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Abstract Bears are currently represented by eight species
among Carnivora. Being all particularly large and generally
plantigrade limits to certain extent their functional morphology so that inferences about their past diversification are difficult to achieve. We analyzed variation in bears’ elbow joint
size and shape to reconstruct paleobiology of Quaternary fossil species. By using 2D geometric morphometrics, we were
able to discriminate with high degree of accuracy species,
locomotor and habitat adaptations among extant bears. The
giant panda and the spectacled bear are well characterized
by an enlarged medial epicondyle, while large members of
the genus Ursus can be distinguished by their relatively longer
and wider trochlea. Elbow joint size varies consistently among
ecological categories of extant bears and is generally selected
by discriminant function models providing a high degree of
classification accuracy (> 80%). American genera
Arctotherium and Arctodus are predicted as non-climbing species potentially adapted to open and mixed environments in
agreement with their potentially opportunistic feeding behavior. They retain a wide medial epicondyle probably in relation
to a high degree of forelimb dexterity. Cave bears are equally
predicted as non-climbers adapted to open habitats while the
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middle Pleistocene Ursus deningeri and fossil Ursus arctos
are generally classified as scansorial species with a preference
towards mixed habitats. Our study is the first to demonstrate
that fragmentary distal epiphyses also can be useful for
interpreting functional morphology and ecological adaptations within the family Ursidae.
Keywords Geometric morphometrics . Humerus .
Locomotion . Habitat adaptation

Introduction
The postcranial skeleton presents functional adaptations that
can be used in ecomorphological studies. The relative size and
shape of long bones are significant predictors of locomotory
ecology in a multitude groups of extant and fossil mammals
(Kappelman 1988; Bishop 1999; Elton 2001; Plummer et al.
2008; Samuels and Van Valkenburgh 2008; Bassarova et al.
2009; Milne et al. 2012; Meloro and Louys 2015; Elton et al.
2016). The order Carnivora exhibits great variation in locomotory modes and environments occupied, which is reflected
to some degree in the shape and dimensions of their long
bones (Van Valkenburgh 1987; Meloro 2011a; Álvarez et al.
2013; Samuels et al. 2013; Meachen et al. 2015; Tarquini et al.
2017).
Previous studies have indicated that the humerus bone in
particular is highly informative to predict locomotor adaptations, predatory behavior, and habitat exploited by both extant
and fossil carnivorans (Iwaniuk et al. 2000; Andersson 2004;
Schutz and Guralnik 2007; Ercoli et al. 2012; Samuels et al.
2013; Meloro et al. 2013; Martín-Serra et al. 2016; Janis and
Figueirido 2014; Fabre et al. 2015a; Tarquini et al. 2017).
Besides ecological aspects, the influence of allometry and
phylogeny on humerus shape has also been quantified by
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geometric morphometric approaches (Ercoli et al. 2012; Fabre
et al. 2013a, b, 2015b; Martin-Serra et al. 2014; Botton-Divet
et al. 2016, 2017). Size and shape of humeral epiphyses discriminate habitat exploited, feeding strategies, locomotor adaptation, and evolutionary history for many groups of
Carnivora (Andersson and Werdelin 2003; Walmsley et al.
2012; Meloro et al. 2013; Figueirido et al. 2015). These studies support the elbow joint (distal humerus epiphysis) as more
informative than the humeral proximal epiphysis to infer ecological adaptations in carnivorans due to its load bearing function and its involvement in pronation/supination movements.
Herein, we quantify size and shape variation of the elbow joint
morphology of extant and fossil species of Ursidae to identify
ecomorphological correlates of their locomotory behavior and
habitat adaptations.
The family Ursidae currently includes a small species diversity with eight taxa belonging to the subfamily Ursinae.
Mostly plantigrade with the exception of the giant panda,
Ailuropoda melanoleuca (which is semi-plantigrade, Chorn
and Hoffmann 1978) and all characterized by generally large
body size (Gittleman 1985), the extant bears seem to show
homogeneous morphological adaptions to a terrestrial lifestyle, although many of them are good swimmers (i.e., the
polar bear, Ursus maritimus categorized by some as a semiaquatic species; De Master and Stirling 1981) and can climb
trees (Ortolani and Caro 1996; Samuels et al. 2013). The extant group Ursinae evolved from predatory cursorial
Hemicyoninae (Ginsburg and Morales 1998; Stefen 2001) in
fast adaptive radiation and with recent speciation events
(Goldman et al. 1989; Waits et al. 1999). Interestingly,
Ursinae were relatively more diverse during the Quaternary
and many authors have suggested climate to have influenced
their evolution (Krause et al. 2008; Figueirido and Soibelzon
2010).
Previous ecomorphological approaches with both extant
and fossil bears have used mainly cranio-mandibular features
to predict autoecological aspects such as feeding habits (Sacco
and Van Valkenburgh 2004; Sorkin 2006; Figueirido et al.
2009; Figueirido and Soibelzon 2010). For instance,
Figueirido and Soibelzon (2010) were able to identify different ecomorphological adaptations in Tremarctinae bears from
South America during the Plio-Pleistocene, concluding that
many species were omnivores that possibly behaved as carnivores or herbivores according to resource availability. Isotopic
analyses also provided additional data on enigmatic taxa such
as Arctotherium interpreted as a carnivorous scavenger
(Prevosti and Martin 2013; Soibelzon et al. 2014). The Old
World cave bear Ursus spelaeus received particular attention,
too. Generally interpreted as herbivorous based on
craniodental morphology (Kurtén 1995; Grandal-d'Anglade
and López-González 2005) and isotopic analyses
(Bocherens et al. 2006), it appears to show omnivorous morphological adaptations typical of the genus Ursus (Figueirido

et al. 2009; Meloro 2011b). Van Heteren et al. (2014, 2016)
suggested that cave bear included more foliage in its diet as
compared to extant brown bears (Ursus arctos). With no
doubt, some extinct Ursinae bears were as flexible as extant
species in feeding and locomotory behavior (Richards et al.
2008). However, there are few works that have taken into
account morphometric approaches on limb bones in bears.
Sorkin (2006) reported that short-faced bears Agriotherium
and Arctodus were more herbivorous due to, besides other
cranio-mandibular features, absence of adaptations to predatory habits on forelimb bones. Similarly, Figueirido et al.
(2010), based on limb dimensions, showed that Arctodus
simus was not a fast-running super-predator or a specialized
scavenger. Given that feeding habits can be correlated with
modes of locomotion and habitats exploited, a study on humerus shape might help to elucidate these evolutionary patterns and their connection to environmental changes during
the Quaternary.
The aim of the present study is to infer morpho-functional
adaptations based on shape and size of the elbow joint in a
subsample of extant and Pleistocene bears. The elbow joint
reflects function in several groups of mammals such as
carnivorans, primates, and rodents (Elton 2001, 2006;
Samuels and Van Valkenburgh 2008; Walmsley et al. 2012;
Meloro et al. 2013; Elton et al. 2016). Additionally, distal
epiphyses are the long bone segments most likely preserved
in the fossil record (Elton 2006; Meloro et al. 2013).

Materials and Methods
Institutional Abbreviations
MNHN: Muséum National D’Histoire Naturelle (Paris,
France); NHM: Natural History Museum (London, United
Kingdom); UFMS: Universidade Federal de Mato Grosso do
Sul (Campo Grande, Brazil); WML: World Museum
Liverpool (Liverpool, United Kingdom).
Size and Shape Data
Seventy-four humeral epiphyses of extant and fossil specimens belonging to eleven species (Table 1; Table S1) were
included in a two dimensional geometric morphometric
analysis.
Digital pictures were taken at a fixed distance of one meter
on both cranial and caudal views of the elbow joint using a
Nikon 3300 digital camera. Specimens were positioned on the
ground to ensure parallelism with the camera’s optical plane.
Thirteen and ten landmarks were defined on cranial and caudal views, respectively, and digitized using the TpsDig 2.17
(Rohlf 2015). The landmarks are of type II, which includes
end of the processes and valleys of invaginations (Fig. 1).
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Table 1 Sample size of humeri
inclusive of extant and fossil
(represented by the symbol †)
bear taxa

Species

Locomotion

Habitat

Ailuropoda melanoleuca

Semiarboreal

Closed

5

Helarctos malayanus

Semiarboreal

Closed

4

Melursus ursinus
Tremarctos ornatus

Semiarboreal
Semiarboreal

Closed
Mixed

5
5

1
3

1
1

Ursus americanus

Semiarboreal

Mixed

5

1

1

Ursus arctos
Ursus arctos × maritmus

Scansorial
Scansorial

Mixed
Mixed

12
1

3

3

Ursus maritimus

No climbing

Open

7

2

3

Ursus thibetanus
Arctodus sp. †

Semiarboreal

Closed

9
1

1

3

12

12

Arctotherium sp. †
Arctotherium bonariense †

Total N

N Females

1

1
1

Arctotherium wingei †

1

Ursus arctos †
Ursus deningeri †

6
1

Ursus sp. †
Ursus spelaeus †

3
7

Tot

N Males

74

For extant species only, locomotion (after Iwaniuk et al. 2000), habitat categorisation (modified after Ortolani and
Caro 1996) and number of sexed specimens was included when available

Generalized Procrustes analysis (GPA) was employed to
translate, rotate, and scale to the unit centroid size (=CS, the

square root of the sum of squared distances between each
landmark to the centroid) the landmark coordinates separately

Fig. 1 Two dimensional landmarks positioned on the elbow joint in (a)
cranial and (b) caudal views of a specimen of Tremarctos ornatus. For (a)
landmarks are defined as follow: 1, limit between medial epicondyle and
entepicondylar bar; 2, highest point of the medial epicondyle; 3, lowest
point of the medial epicondyle; 4, lowest point on the groove between
landmarks 3 and 5; 5, medial end of trochlea distally; 6, distal junction
between the trochlea and capitulum; 7, most distal and most lateral point
of the capitulum; 8, most proximal and most lateral point of the
capitulum; 9, lowest point on proximal surface of the capitulum; 10,
highest point between landmarks 9 and 11; 11, proximal junction

between the trochlea and capitulum; 12, medial end of trochlea
proximally; 13, most lateral point on the lateral epicondyle. For (b)
landmarks are defined as follow: 1, most lateral point on the lateral
epicondyle; 2, maximum curvature point between landmarks 1 and 3; 3,
most distal and lateral point of the capitulum; 4, most proximal and lateral
point on the capitulum; 5, proximal tip of the olecranon fossa; 6, most
proximal and medial point on the capitulum; 7, distal tip of the trochlea; 8,
maximum curvature point between landmarks 7 and 9; 9, upper point on
the medial epicondyle; 10, distal junction between trochlea and
capitulum. Scale bar is equal to 1 cm
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for cranial and caudal views of the elbow joint (Rohlf and
Slice 1990). The new set of coordinates (=Procrustes coordinates; Proc) were subjected to principal component analysis
(PCA) in order to identify major patterns of variation between
specimens. By using thin-plate spline, shape variation from
the mean configuration was visualized for each principal component axis (named in this case Relative Warp; RW). The
software tpsRelw 1.53 was employed to extract centroid size,
procrustes aligned coordinates, and relative warp scores
(Rohlf 2015).
We employed Procrustes ANOVA, non-parametric
Multivariate Analysis of Variance (MANOVA), and oneway ANOVA to test for differences between genera and species in elbow joint shape and size (= natural log transformed
CS). As sex was available for a limited number of species and
specimens (N = 24 of which 12 were females and 12 males;
Table 1), we were not able to perform any robust assessment
of sexual dimorphism in our sample, which for this particular
study was not taken into account. All the analyses were performed using PAST and the R package geomorph (Adams and
Otárola-Castillo 2013).
Paleobiological Predictions
In order to provide paleobiological insights into Quaternary
fossil specimens, all extant bear taxa (except the hybrid specimen U. arctos x U. maritimus) were categorized according to
their locomotory behavior and habitat adaptations (Table 1).
Ortolani and Caro (1996) claimed for all the bears the possibility of being ‘Terrestrial but Climbs’ with the exception of
the polar bear (Ursus maritimus) considered ‘Aquatic’. Later
attempts by Samuels et al. (2013) also provided classification
of bears into terrestrial, scansorial, and semiaquatic categories.
Here, we opted to categorize extant species according to their
degree of arboreality as in Iwaniuk et al. (2000). Based on this
classification, all extant bears have a good degree of
arboreality scoring (scored 2 = semiarboreal) with the exception of Ursus arctos (scored 1 = scansorial; only juveniles
generally climb, with big adults never observed doing so consistently) and the polar bear (scored 0 = incapable of
climbing). This classification was supported by multiple references from different authors that included behavioral observations of wild and captive individuals (see Iwaniuk et al.
2000).
For habitat adaptations, we employed the same methodology as in Meloro et al. (2013) using the general categorization
of Ortolani and Caro (1996) as a starting point. Each species
was scored according to its presence in different broad habitat
types that include: temperate forest and tropical forest
[closed], grassland and arctic [open] (riparian was discarded).
Accordingly, the giant panda (Ailuropoda melanoleuca), the
sun bear (Helarctos malayanus), the sloth bear (Melursus
ursinus), and the Asiatic black bear (Ursus thibetanus) are

categorized as ‘closed’; brown bear (Ursus arctos),
American black bear (Ursus americanus), and spectacled bear
(Tremarctos ornatus) are ‘mixed’, while the polar bear (Ursus
maritimus) is classified as ‘open’.
Discriminant function analysis (DFA) was applied using
ecological categorizations as factors and Procrustes coordinates and size (=LnCS) as predictors. As proposed in
Meloro (2011b), Meloro and Louys (2015), and Meloro
et al. (2013, 2015), a stepwise variable selection allows to
minimize number of predictors in DFA avoiding overfitting
of categorical differences. Variables selected by DFA models
had F value with p > 0.05; variables removed had p < 0.10.
Efficacy of discriminant functions in categorizing fossil taxa
was assessed using jack-knife cross validation classification
rate (Kovarovic et al. 2011). The software IBM SPSS statistics
version 23 was employed to generate DFA models.
As cranial and caudal views are elements of the same structure, we employed two blocks Partial Least-Squares (PLS) to
test the hypothesis that their shape co-varies (Rohlf and Corti
2000; Fabre et al. 2014). PLS was also re-performed on specimens grouped by size classes (a small class that includes all
the semiarboreal extant bears, and a large one that includes
brown, polar, and fossil bears) to test the hypothesis that size
and climbing ability might influence co-variation patterns in
the elbow joint. Differences in covariation trajectories between the two classes were tested using angular comparison
of the PLS vectors (Klingenberg and Marugán-Lobón 2013).
The PLS analyses were complementarily performed using
tpsPLS (Rohlf 2015) and MorphoJ (Klingenberg 2011).
The 2D data generated for this study (including centroid
size, procrustes aligned coordinates, and relative warp scores)
are all available in Appendix 1.

Results
Taxonomy
A relative warp analysis of the cranial view extracted 22 RW
vectors of which the first fourteen explained almost 95% of
total variance (=94.63% var.). A plot of RW1 (26.12% var.) vs
RW2 (17.42% var.) showed a discrete degree of separation
between extant species, with the giant panda and the sun bear
occupying the most negative RW1 scores, while the brown
bear the most positive (Fig. 2). Along this vector were major
shape changes related to the expansion of the trochlea relative
to the medial epicondyle (that is shorter on RW1 positive
scores and broader on RW1 negative scores). On the second
axis, there was a proximo-distal enlargement of the medial
epicondyle (wider for positive scores occupied and narrower
for negative scores) relative to the trochlea (Fig. 2). In the
caudal view, 95% var. was explained by the first 12 RWs
(out of 16). RW1 (20.78% var.) described shape changes in
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Fig. 2 Relative warp plots
describing the scatter of
specimens across RW1 and RW2.
In a, the plot represents cranial
view of the elbow joint, in b, the
caudal view. Transformation
grids, at the extremes of each RW
axis, show the relative
deformation from the mean
shape. Landmarks are linked by a
wireframe in all transformation
grids and specimens are labelled
according to species

both medial and lateral epicondyles, with negative scores being occupied by cave bears (Ursus spelaeus) while the giant
panda was on positive scores with larger lateral epicondyle
(Fig. 2). On RW2 (14.70% var.), the olecranon fossa was
relatively expanded on negative scores and contracted on positive scores. No discrimination among taxa was evident using
caudal shape RW scores.
Procrustes ANOVA demonstrated that significant differences between genera (including both extant and fossils) occurred in both cranial (F = 4.984, Z = 3.676, df = 6, 67,
P < 0.0001; r2 = 0.308) and caudal shape (F = 2.390,
Z = 2.110, df = 6, 67, P < 0.0001; r2 = 0.177). In order to test
for species differences, a number of fossil specimens were
removed and Quaternary Ursus arctos was considered as a
separate taxon. A non-parametric MANOVA showed that in
cranial view species are significantly different in shape (Tot
SS = 0.4765, Within-group SS = 0.2886, F = 4.05, P < 0.0001)
with both the giant panda and T. ornatus being mostly different from all the other species (Table 2). In caudal view, species
were equally distinct in shape (Tot SS = 0.5648, Within-group
SS = 0.4049, F = 2.458, P < 0.0001) with the giant panda
again showing the highest degree of distinctiveness (Table 3).

Size and Allometry
There were significant differences between species in natural
log transformed centroid size for both cranial (F = 15.986,
df = 11, 59, P < 0.001) and caudal views of the elbow joint
(F = 11.393, df = 11, 59, P < 0.0001; Fig. 3). Post-hoc tests
showed Arctotherium specimens (grouped altogether for this
analysis) being significantly larger than all bear species (all
P < 0.05) except fossil U. arctos (P = 0.086), and cave bears
(P = 0.249) in cranial view. Among extant species, the polar
bear was generally the largest species. No significant

differences were detected between U. maritimus and
U. arctos (both extant, P = 0.097 and fossils P = 1.00), and
cave bears (P = 0.958). In caudal view, size differences were
less pronounced with Helarctos malayanus emerging for being significantly smaller than extant and fossil brown, polar,
and cave bears (P < 0.01). Among the fossil species, the cave
bears are significantly the largest although they showed no
differences from the polar bear (P = 0.761), the fossil brown
bear (P = 1.00) and the Arctotherium spp. (P = 0.978).
Size significantly influenced elbow joint shape (cranial:
Wilk’s λ = 0.444; Fs = 2.903, df = 22, 51, P < 0.0001; caudal:
Wilk’s λ =0.464; Fs = 4.109, df = 16, 57, P < 0.0001)
explaining 4.776 and 5.63% of shape variance in cranial and
caudal views, respectively (Fig. 3). Deformation grids demonstrated that large bears are characterized by a relatively
wider and lower trochlea together with a shorter epicondylar
region, while in caudal view the olecranon fossa was significantly smaller (Fig. 3).

Locomotion
In cranial view, one-way ANOVA demonstrated that size differs significantly between locomotory categories (F = 22.127,
df = 2, 49, P < 0.001). Locomotion explained a substantial
portion of joint size variation (r2 = 0.453). An equivalent
Procrustes ANOVA confirmed that locomotion categories differed also in the shape of the joint in cranial view (F = 3.3414,
Z = 2.8985, df = 2, 49, P < 0.0001), although the variance
explained is much lower (r2 = 0.120).
The stepwise DFA model extracted two significant functions loaded on six variables, including LnCS, and five
Procrustes coordinates (Table 4). Discriminant Function 1
(DF1; Wilk’s λ = 0.160, χ2 = 85.239, df = 12, P < 0.0001)
explained 85.24% of variance; DF2 (Wilk’s λ = 0.645,
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A. melanoleuca

Table 3

P values above diagonal are modified after Bonferroni correction. Significant P values (< 0.05) are in bold

0.006
0.008

0.010
0.137

0.003

0.008
0.007
0.193

H. malayanus

Probability values for post-hoc comparisons after non-parametric MANOVA models performed on RW scores of elbow joint cranial view

A. melanoleuca

Table 2
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Fig. 3 Box plot showing
differences in natural log
transformed centroid size (LnCS)
between extant and fossil species
of ursid elbow joint. Data from
cranial view are presented in
white boxes, while data from
caudal view in grey. Elbow joint
shape deformation are showed
laterally to represent size-related
variation from the smallest to the
largest specimen in cranial (left)
and caudal (right) view

χ2 = 20.410, df = 5, P = 0.001) explained 15.4% var. and was
highly correlated with size. A plot of the discriminant scores
(Fig. 4a) showed a good degree of discrimination between
locomotory groups with semiarboreal specimens particularly
well separated on positive DF1 scores and characterized by a
relatively shorter and wider trochlea and a wider medial
epicondyle. This was confirmed by percentages of correctly
classified cases after cross-validation (total of 84.8%;
Table 5). Applying these functions allowed to predict a nonclimbing ability for all fossil specimens (including the
American genera Arctotherium and Arctodus) except some
Ursus arctos, U. deningeri, and one U. spelaeus, which were
categorized as scansorial (Table 6). The hybrid brown x polar

bear was equally categorized as scansorial. Excluding the category of non-climbing (represented by the polar bear alone)
allowed extracting one significant DF1 (Wilk’s λ = 0.344,
χ2 = 43.732, df = 4, P < 0.0001) loaded on four Procrustes
coordinates but not on size (Table 4). Classification rates increased for the semiarboreal category (Table 5), still with the
brown x polar bear hybrid and the majority of fossils being
categorized as scansorial with few exceptions (Table 6).
In caudal view, the natural log transformed centroid size
averages also differed between locomotory categories
(F = 24.322, df = 2, 49, P < 0.001), which explained almost
half of the size variation (r2 = 0.498). Differences in shape
were again confirmed by Procrustes ANOVA (F = 2.1083,

Table 4 Loadings of different discriminant function vectors based on natural log transformed centroid size and a selection of Procrustes coordinates
(being a bi-dimensional system they are divided into X and Y) after stepwise procedure
Cranial view

Caudal view

Locomotion

Loc NoP

Habitat

DF1

DF2

DF1

DF1

DF2

LnCS
Proc 1X
Proc 2X
Proc 2Y
Proc 6Y
Proc 7X
Proc 7Y
Proc 8X
Proc 8Y
Proc 9Y
Proc 12X

−0.467
−0.286
/
0.095
0.092
–
/
/
0.170
–
0.356

0.663
−0.388
/
−0.017
0.192
–
/
/
0.023
–
0.213

–
−0.424
/
–
0.155
–
/
/
0.195
–
0.466

0.465
–
/
−0.317
–
0.193
/
/
−0.353
–
–

0.683
–
/
0.255
–
−0.354
/
/
0.24
–
–

Proc 12Y
Proc 13X

–
–

–
–

–
–

–
0.269

–
−0.337

Hab NoP

Locomotion

Loc NoP

Habitat

DF1

DF1

DF2

DF1

DF1

DF2

–
/
/
0.372
0.187
–

0.724
/
0.125
/
–
0.338
0.152
/
–
–
/

0.140
/
0.869
/
–
−0.030
−0.188
/
–
–
/

0.622
/
0.600
/
–
–
–
0.164
–
–
/

−0.626
/
–
/
0.188
–
–
–
0.107
0.137
/

0.204
/
–
/
−0.267
–
–
–
−0.549
0.97
/

–
/
–
/
–
–
–
–
–
1.00
/

0.231
–

/
/

/
/

/
/

/
/

/
/

/
/

–
–
/
0.35

Hab NoP

Values in bold indicate the largest absolute correlation between a variable and discriminant function vector 1 or 2
Abbreviations: Loc NoP = Locomotion excluding polar bear, Hab NoP = Habitat excluding polar bear, Proc = Procrustes coordinates

DF1
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Fig. 4 Scatter plots of the first
two discriminant functions (DF)
extracted from a combination of
shape and size variables to predict
locomotory adaptations in (a)
cranial and (b) caudal views of the
elbow joint. Extant specimens are
labelled according to their
locomotion. Fossil specimens are
labelled as crosses. Deformation
grids demonstrate variation from
the most negative to the most
positive DF scores and were
obtained by regressing original
shape coordinates vs DF vector
scores

Z = 1.9365, df = 2, 49, P = 0.0034) with a much lower variance explained (r2 = 0.0792). DFA produced two discriminant
functions loaded on five variables inclusive of centroid size.
DF1 (85.9% var., Wilk’s λ = 0.265, χ2 = 63.136, df = 8,
P < 0.0001) was positively loaded on size and procrustes
coordinate 7X, while DF2 (14.1% var., Wilk’s λ = 0.763,
χ2 = 12.819, df = 3, P = 0.005) was loaded positively on
procrustes coordinate 2X and negatively on 7Y (Table 4).
Plotting the two functions showed the semiarboreal specimens
to be characterized by a relatively wider medial epicondyle
compared to the non-climbers (Fig. 4b). There was a similar
performance of DFA classification accuracy compared to the
cranial view, although on the caudal view percentages
dropped for the non-climbing category (Table 5). The majority
of fossil specimens were categorized as non-climbers with the
exception of Arctotherium sp., Arctodus sp., and different species of Ursus (Table 6). The brown x polar bear hybrid was
validated as scansorial. After the exclusion of the polar bear
specimens, DFA extracted one function (Wilk’s λ = 0.556,
χ2 = 24.342, df = 3, P = 0.001) loaded on size and two
Table 5 Percentage of classified
cases for each ecological category
after performing leave one out
procedure on discriminant
function models based on natural
log centroid size and procrustes
coordinates as independent
variables selected with stepwise
procedure

Cranial
view
Caudal
view
Cranial
view
Caudal
view

No Climb
Scansorial
Semiarboreal
No Climb
Scansorial
Semiarboreal
Scansorial
Semiarboreal
Scansorial
Semiarboreal

Procrustes coordinates only. Classification accuracy improved
for scansorial specimens (Table 5) with the hybrid specimen
and most of the fossils being predicted within this category
(Table 6).
Habitat
Based on cranial view, centroid size differed across habitat
categories (F = 14.525, df = 2, 49, P < 0.0001) and explained
a relatively high proportion of shape variation (r2 = 0.372).
Shape also differed significantly between habitat categories
(F = 3.114, Z = 2.078, df = 2, 50, P = 0.0061), which explained 8% of shape variation (r2 = 0.085). DFA selected five
variables capable of discriminating habitat categories based on
the cranial view. DF1 (75.8% var., Wilk’s λ = 0.251,
χ2 = 64.988, df = 10, P < 0.0001) was loaded on two
Procrustes coordinates, while DF2 (Wilk’s λ = 0.658,
χ2 = 19.651, df = 4, P = 0.001) correlated significantly also
with LnCS (Table 4). Bears from closed habitats showed a
wider trochlea and a broader medial epicondyle (Fig. 5a)

No
Climb

Scansorial

Semiarboreal

Open

Mixed

Closed

85.7
8.3
6.1
85.7
16.7
0.0

14.3
83.3
9.1
14.3
66.7
18.2

0.0
8.3
84.8
0.0
16.7
81.8

85.7
13.6
4.3
100.0
18.2
0.0

14.3
68.2
13.0
0.0
45.5
39.1

0.0
18.2
82.6
0.0
36.4
60.9

Open
Mixed
Closed
Open
Mixed
Closed

83.3
12.1
75.0
21.2

16.7
87.9
25.0
78.8

81.8
17.4
77.3
43.5

18.2
82.6
22.7
56.5

Mixed
Closed
Mixed
Closed

Percentages in bold indicate the correct classification for each category while the other values indicate percentage
of misclassifications
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Table 6

Locomotory and habitat categorical predictions for fossil bears based on a different number of DFA models

Fossil specimens

Cranial view
Locomotion

Arctotherium sp. UFMS
(Bodoquena Plateau)
Ursus sp. NHM 21287a (Grays, Essex)

No Climb

Caudal view
Loc. No
Polar
Scansorial*

Habitat

Hab. No
Polar

Locomotion

Loc. No
Polar

Open*

Mixed

Scansorial*

Scansorial

Habitat

Hab. No
Polar

Open*

Closed

No Climb^

Scansorial

Open^

Closed

No Climb^

Scansorial

Open^

Closed

Scansorial*
Semiarboreal^

Scansorial
Semiarboreal

Mixed^
Closed*

Closed
Closed

Scansorial*
Scansorial^

Scansorial
Scansorial

Closed^
Closed

Mixed
Closed

Ursus arctos NHM M41277 (Devon)

Scansorial*

Scansorial

Open

Mixed*

Scansorial*

Scansorial

Mixed

Closed

Ursus arctos NHM M4129
(Tormenton cave)
Ursus arctos NHM TNXVIIC5B1960
(Tormenton cave)
Ursus arctos NHM TNXXI5B1957
(Tormenton cave)
Ursus deningeri NHM M968
(Kent’s cavern)
Ursus spelaeus NHM M3551
(Cave Jerzmanowice Alkurz)
Ursus sp. NHM 21287 (Grays, Essex)

No Climb^

Semiarboreal

Open*

Mixed

No Climb^

Semiarboreal

Open*

Closed

No Climb^

Scansorial

Open^

Closed

No Climb^

Scansorial

Open^

Closed

No Climb^

Scansorial

Open*

Mixed

No Climb^

Scansorial

Open

Closed

Scansorial*

Scansorial

Mixed*

Mixed*

Scansorial*

Semiarboreal

Mixed*

Mixed*

No Climb*

Semiarboreal

Open*

Closed

No Climb*

Scansorial

Open*

Mixed

No Climb^

Semiarboreal

Open*

Mixed

Scansorial^

Scansorial^

Open*

Closed

Ursus arctos NHM 48744 (Brixton Cave)
Ursus arctos NHM M41273 (Devon)

Ursus sp. NHM 23137 (Grays, Essex)

Scansorial*

Scansorial

Open

Mixed*

Scansorial*

Semiarboreal

Mixed*

Mixed*

Arctodus sp. MNHN NUA10 (unknown)
Arctotherium bonariense
MNHN PAM552 (near Lujan)
Arctotherium wingei
MNHN PAM547 (unknown)
Ursus spelaeus MNHN SN0 (unknown)
Ursus spelaeus MNHN SN1 (unknown)
Ursus spelaeus MNHN SN2 (unknown)
Ursus spelaeus MNHN SN3 (unknown)

No Climb^
No Climb*

Semiarboreal
Semiarboreal

Open
Open*

Mixed*
Mixed

Scansorial^
No Climb*

Scansorial
Scansorial

Mixed*
Open*

Closed
Closed

No Climb*

Semiarboreal

Open

Mixed

No Climb*

Scansorial

Open*

Closed

No Climb^
No Climb*
No Climb^
No Climb

Semiarboreal
Semiarboreal
Semiarboreal
Scansorial*

Open^
Open^
Open^
Open^

Closed
Mixed
Mixed
Mixed

Scansorial*
No Climb*
No Climb^
Scansorial*

Scansorial*
Scansorial
Semiarboreal
Scansorial

Mixed^
Open^
Open^
Open^

Mixed^
Mixed
Mixed
Mixed

Ursus spelaeus MNHN SN4 (unknown)
Ursus spelaeus MNHN SN5 (unknown)

NoClimb^
No Climb^

Scansorial
Scansorial

Open^
Open^

Mixed
Closed

No Climb^
No Climb^

Scansorial
Scansorial

Open^
Open^

Mixed
Mixed

The symbol * represented the commonest and most likely prediction, while the symbol ^ is for categories with highest percentage of accuracy prediction

while many fossils clustered on positive DF1 scores within the
group of open habitat. Percentage of correct re-classification is
relatively lower when compared to locomotion categories and
confirmed the attribution of the majority of fossils to ‘open’
with few exceptions, including the hybrid brown × polar bear
classified as ‘mixed' (Table 6). Excluding the polar bear,
showed one significant DF1 (Wilk’s λ = 0.389, χ2 = 37.782,
df = 6, P < 0.0001) loaded on five coordinates (Table 4).
Classification accuracy improved for mixed habitat and
remained the same for ‘closed’ (Table 5). Many fossils
Ursus were classified as ‘closed’ while all Arctotherium and
Arctodus were ‘mixed’ (Table 6).
Averaged centroid size in caudal view differed across habitat categories (F = 15.134, df = 2, 49, P < 0.0001), which
explained almost 40% of variation (r2 = 0.382). Procrustes
ANOVA confirmed differences in shape (F = 1.6545,
Z = 1.547, df = 2, 50, P = 0.0036), although with small amount
of variation explained (r2 = 0.062). Discriminant functions

were equally loaded on size and four Procrustes variables.
DF1 was significant (90.5% var., Wilk’s λ = 0.335,
χ2 = 51.88, df = 8, P < 0.0001) and loaded negatively on size
(Table 4), while DF2 was not significant (9.5% var., Wilk’s
λ = 0.859, χ2 = 7.222, df = 3, P = 0.065). Scatterplot showed
significant overlap between ‘closed’ and ‘mixed’, with a separated group for ‘open’ specimens characterized by wide
trochlea and relatively short medial epicondyle.
Classification accuracy is 100% for open but below 50% for
‘mixed’ (Table 5). The brown × polar bear hybrid was consistently classified as ‘mixed’. The majority of fossils are classified as ‘open’, with Arctodus sp. and U. deningeri as ‘mixed’
and a number of fossil Ursus as ‘closed’ (Table 6). The exclusion of the polar bear generated one significant DF (Wilk’s
λ = 0.842, χ2 = 7.330, df = 1, P = 0.007), which improved
classification accuracy for ‘mixed’ but not for ‘closed’
(Table 5). This function was loaded on one coordinate only
and predicted the majority of fossils as ‘closed’ (including the
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Fig. 5 Scatter plots of the first
two discriminant functions (DF)
extracted from a combination of
shape and size variables to predict
habitat adaptations in (a) cranial
and (b) caudal views of the elbow
joint. Extant specimens are
labelled according to their habitat
preference. Fossil specimens are
labelled as crosses. Deformation
grids demonstrate variation from
the most negative to the most
positive DF scores and were
obtained by regressing original
shape coordinates vs DF vector
scores

extant brown x polar bear hybrid) except the cave bears
(Table 6).

Covariation Patterns
Two blocks PLS identified sixteen pairs of vectors of which
the first pair explained 60.18% of covariation between shape
of the cranial and caudal views. There was a highly significant
correlation (RV coefficient = 0.464, r = 0.82, P < 0.0001;
Fig. 6a) between the cranial and caudal PLS1 vector scores.
On the negative scores, the giant panda specimens are characterized by an expanded medial epicondyle evident in both
cranial and caudal view and a relatively elongated trochlea.
At the extreme positive, the large cave bears and fossil
U. arctos showed a shorter medial epicondyle and a wider
trochlea. Centroid size significantly influenced PLS1 vector
Fig. 6 Scatter plot of the first pair
of Partial Least Squares vectors
depicting degree of covariation
between cranial and caudal view
shape data of ursid elbow joint.
Below each scatter plot
deformation grids show how covariation in both structures occur
from the most negative (left side)
towards the most positive (right
side) scores. In a, all bear
specimens are included in the
analyses while in b, a subsample
of small (N = 33) semiarboreal
taxa is presented. In c, all large
specimens (N = 41) are presented
including fossils

scores on both cranial (Pearson r = 0.415, P < 0.0001) and
caudal views (Pearson r = 0.457, P < 0.0001).
In small, semiarboreal bears, the degree of covariation between the cranial and caudal views was much stronger (RV
coefficient = 0.645, PLS1 r = 0.91, P < 0.0001; Fig. 6b) than
in larger taxa (RV coefficient = 0.349, PLS1 r = 0.75,
P < 0.0035; Fig. 6c). Deformation grids showed that in small
bears as the trochlea becomes (from negative to positive
scores) wider and longer, the olecranon region also expands
its articular surface (Fig. 6b). Conversely, in large bears expansion of the olecranon area (from negative to positive
scores) corresponds to a shortening and widening of the trochlea (Fig. 6c). This pattern is confirmed by an angle of 72.51
degrees (P = 0.157) on PLS1 vector cranial view evidencing
substantial differences in the integration trajectories between
small and large bears. The same applies for PLS1 vector caudal view with an angle of 72.979 degrees (P = 0.254). Size did
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not significantly correlate with any PLS vector in small bears,
while it did for large ones (size vs PLS1 cranial: Pearson
r = 0.339, P = 0.030; size vs PLS1 caudal: Pearson
r = 0.339, P < 0.0001).

Discussion
The elbow joint of bears is no exception among Carnivora for
being a bony element that brings insights into taxonomy, locomotion, and habitat adaptation. In keeping with previous
similar attempts (i.e., Walmsley et al. 2012 on felids), we
identified a strong component of variation in elbow joint size
and shape due to genus and species differentiation. Both cranial and caudal views showed taxonomic distinctiveness in
size and shape for the majority of extant species with the giant
panda (Ailuropoda melanoleuca) being the most unique in
morphology (Fig. 2; Tables 2 and 3). This confirms early
descriptions by Davis (1964) that highlighted for the giant
panda the presence of a particularly enlarged epicondyle region. As for Tremarctos ornatus this character relates to the
presence of the foramen epicondylaris, which transmits the
median nerve and the ulnar artery. The relative warp plots
(Fig. 2) show in both cranial and caudal views the giant panda
and Tremarctos specimens at the extreme of RW1 scores,
confirming this empirical observation. The same plots
highlighted a degree of overlap between Ursus species with
cave bears that generally occupy the extreme RW1 score opposite to the giant panda (see Fig. 2b). The non-parametric
MANOVA confirmed lack of differentiation in elbow joint
shape for the polar bear and fossil Ursus arctos (Tables 2
and 3). Cave bears are more distinguishable in the shape of
the cranial but not the caudal view and the same applies to the
brown bear and the Asiatic black bear. Members of the
American genera Arctodus and Arctotherium occupied extreme positive RW2 scores in the cranial view because of their
expanded medial epicondyle, although in caudal view they
overlapped with Ursus species (Fig. 2a, b). Such discrepancies
in discriminatory power were observed also with different
datasets (Walmsley et al. 2012) and they might relate to the
significance and complexity of the trochlea region (Andersson
and Werdelin 2003; Andersson 2004), which is better captured by the cranial view.
When ecological adaptations are concerned, the cranial
view again appears to be more informative than the caudal
view (see Table 5). It is apparent that size is a much more
informative trait than shape in this particular case, as the variance explained by locomotion and habitat is much higher
(ranging from 37 to 50% compared to 6–12% in shape). The
ability to climb in extant bears seems to be broadly
constrained by body mass since in the brown bear (Ursus
arctos) it is almost lost from the juvenile to the adult
(Iwaniuk et al. 2000). This observation forces inferences on

Quaternary fossils, which are in general much larger than extant species (Fig. 3). It is intuitive to believe that at large body
size climbing ability – but not forelimb dexterity (Iwaniuk
et al. 2000) - reduces in mammals in general. Consequently,
size was not discarded by most of the discriminant function
models to predict locomotion as well as habitat. The inclusion
of size as an ecological predictor in geometric morphometric
data on Carnivora has been highlighted by Meloro (2011b)
and Meloro et al. (2015). Our study adds evidence to the
already well established paradigm that body mass in
Carnivora interacts strongly with ecology (Gittleman 1985),
and does not need to be discarded a priori in the analyses of
their functional morphology. The predictive accuracy of most
DFA models decreased consistently in both cranial and caudal
views when the polar bear was excluded and size was not
stepwise selected (Table 5).
The classification provided for the hybrid brown x polar
bear is consistent with our visual inspection of the morphology of this specimen, which resembles much more brown than
polar bear both in skull and postcranial features (Meloro pers.
obs.). Preuß et al. (2009) recently reported observation of two
captive hybrids whose head morphology appears to resemble
brown more than polar bears. In our results the occurrence of a
dominant phenotype in the skeleton of hybrid bears, although
more morphological, in conjunction with molecular data, are
necessary to establish a pattern of variation.
In the majority of cases, fossil brown bears and cave bears
are consistently categorized like the polar bear as lacking the
ability of climbing and adapted to open habitats. The same
applies for the American genera Arctodus and Arctotherium,
although the exclusion of the polar bear provides contrasting
evidences (Table 6). Based on the lower discriminatory power
of the caudal view of the joint, we can confidently discard
possibilities for the American fossil bears of being adapted
to a closed environment while the habitat categories ‘open’
and ‘mixed’ seem compatible with previous paleoecological
attempts. Figueirido et al. (2010) reported for Arctodus simus
lack of predatory adaptations in the long bones and an omnivorous diet, which has also been proposed for Arctotherium
species in general (Prevosti and Vizcaíno 2006; Figueirido
and Soibelzon 2010; Prevosti and Martin 2013; Soibelzon
et al. 2009; 2014). Arnaudo et al. (2016) proposed for
Arctotherium tarijense an increased ability to cope with a
variety of environments based on the inner ear morphology
thus supporting our predicted mixed categorization also for
the other Arctotherium species. This result still should be considered with caution because intra- and interspecific variation
of inner ear morphology is broad in bears (Arnaudo et al.
2014). When locomotion categorizations are concerned, the
cranial view supports for Arctodus sp., Arctotherium
bonariense, and A. wingei even the possibility of retaining
semiarboreal adaptations in the shape of the elbow joint but
not in the size. As the medial epycondile is particularly
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expanded in these species, it is likely that (as for the giant
panda) the fossil Arctodus and Arctotherium retained this
character in relation to their higher degree of forelimb dexterity. Mitchell et al. (2016) recently proposed for these genera
convergent evolution towards large body size that could have
been favored by scavenging adaptations. If this is supported
by other paleoecological evidence, then high degree of proximal dexterity could have been advantageous for these species
and retained in the Tremarctinae lineage in spite of size
evolution.
Paleoecological predictions for Old World Quaternary
bears are generally congruent within species. For instance,
fossil brown bears are consistently predicted as nonclimbing or scansorial in the majority of DFA models except
two cases out of 56. Similarly, climbing ability was reduced in
Ursus spelaeus while the undetermined specimens of Ursus
from Essex were possibly represented by two distinct
morphotypes (one with less ability to climb than the other).
Results for Ursus deningeri suggest scansoriality to a higher
degree of accuracy and confirm previous observations about
U. deningeri as being more lightly built in the limb apparatus
than its descendant Ursus spelaeus (Athen 2006). Habitat
classification reflects this as U. deningeri is categorized as
mixed while the majority of cave bears are open (Table 6).
In fossil brown bear, habitat predictions generally support adaptations to open environments although mixed and closed
categories are predicted in almost half of the cases. This demonstrates a greater variation in the morphology of the elbow
joint for Quaternary brown bears as compared to extant specimens. Most of the paleoecological investigations on
Quaternary Old World bears concern their dietary adaptations,
which appear to be context-dependent but generally congruent
towards omnivorous/herbivorous life style (Bocherens et al.
1994, 2006, 2011; Pinto and Andrews 2004; Richards et al.
2008; Pacher and Stuart 2009). Meloro (2011a) predicted for
Pleistocene brown bears and cave bears adaptations towards
open and closed environments, respectively, based on the brachial index although a closer degree of similarity in limb proportion between cave bears and polar bear was noted. Viranta
(1994) also reported for the cave bear a more robust epiphyseal structure and generally thicker bones whose adaptive significance is not entirely clear, as it seems independent of body
mass. Considering the broad variation observed in postcranial
morphology for fossil brown bears and cave bears (Quiles and
Monchot 2004; Athen and Pfretzschner 2005; Santi et al.
2005; Rossi and Santi 2005), it is likely that local adaptations
and sexual dimorphism might play a more significant role in
interpreting their functional morphology.
The PLS analysis showed a consistent pattern of morphological integration between the cranial and caudal views with
variation generally constrained by the expansion of the medial
epicondyle in relation to the relative shortening of the trochlea
and olecranon region (Fig. 6a). Such a pattern follows two

distinct trajectories in small and large bears and is the result
of a trade-off between locomotory adaptation and allometric
constraint. Semiarboreal bears with high manual dexterity,
like the giant panda, possess a broadly expanded medial
epicondyle with a relatively short and wide trochlea and short
olecranon region (Fig. 6b); in large cave bears the trochlea
expands dorso-ventrally (it become wider and shorter than in
the brown bear, so more similar to that of the panda to a certain
degree) while the epicondylar region reduces to potentially
improve stability at the joint (Fig. 6c). This observation is
consistent with our paleoecological interpretation of
Quaternary fossil bears and of elbow joint shape variation in
Carnivora in general (Andersson and Werdelin 2003).
From a comparative perspective we demonstrate for the
first time how isolated elbow joint epiphyses of bears can be
investigated to gain insights on Quaternary fossil species.
There were no exceptional differences in their shape compared to extant taxa although larger sizes constrained paleoecological interpretations based on this element. Broader taxonomic approaches with the inclusion also of potentially cursorial fossil bears might improve our understanding of bears’
ecology and behavior through time.
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