryx dammah 1 120.67 97.94–149.14

Oryx gazella (beisa) 2 172.54 134.92–220.98

Addax nasomaculatus 2 113.75 91.76–137.70

Aepyceros melampus 10 72.02 60.03–82.33

Antidorcas marsupialis 7 49.14 43.24–55.76

Gazella dorcas 4 24.01 21.88–26.22

Gazella thomsoni 6 30.91 27.90–33.91

Gazella rufifrons 2 40.32 36.04–45.16

Gazella granti 3 109.51 89.01–132.70

Pelea capreolus 1 31.69 28.74–35.02

Lithocranius walleri 1 54.35 47.53–62.32

Antilope cervicapra 17 53.21 46.02–59.99

Saiga tatarica 1 27.88 25.41–30.66

M.R. Palombo et al. / Quaternary International 182 (2008) 160–183166
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Table 2 (continued )

Family Species Individuals p 95% CI

Ammotragus lervia 11 95.90 77.78–112.59

Hemitragus jemlahicus 4 49.76 43.72–56.48

Nemorhaedus goral 5 32.57 29.05–35.45

Rupicapra rupicapra 4 28.08 25.33–30.56

Capricornis sumatraensis 1 64.99 55.96–75.68

Capra aegagrus 3 59.41 49.53–65.44

Capra hircus 5 48.30 40.35–51.45

Capra ibex 1 88.32 73.92–105.84

Ovis aries 1 26.19 44.76–58.07

Cervidae

Axis porcinus 1 21.00 19.21–23.00

Capreulus capreulus 10 22.63 20.37–24.39

Cervus elaphus corsicanus 4 50.04 33.77–41.94

Dama dama 6 68.08 58.00–78.99

Hydropotes hinermis 3 10.63 9.27–11.82

Mazama americana americana 1 38.22 34.31–42.69

Muntiacus muntjiak 1 13.82 12.47–15.34

Muntiacus reevesi 2 14.49 13.06–15.98

Odocoileus virginianus 1 38.66 34.68–43.21

Rangifer tarandus 1 135.14 108.44–168.96

Tragulidae

Hyemoschus aquaticus 1 10.77 9.57–12.15

Tragulus javanicus 1 3.33 2.65–4.18
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is imperative to estimate with the greatest possible accuracy
parameters such as body size, brain volume, and dimen-
sions of orbits and foramen magnum.

4.1. Body mass estimations

Body size may be regarded as a central aspect of
mammal adaptive strategy, since it is strictly related to
animal architecture and physiology, ecology and etology.
Moreover, it limits the number of species to be found in a
given area, as well as prey–predator relationships, survival,
and the exploitation of resources (see inter alios Hutch-
inson and MacArthur, 1959; McNab, 1971, 1990; Van
Valen, 1973; Schmidt-Nielsen, 1975; Eisenberg, 1981; Janis,
1982,1988; Robinson and Redford, 1986; Alexander et al.,
1988). Body mass has been considered as the best proxy of
body size (Gingerich et al., 1982), and different allometric
equations (based on cranial, teeth or long bones dimen-
sions) have been proposed to estimate the body mass of
fossil species (see inter alios Anderson et al., 1985;
Legendre, 1986; Legendre and Roth, 1988; Van Valk-
enburgh,1988, 1990; Janis, 1990; Roth, 1990; Scott, 1990;
Alberdi et al., 1995; Delson et al., 2000; Palmqvist et al.,
2002; Christiansen, 2004; Giovinazzo et al., 2006). On the
other hand, tooth size (a good body mass predictor for
some carnivores) cannot be confidently used for endemic
dwarfed mammals because in some cases later specimens
have relatively larger teeth, with respect to the body size,
than their full-sized ancestors (Gould, 1975). Nonetheless,
more than one exception exists, such as Oreopithecus

bambolii, (Martin, 1984, 1990; Jungers, 1987; Moyà-Solà
and Köhler, 1997; Alba et al., 2001) or domestic breeds
(Zeuner, 1963; Wayne, 1986). Skull dimension does not
scale isometrically with body mass, dwarfed taxa having
both proportionally smaller (see for instance Prothero and
Sereno, 1982; Wayne, 1986; Herre and Röhrs, 1990) and
larger skulls (Azzaroli, 1982) than their mainland relatives.
Postcranial parameters are in general accepted as quite

reliable body mass predictors, nonetheless is not an easy
issue to find equations that can be used for both ‘‘heavy’’
and ‘‘slender’’ artiodactyls due to the wide variability in
their skeletal structure. To get out of this difficulty,
different morphotypes have been established and multiple
regressions, based on a number of bones dimensions, have
been generated for specific morphotypes. This makes it
possible to test the reliability of the estimated body
mass using different equations (Giovinazzo et al., 2006)
(Table 3). Nonetheless, and even if Myotragus and small
sized Candiacervus can be ascribed to the same morpho-
type, in the studied cases brain volume must be com-
pared with body mass mainly on the basis of isolated
skulls without reliably associated postcranial bones.
Accordingly, it is preferable to predict body masses by
means of cranial measurement (see Köhler and Moyà-Solà,
2004 for a discussion). The width of the occipital condylus
was used as a proxy of body mass, because the ana-
lyses revealed this to be the most reliable substitute of
body mass among other cranial parameters. This allows
direct estimation of brain size and body size from single
skulls without the need to rely on associated postcranials
(Table 4).
The reliability of this method was tested by comparing

the prediction obtained from the width of the occipital
condylus with those from the multiple regressions. As both
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Table 3

Regression equations used in the estimation of body mass and in the prediction of brain, orbit and foramen magnum size in Myotragus balearicus, smallest

Candiacervus species and other fossil species

Regression summary for dependent variable: BM

Bovidae, Cervidae and Tragulidae (Giovinazzo et al., 2006):

R ¼ 0.91104507 R2
¼ 0.83000313 Adjusted R2

¼ 0.82742742

F(1,66) ¼ 322,24 po0.0000 Std. Error of estimate: 0.16133 N ¼ 68

Beta Std. Err. B Std. Err.

Intercept �0.437131 0.100924

WOC 0.911045 0.050751 3.219821 0.179366

Regression summary for dependent variable: OOSA

Cervidae

R ¼ 0.96275563 R2
¼ 0.92689840 Adjusted R2

¼ 0.92568004

F(1,60) ¼ 760,78 po0.0000 Std. Error of estimate: 0.02237 N ¼ 62

Beta Std.Err. B Std.Err.

Intercept 1.228204 0.011206
ffiffiffiffiffiffiffiffi

BM3
p

0.962756 0.034905 0.625320 0.022671

Bovidae (Köhler and Moyà-Solà, 2004, Table 4): log OOSA ¼ 0.620� log
ffiffiffiffiffiffiffiffi

BM3
p

+1.260

Regression summary for dependent variable: OFMSA

Cervidae

R ¼ 0.93773892 R2
¼ 0.87935428 Adjusted R2

¼ 0.87488592

F(1,27) ¼ 196,80 po0.00000 Std. Error of estimate: 0.03015 N ¼ 29

Beta Std. Err. B Std.Err.

Intercept 0.971460 0.022680
ffiffiffiffiffiffiffiffi

BM3
p

0.937739 0.066846 0.632634 0.045097

Bovidae (Köhler and Moyà-Solà, 2004, Table 4): log OFMSA ¼ 0.646� log
ffiffiffiffiffiffiffiffi

BM3
p

+0.934

BM ¼ Body mass (g); WOC ¼ width of occipital condylus; BrM ¼ brain mass;
ffiffiffiffiffiffiffiffi

BM3
p

¼ cube root of the body mass;
ffiffiffiffiffiffiffiffi

OA2
p

¼ square root of the surface

area of the orbit;
ffiffiffiffiffiffiffiffiffiffiffiffi

FMA2
p

¼ square root of the surface area of the foramen magnum; n ¼ Number of specimens; R ¼ correlation ; SEE ¼ standard error

of the estimate; F ¼ F-value, ratio of within- and between-group variance.

Table 4

Body mass estimation for Myotragus balearicus. smallest Candiacervus

species, fossil and extant bovids and deer used as control specimens of the

prediction equations

p 95% CI

Myotragus balearicus

Cova des Moro 25.19 22.5–27.0

Son Mayol 33.34 29.6–36.3

Moleta 31.86 28.2–34.3

Small-sized Candiacervus

Bate males

1 55.09 48.8–64.4

2 72.79 61.9–85.5

3 64.04 55.1–74.3

5 59.19 51.3–68.2

Bate females

6 58.02 50.4–66.8

X 33.02 28.8–35.1

Simonelli males

1 46.36 41.0–52.4

2 46.36 41.0–52.5

4 57.45 49.9–66.1

19 51.45 43.6–56.3

BM WOC ¼ body mass estimated from the width of the occipital

condylus of specie listed in Table 1; p ¼ body mass predicted;

CI ¼ confidence interval.
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predictions coincide with a negligible error (Köhler and
Moyà-Solà, 2004, Table 5), it is concluded that the width of
the occipital condylus is a good body mass estimator,
enabling direct comparison between brain and body mass
in a single individual.

4.2. Brain mass estimations

Brain mass has been obtained from the measurements
cranial capacities (log cranial capacity ¼ log b+a W log
brain volume). Actually, the cranial capacity is not
equivalent to the volume of the brain itself, as it includes
for instance the space occupied by cranial nerves, blood
vessels, the dura mater, the arachnoid and pia mater, the
cisterns containing cerebrospinal fluid. However, with
decreasing body mass cranial capacity decreases less than
brain volume does, and thus the relation between cranial
capacity and brain volume is allometrically positive (Röhrs
and Ebinger, 2001). Thus, analysing quite large mammals,
the use of cranial capacity as a substitute for brain volume
can represent a not trivial source of error. For these
reasons, the cranial capacities of the fossil and extant
specimens (for which brain mass was not directly measur-
able) have been converted into brain mass, calculating the
brain volume from cranial capacity and then converting
brain volume to brain mass, as in Köhler and Moyà-Solà
(2004). For computing brain volume, we used the least-
squared regressions on log-transformed data of 451
individuals (17 mammalian species) from Röhrs and
Ebinger (2001): log cranial capacity ¼ �0.0015+1.0222
log brain volume. It follows that: log brain volume ¼ (log
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cranial capacity+0.0015)/1.0222. We then converted brain
volume into brain mass by multiplication with the specific
weight of brain substance: 1.036 g/cm3 (Ebinger, 1974):
brain mass (g) ¼ brain volume (cm3) W 1.036 (g/cm3).

Cranial capacity has been measured sealing the neuro-
cranial foramina with plaster and filling the crania with
sterilised cannabis seeds through the foramen magnum.
Subsequently, the volume of seeds required to fill the
brainpan was determined.
4.3. Orbit and foramen magnum dimensions

Starting from the hypothesis that the small orbits are
indicative of small visual brain structures and, hence, of a
small overall brain size, we analysed the scaling of eye
(orbit) size with body size in bovids and cervids. Orbits
of bovids show a wide variety of forms, which makes
it difficult to choose any of the formulae that describe
these geometries (Köhler and Moyà-Solà, 2004). Thus,
following a general practice (Aiello and Wood, 1994), we
simplified the orbital areas using the index width versus
height, where the length is measured parallel to palate
surface, and the height perpendicular to palate surface.
Similarly, the size of the foramen magnum area is described
by the index mediolateral diameter versus dorsoventral
diameter.
4.4. Morphology of the endocast

In living specimens, cortical structures of the brain can
be directly investigated using cytoarchitectonic methods
(see inter alios Sanides, 1970; Stephan and Andy, 1970;
Ebinger, 1974, 1975a, b; Kruska, 1988a, b, 2005), or by
means of microelectrode recordings (Catania, 2000). In
fossil taxa, only the external morphology of neurocranial
endocasts can be investigated. Nonetheless, it is a common
practice to infer functional capacities of fossil specimens
from the morphology of their neurocranial endocasts.
Indeed, in most mammals endocasts reproduce the patterns
of neocortical convolution in detail, thus one can interpret
fossil endocasts by extrapolating from cortical maps of
living species and comparing cortical folding patterns in
fossil and in their relative extant taxa. Moreover,
functionality and sensory specialisations may be inferred
analysing shape and relative dimensions of cortical
functional areas that are delimited by well-recognisable
sulci as in brains (Stephan, 1951; Welker and Campos,
1963; Bauchot and Stephan, 1967; Radinsky, 1968, 1975,
1977; Sanides, 1970; Johnson et al., 1974; Ebinger,
1975a, b; Holloway, 1983; Falk, 1985; Deacon, 1992;
Köhler and Moyà-Solà, 2004). In the case of M. balearicus

and small Candiacervus the natural endocasts show well
preserved details of neocortical convolution, that facilitate
a comparison with cortical folding patterns of their living
relatives, respectively, Ovis and Rupicapra, Dama and
Cervus.
5. Results

5.1. Brain mass versus body mass

The data of cranial capacities, transformed into brain
mass and plotted against body mass, confirm that brain
mass in Myotragus is noticeably smaller than in bovids of
comparable body mass, as highlighted by Köhler and
Moyà-Solà (2004) (Fig. 5). The values for brain masses
obtained for M. balearicus are 44–50% smaller than
expected for a bovid of comparable size, and even less
than half the size expected for a caprine of comparable
body mass (Köhler and Moyà-Solà, 2004, Tables 6, 7).
Conversely, results obtained for C. ropalophorus stress

that the brain mass of these endemic deer was not so
significantly reduced with respect to those of cervids with a
comparable size. Moreover, this seems roughly indepen-
dent of sex, size and morphotypes (Fig. 5, Table 5).

Myotragus probably originate from an unknown quite
archaic ‘‘Caprinae’’ (sensu Gentry, 1992) (Palombo et al.,
2006a, b and references therein), while Cretan cervids have
their origin in relatively ‘‘modern’’ deer. Nonetheless, since
the degree of encephalisation of modern ungulates had
probably been achieved already by the Oligocene or
Miocene (Radinsky, 1978), relative brain size in Myotragus

was not retained from a Late Miocene continental
ancestor, but was reduced after geographic isolation. Brain
size (brain mass) of Miocene and Pliocene bovids is as
expected for an extant bovid of comparable body mass (see
Köhler and Moyà-Solà, 2004). This suggests that the
hypothetical continental ancestor of Myotragus could have
a grade of encephalisation comparable to an extant bovid
and, consequently, that the brain of Myotragus underwent
an important size reduction, that small Candiacervus did
not undergo, at least not to the same degree.

5.2. Orbit and foramen magnum dimensions

These data provide evidence that body size (log O3 body
mass) and orbit size (log Oheight�width) are consistently
correlated in extant and fossil bovids and cervids, with the
orbits proportionally slightly larger in bovids than in
cervids (Fig. 6). Even if some exceptions have been found
(such as the Caprinae’s scaling), these can be regarded as
trivial for the purpose (see Köhler and Moyà-Solà, 2004).
Plotted against body mass (log O3 body mass), the

orbit’s size (log Oheight�width) is significantly reduced in
M. balearicus, as well as in small Candiacervus, but to a
lesser degree (Fig. 6, Table 5) Myotragus’s orbits are less
than half the size expected for a bovid of comparable body
mass. Moreover, the size reduction scales positively with
the size more than in most extant and fossil bovids, a
similar scaling being detectable only in ‘‘Caprinae’’. In
small Candiacervus, orbit size is more reduced than brain
size, but in a lesser degree than in Myogratus. Moreover the
range of variability is wider in the small Candiacervus. It is
worth nothing that the smallest female (number X) from
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Fig. 5. Comparison of brain and body mass: Log10 brain mass (g) (BrM) as a function of log10 body mass (g) (BM) in Myotragus and in selected extant

and, fossil bovids (above), in smallest Candiacervus species and in selected fossil and extant cervids of comparable size (below).
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Bate cave shows orbits proportionally larger than the males
(Fig. 6, Table 5).

The foramen magnum in M. balearicus is also smaller
than expected from its body mass (Fig. 6, Table 5), but it is
about 15–20% smaller than that of bovids and 27–31%
and than that of caprines of comparable size (Köhler and
Moyà-Solà, 2004, Tables 6, 7). Both in Myotragus and
caprines, the scaling of foramen magnum size is less
important than in other bovids.

Among small Candiacervus specimens (Fig. 6, Table 5),
skulls from Simonelli cave show a reduction of foramen
magnum dimension with respect to some cervids of a
roughly similar body mass, such as Odoicoleus virginianus

and Dama dama, but the relative size of foramen magnum
is roughly similar to that of extant Mazama americana.
The range of variability is wider in the small Candia-

cervus from Bate cave. Foramen magnum dimension is not
so dissimilar from that of cervids with comparable size in
the smallest female (number X) and in one rather large
male (number 3), but definitely smaller in at least two skulls
(number 1, 5). On the basis of the available data, and
pending a taxonomical revision of Simonelli and Bate small
Candiacervus, it is difficult to infer factors affecting the
foramen magnum size in these deer.
In sum, in Myotragus, orbit size is even more reduced

than brain size (to less than half the size expected—between
56% and 58%), while foramen magnum size is reduced
only between 13% and 20%. In the Candiacervus males the
orbit size is less reduced than in Myotragus, but
proportionally significantly more reduced than the brain



ARTICLE IN PRESS

Table 5

Reduction (%) of brain mass, and of orbit and foramen magnum surface

area, in Myotragus from different localities and in smallest Candiacervus

species in relation respectively to the general bovid (b reg ¼ bovid

regression), (c reg. ¼ Caprinae regression) and cervid regressions

% Reduction

Brain mass Orbit surface

area

Foramen

magnum area

Myotragus balearicus

Cova des Moro �39.94 �56.55 �14.94

Son Mayol �41.91 �56.22 �18.10

Moleta �45.45 �57.79 �19.77

Small-sized Candiacervus

Bate males

1 12.71 �36.79 �30.44

2 �15.81 �45.16 �26.20

3 �21.34 �50.69 �1.24

5 �20.08 – �32.67

Bate females

6 �12.70 – �13.61

X – �18.52 6.77

Simonelli males

1 �21.80 �45.97 �26.49

2 �15.73 �33.54 �18.09

4 �18.27 �41.11 �17.53

19 �19.06 �37.09 �20.76

% Reduction ¼ observed value/predicted value� 100–100.
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size (between 37% and 46%), while foramen magnum is
more, at the same degree or even less reduced that in
Myotragus (Table 5), without any evident correlation
among brain, orbit and foramen magnum dimension.

5.3. Endocast morphology

5.3.1. Myotragus

As indicated by Köhler and Moyà-Solà (2004), the M.

balearicus endocast (Fig. 2) shows a flattened and somewhat
dorsally depressed outline, a relatively small occipital lobe
and small olfactory bulbs. The peculiar overall shape of the
M. balearicus brain is likely to be related to an unfolding of
the brain due to an important reduction in brain mass
compared to wild ancestral species at comparable body mass
as typically found in domesticated mammals (Herre and
Röhrs, 1990), such as domesticated Ovis aries (Figs. 2 and 7).
Moreover, due to the extremely frontal position of the orbits,
the brain lacks the space for the bony orbital cones, which in
all other artiodactyls are fitted in half-cone shaped cavities
on the lateral sides of the frontal lobe, as shown by the brain
of Odocoileus virginianus (Fig. 8) and endocast of Rupicapra,
Dama and Cervus (Fig. 11 and 12).

Köhler and Moyà-Solà (2004) have already noted that
some brain parts of M. balearicus (endocasts), in particular
the sense-dependent centres of olfactory, acoustic and optic
functions are especially small when compared with the
extant wild small-sized bovid, such as Rupicapra (Köhler
and Moyà-Solà, 2004; Fig. 3). The olfactory bulbs are
proportionally very small, which is consistent with the
small size of the nasal cavity in the Myotragus skull
(Fig. 2). The auditory system visibly differs from that of
Rupicapra. The contact area of the petrosal is small in
M. balearicus and the auditory meatus is compressed and
runs laterally and slightly downwards as in lop-eared
domesticated mammals (Darwin, 1883; Herre and Röhrs,
1990). The rhinal fissure runs relatively high in Myotragus,
suggesting a proportionally smaller neocortex (see Radins-
ky, 1977). The occipital lobe of M. balearicus is compara-
tively more reduced in size than the frontal lobe, due the
peculiar position of the sylvian fissure, markedly inclined
backward, and running in posterior position at a compara-
tively small distance from the the suprasylvian fissures
(Fig. 2). In Myotragus, the cortical visual projection centre
(area striata or Brodmann’s area 17; Brodmann, 1908,
1909), which in artiodactyls, and particularly in Ovis

(Ebinger, 1975b), is situated on the occipital lobe, is
delimited by the lateral fissures. In Myotragus, is noticeably
small. Reduction also affected the frontal lobe of the brain,
although to a lesser extent. Moreover, in M. balearicus the
coronal sulcus, that borders the area gigantopyramidalis
(Ebinger, 1975a) (Brodmann’s area 4; Brodmann, 1908,
1909) is rather short. The cerebellum is visibly smaller than
in wild bovids, especially the middle lobe (Fig. 2) (Köhler
and Moyà-Solà, 2004, Figs. 3C, D, 4).

5.3.2. Candiacervus

Morphology and shape of endocasts of smallest Candia-

cervus species show moderate variability, as already noted
by Angelelli (1980). As a whole, the brain shows a modest
telencephalic flexion, but the bending is slightly higher in
the bigger endocast that has broader cerebral hemispheres
and higher dorso-ventral thickness than the smaller one
(Figs. 9 and 10) The dorsal-ventral convexity of more
massive endocasts looks like the average shape of medium-
sized cervids, in particular fallow deer.
In the cerebral hemispheres, the frontal lobe is slightly

longer than in most of extant deer, but the rhinencephalon
is rather reduced due the lower position of rhinal fissure,
even if its development differs in the various endocasts.
The rhinal fissure runs in a lower position than in
Myotragus, suggesting a proportionally larger neocortex
(see Radinsky, 1977). The rhinal fissure borders quite
evident olfactory peduncles. The small and moderately
protrusive olfactory bulbs, slightly divergent and divided
by a surface with some nerves, are not completely covered
by frontal lobes. Consequently, it seems that the sense-
dependent centres of olfactory functions did not undergo
important reduction in small-sized Candiacervus, as con-
firmed by the relatively elongated nasal bones (Figs. 3 and
4). Furthermore, in the neopallium the coronal sulcus that
border the gigantopyramidalis is proportionally slightly
long, even if the area seems on average less developed than
in extant Dama and Cervus (Fig. 11).
The sylvian sulcus runs dorso-ventrally, roughly as in

most extant deer, whereas it is definitely inclined back-
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Fig. 6. Comparison of brain and cranial parameters among Myotragus, smallest Candiacervus species and in selected extant and fossil bovids and cervids.

Above: Log10 of the square root of the orbit surface area (mm) (
ffiffiffiffiffiffiffiffiffiffiffi

OSA2
p

) as a function of log10 cube root of body mass (g) (
ffiffiffiffiffiffiffiffi

BM3
p

). below: log10 of the

square root of the foramen magnum surface area (mm) (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FMSA2
p

) as a function of log10 cube root of body mass (gr) (
ffiffiffiffiffiffiffiffi

BM3
p

).
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wards in Myotragus. Accordingly, the temporal lobe is
noticeably more developed in small-sized Candiacervus

than in M. balearicus. Quite small half-cone shaped cavities
for bony orbital cones are present on the frontal lobe. The
temporal lobe is latero-ventrally convex, less spherical than
in Dama, but similar to Cervus. The sylvian fissure is
shorter than the frontal lobe, but definitely more developed
than in Myotragus. On the other hand, the posterior
branch of the rhinal sulcus is short and has a lateral
position (with respect to the neopallium) as in Myotragus,
but these features differentiate small-sized Candiacervus

from medium-sized and large deer (Fig. 12).
The impression of the petrosal, and as consequence the

auditory system, are proportionally more developed than
in Myotragus, tough less than in mainland extant cervids
such as Dama and Cervus (Fig. 9). Form and orientation of
the auditory meatus, quite large, fall in the variability range
of extant medium-sized cervids (Fig. 11). The pyriformis
lobe is triangular, and moderately elongated; the lower side
runs along the emerging branch of nerves III, IV and V.

The size of small Candiacervus orbits would suggest a
slight reduction of vision with respect to continental deer
with a comparable size. Unfortunately, endocasts mor-
phology does not provide any additional information. It is
difficult to infer functionality of the cortical visual
projection centre in Candiacervus, due to the imperfect
knowledge about variability in extension of area striata in
extant cervids.
It is worth noting that endocasts of smallest Candiacer-

vus species differ from most deer in position and the shape
of the cerebellum. For instance in Cretan small cervids, the
vermis cerebelli is in general placed beneath the temporal
lobe and forms a convex surface. A trace of flocculo-
nodular lobe might be present, but it is not easy to identify
it; the occurrence of this lobe is regarded as a plesiomorfic
character infrequent in more recent cervids. The sella
turgica and of the pituitary gland are present but not
strongly developed.

6. Discussion

Evolutionary changes undergone by insular immigrants
in response to the special characteristics of island environ-
ments (above all variation in body size as a function of
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Fig. 7. Brain of extant Ovis aries in dorsal (above) lateral (below) view.

M.R. Palombo et al. / Quaternary International 182 (2008) 160–183 173
island area and isolation, or other interacting factors such
as ecological release, shortage of resources, and dispersa-
bility) have greatly interested evolutionary biologists,
ecologists and biogeographers (see inter alios Foster,
1964; Sondaar, 1977; Heaney, 1978; Reyment, 1983;
Malatesta, 1986; Roth, 1992, Adler and Levins, 1994;
Dayan and Simberloff, 1998; Grant, 1998; Whittaker,
1998, 2006; Drake et al., 2002; McNab, 2002; Filin and Ziv,
2004; Gould and MacFadden, 2004; Carvajal and Alder,
2005; Woofit and Bromham, 2005; Lomolino et al., 2006;
Meiri et al., 2006; Palombo, 2007, and references therein).
Similar evolutionary patterns drive the appearance of
homoplastic features in many insular artiodactyls (espe-
cially cervids and bovids). The skull, jaw, and teeth may
modify by the appearance of apomorphic characters to the
extent that new morphology makes it difficult to identify
the direct forerunner. The type and modality of speciation,
even with common ancestors, are typical of each species on
each island and may vary in the case that the same form
colonised the same island at different times. Two main
distinctive aspects have been extensively investigated:
changes of body size and of functional morphology of
skull, dentition, and limbs. Changes in brain proportion
have been relatively less studied (but see Köhler and Moyà-
Solà, 2004) although its great interest for exploring ecology
and ethology of endemic mammals (see for instance
Legendre et al., 1994).
In the last decades search for the life history correlates of

mammalian brain size have been greatly developed, and
numerous studies have had dealt with the ungulate brain
structure and size, even if few concerned cervid brain (see
Wemmer and Wilson, 1987). From the Early Tertiary
through the Miocene, the mammalian brain increased its
relative size, neocortex expanded, and a process of cortical
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Fig. 8. Brain of extant Odocoileus virginianus in dorsal (above) and lateral (below) view.
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differentiation took place (see inter alios Diamond and
Hall, 1969; Jerison, 1970, 1973; Stephan and Andy, 1970;
Portmann, 1976; Radinsky, 1977, 1978, 1981; Stark, 1979;
Armstrong, 1985; Kaas, 1987, 1995, 2000; Kruska, 1987;
Martin, 1990; Barton and Harvey, 2000; Catania, 2000;
Kruska, 2005).

In domesticated mammals, as well as in M. balearicus,
these evolutionary tendencies are reversed. The changes
shown by the Balearic endemic bovid were explained by
Köhler and Moyà-Solà (2004, and references therein) as
due to the special environmental conditions of the Plio-
Pleistocene island of Majorca, in particular to the limited
food resources, increase in intraspecific competition, and
times of mass starvation. Under these conditions, selection
would be expected to favour both an increase in capacity
for absorbing energy (Myotragus increased feeding effi-
cacy) and a decrease in energy expenditure under release
from predation pressure (Myotragus reduced the cost of
locomotion; Köhler and Moyà-Solà, 2001; Bover, 2004;
Palombo et al., 2006a, b).

Moreover, the reduction of functional capacities of
particular nervous systems might be correlated to decrease
of brain-size, as illustrated by changes from wild to
domesticated animals (see inter alios Darwin, 1868, 1883;
Zeuner, 1963; Johnson et al., 1974; Kruska and Röhrs,
1974; Ebinger, 1975a, b; Kruska, 1980,1988a, b, 1996;
Hemmer, 1990; Herre and Röhrs, 1990; Clutton-Brock,
1999; O’Regan and Kitchener, 2005). The pattern of
reduction runs counter to the process of cortical differ-
entiation in mammalian evolution and is considered an
adaptation to the special ecological conditions of the
anthropogenic environment. As far as insular endemic
species inhabiting a predator-free environment, such as
Myotragus and Candiacervus are, changes in relative size
and proportions of the brain of Myotragus paralleling the
reduction pattern under domestication would have been
expected.
Intriguingly, only M. balearicus positively followed this

‘‘rule’’, whilst Candiacervus did not follow the ‘‘rule’’ to a
similar degree. As demonstrated by Köhler and Moyà-Solà
(2004) ‘‘the reduction of relative brain size in Myotragus

not only surpasses those of domesticated sheep but even
the highest reduction values found in domesticated
animals’’. Moreover, ‘‘the reduction of the central nervous
system and sense organs in Myotragus affected the same
functional capacities as in domesticated sheep, namely
those related to early detection of predators’’.
On the other hand, it is worth noting that among extant

cervids, small species had a significantly smaller brain than
medium-sized deer, and large brains more frequently seem
to occur in male biased sexual dimorphism, as well as in
large testes and in open environment dwellers. Moreover,
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Fig. 9. Endocasts of the brain cases of smallest Candiacervus species (specimen 4 on the left, specimen 4 on the right) from Bate cave, in dorsal (above) and

lateral (below) view.
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no relative brain reduction is detectable in dwarfed extant
cervids, such as Mazama gouazoubira, or insular extant
deer populations (Wemmer and Wilson, 1987, Fig. 4,
Appendix A). Accordingly, it appears that reduction of
brain might not be correlated with any size reduction, and
central nervous system might undergo different modifica-
tion in predator-free environments depending on the
structure of the communities to which endemic ungulates
take part. To interpret the peculiar changes in Candiacer-

vus—that little affected brain size, and possibly olfactory
senses, but greatly affected vision, and especially the motor
structures—it is necessary to consider the environmental
conditions and the specific selection pressures under which
their evolutionary process occurred.

6.1. Body size, energy balance and niche occupancy

A primary ecological factor on small islands (such as
Balearic Islands) is the limited carrying capacity due to the
finite size of the geographic area and due to the quite
monotonous physiographical context. As a general pattern,
islands, especially those separate from mainland by wide,
severe barriers, are characterised by reduced or absent
inter-specific competition due to low species diversity
(MacArthur and Wilson, 1967). This fact, coupled with
the lack of control of population growth rates through
predators, leads on the Balearic Islands to an increase in
Myotragus population density and an increase in intraspe-
cific competition for the limited food resources and to mass
starvation (Köhler and Moyà-Solà, 2004, and references
therein). In times of reduction in resource availability,
selection for both an increase in capacity for absorbing
energy and a decrease in energy expenditure is enhanced,
leading to adaptations critical for survival in food-limited
environments. Energy saving can further be made in basic
metabolic rate by the optimisation of organ size and design
(see for instance Alexander, 1996, 1999; Starck, 1999).
Accordingly, could, size and brain reduction be interpreted
as a response to an optimisation of energy balance? (cf.
inter alios Darwin, 1859, 1883; Wieser, 1991; Alexander,
1996, 1999; Cichon, 1997; Starck, 1999; Johnson et al.,
2001; Speakman et al., 2001; Köhler and Moyà-Solà,
2004).
The nature of scaling between organism basal metabolic

rate and body mass is still a widely debated issue as far as
theoretical biology is concerned, as well as the allometric
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Fig. 10. Endocasts of the brain cases of smallest Candiacervus species (specimen 1 above, specimen 2 in the middle, specimen 5 below) from Simonelli cave,

in dorsal (on the right) and lateral (on the left) view. Modified from Angelelli (1980).

M.R. Palombo et al. / Quaternary International 182 (2008) 160–183176
scaling regulating the dependence of biological variables on
body mass (Brown et al., 1993, 2004; Magnanou et al.
2005). Some scientists have suggested that the ‘optimal’ size
for species of a particular bauplan and ecological strategy
would be represented by the body size of insular popula-
tions whose size tends not to diverge from that of their
mainland counterparts (cf. Lomolino, 2005). This would be
particularly true when, in quite stable environmental
conditions, low biodiversity reduces interspecific competi-
tion. If this reasoning is correct, Myotragus could have
reduced its size because of the endemic bovid was the only
large herbivores on Balearic Islands. Nevertheless, on Crete
deer of different size have been frequently found in the
same horizon, being the largest form found in localities of
relatively young age (de Vos, 1996). Thus a progressive
shift towards a ‘‘minimum’’ body size cannot be invoked
and alternative explanations have to be tested (see de Vos
1996, 2000 for a discussion). Crete deer differ in dental,
cranial and postcranial morphology, which is consistent
with evolutionary radiation of co-generic species that
occupy different niches because of differences in size and
feeding from different strata. This is known in extant taxa,
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Fig. 11. Endocasts of the brain cases of extant cervid in dorsal (left) and lateral (right) view. A, B ¼ Dama dama, male; C, D ¼ Cervus elaphus, female.

Fig. 12. Endocasts of the brain cases of extant bovids in dorsal (left) and lateral (right) view. A, B ¼ wild Rupicapra rupicapra; C, D ¼ domesticated Ovis

aries.
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such as Cephalophini (Estes, 1991). Though Crete cervids
exemplified the possibility of occupying or creating novel
different minimum overlapping niches, initial competition
pressure likely existed that might be partially responsible
for the different scaling in brain reduction shown by
Myotragus and the smallest Candiacervus. Moreover,
endemic, but quite large elephants (Elephas (Palaeolox-

odon) creutzburgi, Elephas (Palaeoloxodon) antiquus)
occur in the Cretan Mus minotaurus faunal subcomplex
together with endemic deer, while carnivores, with the
exception of the otter, Lutrogale cretensis with marked
terrestrial adaptation, are lacking (Willemsen, 1980; de
Vos, 1996; Poulakakis et al., 2002; Palombo, 2007 and
references therein). The presence of a wide variety of
endemic deer on Crete at the time a large elephant
colonised the island, might have inhibited this elephant
from reaching a more marked size reduction (de Vos, 1996;
Palombo, 2007), but, undoubtedly the presence of this
large herbivore made the evolutionary scenario of Cretan
deer more complex than that characterising Myotragus.

6.2. Inter- and intra-specific competition

Inter-specific competition and predation pressure were
fundamental in understanding evolutionary patterns of
insular mammals (see inter alios Köhler and Moyà-Solà,
2004; Palombo, 2007; Lomolino et al., 2006 and references
therein). The extent to which an organism can absorb
and save energy is noticeably constrained by the degree
of predation pressure, food supply and physiological
constraints.

In continental environments with complex community
structures and frequent predator–prey interactions, inter-
and intra-specific competition importantly shapes and
conditions mammalian structure, behaviour and physiol-
ogy. In M. balearicus, energy expenditures devoted to
predator avoidance can be reduced due to the decrease of
activities such as escaping, hiding or vigilance. Energy
saving can further be made by the optimisation of organ
size and design (cf. Köhler and Moyà-Solà, 2004 for a
discussion). The reduction of functional demands on neural
performance under release from predation pressure can
easily explain the reduction of its central nervous and
sensory system. Visual and auditory nervous structures are
clearly reduced as well as the olfactory system, as
confirmed not only by the dimension of olfactory bulbs,
but also by structure and dimension of perforated ethmoid
bones (Bover and Tolosa, 2003; Bover, 2004) whose area is
directly proportional to the area of the olfactory epithelium
(Pihlstrom et al., 2005). As far as the smallest Candiacervus

specimens are concerned, a decrease in vision might be
inferred from the remarkably small size of the orbits.
However, a moderate reduction of both olfactory bulbs
and surface of perforated ethmoid bones would indicate a
slightly reduced olfactory ability, in spite of the rather long
nasal bones. On the other hand, no decrease in functional
performance of auditory system, clearly detectable in
Myotragus, seems to be present in the smallest Candia-

cervus species, notwithstanding the release from predatory
pressure. This difference could rely on the difference in
sexual mating among bovids and cervids. The reduced
cerebellum size and motor system shown by Candiacervus,

is consistent with a release from predation.
Accordingly, the hypothesis that size of brain and

nervous systems of herbivores are expected to became
smaller in predator-free environments is roughly supported
by these results. However, why did the brain of smallest
Candiacervus species reduce to the minimal size needed
according to environmental conditions, forming a more
efficient resource allocation? Pérez-Barberı́a and Gordon
(2005) noted that gregariousness and gestation length
explained most of the variation in brain mass across the
extant ungulate species: larger species had larger brains,
and gregarious species and those with longer gestation
lengths, relative to body mass, had larger brains than non-
gregarious species and those with shorter gestation lengths.
Wemmer and Wilson (1987) already argued the same for
cervids. However, these statements seem inadequate to
explain differences in modifications shown by Myotragus

and Cretan deer brain. Moreover, if according to Shultz
and Dunbar (2006) ‘‘simple index of sociality was a better
predictor of both total brain and neocortex size than group
size’’, some not trivial exceptions exist. For instance
Cephalophini, which are solitary or live in pairs, at least
temporally, have definitely larger relative brain size than
for example gregarious gazelles. Adaptive radiation (sensu
Harvey and Rambaut, 2000) of endemic Cretan deer and
their different ecological behaviour (Caloi and Palombo,
1995) might suggest a more important role of habitat-
complexity on Crete than on the Balearic Islands. Accord-
ingly, the habitat complexity seems to be the most
appropriate in explaining the changes underwent by
small-sized Candiacervus brains.

7. Conclusions

In continental environments with complex community
structures, competition and predation pressure, ungulates
are required to have a high complexity of the brain areas
involved in vigilance and mobility. The proportional
reduction of cerebellum in both M. balearicus and small-
sized Candiacervus (C. ropalophorus and Candiacervus sp.
sensu de Vos, 1984), confirm that under altered conditions
in predator-free insular environments, dwarfed bovids and
cervids reduce functional demands on neural performance
especially as far as the loco motor ability and running
capacity (in Myotragus especially running and jumping
capacity) are concerned. A decrease in energy expenditure
through reduction on locomotor costs would have in-
creased the amount of energy available to other fitness
components. Moreover, organs devoted to predator
avoidance are reduced in both dwarfed endemic species,
though at a different degree. The size of orbits is definitely
smaller than in the continental bovids and cervids of
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similar size, as well as the perforated surface of ethmoid
bones.

As already noted (Köhler and Moyà-Solà, 2004), these
changes parallel those shown by domesticated animals, and
have been interpreted as an adaptive response to predator-
free environmental conditions. In M. balearicus and among
domesticated animals, the auditory system is proportion-
ally reduced, but not in Candiacervus, maybe due to mate
choices in deer. Nonetheless, in Myotragus, as well as in
domesticated animals, reduction in sense organs is strictly
associated with a reduction of brain size that in turn affects
the functional capacities of particular nervous systems
structures, whereas in Candiacervus these reductions
cannot be clearly detected. Accordingly, results obtained
for dwarf Cretan deer are not as outstanding as in
Myotragus. Thereby, would dwarf insular artiodactyls
living in environments without any predation pressure be
characterised by a proportional decrease in the brain
volume as a rule? Brain/body mass proportion of smallest
Candiacervus species provides evidence that this endemic
deer underwent only minor changes in the relative size of
brain after its geographic isolation. Accordingly, different
evolutionary processes likely affected brain changes of
these endemic artiodactyls. Indeed, Crete is a quite large
island, with a rather complex physiography. Thus during
the Pleistocene different environmental conditions un-
doubtedly enhanced the habitat complexity. This seems
to be more important than the contemporaneous presence
on the island of endemic elephants.

This difference shown by Myotragus and Candiacervus

could suggest that the amount of brain size reduction might
be affected by inter-specific competition, and foraging
strategy, and increased complexity of social interactions.
Other factors, nature of available niches, possibly island
size and time from isolation, would have played a role in
the possible differential evolution of insular ruminants in
addition to the change in adaptive strategy for a more
efficient energy use under the predator-free environmental
conditions of the insular ecosystem.
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Paléontologie. Colloque International du Centre National de la

Recherche Scientifique 163, 575–586.

Birks, J.D.S., Kitchener, A.C., 1999. The Distribution and Status of the

Polecat Mustela putorius in Britain in the 1990s. The Vincent Wildlife

Trust, London.

Boekschoten, G.J., Sondaar, P.Y., 1966. The Pleistocene of the Katharo

Basin (Crete) and its Hippopotamus. Bijdragen tot de Dierkunde,

Aflevering 36 (8), 17–44.

Bover, P., 2004. Noves aportacions al coneixement del genere Myotragus

Bate 1909 (Artiodactyla, Caprinae) de les Illes Balears. Tesi Doctoral,

UIB, pp. 1–470.

Bover, P., Alcover, J.A., 1999. The evolution and ontogeny of the

dentition of Myotragus balearicus Bate, 1909 (Artiodactyla, Caprinae):

evidence from new fossil data. Biological Journal of Linnean Society

68, 401–428.

Bover, P., Alcover, J.A., 2000. La identitat taxonomica de Myotragus
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significado de M. batei y M. binigausensis en la evolución de

Myotragus (Bovidae, Mammalia) en las islas baleares. Bolletı́ de la
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