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The causes underlying the evolution of insular dwarfs and giants are amatter of ongoing debate. Because body
size is among the principle life history traits, recent works aim to understand the evolution of insular dwarfs in
the framework of life history theory. However, the hypotheses put forward so far are conflicting. Early studies,
suggested that dwarfing is a consequence of selection for an increased reproduction associated to an
accelerated life history (formerly r-selection). Recent work, however, based on the analysis of bone histology
of the fossil insular dwarf bovid Myotragus balearicus (Balearic Islands, Spain), concluded that dwarfing on
islands results from a decrease in growth rate associated to a slow life history (formerly K-selection) in
response to selective forces peculiar to insular conditions. In the present work, we reconstruct the schedule of
certain life history traits by estimating the rate of dental development and eruption times inM. balearicus and,
for comparisons, in an extant caprine (Ovis aries). We used histological techniques to calculate crown
formation time, daily secretion rate and crown extension rate, in the lower molars. Eruption pattern in M.
balearicus was analysed through the radiological images of an ontogenetic series of mandibles. Our results
show that dental crowns grew at slower rates and the period of crown formation was more extended in the
dwarfed fossil bovid than in other extant caprines, resulting in dental development and eruption time that
doubles that of extant bovids of similar body size. This suggests an important delay in life history schedules.
Concordant with the delayed dental development, the striking hypsodonty of Myotragus is indicative of an
extended lifespan. These results, together with previous findings from long bone histology, provide empirical
evidence for a shift towards a slow life history in this insular dwarfed mammal. Density-dependent resource
limitation is hypothesized as the main trigger of the life history and body size evolution of Myotragus.
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1. Introduction

The evolution of body size on islands is a controversial issue, as
shown in the various hypotheses proposed hitherto (Bromage et al.,
2002; Heaney, 1978; Köhler and Moyà-Solà, 2009, 2010; Lomolino,
2005; Meiri and Raia, 2010; Meiri et al., 2006; Palkovacs, 2003;
Palombo et al., 2008; see revision in Köhler, 2010). On islands, large
mammals evolve into dwarfs and small mammals evolve into giants
over short evolutionary times (the Island Rule; Foster, 1964; Van
Valen, 1973). The hypotheses aimed to explain this phenomenon
focus on three ecological factors, competition, predation, and resource
availability, which are expected to differ betweenmainland and island
environments. Limited food resources, low interspecific competition
and lack of predation pressure characterize insular ecosystems (Grant,
1998; Lomolino, 1985; McNab, 1994, 2002a,b; Raia and Meiri, 2006;
Palkovacs, 2003; Van Valen, 1973).
Though these selective forces might act directly on body size
(Burness et al., 2001; Heaney, 1978;McNab, 2010; Sinclair et al., 2003;
Sondaar, 1977), an alternative explanation is based on the covariation
of life history traits with body size (Brown and Sibly, 2006; Köhler and
Moyà-Solà, 2009; Raia and Meiri, 2006; Palkovacs, 2003).

Life history traits, such as gestation length, size at birth, size and
age at maturity, size and number of offspring, length of the
reproductive span, and longevity, describe the life cycle of an
organism. They are organized along a “fast–slow continuum”, with
small size, early age at maturity, high reproductive rates, and a short
lifespan at the fast end and the opposed traits at the slow end of the
continuum. Life history traits are shaped by environmental condi-
tions, specifically by extrinsic mortality and resource availability, and
may shift in one or the other direction when these conditions change,
leading to a complex adaptation of an organism's life cycle termed its
“life history strategy” (Brown and Sibly, 2006; Ricklefs, 2001; Roff,
2002; Stearns, 1992).

Today, a debate focuses on whether insular dwarfs shifted towards
the fast or the slow end of the life history continuum. Because insular
endemic mammals are predicted to follow similar evolutionary
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Fig. 1. (a) Map of Western Mediterranean with the position of the Gymnesic islands.
(b) Reconstructed skeleton of Myotragus balearicus.
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trends, which has been confirmed for a series of shared peculiar traits
(reduced limb length, reduced size of brain and sense organs, increase
in hypsodonty, low metabolic rates, etc.), a similar common trend
should be expected for life history traits (see discussion in Grant, 1998;
Köhler, 2010; Köhler and Moyà-Solà, 2003; MacArthur and Wilson,
1967; McNab, 2002a).

Based on the scaling of body size with life history traits, some
authors proposed that the life history traits of insular dwarfs
accelerate (fast end) to increase reproductive investment, i.e. fast
growth rate, early age at maturity, and increase in production rate
(Bromage et al., 2002; Brown and Sibly, 2006; Brown, et al., 1993;
Meiri and Raia, 2006, 2010; Raia et al., 2003). Conversely, some
authors (Köhler and Moyà-Solà, 2009, 2010; Palkovacs, 2003)
suggested that the trend for insular dwarfs is to shift resource
allocation from reproduction to growth and maintenance, thus
moving toward the “slow” end of the life history continuum.

Fossil faunas fromMediterranean Islands providemany examples of
body size evolution, such as dwarf elephants, hippos, deer, etc. (Bover
et al., 2008; Hooijer, 1951; Lister, 1993; Palombo, 2001; Raia et al.,
2003). An ideal case for studying the evolution of life history traits
under insularity is the fossil bovidMyotragus (Bate, 1909) (Artiodactyla,
Bovidae, Caprinae), an endemic taxon from the Gymnesics or eastern
Balearic Islands (Majorca and Minorca, Fig. 1). The genus Myotragus
underwent significant changes in body design after geographic
isolation at the end of the Messinian Salinity Crisis (5.2 mya) under
the special ecological conditions that characterised the Balearic Islands
from Pliocene through Holocene (limited food resources, absence of
predation, increase in intraspecific competition, and times of mass
starvation) (Köhler and Moyà-Solà, 2004, 2009).

The genus Myotragus comprises a group of six fossil endemic
chronospecies from Pliocene through Holocene (Fig. 2). Because of the
numerous apomorphies of Myotragus that obscure phyletic relation-
ships, the Miocene mainland ancestor is so far unknown. Myotragus
became extinct coincidingwith thefirst human arrival some 3000 years
ago. In addition to an important size decrease, Myotragus underwent
changes that affected the locomotor, the visual and the digestive
(dentition) system (Alcover et al., 1981; Ramis and Bover, 2001; Köhler
and Moyà-Solà, 2004, 2009; Moyà-Solà and Pons-Moyà, 1982; Moyà-
Solà et al., 1999; Palombo et al., 2008;). Changes in dentition are
characterized by the progressive reduction of the number of incisors
and premolars, the increase in the degree of hypsondonty of all teeth,
and the acquisition of evergrowing incisors (Bover and Alcover, 1999;
Alcover et al., 1981; Bover et al., 2008; Moyà-Solà, et al., 2007). M.
balearicus, the terminal species of the lineage, presents an extremely
modified dentition that is not shared by any other knownCaprinae. This
species displays a single evergrowing incisor in each jaw, a single
premolar in the lower dentition (P4), two in the upper dentition (P3
and P4), and three highly hypsodont molars; the dental formula for an
adult is I 0/1, C 0/0, P 2/1, M 3/3. It has been suggested that this type of
dentition is related to an increased feeding efficiency on abrasive
vegetation (Alcover et al., 1998; Bover and Alcover, 1999).

A recent work (Köhler and Moyà-Solà, 2009) showed that the
peculiar bone histology ofMyotragus provides a direct evidence of the
developmental and growth pattern and a indirect evidence regarding
its physiology. The histological pattern indicates that this dwarf bovid
grew at slow and variable rates and ceased growth cyclically, which
was associated with an important delay in the attainment of skeletal
maturity, suggesting that Myotragus shifted towards the slow end of
the life history continuum.

Here we aim to draw inferences about the evolution of the life
history traits of Myotragus, as an example of a typical insular dwarf,
through the study of the enamel microstructure in M. balearicus, the
terminal species of this genus. It is well known that the study of the
incremental structures of dental tissues permits determination of the
rate and duration of dental growth and development, so providing
insight into developmental pathways and into life history traits of
mammals (Bromage et al., 2002, 2009; Dean, 2006; Dean et al., 2001;
Schwartz et al., 2002; Smith et al., 2007). Thus, these results will allow
us to go deeper into the debate on the direction inwhich insular dwarf
mammals shifted along the ‘slow–fast continuum’. Specifically, our
study focuses on the estimation of the rate of dental development and
eruption times of lower cheek teeth in M. balearicus and its
comparison with extant caprines.

2. Methods

The study was based on the analysis of enamel incremental
structures observed in ground sections with polarized light micros-
copy. The sample (Table 1) comprises five lower molars of M.
balearicus from the Pleistocene sites of Majorca. Additionally, for the
comparisons, we analysed three lower molars of an extant caprine (O.
aries). The latter were also used to assess whether our histological
results are compatible with biological observations on lower molar
emergence times (Hillson, 2005; Pérez-Barbería and Mutuberría,
1996).

Histological slices were made using standard procedures in our
laboratory of thin sections: teeth were embedded in epoxy resin



Fig. 2. Evolutionarymodel of the genusMyotragus in Balearic Islands accordingMoyà-Solà
et al., 2007. a Paleomagnetic data, b Radiocarbon data (Köhler and Moyà-Solà, 2004 and
references therein).

Table 1
Specimens studied in this work.

Specimen Piece Location

Myotragus balearicus (MBCN15801) Lower M1 Sa Moleta, Majorca
Myotragus balearicus (MBCN15798) Lower M2 Sa Moleta, Majorca
Myotragus balearicus (MBCN15799) Lower M2 Sa Moleta, Majorca
Myotragus balearicus (IPS26348) Lower M2 Cova de Llenaire, Majorca
Myotragus balearicus (IPS26342) Lower M3 Cova de Llenaire, Majorca
Myotragus balearicus (MBCN12589) Mandible Sa Moleta, Majorca
Myotragus balearicus (MBCN12592) Mandible Sa Moleta, Majorca
Myotragus balearicus (MBCN12593) Mandible Sa Moleta, Majorca
Myotragus balearicus (MBCN12717) Mandible Sa Moleta, Majorca
Myotragus balearicus (MBCN12598) Mandible Sa Moleta, Majorca
Ovis aries (IPSOA1) Lower M1 Catalonia
Ovis aries (IPSOA2) Lower M2 Catalonia
Ovis aries (IPSOA3) Lower M3 Catalonia

MBCN: material housed at Museu Balear de Ciències Naturals (Majorca).
IPS: material housed at Institut Català de Paleontologia (Barcelona).

1 CFT: time needed to form the tooth crown (in days); DSR: daily enamel
increments along a prism (in microns); CER: daily increase in crown height (in
microns) or the length of dentine surface covered by enamel in one day.
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(Araldite 2020) and they were cut longitudinally with a diamond low
speed saw in the bucco-lingual plane. The cutting surfaces were
polished using carborundum of decreasing size (800 through 1200
grit), and bonded to glass slides with an ultraviolet curing glue
(Loctite 358). Then, they were sectioned and ground using a diamond
saw (Buehler, PetroThin) to roughly 100 μm. Thin sections were
polished using carborundum (800 through 1200 grit) and aluminum
oxide (0.3 and 0.05 μm) of decreasing size, and then they were
dehydrated in alcohol gradients (70, 96, and 100%) and immersed in a
histological clearing agent (Histo-Clear II). Finally, the slides were
mounted with a DPX medium (Scharlau).

Histological techniques applied are counts and measurements of
incremental features in enamel. Owing to the fact that the mammalian
dental hard tissue formation is periodic, cyclic variations during the
ameloblasts secretory activity lead to the formation of incremental
features in the enamel (Boyde et al., 1988 and references therein). These
techniques have been widely applied to primates (Beynon et al., 1998;
Bromage, 1991; Dean et al., 2001; Schwartz et al., 2002; Smith et al.,
2003), but very few data are available for ungulates (Dirks et al., 2009;
Iinuma et al., 2004; Macho and Williamson, 2002; Tafforeau et al.,
2007). Cross-striations and Retzius lines are common enamel incre-
mental features used in studies of dental development. Cross-striations
are short-period incremental features running at right angles to enamel
prisms reflecting the circadian variations of ameloblast activity. Retzius
lines represent growth discontinuities affecting all ameloblasts secret-
ing at the time of the disturbance reflecting a long-period cycle of
ameloblast activity (Bromage, 1991; Smith, 2008; Smith and Tafforeau,
2008). Some authors (Smith, 2006; Tafforeau et al., 2007) mention a
third kind of enamel incremental lines: the laminations, which are
regularly spaced fine features parallel to the Retzius lines, that have a
daily nature similar to cross-striations. According to Tafforeau et al.
(2007), they represent three-dimensional alignments of cross-stria-
tions, which are better visible in the enamel of herbivorous mammals
mainly because their high enamel secretion rates trigger a wider
spacing of cross-striations than the diameter of prisms.

In our samples, fine incremental features that match descriptions
of lamination predominated. We considered them as daily growth
features that permit calculating Crown Formation Time (CFT), Daily
Secretion Rate (DSR) and Crown Extension Rate (CER).1 The method
we used to calculate these parameters, based on Boydes's technique
(1963), is as follows: as enamel prisms (Fig. 3A) mark the path of
growth and incremental features (Fig. 3B) represent the position of
the developing enamel front, the time required to form the distance
comprised by the complete path of an incremental feature (Fig. 3C), is
at the same time required to form a prism from enamel–dentine
junction to enamel surface (Fig. 3A), which is calculated by dividing
the length of a prism by the average DSR. Daily Secretion Rate was
calculated measuring the distance between adjacent fine incremental
features in different regions of the crown. Previously, this distance
was compared in the inner and outer enamel and no significant
differences were found. Lingual cusps were used to calculate the
aforementioned parameters.

image of Fig.�2


Fig. 3. Technique used to calculate the increase in crown height in function of the time. (A) Enamel prism, (B) incremental feature and (C) increase in crown height during the
complete path of an enamel prism from enamel–dentine junction to enamel surface. Occlusal region is on the right and enamel surface on the top.
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Using this method, wewere able to obtain crown growth curves that
describe the increase in crown height from cuspal region to cervical
region in function of the time. This in turn allowed us to estimate the
eruption times of lower molars in M. balearicus and O. aries.

The study of the eruption pattern of the lower cheek teeth in M.
balearicuswas performed using CT-scan images of an ontogenetic series
of mandibles (Table 1). This radiological technique permits to observe
the developmental state of dental germs within the fossil jaws. Thus we
can establish the stage of crown development and eruption at the
beginning of the formation of the crown of the following tooth.
Mandibles were scanned with a Siemens Sensation 16 CT-scan at
Hospital Mútua de Terrassa (Spain) at 140 kV and 100 mA, obtaining
0.488 mm of pixel size and an output of 512×512 pixels per slice, with
an inter-slice space of 0.2 mm. Images were analysed using the software
OsiriX v.3.5.1. The eruption pattern of the lower cheek teeth in O. aries
was obtained from the literature (Hillson, 2005).
Fig. 4. Crown formation time related to crown height from the cuspal to the cervical
region of Myotragus balearicus and Ovis aries. (a) Crown growth curves for each
specimen. (b) Fits of the crown growth curves within species. Dotted lines are 95%
confidence intervals.
3. Results

In Fig. 4, we plotted Crown Formation Time (CFT) against crown
height in M. balearicus and O. aries. Molar crowns grow following a
similar pattern within species (Fig. 4a), with a progressive decrease in
the rate at which the crown grows in height from occlusal to cervical
region. Interestingly, within a species this rate depends on crown
height, but not on whether it is the first, second or third molar.
Growth curves within species fit very well to a polynomial of quartic
order (Fig. 4b), which allowed us to calculate CFT in function of crown
height in the lower cheek teeth of these species. We observed that the
development of the O. aries molars was significantly earlier in time
than that of the molars of M. balearicus, which is not only due to the
higher crowns of the latter, but also to a faster ameloblast secretory
activity in the former species, as shown in the Daily Secretion Rate
(DSR) and Crown Extension Rate (CER).

Enamel increments along a prism occurred at a mean interval of
9.3 μm/day (±2.1SD; N=51) in M. balearicus, which is significantly
lower (pb0.001) than the average DSR in O. aries that is 11.6 μm/day
(±1.4SD; N=18). Fig. 5 shows the decrease in the rate at which the
crown increases in height each day (CER) in both species, namely the
size of the daily cohort of differentiating ameloblasts. Near the cusp,
the crown of M. balearicus grows at a rate of about 150 μm/day, while
in O. aries the rate is faster with about 260 μm/day. Near the cervical
region, the high crown of the third molar in M. balearicus grows at a
rate of about 10 μm/day, whereas the shorter crown of the thirdmolar
of O. aries grows at a rate of about 40 μm/day.

A general pattern observed in the enamel microstructure during
crown formation is that the angle formed by the incremental feature
and the enamel–dentin junction (EDJ) is more obtuse the more
cervically it is located, progressively changing from 3° to 30° (Fig. 6).
This angle is determined by the size of the cohort of differentiating
ameloblasts in EDJ, whereby the angle is higher the smaller the size.
This explains how growth rate decreases in function of crown height.
Radiologic study of an ontogenetic series of mandibles allowed us
to establish the sequence of dental eruption in the lower cheek teeth
of M. balearicus (Fig. 7). The youngest specimen of our ontogenetic
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Fig. 5. Plot of the rate at which the crown grows each day in function of the crown
height from cuspal to cervical region. Dotted lines are 95% confidence intervals.
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series is a mandible with decidual premolars emerged but still
unworn (Fig. 7a). It most likely belongs to a newborn. We can observe
that, at this stage, the crown formation of the first permanent molar
(M1) had started and already reached one third of its final height,
indicating that the formation of this molar already starts at prenatal
Fig. 6. Angle formed by the incremental features (arrow) and the enamel–dentin
junction (EDJ) in different regions of the crown: (a) near the cusp, and (b) near the
cervix (b). Specimen MBCN15799, Myotragus balearicus. Scale bar represents 100 μm.
stage. First permanent molar emerged postnatally at a considerable
stage of the wear of decidual premolars (Fig. 7b–c). At emergence of
this piece, no other crowns of the permanent posterior teeth had
begun to form. The next tooth to form was the second permanent
molar (M2), and when this tooth was already slightly worn, decidual
premolars fell out and the fourth permanent premolar (P4) emerged
(Fig. 7d). The third permanent molar (M3) emerged last and the
crown formation did not start before P4 was worn (Fig. 7e).

Putting CFT and dental eruption pattern together, we could
estimate the eruption times of lower molars in M. balearicus and O.
aries. Table 2 shows the CFT and estimated eruption times of the lower
molars in both species, as well as the data for times of dental eruption
in O. aries and a wild caprine (genus Rupicapra) available from the
literature (Pérez-Barbería and Mutuberría, 1996; Silver, 1969). Our
results show that (i) molar eruption times estimated for O. aries are
congruent with biological data for teeth emergence times, which
supports the reliability of criteria used to obtain crown growth curves;
(ii) molar eruption times are delayed inM. balearicus in comparison to
the other caprines. We estimated first and second permanent molar
emergence at 9 and at 32 months respectively, which is late in
comparison to other caprines in which these teeth usually emerge
after 6 and 18 months, respectively. Dental development in M.
balearicus (eruption of M3) is estimated to be finish at about
6 years, while in the other caprines dental development does not
exceed 3 years. This result strongly suggests that maturity was
delayed in M. balearicus.

4. Discussion

Our results from the study of enamelmicrostructure show that inM.
balearicus, dental crowns grow at slower rate and the period of crown
formation is more extended than in other extant caprines, resulting in a
delayed dental development. In addition, radiologic study on an
ontogenetic series of mandibles of M. balearicus provides support to
previous observations (Bover and Alcover, 1999) that the eruption
order of lower cheek teeth in this species slightly differs from that of
other bovids in that the eruption of premolar P4 occurs prior to M3
emergence, contrary to what is known from other bovids (Sisson and
Grossman, 1975; Pérez-Barbería and Mutuberría, 1996). We suggest,
however, that this is a consequence of the important increase in
hypsodonty of the third molar in M. balearicus, which takes about
3 years, a long time to become functional. Based on our results from the
tooth microstructure and crown development, we further suggest that
the exceptional hyspsodonty of the molars ofM. balearicus results from
hypermorphosis as previously proposed for the evergrowing incisors of
the same species (Moyà-Solà et al., 2007). In both cases, the end of the
ontogenetic event (total crown formation) surpasses that of the
ancestor (Alba, 2002; Gould, 1977), thus allowing more time for dental
development.

Both results obtained from the study of enamel microstructure, the
decreased growth rates and the delayedmaturity, are in agreement with
results from long bone histology in the same species (Köhler, 2010;
Köhler andMoyà-Solà, 2009). Bone and dental histology, hence, indicate
a delayed somatic maturity in M. balearicus compared to extant bovids
(Nowak, 1991) suggesting a late onset of reproduction. Nevertheless,
whether or not the onset of reproductionmay precede the attainment of
asymptotic size (see discussion in Köhler andMoyà-Solà, 2010;Meiri and
Raia, 2010) is an issue that requires further research.

According to life history theory (Ricklefs, 2001; Stearns, 1992), the
extended juvenile development of M. balearicus should be associated
with longevity. In fact, the outstanding increase inmolar crown height
(hypsodonty) in this species most likely represents an adaptation to
cope with tooth wear resulting not only from an abrasive diet, as
hitherto suggested (Bover and Alcover, 1999; Alcover et al., 1998;
Bover et al., 2008), but also from a long lifespan. The relationship
between longevity and tooth crown height has convincingly been
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Fig. 7. Radiologic study of an ontogenetic series of mandibles ofMyotragus balearicus. (a) SpecimenMBCN12589, (b) specimenMBCN12592, (c) specimenMBCN12593, (d) specimen
MBCN12717, and (e) specimen MBCN12598. Scale bar represents 20 mm.

64 X. Jordana, M. Köhler / Palaeogeography, Palaeoclimatology, Palaeoecology 300 (2011) 59–66

image of Fig.�7


Table 2
Estimations of Crown Formation Time (CFT) and eruption times in the lower molars of
Myotragus balearicus and Ovis aries, as well as data for eruption times in Ovis aries and
Rupicapra available in the literature.

M. balearicus O. aries O. ariesb Rupicaprac

Lower
Molars

CFT
(days)

Eruption
times
(months)

CFT
(days)

Eruption
times
(months)

Eruption
times
(months)

Eruption
times
(months)

M1a 69 80
M1 343 9.1 251 5.7 3–6 2–5
M2 702 32.5 299 15.7 9–18 9–17
M3 1112 69.6 400 29.0 18–48 22–32

a CFT during prenatal period.
b Silver, 1969.
c Pérez-Barbería and Mutuberría, 1996 and references therein.
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shown for living ruminants (Carranza et al., 2004; Veiberg et al.,
2007). We expect that our ongoing research on incremental growth
marks in the tooth cementum ofM. balearicuswill provide evidence of
exceptional longevity for this fossil species.

Our histological study lends support to the hypothesis that there is
a trend for insular mammals, including dwarfs, to shift towards the
slow end of the slow–fast continuum, evolving slow growth rates,
delayed age at sexual/somatic maturity and extended lifespan. Our
results are in agreement with the life history model of Palkovacs
(2003) that predicts adult body size on islands to decrease when the
effects of the reduced resource availability (decrease in growth rate)
predominate over those of reduced extrinsic mortality (increase in
age at maturity) (see Palkovacs, 2003 for further details).

Resource limitation has also been proposed as a mechanism that
triggers similar shifts in life history traits of living populations of
ungulates. Studies of reproductive strategies in extant ungulates
suggest that when food is limited at high population densities,
juvenile individuals have to trade early reproduction for extended
somatic growth and development, thus increasing survival at the
expense of current reproduction (Albon et al., 1983; Festa-Bianchet
and Jorgenson, 1998; Festa-Bianchet et al., 2004). Indeed, certain
fossil sites on Majorca yield evidence of malnutrition and mass-
starvation (Alcover et al., 1981) that suggest a scenario of density-
dependent population growth in a resource-limited environment.
Resource availability, hence, was the main selection pressure that led
to the evolution of the slow life history associated to the dwarfed size
of the insular bovid Myotragus (Köhler, 2010). This is in accordance
with the predictions from r/K selection theory (MacArthur and
Wilson, 1967) that on islands productivity decreases while efficiency
increases with an increasing population density (K selection). The
model identifies resource limitation as an important selection
pressure that forces a shift from a density-independent (r) to a
density-dependent (K) regime. The term K implies selection for traits
that increase fitness under scarce resources and high intraspecific
competition.

Nevertheless, our finding contrasts with the results from an
isolated empirical study of another insular dwarf mammal (Bromage
et al., 2002). A histological approach based on the analysis of enamel
microstructure on the dwarf Elephas Cypriotes (Bromage et al., 2002)
lends some support to the hypothesis that dwarfing on islands is
associated to a fast life history. In their study, the authors show that
whereas the rate of molar enamel development is the same for both
the large African and the Cypriot pygmy elephants, enamel thickness
is less in the latter. The authors concluded that tooth development
was arrested at an earlier absolute age in the pygmy elephant,
indicating an abbreviated growth period leading to a small body size.
Our results are at odds with these findings, which might be due to
differences in methodology and sampling. Undoubtedly, further
research is required that includes other insular species to settle the
issue of life history strategies of insular dwarfs.
5. Conclusions

Life history theory provides a valuable analytical framework for
understanding body size evolution of insular mammals. It has been
suggested that the special ecological conditions of insular environ-
ments (resources limitation, low interspecific competition and lack of
predation) trigger shifts in life history traits of mammals, body size
amongst them. Special attention has been paid to the phenomenon of
dwarfing. Two mutually exclusive hypotheses have been proposed:
(i) life history traits of insular dwarfs accelerate to increase
reproductive investment (fast life history); and (ii) life history traits
of insular dwarfs decelerate through the allocation of limited
resources away from the reproduction to growth and maintenance
(slow life history).

Our results on enamel microstructure ofM. balearicus (an endemic
dwarf bovid from the Balearic Islands) show that in this fossil species
dental crowns grew at a slower rate and the period of crown
formationwasmore extended than in other extant caprines. The delay
in dental development was twofold the time of other bovids. Results
also show that the long crown formation time in this endemic fossil
bovid was a consequence of both the increase in hypsodonty and the
decrease in ameloblast secretory activity. The extraordinary hypso-
donthy of this species is suggested to be coupled with a long lifespan.

Our results from the study of enamel microstructure in M.
balearicus (decreased growth rates, delayed maturity and longevity),
are in agreement with results from long bone histology in the same
species. Our histological study on M. balearicus provides empirical
evidence of a delayed somatic maturity with a late onset of
reproduction in this fossil species when compared to extant bovids.
Myotragus achieved its smaller body size most likely because the
magnitude of the effect of a decrease in growth rate was greater than
that of an increase in growth period.

Our results provide strong support to the life history model that
predicts a shift for large mammals under density-dependent resource
limitation towards the slow end of the fast–slow continuum through a
shift from the investment in reproduction to the extended somatic
growth and maintenance. Our results underline the importance of
hard tissue histology as a tool to increase our understanding of the
evolution of life history strategies of fossil mammals in their ecological
context.
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