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A B S T R A C T

The woolly rhinoceros, Coelodonta antiquitatis, was an emblematic component of Pleistocene faunas in Eurasia,
which went extinct around ca. 12.5 ky BP. The loss of its tundra-steppe habitat due to climatic changes is
considered the main cause for its extinction, whereas human impact was limited. In this study, we investigated
the paleobiology and paleoecology of C. antiquitatis during the last glacial interval (Würm/Weichselian; 130 to
11.7 kya). We explored evolutionary trends for diet, physiology, and habitat via dental wear, enamel hypoplasia,
body mass, age structure, mortality curves and stable isotopes (carbon and oxygen). Our results confirmed that
C. antiquitatis was a large-sized species, with body mass around 2000–2500 kg, and with C3 grazing or mixed-
feeding habits. Age structure and mortality curves revealed potential sampling and/or taphonomical biases at
a few localities (e.g., Brixham cave, Ofnethöhle, North Sea), and indicated several vulnerability periods (birth,
weaning, cow-calf separation/maturity) also retrieved by hypoplasia analyses. We observed some spatio-
temporal fluctuations of body mass (1850–2955 kg), dietary preferences (strict to variable grazing) and hypo-
plasia prevalence (7.41–47.06 %) of C. antiquitatis depending on the locality, but correlation to specific climatic
events (stadials-interstadials) is difficult without exact datation. These variations were however limited, high-
lighting a rather strict climatic niche and suggesting a high vulnerability to climatic and vegetation changes.

1. Introduction

The Quaternary is marked by glacial-interglacial cycles and is a
crucial period in human evolution, as the first hominins arrived in
Eurasia during the Early Pleistocene (Ferring et al., 2011). The most
recent of these cycles (Riss-Würm interglacial and Würm glaciation in
Alpine domain, Eemian interglacial and Weichselian glaciation in
Northern Europe) spanned over approximately 120 ky (from 130 to 11.7
kya; Gibbard and Head, 2020). The last glacial interval (Würmian/-
Weichselian) witnessed the Late Quaternary Extinctions (LQE; ~50-4

kya), a global extinction event of the Pleistocene mammalian megafauna
(>44 kg; Stuart and Lister, 2007). The LQE have been much studied in
the last decades and a great effort for dating localities in Europe provides
a well-calibrated time scale of extinction for the concerned species
(Stuart and Lister, 2012; Turvey et al., 2021). However, the drivers of
the LQE are still hotly debated and especially the relative role of humans
and of climate changes (Barnosky et al., 2004; Koch and Barnosky,
2006).

Concerning Rhinocerotidae, the LQE corresponded to the disap-
pearance of the last representatives of the family in Northern Eurasia:
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Stephanorhinus hemitoechus (narrow-nosed rhinoceros) and Elasmothe-
rium sibiricum (Siberian unicorn) extirpated around 40 ky BP (calibrated
before present; Stuart and Lister, 2012; Pandolfi et al., 2017; Kosintsev
et al., 2019), whereas the emblematic woolly rhinoceros Coelodonta
antiquitatis went extinct around 14–12.5 ky BP (Stuart and Lister, 2012;
Lord et al., 2020). The latter event is better studied than the former two,
although less studied than the extinction of the frequently associated
woolly mammoth (Mammuthus primigenius; Kuzmin, 2010). Climate has
often been proposed as the main driver of the extinction of the woolly
rhinoceros (Kuzmin, 2010; Stuart and Lister, 2012), however
C. antiquitatis is considered to have declined well before its extinction,
due to the progressive reduction of its habitat (tundra-steppe; Stuart and
Lister, 2012). The species was still present in large parts of Eurasia until
~16 ky BP, but the fossil record attests of successive fragmentation and
isolation of the populations, which suggests a coeval or fast extinction
across the whole area (Lorenzen et al., 2011). Recently, this progressive
decline has been reconsidered, as new genetic approaches (mitochon-
drial DNA) showed a population increase ~30 ky BP and demographic
stability until close to the extinction of C. antiquitatis (Lord et al., 2020).

In order to understand the impact of climatic changes on Coelodonta
antiquitatis, we explored the evolution of its paleobiology and paleo-
ecology across Northern (United Kingdom, Belgium, Netherlands,
Northern Germany) and Western (France, Southern Germany) Europe
during the last glaciation event (Würm-Weichselian). We notably tar-
geted localities close to the regional extinction of the species and tracked
the spatio-temporal variations of the niche to estimate the flexibility and
vulnerability of C. antiquitatis. To do so, we studied body mass (molar
measurements), age structure and mortality curves (teeth wear stages),
dietary preferences (dental wear and carbon isotopes), habitat (carbon
and oxygen isotopes), and stress susceptibility (enamel hypoplasia).

2. Materials and methods

We studied dental material attributed to C. antiquitatis from 15 sites
in Europe dating from the last glacial interval (Würm-Weichselian;
Fig. 1, Supplementary A). Details on each locality can be found in
Supplementary B. The material is curated at the following institutions:
Archäologisches Forschungszentrum und Museum für menschliche
Verhaltensevolution Monrepos, Germany (Gönnersdorf); Staatliche
Naturwissenschaftliche Sammlungen Bayerns – Bayerische Staats-
sammlung für Paläontologie und Geologie Munich, Germany (Bruine
Bank, Ofnethöhlen, Vogelherdhöhle, Weinberghöhlen bei Mauern);
Institute of Natural Sciences Brussels, Belgium (Goyet’s Third cave,
Hofstade, Caverne de Marie-Jeanne); Museum für Ur-und Ortsge-
schichte Bottrop, Germany (Knochenkies Bottrop); Museum d’Histoire
Naturelle de Paris, France (Kent’s cavern); Naturalis Leiden,
Netherlands (Bruine Bank and various from North Sea); Natural History
Museum of London, United Kingdom (Kent’s cavern, Brixham cave);
Staatlisches Museum für Naturkunde Stuttgart, Germany (Bock-
steinhöhle, Göpfelsteinhöhle, Irpfelhöhle, Ofnethöhlen, Vogel-
herdhöhle); Université Lyon 1 Claude Bernard, France (Jaurens
Nespouls). Although the material from most localities was curated at
only one institution, some localities were scattered between multiple
collections. In the latter case, we tried to include the material from as
many collections as possible to provide the most complete insight for
each locality, but it is possible that we missed some.

We used a multi-proxy approach to investigate the paleobiology and
paleoecology, combining mortality curves, body mass estimation,
enamel hypoplasia, stable carbon and oxygen isotopes, dental mesowear
and microwear. The number of teeth studied for each method is detailed
in Table 1 by locality. Each method is described thereafter.

2.1. Minimum number of individuals

The minimum number of individuals (MNI) is the smallest number of
individuals of the same species that can be identified from a fossil

assemblage. It is determined by the number of the most abundant
anatomical element from the same body side (e.g., right astragali, left
P4s). Here, the MNI was estimated on the dental material only, as the
scope of the study was limited to teeth.

2.2. Mortality curves and age structure

Mortality curves display the number of individuals from a sample
across different age categories defined. They are used in archeology and
paleontology to reconstruct the age structure of a sample (Fernandez
and Legendre, 2003; Bacon et al., 2018). For this study, we used the
protocol of Hullot and Antoine (2020) for rhinocerotids’ teeth. Mortality
curves are built by following the steps thereafter.

• estimation of the wear stage (1–10) defined by Hillman-Smith et al.
(1986) in the extant Ceratotherium simum (white rhinoceros) for each
tooth;

• correlation to one or several age classes (I-XVI) corresponding to the
wear observed for the locus concerned;

• equal weight given to each age class (1 if one, ½ if two, and so on);
• if the tooth is associated to others, grouping of all teeth as a single

individual and proposition of an age class or combination of
weighted classes for the group;

• construction of mortality curves from the weighted classes.

Age classes were then converted into percentages of lifespan using
the age borders defined in C. simum (Hillman-Smith et al., 1986; Hullot
and Antoine, 2020).The distribution in age classes was corrected as a
histogram by dividing the number of specimens per age classes by the
duration of the age classes.

The distribution between the different age classes can also give ac-
cess to the age structure between the different ontogenetic stages. The
ontogenetic stages are defined as follows by Hullot and Antoine (2020).

• ‘juveniles’ group individuals from birth to weaning, corresponding to
age classes from I to V (1.5 months–3 years old in the extant white
rhinoceros). This stage ends with the eruption of the first permanent
teeth (m1/M1);

• ‘subadults’ are individuals between weaning and sexual maturity,
here corresponding to age classes VI to VIII (3–7 years) and ending
with the eruption of the last permanent teeth (m3/M3);

• ‘adults’ consist of individuals which are sexually mature, which
correlates with age classes IX to XVI (7–40 years). This stage starts
after the eruption of the last permanent teeth (m3/M3).

The age structure of our samples was compared to that of recent
rhinoceros populations obtained through direct observations. This in-
cludes populations of: Ceratotherium simum at Kyle National Park
(Zimbabwe; Pienaar, 1994) and at Hluhluwe-Umfolozi Game Reserve
(South Africa; Pienaar, 1994), Rhinoceros unicornis at Chitwan National
Park (Nepal; Laurie et al., 1983), and Diceros bicornis at
Hluhluwe-Umfolozi Game Reserve (Mundy, 1984), Tsavo National Park
(Kenya; Goddard, 1970), and in Zululand reserves (South Africa:
Hluhluwe-Umfolozi, Mkuze and Ndumu Game Reserves; Hitchins,
1978). The age structure of C. antiquitatis from Fouvent (Late Pleisto-
cene; France) was also compared to our samples (Fourvel et al., 2015).

2.3. Body mass estimations

Body mass has consequences on many physiological and ecological
parameters (e.g., diet, metabolism, heat evacuation; Peters, 1983;
Owen-Smith, 1988; Clauss et al., 2003). Its estimation in fossil species is
complex, as it relies on indirect proxies and actualism (calibration of the
equation on extant species). Many equations are available in the liter-
ature based on various dental and limb bone proxies for different taxa
(see the review of Hopkins, 2018). Here, we used molars as body mass
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Fig. 1. Localization and chronology of the studied Late Pleistocene localities in Europe.
Abbreviations (map): B – Bocksteinhöhle, G – Goyet’s third cave, Gö – Göpfelsteinhöhle, H – Hofstade, I – Irpfelhöhle, MJ – Caverne de Marie-Jeanne, O – Ofnethöhle,
Vo – Vogelherdhöhle, W - Weinberghöhlen bei Mauern. Abbreviations (stratigraphical chart): G – Gönnersdorf, MIS – Marine Isotopes Stages. For localities: grey
rectangles show alternative debated datings. Chronology according to the following references: von Koenigswald and Müller-Beck (1975); Guérin et al. (1979);
Jansen and Drozdzewski (1986); Germonpré (1993); Hedges et al. (1996); Street and Terberger (2004); Mol et al. (2006); Boylan (2008); Conard and Bolus (2008);
Stevens et al. (2009); Baales (2012); Brace et al. (2012); López-García et al. (2017); Çep et al. (2021). Greenland oxygen isotopes curve modified from Mogen-
sen (2009).
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proxies, as we studied teeth for all other methods and as they are
abundant and well preserved in the fossil record. The proxies and
equations are detailed in Table 2 alongside with the corresponding
references. For each equation, we obtained the mean body mass of
C. antiquitatis at the locality (if several teeth were available for one in-
dividual, only one by locus was randomly selected for the mean calcu-
lation at the locality). We then used the median of the means of all
proxies to report for each locality.

2.4. Enamel hypoplasia: stress proxy

Enamel hypoplasia is a very common developmental defect of the
tooth crown. This kind of defect is permanent (as enamel is not
remodeled during life), sensitive, but individual, and non-specific
(Guatelli-Steinberg, 2001). Many factors have been proposed to cause

hypoplasia including birth (Mead, 1999; Upex and Dobney, 2012),
weaning (Goodman and Rose, 1991; Dobney and Ervynck, 2000), dis-
eases (Niven et al., 2004), or nutritional stress (Goodman and Rose,
1991; Upex and Dobney, 2012). The study of these defects is mostly
conducted with the naked eye, as it is faster, cheaper, and less prone to
false positives than microscopy approaches (Hullot and Antoine, 2022).
This approach starts with the macroscopical spotting and identification
of the defects according to the Fédération Dentaire Internationale (pit,
linear, or aplasia). Then several parameters are measured, including the
distance of the defect to the root and the width of the defect (when
possible), respectively linked to the timing of formation, and the dura-
tion and severity of the defect (Goodman and Rose, 1990; Ensor and
Irish, 1995; Skinner and Skinner, 2017). Other information is recorded
as well, such as the number of defects and their type, the localization on
the tooth crown, or the degree of severity (see Fig. 1 in Supplementary
B).

2.5. Dental wear: mesowear and microwear

Dental meso- and microwear are often used in paleontology to infer
dietary preferences at different time scales (e.g., Danowitz et al., 2016;
Xafis et al., 2020; Kelly et al., 2021; Berlioz et al., 2022; Uzunidis and
Rivals, 2023). Mesowear is the scoring of gross dental wear cumulative
over an individual’s life time (Fortelius and Solounias, 2000; Ackermans
et al., 2020) on upper molars of large herbivores (cusp shape and
occlusal relief: Fortelius and Solounias, 2000), used to infer dietary
preferences. Here, we scored the paracone of C. antiquitatismolars using
the mesowear ruler developed by Mihlbachler et al. (2011). This method
was initially developed on equids, which are close relatives of rhinoc-
erotids with similar lophodont molars and digestive tracts (Clauss et al.,
2005; Taylor et al., 2013; Schultz et al., 2020), but is perfectly applicable
to rhinoceroses (Mihlbachler et al., 2018; Hullot et al., 2021). The ruler
ranges from 0 (high sharp) to 6 (low blunt; see Fig. 2 Supplementary B).
With this approach, browsers have low scores (extant species between
0 and 2) and grazers high ones (2.09–5.47), while mixed-feeders have
intermediate values (0.4–2.74; Mihlbachler et al., 2011). As mesowear is
impacted both by age and hypsodonty (Fortelius and Solounias, 2000),
we only scored upper molars with an average wear (wear stages from 4
to 7 defined by Hillman-Smith et al. (1986), and tracked the hypsodonty
index (height of m3 divided by its width; Janis, 1988). The hypsodonty
index (HI) differentiates brachydont (HI < 1.5), mesodont (HI > 1.5 and
< 3.0), hypsodont (HI > 3.0 and < 4.5), and highly hypsodont (HI > 4.5)
teeth (Janis, 1988).

Dental microwear is a short-term (days to weeks) proxy of the diet,
that correlates wear patterns at the enamel surface with dietary cate-
gories (Gordon, 1982; Teaford and Walker, 1984; Teaford and Oyen,
1989). In this study, we followed a protocol adapted from Scott et al.
(2005) and detailed thereafter. We studied well-preserved wear facets
on the same enamel band near the protocone, protoconid or hypoconid
of molars (see Fig. 3 Supplementary B), and documenting both phases of
the mastication (grinding and shearing; Fortelius, 1982; Ballatore et al.,
2017). The wear facets were cleaned twice using a cotton swab soaked in
acetone to remove glue, dirt, and grit before silicon molding (Coltene
Whaledent PRESIDENT The Original Regular Body, ref. 60019939).
Then, the molded facet was cut out of the mold, put flat under a Leica
Map DCM8 profilometer (TRIDENT, PALEVOPRIM Poitiers), and scan-
ned using white light confocal technology with a 100 × objective (Leica
Microsystems; Numerical aperture: 0.90; working distance: 0.9 mm).
Specimens presenting taphonomical alterations were excluded from the
analyses (see details on identification and some examples of excluded
surfaces in Supplementary B). The scans obtained were then pre-treated
under LeicaMap (v.8.2; Leica Microsystems). The pre-treatment
included the inversion of the surface (as they come from negative
replica), the replacement of the missing points (i.e, non-measured, less
than 1%) by the mean of the neighboring points, the removal of aberrant
peaks, the leveling of the surface, the removal of form (polynomial of

Table 1
List of localities studied along with the number of teeth of Coelodonta antiquitatis
included for each method.

BM Microwear Mesowear Hypoplasia Isotopy

Gr Sh

Gönnersdorf – – ​ – – 2
Brixham cave 4 0 0 1 16 –
Jaurens 16 16 6 47 64 –
Goyet 73 9 5 12 337 15
Kent’s cavern 55 4 1 53 258 –
Ofnethöhle 7 4 2 11 47 4
Vogelherdhöhle – 2 2 2 15 2*
Bocksteinhöhle 3 3 1 4 17 3*
North Sea 80 6 5 45 262 –
Marie-Jeanne 27 9 2 27 188 –
Weinberghöhlen bei
Mauern

5 2 0 3 33 –

Göpfelsteinhöhle 9 2 1 7 27 3
Irpfelhöhle 6 5 3 8 27 –
Hofstade 35 5 2 6 120 –
Knochenkies Bottrop 71 34 21 37 229 –

Abbreviations: BM for body mass in kg, Gr for grinding facet, Sh for shearing
facet. The * indicates bulk isotopic data from the literature for Bocksteinhöhle
and Vogelherdhöhle (Pushkina et al., 2014). Localities ordered chronologically
(oldest to the bottom).

Table 2
List of the tooth loci and the associated equations with the respective dental
proxy used to estimate body mass in this study.

Locus Equation Reference

m1
​ ln(m) = 1.5133* ln(m1 length* width) +

3.6515
Legendre (1989)

​ log(m) = 3.26* log(m1 length/10) +
1.337

Janis (1990)

m2
​ log(m) = 3.2* log(m2 length/10) + 1.13 Janis (1990)
​ log(m) = 3.07* log(m2 length) + 1.07 Damuth (1990)

M1
​ ln(m) = 3.19* ln(M1 length) + 2.1 Fortelius and Kappelman

(1993)

M2
​ log(m) = 3.18* log(M2 length/10) +

1.091
Janis (1990)

​ log(m) = 3.03* log(M2 length) + 1.06 Damuth (1990)
​ ln(m) = 3.09* ln(M2 length) + 2.14 Fortelius and Kappelman

(1993)

Measurements are in mm for all equations and give body mass in kg for Janis
(1990) and in g otherwise. Upper case for upper teeth (M1/M2) and lowercase
for lower ones (m1/m2).
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degree 8), and the selection of a 200 × 200 μm area (1551 × 1551 pixels)
to be used for the analyses. Several ISO (Francisco et al., 2018) and
scale-sensitive fractal analyses (Scott et al., 2006) parameters were
extracted using MountainsMaps® (v.8.2). Our study will focus on the
following.

• Str is a spatial parameter of the international standard ISO 25178
(specification and measurement of 3D surface textures) indicative of
the surface anisotropy (i.e., orientation concentration of surface
roughness). It is the ratio of Rmin/Rmax, where Rmin and Rmax are
respectively the minor and major axes of the intersection ellipse
between the plane z = s with the auto-correlation function fACF(tx,
ty). Rmin is the auto-correlation length, i.e. the horizontal distance of
the fACF(tx, ty) which decays fastest to a specified value s between
0 and 1. Here, we considered s = 0.5. Low values of Str indicate
strong anisotropy;

• Asfc (area-scale fractal complexity) measures the complexity of the
surface, which is the roughness at a given scale;

• heterogeneity of the complexity (HAsfc) gives information on the
variation of complexity at a given scale (here 3 × 3 and 9 × 9) within
the studied zone (200 × 200 μm).

2.6. Carbon and oxygen stable isotopes of the carbonates from
rhinocerotids’ enamel

Stable isotopes are very powerful tools frequently used in paleon-
tology to infer dietary preferences (C3-C4 preferences) and habitat
conditions (e.g., Bentaleb et al., 2006; Stefaniak et al., 2020; Zanazzi
et al., 2022). Here, we have focused on the carbon and oxygen content
from the carbonates of tooth enamel of C. antiquitatis, as both can be
studied at the same time (faster and cheaper).

Fig. 2. Mortality profiles of Coelodonta antiquitatis samples at the different localities.
X-axis: age classes converted to percentage of lifespan, Y-axis: corrected number of individuals (observed number divided by duration of age class). Age classes
peaking are indicated in each graph. Localities ordered chronologically from oldest (top left) to youngest (bottom right).

Fig. 3. Age structure of the Coelodonta antiquitatis sample at the localities
studied compared to that at Fouvent and in extant rhinoceroses’ populations.
In black: extant species’ populations and Fouvent (MIS3, Pleistocene; France).
References: Tsavo National Park (Kenya; Goddard, 1970), Zululand,
Hluhluwe-Umfolozi Game Reserve (South Africa; Pienaar, 1994), Kyle National
Park (Zimbabwe; Pienaar, 1994), Chitwan National Park (Nepal; Laurie et al.,
1983), Fouvent (Late Pleistocene, France; Fourvel et al., 2015).
Abbreviations: B – Bocksteinhöhle, Ca – Coelodonta antiquitatis, Cs – Cerato-
therium simum, Db – Diceros bicornis, Göp – Göpfelsteinhöhle, GR – Game
Reserve, M-J – Caverne de Marie-Jeanne, NP – National Park, Ru – Rhinoceros
unicornis, W – Weinberghöhlen. Color code by locality.
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Due to sampling restrictions (lack of specimens, preservation, costs),
only teeth from four localities were analyzed (Göpfelsteinhöhle,
Gönnersdorf, Ofnethöhle, Goyet’s third cave). Additionally, we included
data from the literature (Pushkina et al., 2014) for two more (Bock-
steinhöhle and Vogelherdhöle). Serial sampling was done along the
crown of identified isolated teeth or fragments, preferably from third
molars to avoid pre-weaning or weaning signal. Before the sampling, the
zone was cleaned mechanically using a Dremmel© equipped with a
diamond tip. With the same tool, we collected about 2 mg of enamel
powder. For the analyses in the carbonates, 0.5–1 mg were used.
Organic matter was removed following standard procedures (Cerling
et al., 1997) and the samples were then acidified with phosphoric acid
(supersaturated: 103 %), producing CO2 analyzed for isotopic content
using a ThermoFisher Kiel IV carbonate device connects to Thermo
Scientific Delta V+ stable isotope ratio Mass Spectrometer (AETE-ISO
platform, OSU-OREME, University of Montpellier). The within-run
precision (±1 σ) of these analyses as determined by the replicate ana-
lyses of NBS 18 and AIEA-603 was less than ± 0.2‰ for δ13C and ±0.3
‰ for δ18O (n = 5–6 respectively). Results are expressed as ratio (‰) to
the Vienna-Pee Dee Belemnite (VPDB) standard as follows:

δ=1000 ×

(
Rsample
Rstandard

− 1
)

where Rsample refer to the ratio of
13C
12C and

18O
16O of the sample and Rstandard to

the VPDB standard.
The δ13CCO3, enamel is converted into the δ13Cdiet as detailed

below.δ13Cdiet = δ13CCO3, enamel − ε*diet− bioapatite − corr where ε*diet− bioa
patite = e2.42+0.032×ln(bodymass) (Tejada-Lara et al., 2018) and corr is the
correction factor for the variation of δ13CCO2 of the atmosphere. Post
1930, the values of δ13CCO2 are − 8‰ (Zachos et al., 2001). During the
Late Pleistocene, the reconstructed values of δ13CCO2 based on benthic
foraminifera (Tipple et al., 2010) are around − 7 ‰ corresponding to a
correction factor of 1.

The δ13Cdiet is used to estimate the mean annual precipitation (MAP).
We used the equation of Rey et al. (2013): MAP = 100.092×Δ13Cleaf+1.148 −

300 where Δ13Cleaf =
δ13Catm − δ13Cdiet

1+δ13Cdiet
1000

.

Regarding oxygen content, the δ18OCO3(V-PDB) can be converted into
the δ18OCO3(V-SMOW) following the equation from Coplen et al. (1983):
δ18OV− SMOW = 1.03091× δ18OV− PDB+ 30.91.

The δ18OCO3(V-SMOW) was used to infer the δ18Oprecipitation and the
mean annual temperature (MAT). Regarding rhinocerotids, no dedi-
cated reliable equation to estimate the δ18Oprecipitation based on the
δ18Oenamel is available in the literature. Hence, we decided to use an
equation designed for elephants (Ayliffe et al., 1992), as body mass and
metabolism of rhinocerotids should be closer to that of elephants than of
ruminants or horses (specialized grazers, domesticated): δ18OPO4 =

0.94× δ18Oprecipitation+ 23.3.
As the δ18O used is that of phosphates, we converted our results into

δ18O of carbonates according to the phosphates-carbonates relation
from Lécuyer et al. (2010): δ18OPO4 = 0.96× δ18OCO3 − 8.05.

This results in the following relation: δ18Oprecipitation = 1.02×

δ18OCO3 − 33.3.
Eventually, for the MAT we followed the equation for Central Europe

proposed by Skrzypek et al. (2011):

MAT=1.41 × δ18Oprecipitation + 23.63.

2.7. Statistics and figures

All statistics were conducted in R (R Core Team, 2021: v. 4.1.2)
equipped with the package tidyr (Wickham and Henry, 2020), MASS
(Ripley et al., 2013) and mvnormtest (Jarek, 2012). Following the recent
statement of the American Statistical Association (ASA) on p-values

(Wasserstein and Lazar, 2016), we tried to avoid classical thresholds of
“statistical significant” and to give exact values instead. Figures were
done using R packages ggplot2 (Wickham, 2016), ggtern (Hamilton and
Ferry, 2018), cowplot (Wilke, 2020), as well as Inkscape (v. 1.0.1).

In the case of small samples (<5) and ordinal categorical variables
(mesowear score), we used non-parametric tests (Kruskal-Wallis for
median comparison, Spearmann rho for correlation testing). When
possible, we used parametric tests (MANOVA, ANOVA and post hoc
tests) after a Box-Cox transformation to obtain a normal distribution of
the variables.

3. Results

3.1. Paleobiology: minimal number of individual (MNI), age structure,
mortality, and body mass

The MNI of C. antiquitatis at the studied localities was estimated
based on dental remains. The MNI was mostly below 5, but ranging from
1 at Gönnersdorf to 22 at Goyet’s third cave (Table 3). Indeed, the
number of teeth available was limited at several localities (<50;
Table 1), but some yielded more abundant material and MNI, notably
Knochenkies Bottrop (MNI = 18), Hofstade (14), Caverne Marie-Jeanne
(11), North Sea (21), Kent’s cavern (14), and Goyet’s third cave (22). At
these localities, mortality profiles were constructed (Fig. 2). When cor-
rected for the duration of the age classes, the profiles were all L-shaped
with a major peak at age class I, corresponding to the period shortly after
birth, except at Hofstade. For the latter, there is a global peak during
early life (age classes II, IV, V, and VII). In addition to this main peak
around age class I, other peaks of lesser amplitude are observed on the
different mortality profiles, notably around age classes II, IV and VII
(Fig. 2).

The age structure of the studied C. antiquitatis samples varied greatly
depending on the locality considered (Chi2, X-squared = 59.743, df =
13, p-value = 5.84 x 10− 8; Fig. 3). However, most samples fall within the
range displayed in extant rhinoceros populations, with about 15–25 %
juveniles, 13–20 % subadults, and 60–80 % adults. On the other hand, a
taphonomical or sampling bias might be suspected at some localities,
notably Brixham cave (0 % of juveniles), North Sea (6.92 % of juveniles),
Bottrop (7.65 % of juveniles), Caverne Marie-Jeanne (28.14 % of juve-
niles), and Irpfelhöhle (32.14 % of juveniles).

Coelodonta antiquitatis was a large sized rhinoceros, with median
values of all proxies estimated between 1850 kg at Caverne Marie-
Jeanne and 2955 kg at Bocksteinhöhle (Table 3). We did not detect
trends in body mass due to geographical provenance (Kruskal-Wallis
chi-squared = 0.21857, df = 2, p-value = 0.8965). When the localities
are ordered chronologically, the variations of the body mass are sinu-
soidal, mostly fluctuating between 1850 and 2450 kg (Fig. 4).

Interestingly, there is a correlation between the variations of body
mass and that of hypoplasia prevalence (Spearmann rho = 0.5549451, S
= 162, p-value = 0.05253). The main uncoupling in this relationship is
observed for Kent’s cavern, and to a lesser extent for North Sea and
Jaurens (Fig. 4). There is however no correlation between body mass
and mesowear score (Spearman rho = − 0.2841417, S = 584.28, p-value
= 0.3249), nor with any microwear parameters (Spearman rho, p-values
> 0.2).

3.2. Prevalence of enamel hypoplasia

The overall prevalence of hypoplasia in our sample (all localities
merged) was high, with about 20 % of the teeth studied bearing at least
one defect (328/1637). There are however great disparities depending
on the loci (Kruskal-Wallis chi-squared = 205.72, df = 19, p-value <

2.2e-16) and localities (Kruskal-Wallis chi-squared = 37.273, df = 13, p-
value = 0.0003754), as visible in Fig. 5. The highest prevalences are
found at Bocksteinhöhle (8/17; 47.06 %), Weinberghöhlen (12/33;
36.36 %), and Göpfelsteinhöhle (8/27, 29.63 %), whereas the lowest
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ones are at Irpfelhöhle (2/27; 7.41 %), Jaurens (6/64; 9.38 %), and
Hofstade (14/120; 11.67 %). Despite these locality differences, the
geographical provenance (Northern Europe or Western Europe) did not
impact greatly hypoplasia prevalence (Kruskal-Wallis chi-squared =

0.36836, df = 1, p-value = 0.5439). Concerning loci, the most affected
ones are D4 (42/72; 58.33 %), m3 (59/143; 41.26 %), and M3 (52/130;
40 %), while the least affected ones are d1 (0/7), d2 (0/21), and p2 (1/
59; 1.69 %). In general, milk molars are rarely affected (0–6.5 %) except
from d4/D4.

3.3. Dental wear

As the mesowear was studied in only one species, the changes in
hypsodonty should be minor and should not impact greatly the meso-
wear. The hypsodonty index could be estimated only for a few localities
(Caverne Marie-Jeanne, North Sea, Kent’s cavern, Goyet’s third cave,
Jaurens, and Brixham cave), but was between 2.12 and 2.43, indicating
mesodont teeth. The mesowear score is always very high, with median
values between 5 and 6 (Table 3; Fig. 6). This suggests very abrasive
dietary preferences consistent with grazing. There were however slight
variations through time, but no clear differences between localities

(Kruskal-Wallis chi-squared = 18.434, df = 13, p-value = 0.1417). We
also studied mesowear on milk cheek teeth to identify changes in the
diet between juveniles and adults. We found lower values compared to
their permanent counterparts (Kruskal-Wallis chi-squared = 76.613, df
= 1, p-value <2.2e-16).

Regarding dental microwear texture (DMT), we noted more spatio-
temporal variations (Fig. 7). The DMT signatures were different by lo-
cality (MANOVA, p-value = 0.029) and to a lesser extent by facet
(MANOVA, p-value = 0.097). We conducted ANOVAs for each DMT
parameter (Asfc, Str, HAsfc9 and HAsfc81) to precise the differences.
There was only a marked influence of facet (p-value = 0.025) and lo-
cality (p-value = 2.5 x 10− 4) on Asfc. Tuckey’s post hoc did not highlight
specific pairs of localities with significant Asfc differences (see Supple-
mentary A).

The variations of anisotropy (inverse of Str) and complexity (Asfc)
display a sinusoidal evolution on both facets, although less clear on the
shearing one (Fig. 7). Moreover, the geographical provenance also
impacted the variations of Afsc (Kruskal-Wallis chi-squared = 17.913,
df = 2, p-value = 0.0001289). The mean values of Str at the different
localities were above 0.5 on both facet, except at Hofstade (grinding:
0.45), Kent (grinding: 0.48), and Marie-Jeanne (shearing: 0.38). In
extant species (rhinoceros and tapirs), such medium to high Str values
typically suggest mixed-feeding or browsing habits (see Fig. 4 in Sup-
plementary B). As to be expected, the specimens with low dietary
abrasivity (high Str: Weinberghöhlen, Bocksteinhöhle, and Ofnethöhle)
also have lower mesowear scores (Table 3; Fig. 6). The values of Asfc
were mostly below 2, except on the shearing facet at Ofnethöhle (2.47),
suggesting a rather soft diet. There was a positive correlation between
Afsc and both Hasfc studied here (H9: Spearman rho = 0.1520718, S =

496272, p-value = 0.0615; H81: Spearman rho = 0.1736036, S =

483670, p-value = 0.03256) indicating a greater diversity in the diet
when harder objects were consumed.

3.4. Stable isotopes

The analyses of the isotopic content (carbon and oxygen) in the
carbonates of the rhinocerotids’ enamel revealed marked differences
between the studied localities (Table 3; Fig. 8). All specimens were in the
range of C3 feeding, with values of the δ13Cdiet comprised between
− 24.11 and − 27.34 ‰ (Fig. 8). Coelodonta antiquitatis from Bock-
steinhöhle had the lowest values (≤− 26.9‰), while the highest values
were observed at Goyet’s third cave (>− 24 ‰), suggesting more open
arid conditions at the latter. Regarding the oxygen content, values of the
δ18OCO3, SMOW ranged from 19.91 to 25.55 ‰ (Fig. 8). Most specimens
studied had values lower than 22‰, except those from Goyet for which

Table 3
Summary of the main results of the multi-proxy approach on Coelodonta antiquitatis by locality.

MNI Body Mass (kg) Hypoplasia (%) δ13CCO3, enamel (‰ V-PDB) δ18OCO3, enamel (‰ V-PDB) Mesowear (M1 and M2)

Gönnersdorf 1 – – − 9.75 − 8.17 –
Brixham cave 2 2220 18.75 – – 5
Jaurens 5 2200 9.38 – – 5.5
Goyet 22 2390 25.22 − 9.56 − 6.60 6
Kent’s cavern 14 2440 16.67 – – 6
Ofnethöhle 4 1950 21.28 − 10.05 − 9.08 5.5
Vogelherdhöhle 2 – 26.67 − 11.06 − 9.38 6
Bocksteinhöhle 3 2955 47.06 − 11.61 − 9.12 5
North Sea 21 2010 17.8861788617886 – – 6
Marie-Jeanne 11 1850 19.68 – – 6
Weinberghöhlen bei Mauern 6 2230 36.36 – – 5
Göpfelsteinhöhle 5 2360 29.63 − 9.67 − 8.90 6
Irpfelhöhle 3 1920 7.41 – – 6
Hofstade 14 1980 11.67 – – 6
Knochenkies Bottrop 18 2345 22.27 – – 6

Mean values at the locality for stables isotopes and median values for body mass (all proxies) and mesowear. MNI - minimal number of individuals, VPDB - Vienna-Pee
Dee Belemnite standard.

Fig. 4. Co-variation of body mass (dashed line) and hypoplasia prevalence (full
line) in Coelodonta antiquitatis.
Localities ordered chronologically from oldest (left) to youngest (right). Color
code by localities as in previous figures.
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all specimens had values above 23‰, indicating higher temperatures at
the latter.

These isotopic analyses allow for some paleoenvironmental insights
(Table 4). These insights must however be taken with caution, as the
sample is restricted to C. antiquitatis and limited in specimens. The MATs
reconstructed are between 6.8 ◦C at Bocksteinhöhle and 11.4 ◦C at
Goyet. The MAPs range from 403 mm/year at Goyet to 826 mm/year at
Bocksteinhöhle.

In order to investigate seasonality, teeth of four localities were
serially sampled (Göpfelsteinhöhle, Ofnethöhle, Goyet’s third cave,
Gönnersdorf). For most specimens, intra-specific variation was low to
moderate (0.5–2 ‰) for both δ13CCO3 and δ18OCO3. Sinusoidal patterns
were observed for most specimens (see Supplementary B), except those
from Gönnersdorf, as the tooth fragments were too small to get enough
samples for a sinusoidal pattern to show. The co-variation of δ13CCO3 and
δ18OCO3 values was tested, as it indicates a consistent influence of sea-
sonal precipitation on the plants consumed. Such a correlation was
found at Göpfelsteinhöhle (Spearman rho = − 0.7903644, S = 150.39, p-
value = 0.01956) and Gönnersdorf (Spearman rho = 0.6107894, S =

32.694, p-value = 0.1077), but not at Ofnethöhle (Spearman rho =

− 0.1431905, S = 251.5, p-value = 0.6745), nor at Goyet (Spearman rho
= − 0.1911036, S = 12697, p-value = 0.2375).

4. Discussion

4.1. Age structure, stress susceptibility and body mass

The age structures of the C. antiquitatis samples are in the range of

that of extant rhinoceros populations for most localities (Fig. 3). Some
localities are, however, outside of this range, mostly due to the fraction
of juveniles. There is an under-representation of juveniles at Brixham
cave (0 % of juveniles), North Sea (6.92 % of juveniles), and Bottrop
(7.65 % of juveniles). The under-representation of juveniles at fossil sites
might be due to the more fragile nature of juvenile remains (more prone
to weathering or displacement), to predation or to scavenging
(Germonpré, 1993). Predation and bite marks from hyena are reported
at Bottrop on woolly rhinoceros remains (Diedrich, 2012), while
weathering or displacement is more likely at North Sea, as the specimens
were retrieved during dragging of the sea floor (Geel van et al., 2019).
Moreover, a total absence of juveniles similarly to Brixham cave was
already observed and discussed (taphonomic bias, displacement) for
Brachypotherium brachypus during the late Early Miocene at Béon 1 in
France (Hullot and Antoine, 2020) and Aphelops malacorhinus during the
Late Miocene at Love Bone Bed in the US (Mihlbachler, 2003). On the
other hand, juveniles are over represented at Marie-Jeanne (28.14 % of
juveniles), and Irpfelhöhle (32.14 % of juveniles). Such a pattern has
already been observed to a greater extent (33–92 % of juveniles) for
Rhinoceros and Dicerorhinus at several Pleistocene sites in Asia (Nam Lot,
Coc Muoi, Sibrambang, Punung, Tam Hang, and Duoi U’Oi) and
C. antiquitatis at Fouvent (Bacon et al., 2008, 2011, 2015, 2018; Antoine,
2012; Fourvel et al., 2015). This often indicates dens of scavengers
(hyenas, porcupines; Fourvel et al., 2015; Bacon et al., 2018).

The age structure of C. antiquitatiswas previously inferred at Bottrop,
Hofstade, and Goyet. At Bottrop, Diedrich (2012) reported about 5 % of
calves in C. antiquitatis’ remains (cranial and post cranial), which is
relatively similar to our estimates on dental material (7.65 %; Fig. 3). At

Fig. 5. Number and frequency of hypoplastic teeth in Coelodonta antiquitatis by locus and locality.
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Hofstade, our estimates are slightly higher in term of juveniles and
subadults compared to that of Germonpré (1993; juveniles: 15.3 vs. 9.1
% and subadults: 17.6 vs. 13.6 %), but she only studied the mandibles,
while here we also considered isolated teeth. A previous study (Hullot
and Antoine, 2020) pinpointed that considering only associated or iso-
lated teeth can change the age structure estimated, which might explain
the discrepancies noted here. Eventually, at Goyet, Comeyne (2013)
reported a dominance of subadults in the sample (about 75 %) and an
under-representation of adults, but only the material from the third
horizon was considered corresponding to 24 teeth.

The mortality curves were L-shaped at Knochenkies Bottrop, Caverne
Marie-Jeanne, North Sea, Kent’s cavern, Jaurens, and Goyet’s third cave
(Fig. 2). This shape is typical of idealized attritional mortality profile of
stable populations (Mihlbachler, 2003), which suggests that the studied
samples were large enough to represent living populations. The profile
was however different at Hofstade and Ofnethöhle, indicating potential
sampling and/or taphonomical biases. At Hofstade, most teeth were
from mandibles (i.e., associated teeth), and hence few individuals,
which has been shown to affect mortality curves results (Hullot and
Antoine, 2020).

Regarding stress susceptibility, the most affected locus varies
depending on localities, but D4 is the most common (58.33 % affected in
the whole dataset), suggesting early-life stresses around birth. High
stresses around birth are also consistent with the peak in mortality
observed in the mortality profiles for age classes I and II (Fig. 2), that
correspond to 1.5–4 months old individuals in the extant white

rhinoceros (Hillman-Smith et al., 1986). This increased susceptibility
period close to birth has previously been reported in other rhinocerotid
species from the Miocene (Hullot et al., 2021, 2023). Such a finding is
not surprising as birth is known to be a stressful time for most mammals
(Upex and Dobney, 2012), especially under the harsh environmental
conditions of the Würm/Weichselian glaciation.

Second molars (22.33 % affected in the whole dataset) and fourth
premolars (16.45 %) are also commonly bearing hypoplasia defects,
which indicates stresses from weaning to cow-calf separation (Mead,
1999; Niven et al., 2004). Interestingly, the mortality profiles of
C. antiquitatis at some the studied localities display peaks in mortality at
age class IV and VII (Fig. 2). In Hullot and Antoine (2020), weaning was
correlated with age classes V-VI (1.5–4 years old in the extant white
rhinoceros), but inter-specific variations or a delayed weaning might
explain such differences. Delayed weaning has been observed in modern
elephants under harsh conditions, and have already been hypothesized
for Mammuthus primigenius (woolly mammoth) during glacial times
(Metcalfe et al., 2010).

Eventually, third molars also had great hypoplasia prevalences
(40.66 % affected in the whole dataset). Hypoplasia on third molars
have already been correlated with environmental stress in several taxa
(Franz-Odendaal et al., 2003; Skinner and Pruetz, 2012; Upex and
Dobney, 2012). Interestingly, particularly cold and harsh conditions can
be inferred at Bottrop, Hofstade, and Brixham cave, as they date to
particularly cold stadials (OIS4 for the first two, and OIS2 for Brixham;
Lisiecki and Raymo, 2005; Genty et al., 2010; Skrzypek et al., 2011).

Fig. 6. Evolution of the mesowear score of Coelodonta antiquitatis across the studied localities (ordered chronologically).
Color code by locality as in previous figures.
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Germonpré (1993) has already inferred recurrent severe cold-dry pe-
riods causing catastrophic mortalities of rhinoceros at Hofstade I, based
on the mortality profile of the species. However, most localities studied
here (Irpfelhöhle, Göpfelsteinhöhle, Weinberghöhlen bei Mauern, Cav-
erne Marie-Jeanne, North Sea, Bocksteinhöhle) probably date to a
warmer period of the OIS3 (~59-41 kya; Skrzypek et al., 2011).

The body mass estimates for C. antiquitatis at the studied localities
ranged from 1850 to 2955 kg. These values are in the range of what has
been previously reported for the species based on various proxies and at
various localities (2900 kg in Stuart, 1991; 1.5 to 2 t in Boeskorov, 2012;
1038–2935 kg in Saarinen et al., 2016). These estimates are also close to
what is observed for the white rhinoceros (Ceratotherium simum) today
(Dinerstein, 2011). Interestingly, the morphology of both species have

Fig. 7. Evolution of the DMT signature of Coelodonta antiquitatis at the studied localities.
A – Complexity (Asfc), B – Anisotropy (Str). Localities ordered chronologically and colored as in previous figures.

Fig. 8. Stable isotopic signal (carbon and oxygen) of Coelodonta antiquitatis.
Color code by locality as detailed in the figure. Biotopes’ threshold according to
Domingo et al. (2013).

Table 4
Reconstruction of the mean annual temperature (MAT) and precipitation (MAP)
at the studied localities based on the isotopic content of the enamel carbonates of
Coelodonta antiquitatis.

MAT (◦C) MAP (mm/year)

Gönnersdorf 8.92 417.50
Ofnethöhle 7.54 470.24
Goyet 11.44 403.44
Vogelherdhöhle 7.13 693.45
Bocksteinhöhle 6.82 826.24
Göpfelsteinhöhle 8.55 417.99
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often been compared and several similarities have been pinpointed
(high crowned teeth, elongated head with a low carriage; Garutt, 1994;
Uzunidis et al., 2022), leading to assumptions of a similar ecology (open
habitat, strict grazer). However, this shortcut is not supported and the
paleoecological preferences of C. antiquitatis were more diverse, as
detailed thereafter.

4.2. Insights from dental wear

Our results on paleoecological preferences (dental wear and stable
isotopy), suggest great spatio-temporal variations, indicating a certain
plasticity in the food sources of C. antiquitatis. The mesowear scores are
very high for C. antiquitatis at all localities (Table 3; Fig. 6), pointing
towards dominant grazing habits consistent with the morphology (high
crowned teeth with secondary cement) and previous finding from the
literature (Boeskorov et al., 2011; Stuart and Lister, 2012; Rivals and
Lister, 2016; Geel van et al., 2019; Stefaniak et al., 2020). A strict
grazing behavior similar to that of the extant white rhinoceros is how-
ever unlikely, as the spatio-temporal variations in dental wear and
carbon content of the enamel suggest a greater dietary diversity (Fig. 6;
Fig. 7; Fig. 8).

Such plasticity in C. antiquitatis has already been reported in previous
works using various proxies. For instance, Guérin (1980) noted that the
hypsodonty index of C. antiquitatis was lower than that of the extant
strict grazer Ceratotherium simum, and suggested a less monotypic diet
for C. antiquitatis. Similarly, a mesowear approach on lower teeth sug-
gested that C. antiquitatis had intermediate dietary preferences between
that of the strict grazer C. simum and that of the variable grazer Rhi-
noceros unicornis (Hernesniemi et al., 2011). Eventually, several studies
have highlighted the consumption of browsing resources at least peri-
odically, such as forbs (non-graminoid herbaceous vascular plants) and
mosses (ancient DNA metabarcoding: Willerslev et al., 2014), woody
components (mesowear: Saarinen et al., 2016; pollen and spores: Geel
van et al., 2019), and Cyperaceae fruits (Carex), aquatic plants, and
seeds or leaves of Betula and Plantago (plants macro remains: Stefaniak
et al., 2020). All these suggests that C. antiquitatis was a variable grazer
with seasonal, as well as spatio-temporal differences in its dietary
preferences. Such a diet is closer to that of R. unicornis rather than that of
C. simum (Hullot et al., 2019).

The mesowear scores of deciduous teeth were lower than that of
permanent teeth (Fig. 6), indicating less abrasive food items in the diet
of the juveniles. This lower abrasive load could result from pre-weaning
habits (Bullington, 1991; Hamilton and Barclay, 1998), allowing for a
longer lifespan of the thinner and softer enamel band in deciduous teeth
(Carvalho et al., 2017), and keeping small competition for resources
with adults (Polis, 1984; Jeglinski et al., 2013).

We found no correlation between body mass and mesowear nor
microwear in the sample studied here. Previous studies already reported
an absence of correlation between body mass and diet for various her-
bivores, including C. antiquitatis (Steuer et al., 2014; Saarinen et al.,
2016; Orlandi-Oliveras et al., 2022). Instead of diet, body size might
correlate better with habitat openness. Indeed, a large size confers ad-
vantages in open environments, especially challenging ones such as the
tundra-steppe of the Würmian/Weichselian Eurasia, notably an
increased resistance to seasonal shortages of food and water (Peters,
1983; Clauss et al., 2003) and a better energy-efficient locomotion
helping for predator avoidance (Peters, 1983). At first glance, an
increased resistance of large species to seasonality is contradictory with
our results, as hypoplasia prevalence and body mass co-variate (Fig. 4),
suggesting a greater stress susceptibility of C. antiquitatis at localities
with greater body mass. However, for a stress (or combination of
stresses) to be recorded as a hypoplastic defect, the individual must
survive. Thus, a large size probably does not prevent stress such as
seasonal shortages of food and water to affect the metabolism, but may
rather increase resilience.

4.3. Insights from stable isotopy

Our results regarding the carbon content of C. antiquitatis enamel
suggest a pure C3 environment and diet (Fig. 8), consistent with the
knowledge that C4 grasses were never dominant in Europe, contrary to
other regions of the world (Strömberg, 2011; Saarinen et al., 2020).
Other isotopic analyses on European Pleistocene rhinoceroses (Stepha-
norhinus, Coelodonta) also suggest a C3 environment (Pushkina et al.,
2014; Stefaniak et al., 2020; Rey-Iglesia et al., 2021; Zanazzi et al.,
2022). Regarding the range of values, our results on δ13CCO3, enamel
(− 11.8 to − 8.7‰) are similar to that reported by Stefaniak et al. (2020)
for C. antiquitatis from various studies in Western and Central Europe
from Middle to Late Pleistocene (− 13 to − 9 ‰). In the same work, the
authors did not find significant differences in δ13CCO3, enamel with respect
to chronology (except between late Middle Pleistocene and late Late
Pleistocene) and to geographic regions (Stefaniak et al., 2020). They also
suggest low dietary flexibility for C. antiquitatis contrary to our findings
and to the literature (Rey-Iglesia et al., 2021). However, this interpre-
tation is based on a more restricted dataset and on the isotopic content
only, without considering attritional and abrasional aspects of
mastication.

Regarding δ18OCO3, enamel there are greater variations than compared
to δ13CCO3, enamel in both our dataset (− 10.67 to − 5.2 ‰) and the one
reported by Stefaniak et al. (2020; − 13.98 to − 6.93 ‰) suggesting
spatio-temporal variation of the climatic conditions within Europe.
However, no significant trend by chronology nor region is detectable,
which could suggest a relatively strict climatic niche for C. antiquitatis.
Indeed, despite spatio-temporal variations in the diet of C. antiquitatis,
its overall climatic niche is rather restricted to the cold conditions of the
tundra-steppe habitat (Stefaniak et al., 2020; Rey-Iglesia et al., 2021). A
strict climatic niche might explain the persistence of C. antiquitatis only
in restricted zones (Siberia) during the latest Pleistocene deglaciation
and its extinction associated with the disappearance of its habitat,
fragmentation of populations, and climatic instability (Kuzmin, 2010;
Stuart and Lister, 2012; Rey-Iglesia et al., 2021).

Interestingly, the isotopic results also give some insights into the
local environmental conditions. Our results suggest substantial spatio-
temporal variation of MAT and MAP, as previously reported in Central
Europe (Skrzypek et al., 2011). The estimated MATs, between 6.5 and
11.5 ◦C (Table 4), are rather cold and comparable to today’s MATs at
high latitudes (e.g., Toronto: 8.7 ◦C, Stockholm: 7.3 ◦C; https://en.
climate-data.org). They seem however relatively mild for glacial times
in Central and Northern Europe. Indeed, previous works reported MATs
between − 10 and 0 ◦C in Belgium and the Netherlands (Germonpré,
1993; Vandenberghe and Pissart, 1993) during the Pleniglacial (73–12.5
kya) and the Late Glacial (12.5–10 kya), and around 0 during in-
terstadials and − 10 ◦C during stadials in Northern Germany (Shao et al.,
2021). Most localities studied here date from the Early Weichselian
(OIS5; 115 to 73 kya) or from the OIS3 (57-29 kya), both periods cor-
responding to interstadials (Germonpré and Sablin, 2001; Wohlfarth,
2013). During these intervals, reported MATs in Central Europe were
estimated around 6.8 ◦C (115–74 kya; OIS5) and 6.3 ◦C (59 and 41 kya;
OIS3) respectively (Skrzypek et al., 2011). As stated above, several lo-
calities investigated here probably date to the second warmer interval,
including Göpfelsteinhöhle and Bocksteinhöhle for which isotopic con-
tent was studied. This could explain the mild MATs reconstructed there.

Nevertheless, several problems exist regarding the precise estimation
of MATs based on large herbivores (see discussion in Zanazzi et al.,
2022), notably when using only one taxon and a restricted sample.
When compared to the results from other associated taxa (Equus cab-
allus,Mammuthus primigenius, andMegaloceros giganteus), MAT estimates
based on C. antiquitatis enamel were consistently higher (6.82 vs. 2.76 ◦C
at Bocksteinhöhle and 7.13 vs. 2.86 ◦C at Vogelherdhöhle; Pushkina
et al., 2014). This might be due to absence of a specific robust equation
for rhinoceros to estimate δ18Oprecipitation. Indeed, the one from Tütken
et al. (2006) was only preliminary and yielded aberrant MAT estimates,
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that are 5–6 ◦C higher than the ones estimated with the equations for
horses (Sánchez Chillón et al., 1994), deer (D’Angela and Longinelli,
1990), bison (Bernard et al., 2009), or elephants (Ayliffe et al., 1992; see
Supplementary A).

Regarding precipitation, our estimates are quite low (< 500 mm/
year) for most localities studied (Table 4), consistent with the tundra-
steppe polar conditions of the Late Pleistocene. Indeed rain- and snow-
fall are generally limited in present day closest biomes (tundra, taïga),
due to the low vapor pressure of water under these conditions (Yurtsev,
2001). Previous estimates of MAPs in Northern Germany were around
500 mm per year during the Early Weichselian (Kühl et al., 2007),
similar to our values although our localities are younger. Likewise, the
estimates at Caverne Marie-Jeanne (isotopes not studied here) fall in a
similar range, between 500 and 1000 mm/year depending on the level
considered and hence the age (Blain et al., 2019)

With respect to seasonality, the moderate intra-tooth variability in
enamel carbon and oxygen content (0.5–2‰) likely indicates moderate
seasonal contrasts in temperature and precipitation. This result could be
partly explained by isotope damping, which attenuates the variations of
δ18O along the crown during the maturation of the enamel (Zazzo et al.,
2005; Martin et al., 2008). Indeed, similar ranges of variability have
been reported for δ18O of various rhinocerotid species from different
periods and regions for instance: ~2‰ in Stephanorhinus and Coelodonta
from the Middle Pleistocene of Italy (Zanazzi et al., 2022), 1–1.9‰ in
modern and Miocene rhinocerotids under tropical conditions
(MacFadden and Higgins, 2004; Martin et al., 2008; Zin-Maung--
Maung-Thein et al., 2011), 1.1–1.3‰ from the Miocene rhinocerotids of
Southeastern United States (DeSantis and Wallace, 2008). Some datasets
display slightly higher variations: 2.0–2.5‰ for Miocene-Pliocene
rhinoceroses from continental China (Zhang et al., 2012; Ciner et al.,
2015; Biasatti et al., 2018), and 2.2–3.9‰ for Eocene, Oligocene, and
Miocene rhinocerotids from continental North America (Zanazzi and
Kohn, 2008; Zanazzi et al., 2015; Harris et al., 2020). Moreover, a pre-
vious study revealed that the δ18O in extant rhinoceros’ enamel seems
not to be very sensitive to changes in aridity (Levin et al., 2006), which
would suggest that rhinocerotids might not be the best taxa to track
seasonality through oxygen content. Besides this metabolic buffering,
other parameters might explain the moderate seasonality inferred. For
instance, as discussed above, most localities studied date to a milder
interval of the OIS3 (59 and 41 kya), with probably less harsh winters.

5. Conclusions

The results of this study indicate a variable individual age structure
for the different localities studied, mostly differentiated by the fraction
of juveniles. The high prevalence of hypoplasia (recorded on about 20 %
of the studied teeth) and the mortality curves revealed three general
vulnerability periods (birth, weaning, cow-calf separation/maturity)
during the lifetime of C. antiquitatis individuals that were more or less
pronounced depending on the localities. Dietary proxies confirm that
C. antiquitatis was predominantly grazing in a pure C3 environment.
Several proxies (body mass, dental wear, hypoplasia prevalence) dis-
played sinusoidal spatio-temporal variations suggesting some flexibility
in the dietary preferences (variable grazing), habitat, and physiology of
this species in Europe. These variations could be related to climatic
changes, whether regional or more global (stadials-interstadials).
However, absolute dating of the dental specimens is necessary to pre-
cisely correlate the observed variations and specific climatic changes
(stadials-interstadials). Stable isotopic analyses revealed mild condi-
tions, consistent with the warmer interval during the OIS3 (59 and 41
kya). The seasonal variations inferred at the studied localities based on
isotopic analyses of dental enamel were limited, probably due to the
specificity of rhinoceros enamel (not very sensitive to changes in aridity)
and isotope damping. Our data on the diet, physiology, and habitat of
C. antiquitatis highlighted rather strict climatic parameters of the spe-
cies’ niche pointing toward high vulnerability in case of climatic and

vegetational changes during the latest Pleistocene.
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reptiles : un hommage à Jean-Claude Rage 18, 849–875. https://doi.org/10.1016/j.
crpv.2019.04.006.

Boeskorov, G.G., 2012. Some specific morphological and ecological features of the fossil
woolly rhinoceros (Coelodonta antiquitatis Blumenbach 1799). Biol. Bull. 39,
692–707.

Boeskorov, G.G., Bakulina, N.T., Davydov, S.P., Shchelchkova, M.V., Solomonov, N.G.,
2011. Study of pollen and spores from the stomach of a fossil woolly rhinoceros
found in the lower reaches of the Kolyma river. In: Doklady Biological Sciences.
Springer, pp. 23–25. https://doi.org/10.1134/S0012496611010017.

Boylan, P.J., 2008. The 1858 discovery and excavation of the Brixham bone cave, devon.
Stud. Speleol. 16, 3–15.

Brace, S., Palkopoulou, E., Dalén, L., Lister, A.M., Miller, R., Otte, M., Germonpré, M.,
Blockley, S.P.E., Stewart, J.R., Barnes, I., 2012. Serial population extinctions in a
small mammal indicate Late Pleistocene ecosystem instability. Proc. Natl. Acad. Sci.
USA 109, 20532–20536. https://doi.org/10.1073/pnas.1213322109.

Bullington, J., 1991. Deciduous dental microwear of prehistoric juveniles from the lower
Illinois River Valley. Am. J. Phys. Anthropol. 84, 59–73. https://doi.org/10.1002/
ajpa.1330840106.

Carvalho, T.S., Schmid, T.M., Baumann, T., Lussi, A., 2017. Erosive effect of different
dietary substances on deciduous and permanent teeth. Clin. Oral Invest. 21,
1519–1526. https://doi.org/10.1007/s00784-016-1915-z.

Çep, B., Schürch, B., Münzel, S.C., Frick, J.A., 2021. Adaptive capacity and flexibility of
the Neanderthals at Heidenschmiede (Swabian Jura) with regard to core reduction
strategies. PLoS One 16, e0257041.

Cerling, T.E., Harris, J.M., Ambrose, S.H., Leakey, M.G., Solounias, N., 1997. Dietary and
environmental reconstruction with stable isotope analyses of herbivore tooth enamel
from the Miocene locality of Fort Ternan, Kenya. J. Hum. Evol. 33, 635–650. https://
doi.org/10.1006/jhev.1997.0151.

Ciner, B., Wang, Y., Deng, T., Flynn, L., Hou, S., Wu, W., 2015. Stable carbon and oxygen
isotopic evidence for Late Cenozoic environmental change in Northern China.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 440, 750–762. https://doi.org/10.1016/j.
palaeo.2015.10.009.

Clauss, M., Frey, R., Kiefer, B., Lechner-Doll, M., Loehlein, W., Polster, C., Rössner, G.E.,
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Guérin, C., 1980. Les rhinocéros (Mammalia, Perissodactyla) du Miocène terminal au
Pleistocène supérieur en Europe occidentale: comparaison avec les espèces actuelles.
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early Miocene, SW France): Insights from dental microwear texture analysis,
mesowear, and enamel hypoplasia. Palaeontol. Electron. 24, 1–26. https://doi.org/
10.26879/1163.

Hullot, M., Merceron, G., Antoine, P.-O., 2023. Spatio-temporal diversity of dietary
preferences and stress sensibilities of early and middle Miocene Rhinocerotidae from
Eurasia: impact of climate changes. Peer Community Journal 3. https://doi.org/
10.24072/pcjournal.222 article e5.

Janis, C.M., 1988. An Estimation of Tooth Volume and Hypsodonty Indices in Ungulate
Mammals, and the Correlation of These Factors with Dietary Preferences, vol. 53.
Memoires du Museum National d’ Histoire Naturelle serie C, pp. 367–387.

Janis, C.M., 1990. Correlation of cranial and dental variables with body size in ungulates
and macropodoids. In: Damuth, J., MacFadden, B.J. (Eds.), Body Size in Mammalian
Paleobiology: Estimation and Biological Implications. Cambridge University Press,
Cambridge, pp. 255–300.
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Mourier, T., Cooper, A., Austin, J., Möller, P., Froese, D., Zazula, G., Pompanon, F.,
Rioux, D., Niderkorn, V., Tikhonov, A., Savvinov, G., Roberts, R.G., MacPhee, R.D.E.,
Gilbert, M.T.P., Kjær, K.H., Orlando, L., Brochmann, C., Taberlet, P., 2014. Fifty
thousand years of Arctic vegetation and megafaunal diet. Nature 506, 47–51.
https://doi.org/10.1038/nature12921.

Wohlfarth, B., 2013. A review of Early Weichselian climate (MIS 5d-a) in Europe. In:
Technical report/Svensk Kärnbränslehantering AB 44.
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Herzegovina). Palaeobiodivers. Palaeoenviron. 100, 457–477. https://doi.org/
10.1007/s12549-020-00435-2.

Yurtsev, B.A., 2001. The Pleistocene “Tundra-Steppe” and the productivity paradox: the
landscape approach. Quaternary Science Reviews, Beringian Paleoenvironments -
Festschrift in Honour of D.M. Hopkins 20, 165–174. https://doi.org/10.1016/
S0277-3791(00)00125-6.

Zachos, J.C., Shackleton, N.J., Revenaugh, J.S., Pälike, H., Flower, B.P., 2001. Climate
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