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Over the last decades, analysis of the stable isotopes of C and N has been extensively used for palaeodietary re-
construction of the MIS 3 fauna from the Romanian Carpathians. The faunal assemblages from the majority of the 
well-known cave sites from this region are dominated by bears, thus leaving fewer opportunities for stable isotopic 
analyses on other taxa. Muierilor Cave (Southern Carpathians), however, is an exception and has sedimentary deposits 
that yielded a taxonomically rich Late Pleistocene palaeofauna including red deer, cave bears, cave lions, wolves and 
hyaenas. δ15N and δ13C values derived from the bone collagen of 40 mammal individuals from this cave indicated a 
clear delimitation of dietary behaviors among studied faunas. In addition, red deer and carnivores from the same bone 
assemblages display δ15N and δ13C values similar to those of the Central and Western European MIS 3 populations. 
The richness of the large mammal fauna and the large sample size allowed for a better understanding of the palae-
oecological relationships among these species. This study demonstrates the usefulness of δ15N and δ13C analysis in 
sites with a complex fossil faunal context and shows a good agreement between the newly obtained data and those 
reported for other European Late Pleistocene large mammals.
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Introduction
The best-known Ice Age fauna is of Late Pleistocene age 
(ca. 126–11.5 ka), a period of extreme climatic fluctuations 
that featured a succession of abrupt, centennial-scale climate 
events superimposed on the long-term glacial and interglacial 
climatic cycles (Staubwasser et al. 2018). Of great palaeoeco-
logical and palaeoclimatic importance is the Marine Isotopic 
Stage (MIS) 3 period (~57–29 ka), whose climate allowed for 
the blooming of some of the richest terrestrial ecosystems on 
Earth, a phenomenon with no modern analogue (Bocherens 
2015). After this period, Pleistocene climatic fluctuations had 
dramatic effects on large mammals, leading to widespread 
megafaunal extinctions including those of cave bears (Ursus 
spelaeus Rosenmüller, 1794, sensu lato), cave lions (Panthera 
spelaea Goldfuss, 1810), cave hyaenas (Crocuta crocuta 
spelaea Goldfuss, 1823), woolly mammoths (Mammuthus 
primigenius Blumenbach, 1799), irish elk (Megaloceros gi­
ganteus Blumenbach, 1799), woolly rhinoceros (Coelodonta 
antiquitatis, Blumenbach, 1799), etc., particularly during the 
Last Glacial Maximum (LGM) and subsequent deglaciation 
(Hofreiter 2007; Price et al. 2018; Smith et al. 2018; Lister and 
Stuart 2019; Kosintsev et al. 2019).

In this context, the MIS 3 cave bear represents a key-
species for the understanding of the onset of the Late 
Pleistocene extinction, as it is one of the first species of 
the megafauna that vanished at the beginning of the LGM 
(Pacher and Stuart 2009; Baca et al. 2016). Furthermore, the 
high abundance of cave bear fossils within karst deposits 
across Europe makes them one of the best-studied Late 
Pleistocene extinct mammals. Baca et al. (2016) suggested 
that their demise may largely be explained by a sum of mul-
tiple changes throughout ecosystems (niche partitioning, 
climate changes, genetic depletion, human and carnivore/
hypercarnivore predation, etc.). The cave bear’s extinction 
was followed by cascading events in the trophic chain that 
led to further extinctions of other carnivore and hypercarni-
vore mammals of the MIS 3 faunal associations (Stuart and 
Lister 2011; Lister and Stuart 2019).

An important piece in understanding cave bear ex-
tinction is their sometimes-puzzling dietary behaviours, a 
phenomenon that has preoccupied many scientists over the 
last decades. Based on traditional stable isotope analyses 
and dental/mandibular/cranial morpho-osteometry, most 
European cave bears have been linked to a purely herbiv-
orous diet (e.g., Bocherens 2015, 2019; Krajcarz et al. 2016; 
Wißing et al. 2019; Van Heteren et al. 2016; Van Heteren 
and Figueirido 2018; Van Heteren and Germonpré 2023; 
Charters et al. 2022, 2025). However, omnivory was in-
ferred for several MIS 3 populations from Romania, France, 
Spain and Belgium, based on the variability of δ13C, δ15N, 
δ44Ca values and microwear data (Richards et al. 2008; 
Peigné et al. 2009; Robu et al. 2013, 2018b; Martin et al. 
2017; Ramírez-Pedraza et al. 2020, 2022; Duño-Iglesias et 
al. 2024, 2025). To add to the ongoing debate on the cave 
bear dietary behaviors, Naito et al. (2020) have used the 

novel approach of single compound amino acid nitrogen 
isotopes on a small sample of Romanian cave bears to con-
clude that these bears were herbivores despite their δ15N 
variability. Overall, in spite of great advances in our under-
standing of this taxon, the palaeoecology and the causes of 
their extinction are still under debate.

One of the constraints in the interpretation of the isoto-
pic patterns observed in adult cave bears is that these are 
not perfectly predictable at any level, because of: (i) climate 
variability in time and space; (ii) the vagaries in available 
food over time; (iii) the isotope ratio that reflects an average 
value of the different provenances of ingested food/water; 
(iv) the small sample size and (v) the Ursus spelaeus mono-
specific bone assemblages. Such constraints can be circum-
vented by analyzing different species belonging to local 
associations, which can provide a better perspective of the 
range of local palaeodietary behaviours and palaeoecology.

Characterised by the high diversity of bioregions featur-
ing a complex climatic context and reflecting the short-term 
interplay of Atlantic, Mediterranean and continental hydro-
climatic influences (Botti 2018), the Carpathian Mountains 
are a heterogeneous natural laboratory bearing large fos-
sil populations with intriguing ecological variability (e.g., 
Robu et al. 2013, 2018a, b). Most of the MIS 3 fossil remains 
of cave bears and associated fauna from the Romanian 
Carpathians are derived from karst settings (Constantin 
et al. 2014). Past studies of Carpathian cave bears have 
yielded different stable isotope compositions which were 
interpreted as possibly reflecting both herbivorous and om-
nivorous diets. The Romanian Carpathians is arguably the 
most isotopically investigated area in Eurasia for cave bears, 
accounting for ca. 300 MIS 3-dated adult specimens out of 
ca. 500 analysed from across Europe. Therefore, we consid-
ered the fossil deposits in caves of this region as the perfect 
candidates to address the dietary habits and overall palaeo-
ecology of the MIS 3 Carpathian cave bears and the associ-
ated mammals. Muierilor Cave was identified as one of such 
key sites in Romania, as it produced an impressive and com-
plex, from a taxonomic perspective, MIS 3 bone assemblage 
(Bombiță 1954; Doboș 2008; Mirea et al. 2021). Among the 
numerous notable palaeontological finds from the Hades 
Passage, several nests/beds were documented, some of them 
with fully or partially wolf (Canis lupus Linnaeus, 1758) 
skeletons (Mirea et al. 2021; Robu et al. 2024).

Until now, in Muierilor Cave only few Late Pleistocene 
samples [cave bears (N = 4), a cave lion (N = 1) and an Irish 
elk (N = 1)] have been isotopically analysed (Doboș et al. 
2009, 2010). Following a systematic excavation performed 
during the last ten years, we accessed a rich fossil deposit 
that allowed us to analyse a larger sample size than previ-
ously available and to better interpret the palaeoecology of 
the cave bear population. Moreover, this deposit contains a 
diverse fauna, including both herbivorous and carnivorous 
large mammals. This prompted us to carry out an isoto-
pic analysis aiming at deciphering the trophic relationships 
among several species.
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Institutional abbreviations.— ERIS, “Emil Racoviță” Insti
tute of Speleology of the Romanian Academy, Bucharest, 
Romania.

Other abbreviations.—GI, Greenland Interstadial; GS, 
Greenland; LGM, Last Glacial Maximum; MIS, Marine 
Isotopic Stage; MNI, minimum number of individuals.

Material and methods
The sampling site.—Muierilor Cave (hereafter Muierilor; 
Fig. 1) is a ca. 8000 m cave system, developed across five 
levels (80 m vertical development; with Level 4 being the 
uppermost and Level 0 the lowermost) and one of the most 
popular show caves in Romania. It is located in south-east-
ern Romania, on the right (western) side of Galbenul Gorge, 
at 650 m a.s.l. (45°11’31.78” N; 23°45’14.07” E). Muierilor 
was formed by dissolution along the local fracture systems, 
simultaneously with the incision of the Galbenul River (see 
Mirea et al. 2021 and references therein). The investigated 
specimens are housed in the palaeontological collection of 
the ERIS.

The Scientific Reserve (ca. 25 m elevation from the 
riverbed) includes horizontal passages (Bears, Hades, and 
Electricians), with several large chambers and side passages 
(ca. 3500  m in length). The Bears Passage (ca. 800 m in 
length) is a quasi-horizontal passage, with narrow segments 
that connect the large chambers. The cave deposit is charac-
terized by an abundance of fossil remains, clastic sediments, 
and speleothems. These materials were primarily deposited 
during the pre- and post-LGM periods. However, it should 
be noted that the sedimentary sequence exhibits clear evi-
dence of reworking, suggesting complex post-depositional 
processes that have likely redistributed some of the original 
stratigraphic components (Mirea et al. 2021; Robu et al. 
2024, 2025, 2026). The abundance of fossil remains and 
their taphonomic context have led us to choose the Bears 
Passage for palaeontological excavation, which produced 
the samples analysed here.

The minimum number of individuals (MNI) for the cave 
bears extracted from the palaeontological excavation is at 
least 82 but ongoing work could increase this number to 
more than 100 individuals. The radiocarbon age of the cave 
bear population from the entire karst system ranges from ca. 
47–44 to 36–34 ka (Robu et al. 2024). The bears left many 
traces of their existence in the cave: from scattered bones to 
fully articulated parts of their skeletons, such as hibernation 
nests, claw marks, among else.

The MNI for the wolves from the palaeontological ex-
cavation is 25, one of the highest densities recorded for this 
species, from a Late Pleistocene cave site. The wolf radiocar-
bon ages obtained so far from the excavation and the nearby 
passages range from 53–44 to 29 ka (Robu et al. 2024). As in 
the case of the cave bears, after ca. 32 ka, a decrease in the 
size of the wolf population appears to have occurred.

Other species found within the palaeontological excava-
tion include Panthera spelaea (MNI = 4), Crocuta crocuta 
spelaea (MNI = 3), Vulpes vulpes Linnaeus, 1758 (MNI 
= 3), Cervus elaphus (MNI = 6), Lagurus lagurus Pallas, 
1773 (MNI = 2), Microtus nivalis Linnaeus, 1758 (MNI = 8), 
Microutus arvalis Pallas, 1778, Microutus agrestris Lataste, 
1884 (MNI = 24), Eolagurus luteus Eversmann, 1840 (MNI 
= 4), Arvicola terrestris Linnaeus, 1758 (MNI = 8), Clethrio­
momys glareolus Schreber, 1780 (MNI = 2), Cricetus crice­
tus Linnaeus, 1758 (MNI = 14) (Robu et al. 2024).
The sampled material.—The newly generated data on the 
MIS 3 palaeofauna from Muierilor (N = 40 adult individu-
als) consist of bone collagen retrieved from mandibles and 
metapodials of red deer (N = 6), cave bears (N = 24), cave 
lions (N = 2), wolves (N = 6) and cave hyaenas (N = 2) 
(Table 1). In addition, other data from the Muierilor Cave 
(Doboș et al. 2010; Robu et al. 2013, 2024; Meleg et al. 2025; 
SOM: table S1, Supementary Online Material available at 
http://app.pan.pl/SOM/app71-Robu_etal_SOM.pdf) were 
pooled and analysed together with our new results.

For the dietary inter-site comparison, isotopic data for 
samples of mature cave bears (SOM: table S1) were pooled 
together. Additionally, already published (e.g., Richards et 
al. 2008; Doboş et al. 2010; Robu et al. 2013, 2018b, 2024; 
Trinkaus and Richards 2013; Meleg et al. 2025) adult MIS 3 
cave bear data from other Romanian key sites were added: 
e.g., Oase (N = 71), Urşilor (N = 35), Cioclovina (N = 39), 
and Muierilor (N = 17). The Romanian MIS 3 non-ursid data 
plotted here, from other sites than Muierilor consists of cave 
lions (N = 5), cave hyaenas (N = 5), wolves (N = 5), red deer 
(N = 2) (SOM: table S1).

To provide a broader framework for the Carpathian 
MIS 3 large mammals, isotopic data from large-bodied MIS 
3 mammals were pooled together for European sites (ex-
cluding Romania) from central or western Europe (SOM: 
tables S2, S3). These comparative samples, published pre-
viously (e.g., Bocherens 2015; Krajcarz et al. 2016), include 
data for red deer (N = 19), cave bears (N = 211), cave lions 
(N = 22), wolves (N = 22) and cave hyaenas (N = 44) (SOM: 
tables S2, S3).

The reliable radiometric ages obtained for the cave bear 
bone assemblages, Muierilor (N = 12; Doboş et al. 2010; 
Robu 2015; Mirea et al. 2021), Urşilor (N = 27; Constantin 
et al. 2014; Robu 2015; Duño-Iglesias et al. 2024), Oase (N = 
16; Higham and Wild 2013; Robu et al. 2019), and Cioclovina 
(N = 8; Soficaru et al. 2007; Petrea 2009; Robu et al. 2019; 
Meleg et al. 2025), indicate a MIS 3 occupation (N = 63; 
SOM: table S4). Therefore, these populations were analysed 
and plotted together. Only samples with a minimum of 0.8% 
collagen yield were included in the plot. All ages were cal-
ibrated using the OxCal 4.4 program (Bronk Ramsey 2021) 
and the IntCal20 calibration curve (Reimer et al. 2020).
The isotopic analyses.—Values of the ratio of stable iso-
topes of carbon and nitrogen (δ13C and δ15N) were measured 
in collagen extracted from well preserved Late Pleistocene 
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mammal bone to determine the main sources of dietary 
protein. Delta (δ) values represent the deviation of isotopic 
ratios (expressed in parts per mil [‰]) with respect to an 
international standard reference material using the equation: 
δ = [(Rsample/Rstandard) − 1] ×1000, where Rsample is the 
13C/12C or 15N/14N ratio of the analysed sample and standard 
following the International-System-of-Units-compliant defi
nition of Coplen (2011).

For the fossil material analysed in this study, bone 
collagen was extracted using a modified version (Pestle 
2010) of the method developed by Longin (1971) and re-
fined by Ambrose (1990). Collagen isotopic analysis was 
performed in the Marine Geology and Geophysics Stable 
Isotope Laboratory at the Rosenstiel School of Marine and 
Atmospheric Science, University of Miami, USA, following 
the methods detailed in Mackenzie et al. (2015). In brief, 
collagen samples were packed into tin capsules and ana-
lysed using a Costech elemental analyser interfaced to a 
Thermo Delta Advantage (IRMS). This analytical process 
yields information on elemental carbon and nitrogen com-
position (wt % C, wt % N and atomic C:N) as well as δ13C 
and δ15N values. Only those samples meeting published 
quality standards (extracted collagen yield >0.5 wt %, car-
bon yield >4.5 wt %, nitrogen yield >0.9 wt %, atomic C/N 
ratio between 2.9–3.6) are considered below. Collagen re-
sults were calibrated using acetanilide and glycine stan-
dards. Standards were analysed in every sample set at the 
beginning and end of the run, as well as in-between the 
analysed samples to ensure instrumental stability. Check 
samples of all three standards were also run as unknowns 
in every run to verify measurement accuracy (Szpak et al. 
2017). Precision (as determined by replicate analysis of sam-
ples included in the present study) averaged 0.1‰ for δ13C 
and 0.2‰ for δ15N. The carbon isotope ratio measurements 
(δ13C) were reported relative to the VPDB (Vienna Pee Dee 
Belemnite) standard, while the nitrogen isotope ratio mea-
surements (δ15N) were performed relative to the AIR (atmo-
spheric nitrogen) standard.
Statistical analyses.—Data distribution was visualized us-
ing box plots, displaying the median, interquartile range 
(IQR), whiskers (1.5 × IQR), and outliers. Due to non-nor-
mal distributions, small sample sizes for MIS 3 species, 
and the pooled nature of the European samples, non-para-
metric methods were utilized for all statistical analyses. 
Species-specific comparisons between Muierilor, Romanian 
Carpathians and European samples were conducted via 
Wilcoxon rank-sum tests with a post-hoc sequentially rejec-
tive Bonferroni correction. Kruskal-Wallis tests (corrected 
for ties) were used to evaluate the δ13C and δ15N variations 
across species and sites. Pairwise site comparisons were 
further analysed using Mann-Whitney test, with Bonferroni 
corrected p-values. Analyses were performed in Past soft-
ware 5.3 (v. 2025; Hammer et al. 2001); p-values are pre-
sented as supplements to graphical data, acknowledging 
their inferential limitations, particularly regarding sample 
size, as highlighted by Wasserstein and Lazar (2016).

Results
Red deer.—The red deer (from the Muierilor bone assem-
blage), a typical browser, yielded values, for both δ13C and 
δ15N (median; -19.9‰ and 4.1‰, respectively; Table 1) far 
lower than those obtained for carnivores (e.g., Fig. 2; SOM: 
table S1). The difference of median values of δ13C and δ15N 
values between the red deer and the carnivorous species 
(cave lion, wolf and cave hyaena) ranged between 0.6–0.7‰ 
and 4.1–7.3‰, respectively. The δ13C isotopic values for the 
pooled Muierilor MIS 3 red deer (Table 1; Fig. 2) largely 
overlapped with values from both Romania (median -19.3‰) 
and Europe (median -19.9‰), for the same species (Fig. 3; 
Table 2; SOM: tables S1–S3). Overall, there is no significant 
difference between the samples’ median, for both δ13C and 
δ15N, between the analysed datasets (Table 2).
Carnivores.—The Muierilor cave lions had slightly lower 
δ13C values (N = 2 + 1 sample added from Doboș et al. 2010; 
median -19.3‰) than the Romanian and European sam-
ples (median -18.7‰ for both), while the δ15N values from 
Muierilor (median 8.2‰) largely overlap with the Romanian 
and European samples (median 8.7‰ and 8.3‰, respec-
tively; Fig. 3; Table 1; SOM: tables S1–3). Moreover, be-
tween the Muierilor and the Romanian/European cave lions, 
there are no significant differences for both δ13C and δ15N 
datasets (p = 0. 2518 and p = 0.1493, respectively; Table 2).

The δ13C values of wolves from Muierilor (N = 6; me-
dian -19.2‰) fit well within the Romanian and European 
data (-19.4‰ and -19.0‰, respectively). The δ15N values 
from Muierilor (median 10.6‰) place the wolves, in terms 
of median values, slightly higher than samples from the 
Romanian and European sites (median 9.3‰, and 9.5‰, 
respectively). However, between the Muierilor and the 
Romanian/European MIS 3 wolves, there are no significant 
differences for both δ13C and δ15N datasets (p = 0.9528 and 
p = 0.1737, respectively; Table 2).
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Table 1. MIS 3 cave bear and large-bodied mammal carbon (δ13C) and nitrogen (δ15N) stable isotope samples from Muierilor Cave.

N Lab # Species Ontogenetic 
stage Bone/tooth %C %N C:N ratio δ13C 

(PDB)
δ15N 
(AIR) Source

6

L-8 Cervus elaphus adult metapodial 41.3 15.1 3.2 -19.8 5.2 this study
L-4 Cervus elaphus adult tibia 43.7 14.4 3.5 -21.2 4.0 this study
L-6 Cervus elaphus adult metapodial 45.4 16.6 3.2 -21.1 4.2 this study
L-1 Cervus elaphus adult metapodial 33.4 11.9 3.3 -20.0 7.6 this study
L-2 Cervus elaphus adult metapodial 39.9 14.0 3.3 -19.7 3.5 this study
L-3 Cervus elaphus adult metapodial 44.2 15.7 3.3 -19.8 3.5 this study

41

K-86 Ursus spelaeus adult mandible 36.8 12.9 3.3 -21.1 3.3 this study
L-13 Ursus spelaeus adult mandible 38.9 12.7 3.6 -21.5 2.4 this study
L-15 Ursus spelaeus adult mandible 36.9 12.7 3.4 -21.6 3.7 this study
K-85 Ursus spelaeus adult mandible 42.8 14.9 3.4 -21.3 2.8 this study, Robu et al. 2024
L-18 Ursus spelaeus adult mandible 39.2 14.3 3.2 -21.4 3.9 this study
K-89 Ursus spelaeus adult mandible 43.6 14.5 3.5 -21.5 3.4 this study, Robu et al. 2024
L-24 Ursus spelaeus adult mandible 40.2 14.4 3.3 -20.9 4.0 this study
L-21 Ursus spelaeus adult mandible 37.5 13.7 3.2 -20.9 3.1 this study, Robu et al. 2024
L-19 Ursus spelaeus adult mandible 35.8 12.8 3.3 -21.7 4.2 this study, Robu et al. 2024
L-20 Ursus spelaeus adult mandible 35.1 11.8 3.5 -22.2 3.4 this study, Robu et al. 2024
L-25 Ursus spelaeus adult mandible 36.1 12.8 3.3 -22.1 2.2 this study
L-26 Ursus spelaeus adult mandible 35.2 12.1 3.4 -22.2 2.3 this study, Robu et al. 2024
K-87 Ursus spelaeus adult mandible 31.2 10.6 3.4 -21.3 2.9 this study
K-90 Ursus spelaeus adult mandible 39.5 13.7 3.4 -20.8 3.5 this study
L-16 Ursus spelaeus adult mandible 34.1 11.8 3.4 -21.8 3.6 this study, Robu et al. 2024
K-92 Ursus spelaeus adult mandible 31.3 10.6 3.4 -21.2 4.2 this study
L-14 Ursus spelaeus adult mandible 40.9 14.8 3.2 -21.2 3.4 this study, Robu et al. 2024
K-88 Ursus spelaeus adult mandible 22.0 7.5 3.4 -21.5 4.4 this study
L-28 Ursus spelaeus adult mandible 41.4 15.0 3.2 -21.3 4.3 this study, Robu et al. 2024
L-22 Ursus spelaeus adult mandible 40.1 14.3 3.3 -21.4 5.9 this study, Robu et al. 2024
L-12 Ursus spelaeus adult mandible 36.8 12.0 3.6 -21.6 4.7 this study, Robu et al. 2024
L-9 Ursus spelaeus adult mandible 35.3 11.6 3.6 -21.7 4.9 this study, Robu et al. 2024
L-29 Ursus spelaeus adult mandible 40.4 14.1 3.3 -21.0 3.7 this study
L-10 Ursus spelaeus adult mandible 39.6 13.2 3.5 -21.2 3.8 this study, Robu et al. 2024

OxA-16382 Ursus spelaeus adult metapodial 46.9 17.2 3.2 -20.2 3.4 Doboş et al. 2010
OxA-16381 Ursus spelaeus adult metapodial 47.5 17.5 3.2 -20.3 3.7 Doboş et al. 2010
OxA-15530 Ursus spelaeus adult metapodial 43.4 15.1 3.3 -20.3 6.0 Doboş et al. 2010
OxA-16383 Ursus spelaeus adult metapodial 44.9 16.4 3.2 -20.7 7.3 Doboş et al. 2010

USR-55 Ursus spelaeus adult metapodial 32.7 11.2 3.4 -21.0 2.9 Meleg et al. 2025
USR-56 Ursus spelaeus adult metapodial 36.5 12.8 3.3 -20.9 2.7 Meleg et al. 2025
USR-57 Ursus spelaeus adult metapodial 34.3 11.9 3.4 -21.4 6.7 Meleg et al. 2025
USR-58 Ursus spelaeus adult metapodial 40.7 14.1 3.4 -20.7 3.7 Meleg et al. 2025
USR-59 Ursus spelaeus adult metapodial 33.6 11.2 3.5 -20.8 1.1 Meleg et al. 2025
USR-60 Ursus spelaeus adult metapodial 39.8 14.1 3.3 -20.8 2.1 Meleg et al. 2025
USR-61 Ursus spelaeus adult metapodial 33.7 11.8 3.3 -20.8 2.5 Meleg et al. 2025
USR-62 Ursus spelaeus adult metapodial 42.7 15.0 3.3 -21.1 4.9 Meleg et al. 2025
USR-63 Ursus spelaeus adult metapodial 40.4 14.4 3.3 -20.7 5.3 Meleg et al. 2025

S-EVA-11149 Ursus spelaeus adult humerus 43.2 15.5 3.3 -21.0 3.8 Robu et al. 2013
S-EVA-11151 Ursus spelaeus adult humerus 43.1 15.6 3.2 -20.8 4.4 Robu et al. 2013
S-EVA-11152 Ursus spelaeus adult humerus 43.7 15.4 3.3 -21.1 3.6 Robu et al. 2013
S-EVA-11153 Ursus spelaeus adult humerus 42.4 15.5 3.2 -21.0 4.0 Robu et al. 2013

3
K-112 Panthera spelaea adult mandible 38.6 13.8 3.3 -19.3 7.7 this study
K-114 Panthera spelaea adult mandible 29.9 10.2 3.4 -19.3 9.8 this study

OxA-16380 Panthera spelaea adult metapodial 48.8 17.5 3.2 -19.1 8.2 Doboş et al. 2010
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The hyaena δ13C values (median -19.2‰) obtained for 
Muierilor (N = 2+1 from Robu et al. 2013) and δ15N data 
(median 11.4‰) are slightly higher than at the European 
sites (median -19.4‰ and 9.3‰, respectively) and lower 
when compared to the Romanian sites (median -17.8‰ and 
13.3‰, respectively; Figs. 2‒3; Table 1 and SOM: tables S2, 
S3). Overall, there are no significant differences between 
both δ13C and δ15N datasets when compared the MIS 3 
cave hyaenas from Muierilor to the Romanian (p = 0.5313 

and p = 1, respectively) and European sites (p = 0.6652 and 
p = 0.4516, respectively).
Cave bears.—The results of the Mann-Whitney pair-
wise test indicate that the δ13C values recorded for MIS 
3 Muierilor cave bears (N = 24 + 17 previous data) are in 
agreement with the coeval European Late Pleistocene bear 
populations (p = 1; Figs. 2‒4; Tables 1, 2; SOM: table S1, 
S2). On the other hand, a statistically significant differ-
ence between the δ13C distribution between the Muierilor 

6

K-106 Canis lupus adult mandible 24.5 8.4 3.4 -19.5 10.3 this study, Robu et al. 2024
K-110 Canis lupus adult mandible 39.1 13.9 3.3 -19.2 9.2 this study, Robu et al. 2024
K-102 Canis lupus adult mandible 26.9 9.1 3.4 -19.0 10.9 this study, Robu et al. 2024
K-103 Canis lupus adult mandible 30.6 10.9 3.3 -18.7 11.5 this study, Robu et al. 2024
K-107 Canis lupus adult mandible 33.1 10.8 3.6 -19.3 11.0 this study, Robu et al. 2024
K-108 Canis lupus adult mandible 18.4 6.3 3.4 -19.2 9.6 this study, Robu et al. 2024

3

K-116 Crocuta crocuta 
spelaea adult bone 35.0 12.4 3.3 -19.3 8.8 this study

K-115 Crocuta crocuta 
spelaea adult bone 33.2 11.5 3.4 -19.2 11.4 this study

PM/034 Crocuta crocuta 
spelaea adult tooth 19.6 7.6 3.2 -18.6 13.4 Robu et al. 2013

Table 2. Wilcoxon rank-sum tests (corrected for ties; Kruskal-Wallis procedure) of Muierilor (M), Carpathian (RO) and comparative European 
(EU) MIS 3 large-bodied mammal δ13C and δ15N distributions. Abbreviations: EU N, European dataset sample count; HC, Chi-square test/H-cor-
rected statistic; M N, Peștera Muierii sample count; P-value, significance level; RO N, Romanian comparison dataset sample count.

Species δ13C HC δ13C P-value δ15N HC δ15N P-value M N RO N EU N
Cervus elaphus 4.148 0.1257 0.8276 0.6611 6 2 19
Ursus spelaeus 37.15 < 0.001 167.3 < 0.001 41 218 211
Panthera spelaea 2.758 0.2518 3.804 0.1493 3 5 22
Canis lupus 0.0967 0.9528 3.501 0.1737 6 5 22
Crocuta crocuta spelaea 9.537 0.008493 14.25 0.0008035 3 5 44
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and the other MIS 3 cave bear sites from the Romanian 
Carpathians (p = 0.01256) was observed. The δ15N distri-
bution of Muierilor bears are not in agreement with previ-
ously reported overall Romanian (N = 218) and European 
(N = 211) MIS 3 cave bears (p < 0.001 for both compari-
sons; Figs. 2‒4; Tables 1, 2; ; SOM: tables S1–S3). On the 
other hand, inside the MIS 3 cave bears from the Romanian 
Carpathians, when comparing several key-sites, one can 
observe that Muierior δ13C and δ15N datasets are signifi-
cantly similar with the Cioclovina population (p  = 1 and 
p = 0.05779 for both comparisons, respectively) and very 
different from the Urșilor and Oase populations (p < 0.001 
for both comparisons, respectively; Table 3).

Table 3. Comparisons across several key-sites from the Romanian Car-
pathians of adult MIS 3 Ursus spelaeus samples, based on multiple 
pairwise comparisons, using Mann-Whitney procedure (with Bonfer-
roni corrected p-values). δ13C: upper right; δ15N: lower left.

Cioclovina Muierilor Oase Urşilor
Cioclovina – 1 0.3827 0.2138
Muierilor 0.05779 – 0.01022 0.005278
Oase < 0.001 < 0.001 – 0.6946
Urşilor < 0.001 < 0.001 0.1968 –

Discussion
MIS 3 Carpathian and European palaeo-faunistic and 
chronological context.—In Eurasia, during the GI 12‒3 
interval (ca. 46.8‒27.8 ka; Rasmussen et al. 2014; Andersen 
et al. 2006), despite many abrupt shifts in temperature, the 
large terrestrial mammalian fauna had a wide distribution 
and significant taxonomic diversity. Towards the end of 
this period, the range of some of these taxa contracted, or 
the taxa even vanished. For the Romanian Carpathians, the 
MIS 3 data for taxa other than cave bears are scarce and an 
overall assessment of the dietary framework, at the level 
of the entire region, is not yet possible. There are four cave 
sites from this region that have undergone systematic stable 
isotope analyses: Oase, Urșilor, Cioclovina, and Muierilor 

(Figs. 4 and 5). Except for Oase (Parfit and Lister 2013), the 
other two cave sites have cave bear dominant fossil popula-
tions, with only a few individuals belonging to other associ-
ated species (e.g., cave lion, wolf, cave hyaena).

Several studies (Stuart and Lister 2011, 2013) indicate that 
cave hyaenas survived in the Southern Carpathians until, at 
least, ca. 41 ka (roughly corresponding with the Greenland 
Stadial (GS) 10‒9: ca. 41.4–40.2 ka; Fig. 6) and cave lions 
until ca. 32.5 ka (GI 5) (Andersen et al. 2006), while the cave 
bears survived until, at least, 34 ka in the Muierilor area 
(Robu et al. 2024; Figs. 5, 6).

By adding previously published stable isotope data from 
the Muierilor MIS 3 bone assemblage (e.g., Doboș et al. 2010) 
to the ones obtained for this study, it seems that the range of 
the δ15N values obtained for the cave lions (7.7–9.8‰) from 
Muierilor suggest a relatively diverse prey choice (Robu et al. 
2024). A similar situation was recorded also for cave hyaenas 
(8.8–11.4‰; if we exclude the value of 13.4‰ obtained by 
Robu et al. 2013, from tooth tissue) and wolves (9.2–11.5‰; 
Robu et al. 2024), both species indicating a different isotopic 
signature when compared to the lions.

Red deer was widespread across the boreal hemisphere 
during the Late Pleistocene. Its presence at Muierilor, at ca. 
40 ka, indicates a forested environment and rich biodiversity. 
Both carbon and nitrogen isotopic values from Muierilor are 
in the range of the MIS 3 European data (Bocherens 2015) 
and suggest a similar herbivorous diet, although the mean 
δ15N values are slightly different (Fig. 3; Tables 1, 2).

Although, according to Stuart and Lister (2011), cave 
lions become extinct during the LGM, for the Romanian 
Carpathians, the youngest radiocarbon available data point 
is ca. 37.4 ka (Constantin et al. 2014), from Urșilor Cave, 
north-western Romania. Two cave lions from the Muierilor 
Cave provided much older ages, close to the radiocarbon 
limit (ca. 51.3 and 50.5 ka; Doboș et al. 2010 and Mirea et al. 
2021, respectively; Table 1 and SOM: table S4). However, 
Fosse et al. (2017) reported younger radiocarbon ages for 
the Eurasian cave lions than Stuart and Lister (2011), es-
pecially one as young as 12 ka, from the site of Peyrat in 
France.
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bears, from several key-sites from the Romanian Carpathians (N = 186): Muierilor previous data (N = 17); Muierilor this study (N = 24); Cioclovina (N 
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Published isotopic data for the western European cave li-
ons have revealed a focus on two quite distinct types of prey 
species, herbivores and cave bears, especially when cave 
hyaenas were present and competing with lions, for food re-
sources (Bocherens et al. 2011; Bocherens 2015). Therefore, 
based on the similar mean values for both carbon and nitro-
gen between lions from Muierilor and the European Late 
Pleistocene cave lions, we infer a similar dietary behaviour 
for the Pleistocene cave lions of Muierilor. In Muierilor, 
the analysed cave lions may have subsisted mainly on her-
bivores (e.g., red deer) as in the rest of the European sites), 
while a few individuals specialized in preying on cave bears, 
especially in competition with cave hyaenas and wolves. 
Nonetheless, the cave hyaenas and cave lions seem to have 
been outcompeted by wolves, who, after ca. 32.5 ka, became 
the main predator in the region.

Given their resilience until the present day, it seems that 
wolves were among the most successful gregarious medium 
predators from the Middle Pleistocene to Holocene (Pilot et 
al. 2010). The prey contribution in the diet of pre- and post-
LGM wolves from Western Europe, reconstructed using 
MixSIR analysis (Bocherens 2015) points to Cervus, Bison, 
and Rupicapra. When compared with the European wolf 
population, the median δ13C value of the Muierilor samples 
is similar (Table 2 and SOM: table S2), whereas a slightly 
different situation is recorded for the δ15N values between 
the two datasets (+1.1‰ for Muierilor wolves; SOM: table 
S2). This may indicate a slightly different set of prey choices. 
However, the Muierilor values are still in the range of the 
European values (Table 2 and SOM: table S2). The presence 
of nests/beds with fully or partially articulated wolf skele-
tons and the considerable number of wolf individuals from 
other cave passages suggest a gregarious behaviour for both 
hunting/scavenging and denning.

The high number of wolf fossils discovered in Muierilor, 
both on the surface and within the palaeontological excavation 
(MNIexcavation = 25), together with a majority of medium sized 
bite marks on the cave bear bones, coupled with the radiocar-
bon data, suggest a long and persistent presence. Moreover, 
given the morpho-osteometry of the bite marks found on the 
cave bear and red deer bones, one can ascertain that the wolves 
were preying/scavenging on both (Robu et al. 2024).

The δ13C and δ15N values obtained for Muierilor are within 
the ranges of the European Late Pleistocene cave hyaenas, 
suggesting generally similar prey choices (Fig. 3; Table 2 and 
SOM: table S2) to include cave bears and cervids, along with 
other species such as bovids (Bocherens 2015).

MIS 3 cave bears—a problematic species.—For the Roma
nian Carpathians, this multi-species comparative study is the 
first to show that in the same mammal association, the adult 
cave bears have lower nitrogen values than the typical her-
bivores (browsers), such as red deer. Nitrogen values from 
a previous study (Doboș et al. 2010), reported higher values 
(up to 7.3‰) suggesting a potential dietary flexibility for the 
Muierilor cave bear population (Fig. 4B). However, consider-

ing the overall nitrogen data from the Romanian Carpathians, 
two of the best-studied sites of Romania (Robu et al. 2013, 
2018b), Muierilor and Cioclovina form a distinct cluster when 
comparing to Urșilor and Oase (Fig. 4; Table 3), indicating 
different dietary habits among the bears in these sites.

The metabolism of modern bears undergoes significant 
shifts during hibernation, characterized by the absence of 
food and water intake and a reliance on fat storage and urea 
recycling (Nelson et al. 1975; Floyd et al. 1990; Barboza et 
al. 1997; Pérez-Rama et al. 2011). In cave bears, this unique 
physiology might have influenced bone collagen isotope ra-
tios, which integrate several years of the animal’s life. While 
previous studies suggest that hibernation can elevate δ15N 
values and decrease δ13C values in adults (Nelson et al. 1998; 
Pérez-Rama et al. 2011), physiological fractionation alone, or 
potential variations in hibernation length due to fluctuating 
MIS 3 climates, does not sufficiently account for the isotopic 
similarities observed between cave bears and red deer at 
Muierilor. While differing climatic conditions across various 
time periods could theoretically impact hibernation duration 
and, consequently, isotopic signatures, the extensive range of 
δ13C and δ15N values identified in the Romanian Carpathian 
populations points toward dietary plasticity. Despite a shared 
ethology (i.e., hibernation), the isotopic variance observed is 
more consistent with diverse foraging strategies than with 
purely metabolic or climatic drivers. Consequently, while 
some authors advocate for an obligatory herbivorous diet 
(Bocherens 2015), our data support a more flexible dietary 
model that may include varying levels of animal protein con-
sumption (Robu et al. 2013, 2018b).

Out of the 259 analysed adult MIS 3 cave bears from the 
Romanian Carpathians (Muierilor + the rest of the Romanian 
sites; median δ15N = 5.8‰; SOM: table S2; Richards et al. 
2009; Robu et al. 2013, 2018b, 2024; Naito et al. 2020; Meleg 
et al. 2025; this study), 97 individuals (37.5%) have higher 
values than 7.2‰ for δ15N (as a reference, a cave lion from 
Urșilor provided a value of 7.2‰ for δ15N, from bulk col-
lagen). Given the unusual large variability of the δ15N val-
ues obtained for the MIS 3 cave bears from the Romanian 
Carpathians, Naito et al. (2020) investigated the Romanian 
MIS 3 cave bears by using a new method. The proposed 
isotopic approach was based on the fact that the δ15N values 
of individual amino acids (AA) allow to be largely classified 
into several categories, “trophic” and “source”. The compar-
ison of the “source” AAs like phenylalanine (Phe) with the 
“trophic” AAs like glutamate (Glx) enabled the evaluation 
of animal trophic position regardless of baseline fluctuations 
in δ15N values in ecosystems. Based on this framework, 
Naito et al. (2020) examined several Carpathian cave bears 
(N = 6), from three sites (Răsuflătoare, Cioclovina Uscată, 
and Măgura), with low (5.2‒6.3‰; N = 3) and high nitrogen 
values (8.1‒9.8‰; N = 3), by using the δ15N values of indi-
vidual amino acids from collagen. The results suggested that 
the high variability in bulk collagen δ15N values observed 
among cave bears in Romania reflected niche partitioning 
but in a general trophic context of herbivory. However, given 
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the pure mathematic and statistic nature of the method, there 
are two parameters used in the equation: TP = [(δ15NGlx−
δ15NPhe − β)/TDF] +1; the Trophic Discrimation Factor (TDF; 
obtained from Blanke et al. 2017, based on a study on fish 
and the isotopic offset between glutamate and phenylalanine 
[δ15NGlx − δ15NPhe value] in primary producers β; calculated 
for terrestrial C3 vascular plants Naito et al. 2016) the results 
obtained have a large margin of error when estimating the 
trophic position (TP) for the analysed cave bear specimens. 
Taking into account the complex settings of the Carpathians 
(e.g., climate, vegetation cover, geographic position etc.) and 
the time span of the cave bears in this region (from >50‒27.1 
ka; Duño-Iglesias et al. 2024, 2025) it is difficult to state a 
heavy reliance on herbivory for a species with extremely 
numerous individuals, in a such heterogenous environment. 
Moreover, the reference materials used by Naito et al. (2020), 
a MIS 3 horse and cave lion (sampled from western Germany 
and North Sea, respectively), were not excellent comparison 
choices. In addition, the results ruled out at least the fol-
lowing possibilities: (i) significant contribution of aquatic 
resources such as fish to their diets; and (ii) carnivory as the 
main feeding behaviour. In fact, based on the high values 
of the δ15N bulk collagen of the MIS 3 cave bears from the 
Carpathians, Robu et al. (2013, 2018) did not state otherwise. 
An estimation of a highly plant-dependent feeding behaviour 
does not necessarily support a purely herbivorous diet, nor it 
excludes a variable diet as previous contributions stated (e.g., 
Richards et al. 2009).

Recent contributions based on the microwear features 
of the cave bear lower first molars (Duño-Iglesias et al. 
2024, 2025), of almost 250 individuals (N = 246) from the 
Romanian Carpathians, indicated undoubtedly an omnivo-
rous nature of their diet, with a preference for the consump-
tion of hard matter. As stated before in Richards et al. (2009) 
and Robu et al. (2013, 2018b), the cave bear individuals 
from Oase and Urșilor (and overall, from the Carpathians) 
displayed a variable dietary profile, a unique feature for this 
species in Europe (Duño-Iglesias et al. 2024, 2025).

The newly obtained data for the MIS 3 cave bear popula-
tion from Muierilor show lower δ15N values, suggesting her-
bivory, although Doboș et al. (2008) published a δ15N value 
higher than 7‰ from the same site. However, the overwhelm-
ing majority of the δ15N values for the cave bears individu-
als from Muierilor are lower than 4‰. It is worth noticing 
that the cave bears from Muierilor have some of the low-
est nitrogen isotope values published yet for the Romanian 
Carpathians. For the monospecific cave bear associations 
(e.g., Urșilor), with almost no competition from other carni-
vores, the food choices for bears were diverse, a fact reflected 
by the high nitrogen values and microwear dental analyses 
(Robu 2015; Duño-Iglesias et al. 2024, 2025). Therefore, in 
the case of Muierilor, the high density of carnivorous and 
necrophagous species could have played an important role in 
the cave bears’ food choice. The taphonomic evidence (e.g., 
punctures, gnawing) found on the cave bear bones indicates 
that the carnivores from Muierilor were preying/scavenging 

upon this species, as well as on the red deer (Robu et al. 2024). 
Therefore, the presence of many carnivores (in both number 
of species and population size), the climatic conditions and 
the vegetal composition of the land cover from the Muierilor 
area might have directly influenced the diet of cave bears 
from this region.

Conclusions
This study reports δ13C and δ15N values measured on the bone 
collagen of Late Pleistocene mammals retrieved from both 
bear and non-bear cave sites in the Romanian Carpathians. In 
general, these analyses show good agreement with previously 
published values measured on European Late Pleistocene 
large mammals, although the cave bears from the Muierilor 
site exhibit low δ15N values.

The abundance of the apex carnivores (cave hyaenas, 
cave lions and especially wolves) and the ensuing food com-
petition in the ecosystem of the Muierilor area, might have 
narrowed the cave bears’ ecological niche, influencing and 
inducing a mainly herbivorous diet. 

Although being heavily preyed on by typical carniv-
orous species in the MIS 3 (at least between 45–34 ka), 
cave bears seem to survive up until the onset of the LGM 
in the studied region. After ca. 35 ka, cave lion, following 
the cave hyaena populations, diminished and vanished, as 
everywhere in Europe, while the wolf and red deer popu-
lations adapted to the challenging environment and thrived 
until the present day.

Muierilor Cave becomes, thus, one of the most complex 
sites for palaeoecological studies of large mammals in Europe 
and a hotspot in understanding the feeding plasticity of one of 
the most iconic Quaternary mammals—the cave bear.
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