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The cave bear (Ursus spelaeus s.I.) was an iconic extinct bear that inhabited
the Pleistocene of Eurasia. The cause of extinction of this species is unclear
and to identify the actual factors, it is crucial to understand its feeding
preferences. Here, we quantified the shape descriptor metrics in three-
dimensional (3D) models of the upper teeth (P*-M?) of the cave bear to
make inferences about its controversial feeding behaviour. We used com-
parative samples, including representatives of all living bear species with
known diets, as a template. Our topographic analyses show that the com-
plexity of upper tooth rows in living bears is more clearly associated with
the mechanical properties of the items consumed than with the type of
food. Cave bears exhibit intermediate values on topographic metrics com-
pared with the bamboo-feeder giant panda (Ailuropoda melanoleuca) and
specialists in hard mast consumption (Ursus arctos and Ursus thibetanus).
The crown topography of cave bear upper teeth suggests that they could
chew on tough vegetal resources of low quality with high efficiency,
a characteristic that no living bear currently displays. Our results align
with a climate-driven hypothesis to explain the extinction of cave bear
populations during the Late Pleistocene.

1. Introduction

The cave bear (Ursus spelaeus s.1.) is an iconic extinct bear, making up a part of
the megafauna that inhabited the Pleistocene of Eurasia, whose extinction
causes are controversial. One key aspect of understanding why these cave
bears became extinct relates to their feeding behaviour [1]. Some authors pro-
pose that cave bears were adapted to feed exclusively on vegetal resources
from 100 000 to 20 000 years ago [2], without evidence of a dietary shift towards
omnivory at a time of lowered vegetation productivity during the Last Glacial
Maximum [3]. Both the lack of dietary flexibility and possible human compe-
tition are proposed to be critical factors in explaining the extinction of cave
bears [4,5]. Recently, Pérez-Ramos et al. [6] demonstrated that large paranasal
sinuses were likely selected in cave bears to overcome longer hibernation
periods, but the sinuses also compromised the skulls biomechanically. This bio-
mechanical restriction in the skull of cave bears led to a lack of dietary flexibility
typical of omnivorous bears. Cave bears exhibited a unique gradual increase in
their tooth-root area values of maxillary teeth (P*-M?), the values of their most
posterior molars approaching those of the bamboo-feeder giant panda (Ailuro-
poda melanoleuca) [7]. Despite this, the topography of maxillary tooth crown
surfaces in cave bears has never been studied in detail. Therefore, the motiv-
ation of our study was to make inferences on cave bear feeding preferences
by investigating the topography of their maxillary teeth [6].

Tooth shape correlates with feeding behaviour because it plays a key role in
the mechanical breakdown of food and release of nutrients during chewing [8].

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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In recent years, the analysis of the three-dimensional (3D)
surface of tooth crowns has allowed the quantification of
shape descriptors of tooth crown topographies that are
associated with masticatory performance and feeding behav-
iour in mammals [8-10].

Here, we apply a 3D dental topographic analysis to
quantify the dental topographic curvature (Dirichlet
normal energy, DNE), relief (surface relief index, RFI) and
complexity (using orientation patch count rotated, OPCR)
of tooth crown surfaces of maxillary postcanine series in
living bears. Our main goal is to explore the relationship
between these topographic shape descriptors and feeding
behaviour. Finally, we use this information as a template
to make dietary inferences in the cave bear (U. spelaeus s.1.)
and to discuss possible extinction causes.

2. Material and methods

We sampled the maxillary tooth rows from P* to M? of 86 indi-
viduals, including a total of 258 teeth, belonging to extant and
extinct bear species from different museum collections (see
electronic supplementary material, table S1). Our sample
includes all known extinct species and subspecies of cave bears
(U. spelaeus s.1.) [11]: U. ingressus and U. spelaeus (U. spelaeus
spelaeus, U. spelaeus eremus and U. spelaeus ladinicus) [12]. We
used a comparative sample data of all living bear species:
A. melanoleuca, Helarctos malayanus, Melursus ursinus, Tremarctos
ornatus, U. americanus, U. maritimus, U. thibetanus and U. arctos.
Tooth rows with cracked or chipped teeth were discarded,
and only fully occluding unworn or lightly worn teeth were
considered in the analyses.

High-resolution polyurethane dental replicas of each maxil-
lary series (P*-M?) were produced from polyvinylsiloxane-base
moulds and scanned using a Roland LPX-600 at 0.2 mm resol-
ution following Figueirido et al. (2017) [13] (see electronic
supplementary material). Subsequently, we measured a set of
3D-topographic shape metrics from triangulated polygonal
mesh data for each tooth row using MorphoTester [9]: (i)
DNE [14]; (ii) RFI [15] and (iii) complexity, using OPCR [16,17].

DNE quantifies the amount of bending across a surface,
reflecting the relative surface curvature and undulation, irrespec-
tive of structure size or orientation [9,14]. Higher DNE values
represent sharpened edges and troughs [14]. RFI was calculated
as a simple ratio of the 3D crown surface area (3da) divided by
the two-dimensional (2D) projected surface area (2da) [9,15], pro-
viding the relative tooth crown height [17,18]. Finally, OPCR was
used to quantify complexity with a minimum patch size of five
polygons [9]. OPCR was calculated by dividing the occlusal sur-
face into contiguous patches of equal orientation (45° sectors).
The number of patches was counted and averaged following
eight successive rotations of 5.625° around the z-axis [9].

To explore the association of size with DNE, RFI and OPCR,
we regressed these metrics against the 2da (mm?) of each tooth
row (P*-M?) as a proxy for size (both log-transformed). We
also computed phylogenetically independent contrast analyses
[19] of DNE, RFI, OPCR and 2da using the R package GEIGER
[20], and we regressed the contrasts for the three topographic
shape metrics on the contrast for 2da.

We assembled a phylogenetic tree using Mesquite [21] to
explore the phylogenetic patterns of DNE, RFI and OPCR. The
relationships of living bears were taken from the previous
study [22] based on ancient mitogenomes, and the phylogenetic
relationships of cave bears were based on the previous phyloge-
netic analyses [23].

We calculated Pagel’s lambda statistic for continuous traits
[24] to assess the phylogenetic signal in DNE, RFI and OPCR,

and the phylogenetic variation of the three variables was illus-
trated by traitgrams [25] using the R package Phytools [26].

To test the association between DNE, RFI, OPCR and feeding
behaviour in living bears, we used previously established dietary
groupings [7]. The eight species of living bears were classified into
three broad dietary categories to facilitate the ecomorphological
comparisons: (i) omnivores, feeding less than 50% soft mast;
more than 15% hard mast (U. arctos and U. thibetanus); (ii) foli-
vores-frugivores, feeding more than 50% soft mast and less than
15% hard mast (U. americanus and T. ornatus) and (iii) faunivores,
feeding more than 50% of animal protein, either insects (H. malaya-
nus and M. ursinus) or vertebrates (U. maritimus). The giant panda
(A. melanoleuca) was assigned to an independent category [7]
owing to its highly specialized diet based on bamboo [27]. We
assessed the relationship of DNE, RFI, OPCR and feeding behav-
iour using a phylogenetic ANOVA [28] with GEIGER [20], and
assuming Brownian motion. We used 1000 replicates to test for
statistical significance. Finally, a principal component analysis
(PCA) on the variance-covariance matrix of DNE, RFI and
OPCR (converted to Z-scores) was performed with PAST 4.02
[29] to calculate the specific patterns from topographic metrics
that account for most of the variability observed among dietary
groupings.

3. Results

The giant panda (A. melanoleuica) showed the highest DNE
values, followed by cave bears (figures 14, 24, table 1). The om-
nivorous bears exhibited intermediate DNE values, followed
by the faunivores. The folivores-frugivores reached the
lowest DNE values among the sample (figure 1a). The same
trend among dietary groupings was observed for OPCR
(figures 1c, 2c); however, the RFI value (figure 1b) did not dis-
tinguish among dietary groupings (figure 2b). The results of
the phy-ANOVA indicated that both DNE and OPCR are sig-
nificantly associated with feeding behaviour in living taxa,
even when taking phylogeny into account (DNE: F =44.509,
Ppiy = 0.00693; OPCR: F =44.909, p,, =0.00597), but this was
not the case for RFI (F=0.4725, p,,, = 1.7265).

The phylogenetic signals of both DNE (1 =0.973; p =0.01)
and OPCR (1=0.985; p=0.02) were statistically significant,
but RFI was statistically independent of phylogeny (1=
6.6107 x 107°; p>0.05). This pattern was also confirmed by
the traitgrams (figure 2d—f), as the distribution of both DNE
and OPCR preserves a clear phylogenetic structure across
species, but RFI distribution does not seem to be influenced
by phylogeny [25].

The bivariate regressions of both DNE and OPCR against
the surface area (2da) of the upper tooth rows (figure 2g-h)
indicated that variation in both topographic metrics is signifi-
cantly influenced by tooth size (DNE: R*=0.632, p <0.001;
OPCR: R?=0.812, p<0.001). By contrast, the bivariate
regression of RFI against 2da was not statistically significant
(R?=0.010; p =0.355), which indicated that RFI is not influ-
enced by tooth size. The association between the contrasted
OPCR and 2da (R%>=0.5207; F=10.87; p =0.008) was statisti-
cally significant. However, the association between the
contrasted RFI and 2da (R?=0.2216; F=2.847, p=0.122), as
well as DNE and 2da (R%=0.2855; F =3.996; p=0.073) were
not statistically significant.

The morphospace depicted from the PCA performed
from topographic metrics (DNE, RFI and OPCR) yielded
two significant eigenvectors, which jointly explained 98% of
the original variance (figure 2i; electronic supplementary
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Figure 1. Occlusal views of upper tooth row (P*~M?) triangulated meshes displaying morphometric maps for (a) Dirichlet normal energy (DNE), (b) elevation for
surface relief index (RFI) calculation and (c) orientation patch count rotated (OPCR) topographic metrics applied with MorphoTester [9]. Only one specimen per
species is shown. Warmer (red) and cooler (blue) colours for DNE and elevation maps indicate higher and lower curvature and crown height, respectively.
OPCR complexity maps from triangulated meshes indicate surface orientation patches (see colour wheel). Mesial: right.

material, table S2, electronic supplementary material). The
factor loadings of the variables on each eigenvector indicated
that although both the giant panda and the cave bears were
characterized by high values of DNE and OPCR, the fauni-
vores and folivores-frugivores were characterised by low
values of both variables. Omnivores were characterized by
intermediate values.

4. Discussion

Among living and extinct bears, phylogenetic signal is pre-
sent on dental topographic curvature and complexity but
not on relief, which indicates a clear phylogenetic structure
on both curvature and complexity. Moreover, the phylo-
genetic ANOVA demonstrated that both variables are
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Figure 2. Results of dental topographic analysis. Box-plots for (a) DNE, (b)

RFI and () OPCR by feeding behaviour in living taxa and cave bears. Boxes enclose

25%—75% percentile values, the horizontal bar indicates the median value and whiskers denote range. Individual values are plotted. Traitgrams for (d) DNE, (e) RFI
and (f) OPCR in living taxa and cave bears (the same colour coding as feeding behaviour is used). Bivariate plots for (g) DNE and (h) OPCR against two-dimensional
surface area (2da). Dotted lines denote linear regressions; 95% prediction intervals are shown. (i) Bivariate plot depicted from the scores on the first two eigen-
vectors obtained in PCA computed from the three topographic (DNE, RFI and OPCR) metrics. Convex hulls show the distribution limits of each dietary group
considered. The labelled rays show the loadings for topographic metrics onto PC1 and PC2 axes. In green, the bamboo-feeder giant panda; in orange, the faunivores;

in purple, the omnivores (hard mast specialists); in dark green, the folivore

significantly associated with feeding behaviour, whereas
topographic relief is not.

Dental topographic curvature, relief and complexity are
associated with size among species (figure 2g,h) but, as indi-
cated by the independent contrast analysis, this association
does not result from phylogenetic correlation for complex-
ity. Previous authors have demonstrated that cave bears
follow a different trend of increasing tooth-root areas
across maxillary dental series [7] from any living species;
cave bears exhibit a continuous increase from P* to M? in
tooth-root area values, reaching M? values similar to those
of the giant panda (A. melanoleuca). Our results suggest
that this trend of increasing tooth-root areas across P* to
M? of cave bears [7] also entails an increase in curvature
and complexity in their upper teeth crown surfaces. In gen-
eral, a larger tooth can process more food with each bite,
either through a larger area of contact or through the
formation of a longer blade [30-35].

-frugivores (soft mast specialists); and in grey, the cave bears.

The PCA performed from the shape descriptor metrics
revealed an ordination according to feeding behaviour
(figure 2i). The giant pandas and cave bears show extreme
positive scores on PC1 (i.e. high OPCR and DNE values),
whereas intermediate scores were observed for the omnivores
that specialize in feeding on a hard mast (i.e. fruits and seeds
with a hard protective covering, including acorns and pine
seeds [36], and roots and tubercles). By contrast, the fauni-
vores and folivores-frugivores exhibited extreme negative
scores. This overlap between the folivores-frugivores and
the faunivores likely relates to the fact that folivores-
frugivores are soft mast specialists (feeding mainly on fleshy
fruits or strobili that are softer than hard mast items
e.g. [36]). Therefore, based on our findings, topographic
metrics are more closely correlated with the mechanical
properties of the material than with the type of food ingested.

The PCA also shows evidence that cave bears combine
values of curvature and complexity in a unique manner
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Table 1. Summary statistics (mean = 1s.d.) for DNE, RFI, OPCR and surface area (2da) obtained from the upper P*~M? dental series in living and extinct bears.

taxon n DNE
A. melanoleuca 6 1121.34 £ 195.8
H. malayanus n 48185 +78.7
M. ursinus 5 409.34 +56.3
T. omatus 7 357.60 + 37.6
U. americanus 7 364.58 + 69.9
U, arctos 7 597.27 +91.8
U. maritimus 1 520.37 + 40.5
U, thibetanus 10 49458 + 65.5
U. sp. ladinicus® 4 854.44 + 48.6
U, sp. spelaeus’ 3 81672+ 71.1
U. sp. eremus’ 4 693.52 + 90.5
U. ingressus' ' 6 1699.09 + 95.8

| OPCR surface area (2da)
169+ 0.1 35415+ 12.9 1601.62 + 76.8
186+ 0.1 164.45 + 19.6 44000 + 64.2
172401 17213+ 37 45477 + 68.1
172401 162.02 + 106 51887 + 403
170+ 008 152.89 + 296 639.73 % 1812
185+ 0.1 22097 +278 972.97 + 207.2
188+ 0.1 186.28 + 13.6 629.53 + 63.7
167+0.1 192,25+ 233 64728 + 62.7
1.80 + 0.07 32806+ 195 1537.39 + 119.8
186+ 0.02 30643473 1429.08 + 749
174+ 0.04 279.90 + 22.02 1587.02 + 135.6
170 +0.08 289.88 + 285 1597.43 + 170.1

among living bears, as evidenced by their position in the
empty space of figure 2i. We hypothesized that cave bears
were feeding on a resource that possessed intermediate mech-
anical properties to bamboo and hard mast. No living bear
currently exploits this feeding resource, most likely because
it was only present in the high-alpine biomes that cave
bears inhabited. Given that both complexity and curvature
are highly influenced by tooth size, we also hypothesize
that increasing upper tooth surface areas also increase the
values of both topographic variables, and probably, also
their chewing efficiency.

In any case, our results indicate that giant pandas show
the highest values of curvature and complexity among the
sample, which should relate to their peculiar diet, feeding
on bamboo [27,37]. Moreover, previous authors [38] have
demonstrated that primate species with the most complex
teeth are those that consume extremely fibrous vegetation,
such as bamboo-eating lemurs. The second group with the
highest values of complexity is the cave bears, which may
indicate that they were probably feeding on hard materials
of low quality, such as highly fibrous vegetal resources.

Although hypothesizing on the specific vegetal resource
that cave bears were specialized to feed on is tempting, our
results indicate that cave bears were specialized to feed
upon tough vegetal resources of the high-alpine biome,
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