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Introduction

Skeletochronology, the estimation of individual age
based on bone histological data, has been well estab-
lished to determine the ontogenetic age of Recent and
fossil vertebrates (e.g., Ricql�s 1968, 1976a, 1976b;
Zug et al. 1986; Castanet et al. 1988, 1993; Castanet &
Smirina 1990; Castanet 1994; Horner et al. 1999, 2000;
Steyer et al. 2004; Chinsamy 1990, 1993; Chinsamy-
Turan 2005; Erickson & Tumanova 2000; Erickson
et al. 2004; Erickson 2005; Klein & Sander 2007; San-
chez et al. 2008). However, these techniques are some-
times difficult to use because of the influence of bone
remodeling and bone plasticity, and the sometimes irre-
gular appearance of growth marks (Klein & Sander
2008). Additionally, the trigger for the deposition of
lines of arrested growth (LAGs) is not entirely under-
stood yet (see discussion in e.g., Starck & Chinsamy
2002; Chinsamy & Hillenius 2004; Padian & Horner
2004; Bybee et al. 2006; Lee & Werning 2008). Simi-

larly, the strictly yearly periodicity of LAGs is question-
able, because at least juveniles of tropical turtles and
crocodilians seem to miss sometimes deposition of an-
nual LAGs in their early life stage (e.g., Bj�rndal et al.
1998; Padian et al. 2004). Other causes, such as dis-
ease, can lead to the deposition of two or even more
LAGs per year (Buffr�nil & Castanet 2000).

Life conditions and effects on growth are clearly dif-
ferent in captive individuals and the use of skeletochro-
nology is problematic here (Buffr�nil 1980a; Chinsamy
& Hillenius 2004; Padian & Horner 2004). However,
these animals can show the variability but also the con-
straints of growth rates and bone tissue types in a group.
Thus, they yield important information for the under-
standing of growth and the origin and formation of bone
tissues. Because of the availability of more and regular
food, combined with less activity and a more constant
(warm) climate, crocodilians kept in captivity usually
grow much faster than those in the wild (Buffr�nil
1980b). A histological sample of a captive crocodilian,

# 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Received 19 May 2008
Accepted 2 February 2009
Published 3 August 2009

Key Words

Alligatoridae
bone histology
life history
long bones
osteoderms

Abstract

In the present study, bone histology and isotope composition (C, N, O) of a femur and
three postcranial osteoderms from an approximately 23–25 year-old captive female Alli-

gator mississippiensis Daudin, 1802 were analyzed to infer the recorded life history. The
number of visible annual growth marks in the femur cross-section is less than the known
age for the individual concerned, this information clearly shows that skeletochronology
has certain limits. However, bone histology reflects very well the traceable life history of
this individual and its slow growth in early ontogeny. Bone histology on the basis of the
osteoderms shows massive remodeling and an only incompletely preserved growth re-
cord, reflecting the egg-laying status of this individual. Interestingly, the carbon and espe-
cially the nitrogen isotope compositions of the osteoderms differ from those of the femur.
This presumably reflects dietary changes and/or differences in resorption and remodeling
processes during tissue formation of these bones. The N, C, and O isotope composition of
the femur is consistent with the food and water the alligator had ingested during the last
years of its life. Thus, contrary to the osteoderms, the femur yields reliable data for the
reconstruction of an individual’s dietary and environmental history.
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which was kept in its early ontogeny under insufficient
exogenous conditions has as yet not been studied.

Enlow & Brown (1957) were among the first who
described long bone and osteoderm histology of extant
and fossil crocodilians. Peabody (1961) described la-
mellar-zonal bone tissue and growth marks in various
bones of different taxa. He hypothesized that fast-grow-
ing crocodilians do not necessarily deposit annual
growth marks (Peabody 1961). Ricql�s (1976b) men-
tioned a zonal pattern in crocodilian long bones with
each zone containing longitudinal primary vascular
canals. He observed that the bone tissue between the
vascular canals sometimes consists of parallel-fibred or
even woven bone (Ricql�s 1976b). Buffr�nil (1980a,
1980b) studied cyclical growth in wild and captive Cro-
codylus siamensis Schneider, 1801 and other species of
living and fossil crocodilians. He found a clear discre-
pancy in growth rate of wild and captive crocodilians
but in both, a general good correlation between the
number of growth rings and individual age (Buffr�nil
1980a, 1980b). Furthermore, also captive crocodilians,
which were kept in a constant environment, exhibit
cyclical growth (Buffr�nil 1980a).

Hutton (1986) and later Tucker (1997) estimated the
age of wild crocodilians from the skeletochronology of
growth marks in osteoderms. Both pointed out that
osteoderms of egg-laying females are not well suited for
skeletochronology because of the high amount of remo-
deling in osteoderms and their possible function as cal-
cium storage during oogenesis (Hutton 1986; Tucker
1997). A detailed histological description of an ontoge-
netic series of Alligator mississipiensis Daudin, 1802 fe-
mora was given by Lee (2004). He detected a predomi-
nance of longitudinally orientated vascular canals and
collagen fibres throughout growth (Lee 2004). Several
recent studies refer to crocodilian bone microstructure,
often in comparison with extinct vertebrate bones (e.g.,
Ricql�s et al. 2003; Padian et al. 2004; Lee & Werning
2008). Reid (1984, 1997), Chinsamy & Hillenius (2004)
and Turmarkin-Deratzian (2007) described fibro-lamellar
bone in wild crocodilians, demonstrating that this bone
type, which is usually found in dinosaurs, birds and large
mammals, is indeed rather rare in crocodilians but can oc-
casionally occur. This is an important observation, which
contributes to the discussion if fibro-lamellar bone is pos-
sibly plesiomorphic in archosaurs (Ricql�s et al. 2008).

Long bones generally provide the best results for bone
histological studies (Castanet et al. 1993; Chinsamy-Turan
2005; Erickson 2005) and dermal bones, e.g., osteoderms,
have been used as well (Buffr�nil & Buffetaut 1981; Hut-
ton 1986; Hua & Buffr�nil 1996; Tucker 1997; Scheyer &
Sander 2004; Hill & Lucas 2006; Hayashi & Carpenter
2007; Scheyer 2007; Scheyer & S�nchez-Villagra 2007).

In addition to histological investigations, isotopic
analysis of skeletal remains can also yield information
about life history and tissue formation rates (e.g.,
Straight et al. 2004; T�tken et al. 2004), as well as
about diet, climate, migration and thermophysiology
(Fricke & Rogers 2000; Stoskopf et al. 2001; Kohn &

Cerling 2002; Amiot et al. 2006, 2007; Koch 2007).
Few studies have analyzed the oxygen isotope composi-
tion of the skeletal apatite of crocodile bones and teeth
(Stoskopf et al. 2001; Amiot et al. 2007) to infer their
thermophysiology and body water composition. The
study of Amiot et al. (2007) established an empirical
calibration of the oxygen isotope composition between
the ingested environmental water and enamel apatite
for wild and farm-raised crocodiles, which can be used
to infer drinking water compositions for crocodiles.

The aim of this study is to compare the skeletochrono-
logic life history data for dermal and endoskeletal bone
of an adult individual of Recent Alligatoridae of which
the actual age is approximately known. The known data
concerning the life history of the alligator are compared
with the life history recorded in the bone histology. The
almost known individual age serves as a reference for the
age data estimated based on the bone histology, and may
produce a more reliable application for fossil specimens.
Finally, the carbon, nitrogen and oxygen isotope compo-
sitions of the different bone types were analyzed to deter-
mine whether they record similar values and thus reflect
similar dietary and drinking water compositions.

Materials

The investigated skeletal remains were collected from a captive Alli-
gator mississipiensis which died in 1989 or 1990. After maceration, it
was stored in the collection of the Staatliches Museum f�r Natur-
kunde, Stuttgart, Germany, under the inventory number SMNS 10481.
A cross-section from the mid-shaft region of the right femur (total
femoral length 14.8 cm), and three osteoderms from the dorsal trunk
region were taken for bone histology and isotope analyses.

The osteoderms are isolated armor bones, whose natural position
on the body of the animal was not recorded during maceration. The
positions of the osteoderms can still be inferred, though, by their out-
er shapes. All three osteoderms exhibit a slight striation or cross-
hatch pattern on the marginal areas of the dorsal bone surfaces
(mostly in the anterior parts of the osteoderms).

Traceable life history data of SMNS 10481. The following information
is based on the personal communication (2008) with Ch. Wermuth,
the daughter of Dr. Heinz Wermuth. The alligator was an egg-laying
female with a total body length of 185 cm. Since 1969 it lived as a
pet with Dr. H. Wermuth (SMNS) in Ludwigsburg near Stuttgart,
southern Germany. Before it went into the custody of Dr. H. Wermuth,
it was kept in very poor conditions over an unknown period of time
in a leisure park in Switzerland. At that time, the specimen was mal-
nourished, unable to walk on its legs (rachitic), and had lost nearly all
its teeth. However, it soon recovered under the optimized living con-
ditions provided for it in Ludwigsburg, and it continued to grow and
even began laying eggs. In Ludwigsburg its diet consisted mainly of
teleosts and chicken. Nothing is known about the origin of the alliga-
tor specimen (i.e., if it was captive bred or caught in the wild). In
1969, when it was relocated by Dr. H. Wermuth, it had a body length
of around 100 cm. According to several studies (Neill 1971; Jacobsen
& Kushlan 1989; Ross 2002) wild alligators reach a body length of
around 100 cm within two to four years, whereas captive alligators
can grow much faster (Neill 1971). However, we assume that speci-
men SMNS 10481 was at least three years old in 1969. Because of
the described poor conditions in its early life, growth was presumably
slower than in crocodilians which lived under normal conditions and
individual SMNS 10481 may be slightly older. Thus, when it died
in 1989 or 1990 it was at least 23 to 25 years old.
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Methods

Bone histology. For the microstructural analysis of the bones, three os-
teoderms and one femur of Alligator mississippiensis (SMNS 10481)
were sampled. The femur was cut at its mid-shaft region where the most
undisturbed growth record could be expected (e.g., Castanet et al. 1993;
Sander 1999; Klein & Sander 2007). The rectangular osteoderm was
sampled in parasagittal and transverse planes, whereas the other two
specimens were each sampled in transverse plane (Fig. 1). The bone
histological terminology for the long bones largely follows Francillon-
Vieillot et al. (1990), that for the osteoderms Scheyer & Sander (2004).
Processing of the bones followed standard petrographic thin-sectioning
techniques as applied in bone histology (Scheyer & Sander 2004; Klein
& Sander 2007).

Prior to sectioning, the bone samples were embedded in synthetic
resin (Araldite1 2020). Wet grinding and polishing of the bone sec-
tions to a thickness of about 60–80 mm were done with SiC grinding
powders (SiC 600, 800). Thin-sections were then studied with a Lei-
ca1 DM 2500 compound polarizing microscope, equipped with a di-
gital camera Leica1 DFC 420C.

C and O isotope measurements of the carbonate in the apatite. Car-
bon and oxygen of the carbonate bound in the bone apatite were ana-
lyzed. Isotopic analysis of the bone samples was done using 10 mg of
bone powder, which was chemically pretreated for three hours with
2 % NaOCl solution and five minutes in 0.1 M suprapure acetic acid,
to remove organics and adsorbed carbonate, respectively, prior to ana-
lysis of the carbon (d13C) and oxygen (d18OCO3) isotopic composition
of the structurally bound carbonate in the apatite. 2 mg of pretreated
bone powder was reacted with 100 % H3PO4 for 90 minutes at 70 �C
using a Thermo Finnigan Gasbench II (Spoetl & Vennemann 2003).
For this reaction an acid fractionation factor of 1.008818, the same as
between calcite and CO2, was assumed to be applicable (Bryant et al.
1996). After gas-chromatographic separation and removal of water,
the carbon and oxygen isotope ratios of the generated CO2 were meas-
ured in continuous flow mode on a Finnigan Delta Plus XL isotope
ratio gas mass spectrometer at the University of T�bingen. The meas-
ured carbon and oxygen isotopic compositions were normalized to the
in-house Carrara marble calcite standard that has been calibrated
against the international NBS-19 calcite standard. Precision for the

d13C and d18O values of the carbonate in the apatite is better than
�0.1‰ and �0.15‰, respectively.

N isotope measurements of total bone powder. Nitrogen is exclusively
found in the protein phase of bone (predominantly collagen) (Francil-
lon-Vieillot et al. 1990; Collins et al. 2002). Isotopic analysis of the
bone samples was done using 5 mg of untreated bone powder, which
were weighed and wrapped into capsulae made from tin foil. The tin
capsulae were thermally combusted in a Carlo Erba 2500 Elemental
Analyzer at 1050 �C. Exotherm oxidative flash combustion of the tin
foil produces temperatures of 1600 to 1800 �C and reacts with the
bone nitrogen bound to the collagen to NOx. The NOx was then re-
duced in a second step to N2 by flowing over metallic copper heated
to 650 �C. The 15N/14N isotope ratios of this N2 was measured in he-
lium continuous flow mode on a Finnigan Delta Plus XL isotope ratio
gas mass spectrometer at the University of T�bingen, with a precision
of better than �0.2 ‰. The international urea standard IAEA 305A
was measured for calibration.

The isotope compositions are reported in the usual d-notation in
per mil (‰) relative to the known isotope reference standard VPDB
(d13C), VSMOW (d18O), and AIR (d15N) (Coplen 1994):

d13C, d15N or d18O (‰) ¼ [(Rsample/Rstandard)–1] � 1000,

where Rsample and Rstandard are the 13C/12C, 15N/14N and 18O/16O ratios
in the sample and standard, respectively.

Results

Long bone histology

The cross-section of the femur has the form of an oval
triangle. The inner region is occupied by a round me-
dullary cavity surrounded by cancellous bone (Figs 2A,
B), and occupies nearly 53 % of the whole diameter.
The centre of the medullary cavity is open and does
not show any bone trabeculae or a cancellous structure.
This centre fills 43 % of the entire medullary region.

The primary cortex is dominated by parallel-fibred
bone in different stages of organization and grades of
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Figure 1. Alligator mississipiensis (Daudin, 1802). Shape of sampled osteoderms of SMNS 10481. A. Rectangular osteoderm
(SMNS 10481a) in dorsal and posterolateral view. B. Ovoid osteoderm (SMNS 10481b) in dorsal and anterolateral view. C. Irregu-
lar-shaped osteoderm (SMNS 10481c) in dorsal and anterolateral view. Note that the lower images in B and C show osteoderms in
an angled view that also indicates the slightly and strongly convex ventral osteoderm surfaces, respectively. Gray lines on osteo-
derms in dorsal view indicate planes of thin-sectioning.
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vascularization. The parallel-fibred bone becomes la-
mellar bone in places. No woven bone could be identi-
fied. The simple vascular canals are organized in longi-
tudinal rows. Generally their density is very low. The
primary cortex contains no secondary osteons. No en-
dosteal bone surrounds the medullary cavity. Under
normal transmitted light, eight growth marks are clearly

visible (Fig. 2A). Except for the dorsal side, the inner
region contains large resorption cavities but generally
only a few large erosion cavities are scattered within
the primary cortex.

Cross-polarized light reveals that the medullary re-
gion is separated by one LAG (Fig. 2C) from a thick
zone of highly organized and poorly vascularized paral-

Klein, N. et al.: Bone histology and isotopic study of a captive Alligator mississippiensis124

Figure 2. Photograph of the femoral cross-section. A. Under normal transmitted light. Note the orientation of the femur cross-
section. B. Under polarized light. Note the changes of highly and poorly organized parallel-fibred bone, which indicate the begin-
ning and end of the three main growth phases. The rectangle marks the region which is magnified and figured in C. C. Detail and
interpretation of the dorsal side where the most complete growth record is preserved.

museum-fossilrecord.wiley-vch.de # 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



lel-fibred bone. This thick zone is also sub-divided by
one LAG, and finally ends in another LAG (Fig. 2C).

On the ventral side this zone is distinctly narrower
(Figs 2B, C) but clearly corresponds with the outer zone
on the dorsal side. Dorsally, this zone is followed by a
layer of poorly organized parallel-fibred bone (Fig. 2C),
containing longitudinal vascular canals and numerous
large osteocyte lacunae. The deposition of poorly orga-
nized parallel-fibred bone is interrupted by an annulus
(Fig. 2C), which is then followed by one LAG. Both are
spaced at regular intervals (Fig. 2C). Ventrally, most of
the corresponding area is destroyed by large erosion cav-
ities. Dorsally, a large zone of well organized parallel-
fibred bone is developed. Here the parallel-fibred bone
becomes lamellar bone towards the outer cortex, and fi-
nally ends in an external fundamental system (EFS).
Ventrally, the transition from the less organized and vas-
cularized parallel-fibred bone into the highly organized
and less vascularized parallel-fibred bone is more gra-
dual (Figs 2A, B). Posteriorly, twelve LAGs can be
counted within this outer zone of slow growth, whereas
on the other sides, only eight or less LAGs can be
counted (Fig. 2B). Thus, the growth record is not con-
tinuously preserved throughout the entire cross-section.
Ventrally, the outer zone of slow growth is larger com-
pared to the dorsal side. On the other hand, most of the
inner primary cortex is reabsorbed ventrally, indicating a
more active cancellous region in this area.

Altogether, the cross-section shows 17 growth marks
(LAGs and annuli) on the dorso-posterior side, the area
where the growth record is most complete. However,
because of the large medullary cavity it is obvious that

some inner growth marks were already resorbed. From
the posterior to the ventral side numerous Sharpey’s fi-
bres are visible, documenting a massive connection of
the adductor femoris muscle with the bone. The fourth
trochanter has left no histologic trace.

Gross morphology of sampled osteoderms

The outlines of the osteoderms SMNS 10481a–c are rec-
tangular to ovoid (Fig. 1). The blunt, longitudinally keeled
osteoderm SMNS 10481a is a median paravertebral os-
teoderm, SMNS 10481b is considered to be part of the left
lateral paravertebral row, whereas SMNS 10481c might
have been situated in one of the accessory rows of osteo-
derms in the trunk of the animal, but, the exact position
cannot be assessed with certainty. The dorsal surfaces of
all three osteoderms lack a clear pattern of pits but small
foramina extend into the bone interior. SMNS 10481b,
the apex of the keel, which is situated in the presumed
posterior part of the osteoderm is pathologic (Fig. 1B); an
osteomalacia possibly related to the hypothermic and ra-
chitic condition (pers. comm. Ch. Wermuth 2008) the ani-
mal developed before it recovered in the care of Dr. H.
Wermuth, SMNS. The ventral surface of SMNS 10481c is
more concave than to that of the other two specimens
(Fig. 1). Sutures are present on all margins in osteoderm
SMNS 10481a only (Fig. 1A).

Osteoderm histology

All three osteoderms (Fig. 3) show similar microstruc-
tures, so they will be described in one section. Indivi-
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Figure 3. Bone histology of sampled osteoderms of SMNS 10481. Images A, C, and E are in normal transmitted light, images B,
D, and F in polarized light. A, B. Overview of SMNS 10481b, which shows the outer compacta surrounding remodeled cancellous
bone. The pathologic groove on the keel in this specimen is indicated by arrows. C, D. Close-up view of the internal cortex (basal
cortex of osteoderm) and lower part of the interior remodeled area of SMNS 10481a. In C, the stack of white arrows indicates ten
growth marks within the compact bone. In D, the three white arrows point to some of the angled Sharpey’s fibres, which insert
into the compact parallel-fibred bone tissue. E, F. Close-up view of the interior remodeled cancellous bone of SMNS 10481b. The
white arrows indicate vascular canals in a densely remodeled compact spongiosa.
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dual variation among the specimens will be mentioned
if applicable. None of the specimens show any indica-
tion of a remodeled pattern of pits in thin-section. The
osteoderms all have a diploe structure with compact
cortical bone surrounding a more cancellous bone core.
The compact cortical bone comprises about 30–50 %
of the thin-sections. Osteoderm SMNS 10481a has a
maximum thickness (measured at keel) of 4 mm, with
the dorsal and ventral cortices ranging between 0.7–
0.8 mm and 0.5–0.55 mm in thickness respectively,
whereas in the anterior part of the osteoderm, maxi-
mum thickness is only 2.5–2.6 mm, with the cortical
thickness still within the range of those measured at the
keel.

The cortical bone layer consists of parallel-fibred bone
and lamellar-zonal bone is developed locally. The cor-
tices are poorly vascularized with scattered, primary
(simple) vascular canals. In osteoderm SMNS 10481a, a
major nutritional foramen/canal extends dorsoventrally
through the osteoderm. In osteoderm SMNS 10481b the
dorsal bone surface at the apical part of the keel is deeply
eroded and scalloped (Figs 3A, B).

The Sharpey’s fibres insert at sharp angles into the
dorsal and ventral cortical bone, whereas they insert
more perpendicular to the bone surface at the sutured
margins of the osteoderms. Sharpey’s fibres are finer
and more evenly distributed in the dorsal and marginal
cortices, whereas they are coarsely bundled and more
widely spaced in the ventral cortical bone layers
(Figs 3C, D). In the ventral cortex of osteoderm
SMNS 10481c, the Sharpey’s fibres are less prominent
and less coarsely bundled.

The interior bone of the specimens is cancellous
(Figs 3A, B), with the interior part of the osteoderm
being strongly affected by successive resorption and re-
construction of bone tissue (Figs 3E, F). Large vascular
cavities and long bony trabeculae are not observable.
Only a few scattered remnants of primary bone tissue
of interwoven structural fibre bundles are preserved.
The interior skeletal tissue comprises scattered primary
osteons and primary canals, often secondarily enlarged,
in the remnants of primary tissue, but the main bulk of
interior vascularization consists of the canals of succes-
sive generations of irregularly arranged secondary os-
teons and erosion cavities.

Growth marks, i.e., annuli and zones, within the cor-
tices are largely obscured by Sharpey’s fibres. The best
growth record was preserved within the ventral and
marginal cortical bone of the posterior part of the os-

teoderm SMNS 10481a (Fig. 3C). Here, a total of ten
growth marks was counted, i.e., LAGs. In the cortical
bone of the other osteoderms only about five to seven
growth marks are visible at best. No growth marks are
visible in the interior cancellous parts of the osteo-
derms (Figs 3E, F).

Isotope results

The d15N values of the three osteoderms (d15N ¼ 5.9 to
6.9 ‰) are about 2 to 3 ‰ lower than that of the femur
(d15N ¼ 9.2 ‰) (Fig. 4A, Tab. 1). Nitrogen content of
the osteoderm plates (4.2 to 4.4 wt%) and the femur
(3.8 wt %) are slightly different but both fall in the
range typical of fresh bone (�4 � 0.5 wt%; T�tken
2003).

The carbonate of the bone apatite of the osteoderm
plates has slightly lower d13C values of –13.8 to –
14.2 ‰ than the femur – 14.9 ‰ (Fig. 3b). d18OVSMOW

values of all bone samples are very similar and range
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Figure 4. Isotope compositions of the osteoderm plates and the
femur of the alligator. A. Carbon (d13CCO3) and nitrogen
(d15N). B. Carbon (d13CCO3) and oxygen (d18OCO3).

Table 1. C, N, and O isotope compositions of the alligator bones.

Sample Specimen-no bone d13CVPDB s CO3 wt% d18OVSMOW s d15NAIR N wt%

KST1 SMNS 10481 osteoderm –14.2 0.1 4.1 21.5 0.2 5.9 4.2

KST2 SMNS 10481 osteoderm –13.9 0.1 4.4 21.3 0.1 6.9 4.4

KST3 SMNS 10481 osteoderm –13.8 0.1 3.8 21.5 0.2 6.9 4.3

KST4 SMNS 10481 femur –14.9 0.0 5.8 21.5 0.1 9.2 3.8
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from 21.3 to 21.5 ‰, and the osteoderm plates and the
femur have within analytical error identical d18O values
(Fig. 4B, Tab. 1).

Discussion

Long bone

The primary bone tissue and resorption pattern charac-
teristic for crocodilians (Peabody 1961; Ricql�s 1976a,
1976b; Padian et al. 2004; Lee 2004) can be found also
in femur SMNS 10481. The degree for porosity in the
medullary cavity as well as the porosity beyond the me-
dullary cavity is in accordance with an egg-laying fe-
male (Wink & Elsey 1986: figs 1, 2).

In our interpretation of the growth record, three main
phases of growth can be distinguished. The inner zone
of less vascularized and highly organized parallel-fibred
bone tissue reflects a low growth rate compared to what
is expected form normal growth in juvenile alligators
over a long time period (28 % of the preserved growth
record/bone tissue). Such a slow growth would rather
be expected in a late ontogenetic stage (see Klein &
Sander 2008 for dinosaur long bones). We conclude
that this first growth phase represents the time, or at
least the latter part of the time, the alligator lived in
the leisure park in Switzerland. This early low growth
rate probably reflects the poor environmental conditions
(climate and food) the alligator was kept in. This is
supported by the fact that the circumference of this in-
ner zone fits approximately with that of an animal that
is 100 cm in length (Farlow et al. 2005). Assuming the
LAGs were deposited annually, they suggest that the al-
ligator lived there for at least 3 years.

After an initial phase of lasted slow growth, the
growth rate of the alligator began to increase, in our
interpretation, at least for one year. Then a second
phase followed, where the growth rate was still high.
Due to the deposited growth marks, this phase lasts for
at least two more years. The bone that was formed dur-
ing both fast growth phases makes up 40 % of the pre-
served growth record. We interpret this very fast
growth rate as a result of the optimized living conditions
it received after it was transferred to Ludwigsburg,
where the alligator could continue its growth to a ma-
ture adult. The last phase of growth was again a period
of slow growth, which finally ceased. The final de-
crease in growth was initiated because of the endogen
constrictions of the individual (i.e., onset of sexual ma-
turity). This permanent slow down in growth lasted for
around 13 years and built 32 % of the preserved pri-
mary cortex.

The most complete growth record is on the dorso-
posterior side preserved. Here, 17 growth marks (annu-
li, LAGs) are deposited, which correspond to 18 cycles
or years. Although the alligator experienced a period of
fast growth under optimal conditions of climate and
food, no woven bone or fibro-lamellar bone type was
identified.

Our study provides partial support for the use of
bone histology and skeletochronology to learn about
the life histories of extinct animals. However, our re-
sults must be used with caution because the data is
based on only a single captive (¼ atypical conditions)
individual. Additionally, neither the exact ontogenetic
age nor the diet of early life history are known.

Our study demonstrates that the number of growth
marks beyond the medullary cavity does not reflect the
time (in years) the individual was supposed to have
lived since it left the leisure park in Switzerland. The
growth record in the femur of SMNS 10481 documents,
in our interpretation, a minimum of 18 years of the life
history of this individual. Therefore the preserved
growth record includes the time or at least the end of
that time period when the alligator lived in Switzerland.
To give a more exact age of that individual, 23–25
growth marks should have been preserved, since it lived
20 to 21 years after leaving the leisure park in 1969.
However, it is not unusual that growing crocodilians do
not deposit annual growth marks (Padian et al. 2004).
Thus, the second fast-growing period may comprise
several years and not only two, as documented by the
deposited growth marks.

Additionally, it is not known if the alligator was a
hatchling or already a few years old when it came to
Switzerland. Some growth marks were already reab-
sorbed because of the normal expansion of the medul-
lary cavity. When the specimen moved to Ludwigsburg,
at least one to three of the initial growth marks may
have already been destroyed, according to the size of
the alligator (Tucker 1997; Ross 2002).

A similar high number of thick Sharpey’s fibres at
the posteroventral side of the femur as in specimen
SMNS 10481 has not been noted before in crocodiles
(e.g., Ricql�s et al. 2003; Padian et al. 2004; Chinsamy
& Hillenius 2004). A possible hypothesis is that the al-
ligator under study had retained from its rachitis a false
anatomical position of extremities. This could have led
to an unusually pronounced adductor femoris muscle
with a stronger histological connection to the bone than
usual. However, this is only hypothetical because even
less research has focused on microanatomical features
in studies on crocodilian long bones.

Osteoderms

As expressed by Hutton (1986), the cortical bone struc-
ture of osteoderms of (Nile) crocodiles is related to an
individual’s sex and reproductive status. The low num-
ber of visible growth marks (a maximum of ten annuli
and zones), as well as the strongly remodeled interior
cancellous part of our alligator specimens are consistent
with histological results for osteoderms of female cro-
codile specimens. Our findings corroborate Hutton’s
(1986) data on captive Nile crocodiles, Crocodylus ni-
loticus Laurenti, 1768, and Tucker’s (1997) data on os-
teoderm-based age estimates of wild Australian fresh-
water crocodiles, Crocodylus johnstoni Krefft, 1873. In
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both Crocodylus species, growth counts based on visi-
ble annuli in breeding females generally led to an un-
derestimation of age. A mean of eight visible annuli
was recorded in the ten largest breeding females of
Crocodylus johnstoni, although seven of these females
had documented breeding histories from 12–20 years
(Tucker 1997: pp. 346–347). In both crocodile species,
osteoderms of females that had not yet reached sexual
maturity showed unremodeled growth marks (Hutton
1986; Tucker 1997).

The osteoderms of our alligator specimen would pre-
sumably fall into the readability code S3, the group that
was not taken for liable age estimation by Tucker (1997).
The high resorption processes in the cancellous regions
of the sampled osteoderms could have different causes
however: First, the observable remodeling processes in
osteoderms could be linked to increased calcium require-
ments in egg-laying females in both crocodile and alliga-
tor species. In this regard, osteoderms of crocodilian spe-
cies differ from the shells of turtles that are not used
preferentially as calcium reservoirs (in contrast to turtle
long bones) during gravidity and oviposition (Suzuki
1963). Second, the resorption of bone tissue might be
caused by a pathologic calcium deficiency often encoun-
tered in captive reptiles (e.g., Frye 1991).

Bone isotope compositions

Different bones have different remodeling rates that can
range from a few years to decades, depending on bone
type. The bone remodeling rate determines how fast a
bone equilibrates with the isotopic composition of the
diet and drinking water. Thus the isotopic composition
of the bone apatite and collagen should reflect the
mean composition of the food and drinking water dur-
ing the last years of life. Remodeling rates of osteo-
derm plates seem to be significantly higher than for the
femur where most resorption occurs (Hutton 1986;
Tucker 1997). Therefore osteoderm plates should reflect
in their isotopic composition the last years of life
whereas the femur may still preserve isotopic composi-
tions of older ontogenetic periods of life. This might be
the cause for differences in carbon and nitrogen isoto-
pic composition between osteoderm plates and the fe-
mur (Figs 4A, B).

The nitrogen isotope composition of an animal is re-
lated to its food source and the trophic level within an
ecosystem (DeNiro & Epstein 1981; Minangawa & Wada
1984). Protein in consumers have a higher 15N/14N ratio
than dietary protein and animals in neutral nitrogen bal-
ance typically show fractionations ranging from 2 ‰ to
5 ‰ (DeNiro & Epstein 1981) between dietary nitrogen
and tissue nitrogen. Because a consumer’s nitrogen is
heavier than its diet, nitrogen in the tissues of animals
higher in the food chain tends to be heavier (i.e., to have
more positive d15N values) than that of animals lower in
the food chain (Minagawa & Wada 1984). This can be
used to determine trophic levels in food webs. Because
starving animals literally “live on their own meat“, the

mechanisms by which their tissues become enriched in
15N are the same as those causing trophic-level nitrogen
fractionation. This is because excreted nitrogen con-
tained in ammonia, urea, and uric acid is isotopically
lighter than body and dietary protein (Steele & Daniel
1978). The excreted “lighter“ nitrogen is not replaced by
dietary protein; therefore, the animal becomes progres-
sively more 15N enriched over the course of starvation.
The tissues of starving animals show a progressive in-
crease in the 15N/14N ratio as lean body mass decreases
(Hobson et al. 1993). Due to intense remodeling the iso-
topic composition of the osteoderms used in this study
reflect the diet of the more recent Stuttgart period. In
contrast the femur might still partly contain remnant
dietary d15N values of the starvation period in the Swiss
leisure park or at least contains a dietary record of a
longer time period than the osteoderms. Therefore it is
likely that starvation and not feeding on a more 15N-en-
riched diet such as a higher portion of animal proteins, is
the cause for the ~ 3 ‰ higher d15N values (which repre-
sents about one trophic level difference (Minagawa &
Wada 1984)) of the femur compared to the osteoderm
plates of the alligator.

The mean d13C value –14.2 � 0.5 ‰ of the osteoderm
plates and femur is typical for a vertebrate feeding in a
C3 plant based foodweb (Cerling et al. 1997). Thus the
animals (teleosts and chicken) that were predominantly
fed to the alligator were raised on a C3 plant diet. The
oxygen isotope composition of all bones is very similar
and indicates that the alligator drank water with similar
d18O values. From the mean d18OCO3 ¼ 21.4 � 0.1 ‰
VSMOW of the bone specimens the phosphate oxygen
isotope compositions (d18OPO4) can be calculated using
the d18OCO3–d18OPO4-equlibrium equation for mammal
bone of Iacumin et al. (1996). Using this d18OPO4

value of 12.5 ‰, a drinking water d18OH2O value of
––8.9 � 0.1 ‰ VSMOW can be calculated using the em-
pirical d18OH2O–d18OPO4 fractionation equation for mod-
ern crocodiles of Amiot et al. (2007). The value of
––8.9 ‰ is typical for the d18OH2O values of precipitation/
meteoric water in SW Germany (Rozanski 1995) in the
vicinity of Stuttgart where the alligator lived during the
last approximately 20 years of his life. However, similar
d18OH2O values do also occur in the precipitation of
Swiss lowland localities (Sch�rch et al. 2003). This
might explain that no difference in d18OCO3 values could
be observed between the osteoderms and the femur bone
of the alligator. A more detailed intra bone isotopic ana-
lysis of the different histological growth zones can help
to further refine the bone growth record by inferring the
change of residence and thus likely isotopic composition
of the food and water resources used.

Conclusions

The bone histology as seen in the femoral cross-section
depicts the unstable life history of this individual. How-
ever, besides resorption and remodeling processes,
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which eliminated early growth marks, the preserved
growth record may also be incomplete. For the study of
fossils, such age estimations may be adequate, although
data gathered from growth series are more reliable. For
ecological/population studies such age estimations are
obviously not sufficient. Furthermore, the current long
bone histological sample supports previous observations
that crocodilians are not restricted to the lamellar-zonal
bone type but show a wide range of bone tissue types
which can span from the entirely lamellar-zonal bone
type (Ricql�s et al. 2003; Padian et al. 2004; Lee 2004;
Lee & Werning 2008) to the fibro-lamellar complex
(Reid 1984, 1997; Chinsamy & Hillenius 2004; Tur-
markin-Deratzian 2007). However, although specimen
SMNS 10481 experienced a phase of atypical fast
growth (at least for an alligator), no fibro-lamellar bone
was deposited. Growth with fibro-lamellar bone could
possibly be constrained by this special individual due to
its advanced age or its poor health when fast growth
first started. This would contradict the observations of
Turmarkin-Deratzian (2007: p. 344), who had stated
that fibro-lamellar bone is not necessarily “restricted
(to captive,) juvenile, or even optimally healthy indivi-
duals”.

The current study further affirms that osteoderms are
not well suited for the skeletochronology in egg-laying
females of Alligator mississippiensis. This also implies
a more careful use of osteoderms in skeletochronology
of fossil specimens.

The measured C, O, and N isotope compositions of
the alligator bones agree with the food and water in-
gested during most of its life. Similar oxygen isotope
compositions of osteoderm and femora indicate inges-
tion of water with a d18O value of around –9 ‰. A
slight and a major difference in carbon and nitrogen
isotopic composition, respectively, were observed be-
tween the femur and the osteoderms. Though the exact
cause for these differences is not clear, the higher d15N
values in the femur are possibly related to starvation of
the alligator during early ontogeny. These isotope dif-
ferences have been preserved due to different bone re-
sorption and remodeling rates of alligator long bones
and osteoderms which must be taken into account when
conducting isotope analyses on crocodilian bones. Intra
bone isotopic analysis of non-remodeled long bones
can potentially allow isotopic life history of individual
crocodilians to be inferred. This may help, in conjunc-
tion with histological observations, to further refine the
growth record of individuals.
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