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ABSTRACT

Considerable morphological and ecological diversity has been found in extinct and extant members of the
bear genus, Ursus, and appears to be key in explaining how they have thrived across vast ecological
gradients. One example is the cave bear Ursus spelaeus. We applied 2D geometric morphometric techniques
to describe morphological changes in the mandibles of extant Ursus species to further interpret the
palaeoecology of U. spelaeus. Ursus species were discriminated using their mandibular morphology, which
showed intra and interspecific shape variation that was indirectly linked to climatic adaptations through
dietary variation. Mandibles of bears that inhabit colder, drier and more seasonal environments were
generally slender with large diastema and a dorsoventrally smaller ramus. In contrast, species from warmer
environments with higher levels of precipitation were found to have a dorsoventrally taller ramus (relative to
the corpus). Discriminant function analyses of the morphology of U. spelaeus suggested adaptations to
a series of fluctuating environments through time, helping to assess previously proposed Marine Isotope
Stages for sedimentary deposits in Scladina Cave. Our geometric morphometrics analyses of bear mandib-
ular ecomorphology demonstrates how geometric morphometrics provides a valuable tool to enhance
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paleoenvironmental reconstructions within deposits of the same fossil site.

Introduction

Extant and extinct members of the genus Ursus have populated
almost every ecological niche across the Holarctic region
(Pasitschniak-Arts 1993), from dense forest to open grasslands and
polar ice sheets, displaying associated morphological adaptations.

Their large geographic range is due to a relatively recent radiation
during the Pliocene. All extant Ursus species share a common ances-
tor, Ursus minimus Devéze de Chabriol and Bouillet 1827, which
underwent cladogenesis leading to several daughter species (Croizet
and Jobert 1828; Martin 1989; Baryshnikov and Lavrov 2013), includ-
ing the living Asian black bear Ursus thibetanus (Cuvier 1823), the
American black bear Ursus americanus (Pallas 1780; McLellan and
Reiner 1994), the brown bear Ursus arctos (Linnaeus 1758), the polar
bear U. maritimus (Phipps 1774) and several extinct bears including
the Etruscan bear Ursus etruscus (Cuvier 1823; Baryshnikov 2007)
and the cave bears Ursus deningeri and Ursus spelaeus (Rosenmiiller
1794; Reichenau 1904; Azzaroli 1983; Martin 1989; Hanni et al. 1994;
McLellan and Reiner 1994; Rossi and Santi 2001; Bon et al. 2008).
Ursus minimus gave rise to the Etruscan bear in the late Pliocene
while cave bear species split from U. arctos around 1-2mya (Loreille
et al. 2001; Bon et al. 2008), with U. maritimus later branching from
U. arctos (Hailer et al. 2012; Miller et al. 2012; Liu et al. 2014; Kumar
et al. 2017; Rinker et al. 2019).

The taxonomy of cave bears has been addressed by several
studies due to its geographic variability throughout the

Pleistocene. Recent morphological and genetic studies have recog-
nised distinct species, sub-species and multiple evolutionary
lineages including: Ursus kudarensis, Ursus deningeri, Ursus rossi-
cus, Ursus ladincus and Ursus spelaeus (Rabeder et al. 2004, 2008,
2010, 2011; Valdiosera et al. 2008; Knapp et al. 2009; Baryshnikov
and Puzachenko 2011; Dabney et al. 2013; Stiller et al. 2014). Their
diet has also been a topic of great debate for many years, with recent
research largely suggesting that species such as U. spelaeus were
omnivorous but predominantly consumed plant material (Kurtén
1968; Bocherens et al. 1997, 2006, 2014; Garsia 2003; Raia 2004;
Figueirido et al. 2009; Peigné et al. 2009; Rabeder et al. 2010; Meloro
2011; Baryshnikov and Puzachenko 2011; Bocherens 2015, 2019;
Charters et al. 2019, 2022; Pérez-Ramos et al. 2019, 2020a, 2020b;
van Heteren and Figueirido 2019).

A broad level of morphological variation has been identified
within cave bear fossils of the same locality due to the climatic
oscillations exhibited over several stratigraphic sequences, support-
ing subtle dietary shifts in relation to food availability. Shape change
was particularly evident in the sequence of Scladina Cave (Belgium)
where shape changes in upper and lower molars have been detected
in intervals covering less than 100,000 years (Charters et al. 2019,
2022). Fossil mandibles of cave bears are equally abundant in
Scladina; however, their morphological variation has not yet been
investigated in detail. Meloro et al. (2017) recently identified sub-
stantial polymorphism in the mandible shape of Ursidae, which
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appeared to be associated with climatic adaptations. This frame-
work should allow better interpretation of the morphology of fossil
cave bears, whose shape might be indicative of adaptations towards
cold or temperate climatic conditions.

Our aim is to interpret morphological variation of fossil cave
bears in relation to present day bears ecogeographical patterns. By
predicting the ‘optimal’ climatic niche to which cave bear morphol-
ogy could have been adapted, we aim to interpret its temporal
variation in relation to Pleistocene climatic shifts. We predict that
if the cave bears underwent adaptive responses to dramatic climatic
changes, this should be reflected in climate-correlated changes in
mandibular morphology. Extrapolation of this method can also
help us understand whether (before their extinction) cave bears
were unable to rapidly adapt to the colder conditions and associated
changes, including biotic effects (such as increased competition
from species such as from humans and brown bear). Our aim is
to test for changes in morphology of U. spelaeus and assess whether
morphological changes are linked to climatic variation. As all cave
bear specimens are from Scladina cave, there is limited geographical
influence on diet, which would allow us to interpret morphological
change as an indirect link to climate. We expect cave bear fossil
mandibles from colder climatic sequences to differ in shape from
specimens representative of more temperate conditions, along
a gradient of shape changes that can be identified in representative
extant species of Ursus. Variation in size is also expected, although
due to the larger size variation in cave bears, this variable may not
follow comparable patterns in extant species.

Materials and methods
Sites and specimens

A total of 153 hemi-mandibles from one extinct and four extant
species of the genus Ursus were used for geometric morphometric
analyses including: Ursus americanus, Ursus arctos, Ursus mariti-
mus, Ursus thibetanus and Ursus spelaeus (Figure 1, Table 1, and
Table S1). Specimens were examined from nine depositories:
Museo Nacional de Ciencias Naturales, Madrid, Spain; Museo
Nazionale preistorico Entografico Luigi Pigorini, Roma, Italy;
Parco Nazionale d’Abruzzo Lazio & Molise, Abruzzo, Lazio, Italy;
Natural History Museum London, UK; American Museum of
Natural History, New York, U.S.A.; Scladina Cave Archaeological
Centre, Andenne, Namur, Belgium; Museum of Zoology of Torino

University, Turin, Italy; World Museum Liverpool, UK and
National Museum of Natural History, Sofia, Bulgaria.

Due to incompleteness of some cave bear specimens, we used
three datasets for the analyses: i) whole hemi-mandibles, ii) the
corpus only, iii) the ramus only. This allowed us to considerably
increase the numbers of U. spelaeus specimens from chronostrati-
graphic sedimentary units/layers of Scladina Cave, Belgium.
Specimens span multiple stratigraphic units from 2A to 7A
(Pirson et al. 2008, 2014). For the stratigraphic log including a full
synthesis of chronostratigraphical and palaeoenvironmental data
see Pirson et al. (2014).

In brief, the majority of deposits found in Scladina Cave have
been found to relate to the Upper Pleistocene (Pirson et al. 2014)
with Units 7B to 6C been suggested to position in the Middle
Pleistocene, possibly Late Saalian (MIS 6; Haesaerts 1992; Pirson
2007; Lopez-Garcia et al. 2017). Unit 6B and possibly part of Unit
6A have been further suggested as a wooded temperate to boreal
environment based on analyses of palynology, taxa presence and
speleothem growth (Bastin 1992; Cordy 1992; Simonet 1992;
Pirson et al. 2008, 2014; Lépez-Garcia et al. 2017). Unit 5 is
interpreted as a cooler, steppe period with less tree cover and
presence of arctic taxa, while pollen data from Unit 4B indicate
arid open steppe conditions (Bastin 1992; Cordy 1992; Pirson
2007; Pirson et al. 2008, 2014). Strong climatic improvement is
seen throughout layers within Units 4A-AP and 4A-IP.
Palynology (including pollen spectra from stalagmitic floor
CC4), large mammals, small mammals and herpetofauna suggest
a temperate forest environment with a higher humidity (Bastin
1992; Cordy 1992; Pirson 2007; Pirson et al. 2008, 2014, Blain et al.
2014; Lépez-Garcia et al. 2017). Unit 3-INF in palynology is
represented by boreal species, indicating an open boreal environ-
ment, while 3-SUP transitions to a more steppic environment with
some boreal trees (Pirson 2007; Pirson et al. 2008). To the top of
3-SUP (3-ORH and 3-ORA), a climatic improvement is suggested
through palynology, anthracology and the presence of
a speleothem (Pirson 2007; Pirson et al. 2008). Unit 2A is con-
sidered as a deposit of the Weichselian pleniglacial and Unit 2B
suggesting the end of MIS 5a.

Specimens used herein pertain to single or groups of units and
not specific stratigraphic layers that correspond to single environ-
mental signatures (in some cases they can encompass several layers
with variable climatic signals). This is due to the fossil material
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Figure 1. Map of the Northern Hemisphere with locations of samples used in this study. Extant species are represented by circles and fossil species represented by triangles.



Table 1. Specimens used for this study by species and skeletal element from the
mandible, i.e. whole mandible, Corpus only and Ramus only.

Species Whole Corpus Ramus
U. americanus 16 16 15
U. arctos 70 73 70
U. maritimus 16 16 16
U. spelaeus 10 31 12
U. thibetanus 14 15 14
Total 126 151 127

being excavated, collected and curated before the reappraisal of the
stratigraphy (as in Lopez-Garcia et al. 2017).

Landmark configuration

Each hemi-mandible was photographed using a tripod mounted
Nikon D3100 equipped with a 55-200 mm Nikon AF-S DX Zoom (f/
4-5.6 G ED) lens and photographs were collected at a fixed 100 mm
focal length. The same procedure was carried out for all individuals at
all institutions to standardise the collection of image data and minimise
error. Intra-observer error was tested on a random subset of specimens
(n=20) and tested by repeated measures in R (ver. 4.1.1) using the
packages Geomorph (ver. 4.0) and RRPP (ver. 1.0), showing high levels
of repeatability (* (%) = 99.9) (Table S4).

For analyses, left hemi-mandibles were mirrored so that all
specimens had the same orientation. 12, 8 and 6 landmarks
(Cartesian coordinates of anatomically homologous points) were
digitised on the whole mandible, corpus and ramus specimen
datasets, respectively. Landmark coordinates preserve the geometry

Mandibular
Condyle

Angular
Process

L Mental Foramen
Corpus/Ramus

threshold
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of the set configuration in the dataset, allowing for effective visual
representations of shape and related deformations (Bookstein 1991,
1996; Rohlf and Marcus 1993; Zollikofer and Ponce de Leon 2002;
Adams et al. 2004; Zelditch et al. 2004; Slice 2007; Mitteroecker and
Gunz 2009). In regard to landmark configuration and justification,
a landmark was not placed between P, and M; due to the fractured
nature, wear (karst geological processes) and loss of dentition in
most of cave bear specimens.

The software tpsDIG2 (version 2.32; Rohlf 2015) was used to
place two-dimensional landmark positions on each specimen, con-
ducted by a single operator (D.C.) to alleviate inter-observer error.
Landmarks 1-8 are anatomically placed, while landmarks 9-12 are
geometrically aligned projections perpendicular to landmarks 1-4
as the base of the corpus lacks defining morphological features.
Whole mandible specimens contain all 12 landmarks and are
included in all three datasets, while corpus data use landmarks 1-
4, 9-12 and ramus specimens use landmarks 4-9 (Figure 2 and
Table 2). Landmark 1 could also be placed on all ‘ramus only’
specimens due to the nature of the preservation of fossil specimens
having damage to the mandible around the positions of landmarks
10-12, which excluded them from being used in the whole mand-
ible and corpus datasets, but allowed for the correct placement of
landmarks 4 and 9.

Geometric morphometrics (GMM)

All analyses were conducted separately on each mandibular ele-
ment. Size information was extracted from the raw coordinates
using the square root of the sum of squared distances between the
landmarks and the centroid (Mitteroecker et al. 2013), with

Figure 2. (left) anatomical nomenclature of right hemi-mandible and (right) landmark configuration for hemi-mandibles in lateral view (U. spelaeus - SC 92-503-01). Scale

bar: 4.0cm. Refer to Table 2 for landmark definitions.

Table 2. Definition and numbering sequence of landmarks for lateral hemi-mandibles.

Landmark Definition

Posterior point of the canine alveolus
Anterior point of P4 alveolus

Tip of alveolus between M, and M,
Posterior point of M5 alveolus

Tip of coronoid process

Dorsal extreme of the mandibular condyle

ooNOTULIh WN =

—_—_
N = O

Most posterior point of the mandibular condyle

Most posterior point of the angular process

Perpendicular projection of landmark 4 on the ventral edge of the mandibular corpus based on the line 1-4
Perpendicular projection of landmark 3 on the ventral edge of the mandibular corpus based on the line 1-4
Perpendicular projection of landmark 2 on the ventral edge of the mandibular corpus based on the line 1-4
Perpendicular projection of landmark 1 on the ventral edge of the mandibular corpus based on the line 1-4
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logarithmic transformation (natural logarithm) used to ensure that
the distribution in shape space was isotropic. The resultant centroid
size (logCS) was used as a measure of size across all datasets.
Through Generalized Procrustes analysis (GPA), a Procrustes
superimposition was performed, with translation and scaling of all
landmarks to the same centroid, then a rotation of all configura-
tions of each specimen to minimise shape distances between them
(Gower 1975; Rohlf and Slice 1990). The Generalized Procrustes
analysis produced a new set of coordinates named Procrustes coor-
dinates which effectively described spatial positioning of each land-
mark after removing differences in orientation and size of the
specimens. Shape variation between specimens was explored
through a principal components analysis (PCA) of Procrustes
shape coordinates for each landmark configuration (whole mand-
ible, corpus and ramus) in Morpho] (ver. 1.06d, Klingenberg 2011,
2013). Principal components analysis reduces the dimensionality of
large datasets and produces orthogonal vectors that describe varia-
tion within a multivariate sample. Deformation grids based on thin-
plate spline were employed to graphically show the mean shape
configuration and deformation from the mean at the extremities of
each visualised Principal Component (Klingenberg 2013).

Procrustes ANOV A was adopted to test factors (e.g. species) that
might impact on variation in mandible shape of the genus Ursus
using the R (ver. 4.1.1; R Core Team 2021) packages: Geomorph
(ver. 4.0) and RRPP (ver. 1.0) (Adams et al. 2013, 2022; Adams and
Collyer 2015; Collyer and Adams 2018, 2019, 2021; Baken et al.
2021; R Core Team 2021) on shape variables, accompanied by
pairwise permutations (using residual randomisation with 1000 per-
mutations) further computed in the R package RRPP. These
Pairwise comparisons maintain the same type I error rates across
model effects and post hoc pairwise comparisons (Collyer et al.
2015) and do not require further p value adjustment to reduce the
type I error rate.

A test of allometry (ANOVA using residual randomisation) was
also produced in R (ver. 4.1.1; R Core Team 2021) using log
transformed centroid size and Procrustes coordinates in order to
assess the statistical association between shape and size in species of
Ursus. This was followed by pairwise permutation tests in RRPP
(ver. 1.0; Collyer and Adams 2018, 2019, 2021).

Ecogeographical variation

For this study, we recorded all geographical data when the informa-
tion was available in order to assess the ecogeographical variation
across species of extant Ursus. This provided us with 119 specimens
from the original 153 used in GMM which could be assigned to
a total of 49 distinct localities. Sex was not determined for speci-
mens of U. spelaeus due to the preservation of the hemi-mandibles
(broken and lack of important sexually dimorphic elements such as
canines) at the time of data collection. To circumvent the important
factor of sex, we used allometrically corrected shape variables in all
analyses. Residuals produced from linear regression on Procrustes
coordinates and log centroid size were retained and used in place of
standard Procrustes coordinates as this removes the largely sexually
dimorphic factor of size in the data set. This was conducted on all
U. spelaeus and extant species to ensure sex is not a confounding
factor influencing any climatic interpretations. Landmark config-
urations for extant specimens (within the same location) were
further averaged by location (to avoid pseudo-replications) and
tests between species groups used group means for shape, size and
allometric tests to reduce the impact of sexual dimorphism (see
Caceres et al. 2014; Meloro et al. 2017).

Nineteen bioclimatic variables were extracted for each location
and used in subsequent analyses as a proxy for climate (see Table S2

for bioclimatic variable definitions). These bioclimatic variables
were extracted at a resolution of 2.5 minutes from the WorldClim
database of current climate (~1950-2000; Hijmans et al. 2005)
using DIVA-GIS 7.5 (Hijmans et al. 2001, 2012) software. Each of
the 19 bioclimatic variables were converted to the standardised
normal distribution (i.e. z= ") prior to any analyses to avoid
weighting differences of any variable. Separate linear regressions
were first employed to test associations between each bioclimatic
parameter and extant bear shape variables. Only variables with
statistically significant association between bioclimatic variables
and shape variables were retained and included in Partial Least
Squares analysis, while non-significant bioclimatic variables were
seen as redundant (see Table S3). For example, bioclimatic variables
such as ‘driest month’ may be related to summer or winter, and
such may or may not be during torpor. Linear regression is used to
clarify if the bioclimatic variable shows statistically significant asso-
ciation with shape variables which would then result in that biocli-
matic variable being valid or not in analyses. This allowed selection
of only relevant bioclimatic variables in subsequent partial least
squares (PLS) analyses (see Meloro and Sansalone 2022).

Partial least squares analysis is a technique that allows the
extraction of pairs of vectors which maximise covariation between
two blocks of multivariate datasets (Rohlf et al. 2000). Here, PLS is
applied to find covariation between climate and mandible shape
variables. Initially, a Two-Block PLS analysis was conducted on
only statistically significant standardised bioclimatic variables and
allometrically corrected Procrustes coordinates of extant bear spe-
cies in the software Morpho] (ver 1.06d; Klingenberg 2011, 2013).
Partial least square vector scores (PLS1 and 2 of block 1 [shape data]
and PLS1 and 2 of block 2 [climate data]) were retained. A linear
regression was then run on all allometrically corrected Procrustes
coordinates (extant species and U. spelaeus) against PLS1 of block 1.
From this analyses, the unstandardised predicted values were
retained for all bear specimens. The same was repeated for PLS2
of block 1. The unstandardised predicted PLS values of U. spelaeus
were then plotted (projected) relative to extant bear species. The
same plotting was done using the unstandardised predicted values
of cave bears against PLS1 of block 2. Ursus spelaeus was plotted on
a regression line as it has been extrapolated from a previous regres-
sion of PLS1 block 1 vs PLS1 block 2 (shape only). This process was
then repeated for each dataset (whole mandible, corpus and ramus).

A spread of U. spelaeus was expected along the predicted regres-
sion line due to specimens pertaining to multiple different chron-
ostratigraphic sedimentary units of Scladina Cave that were settled
during different climatic conditions. Discriminant function ana-
lyses (DFA) were additionally performed using allometrically cor-
rected PLS1 and PLS2 morphology scores as independent variables
and Koppen-Geiger climate classifications (simplified to five main
groups to allow for more robust classifications: Tropical, Arid,
Temperate, Cold and Polar) given to extant ursid species as pre-
dictor variables for palaeoclimate classification of U. spelaeus. The
‘Tropical’ classification was not applicable to any specimens of our
dataset. Koppen-Geiger climate classifications are divided groups
and sub-group categories that maps biome distributions around the
world based on threshold values of air temperature, precipitation
and topographic effects (Koppen 1936; Peel et al. 2007; Beck et al.
2018; Fig. S1). Cross-validated classifications were identified for
each extant bear location and simplified classifications were used
for DFA. These have been derived from multiple high-resolution
climatic datasets (WorldClim V1 and V2, CHELSA V1.2, and
CHPclim V1; Hijmans et al. 2005; Funk et al. 2015; Fick and
Hijmans 2017; Karger et al. 2017). Using PLS1 and PLS2 morphol-
ogy vector scores of extant Ursus, DFA was employed to statistically
predict climate categories for U. spelaeus specimens based on their



shape. Climatic predictions using logCS were not produced due to
the size of U. spelaeus specimens being generally larger than extant
Ursus species.

Results
Mandibular shape in ursids

Principal components analysis scatter plots evidenced a certain level
of species discrimination across both PC1 and PC2 in morphospace
for all datasets (whole mandible, corpus and ramus) (Figure 3). For
the whole mandible, corpus and ramus, 95% of total shape variance
was covered in the first 11, 7 and 7 PC vectors, respectively.

For the whole mandible, positive PC1 (23.12% var) describes an
anteroposterior expansion and a dorsoventral contraction of the
corpus. Positive scores on PC2 (16.99% var) reflect an expansion of
the diastema, with negative scores indicating an anteroposterior
expansion of the ramus relative to mean shape. In this dataset, the
cave bear (U. spelaeus) groups with U. arctos and U. thibetanus,
dominating the morphospace of negative PC1 and positive PC2 as
a result of a contracted shape of the corpus at the molars and an
expansion of the diastema. The Asian black bear (U. thibetanus)
specimens possess negative scores on PCl, reflecting
a dorsoventrally thicker corpus. Overlap between U. arctos and
U. americanus specimens occurs around the centre of the morpho-
space. The majority of U. maritimus specimens are differentiated by
positive PC1/PC2 scores, indicating an expanded diastema and thin-
ner corpus body relative to mean shape.

For the corpus, the PCA scatter plot (PC1 35.48% var, PC2 30.81%
var.) manifested major overlap for most species around the origin of
the PC axes. All U. thibetanus show negative PCI1 scores while the
polar bear (U. maritimus) shows positive scores due to an expanded
diastema and anteroposterior lengthening relative to mean shape.
Both of these species overlap with other Ursus spp. (Figure 3B). The
cave bear (U. spelaeus) specimens spread across PC1 but show con-
sistent positive PC2 scores, relating to a relatively thicker corpus than
some extant species (U. arctos and U. americanus).

A plot of PC1 (24.42% var) versus PC2 (24.25% var.) for ramus
only specimens showed strong overlap for the majority of species,
with U. spelaeus specimens in the negative PC1/PC2 shape space
quadrant and of U. maritimus which showed positive PC2 scores
(Figure 3c). Shape variation of U. spelaeus relates to an expansion
between the mandibular condyle and angular process, a thicker
corpus at the corpus/ramus threshold along with a taller coronoid
process relative to the mean. Ursus arctos, U. americanus and
U. thibetanus cluster around the origin of both PC1 and PC2. As
with the whole mandible and corpus datasets, U. spelaeus and
U. maritimus have the most taxonomically distinctive shape in
comparison to other species.

Procrustes ANOVA of shape data showed statistically significant
differences between species (all U. spelaeus together) for all datasets
(p <0.001; Table 3) with taxonomy explaining a large portion of shape
variation in each sample (28.3%, 34.5%, and 23.2% for whole mandible,
corpus and ramus datasets, respectively). Pairwise permutation tests
between species showed statistically significant results across each
dataset with tests between species showing p < 0.01 in all cases except
for ramus shape of U. americanus and U. thibetanus (p = 0.59; Table 4).
When U. spelaeus specimens are separated by stratigraphic unit, simi-
lar results are produced through ANOVA of shape (p <0.001 in all
cases for whole mandible, corpus and ramus). Pairwise permutation
tests showed that individual stratigraphic units of U. spelaeus differed
from other extant bears more so than between other stratigraphic units
(especially for Unit 3 specimens), although differences between each
stratigraphic units are relatively small (Table 4). The only significant
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difference between stratigraphic units was that for shape between unit
3 and 4A, for both whole mandible and ramus datasets (p =0.015 and
p =0.013, respectively; Table 4).

Size and allometry

A large portion of variation in each dataset was due to size (40.5%,
59.9%, and 39.4% for whole mandible, corpus and ramus datasets,
respectively) with the ANOVA revealing statistically significant spe-
cies size differences in all three datasets (p < 0.001; Table 3; Figure 4).
Pairwise permutation tests between species showed statistically sig-
nificant differences in size for each dataset and resulted in p < 0.001
for all comparisons between U. spelaeus and every extant species
(Table 4). When U. spelaeus is separated by stratigraphic unit, only
Unit 3 specimens are significantly different in all cases (Table 4).
Across all datasets, all pairwise comparisons between U. arctos and
U. maritimus, plus U. americanus and U. thibetanus returned non-
statistically significant results (Table 4). There is a significant allo-
metric signal on shape across species for whole mandible, corpus and
ramus datasets although it explains a small proportion of variance
(between 3% and 9%) and allometric trajectories do not differ
between species (p > 0.200, Table 3).

Ecogeographical variation

Partial least squares analyses show strong covariation between mand-
ible shape and the selected bioclimatic variables (16 for whole mand-
ible, 15 for corpus and 12 for ramus; Table S3), with the first pair of
PLS axes explaining 88.73%, 95.95% and 76.91%; and the second pair
of PLS axes explaining 8.28%, 3.30% and 17.03% of covariation for
whole mandible, corpus and ramus datasets, respectively (Figures 5
and 6). The climatic variables that showed a significant correlation
with ursid mandible shape were: i) whole mandible, Bio 1-13, 15-16,
18; ii) corpus Bio 1, 3-13, 15-16, 18; iii) ramus Bio 1-3, 5-6, 8-11,
17-19 (Table S3). All PLS1 and PLS2 for whole mandible, corpus and
ramus datasets were statistically significant (p <0.01). The correla-
tions between shape PLS1 and climate PLS1 for all datasets (whole
mandible, corpus and ramus) were high and significant (whole
mandible: r=0.766, p < 0.001, Figures 5A-D and 6A-D; corpus: r
=0.712, p <0.001, Figures 5B-E and 6B-E; ramus: r=0.553, p <
0.001, Figures 5C-F and 6C-F). This shows bears that inhabit colder,
drier and more seasonal environments have a more slender mandible
shape with a relatively dorsoventrally thinner corpus and ramus,
a straighter corpus body and a larger diastema. Bears from these
climates also show a dorsoventrally smaller ramus, differentiating
from specimens with a taller ramus that inhabit warmer, less season-
able environments with higher levels of precipitation.

Partial least square plots of the whole mandible show the polar bear
(U. maritimus) occupying mainly negative scores (Figures 5 and 6),
while the Asian black bear (U. thibetanus) scores positively with small
overlap with specimens of U. arctos and U. americanus from warmer,
less seasonal areas. These morphological differences are also present in
bears of the same species that inhabit different environments.
Specimens of U. arctos and U. americanus located in colder, more
seasonal environments such as Alaska and Canada show morphologi-
cal shape that clusters closer to specimens of U. maritimus (Figures 5
and 6), while specimens of these species from warmer habitats with
higher precipitation show morphology closer to specimens of
U. thibetanus.

The cave bear (U. spelaeus) occupies a range of scores in shape
space (Figures 5 and 6), clustering with specimens of U. americanus,
U. arctos and U. thibetanus. The PLS scatter plot for the ramus
dataset (Figure 6¢) shows greater overlap than whole mandible and
corpus datasets (Figure 6(A,B), respectively). This is also the case in
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Table 3. Procrustes ANOVA models testing for association between shape and size vs the factor species and allometric patterns for each mandible dataset. Significance

indicated in bold.

Model Factor F Z df r P

Whole Shape~Species Species 11.943 10.045 4,121 0.283 <0.001
Size~Species 20.576 6.696 4,121 0.405 <0.001
Shape~logCS+Species+logCS:Species logCS 10.040 5.406 1,116 0.056 0.007

Species 11.825 8.769 4,116 0.265 0.007

logCS:Species 1.184 0.747 4,116 0.027 0.226

Corpus Shape~Species Species 19.215 10.029 4,146 0.345 <0.001
Size~Species 54.733 9.669 4,146 0.599 <0.001
Shape~logCS+Species+logCS:Species logCS 21.630 5.769 1,141 0.093 0.007

Species 16.379 7.766 4,14 0.281 0.007

logCS:Species 1.151 0.552 4,14 0.020 0.327

Ramus Shape~Species Species 9.222 9.769 4,122 0.232 <0.001
Size~Species 19.862 6.309 4,122 0.394 <0.001
Shape~logCS+Species+logCS:Species logCS 4.832 3.664 1,117 0.030 0.007

Species 8.975 7.848 4,117 0.224 0.007

logCS:Species 0.661 -1.379 4,117 0.016 0.920

Table 4. Pairwise comparisons of shape and size (logCS) (above and below the main diagonal, respectively) between species and stratigraphic units for U. spelaeus for
whole mandible, corpus and ramus datasets expressed with p values. Significance indicated in bold. All pairwise comparisons between stratigraphic layers of U. spelaeus
are highlighted in a grey box.

U. spelaeus U. spelaeus
Species Unit  U. americanus U. arctos U. maritimus U. thibetanus  All Units 2A 2B 3 4A 5 6A 6B-7 7A
Whole U. americanus - 0.002 0.001 0.001 0.001 - 0.114 0.001 0.016 - 0.065 0.606 -
U. arctos 0.001 - 0.001 0.001 0.001 - 0.239 0.001 0.01 - 0.113 0.674 -
U. maritimus 0.023 0.392 - 0.001 0.001 - 0.027 0.001 0.003 - 0.019 0.178 -
U. thibetanus 0.925 0.002 0.02 - 0.001 - 0.192 0.001 0.041 - 0.045 0.168 -
U. spelaeus All Units 0.001 0.001 0.001 0.001 - - - - - - - - -
U. spelaeus 2A - - - - - - - - - - - - -
2B 0.001 0.129 0.068 0.002 - - - 0.963 0.471 - 0.761 0.841 -
3 0.001 0.001 0.002 0.001 - - 0.942 - 0.015 - 0.681 0.47 -
4A 0.005 0.085 0.047 0.001 - - 0.736 0.686 - - 0.443 0.324 -
5 - - - - - - - - - - - - -
6A 0.001 0.077 0.045 0.001 - - 0903 0.813 0.632 - - 0.622 -
6B-7 0.243 0.915 0.751 0.216 - - 0.291 0.207 0.371 - 0.245 - -
7A - - - - - - - - - - - - -
Corpus U. americanus - 0.01 0.001 0.001 0.001 0.052 0.188 0.001 0.001 - 0.001 0.184 0.166
U. arctos 0.003 - 0.001 0.001 0.001 0.344 0.538 0.001 0.002 - 0.002 0.696 0.27
U. maritimus 0.031 0.459 - 0.001 0.001 0.023 0.09 0.001 0.002 - 0.001 0.097 0.016
U. thibetanus 0.821 0.001 0.021 - 0.001 0.064 0.383 0.001 0.002 - 0.002 0.062 0.269
U. spelaeus All Units 0.001 0.001 0.001 0.001 - - - - - - - - -
U. spelaeus 2A 0.005 0.166 0.1 0.004 - - 0.959 0.863 0.601 - 0.713 0.984 0.571
2B 0.002 0.106 0.069 0.001 - 0.682 - 0.935 0.851 - 0.796 0916 0.829
3 0.001 0.001 0.001 0.001 - 0.51  0.993 - 0.556 - 0.632 0.617 0.651
4A 0.001 0.009 0.006 0.001 - 0.769 0.834 0.681 - - 0.996 0.375 0.511
5 - - - - - - - - - - - - -
6A 0.001 0.001 0.001 0.001 - 0518 099 0957 0.682 - - 0.537 0.469
6B-7 0.019 0.335 0.229 0.015 - 0.803 0.57 0357 0.556 - 0.364 - 0.496
7A 0.007 0.239 0.162 0.003 - 0.846 0.836 0.857 0.985 - 0.815 0.716 -
Ramus U. americanus - 0.008 0.006 0.59 0.001 - 0.219 0.001 0.046 0.423 0.008 0.231 -
U. arctos 0.001 - 0.001 0.009 0.001 - 0.28 0.001 0.004 0.662 0.011 0.265 -
U. maritimus 0.03 0.359 - 0.001 0.001 - 0.038 0.001 0.006 0.102 0.001 0.182 -
U. thibetanus 0.718 0.001 0.076 - 0.001 - 0.232 0.001 0.028 044 0.003 0.14 -
U. spelaeus All Units 0.001 0.001 0.001 0.001 - - - - - - - - -
U. spelaeus 2A - - - - - - - - - - - - -
2B 0.002 0.102 0.055 0.002 - - - 095 052 0927 0.592 0.904 -
3 0.001 0.001 0.001 0.001 - - 0.954 - 0.013 0.681 0.238 0.55 -
4A 0.001 0.055 0.017 0.002 - - 0.765 0.702 - 0.239 0.198 0.595 -
5 0.045 0314 0.228 0.051 - - 0.64 0592 0.814 - 0.762 0.823 -
6A 0.001 0.017 0.007 0.001 - - 0963 0.994 0.753 0.598 - 0.725 -
6B-7 0.276 0919 0.755 0.357 - - 028 0.16 0.339 0.531 0.205 - -

Koppen-Geiger climate classification scatter plots (Figure 6D-F).  confirmed by NPMANOVA (p < 0.001 in all cases). Koppen-Geiger
Parametric MANOVA of PLS1 and PLS2 based on Képpen-Geiger  plots identify a degree of discrimination between climatic groups
climate classifications showed statistically significant difference in  based on shape (whole mandible and corpus datasets) with cold,
shape for all datasets; whole mandible: F (s g5) =28.247, p<0.001, dry and less seasonal environments clustering in a negative PLS1
Wilks’ A =0.113, partial n>=0.663; corpus F (5 s =13.492, p<  shape space while warmer, more seasonal environments with
0.001, Wilks’ \ = 0.271, partial n°=0.479; ramus: F (s sy =6.786, higher precipitation scoring more positively, Figures 6D,E.
p<0.001, Wilks’ A = 0.461, partial n> = 0.321. p values were further ~Warmer and more temperate scores for extant bears share
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Figure 4. Boxplots showing differences in log centroid size (logCS) of whole mandible, corpus and ramus specimens across all species of Ursus.

shape space with cave bears from stratigraphic units 2B and 4A
(Figure 6D).

Cave bear specimens from Units 2B and 4A cluster with tempe-
rate species, comprising U. thibetanus, U. arctos and U. americanus,
on PLS1 while specimens from sedimentary units 6B-7 show nega-
tive scores in shape space, closer to the polar bear. In sedimentary
units for the corpus dataset (Figure 6E), cave bears show large
overlap with the majority of specimens scoring positively in PLS1
and PLS2. Unit 3 specimens are widespread in the PLS shape space,
while unit 7A specimens exhibit negative PLS2 scores clustering
close to U. thibetanus, due to a relatively thicker corpus body in
comparison to mean shape. Koppen-Geiger plots for ramus show
a spread of morphology when categorised by climate in both extant
and extinct specimens. As with the corpus (Figure 6E), unit 3
specimens span shape space, here in PLS2 of ramus specimens
(Figure 6F) while scoring completely in positive PLS1 (relating to
a relatively taller/thinner ramus shape). Colder related units con-
gregate around the central region of the PLS space.

Discriminant function analyses on extant species identified
a high percentage of correctly classified cases for specimens of
polar climates (>75.00%) in all datasets, confirming their distinc-
tiveness compared to other climate types (Table 6). Cold climate
classification shows the lowest percentage accuracy of correct clas-
sification across all datasets (Table 6), with many of these specimens
being classified to arid climate class and vice versa.

Discriminant function analyses were computed on all three
datasets (whole mandible, corpus and ramus) using significant
allometrically corrected PLS1 and PLS2 morphology vector scores
for cave bear specimens. For the whole mandible and corpus data-
sets, discriminant functions DF1 and DF2 were found to be statis-
tically significant (Table 5). The DFA on the ramus dataset gave
different results, with only DF1 found to be statistically significant
(Table 5). DFA further predicted climatic group membership for
specimens of U. spelaeus in stratigraphic groups across all datasets
based on shape (Table 7). Climate predictions of U. spelaeus using
DFA shows varied climatic conditions across all units in all datasets
with regard to shape (Table 7). The corpus dataset provides the
most variation in climatic conditions, with multiple climate classi-
fications for specimens from single stratigraphic units. Unit 3 shows
the largest variation of predicted climates, ranging from polar to
temperate environments (Table 7).

Discussion

For the first time, extant skeletal morphology and bioclimatic vari-
ables have been utilised to predict palaeoclimates of Ursus spelaeus
through a single sites stratigraphic chronology. We find that

mandibular morphology is distinctive among bear species and
appears to be indirectly linked to climate, a pattern demonstrated
both within and between species. This concurs with a previous
study (Meloro et al. 2017). We also show that the cave bear exhibits
a distinct mandibular morphology, that changes through strati-
graphic units, compared to that of extant bear species and high-
lights the potential impact environmental differences have on
trophic diversity. Similar results have been obtained previously for
mandible shape (e.g. Fuchs et al. 2015; van Heteren et al. 2016)
which suggest that mandibular morphologies strongly reflect diet.
Hence, the disparity between extant bear species and the cave bear
seem to be characterised by distinctive adaptations for herbivory in
the latter (van Heteren et al. 2019).

We identify a degree of taxonomic discrimination when looking
at the corpus and ramus separately. Interestingly, the corpus seems
to show a stronger taxonomic signal in Ursus species. This is not
surprising considering that the corpus houses the dentition: the
number, positions and morphology are known to be highly infor-
mative in other groups such as the Carnivora (Meloro et al. 2008,
2011). Previous studies confirmed this at an interspecific scale,
suggesting modifications of the mandibular corpus of cave bears
and other species of Ursidae in relation to dental apparatus; with
the cave bear expressing an elongated corpus allowing room for
dental modifications in M5 (van Heteren et al. 2009, 2014, 2016;
Meloro et al. 2011). Similarly in the cranium, modifications to the
paranasal sinuses compromised biomechanical performance of the
skull, causing a domed forehead (typical of speloid bears) that
reduces the dissipation of bite stress. This modification would
have forced cave bears to have a skull morphologically constrained
to masticating vegetation with the posterior dentition (Pérez-
Ramos et al. 2020). Further to this, modifications in Mj itself of
U. spelaeus also validate this point, showing different evolutionary
shape trajectories than other dentition in the tooth row relating to
a size increase of the talonid grinding platform through time, to aid
in the processing and consumption of low-quality plant material
(Charters et al. 2022).

There are large size contrasts between bear taxa, with cave
bears being exceptionally large compared to all the other extant
species in the genus (Figures 3, 4 and Table 4). However, varia-
tion between stratigraphic unit specimens of U. spelaeus is
a different case, showing non-statistical differences in size
between any units (Table 4). The size difference shown by
U. spelaeus may be due to a level of niche partitioning. Cave
bears and brown bears lived in sympatry during the Pleistocene
and have been found to express different diets (more herbivorous
and omnivorous, respectively) through isotope analyses, suggest-
ing ecological competition between these species was likely
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Table 5. Summary of variation by the first two axes of DFAs on the Whole mandible, Corpus and Ramus datasets.

Significance indicated in bold.

Wilks’ A X df P % of var
Whole DF1 0.126 91.153 6 <0.001 82.3%
DF2 0.569 24.784 2 <0.001 17.7%
Corpus DF1 0.281 57.044 6 <0.001 78.4%
DF2 0.706 15.669 2 <0.001 21.6%
Ramus DF1 0.439 36.198 6 <0.001 88.7%
DF2 0.886 5339 2 0.069 11.3%
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Table 6. Percentage of cross-validated correctly classified cases of each climate classification for discriminant
function analysis for each dataset (whole mandible, corpus and ramus) on extant bear species. Percentages of
correctly classified cases are in bold.

Arid Temperate Cold Polar
Whole Arid 40.00% 0.00% 60.00% 0.00%
Temperate 0.00% 83.3% 16.7% 0.00%
Cold 43.50% 13.00% 43.5% 0.00%
Polar 12.50% 0.00% 0.00% 87.50%
Corpus Arid 60.00% 0.00% 40.00% 0.00%
Temperate 7.70% 69.20% 15.40% 7.70%
Cold 34.80% 30.40% 34.80% 0.00%
Polar 12.50% 0.00% 0.00% 87.50%
Ramus Arid 20.00% 20.00% 60.00% 0.00%
Temperate 16.70% 66.70% 8.30% 8.30%
Cold 39.10% 21.70% 26.10% 13.00%
Polar 12.50% 0.00% 12.50% 75.00%

Table 7. Predicted Koppen-Geiger climate classifications for U. spelaeus specimens from different strati-
graphic units of Scladina Cave for shape in each dataset (whole mandible, corpus and ramus) based on

DFA models.
DFA Predicted Climate Group

Specimen No Unit Whole Corpus Ramus
SC 91-509 2A - Temperate* -

SC 02-787-3 2A - Arid* -

SC 03-68-9 2B Temperate* Temperate* Temperate*
SC 83-99-2 3 - Temperate* -

SC 87-3 3 - Temperate* -

SC 91-582-15 3 Cold Arid* Temperate*
SC 91-582-75 3 - Polar -

SC 92-113-32 3 - Temperate* -

SC 92-1280-01 3 - Temperate* -

SC 92-502-21 3 - Temperate* -

SC 92-503-01 3 Cold Arid Temperate*
SC 92-507-7 3 Cold Arid Temperate*
SC 93-24-78 3 - Cold -

SC 93-30-34 3 - Arid -

SC 94 3 - Polar -

SC 98-178-293 3 Polar Temperate* Temperate*
SC 98-275-198 3 - Cold -

SC 03-566 3 - Temperate* -

SC 04-221-5 3 Cold Temperate* Temperate*
SC 87-90-40 5 - - Temperate*
SC 82-81-3129 4A - Polar -

SC 83-109-2274 4A Temperate* Temperate* Arid

SC 90-95-2278 4A - Temperate* -

SC 93-109-2874 4A Temperate* Temperate* Arid

SC 98-235 6A - Polar -

SC 04-578-17 6A - Arid -

SC 04-578-18 6A - Temperate -

SC 04-578-21 6A - Arid -

SC 04-578-26 6A Cold* Polar Cold*

SC 05-498-1 6A - - Cold*

SC 13-175-1 6B-7 Arid* Arid* Cold

SC 13-356-2 6B-7 - Temperate -

SC 02-52-1 7A - Cold* -

*Denotes the most common prediction for that Unit.

limited and further expressing the degree of dietary flexibility
brown bears had already developed in late Pleistocene Europe
(Bocherens et al. 2011). Similarly, during the late Pleistocene in
North America, brown bears coexisted with the giant short-faced
bear Arctodus simus. Isotope analyses suggested that while coex-
isting with this specialised carnivore, brown bears were mainly
herbivorous until the extinction of A. simus (Barnes et al. 2002),
with a potentially similar case of dietary variation between her-
bivorous cave bears and predominantly meat consuming brown
bears, already suggested for individuals of Scladina Cave
(Bocherens and Drucker 2006).

The shape of the mandible of U. spelaeus is characterised by
a thick curved corpus tall ramus and largely developed diastema,
similar to that of U. arctos. Shape variation of the cave bear shows
overlap with some species of Ursus, with cave bears showing
similar morphologies to U. americanus, U. arctos and
U. thibetanus.

Bear specimens that show a slender mandible shape, with
a relatively longer thinner corpus body, dorsoventrally smaller
ramus and a large diastema are associated with cold, highly seasonal
environments whereas bears with a mandible shape of a relatively
shorter, thicker more curved corpus, smaller diastema and taller,
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antero-posteriorly thinner ramus occupy generally warmer regions
with higher precipitation. Cold and Arid climate classifications
showed the lowest percentage of correct climate classification,
with specimens often being classified as relating to each other
environments. This may be due to the mutual exclusive nature of
Temperate, Cold, and Polar classes, were the non-mutually exclu-
sive Arid climate class may intersect other climate classifications
(Beck et al. 2018).

Other factors such as intraspecific variation and topography may
also cause mandibular divergence. Sedimentary dynamics and intra-
unit complexity also probably played a role, especially in complex
units such as 4A and 3 (see Pirson et al. 2014). Multiple sub-species of
U. arctos are in our sample (U. a. alascensis, U. a. gyas,
U. a. isabellinus (recorded inhabiting high altitudes in the
Himalayas, Sharief et al. 2020), U. a. dalli, U. a. horribillis,
U. a. marsicanus, U. a. middendorfi, U. a. arctos) that inhabit differ-
ent points on a vast ecological gradient (Krechmar 1995), being
morphologically distinct. Previously noted by Meloro et al. (2017),
sub-species of U. arctos show large variation in correctly classified
cases (50%-100%). Isotopic evidence has pointed to an association
between altitude related climatic variation and diet, with high altitude
precipitation (snowfall) having a greater impact on meat consump-
tion in U. arctos than at lower altitudes (Garcia-Vazquez et al. 2023.
Similarly in cave bears, a decreasing §'°N signature is found along
altitudinal gradients (Krajcarz et al. 2016), reflecting known altitude
gradients for modern plant species (Ménnel et al. 2007).

The cave bear specimens used in this study correspond to multi-
ple climate classifications associated with stratigraphic units in the
Scladina Cave. Unit 2A specimens were likely to correspond to arid
climates in-line with the palynology of the unit which showed
dominance of herb pollen and presence of steppe taxa that together
indicate cold dry conditions (Pirson et al. 2008). Unit 2A has been
previously suggested as a MIS 4 deposit which is supported here,
however a temperate classification suggests specimens may be from
early MIS 4, further suggested from low Green Amphibole concen-
trations in the silt fraction (Pirson et al. 2014). Unit 2A may
however indicate reworking of the underlying temperate Unit 2B,
instead of a separate chronoclimatic signal.

Temperate climate classification for U. spelaeus specimens
from units 2B across all datasets cluster on the boundary of
extant cold and temperate specimens in PLS shape space. This
suggests climatic improvement, supported by high percentage of
tree pollen (mainly Picea and Pinus) and fern spores throughout
the unit and previously interpreted to reflect more humid local
conditions (Pirson et al. 2008). Anthracological data from this
unit further supports a temperate boreal environment with high
amounts of Pinus and Picea found in charcoal remains (Pirson
et al. 2008, 2014).

Unit 3 appeared to have a variable climate. In whole mandible
shape space, a cold climate is inferred, while for ramus, a temperate
climate appears more likely. The corpus dataset predict cave bear in
all climate classifications (Temperate, Arid, Cold and Polar) with
specimens possibly representing the climatic fluctuation of different
MIS sub-stages within MIS 5 (Lambeck et al. 2002). Pirson et al.
(2008) previously suggested a contrasted environment ranging
from open steppe to forest steppe, with low pollen concentration
within layers of the unit, dominated by herbs, forbs and low per-
centages of boreal tree pollen. However, climatic fluctuation has
been previously suggested in Unit 3 (analysed with clear distinction
between layers within the unit) with stalagmitic floors being found
overlaying Units 3 INF and 3 SUP, indicating contrasting climates
with at least one colder and two warmer periods within Unit 3
(Pirson et al. 2014). The large variation of specimens within the unit
in shape and known climatic fluctuation in MIS 5 May further show

shifts in diet, reflected in the corpus due to morphological adapta-
tion in dentition.

Within Unit 4A, the majority of specimens appear to be related
to a temperate environment. Our findings agree with suggestions of
climatic improvement within the unit, supported by palynology
with the presence of conifer, malacophyll trees, fern spores, other
temperate taxa and a peak in algae (Pirson et al. 2014). This is
further supported by a thick stalagmitic floor within the unit,
indicative of climatic improvement (Quinif et al. 1994). A large
climatic fluctuation in Unit 4A suggests a range of climates for
specimens found in this unit. Similar to that of Unit 3, multiple
climate predictions for this unit may be due to its composition of
numerous sedimentary layers reflecting climate transitions and
sediment reworking within, from a temperate to a boreal environ-
ment suggested from pollen spectra (Pirson et al. 2008), possibly
associated to a series of MIS 5 sub-stages in early MIS 5.

Unit 5 is suggested as showing clear signs of climatic cooling or
a possible steppe environment with palynology dominated by herbs
and other steppe taxa (Pirson et al. 2014). However, the presence of
small mammals and large herbivorous animals show the persistence
of forest taxa (Cordy 1992; Simonet 1992). The specimen of Unit 5
suggests temperate conditions, with morphology similar to that of
extant bears of temperate classification. It could be possible that this
specimen comes from early MIS 5, however no robust suggestions
can be deduced from a small representation of the unit.

Unit 6A appears to show a cold environment, clustering close to
other cold classified specimens in whole mandible and ramus
datasets while like in other units, mixed environments are again
suggested when corpus shape is analysed. These results support
findings of the dominance of steppe herbs and lack of malacophyll
trees in the unit (Pirson et al. 2008). The varying climates suggested
by corpus specimens supports palynology suggesting an environ-
ment gradient through layers of unit 6A, with indications of tem-
perate environments at the base (possibly correlated to reworking
of Unit 6B), moving to a steppe environment at its top (Pirson et al.
2008).

Units 6B to 7 specimens suggest cold and arid environments,
similar in morphology to specimens of U. arctos and U. americanus
from cold habitats. Major climatic fluctuations have been suggested
throughout these units, with strong speleothem development found
in Unit 6B, while Units 6D and 6C have been suggested as clima-
tically colder (Pirson et al. 2008) previously suggested as pertaining
to MIS 5/6 (Pirson et al. 2014). Due to the lack of stratigraphic
accuracy of the specimens at the time of excavation and collection
(potentially relating to units 6B, 6C, 6D or 7 and further layers
within these units), specific climatic interpretations for single units
cannot be accurately derived.

The specimen from Unit 7A groups with extant cold/temperate
specimens and were further classified as a cold environments. With
cold and arid climatic predictions for Unit 6B to 7 (possibly late
MIS 6/early MIS 5), Unit 7A may be related to a slightly climatically
improved phase within MIS 5/6, reworked MIS 5/6, or potentially
reworked sedimentary deposits from MIS 7. Previous suggestions of
Unit 7A remain unclear, with clear sediment reworking found in
the unit (reworked speleothem and reworked humiferous soil;
Pirson 2007; Pirson et al. 2008).

Here, climate predictions are suggested using whole mandible
and separated components (corpus and ramus) of U. spelaeus.
However, climate predictions for the corpus dataset show large
variations, with multiple climates suggested for many stratigraphic
units. This demonstrates considerable morphological variation in
the corpus of cave bears within the same stratigraphic unit in shape
and an approach based on GMM also in conjunction with isotopic
information (8'%0 and 8'°C) or other techniques such as dental



microwear may be better suited in predicting past climates. Further,
with more precise dating methods for individual stratigraphic units
and accurate stratigraphic position of specimens down to single
sedimentary deposits, stronger supporting arguments and more
robust predictions on morphological changes relating to specific
MIS stages/climatic periods can be made regarding U. spelaeus in
Scladina Cave and other chronostratigraphic sedimentary
sequences. This is particularly the case regarding Units 3, 4A and
6B to 7 here, with multiple stratigraphic layers within these units
that suggest high climatic fluctuation.

Conclusion

Here, we show that climate has an impact on the functional
morphology of the mandible in extant and extinct bear species.
Species of Ursus can also be discriminated through the use of 2D
GMM. The mandibles of bears that inhabit cold, dry, seasonal
environments have a slender morphology possessing a straighter,
flatter corpus and a larger diastema relative to bears from less
seasonal, warmer environments with higher rates of precipita-
tion. Bears from warmer environments are found to have
a shorter, thicker corpus that is more curved with a smaller
diastema. This is found inter and intraspecifically. A series of
climatic classifications were suggested to aid in the assessment of
previously suggested Marine Isotope Stages for specimens related
to sedimentary deposits in Scladina Cave. Through the broad
ecogeographic and dietary variation within and between species
of extant Ursus, suggestions on palaeoclimate can be made for
the extinct species U. spelaeus. Using related faunal remains from
associated stratigraphic sedimentary units is a first step in adding
to the understanding of cave sediment chronology and their
climates. These results could be refined by taking into account
a larger representative sample for each unit and a vastly more
detailed stratigraphic attribution in the future. Techniques used
here could be further applied to other genera to interpret feeding
ecology and palaeoenvironments.
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