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a  b  s  t  r  a  c  t

Insular  gigantism  is  frequent  in fossil  and  extant  micromammals.  It is widely  assumed  to
result  from  increased  food  availability  through  expanded  dietary  niches  under  decreased
interspecific  competition.  We  compared  the  bone  histology  of  the  fossil  giant  dormouse
Hypnomys  onycensis  (Gliridae)  from  the Balearic  Islands  with  that  of its  closest  living rel-
ative, Eliomys  quercinus.  Both  display  the  same  bone  tissue  types  at similar  ontogenetic
stages,  indicating  comparable  growth  rates.  Skeletochronological  analysis  shows  that  Hyp-
nomys  had  an  exceptionally  long  lifespan.  Gigantism  in insular  Hypnomys  hence  results
from  a shift  in  life  history  toward  the  slow  end  of  the  slow–fast  continuum.

©  2015 Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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r  é  s  u  m  é

Le gigantisme  insulaire  est fréquent  chez les  micro-mammifères  vivants  et  fossiles.  Il
est largement  admis  que  ceci  résulte  de  la  disponibilité  accrue  de  nourriture,  due  à
l’augmentation  de  niches  alimentaires,  en  raison  de  la  diminution  de  la compétition  inter-
spécifique.  Le présent  article  compare  l’histologie  osseuse  du  loir  géant  fossile  Hypnomys
onycensis  (Gliridae)  des  îles  Baléares  avec  celle  de  son  équivalent  vivant  le  plus  proche,
Eliomys  onycensis.  Ces  deux  loirs  présentent  les  mêmes  types  de tissu  osseux  à des  stades

ontogéniques  similaires,  indiquant  des  taux  de  croissance  comparables.  L’analyse  squelet-
tochronologique  montre  q
conséquence,  le  gigantism
l’histoire de  la  vie,  vers le
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. Introduction

Dormice (Gliridae) are members of a peculiar rodent
amily characterized by a series of unusual traits. They
xhibit torpor strategies with marked physiological cycles
Bieber and Ruf, 2009; Wilz and Heldmaier, 2000), an
mportant plasticity in litter size and interbirth interval in
daptation to current resource availability (Pilastro et al.,
003), a strong trade-off between reproduction and future
urvival (Ruf et al., 2006), and a slow life history with a long
ife span in relation to their body size (Moreno, 2002). These
ighly plastic traits make dormice especially suitable for

ife under precarious resource conditions, a critical char-
cteristic to survival during long drifts on wood over sea
nd colonization of islands. Thus, dormice represent a large
art of giant endemisms on certain Mediterranean islands,
or instance Hypnomys Bate, 1918 on Mallorca, Muscardinus
yclopeus Agustí et al., 1982 on Menorca (Moncunill-Solé
t al., 2014), and the even larger taxa Leithia Lydekker, 1896
nd Maltamys Zammit Maempel and de Bruijn, 1982 on
icily and Malta (Nadachoswki and Daoud, 1994).

Hypnomys is an extinct giant genus from the Gymne-
ian Islands (Majorca and Minorca, Spain) that appeared
fter a single Messinian colonization event on Mallorca,
nd then colonized Menorca probably during the first Late
liocene glaciations. Hypnomys morpheus Bate, 1919 is the
ost recent representative of a clade that evolved in isola-

ion during the last 5.35 million years until Late Holocene
Alcover et al., 1981). Hypnomys onicensis Reumer, 1994,
owever, was an early species of that anagenetic lin-
age with an estimated body mass of approximately 200 g
Moncunill-Solé et al., 2014), being almost two  and a
alf times heavier than its closest mainland relative, the
xtant garden dormouse Eliomys Linnaeus, 1766 (Bover
t al., 2008; McKenna and Bell, 1997) which weighs 82.5 g
Tacutu et al., 2013). Besides the larger body mass, Hyp-
omys differs from Eliomys in shape and dimensions of
ranial and postcranial elements, suggesting differences
n locomotion, foraging, and food processing (Bover et al.,
010; Quintana and Moncunill-Solé, 2014). The extraordi-
ary preservation of the Hypnomys fossil material offers
he opportunity to study some life history traits such as

aturity, longevity and growth rate in order to improve
ur understanding of the evolution of gigantism on islands.

Insular gigantism is widely assumed to result from
rowth rate acceleration in response to increased food
evels (McNab, 1994, 2010, 2012; Pafilis et al., 2009 and ref-
rences therein). Though islands are generally considered
o be resource-poor for large mammals (McNab, 2012), the
ecreased number of species in insular ecosystems is con-
idered to allow small mammals to expand their dietary
iche (van der Geer, 2005) and, hence, the quantity of avail-
ble resources (McNab, 2010 and references therein).

To test whether insular gigantism results from accel-
rated growth (and, by implication, a shift towards a fast
ife history), or whether it instead results from a prolonged
rowth period (and, by implication, a shift towards a slow

ife history), we studied bone tissues and the number of
rowth marks (skeletochronology) of ontogenetic series of
he insular giant dormouse H. onicensis and the continental
ister taxon Eliomys quercinus.
levol 15 (2016) 238–244 239

2. Material and methods

The study is based on the analysis of bone tissue patterns
and growth marks observed in mid-shaft femoral sections
with polarized light microscopy.

The material analyzed consists of a total of 48 femora, 40
belonging to H. onicensis and 8 to the extant taxon E. querci-
nus. The H. onicensis femora come from the fossil site “Sa
Pedrera de S’Ònix” on Mallorca island, which dates from
the Late Pliocene. The femora of the extant taxa sample
were also analyzed and discussed in García-Martínez et al.
(2011). One of these, labeled therein as “ID 15”, had been
misidentified as Glis glis Linnaeus, 1766. The data sample is
displayed in supplementary material, Table S1, providing
information on locality, stratigraphic age, anteroposterior
diaphyseal diameter (mm),  number of Lines of Arrested
Growth and other observations. Epiphyseal fusion is not
taken into account, as many of the H. onicensis femora are
represented only by proximal or distal thirds. Furthermore,
the epiphyseal fusion of the H. onicensis shows no correla-
tion with age, because epiphyses remain unfused even in
very old individuals.

The fossil material belongs to the collections of the Insti-
tut Català de Paleontologia Miquel Crusafont (ICP) (Spain),
whereas the extant material comes from the collections of
the Museu de Ciències Naturals de Granollers. For more
information see García-Martínez et al. (2011). The thin sec-
tions of both species are stored at ICP with the acronym
IPS.

Once the material was prepared and ready for section-
ing, the femora were embedded in epoxy resin and slides
were prepared following the protocol described in García-
Martínez et al. (2011). The obtained slides were observed
under circularly polarized transmitted light (Leica DM 2500
P). We  considered growth marks as LAGs when they can
be traced around the periphery of the bone (Horner et al.,
1999). The descriptions of bone tissues are based on the
typological classification established by de Ricqlès et al.
(1991) and de Margerie et al. (2002). We  counted double
LAGs, frequent in both taxa, as representing only one year.

Abbreviations:
EFS: External Fundamental System.
FLC: Fibro-Lamellar Complex.
IFS: Internal Fundamental System.
LAG: Line of Arrested Growth.
LNV: Lamellar (or parallel-fibered) Non-Vascular.
LPO: Lamellar (or parallel-fibered) with Primary
Osteons.
LSV: Lamellar (or parallel-fibered) Simple Vascular.

3. Results

Of the H. onicensis sample, 32 slides were sufficiently
well preserved for visualization of the tissue pattern and
to observe the presence of growth marks. Of these femora,
only five pertained to young individuals that had not yet
attained reproductive maturity, as they did not develop

an EFS. On the other hand, the great majority are adult
individuals presenting two  or three LAGs in the EFS corre-
sponding to an age of two–three years. We  also found older
exemplars, with nine individuals providing an estimated
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Fig. 1. (Color online.) Ontogenetic series of femora of Eliomys quercinus (left) and Hypnomys onicensis (right). Green areas provide the outline of the
juvenile/adult transition. Dashed areas: limited regions with primary osteons, either lamellar (or parallel-fibered) with primary osteons (LPO) or fibro-
lamellar complex (FLC). Yellow areas: incremental growth after maturity (EFS). Blue areas around the medullary cavity: internal fundamental systems (IFS).
Specimen’s collection numbers and age for E. quercinus top down: a: IPS 82128a, oldest individual, 6 line of arrested growths (LAGs); b: IPS 82130a, 2 LAGs;
c:  IPS 82129b, 1 LAG; d: IPS 82133, 0 LAGs. Specimens’ collection numbers and age for H. onicensis top down: e: IPS 83489, one of the oldest individual, > 10
LAGs;  f: IPS 82106, 2 LAGs; g: IPS 82095, 2 LAGs; h: IPS 82092, 0 LAGs. Scale bar 5 mm.
Fig. 1. (Couleur en ligne.) Série ontogénique des fémurs d’Eliomys quercinus (gauche) et d’Hypnomys onicensis (droite). Les zones colorées en vert indiquent
le  contour de la transition juvénile/adulte. Zones hachurées : régions limitées contenant des ostéones primaires, qu’elles soient lamellaires (ou à fibres
parallèles), avec des ostéones primaires ou un complexe fibro-mamellaire. Zones jaunes : croissance incrémentale après maturation (EFS). Zones bleues
autour des cavités médullaires : systèmes fondamentaux internes (IFS). Références des spécimens en collection et âge pour E. quercinus (de haut en bas)
:  a : IPS 82128a, le plus vieil individu, six lignes de croissance arrêtée (LAGs) ; b : IPS 82130a, 2 LAGs ; c : IPS 82129b, 1 LAG ; d : IPS 82133, 0 LAGs.
Numéros des spécimens en collection et âge pour H. onicensis (de haut en bas) : e : IPS 83489, un des plus vieux individus, > 10 LAGs ; f : IPS 82106, 2
LAGs ; g : IPS 82095, 2 LAGs ; h : IPS 82092, 0 LAGs. Échelle : 5 mm.
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Fig. 2. (Color online.) Areas with primary osteons that correspond to
dashed areas on Fig. 1. Left: juvenile Eliomys quercinus: a: IPS 82133; right:
juvenile Hypnomys onicensis: b: IPS 82081. Observe the smaller but more
abundant primary osteons in E. quercinus.
Fig. 2. (Couleur en ligne.) Zones comprenant des ostéones primaires qui
correspondent aux zones hachurées sur la Fig. 1. Gauche : Eliomys querci-
nus juvénile : a : IPS 82133 ; droite : Hypnomys onicensis juvénile : b : IPS
8
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functional implication of slight differences in the diame-
2081. NB : les ostéones primaires sont plus petits, mais plus abondantes
hez E. quercinus.

ge of at least five years. From these older individuals, two
xhibit more than eight, and two more than 10 LAGs in
he EFS. The eight slides of the extant continental taxon (E.
uercinus) included three immature individuals; the rest
elongs to specimens with lines of arrested growth in their
FS. Only two femora exhibit more than four LAGs. Skele-
ochronological results for the whole sample are shown in
upplementary material, Table S1.

Juveniles of both H. onicensis and E. quercinus exhibit
elatively fast-growing tissues. In both taxa, the medullary
avity is relatively expanded, so that the preserved cortex
ost likely represents postnatal growth only. The tissue

onsists of scarcely-vascularized or avascular parallel-
bered matrix (LSV-LNV) and of limited regions of woven
one (fibro-lamellar complex [FLC]). Tissue with primary
steons (LPO, FLC) extends predominantly from the inter-
al part of the posterior region (insertion area of the third
rochanter at a later stage) along the posterior cortex, and
ver a small and isolated area at the right lateral part of
he anterior region (Fig. 1d and h). Frequently, a resorption
cement) line delimits these areas that follow the curved

argins of the primary osteons. This line is not the first
AG, though both structures may  coincide. After deposition
f the resorption line, growth rate slows down (parallel-
bered matrix, mainly LSV) until deposition of the first
AG. Vascularization, where present, is mostly longitudi-
al; some radial vessels, however uncommon, are found

n both taxa. An inner cortical layer, if present, is thin and
nevenly distributed, and is generally located in the ante-
ior region. It may  be deposited at a very early juvenile stage
Fig. 1), but usually it appears at a late juvenile or early adult
tage.

H. onicensis differs from E. quercinus in some aspects.
he juvenile cortical wall is slightly broader than in E.
uercinus as expected from allometry for a larger species.
rimary osteons in the FLC of H. onicensis are slightly larger

n diameter (Fig. 2). Unlike E. quercinus,  several juveniles of
. onicensis show large resorption cavities in their FLC or
PO matrix in the place of former primary osteons (Fig. 3).
levol 15 (2016) 238–244 241

Adults of both taxa show at least one LAG. The almost
entirely avascular lamellar cortex (LNV) of adults indicates
a similarly slow growth rate for H. onicensis and E. querci-
nus. The area of the third trochanter begins to form at the
medial-posterior edge approximately during the second
year of life; usually, apposition in this area is accelerated
over a short time (LPO-FLC). In some individuals, LAGs are
irregularly spaced; however, regular apposition of double
LAGs is not uncommon (Fig. 4). In both taxa, Haversian sys-
tems perforated the FLC and LPO cortex of older individuals
(Fig. 1e). Contrary to E. quercinus, old H. onicensis individ-
uals are frequent in our sample (supplementary material,
Table S1) and they can double the age of old E. quercinus
individuals. Related to extended longevity, old Hypnomys
specimens show a very extensive and broad inner corti-
cal layer (Fig. 1) and a higher degree of remodeling. While
most “middle-aged” H. onicensis do not show any sign of
resorption within their cortex but only the typical and
steadily progressing resorption front at the medullary mar-
gin, young adults and very old individuals frequently show
large resorption areas within the primary FLC (Fig. 3). This
pattern is not found in E. quercinus.

4. Discussion

There is a general agreement on the causes that trig-
ger insular gigantism. The widely accepted hypothesis
is that under decreased interspecific competition (low
species diversity on islands results from low resource lev-
els, McNab, 1994, 2012), small mammals expand their
dietary niche. The thus increased resource supply permits
an accelerated growth leading to a larger body size, which is
possible under absence of predation and favoured by natu-
ral selection under increased intraspecific competition (see
McNab, 2010 and literature therein). Bone and dental his-
tology are the most suitable tools to reconstruct life history
traits in fossil vertebrates. Using bone histology, we test the
hypothesis that insular gigantism results from an increase
in growth rate triggered by increased resource abundance.

Several features suggest that the giant insular dormouse
H. onicensis from Balearic Islands did not grow at the same
rate but over a longer time period than its closest conti-
nental relative E. quercinus. Both species deposit the same
tissue types at comparable ontogenetic stages. The earliest
ontogenetic stage, the age until weaning, was not avail-
able, most likely because at that age juveniles do not leave
their nests. After weaning, juveniles lay down a matrix
of avascular or poorly vascularised parallel-fibered bone
with simple vascular canals and, in small regionally limited
spots, parallel-fibered bone with primary osteons or even
woven bone. Late juveniles deposit poorly vascularised or
avascular lamellar bone, and adults form an EFS of avascular
lamellar bone with LAGs. Because bone tissue types record
the rate of bone apposition (Amprino, 1947; de Margerie
et al., 2002), the similarities in bone histology between
the giant insular dormouse and its small continental rel-
ative strongly suggest that they grew at similar rates. The
ter and density of primary osteons between both species,
however, are controversial. Both osteonal size and den-
sity have previously been used to calculate bone growth
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Fig. 3. (Color online.) Sequence of ontogenetic stages in Hyponyms onicensis exhibiting strong resorption of the lamellar (or parallel-fibered) with primary
osteons (LPO)/fibro-lamellar complex (FLC) regions (left) and individuals without resorption (right): a: IPS 83489 - > 10 line of arrested growths (LAGs); b:
IPS  82084 - 8 LAGs; c: IPS 82091 - 4 LAGs; d: IPS 82089 - 3 LAGs; e: IPS 82108 - 1 LAG; f: IPS 82095 - 2 LAGs. Scale bar: 5 mm.
Fig. 3. (Couleur en ligne.) Séquence des stades ontogéniques chez Hyponyms onicensis montrant une forte résorption des régions lamellaires (ou à fibres
parallèles), à ostéones primaires (LPO), ou complexe fibro-lamellaire (FLC) (gauche) et certains individus sans résorption (droite) : a : IPS 83489 - > 10

91 - 4 L
lignes  de croissance arrêtée (LAGs) ; b : IPS 82084 - 8 LAGs ; c : IPS 820
LAGs.  Échelle : 5 mm.

rate (de Margerie et al., 2002). The authors concluded that
the bigger the cavities of primary osteons, the faster the
growth rate, whereby they observed: “the osteon diam-
eter is an indirect estimation of the osteonal fraction of
the tissue, bigger osteons being closer to each other” (p.
226). Thus, both size and density of primary osteons reflect
tissue growth rate (de Margerie et al., 2002). In the case of

H. onicensis and E. quercinus, primary osteons in region-
ally limited cortical spots are slightly larger in the giant
dormouse (Fig. 2). However, the primary osteons are
less abundant and similar or even less closely packed at
AGs ; d : IPS 82089 - 3 LAGs ; e : IPS 82108 - 1 LAG ; f : IPS 82095 - 2

comparable age; the osteonal fraction, hence, is equal or
smaller in the larger species (Fig. 2). This means that while
the somewhat larger size of the primary osteons suggests
a slightly faster growth rate, the osteonal density indicates
a slightly slower growth rate. Considering that the study of
de Margerie et al. (2002), based on an ontogenetic series
of one sole species (Anas platyrhynchos), did not take into

account interspecific allometry, we suggest that this fea-
ture might result from a scaling effect rather than from
differences in growth rate. An allometric analysis on pri-
mary osteon size is needed.
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Fig. 4. Close-up of IPS 82084 with regularly deposited double line of
arrested growths.
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provides evidence of an extended maximum life span of
ig. 4. Zoom sur IPS 82084 avec des doubles lignes de croissance arrêtée
égulièrement déposées.

Not only adults but also early juveniles of Hypnomys
tentatively aged as “postweaning before the first winter”
ecause of their close-to-adult size and the lack of LAGs,
ig. 1d and h) are much larger than Eliomys of comparable
ge (see supplementary material, Table S1 for sample size).
he size differences between both species at the earliest
vailable ontogenetic stage, raises the question of whether

 faster growth rate or a prolonged growth period (or both)
ccounts for the larger size of juvenile Hypnomys.  As dis-
ussed above, both taxa deposit the same tissue type from
he earliest preserved juvenile stage (innermost cortical
all of youngest individuals) until old adults. This excludes
ifferences in growth rate for almost the entire growth
eriod. Though we cannot rule out that a faster intrauter-

ne growth rate accounts for a larger size of Hypnomys
fter birth, the supposition of a longer gestation period
eems more appropriate given the allometric scaling rela-
ionship between gestation time and body size (Lindstedt
nd Calder, 1981).

A similar line of reasoning applies to the differences in
hickness of the cortical wall between both species. Because
he cortical wall of terrestrial vertebrates has to withstand
trains and stresses generated by weight bearing, locomo-
ion, and other activities, variance in thickness can result
rom differences in life style or may  simply reflect body
ize allometry. Some authors suggested a fossorial life style
or Hypnomys (Bover et al., 2010, but see Quintana and

oncunill-Solé, 2014 for a different interpretation). Nev-
rtheless, the differences in thickness between the cortical
alls of Hypnomys and Eliomys are only modest at com-
arable ages, which are most parsimoniously accounted
or by simple body size allometry. Accordingly, the slightly
arger juvenile cortical area in H. onicencis suggests a some-

hat longer growth period (at a similar growth rate) until

ttainment of maturity as expected from the correlation
etween body size and age at maturity (Lindstedt and
alder, 1981).
levol 15 (2016) 238–244 243

The many LAGs found in the EFS of the oldest H. onicensis
individuals that double those of E. quercinus incontro-
vertibly document an important increase in longevity.
The attainment of fairly old ages in H. onicensis led to
an increased incidence of osteoporotic resorption cavi-
ties in the cortical area of older individuals, especially
in those older than 10 years (Fig. 3a). The relatively high
frequency of large resorption cavities at very young ages
might instead indicate nutritional problems, an explana-
tion congruent with the notion of resource limitation as
a principle characteristic of insular environments (McNab,
1994; Palkovacs, 2003).

Life history traits correlate with body size, and one
might argue that an increase in body mass must be asso-
ciated with an increase in age at maturity and longevity.
Testing whether the observed increase in longevity is
predicted from allometry is problematic, because extant
dormice taxa are all small, which makes it impossible to
plot a regression line based on dormice that extends up to
giant Hypnomys.  Including in that plot other rodents such as
murids does not make sense, since dormice have an excep-
tionally slow life history for their body mass, requiring
comparison within the taxon Gliridae. However, the impor-
tant increase in longevity from 5.5 years in 82 g Eliomys
(Tacutu et al., 2013) to more than 10 years in closely related
200 g H. onicensis contrasts with the unchanged longevity
(max. four years) between 20 g Mus musculus and 200 g Rat-
tus rattus,  (Tacutu et al., 2013). This strongly suggests that
the doubling of longevity from E. quercinus to H. onicensis
exceeds by far what is expected from size scaling. Thus, tak-
ing together the similarity in growth rate and the important
increase in longevity, we conclude that gigantism in Hyp-
nomys does not result from accelerated growth but from a
deceleration of the pace of the life cycle, that is a delay in
key life history features (age at maturity and longevity).

Finally, the frequent appearance of evenly spaced dou-
ble LAGs in many individuals is intriguing (Fig. 4) and only
exceptionally observed in other small mammals such as
murids (personal observation MK). We  speculate that this
pattern is related to dormancy in dormice, reflecting two
periods of dormancy, cold winter and hot dry summer.
More research, particularly experiments with fluorescent
markers, is needed to understand the formation of double-
spaced LAGs in dormice.

5. Conclusions

Our histological study on long bone tissues of the giant
insular dormouse H. onicensis in comparison with that of
the continental closest relative E. quercinus provides evi-
dence of an unchanged (in relation to the closest mainland
relative) postnatal growth rate. This was likely associated
with changes in time rather than in rate of foetal growth
during gestation, leading to a larger size in early juveniles.
Increased cortical thickness, in combination with a simi-
lar growth rate, suggests that Hypnomys attained sexual
maturity somewhat later than Eliomys. Skeletochronology
more than 10 years, doubling the age of the oldest Eliomys
individuals. These results do not lend support to the widely
accepted hypothesis that insular giants evolved through
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faster growth rates in an environment with abundant
resources.
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