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Abstract:
An important source of palaeoecological and palaeoenvironmental information is intra-specimen variability of isotopic
composition of mammal tooth enamel. It reflects seasonal or behavioral changes in diet and climate occurring during
a life of the animal. While well-known in ungulates, in carnivorans this variability is poorly recognized. However,
carnivoran remains are amongst the most numerous in the Pleistocene fossil record of terrestrial mammals, so their
isotopic signature should be of particular interest. The aim of the study was to verify if enamel of a fossil cave hyena
(Crocuta crocuta spelaea) and a cave bear (Ursus ingressus) records any regular inter- or intra-tooth isotopic variability.
We examined intra-individual variability of δ13C and δ18O values in permanent cheek teeth enamel of fossil cave hyena
and cave bear from the site of the Perspektywiczna Cave (southern Poland). We conclude that the isotopic variability
of the cave hyena is low, possibly because enamel mineralization took place when the animals still relied on a uniform
milk diet. Only the lowermost parts of P3 and P4 enamel record a shift toward an adult diet. In the case of the cave bear,
the sequence of enamel formation records periodic isotopic changes, possibly correlating with the first seasons of the
animal life.
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INTRODUCTION
Stable isotopic composition of fossil teeth enamel is
widely applied in palaeoecological and palaeoenvironmental research (Bocherens and Drucker, 2013; DeNiro and
Epstein, 1978; Koch, 2007; Pederzani and Britton, 2019).
Among numerous isotopes which occur in the enamel
mineral, the ratios of carbon and oxygen stable isotopes
(13C/12C and 18O/16O, respectively) are most usually used.
Presented as “delta” notations (δ13C and δ18O), they found
application in reconstructions of palaeoclimate, palaeodiet,
canopy density, water sources, foraging altitude and niche
partitioning (e.g., Bocherens et al., 1991, 1995, 2011; Levin
et al., 2006; Reinhard et al., 1996; Sánchez Chillón et al.,

1994; Shahack-Gross et al., 1999; Skrzypek et al., 2011;
Tütken et al., 2007). Intra-specimen variability of isotopic
composition of tooth enamel is an important source of palaeoecological and palaeoenvironmental information. This
variability was found to be regular and is believed to follow
the changes of the isotopic composition of food and water
consumed by an animal during its life (Blumenthal et al.,
2014; Bryant et al., 1996a, 1996b; Cerling and Sharp, 1996;
Fricke and O’Neil, 1996; Passey and Cerling, 2002). The
basic premise behind such a conclusion is that the enamel
of different teeth is not formed and mineralized simultaneously, but represents different time frames of the animal
life (Hillson, 2005). Moreover, the enamel of a single tooth
is also mineralized non-simultaneously – its mineralization
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starts at the top of the crown and continues downwards to
the enamel-root junction (Fricke and O’Neil, 1996; Trayler
and Kohn, 2017). The enamel is thus sequentially mineralized and gets its final isotopic signature some time after
apposition, shortly before tooth eruption (Hillson, 2005;
Klevezal, 1996; Trayler and Kohn, 2017).
Intra-individual isotopic variability of enamel has been
well-recognized in ungulates, whose teeth are large and
therefore easy to sample, and likely record long time intervals. Numerous studies established the expected trends in
present-day ungulates (Balasse, 2002; Britton et al., 2009;
Chritz et al., 2009; Fricke et al., 1998; Kohn et al., 1996,
1998; Trayler and Kohn, 2017; Wang et al., 2008, Zazzo
et al., 2010) and were followed by studies of fossil relatives (Bernard et al., 2009; Chritz et al., 2009; Fabre et al.,
2011; Feranec et al., 2009; Gadbury et al., 2000; Julien et
al., 2012; Krajcarz and Krajcarz, 2014a; Velivetskaya et al.,
2011, 2016; Widga et al., 2010; Wiedemann et al., 1999).
In carnivorans, the intra-specimen isotopic variability is
poorly recognized. One of the few examples is a study of
the Smilodon canines (Feranec, 2004), which are, however,
unusual among carnivorans due to their long enamel profile.
This lack of interest is an effect of difficulties in sampling
caused by a relatively low height of the carnivoran tooth
crowns and thin enamel. An additional reason is a short duration of tooth formation, which restricts the temporal range
of the isotopic record within a tooth. On the other hand,
carnivoran remains are common in the Pleistocene fossil record (Diedrich, 2012; Krajcarz and Krajcarz, 2014b; Kurtén,
2007a, 2007b; Stiller et al., 2014). Because of this, fossil
remains of some carnivoran taxa, such as the cave bear or
the cave hyena, are relatively easily obtainable. Better understanding the analytical and interpretational limitations of
their usage for isotopic studies may prove advantageous for
future palaeoecological research. Therefore in this paper,

we aim to examine the potential of intra-specimen isotopic
variability of cave bear and cave hyena tooth enamel.
Enamel formation in carnivorans
As opposed to ungulates, whose individual tooth enamel
may form for as long as one or two years (e.g., Balasse,
2002; Bendrey et al., 2015; Fricke and O’Neil, 1996), in carnivorans the enamel is formed relatively quickly (Klevezal,
1996). In the extant spotted hyena the order of permanent
mandibular cheek teeth eruption is deemed to be M1-P2P4-P3, but the eruption spans of different teeth overlap each
other (Kruuk, 1972; Slaughter et al., 1974; Van Horn et
al., 2003). Mineralization most probably follows this order.
According to studies of modern and fossil spotted hyenas
(Jimenez et al., 2019; Stiner, 1994), the entire formation and
mineralization of the cheek teeth lasts for several months
only (Fig. 1). X-ray photography of around 2-months-old
cub mandibles reveals no signs of permanent cheek teeth
formation, while at 8–12 months most of the permanent
teeth are already erupted (Jimenez et al., 2019), so their
enamel is fully mineralized. The first completed tooth is
M1, while the last one is P3.
In the cave bear, the formation of the mandibular cheek
teeth follows the order M1-P4-M2-M3 (Andrews and Turner,
1992; Debeljak, 1996) (Fig. 1). The enamel of M1 is already
formed at 2–4 months of postnatal life (Veitschegger et
al., 2019), but possibly not fully mineralized (Krajcarz and
Krajcarz, 2014b). The M1 erupts at around 4–5 months
and then its mineralization is completed, while formation
of the P4, M2 and M3 enamel is started (Debeljak, 1996;
Veitschegger et al., 2019). The mineralization of the P4 and
M2 enamel is completed around 9 months, and of the M3
enamel around 12 months.

Fig. 1. Formation of enamel in cave hyena and cave bear (based on: Debeljak, 1996; Veitschegger et al., 2019; Jimenez et al., 2019; simplified), not to
scale. Enamel and other tissues of cheek teeth are shown in black and grey, respectively.
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Impact of nursing on the enamel isotopic signature

Sampling

Because the enamel in carnivorans mineralizes at a very
young age, when they still rely on mother’s milk, nursing
is one of the most important factors responsible for isotopic
signature (Bocherens, 2004; Herrscher et al., 2017; Jenkins
et al., 2001). The mother’s milk, similarly to other fat-rich
tissues, is depleted in 13C (Bocherens et al., 1997; Grandald’Anglade et al., 2019; Nelson et al., 1998). Milk is also the
main source of water for sucklings and it is 18O-enriched
compared to the water drunk by the mother (Tsutaya and
Yoneda, 2015; Wright and Schwarcz, 1998). Therefore, the
expected situation within the enamel affected by nursing is
low δ13C values and high δ18O values. Shifting into higher
δ13C values and lower δ18O values indicates that the animal
begun relying on the adult diet.

The lingual enamel surface of each studied tooth was
selected for sampling (the longest preserved and not damaged by wearing). Prior to the sampling, the surface was
mechanically cleaned using a Dremel diamond-coated bit.
We removed cementum, dental plaque and any mineralization if presented. Also, around 0.3–0.5 mm of the external
enamel layer was removed, as this outer part was reported
to be isotopically biased by later mineralization (Trayler
and Kohn, 2017). The exposed surface was cleaned with
demineralized water and dried. To avoid contamination
during sampling, the entire tooth outside the sampling surface was covered with parafilm. Enamel samples were collected by careful drilling about 10 mg of powder (taking
care to avoid sampling the dentine). Samples were taken in
sequences reflecting the direction of enamel mineralization
(from the tip of the crown toward the enamel-root junction).
The sizes and positions of the sampling spots are shown
(Fig. 2), and the full list of samples is provided (Table 1).

Impact of hibernation on the enamel isotopic signature
By analogy to the extant brown and black bears (U. arctos and U. americanus), the adult cave bears are believed
spent winters in the state of hibernation, during which neither ate nor drank, but instead burnt up their fat stores
(Hissa, 1997; Nelson et al., 1983). This resulted in low δ13C
values, commonly noticed in cave bears (Bocherens, 2004;
Bocherens et al., 1994). Females gave birth during winter
hibernation and cubs likely spent their first winter suckling. The lactation together with hibernation is believed
to be responsible for low δ13C values in young cave bears
(Bocherens et al., 1997; Grandal-d’Anglade et al., 2019;
Nelson et al., 1998). During their first summer, the cubs
likely started to feed on solid food but probably continued to suckle until their second winter, when milk again
became the most important part of their diet (Grandald’Anglade et al., 2019; Lidén and Angerbjörn, 1999; Nelson
et al., 1998). The isotopic effect of such dietary shifts would
be periodical oscillation of stable isotope ratios of the body,
which could be recorded in the enamel mineralized during
that time (Krajcarz and Krajcarz, 2014b).

Chemical pretreatment
In order to clear out the enamel of possible contamination, 30% H2O2 solution and 0.1M acetic acid (CH3COOH)
were used, the former to remove organic pollution and the
latter to purge away exogenous carbonate. The reaction
lasted for 24h and 48h, respectively, with centrifugation,
Table 1. List of samples analyzed in this study, weight yield
after chemical pretreatment and isotopic results.
Taxon

Inv. no. Tooth

Ursus
ingressus

W-17

Crocuta
crocuta

W-3493

Crocuta
crocuta

W-4152

MATERIAL AND METHODS
Material
The material comprises three right dentary bones with
cheek teeth. Two of the mandibles (W-3493 and W-4152)
belong to C. crocuta spelaea, and the other specimen
(W-17) belongs to U. spelaeus s.l., precisely U. ingressus
(Gretzinger et al., 2019). The geological ages of the bones
have been radiocarbon dated to 40,200 ± 1200 (W-17),
36,500 ± 800 (W-3493) and 34,700 ± 600 BP (W-4152).
All of the bones were collected at the Perspektywiczna
Cave, situated in the Częstochowa Upland, Olkusz County,
southern Poland (for a summary of the site see: Krajcarz,
2016).

P4
M1
M2
M2
M3
M3
P2
P3
P3
P3
P4
P4
M1
M1
M1
P2
P3
P3
P4
P4
M1
M1
M1

Sample Yield
no.
[%]
1
1
1
2
1
2
1
1
2
3
1
2
1
2
3
1
1
2
1
2
1
2
3

73.7
60.3
89.2
89.9
65.1
66.4
63.2
61.1
60.7
63.3
62.7
63.8
77.2
70.7
60.1
72.4
66.8
68.4
68.4
69.5
71.7
72.4
66.2

δ13C
(VPDB)
[‰]
-17.49
-18.21
-17.40
-17.07
-18.08
-17.98
-14.83
-15.58
-15.00
-14.43
-15.66
-14.51
-15.50
-14.95
-14.80
-14.98
-15.55
-14.12
-15.48
-14.99
-15.48
-15.59
-15.25

δ18O
(VPDB)
[‰]
-5.58
-7.78
-5.67
-5.37
-7.17
-6.30
-10.10
-10.16
-10.32
-10.48
-10.09
-10.75
-9.43
-10.10
-10.06
-8.73
-8.74
-8.90
-9.02
-9.00
-8.70
-9.30
-8.77
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Fig. 2. The location of samples in the studied specimens and obtained isotopic results, arranged according to the order of expected tooth formation. The
open circles are used for δ18O and black dots for δ13C.

decantation and rinsing with deionized water several times
after each step. An enamel sample of the recent cattle (Bos
taurus) was selected as an internal standard and subjected
to the same procedure.
Isotopic measurement
Carbon isotopic analysis was conducted with a
GasBench II apparatus combined with a Thermo MAT 253

mass spectrometer in the Continuous Flow system, with
standard analytical procedures being applied, in the Stable
Isotopes Lab of the Institute of Geological Sciences, Polish
Academy of Sciences (Warsaw, Poland). CO2 was derived
from the samples by reaction with orthophosphoric acid
(H3PO4). Balancing time was 18h, balancing temperature
70°C. Oxygen isotopic analysis was conducted with the
same apparatus, with balancing time 18h and balancing
temperature 32°C. Laboratory standards were NBS19,
NBS18 and LSVEC. The equation for the δ values, show-
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ing a deviation from the values established as an internationally accepted standard, is presented as δ(‰) = [(Rsample
– Rstandard)/Rstandard] × 1000 (Tütken et al., 2007), with
R being the ratio of heavy to light isotope (18O/16O or
13C/12C). The δ13C and δ18O values were reported as relative to the VPDB standard.

RESULTS
Results of isotopic analyses of the samples are presented (Table 1). The δ13C values fall in the ranges of -18.21
to -17.07‰ (specimen W-17), -15.66 to -14.43‰ (specimen W-3493) and -15.59 to -14.12‰ (specimen W-4152).
Therefore, the differences between the highest and the lowest values reach 1.14, 1.23 and 1.47‰ respectively. The
ranges of δ18O values are -7.78 to -5.37‰ (W-17), -10.75 to
-9.43‰ (W-3493) and -9.30 to -8.70‰ (W-4152). Thus, the
differences between the highest and the lowest value equal
2.41, 1.32 and 0.60‰. The linear correlation between δ13C
and δ18O values is distinct in the cave bear, while weak in
the case of the hyena specimen W-3493 and lacking in the
hyena specimen W-4152 (Fig. 3).
The δ13C and δ18O values obtained for the internal lab
standard (sample PC-Bos-1) were situated close to the centre of the distribution established by previous analyses of
this standard (Table 2). This suggests that the chemical
pretreatment was conducted properly and the results are
reliable.

DISCUSSION
Inter- and intra-tooth variability in the cave hyena
Both specimens of the cave hyena exhibit distinct trends
in both δ13C and δ18O values in M1, P4 and P3 (Fig. 2). Each
of these teeth shows an increase of δ13C values during the
tooth formation, starting from an equated level between
-15.5 and -15.7‰ VPDB near the apex of the crown. This
suggests that all these teeth started to form at the same
time. Moreover, the two individuals had almost the same
diet during that phase of their life. Mineralization of this
portion of enamel happens when hyenas are 2–8 months
old and rely exclusively on milk diet (Jimenez et al., 2019;
Stiner, 1994) (Fig. 1). This is consequent with relatively low
δ13C values and high δ18O values characteristic for milk
(Bocherens et al., 1997; Grandal-d’Anglade et al., 2019;
Nelson et al., 1998; Tsutaya and Yoneda 2015; Wright and
Schwarcz, 1998).
The increase of δ13C values is recorded in the younger
parts of the M1, P4 and P3 enamel, and in the P2 enamel. The
most extreme value is recorded in the lower part of the P3
enamel in the W-4152 specimen (Fig. 2). This likely reflects
the higher amount of 13C-enriched food, an effect of a turning into the adult diet. This is also confirmed by the simultaneous decrease of δ18O values, probably caused by drinking

Fig. 3. δ13C/δ18O plot for the studied specimens. The linear correlation
between δ13C and δ18O is provided separately for each specimen with the
coefficient of determination (R2).

Table 2. The results for internal lab standard: sample PCBos-1 (this study) and the previous measurements.
Sample
PC-Bos-1
IS-1
IS-2
IS-3
IS-4
IS-5
IS-6
Bos 4 CH
Bos 3
Bos 4
Bos 5
Bos 6
Bos 7
Bos 8
Bos 9

δ13C (VPDB) [‰]
-12.24
-12.28
-11.99
-12.17
-12.29
-12.23
-12.21
-12.40
-12.13
-12.24
-12.31
-12.35
-12.35
-12.39
-12.24

δ18O (VPDB) [‰]
-9.86
-10.39
-10.67
-10.48
-10.79
-10.65
-10.66
-10.12
-10.11
-9.50
-9.66
-8.59
-8.92
-8.97
-9.70

more water instead of milk. The negative correlation between δ13C and δ18O values in the W-3493 specimen, although weak (Fig. 3), stays in accordance with the expected
change during the milk-to-adult diet turnover. A possible
chronological sequence of the formation of the isotopic composition of the enamel is shown in Fig. 4. Noteworthy, the
δ18O record differs between the studied specimens. While
W-3493 records the decrease of δ18O values downwards the
crown profiles, in W-4152 there is a low δ18O variability and
rather irregular δ18O distribution within particular teeth as
well as between different teeth. Also, the correlation between δ13C and δ18O values is lacking in this specimen (Fig.
3). This can be interpreted as the result of different modes
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Fig. 4. Estimated relative time of enamel mineralization in the studied specimens, as inferred from their isotopic signature.

of milk-to-adult diet shift among individuals, and may also
indicate different individual use of water sources.
Inter- and intra-tooth variability in the cave bear
In the studied specimen, both δ13C and δ18O signatures
record periodic changes, starting from low values in M1,
the tooth which has been formed and possibly mineralized
first (Fig. 2). In P4 and M2 the values are high, followed by
low values again in the last-formed M3. This likely records
the seasonal changes. The sequence M1-P4-M2 could be
interpreted as representing a change in the isotopic composition of mother’s milk. The increasing δ13C values likely
reflect the increasing reliance of the nursing mother on
her summer diet, instead of using her winter fat storage.
Similarly, the increasing δ18O values reflect a change in the
isotopic composition of the meteoric water that the mother
was drinking, which provides a base for the isotopic composition of milk. It cannot be excluded that the elevated
δ13C and δ18O signature of P4 and M2 may be additionally
influenced by a self-reliant adult-like diet of the cub during
the warm season. The values received for M3 may be a
result of a gradual return of the cold conditions. The isotopic signature of M3 may have also been influenced by the
altered metabolism during the cub’s hibernation.

CONCLUSIONS
We reported the results showing intra-individual δ13C
and δ18O variability in the Pleistocene cave hyena and cave
bear. A limitation of the applied method when dealing with
carnivoran cheek teeth is a difficulty in obtaining many
samples from one tooth. This is caused by the relatively
small height of the teeth and their thin enamel, in comparison to the teeth of large ungulates. Moreover, as the
eruption periods of particular teeth overlap, it would be
problematic to chronologically correlate the samples taken
from different teeth in order to reconstruct the life histories of the examined specimens more precisely. Our results

allow, to estimate the relative age of those stages of enamel
mineralization during which the enamel obtained its final
isotopic signature. We confirmed the expected uniform
isotopic signature of the cave hyena’s enamel, except of
the basal parts of P3 and P4. In the case of the cave bear,
it seems that each tooth records the milk-dependent diet,
possibly additionally influenced by a self-reliant adult-like
diet of the cub during the warm season in P4 and M2. Thus
the observed periodic changes reflect well the seasonal
changes in the diet of the nursing mother.
Acknowledgments
The material has been excavated and radiocarbon dated during
realization of the research projects financed by the National Science
Centre, Poland, grant numbers 2014/15/D/HS3/01302 and 2014/13/D/
HS3/03842, respectively. Isotopic analyses were financed by the
Faculty of Geology, University of Warsaw (the fund for students’
research), and the Institute of Geological Sciences, Polish Academy
of Sciences (statutorial task 2018 “Namuliska”). We are thankful to
Magdalena Radzikowska and Beata Gebus-Czupyt from the Stable
Isotopes Laboratory (Institute of Geological Sciences PAS) for conducting the spectrometric analyses.

REFERENCES
Andrews, P., Turner, A., 1992. Life and death of the Westbury bears.
Annales Zoologici Fennici 28, 139–149.
Balasse, M., 2002. Reconstructing Dietary and Environmental History from Enamel Isotopic Analysis: Time Resolution of Intra-tooth
Sequential Sampling. International Journal of Osteoarchaeology
12, 155–165.
Bendrey, R., Vella, D., Zazzo, A., Balasse, M., Lepetz, S., 2015. Exponentially decreasing tooth growth rate in horse teeth: implications
for isotopic analyses. Archaeometry 57, 1–21.
Bernard, A., Daux, V., Lécuyer, C., Brugal, J.-P., Genty, D., Wainer,
K., Gardien, V., Fourel, F., Jaubert, J., 2009. Pleistocene seasonal
temperature variations recorded in the δ18O of Bison priscus teeth.
Earth and Planetary Science Letters 283, 133–143.
Blumenthal, S.A., Cerling, T.E., Chritz, K.L., Bromage, T.G., Kozdon,
R., Valley, J.W., 2014. Stable isotope time-series in mammalian
teeth: In situ δ18O from the innermost enamel layer. Geochimica et
Cosmochimica Acta 124, 223–236.

VARIABILITY OF DENTAL ENAMEL Δ13C AND Δ18O VALUES IN HYENA AND CAVE BEAR
Bocherens, H., 2004. Cave bear palaeoecology and stable isotopes:
checking the rules of the game. In: Philippe, M., Argant, A., Argant, J. (Eds), Proceedings of the 9th International Cave Bear
Conference, Cahiers scientifiques du Centre de Conservation et
d’Etude des Collections. Muséum d’Histoire Naturelle de Lyon,
Hors Série No 2, 183–188.
Bocherens, H., Billiou, D., Patou-Mathis, M., Bonjean, D., Otte, M.,
Mariotti, A., 1997. Paleobiological Implications of the Isotopic
Signatures (13C, 15N) of Fossil Mammal Collagen in Scladina
Cave (Sclayn, Belgium). Quaternary Research 48, 370–380.
Bocherens, H., Drucker, D.G., 2013. Terrestrial Teeth and Bones. In:
Elias, S.A., Mock, C.J. (Eds), Encyclopedia of Quaternary Science, Second Edition, Elsevier Inc., 304–314.
Bocherens, H., Fizet, M., Mariotti, A., 1994. Diet, physiology and
ecology of fossil mammals as inferred from stable carbon and
nitrogen isotope biogeochemistry: implications for Pleistocene
bears. Palaeogeography, Palaeoclimatology, Palaeoecology 107,
213–225.
Bocherens, H., Fizet, M., Mariotti, A., Billiou, D., Bellon, G., Borel,
J.-P., Simone, S., 1991. Biogéochimie isotopique (13C, 15N, 18O) et
paléoécologie des ours pléistocènes de la Grotte d’Aldène (Cesseras, Hérault). Bulletin du Musée d’Anthropologie Préhistorique
de Monaco 34, 29–49.
Bocherens, H., Fogel, M.L., Tuross, N., Zeder, M., 1995. Trophic
structure and climatic information from isotopic signatures in a
Pleistocene cave fauna of Southern England. Journal of Archaeological Science 22, 327–340.
Bocherens, H., Stiller, M., Hobson, K.A., Pacher, M., Rabeder, G.,
Burns, J.A., Tütken, T., Hofreiter, M., 2011. Niche partitioning
between two sympatric genetically distinct cave bears (Ursus spelaeus and Ursus ingressus) and brown bear (Ursus arctos) from
Austria: Isotopic evidence from fossil bones. Quaternary International 245, 238–248.
Britton, K., Grimes, V., Dau, J., Richards, M.P., 2009. Reconstructing
faunal migrations using intra tooth sampling and strontium and
oxygen isotope analyses: a case study of modern caribou (Rangifer tarandus granti). Journal of Archaeological Science 36,
1163–1172.
Bryant, J.D., Froelich, P.N., Showers, W.J., Genna, B.J., 1996a. A Tale
of Two Quarries: Biologic and Taphonomic Signatures in the Oxygen Isotope Composition of Tooth Enamel Phosphate from Modern and Miocene Equids. Palaios 11, 397–408.
Bryant, J.D., Froelich, P.N., Showers, W.J., Genna, B.J., 1996b. Biologic and climatic signals in the oxygen isotopic composition of
Eocene–Oligocene equid enamel phosphate. Palaeogeography,
Palaeoclimatology, Palaeoecology 126, 75–89.
Cerling, T.E., Sharp, Z.D., 1996. Stable carbon and oxygen isotope
analysis of fossil tooth enamel using laser ablation. Palaeogeography, Palaeoclimatology, Palaeoecology 126, 173–186.
Chritz, K.L., Dyke, G.J., Zazzo, A., Lister, A.M., Monaghan, N.T.,
Sigwart, J.D., 2009. Palaeobiology of an extinct Ice Age mammal:
Stable isotope and cementum analysis of giant deer teeth. Palaeogeography, Palaeoclimatology, Palaeoecology 282, 133–144.
Debeljak, I., 1996. Ontogenetic development of dentition in the cave
bear. Geologija 39, 13–77.
DeNiro, M.J., Epstein, S., 1978. Influence of diet on the distribution
of carbon isotopes in animals. Geochimica et Cosmochimica Acta
42, 495–506.
Diedrich, C.G., 2012. Cave bear killers and scavengers from the last
ice age of central Europe: Feeding specializations in response to
the absence of mammoth steppe fauna from mountainous regions.
Quaternary International 255, 59–78.
Fabre, M., Lécuyer, C., Brugal, J.-P., Amiot, R., Fourel, F., Martineau,
F., 2011. Late Pleistocene climatic change in the French Jura (Gigny) recorded in the δ18O of phosphate from ungulate tooth enamel.
Quaternary Research 75, 605–613.

127

Feranec, R.S., 2004. Isotopic evidence of saber-tooth development,
growth rate, and diet from the adult canine of Smilodon fatalis
from Rancho La Brea. Palaeogeography, Palaeoclimatology, Palaeoecology 206, 303–310.
Feranec, R.S., Hadly, E.A., Paytan, A., 2009. Stable isotopes reveal
seasonal competition for resources between late Pleistocene bison
(Bison) and horse (Equus) from Rancho La Brea, southern California. Palaeogeography, Palaeoclimatology, Palaeoecology 271,
153–160.
Fricke, H.C., Clyde, W.C., O’Neil, J.R., 1998. Intra-tooth variations
in δ18O (PO4) of mammalian tooth enamel as a record of seasonal
variations in continental climate variables. Geochimica et Cosmochimica Acta 62, 1839–1850.
Fricke, H.C., O’Neil, J.R., 1996. Inter- and intra-tooth variation in the
oxygen isotope composition of mammalian tooth enamel phosphate: implications for palaeoclimatological and palaeobiological
research. Palaeogeography, Palaeoclimatology, Palaeoecology
126, 91–99.
Gadbury, C., Todd, L., Jahren, A.H., Amundson, R., 2000. Spatial and
temporal variations in the isotopic composition of bison tooth
enamel from the Early Holocene Hudson-Meng Bone Bed, Nebraska. Palaeogeography, Palaeoclimatology, Palaeoecology 157,
79–93.
Grandal-d’Anglade, A., Pérez-Rama, M., García-Vázquez, A., González-Fortes, G.M., 2019. The cave bear’s hibernation: reconstructing the physiology and behaviour of an extinct animal. Historical Biology, 31 (4), 429–441.
Gretzinger, J., Molak, M., Reiter, E., Pfrengle, S., Urban, C., Neukamm, J., Blant, M., Conard, N.J., Cupillard, C., Dimitrijević, V.,
Drucker, D.G., Hofman-Kamińska, E., Kowalczyk, R., Krajcarz,
M.T., Krajcarz, M., Münzel, S.C., Peresani, M., Romandini, M.,
Rufi, I., Soler, J., Terlato, G., Krause, J., Bocherens, H., Schuenemann, V.J., 2019. Large-scale mitogenomic analysis of the phylogeography of the Late Pleistocene cave bear. Scientific Reports 9,
10700, DOI: 10.1038/s41598-019-47073-z.
Herrscher, E., Goude, G., Metz, L. 2017. Longitudinal study of stable
isotope compositions of maternal milk and implications for the
palaeo-diet of infants. Bulletins et Mémoires de la Société d’anthropologie de Paris 29, 131–139.
Hillson, S., 2005. Teeth. Cambridge University Press, 373 pp.
Hissa, R., 1997. Physiology of the European brown bear (Ursus arctos
arctos). Annales Zoologici Fennici 34, 267–287.
Jenkins, S.G., Partridge, S.T., Stephenson, T.R., Farley, S.D., Robbins, C.T., 2001. Nitrogen and carbon isotope fractionation between mothers, neonates, and nursing offspring. Oecologia 129,
336–341.
Jimenez, I. J., Sanz, M., Daura, J., De Gaspar, I., García, N., 2019. Ontogenetic dental patterns in Pleistocene hyenas (Crocuta crocuta
Erxleben, 1777) and their palaeobiological implications. International Journal of Osteoarchaeology 29, 808–821.
Julien, M.-A., Bocherens, H., Burke, A., Drucker, D.G., Patou-Mathis,
M., Krotova, O., Péan, S., 2012. Were European steppe bison migratory? δ18O, δ13C and Sr intra-tooth isotopic variations applied
to a palaeoethological reconstruction. Quaternary International
271, 106–119.
Klevezal, G.A., 1996. Morphological characteristics of recording
structures. In: Klevezal, G.A. (Ed.), Recording Structures of
Mammals: Determination of Age and Reconstruction of Life History, A.A. Balkema, 3–23.
Koch, P.L., 2007. Isotopic study of the biology of modern and fossil vertebrates. In: Michener, R., Lajtha, K. (Eds), Stable Isotopes
in Ecology and Environmental Science, Blackwell Publishing,
99–154.
Kohn, M.J., Schoeninger, M.J., Valley, J.W., 1996. Herbivore tooth oxygen isotope compositions: Effects of diet and physiology. Geochimica Cosmochimica Acta 60, 3889–3896.

128

M. CZERNIELEWSKI et al.

Kohn, M.J., Schoeninger, M.J., Valley, J.W., 1998. Variability in oxygen
isotope compositions of herbivore teeth: reflections of seasonality
or developmental physiology? Chemical Geology 152, 97–112.
Krajcarz, M. T., 2016. What is Perspektywiczna Cave? Around the
Perspektywiczna Cave Newsletter 1, 1.
Krajcarz, M.T., Krajcarz, M., 2014a. Summers and Winters at Wilczyce. Seasonal Changes of Paleolithic Settlement and Environment on the Basis of Seasonality and Isotope Analyses of Animal
Teeth. In: Schild, R. (Ed.), Wilczyce. A Late Magdalenian Winter
Hunting Camp in Southern Poland, IAE PAN, 137–148.
Krajcarz, M.T., Krajcarz, M., 2014b. The 200,000 year long record of
stable isotopes (δ18O, δ13C) of cave bear (Ursus spelaeus) teeth from
Biśnik Cave, Poland. Quaternary International 339–340, 119–130.
Kruuk H., 1972. The Spotted Hyena, a study of predation and social
behavior. University of Chicagao Press, 335 pp.
Kurtén, B., 2007a. Family Hyaenidae, Hyenas. In: idem. Pleistocene
Mammals of Europe, Aldine Transaction, 63–72.
Kurtén, B., 2007b. Family Ursidae, Bears. In: idem. Pleistocene Mammals of Europe, Aldine Transaction, 118–129.
Levin, N.E., Cerling, T.E., Passey, B.H., Harris, J.M. , Ehleringer, J.R.,
2006. A stable isotope aridity index for terrestrial environments.
Proceedings of the National Academy of Sciences of the United
States of America 103, 11201–11205.
Lidén, K., Angerbjörn, A., 1999. Dietary change and stable isotopes: a
model of growth and dormancy in cave bears. Proceedings of the
Royal Society of London B 266, 1779–1783.
Nelson, D.E., Angerbjörn, A., Lidén, K., Turk, I., 1998. Stable isotopes
and the metabolism of the European cave bear. Oecologia 116,
177–181.
Nelson, R.A., Folk, E.D. Jr., Pfeiffer, E.W., Craighead, J.J., Jonkel,
C.J., Steiger, D.L., 1983. Behavior, biochemistry, and hibernation in black, grizzly and polar bears. In: Bears: their biology
and management, Vol. 5, A selection of papers from the Fifth
International Conference on Bear Research and Management,
Madison, Wisconsin, USA, February 1980 (1983). International Association for Bear Research and Management, 284–290.
DOI: 10.2307/3872551.
Passey, B.H., Cerling, T.E., 2002. Tooth enamel mineralization in
ungulates: Implications for recovering a primary isotopic time-
series. Geochimica et Cosmochimica Acta 66, 3225–3234.
Pederzani, S., Britton, K., 2019. Oxygen isotopes in bioarchaeology: Principles and applications, challenges and opportunities.
Earth-Science Reviews 188, 77–107.
Reinhard, E., de Torres, T., O’Neil, J., 1996. 18O/16O rations of cave
bear tooth enamel: a record of climate variability during the Pleistocene. Palaeogeography, Palaeoclimatology, Palaeoecology 126,
45–59.
Sánchez Chillón, B., Alberdi, M.T., Leone, G., Bonadonna, F.P., Stenni, B., Longinelli, A., 1994. Oxygen isotopic composition of fossil
equid tooth and bone phosphate: an archive of difficult interpretation. Palaeogeography, Palaeoclimatology, Palaeoecology 107,
317–328.
Shahack-Gross, R., Tchernov, E., Luz, B., 1999. Oxygen Isotopic
Composition of Mammalian Skeletal Phosphate from the Natufian
Period, Hayonim Cave, Israel: Diagenesis and Paleoclimate, Geoarchaeology – An International Journal, 14, 1–13.
Skrzypek, G., Wiśniewski, A., Grierson, P.F., 2011. How cold was it
for Neanderthals moving to Central Europe during warm phases
of the last glaciation? Quaternary Science Reviews, 30, 481–487.

Slaughter, B.H., Pine, R.H., Pine, N.E., 1974. Eruption of cheek teeth
in Insectivora and Carnivora. Journal of Mammalogy 55, 115–125.
Stiller, M., Molak, M., Prost, S., Rabeder, G., Baryshnikov, G., Rosen
dahl, W., Münzel, S., Bocherens, H., Grandal d’Anglade, A., Hilpert, B., Germonpré, M., Stasyk, O., Pinhasi, R., Tintori, A., Rohland,
N., Mohandesan, E., Ho, S.Y.W., Hofreiter, M., Knapp, M., 2014.
Mitochondrial DNA diversity and evolution of the Pleistocene cave
bear complex. Quaternary International 339–340, 224–231.
Stiner, M., 1994. Honor among thieves: A zooarchaeological study of
Neandertal ecology. Princeton University Press, 447 pp.
Trayler, R.B., Kohn, M.J., 2017. Tooth enamel maturation reequilibrates oxygen isotope compositions and supports simple sampling
methods. Geochimica et Cosmochimica Acta 198, 32–47.
Tsutaya, T., Yoneda, M., 2015. Reconstruction of breastfeeding and
weaning practices using stable isotopes and trace element analyses: a review. Yearbook of Physical Anthropology 156, 2–21.
Tütken, T., Furrer, H., Vennemann, T.W., 2007. Stable isotope composition of mammoth teeth from Niederweningen, Switzerland:
Implications for the Late Pleistocene climate, environment, and
diet. Quaternary International 164–165, 139–150.
Van Horn, R.C., McElhinny, T.L., Holekamp, K.E., 2003. Age estimation and dispersal in the spotted hyena (Crocuta crocuta). Journal
of Mammalogy 84, 1019–1030.
Veitschegger, K., Kolb, C., Amson, E., Sánchez-Villagra, M.R., 2019.
Longevity and life history of cave bears – a review and novel data
from tooth cementum and relative emergence of permanent dentition. Historical Biology 31(4), 510–516.
Velivetskaya, T.A., Smirnov, N.G., Ignat’ev, A.V., Kiyashko, S.I., Ulitko, A.I., 2011. Seasonal Temperatures in the Late Pleistocene Inferred from δ18O Values in Tooth Enamel of Fossil Bison (Middle
Urals, Russia). Doklady Earth Sciences 440, 1416–1418.
Velivetskaya, T.A., Smirnov, N.G., Kiyashko, S.I., Ignatiev, A.V., Ulitko, A.I., 2016. Resolution-enhanced stable isotope profiles within
the complete tooth rows of Late Pleistocene bisons (Middle Urals,
Russia) as a record of their individual development and environmental changes. Quaternary International 400, 212–216.
Wang Y., Kromhout E., Zhang C., Xu Y., Parker W., Deng T., Qiu Z.,
2008. Stable isotopic variations in modern herbivore tooth enamel,
plants and water on the Tibetan Plateau: Implications for paleoclimate and paleoelevation reconstructions. Palaeogeography, Palaeoclimatology, Palaeoecology 260, 359–374.
Widga, C., Walker, J.D., Stockli, L.D., 2010. Middle Holocene Bison
diet and mobility in the eastern Great Plains (USA) based on δ13C,
δ18O, and 87Sr/86Sr analyses of tooth enamel carbonate. Quaternary Research 73, 449–463.
Wiedemann, F.B., Bocherens, H., Mariotti, A., von den Driesch, A.,
Grupe, G., 1999. Methodological and Archaeological Implications
of Intra-tooth Isotopic Variations (δ13C, δ18O) in Herbivores from
Ain Ghazal (Jordan, Neolithic). Journal of Archaeological Science
26, 697–704.
Wright, L.E., Schwarcz, H.P., 1998. Stable Carbon and Oxygen Isotopes in Human Tooth Enamel: Identifying Breastfeeding and
Weaning in Prehistory. American Journal of Physical Anthropo
logy 106, 1–18.
Zazzo, A., Balasse, M., Passey, B.H., Moloney, A.P., Monahan, F.J.,
Schmidt, O., 2010. The isotope record of short- and long-term die
tary changes in sheep tooth enamel: Implications for quantitative
reconstruction of paleodiets. Geochimica et Cosmochimica Acta
74, 3571–3586.

