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a b s t r a c t

The Upper Barremian (Lower Cretaceous) site of Las Hoyas (Spain) is an important Kon-
servat Lagerstätte that has a yielded well-preserved biota. Both the palaeohistology and
the preservation of six tetrapods were investigated in this study. Chemical analysis (Ca/P
ratio, fluorine, strontium, barium and REE amounts) reveals an alteration of the original
apatite of the bone in fluoroapatite by postmortem substitutions, a late Sr incorporation
during fossilization, and a rather moderate postmortem REE incorporation in the fresh-
water environment of Las Hoyas. However, the conditions of fossilization have limited
the dissolution-recrystallisation processes and preserved the microstructure of the bones.
Bone growth rate estimations have been made according to Amprino’s rule. The Discoglos-
sidae indet, the Centrocryptodira indet. and Scandensia ciervensis are characterized by low
growth rates and an ectothermic metabolism. Concornis lacustris, Pelecanimimus polyodon
and the Archosauria indet. are characterized by a faster growth and probably higher rest-
ing metabolic rate. All of the specimens are adults of small-sized species. This leads to the
hypothesis of an ecological filter favoring small-sized species in this ecosystem, strength-
ening the taphonomical results. The combination of geochemical and histological studies
seems to offer a more precise overlook of life history traits and preservation of these fossils
from Las Hoyas.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

ots clés :

r é s u m é

Le site de Las Hoyas datant du Barrémien supérieur (Crétacé inférieur, Espagne) est un

aléohistologie
aux de croissance osseux
réservation
iagenèse
étrapodes
as Hoyas
rétacé

Konservat Lagerstätte très important. Dans ce travail, six tétrapodes ont été étudiés par une
double approche chimique et histologique. L’analyse chimique des os (rapport Ca/P, teneurs
en fluor, strontium, baryum et terres rares) révèle des substitutions ioniques postmortem
conduisant à la formation de fluoroapatite, une incorporation tardive de Sr au cours de la
fossilisation et une incorporation postmortem de terres rares, plutôt modérée au sein de
l’environnement dulcicole de Las Hoyas. Les conditions de fossilisation ont cependant limité
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les phénomènes de dissolution-recristallisation et préservé la microstructure osseuse. Les
taux de croissance osseux ont été estimés selon la loi d’Amprino. Le Discoglossidae indét,
le Centrocryptodira indét. et Scandensia ciervensis sont des individus à croissance très lente
et à métabolisme ectotherme. Concornis lacustris, Pelecanimimus polyodon et l’Archosauria
indét. ont une croissance plus rapide et probablement des taux métaboliques plus élevés.
Ils sont tous caractérisés par une petite taille adulte. Une hypothèse émise est la présence
d’un filtre écologique au sein de l’écosystème de Las Hoyas qui aurait favorisé les espèces
de petites tailles. L’intégration des études géochimiques et paléohistologiques devrait offrir

plète
émie d

2.1. Material and geological settings

We studied a sample of tetrapods (Table 1) collected
during successive field seasons that have taken place

Table 1
List of the material studied (introduced in Cambra-Moo, 2006).
Tableau 1
Liste du matériel étudié (introduit par Cambra-Moo, 2006).

Taxon Specimen
number

Material

Anura - Discoglossidae indet. LH-394a Tibiofibula/Femur
Chelonia -Centrocryptodira

indet.
LH-21901 Ulna/Femur

Scandensia ciervensis LH-22399 Tibia/Fibula/Femur
une vision plus com
© 2011 Acad

1. Introduction

Las Hoyas (Lower Cretaceous, Spain) is a Konservat
Lagerstätte in which freshwater, terrestrial and aerial
organisms occur together in the same sedimentary hori-
zon (Sanz et al., 1988, 2001). It has provided specimens of
all main eukaryote clades: Fungi, Chlorophyta, Bryophyta,
Pteridophyta, Spermatophyta, Arthropoda (Ecdysozoa),
Mollusca (Lophotrochozoa), and Vertebrates (Deuterosto-
mia) (Buscalioni and Fregenal-Martinez, 2010). The last
taxonomical update gathered 132 genera, and this num-
ber is increasing yearly (Buscalioni and Fregenal-Martinez,
2010). Prokaryotes involved in the fossilization processes
have also been identified (Briggs et al., 1997; Gupta et al.,
2008). The palaeobiodiversity and the palaeoecology of the
ecosystem have been analyzed in detail (see the review by
Buscalioni and Fregenal-Martinez, 2010). However, only
a few studies dealt with the functional significance of
morphological structures of vertebrates. These include the
analysis of Sanz et al. (2002) on the functional significance
of the pygostile in Iberomesornis and the alula in Eoalulavis,
as well as the phylogenetic affinities of these Mesozoic
birds, and the analysis of Poyato-Ariza (2005) on ecomor-
photypes of the Las Hoyas fish assemblage.

Microscopic structure of bone tissue can be preserved
during hundreds of millions of years. Ever since the begin-
ning of palaeohistology in the first third of the 20th century
(see the review by Higham, 1963), scientists have tried
to discover the secrets of fossilized bone microstructure.
The histological structure of bone tissue records param-
eters such as life history traits (age at sexual maturity,
longevity, and growth rate), lifestyle (habitat, e.g. ter-
restrial, aquatic, amphibious; Germain and Laurin, 2005),
thermometabolism, biomechanics, etc. (Cubo et al., 2005;
Montes et al., 2010; Ricqlès et al., 2001). At Las Hoyas,
only two studies have been realized using the palaeo-
histological approach. Cambra-Moo (2006) presented in
his PhD thesis an overview of the histological structure
of bone tissue of some vertebrates, but his analysis was
exploratory and the conclusions, preliminary. Only the his-
tology of Concornis lacustris (Enantiornithes, Aves) has been
analyzed in detail, and used to estimate life-history traits
of this Mesozoic bird (Cambra-Moo et al., 2006). Thus the
detailed analysis of the remaining samples described by
Cambra-Moo (2006) is necessary to obtain a maximum of
information on these organisms.
In parallel with the palaeohistological approach, the
chemical composition, including trace elements (i.e., Sr/Ca
and Ba/Ca) and stable light isotopes ratios of bone tissue
des traits de vie et de préservation des fossiles de Las Hoyas.
es sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

may provide valuable information on the biology of extinct
species, such as thermometabolism, using the �18O on PO4
(Amiot et al., 2002), past diet and environments (i.e., Balter
et al., 2001; Burton et al., 1999; Ségalen and Lee-Thorp,
2009). Our ability to make such inferences depends on
the quality of preservation of the fossil remains. The min-
eral component of bones is composed of biological apatite
[Ca5(PO4,CO3)3(F,OH,Cl)], and during the fossilization pro-
cesses (depending on burial environments and conditions),
fossil structures may be modified in ionic exchange and
rearrangements in the primary structure throughout incor-
poration of foreign ions in the crystal lattice, such as F−

for OH− or rare earth elements and trace elements for
Ca2+ in Ca sites (Bryant et al., 1994; Burton et al., 1999).
In some cases, geochemical analyses of bone tissue may
still provide valuable complementary information on the
palaeobiology of extinct organisms. The palaeohistological
and geochemical analyses are usually performed in dif-
ferent research groups, and on different fossil materials,
but deal with similar palaeobiological problems. Integra-
tive analyses including both the palaeohistological and the
geochemical approaches may yield deeper insights into the
problems under analysis. We advocate for this kind of study
and it is a main goal of this paper to show the virtues of
this integrative approach. In this study, we performed both
palaeohistological and geochemical analyses in a sample of
bone tissues from Las Hoyas, to study the preservation of
these fossil remains and to acquire a deeper understanding
of the palaeobiology of these intriguing organisms.

2. Material and methods
Concornis lacustris LH-21006a/b Tarsometatarsal
Pelecanimimus polyodon LH-7777 Rib
Archosauria indet. LH- 17325 Humerus
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n Las Hoyas, an Upper Barremian (Lower Cretaceous)
onservat lagerstätte, located in the Serranía de Cuenca
southwestern Iberian Ranges), in central Spain. The fossils
re preserved in finely laminated limestones composed of
alcium carbonate with a small fraction of clays and organic
atter (Fregenal-Martínez, 1998). The palaeoclimatic

econstruction for the Barremian at the Serrania de Cuenca
uggests an extensive subtropical (seasonal winter wet),
ontinental (freshwater) wetland system, dominated by
arbonate sedimentation that overlaid a low-relief karstic
errain. A flat and smooth topography with scattered ele-
ations of Jurassic limestones at the edge of the subbasins
ay have been the foreground landscape that accom-

anied sedimentation (Fregenal-Martinez and Buscalioni,
009). The Las Hoyas subbasin is filled with sediments
f the La Huérguina Limestone Formation. This formation
s widespread on its central area and the facies indicate
eposits in distal alluvial and palustrine-lacustrine envi-
onments (Fregenal-Martínez, 1998; Fregenal-Martínez
nd Meléndez, 2000). Fossil-bearing rhythmically lami-
ated limestones are found in the Rambla de Las Cruces

I Sequence. This sequence is entirely composed of
arbonates, marlstones and marly limestone. Palustrine-
acustrine facies dominate over floodplain facies.

Taphonomically, Las Hoyas is characterized by fully
rticulated and exceptionally preserved fossils. A broad
ange of organic compounds have been preserved: miner-
lized muscles, tissue imprints, chitin, cellulose, calcium
arbonate and apatite skeletons (Fregenal-Martinez and
uscalioni, 2009). Microbial mats were presumably the
ain agents involved in the exceptional preservation of

rganisms. Moreover, microorganisms were also respon-
ible for the organic and inorganic tissue degradation
Gupta et al., 2008). The mechanisms that may explain
he taphonomic features of Las Hoyas are, in decreasing
rder of importance: inclusion in microbial mats with rapid
urial and anoxia (Fregenal-Martinez and Buscalioni, 2009;

niesto et al., 2009). These agents and mechanisms have
llowed the preservation of the microstructure of bone and
ade our palaeohistological analysis possible.

.2. Histological observations

Histological thin sections (with their associated sedi-
ents) were prepared according to the general protocol

see for instance Montes et al., 2007). Sections were dig-
tized with a digital camera mounted on a binocular

icroscope NIKON ECLIPSE E600 POL. The thin sections
ere also carbon coated and observed with a JEOL JSM

40A scanning electron microscope (secondary electrons
nd backscattered electrons).

.3. Geochemical analysis

.3.1. Electron microprobe analysis
To investigate microscale diagenesis, the polished and

arbon coated thin sections were analyzed with an elec-

ron microprobe Cameca SX 100 (Camparis analysis center
PMC). It consists in firing a beam of electrons onto a

ample, which causes each element to emit X-rays at a
haracteristic frequency. Specific X-ray wavelengths were
10 (2011) 367–380 369

selected and counted by wavelength dispersive microscopy
(WDS) and allowed the measurement of elemental con-
centrations. Elemental amounts (in ppm) were measured
as quantitative single points along a transect across the
bone compacta under vacuum conditions of < 10−5 mbar
with 15 kV high voltage, and 15 nA beam current. Not only
the cortex, but also the crystals in the porous network of
the bone and in the medullary cavity were analyzed, as well
as the sediment surrounding the thin sections (when pos-
sible). Major elements (Ca, P and F), were analyzed by a
beam with spot diameter of 3 �m. Minor elements (Mn, Fe,
Ba, Sr) and rare earth elements (La, Yb, Sm) were analyzed
by a beam with spot diameter of 20 �m. The analytical pre-
cisions of chemical content was less than 5% for the Ca, Sr, P,
F, Ba, Fe, 15% for the Mn, and 20% for the rare earth elements.
The relatively high variations are related to the low concen-
trations observed in the fossils materials and the detection
limits.

The concentration of these elements was compared to
those in actual fresh bones to evaluate the quality of preser-
vation of each sample. We used the Ca/P ratio that generally
ranges from 1.99 to 2.33 in living vertebrates (LeGeros and
LeGeros, 1984), the fluorine concentration, generally infe-
rior to 0.2% in living vertebrate bioapatites (LeGeros, 1981),
and the REE concentrations, which is nearly absent in liv-
ing vertebrates (Hinners et al., 1998). The Ba/Ca and Sr/Ca
ratios could potentially be used to assess the dietary intakes
of these fossils, depending on the quality of preservation.

2.3.2. Optical cathodoluminescence
In parallel to these methods, the samples have been

observed in optical cathodoluminescence. This method
has been mostly used to identify diagenetic phases and
alteration zones in sediments (Machel and Burton, 1991;
Machel et al., 1991; de Rafélis et al., 2000) or biogenic
materials (Balter et al., 2002; Ségalen et al., 2008; Williams
and Henderson, 1997). Cathodoluminescence is based on to
photon emission in the visible range resulting from excita-
tion of a sample by high-energy electrons. Mn2+ is the main
activator for luminescence phenomena, and also REE. The
luminescence exists only when the activators are substitut-
ing in the Ca sites and not when the elements are adsorbed
onto the crystals (Gaft et al., 1996). Fe is an inhibitor of
luminescence (Machel et al., 1991). Cathodoluminescence
examinations of the thin sections of bones were made
using optical cathodoluminescence with an OPEA Catodym
luminoscope at approximately 15 kV and 300 �A. Cathodo-
luminescence photographs were performed using a Nikon
D70 digital camera.

3. Results

3.1. Geochemistry

3.1.1. Major and minor elements
Amongst the six samples (Figs. 1–6), two groups can

be distinguished according to their alteration: Pelecanim-

imus polyodon (Fig. 5) and the Archosauria indet. (Fig. 6) are
fairly altered, whereas the other samples are less altered
(Discoglossidae indet. Fig. 1; Centrocryptodira indet. Fig. 2;
Scandensia ciervensis, Fig. 3; Concornis lacustris, Fig. 4). The
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Fig. 1. Elementary profiles obtained by electron microprobe on the Discoglossidae indet. Photo (a) was taken in scanning electronic microscopy
(SEM)–Backscattered electrons (BSE). Photo (b) was taken under natural light (NL) and indicates the microprobe spots (small spot diameter for major
elements (Ca, P and F): 3 �m; big spot diameter for minor elements (Ba, Sr, Mn, Fe and REE): 20 �m). Photo (c) was taken by optical cathodoluminescence
(CL). Abbreviations (same from Figs. 1–6): c: cortex; mc: medullar cavity; s: sediment. Scale bars: 100 �m.
Fig. 1. Profils élémentaires obtenus par microsonde électronique chez Discoglossidae indet. La photo (a) a été prise en microscopie électronique à balayage
(MEB)–Mode électrons rétrodiffusés (ER). La photo (b) prise en lumière naturelle (LN) indique les passages de la sonde. Les petits cercles de 3 �m de

a, P et
odolum
diamètre, correspondent aux points de mesure des éléments majeurs (C
éléments mineurs (Ba, Sr, Mn, Fe et REE). La photo (c) est prise en cath
cortex ; mc : cavité médullaire ; s : sédiment. Échelle : 100 �m.

latter group presents Ca/P values that range roughly from 2
to 2.5 (Figs. 1–4) and the former shows higher values rang-
ing from 3 to 5 (Figs. 5 and 6). All of these values are similar
to those observed in some altered dinosaur and plesiosaur
bones of the Late Cretaceous and Early Jurassic (Goodwin
et al., 2007).

The fluorine concentration of each sample is fairly high
(higher than the biological range), ranging approximately
from 3 to 4% (Figs. 1, 3–6). Only the Centrocryptodira indet.
(Fig. 2) shows slightly higher values (with a maximum of
4.8%).
3.1.2. Optical cathodoluminescence
The bones are not luminescent compared to the

sediments and the crystals in their medullary cavities

Fig. 2. Elementary profiles obtained by electron microprobe on the Centrocrypto
in optical-CL. Supplementary abbreviation: f: fracture. Scale bars: 100 �m.
Fig. 2. Profils élémentaires obtenus par microsonde électronique chez Centrocry
photo (c) en CL-optique. Abréviation supplémentaire : f : fracture. Échelle : 100 �
F) ; les gros cercles, d’un diamètre de 20 �m, correspondent à ceux des
inescence (CL) optique. Abréviations (les mêmes pour les Fig. 1 à 6) : c :

(Figs. 1c, 2c, 3b, 4c). This is due to a relatively low Mn
concentration, mostly between 0 and 20 ppm for each
specimen (Figs. 2–6). This does not apply to the Discoglos-
sidae indet. that has higher values, approaching 300 ppm
(Fig. 1). In concert with the low Mn values, this could
also be due to a higher Fe concentration that inhibits
the luminescence, especially visible in the Archosauria
indet. where the Fe amount is much higher than the Mn
amount (approximately 230 ppm vs. less than 20 ppm;
Fig. 6). The yellow-bright orange luminescence observed
in the medullary cavities indicates the presence of sec-

ondary calcite (Figs 2c, 3b, 4c and 6b). In addition to this,
recristallisations and sediment filling are noticeable in vas-
cular canals (Fig. 6b), fractures (Figs. 2c and 6b), and in the
osteocytic lacunae (Figs. 2c and 4c).

dira indet. Photo (a) was taken in SEM-BSE, photo (b) in NL and photo (c)

ptodira indet. La photo (a) est prise en MEB-ER, la photo (b) en LN et la
m.
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Fig. 3. Elementary profiles obtained by electron microprobe on Scandensia ciervensis. Photo (a) was taken in NL and photo (b) in optical-CL. Scale bars:
100 �m.
F candens
É
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ig. 3. Profils élémentaires obtenus par microsonde électronique chez S
chelle : 100 �m.

.1.3. Rare earth elements
As proposed by Reynard et al. (1999) and Lécuyer et al.

2003), La/Yb and La/Sm ratios were calculated and nor-
alized to the standard Post Archean Shale Composite,

AAS (McLennan, 1989). These ratios allow characteriz-

ng REE incorporation domains in different postmortem
nvironments (Fig. 7). All analyzed samples are located
ithin the domain of REE-bearing non-marine fluids (river

reshwater). The (La/Yb)N values range from 0.61 to 0.34

ig. 4. Elementary profiles obtained by electron microprobe on Concornis lacus
ptical-CL. Supplementary abbreviation: ol: osteocytic lacunae. Scale bars: 100 �
ig. 4. Profils élémentaires obtenus par microsonde électronique chez Concornis
c) en CL-optique. Abréviation supplémentaire : ol : logette ostéocytaire. Échelle :
ia ciervensis. La photo (a) est prise en LN et la photo (b) en CL-optique.

and the (La/Sm)N values from 0.20 to 0.44 (Fig. 7). These
results suggest rather a moderate postmortem REE incor-
poration to freshwater pattern than a recrystallisation in
the presence of groundwater fluids during a multi-stage
late diagenesis (Reynard et al., 1999; Lécuyer et al., 2003).
3.1.4. Sr and Ba
Concerning Sr (Fig. 8), 3 groups are distinguished, one

with high concentrations (from 1300 to 2000 ppm), one

tris. Photo (a) was taken in SEM-BSE, photo (b) in NL and photo (c) in
m.
lacustris. La photo (a) est prise en MEB-ER, la photo (b) en LN et la photo
100 �m.
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Fig. 5. Elementary profiles obtained by electron microprobe on Pelecanimimus polyodon. Photo (a) was taken in SEM-BSE, photo (b) in NL and photo (c) in
00 �m.

elecanim
ires. Éc
optical-CL. Supplementary abbreviation: vc: vascular canals. Scale bars: 1
Fig. 5. Profils élémentaires obtenus par microsonde électronique chez P
photo (c) en CL-optique. Abréviation supplémentaire : vc : canaux vascula

specimen showing a range from 800 to 1200 ppm and
the last group with lower concentrations (from 100 to
300 ppm). These distributions are in agreement with the
Sr concentration observed for the sediments (Poyato-Ariza

et al., 1998). Therefore, these 3 groups may rather reflect
a late Sr incorporation during the fossilization than a true
palaeobiological signal. The small variations observed in

Fig. 6. Elementary profiles obtained by electron microprobe on the Archosauria
100 �m for (a) and 500 �m for (b).
Fig. 6. Profils élémentaires obtenus par microsonde électronique chez Archosauri
100 �m pour (a) et 500 �m pour (b).
imus polyodon. La photo (a) est prise en MEB-ER, la photo (b) en LN et la
helle : 100 �m.

the Sr/Ca profiles may also be linked to the occurrence of
some sediment in the osteocyte cavities inducing perturba-
tions during the analysis. Hence, the Sr/Ca ratios (Figs. 1–6)
cannot be used to infer any biological trait. According to

Talbot et al. (1995), who investigated the chemistry of the
waters of the Las Hoyas environment, these Sr uptakes
might be due to a contamination from three sources: an

indet. Photo (a) was taken in NL and photo (b) in optical-CL. Scale bars:

a indet. La photo (a) est prise en LN et la photo (b) en CL-optique. Échelle :
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Fig. 7. Normalized La/Yb ratios versus La/Sm ratios of the Las Hoyas sam-
ples reported in the diagram proposed by Reynard et al., 1999. Modified
from Lécuyer et al., 2003.
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ig. 7. Rapports normalisés La/Yb et La/Sm des fossiles de Las Hoyas,
eportés dans le diagramme proposé par Reynard et al., 1999. Modifié
’après Lécuyer et al., 2003.

nflow from the dominating Jurassic limestones; the karst
urface of the lakes; and Triassic clastic rocks located in the
outh-east of the Las Hoyas basin. The Ba values are much
ower than the Sr values, ranging from about 50 to 300 ppm
Fig. 8), and are different from the sediment (almost Ba-
ree). This may reflect a true biological signal, especially
ince the values are located within the biological range

bserved in living organisms (Burton et al., 1999; Hinners
t al., 1998). However, the Ba/Ca ratios (ranging approxi-
ately from 3 × 10−4 to 4 × 10−4, Figs. 1–6) do not allow

o significantly distinguishing the specimens by their diet.

ig. 8. Sr and Ba concentrations (mean and standard-deviation) in bones
nd their associated sediments.
ig. 8. Teneurs en Sr et en Ba (moyennes et écart-types) dans les osse-
ents et les sédiments associés des échantillons.
10 (2011) 367–380 373

In other words, the range of Ba/Ca values regroups all the
specimens within a single dietary intake category, which
in this case would be the herbivorous category, according
to studies made on actual mammalian ecosystems (Balter
et al., 2002; Burton et al., 1999). This is very unlikely to
reflect a true biological signal and may rather be a post-
mortem modification that have biased and homogenized
the Ba content.

3.2. Palaeohistology

Amphibia - Anura–Discoglossidae incertae sedis.
This small amphibian has been attributed to the family

Discoglossidae. The medullary cavities of its bones are
filled with calcite (Fig. 9). The primary cortex is formed of
parallel-fibered avascular bone and shows few osteocytic
lacunae (Fig. 9b). A small crista is noticeable and presents
a higher cellular density and oblique sharpey’s fibers
(Fig. 9c). The outermost layer is composed of lamellar bone
(Fig. 9b). Lamellar endosteal bone lines the perimedullary
border (Fig. 9b). There is no visible sign of cyclical growth.

Chelonia–Centrocryptodira incertae sedis.
The medullary cavity of the femur is partially filled

with cancellous bone and the primary cortex is almost
avascular (Fig. 10). The lateromedial sides are composed
of pseudolamellar bone (the fibers are parallel and show
a stratification with successive layers that have a global
circumferential orientation). The posterior side is thicker
and is composed of parallel-fibered bone (Fig. 10b). The
cellular density in this area is high, with round osteocytes
and many radiating canaliculi (well visible in the ulna,
Fig. 10c). There is again no visible sign of cyclical growth.
No resorption, endosteal bone or remodeling traces are
observable at the perimedullary border (Fig. 10a, c).

Lepidosauria–Squamata - S. ciervensis.
This small lizard probably belongs to the species

S. ciervensis, whose osteology was described by Evans and
Barbadillo (1998). The medullary cavity is filled with cal-
cite (Fig. 11). The primary cortex is essentially composed
of pseudolamellar avascular bone. The osteocytic lacunae
are numerous (Fig. 11a–d). There is an alternance of zones
(dark, rapidly growing) and annuli (light, with a less
rapid growth), which characterize lamellar-zonal bone
(Fig. 11c). At the metaphyseal region of the femur, we can
observe a drifted resorption of the periosteal cortical bone
by the perimedullary border (Fig. 11d). Endosteal lamellar
bone was secondarily laid down on the less resorbed side.
This phenomenon is called bone drift (Enlow, 1963). With
the help of scanning electronic microscopy, a calcified
cartilage matrix being replaced by bone (Ricqlès et al.,
1991) can be observed (Fig. 11e).

Theropoda–Aves–Enantiornithe–C. lacustris

This specimen of C. lacustris (Sanz et al., 1995) is an

Enantiornithine (a clade of bird which disappeared at
the end of the Cretaceous) and its histology was recently
described by Cambra-Moo et al. (2006). A tibiotarsal and
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Fig. 9. Metaphyseal sections of the Discoglossidae indet. natural light. a: tibiofibula. b and c: enlarged view of a. d: femur. Abbreviations: cr: small crista;
eb: endosteal bone; lb: lamellar bone; ol: osteocytic lacuna; pfb: parallel-fibered bone; sf: sharpey’s fibers. Abbreviations will be the same for all figures.
Scale bars: 100 �m.
Fig. 9. Sections métaphysaires de Discoglossidae indét., lumière naturelle. a : tibiofibula. b et c : vue élargie du tibiofibula. d : fémur. Abréviations : cr : petite
crête ; eb : os endostéal ; lb : os lamellaire ; ol : lacune ostéocytaire ; pfb : os à fibres parallèles ; sf : fibres de sharpey. Les abréviations seront les mêmes
pour toutes les figures suivantes. Échelle : 100 �m.

Fig. 10. Mid-diaphyseal sections of the Centrocryptodira indet. natural light. a: femur. b: enlarged view of a. c: ulna. Other abbreviation: plb: pseudolamellar
bone. Scale bars: 500 �m for a and b; 100 �m for c.
Fig. 10. Sections mi-diaphysaires de Centrocryptodira indét., lumière naturelle. a : fémur. b : vue élargie du fémur. c : ulna. Abréviation supplémentaire :
plb : os pseudolamellaire. Échelle : 500 �m pour a et b ; 100 �m pour c.
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Fig. 11. Mid-diaphyseal (a, b, c) and metaphyseal sections (d et E) of Scandensia ciervensis, natural light. a: tibia on the left and fibula on the right. b (with
an enlarged view in c) and d (with an enlarged view in e), femur. e shows a natural light photography on the left and a SEM photography of the same
area on the right (Backscattered electron mode). Other abbreviations: a: annuli; ch: hypertrophied chondrocyte; chp: chondroplasm; go: globuli ossei; o:
osteocyte; z: zones. Scale bars: 500 �m for a, b and d; 10 �m for e.
Fig. 11. Sections mi-diaphysaires (a, b, c) et métaphysaires (d et e) de Scandensia ciervensis, lumière naturelle. a : tibia à gauche et fibula à droite. b (avec
une vue élargie en c) et d (avec une vue élargie en e), fémur. La photo e montre une photographie en lumière naturelle à gauche, et une photographie
de microscopie électronique à balayage à droite. Abréviations supplémentaires : a : annuli ; ch : chondrocyte hypertrophié ; chp : chondroplasme ; go :
globuli ossei ; o : ostéocyte, z : zones. Échelle : 500 �m pour a, b et d ; 10 �m pour e.

Fig. 12. Section in the tarsometatarsal IV of Concornis lacustris, natural light. Other abbreviations: EFS: external fundamental system; so: secondary osteon;
wb: woven bone. The white arrows indicate LAGs. Scale bars: 500 �m for a and 100 �m for b.
Fig. 12. Section du tarsométatarse IV de Concornis lacustris, lumière naturelle. Abréviations supplémentaires : EFS, système fondamental externe; so :
ostéones secondaires ; wb : os à fibres enchevêtrées. Les flèches blanches indiquent les LACs. Échelle : 500 �m pour a et 100 �m pour b.
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fused 23 mm long tarsometatarsals were analyzed. Only
the tarsometatarsal IV will be presented here (Fig. 12).
The perisoteal cortex is composed of two distinct parts
(Fig. 12b): (1) an internal layer of woven bone with
numerous rounded osteocytes, which seems to have
undergone secondary reconstructions (indicated by the
presence of what could be secondary osteons); and (2)
an External Fundamental System (EFS; Cormack, 1987)
formed of lamellar-zonal bone, with at least 3 lines of
arrested growth (LAGs). The osteocytes are typically more
flattened in the EFS.

Theropoda–Ornithomimosauria–P. polyodon
The studied bone belongs to a detached fragment

from P. polyodon, the first Ornithomimosaur (theropod
dinosaur) found in Europe. Its histology was described by
Perez-Moreno et al. (1994). Only the anterior part of the
fully articulated specimen was preserved (the skull, the
cervical and dorsal vertebra, the ribs, the pectoral girdle,
the sternum and the forelimbs). A noticeable particularity
is its high number of teeth (approximately 220). Unlike
the other Ornithomimosaurs whose teeth were used to
cut and rip, Pelecanimimus’s teeth might have functioned
as a beak (Perez-Moreno et al., 1994). The studied material
comes from one of its ribs (Fig. 13). The medullary cavity is
partially filled with an endosteo-endochondral spongiosa
(Fig. 13b). Ribs are ventrally curved bones; consequently,
they possess a convex ventral part with a relatively thick
cortex, and a concave dorsal part with a thinner cortex
(Fig. 13a). Because of this morphogenesis and these par-
ticular growth processes, bone typologies and remodeling
degrees are highly variable locally. In a highly remodeled
area (Fig. 13b), we observe an internal cortical bone made
of Haversian systems. The most external cortical bone
is formed of a fibrolamellar complex (primary osteons
in a woven bone matrix) with variably isolated vascular
canals. A line of arrested growth in the proximity of the
bone surface probably marks the beginning of an external
fundamental system.

Archosauria incertae sedis
The studied bone is a 4 cm-long fragment of iso-

lated proximal end of a humerus. It is attributed to an
Archosauria indet. The medullary cavity is partially filled
with fractured endosteal trabeculae (Fig. 14). Its very com-
plex cortex shows remodeling and modeling processes.
Two tissue types are observable:

- A primary cortex composed of a highly vascularized fibro-
lamellar complex (Fig. 14c, d). The vascularisation pattern
is laminar (Fig. 14d). The osteocyte lacunae are rounded
with well-developed canaliculi. The outermost layer is
composed of avascular parallel-fibered bone with at least
two LAGs. The perimedullar border is lined by endosteal
bone (Fig. 14c);

- Compacted coarse-cancellous bone with an endosteal

origin (Enlow, 1963; Fig. 14b, c). This type of tissue is
due to the general relocalisation process: during the
growth in length and width of a bone, some areas are
automatically relocated in different regions, relatively
l 10 (2011) 367–380

to their original location. In our case, cancellous bone
originally located in the metaphysis was progressively
relocated and compacted in the diaphysis. This metaphy-
seal remodeling (Enlow, 1963) is followed by resorption
and redeposition of endosteal bone. Thus this tissue is
composed of old bony trabeculae (coming originally from
the medullary cavity), sinuous lamella of endosteal bone,
and secondary endosteal osteons (Fig. 14b). We can also
observe a bone drift phenomenon. The primary cortex
(synthesized secondarily to increase the width of the
diaphyseal cortex) is not evenly distributed (Fig. 10a),
which indicates a differential growth associated to
morphogenesis (probably linked to the synthesis of the
deltopectoral crest).

4. Discussion

Bony tissues record the ontogenetic history of fossil
vertebrates (Ricqlès et al., 1991). The growth rate esti-
mations of such animals, based on Amprino’s rule (1947),
have been investigated not too long ago (Curry, 1999;
Erickson, 2005; Horner et al., 1999, 2000, 2001; Padian et
al., 2001, 2004; Ricqlès et al., 2003, 2008; Sander, 2000).
The body (and bone) growth rates are considered because
they may have an important selective value (Montes et al.,
2010). For example, high growth rates are adaptive in
King penguin chicks because they confer a higher evolu-
tionary fitness than lower growth rates (Margerie et al.,
2004). Indeed, after hatching, these animals grow really
fast in order to get ready for winter, where only chicks
that have reached large sizes can survive (Margerie et al.,
2004). This is also similar in non-colonial nesting birds
that have to grow rapidly in order to escape predators as
soon as possible (Cubo et al., 2000). Amprino’s (1947) rule
allowed us to estimate the local growth rate of each stud-
ied bone. This information related to the growth dynamics
of each specimen is important to understand the verte-
brate assemblage of Las Hoyas. The presence of endosteal
bone, bone remodeling, EFS (Figs. 11–14), or an external
thin layer of lamellar bone (for the Discoglossidae indet.;
Fig. 9), indicate that all of the specimens were adults,
except for the Chelonia indet. Its lack of secondary bone and
the low resorption of the perimedullary border suggest a
subadult, or even a juvenile (Fig. 10). The Discoglossidae
indet., S. ciervensis and the Chelonia indet. show pseu-
dolamellar avascular or parallel-fibered avascular cortices
(Figs. 9–11). Even though their osteocytic lacunae have dif-
ferent shapes and densities, this avascularity indicates a
(local) slow growth, inferior to 2 �m/day. This estimation
is based on extant amphibians (Francillon, 1979), che-
lonians and lepidosaurians (Castanet, 1985). Their slow
growth must have been a consequence of low resting
metabolic rates (Montes et al., 2007). The microstructure
of the other specimens (C. lacustris, P. polyodon and the
Archosauria indet.) indicates higher growth rates. The first
layer of the primary cortex of C. lacustris (Fig. 12b) indi-
cates a relatively rapid growth, between 2 and 10 �m/day.

The lamellar-zonal complex then implies a slowdown of
growth (probably inferior to 2 �m/day). This lamellar-
zonal complex presenting LAGs is observable in other
Enantiornithes (Chinsamy et al., 1995) but absent in the
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Fig. 13. Section in a rib of Pelecanimimus polyodon, natural light. Other abbreviations: ees: endosteo-endochondral spongiosa; flc: fibrolamellar complex;
hb: haversian bone; po: primary osteon. The white arrow indicates a LAG. Scale bars: 1 mm for a and 500 �m for b.
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ig. 13. Section d’une côte de Pelecanimimus polyodon, lumière naturell
omplexe fibrolamellaire ; hb : os haversien ; po : ostéone primaire. La flè

ajority of extant birds, in which it has been observed
nly in the kiwi (Bourdon et al., 2009). This suggests that
nantiornithes had lower growth rates than most nesting
iving birds (Chinsamy-Turan, 2005; Ricqlès et al., 2003).
he 3 LAGs indicate an age of at least 3 year, which
ontrasts the 12-months long growth of the majority of
xtant birds (Starck and Ricklefs, 1998). It is tempting
o hypothesize that the low growth rate in this speci-

en is due to an early flight (because part of the energy
ould be allocated to locomotion). Such a small species
ould perform only flapping flight, highly energy con-

uming, which suggests an endothermic metabolism. The
ypology of P. polyodon (Fig. 13b) also suggests a relatively
igh growth rate (approximately 10 �m/day). It is haz-
rdous to discuss the metabolism of this specimen on the
asis of only one section, but the important vasculariza-
ion may reflect an endothermic metabolism (Cubo et al.,
008), which is also consistent with the conclusions of
alaeohistological studies on non-avian dinosaurs (Padian
t al., 2001; Ricqlès, 1980). The high vascularization of the
rchosauria indet (Fig. 14) suggests a fast growth (prob-

bly superior to 10 �m/day) and therefore a high resting
etabolic rate. The laminar pattern is similar to what is

bserved in some species of dinosaurs (Horner et al., 1999).
n addition to growth rates, these specimens also inform
iations supplémentaires : ees : spongiosa endostéo-endochondrale ; flc :
che indique une LAC. Échelle : 1 mm pour a et 500 �m pour b.

about the palaeoenvironmental conditions of Las Hoyas.
Four of the six specimens have a cyclic bone apposition:
C. lacustris, P. polyodon and the Archosauria indet. show ces-
sations of growth (see the LAGs in Figs. 12b, 13b, 14b)
while S. ciervensis shows a slowdown of growth (Fig. 11c).
These marks are the histological expression of a tempo-
rary variation of the growth rate (Castanet et al., 1993)
and it may very well be due to the strong seasonal (arid
and wet) alternance, sedimentologically interpreted at the
Serranía of Cuenca Basin during the Barremian (Fregenal-
Martínez, 1998; Gómez Fernández and Meléndez., 1991).
The size of the specimens is also really interesting to under-
stand the ecosystem of Las Hoyas. Indeed, every specimen
belongs to a small-sized species (a few centimeters; except
for P. polyodon). In fact, the majority of the vertebrates
found in Las Hoyas are small (Buscalioni et al., 2008) and
affected by “dwarfism”. It is worth noting that most of
the recovered specimens in the amphibious category are
small-sized species. At first glance, this could be due to a
preferential preservation of small animals. However, the
particular ecological condition of Las Hoyas that might be

interpreted as a nesting protected area (Buscalioni and
Fregenal-Martinez, 2010), and/or the existence of other
ecological filters (Cambra-Moo, 2006; Ricqlès pers. comm.)
may favor the abundance of small-sized species.
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Fig. 14. Metaphyseal section of the humerus of the Archosauria indet. (a), natural light. b shows compacted coarse-cancellous bone in natural light (left)
and polarized light (right). c shows the limit between compacted coarse-cancellous bone and the primary cortex (also shown in d). Other abbreviations:
bm: bone originally from medulla; eso: endosteal secondary osteons. The white arrows indicate LAGs. Scale bars: 1 mm for a; 500 �m for b; 100 �m for c
and d.
Fig. 14. Section métaphysaire de l’humérus de l’Archosauria indét. (a), lumière naturelle. La photo b montre de l’os spongieux secondairement compacté en

ente la li
venant
b ; 100
lumière naturelle à gauche et en lumière polarisée à droite. La photo c prés
lui-même présenté en figure d. Abréviations supplémentaires : bm : os pro
flèches blanches indiquent des LACs. Échelle : 1 mm pour a ; 500 �m pour

5. Perspectives

Palaeobiology (i.e., the estimation of ecological, phys-
iological, environmental and life history traits of extinct
species) is a developing field with great potential. Bone
microstructure and bone chemical composition are valu-
able sources of palaeobiological information because they
record many parameters on the ecology, physiology, envi-
ronment and life history traits during the lifespan of extinct
animals. In a landmark paper, Tütken et al. (2004) used
bone histology and oxygen isotope composition to infer
palaeoclimatic conditions in the Jurassic Shishugou For-
mation in the Junggar Basin, NW China. These authors
found that seasonal intra-bone oxygen isotope variations
are congruent with seasonal histological patterns of bone
deposition. Future work integrating palaeohistological and
geochemical approaches may allow testing dynamic rela-
tionships. For instance, it should be possible to test whether
ontogenetic changes in a given individual (calibrated using

bone histology, e.g. the change from a juvenile, fast grow-
ing stage during which fibrolamellar bone tissue is formed,
to a subadult stage, during which a parallel fibered bone
is formed) are accompanied by changes in the dietary
mite entre l’os spongieux secondairement compacté et le cortex primaire,
primitivement de la médulla; eso : ostéones secondaires endostéaux. Les
�m pour c et d.

intake (estimated using the Sr/Ca and Ba/Ca ratios) or in
the metabolic rate (using oxygen isotopes).
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