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Abstract

Out of all extinct mec afaunal mammals of the Quaternary, the cave bear Ursus
spelaeus is one of the bre. represented in the fossil record. This species has been found to
exhibit skeletal morphological adaptations when exploiting varied environmental niches, be
that spatially or temporally. Here, we employ geometric morphometrics and phenotypic
trajectory analysis to explore temporal morphological changes across the entire lower molar
tooth row from the infilling of Scladina Cave, Belgium. We show that molar tooth size
increases from Marine Isotope Stage (MIS) 5 — MIS 3, with cusp position varying temporally
in relation to a larger talonid grinding platform in later time periods. Phenotypic trajectory

analyses further show similar evolutionary shape trajectories in the first and second molars,



but not in the third molar. Morphological changes related to a larger grinding platform are
found in the second and third molars, with the divergent morphological change of M3
suggesting that this tooth is less constrained and appears much more responsive to
environmental changes. The need to cope with harder fibrous plant material present in the
palaeoenvironment potentially constrained morphological evolution of the cave bear until its
disappearance throughout Europe.

Keywords: Geometric Morphometrics, Habitat Adaptation, Molars, Phenotypic Trajectory

Analysis, Quaternary.

1. Introduction

One of the main representatives of Quaternary mr.ga.~una is the cave bear (Ursus
spelaeus sensu lato) that roamed Eurasia befot e 1.~ <xtinction approaching the last glacial
maximum (LGM) around ca. 25 kya (Ba./sknikov, 2007; Baca et al., 2016). Extensive
research over recent years through §"*C, 5'°N isotopic and morphometric analyses of fossil
assemblages have indicated that t".c ca. ¢ bear was mostly herbivorous or a relatively
herbivorous omnivore that preu>minantly consumed plants and mast (Kurtén, 1968;
Bocherens et al., 1997, 1079, 27506, 2014a; Garcia, 2003; Figueirido et al., 2009; Peigné et
al., 2009; Baryshnikov «~d Puzachenko, 2011; Munzel et al., 2011; Bocherens, 2015, 2019;
Pérez-Ramos et al., 2019; Van Heteren and Figueirido, 2019). However, some aspects of the
cave bear evolutionary history are still under debate including: its multiple lineage
categorisation (U. spelaeus, U. ingressus, U. rossicus and U. kudarensis (Baryshnikov and
Foronova, 2001; Rabeder et al., 2008, 2010; Knapp et al., 2009; Stiller et al., 2014)) and the
processes of sub-speciation and adaptation to different habitats (steppe to forest, Baryshnikov

and Puzachenko, 2018).



Chronological changes in size have been previously identified from fossil remains of
cave bears and other mammals (Seetah et al., 2012), generally characterised by smaller
individuals than those groups associated closer to the LGM or another cold climatic period
(de Carlis et al., 2005). Here, we look at size and shape changes within the cave bear (U.
spelaeus) dentition of the Scladina Cave (Belgium) assemblage. Size differences in cave bear
assemblages have been associated with climatic variation through time as expected for
mammals that obey Bergmann’s rule (Bergmann, 1847; Meiri et al., 2004, 2007; Toskan,
2007; Watt et al., 2010; Miracle, 2011; Clauss et al., 2013). H2 e\ 2r, concurrent views on
this relating to mammals and other taxonomic classes are 'imi:2d (Ashton et al., 2000; Meiri
and Dayan, 2003; Meiri et al., 2004; Meiri and Thome= »207). Experimental evaluations of
mechanisms behind size changes are needed if a rule is > be falsifiable (Watt et al., 2010).
One such rule, proposed by Huston and Wolvzrion (2011), called “the eNPP rule”. It is
based on food availability and provides ¢ a'.ernative to Bergmann’s thermoregulatory
hypothesis. Huston and Wolverton’s (211) findings suggest Bergmann’s hypothesis of heat
conversion has very limited abilit** to ~vplain latitudinal variation in body size, finding a lack
of latitudinal patterns within th. topics and a decline in body size above a latitude of 60°. The
small cave bear U. rossic''~ t2:1d throughout southern Siberia is one such example, living in
regions with latitudes 01 ~round 60° and possessing a body size much smaller than that of its
European counterparts who inhabited regions of much lower latitudes (Baryshnikov and

Foronova, 2001).

Additional explanations of intraspecific variation in body size come from the
productivity paradox. Recent research utilising a grazing model for present day and LGM
large grazers was used to simulate the association between body size variation and primary
productivity. Findings suggested a 79-93% reduction in biomass in present day ecosystems

compared to those predicted for the LGM with larger body sizes of grazers around the LGM



and a more prolific exploitation of vegetation by large bodied herbivores being observed
(Zhu et al., 2018). These arguments surrounding body size variation within mammals raise
more questions about the mechanisms behind phenotypic changes. Still, diverse evidence
supports the hypothesis that environmental changes stimulated phenotypic adaptations in
flora and fauna especially during harsh glacial and interglacial fluctuations of the
Quaternary’s 2.6-million-year period (Dansgaard et al., 1982; Johnsen et al., 1992; Taboda et
al., 2001; Baryshnikov et al., 2003, 2004; Barnosky, 2004; Lister, 2004; Athen et al., 2005;
de Carlis et al., 2005; Koch and Barnosky, 2006; Stuart and Liz*er, 2007; Lorenzen et al.,
2011; Rabeder et al., 2011; Bose et al., 2012; Toskan and 30:.3, 2012; Bocherens et al.,
2014b; Rasmussen et al., 2014; Sandom et al., 2014; Stua,* 2015; Krajcarz et al., 2016;
Robu, 2016; Robu et al., 2018). Most of these pheno*yp.< variations have been detected
through fossil studies of dentition (the most ccimi »*ly used element due to its high rate of
preservation), skulls and long bones (Elt.n, ~006; Huysseune et al., 2009; Meloro et al.,

2013; Meloro and Olivera, 2019).

Morphological studies he e suggested that cave bears exhibited a potentially rapid
response rate to climate change, with their dentition showing environmental and diet driven
changes (Kurtén, 1955; [’abe ler and Tsoukala, 1990; Mattson, 1998; Rabeder, 1999; Sacco
and Van Valkenburgh, 20 J4; Christiansen, 2007; Baryshnikov and Puzachenko, 2018). The
cave bear developed specialized dentition to accentuate grinding functions, an evolutionary
trend that included the development of a large masticatory platform across the cheek teeth.
This trend diverges from an earlier “cutting” morphology seen in other closely related
members of the Ursus clade such as U. arctos and U. deningeri (Grandal-d’ Anglade and
Lopez-Gonzalez, 2005; Krause et al., 2008). Additionally, patterns of lower tooth size
variation within ursids have been suggested to diverge from what is commonly observed in

other mammals. The inhibitory cascade model (IC) has been used in this regard, to



understand variation in molars and the loss of third molars, although ursid species apparently
fail to conform to this model generally showing a pattern of M; < M, > M3 (Kavanagh et al.,
2007; Asahara et al., 2016). This suggests that not all lower cheek teeth of cave bears might

respond in the same way to environmental changes.

Scladina Cave is of great biological significance due to its Neanderthal remains,
abundance of other fossil remains and highly detailed chronostratigraphic infilling (Toussaint
et al., 1994; Bonjean, 1995; Pirson, 2007; Abrams et al., 2014; 2irson et al., 2014; Toussaint
and Bonjean, eds., 2014). Previous research on cave bears fro m th2 Scladina Cave
stratigraphic sequence further corroborated findings of tc.ou <ize increase towards a temporal
sequence. Morphological changes have been identific in the talon of the M? (second upper
molar) together with the reduction in general siz: « { M* (first upper molar) (Charters et al.,
2019). These created a more substantial mz.*ica:ary platform whilst biomechanical
performance for effective mastication was e “iciently maintained. Furthermore, an association
with distinct environmental or clime.c icnes supported the hypothesis that these changes in
upper molariform dentition were ~dap.ve (Baryshnikov et al., 2003, Baryshnikov and

Puzachenko, 2018).

Here, we emplo, qeometric morphometrics (GMM, Bookstein, 1991; Adams et al.,
2004, 2013) and phenotypic trajectory analysis (PTA; Adams and Collyer, 2009; Collyer and
Adams, 2013) to analyse size and shape change in the three lower molar teeth of the cave
bears from Scladina Cave. We test the hypothesis that lower molar size and shape will
change over the temporal scale of 90 thousand years and assess the conformity of U. spelaeus
to the IC model. Because size and shape of lower dentition are highly integrated within the
Carnivora (Kurtén, 1967; Polly, 2007; Asahara et al., 2016) we hypothesise that the three

lower molars should exhibit parallel trajectories in shape changes over time. Baryshnikov and



Puzachenko (2020) have recently provided another view for the cave bear in relation to the
inhibitory cascade model with data suggesting a M; = M, > M3 pattern. Although some of the
Scladina Cave teeth are isolated and may come from different individuals, we would expect
this model to apply also for this sample with M, being generally larger than M; and M3 in all
temporal sequences. There are no well-defined expected outcomes for shape changes based
on the 1C model, however based on our previous study (Charters et al., 2019) we do expect
molar shape changes over time to exhibit parallel trajectories. This is because the lower molar
dentition should maintain its masticatory functionality to allow’ ~fiicient feeding. So, shape
changes of one tooth type over time should be followed by sri. 9e changes of the adjacent

tooth.

To this aim, we employed PTA which hus seen previously used to statistically test
trajectories from mammalian ontogeny (T~.un et al., 2018; Duréo et al., 2019; Mori and
Harvati, 2019) to evolutionary trends (Marti. 2z et al., 2018). PTA provides evolutionary
trajectories, which have orientation, m.gritude and shape attributes and therefore allow
detailed insights into variation a:.1 divergence within and among stratigraphic contexts
(Adams and Collyer, 2009). D~ to the environment-associated phenotypic plasticity of
dentition found in a dive "se & 'ray of taxa (Huysseune, 1995), we predicted that correlated
phenotypic changes in I ver molars should be detectable among cave bear chrono-

populations from Scladina.

2. Materials and Methods

2.1 Sites and Specimens

This study is based on 524 lower molars (see Table 1) from U. spelaeus pertaining to

three separate stratigraphic sedimentary units of Scladina Cave, Belgium (50°29°33" N,



5°1'30" E). A complete list of specimens and their stratigraphic association is presented in

Table 1 and in the supplementary data Table S1.

Tooth/Unit | 1A 3  4A | Total
M; 75 67 49 | 191

M, 106 70 57 | 233

M 40 27 33 | 100
Total 221 164 139 | 524

Table 1. Specimens used for this study of lower first (M;), =220:.d (M) and third molars

(M3) with stratigraphic origin: 1A (MIS3), 3 (MIS3 and/or v S 4) and 4A (MIS 5).

Scladina is the main cave of a small cave cor:nlex linked by the Saint-Paul and Sous-
Saint-Paul caves (Bonjean et al., 2014; Pirson, 2ut-7: Pirson et al., 2008; Figure 1). All
dentition presented here is associated with > scdimentary units 4A, 3 and 1A of Scladina
spanning from MIS 5 to MIS 3 (4A < 130x.kya, MIS 5; 3 MIS 4 and/or MIS 5; 1A ~38-40
kya, MIS 3) (Pirson et al., 2014). Tte .oting of the units was carried out using differing
methods on the unit sediment aric ‘or ubjects associated with the corresponding sedimentary
unit (Abrams et al., 2010; Bon,~an et al., 2011; Pirson et al., 2008, 2014). A detailed
chronostratigraphic tran<'atic 1 of the karstic sedimentary deposits throughout the cave
network allows further in’erpretation and clarification of these dating techniques (Pirson et
al., 2014) (Figure 1). Dentitions that were heavily worn, containing occlusal fractures (whole,
but size/cusp position were affected), fractured or distorted outline or possessed occlusal

concretion of minerals were excluded from the study. Occlusal surface photographs were



only taken if these characteristics were absent.
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Figure 1. The chronostratigraphic sedimentary sequence, related palynology and related
Marine Isotope Stages of Scladina Cave (top left to bottom right). Units analysed in this

study are highlighted in red boxes (Modified after Pirson et al., 2014).

2.2 Landmark Configuration



Images of dental occlusal surfaces were taken using a Nikon D5300 equipped with a
Sigma 70-300mm f 4.0-5.6 APO GD Macro lens at a distance of 70 cm. The camera lens was
positioned parallel to the occlusal surface of each specimen using a Manfrotto tripod and
camera mounted spirit level. Five two-dimensional fixed landmark positions were produced
and placed using tpsDI1G2 software (version 2.31; Rohlf, 2015) by a single operator (D.C.) to
avoid inter-observer error. The landmark configuration was chosen to accurately detail the
main molariform cusps concurrent on all three inferior molars /~iguve 2 and 3). Several cusps
can be detected on these teeth, however here we limited or.r ik \dmarking to homologous
points detectable in all the teeth. This procedure allow~1 «ralyses of three different molars
within the same morphospace. This approach was inf"ou.~ed by Bastir et al., (2014) who
were able to interpret variation within and bet\ve.~ *noracic vertebrae of humans. For

definitions and configuration of anatomi.al 'andmarks see Table 2.
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Mes

Buc-+— Ling
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Figure 2. (above) Right hemi-mandii.'e (SC-92-503-1) of U. spelaeus with dentition in
anatomical position. (below, left to iirnt) Anatomical nomenclature for M;, M, and M,
Abbreviations: Pad - Paraconic, .1 — Protoconid, Med — Metaconid, Hyd — Hypoconid,
Msd — Mesoconulid, Hycd - Hypoconulid, dEnd — Distal Entoconid, mEnd — Mesial
Entoconid, Mstd — M.~ta_*vlIid, dMed — Distal Metaconid, mMed — Mesial Metaconid, PrdC

— Protoconid Complex, =hyd Enthypoconid, C — Cingulum.



Figure 3. (left to right) Landmark configuration for M, ™. ard Ms. Refer to Table 2 for

definitions.

Landmark Definition

Peak of Protoconid
Peak of Metaconid

1
2
3 Peak of Mesial Entoconid
4

Peak of Distal Entoconia
5 Peak of Hypoconid

Table 2. Definition and numberitng scquence of landmarks for M;, M, and Ms.

2.3 Geometric Morphormratrnics (GMM) and Phenotypic Trajectory Analysis (PTA).

Initially, a superimposition of 2D landmark coordinates (translation, rotation and
scaling) was computed using a Generalised Procrustes Analysis (GPA) for M1, M, and M3
(first, second and third lower molars) run in the same GPA and separately to produce a new
set of coordinates named Procrustes coordinates (Gower, 1975; Rohlf and Slice, 1990).
Procrustes coordinates provide a quantitative representation of specimen shape while size
information is retained by the natural logarithm of centroid size (LnCS; is the square root of

the sum of squared distances between each landmark position and the centroid; Bookstein,



1989; Rohlf, 2000). The natural logarithm of centroid size was used to ensure normality and
isotropic distribution of variables that define the shape space. Size differences were first
assessed with one-way analyses of variance (ANOVA) on LnCS in R (version 4.1.1) using
the packages Geomorph (version 4.0) and RRPP (version 1.0) (Adams and Otarola-Castillo,
2013; Adams and Collyer, 2015, Collyer and Adams, 2018, 2019, 2021; Adams et al., 2021;
Baken et al., 2021; R Core Team, 2021) for stratigraphic units modelled as factors. This was
succeeded by pairwise tests and visualized by box plots for each tooth type. Procrustes
ANOVA was adopted to test the variation within and between 1.~ shape using the R
(version 4.1.1) package Geomorph (version 4.0; Adams arda C*arola-Castillo, 2013; Adams
and Collyer, 2015) on shape variables, accompanied b’ n.i*wise permutations (using residual
randomisation with 1000 permutations) in RRPP (versio.” 1.0) (Collyer and Adams, 2018,
2019, 2021; Adams et al., 2021; Baken et al., 20_.1: R Core Team, 2021). We tested the null
hypotheses that tooth type, stratigraphicc. la:er (i.e., time) and their interaction accounted for
shape variation in the total sample.

Visualisation of shape diffzver.~2s were produced through a Principal Component
Analysis (PCA) using R, along: ide ueformation grids produced in PAST (version 2.17c,
Hammer et al., 2001) and meor. deformation wireframes and “lollipops” obtained using
MorphoJ (version 1.Ubu; kingenberg, 2011, 2013). PCA plots for fitted values were also
produced in R (version 4.1.1). Fitted values are models prediction of mean response values
when factor levels have been inputted, in our case, molar type and stratigraphic unit. Thin-
plate splines were used to aid visualisation of deformation along principal component
vectors.

A test of allometry (analysis of variance using residual randomisation) was carried out
in R (version 4.1.1; Geomorph, version 4.0; RRPP, version 1.0; R Core Team, 2021) using

natural log transformed centroid size and Procrustes coordinates in order to assess the power



of allometric signal in the total sample of molar shapes and whether it changes between molar
types. Subsequently, allometry was tested within each individual molar separately and
visualised with consensus thin-plate spline deformation grids for each stratigraphic unit
within each tooth type produced in TPSSplin (version 1.25; Rohlf, 2004).

Finally, Phenotypic trajectory analysis (PTA) was used to test whether individual
molar shape changes occur in a similar way throughout the same temporal sequence.
Phenotypic evolutionary trajectories are a sequence of ordered estimated phenotypes along a
given path, in this case, one path (defined by units) for each to~*h ,e (M, M, and M3). The
vectors in each evolutionary path are connected by the me«n shape (within each tooth type)
from the oldest (4A) to the youngest (1A) chronostrati~ra. ic unit. Each vector is
characterised by three components: size (MD;2), directiu (642), and shape (Dshage). The
analysis of these three attributes provides a co.np.2r.ientary methodology in testing temporal
phenotypic evolution.

Trajectory size is the vector leny:h distance along an evolutionary path or trajectory
and is defined as the sum of the d’*_*arczs between evolutionary levels (Adams and Collyer,
2009). Differences in shape tra,>ctories can be used to understand acceleration or
deceleration of shape chan~e (-.ough time and are represented by Euclidean distances across
levels between scaled ai.™ aligned phenotypic trajectories. Trajectory direction or orientation
is described by the direction of its first principal component of its covariance matrix. For
each trajectory, a PCA is performed. Pairwise angular differences are then obtained between
the first principal components of different trajectories providing an angle statistic in degrees
of one vector to another (Adams and Collyer, 2009). Trajectory shape corresponds to
evolutionary levels expressed in data space, found from the deviations between
corresponding evolutionary levels across two scaled and aligned phenotypic trajectories. This

is only supplied when analysing phenotypic trajectories of three or more levels (three levels



in each tooth type in our case) and is expressed as Euclidean distance (Dshape). Trajectory
vectors with only two levels lack the shape attribute, only possessing size and direction. A
description of the shape of a configuration of points is accomplished using Procrustes
analyses. Differences in trajectory shapes imply that there is a signal, that at a unique time,
specific shape change is occurring (Adams and Collyer, 2009).

In regard to our dataset, differences in trajectory shape through evolutionary levels
(chronostratigraphic units), infer that changes in one or multiple portions of the trajectories in
shape are accelerated or decelerated by one unit relative to anc*har wvithin tooth types, or that
they are orientated in different directions, or both accelera*ca; lecelerated and orientated in
different directions (Collyer and Adams, 2013). This ic exgressed as Euclidian distance
or Dsnape- Trajectory shape differences use a least-sgi-ares superimposition alignment and are
found from deviations between examined leve's  f 24igned phenotypic trajectories. For all
attribute differences, MD1 2, 612 and Ds, - “.fter 1000 permutations were considered
significant when P values were below a.. acceptable error rate o = 0.05. MD1 2, and Dshape
statistics originate from PCA sco’es that are unitless, while 6, , is given in degrees (°). The
evolutionary vectors represerteu temporal shape changes that covered ca. 90,000 years from
MIS 5 to MIS 3 across M1, M, and M3. These were compared using R (version 4.1.1;
Geomorph, version 4.0; 'RPP, version 1.0; Adams and Collyer, 2009; Adams and Otarola-

Castillo, 2013; R Core Team, 2021).

3. Results

3.1.Tooth Size



ANOVA revealed differences in size (LnCS) between tooth types (F 2, 515 = 289.953,
r> = 0.50, P < 0.001) and stratigraphic units (ANOVA, F 2 515 = 17.49, r* = 0.034, P < 0.001)
with a pattern of M; < M, < M3 (Fig. 4) occurring for each stratigraphic unit (Table 6).

When analysed separately, there was no evidence of M size difference between
stratigraphic units (ANOVA, F 5 18 = 0.7418, r? = 0.0078, P < 0.491; Fig. 4, Table 3 and
Table S2). M, showed significant temporal variation in size (ANOVA, F 5 230 = 18.802, r* =
0.14, P < 0.001). Pairwise tests show M; teeth from unit 1A to be significantly larger than all
the other layers (Fig. 4, Table 3). Allometric shape changes in *%» \ Table S4) differ between
stratigraphic units.

ANOVA detected temporal changes in M3 (ANO\'A, F 5 o7 = 6..2578, r* = 0.114, P <
0.007). Pairwise comparisons of M3 size showed diff:re:.~es between unit 1A (larger teeth)

when compared to unit 3 and 4A (P < 0.01), w i, » o other pairwise tests were significant

(Table 3).

Tooth Type Units |d LCL. VA >P

M; 1A:3 0.005975  1.019827 -0.157523 0.564
1A4A 0.00757? 0.020496  0.074977 0.492
3:4A 0.012%4,9 0.022114  0.816422 0.22

M, 1A:3 0 N4¢2537 0.020691  3.398704 0.001
1A:4A | L.7ES0678 0.023556  3.468273 0.001
3:4A r.0072341 0.024436 -0.106469 0.559

Ms 1A:3 | 0.06253736 0.0414181 2.4183426 0.003
1A:4A | 0.05245558 0.04019562 2.0901576 0.014
3:4A | 0.01008178 0.0424373 -0.3215703 0.618

Table 3. Pairwise comparisons for My, M, and M3 expressed with P values using natural
logarithm of centroid size (significance indicated in bold) for each stratigraphic unit within

each tooth type.
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Figure 4. M1, M, and M3 box blots showi iy 1iticrences in natural logarithm of centroid size.

Data for M; are presented in dark gre:. My i light grey and M3 in white boxes.

3.2.Tooth shape variation 2nu Phenotypic Trajectory Analysis

Procrustes AMO\'A ¢ f shape data showed statistically significant differences between
tooth type and stratigrag’.c unit (Table 4). Overall, tooth type explained 57.15% of variation
and unit explained only 0.65%. PCA scatter plots help visualize shape difference in tooth
type detected by Procrustes ANOVA (Figure 5), with PC1 (63.46%) explaining a substantial
proportion of shape variation in the total sample while large overlap occurred across
stratigraphic units (Figure 5a). Negative PC1 scores describe M; dentition with an elongated
occlusal surface shape relative to an expanded mesial entoconid to distal entoconid distance
and contraction between the protoconid and metaconid. Further progression along the tooth

row presents a buccolingual relative expansion in M, described by neutral scores and a



further widening in M3 relative to an expansion between buccal and lingual cusps described
by positive PC1 scores. This is conveyed through expansion between the protoconid and
metaconid at the mesial end of the occlusal surface and a contraction between the mesial and
distal entoconids at the distal end of the tooth. PC2 (12.25%) shows a strong mesiodistal
contraction, related to the positioning of the mesial entoconid and an expansion and
contraction between the distal entoconid and hypoconid (negative and positive PC2,
respectively). PC2 shows a general neutral positioning of M; and M, dentition (position
scores between +0.1 to -0.1), while M3 varies more in this aspe2t o, shape across the sample.
PCA on individual tooth types separated by stratigraphic v.in ore presented within the
supplementary material (Figure S1, S2 and S3).

There is a significant allometric signal on too*h siape (F, 523 = 163.6726, r* =
0.12737, P < 0.007) and allometric trajectories ¢..~rJe between tooth types (F2, 518 = 7.6495,
r> =0.01191, P < 0.007) (Table 4). Whe." arlysed separately, M, and M shape variation
was significantly impacted by size (M. ** = 0.0115, P = 0.033; M3: r? = 0.08, P < 0.007;
Figure 6), while no allometric effe~t ¢~v.ld be detected on the shape of M; specimens (P >
0.05; Table S2). Allometric sh..ne crianges in both M, and M3 differ between stratigraphic
units (Mz: F = 2.6886, df - »3,, ** = 0.0115, P < 0.033; M3: F = 8.6293, df 1 g5, I’ = 0.08093, P
< 0.007). Within M, spc-iniens, only unit 1A specimens showed significant allometry (r =
0.058031, P <0.0001). M3 specimens exhibited high levels of allometry, with significant
results in all groups (1A: r> = 0.119, P < 0.003 ;3: r* = 0.1057, P < 0.03; 4: r* = 0.0831, P <
0.03) (Table S4).

Average tooth shape by tooth type were plotted to show vector differences along PC1
and PC2 for fitted values (Figure 5b; Table 5) which are the models prediction of mean
response values when factor levels have been inputted. Directions of shape change were

largely consistent in My and M., however significant differences in MD; 3 and MD,, 3 were



found for M3 comparisons (P < 0.002, Table 5). M3 exhibited significantly more shape
change than M (d = 0.0796, P < 0.001) and M, (d = 0.0626, P = 0.002) based on vector size
corresponding to an accelerated shape change through time for Ms. Analyses of principal
vector angles (6, ,) showed that evolutionary trajectory direction changes through time are
similar between M; and the other two lower molars considering that the observed angles were
significantly smaller than the upper confidence limit computed under random expectation
(Table 5). The only significant difference in directional shape change was between M and
M3 with an angle significantly larger than random expectatior (' = 127.03°, Table 5).
Trajectories did not differ in shape between any tooth types (L ;hape, Table 5). This
corresponds to neither a decrease or acceleration in skap~ ciiange between tooth types.
Plotting the averaged tooth shape change by 'ayer allows to visual assessment of the
unique pattern of variation observed in M3 (Fi*'. b,. Deformation grids in My do not
significantly stretch between layers with \ondmark configuration maintaining a configuration
pretty similar to average shape while in 1.*» the average shape of layer 3 appears significantly
different from that of the other la,c.~ uue to the change in the relative position of the mesial
metaconid and mesial entoconiu. These landmarks vary even more in Mz with a progressive
expansion through stratic: «,"hie units (Fig. 6¢). Such variation corresponds to the wider

portion of morphospace v <cupied by M3 in PCA plots (Fig. 5).

F Z df r’ P<
Size tooth type 289.95 12,913 2,515 0.5042 0.001
Size unit 17.491 4.6404 2,515 0.0342 0.001
size tooth type x unit 5.0377 3.2098 4,515 0.0175 0.001
Shape tooth type 366.87 9.5548 2,515 0.5715 0.001
Shape unit 4.1482 3.2503 2,515 0.0646 0.001
Shape tooth type x unit 6.7037 5.9287 4,515 0.0209 0.001




Allometry of tooth shape 163.67 7.4996 1,523 0.1274 0.007

Allometric change between tooth type | 7.6495 5.5505 2,518 0.0119 0.007

Table 4. ANOVA for size and shape of tooth type, unit, tooth type/unit interaction and
allometry of tooth shape and between tooth types containing r? and P values (significance

indicated in bold).

MD,, Unit |d UCL Z P

M1:M, | 0.0169 0.0259 0.9549 0.174
M1:M3 | 0.0796 0.0327 3.4215 0.001
M:M3 | 0.0626 0.0352 2.7683 0.002

2P Unit | Angle (°) UCL Z P

Mi:M, | 44.259  130.0721 -0.4662 0.652
M;:Ms | 123.42  131.1191 1.5504 0..72
M,:Ms | 127.03  125.9122 1.6419 1.045

Dsnape  Unit | d ucL Z 7

M;:M, | 0.0959  0.5842 1.4,43 0.918
M;:Ms | 0.1038  0.6239  -1.4v63 0.922
M,:Ms | 0.0945  0.6388  -1.5652 0.937

Table 5. Summary statistics for Cimicrences in phenotypic trajectory size (MD; ,), direction
(6, ,), and shape (Dghape) betvi2e1, M1, M, and M. Scores for d (trajectory length), upper

confidence limits (UCL) Z, 2 and angle (°) have been provided (significance indicated in

bold).



o
&
o
e
o
[

PC 2 for fitted values: 2.04%

Figure 5. (A) PC plot of original shape coordinates FC1 (63.46%) and PC2 (12.25%) for My,
M, and Ms. (B) PC plot of PC1 (96.09%) and ”C.’ /2.04%) for M;, Mz and M3 with
evolutionary trajectory means for fitted \ ~lu’.s. For both A and B, M1, M, and M3 are
represented by white, sky blue and dark hlue points, respectively. Units 1A, 3 and 4A are
represent by circles, squares and t~:ang'.s, respectively. Large circles represent average
phenotype for each group (stra. araphic unit: 1A - grey, 3 - yellow, 4A -black). Temperature
related Jacobean expansion 1..~tors have been used as a visual aid on deformation grids (blue
shows contraction, red shows expansion) accompanied by two coloured wireframes to show
mean shape (light blue) and deformation (dark blue) at the extremity of the principal

component.
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Figure 6. Tooth shape variation associated with size showing consensus deformation of each
stratigraphic unit within each tooth type from the group mean. (A) deformation grids of

stratigraphic units 1A (LnCS = 0.53), 3 (LnCS = 0.54) and 4A (LnCS = 0.52) (left to right) of



M;. (B) deformation grids of stratigraphic units 1A (LnCS =0.72), 3 (LnCS = 0.67) and 4A
(LnCS = 0.66) (left to right) of M,. (C) deformation grids of stratigraphic units 1A (LnCS =
0.67), 3 (LnCS = 0.60) and 4A (LnCS = 0.61) (left to right) of M3. Temperature related

Jacobean expansion factors have been used as a visual aid on deformation grids, blue shows

contraction, red shows expansion.

M M; M3

1A | 0531 0.715 0.725

3 10537 0.666 0.757

4A | 0.523 0.660 0.773

Table 6. Mean LnCS for each stratigraphic unit with:n e.~h tooth type.

4. Discussion

Molariform dentition of ¢7..~ Lears have demonstrated progressive modification, with
the rate of change in the occlus..! surface suggested to increase during the late Pleistocene
(Rabeder and Tsoukala, 1290,. Many studies have underpinned the hypothesis that
environmental changes s:imulated phenotypic adaptations in fossil bears (Baryshnikov et al.,
2003, 2004; Rabeder et al., 2011; Robu et al., 2013, 2018; Bocherens et al., 2014b). In this
study, we show an increase in lower molar tooth size from MIS 5 — MIS 3, with a temporal
variation in cusp position, relating to a larger talonid grinding platform in later, more
climatically harsh time periods. Changes relating to a morphologically larger talonid section
in lower cheek teeth are found in M, and M3, with M3 showing a more morphologically
divergent change suggesting that this tooth is much more responsive to habitat changes than

the molars before it. Tooth type further follows a constant pattern of relative tooth size



variation, i.e., M1 < M, > Mjs across all time periods. This developmental pattern has been
previously identified in the family Ursidae (Asahara et al., 2016).

The inhibitory cascade model (IC, Kavanagh et al., 2007; Renvoisé et al., 2009;
Jernvall and Thesleff, 2012) proposes that the size of lower molars in mammals are
controlled by molecules produced by the M; tooth germ and certain taxa follow particular
regression lines in M1/M; vs Ms/M; morphospace. This model has been used to explain
variation in lower molars and the loss of third molars in mammals. The model states that
molar tooth row sizes vary from M; > M;> M3z to My = M, = M_ to M; < M,< M3 and can
explain variation throughout mammalian species, with urs’das eing one of the few exceptions
(see Kavanagh et al., 2007 for details on statistics). Th~ n.2del statistics have been recently
simplified in a study by Roseman and Delezene (2017), .'here IC predictions for M; tooth
size can be calculated by M3 = 2*M, — M;. Asih 2 and colleagues (2016) suggested that
ursids exhibit a M1 < M, > M3 pattern th.t c7.nnot be explained by the inhibitory cascade
model. Findings herein support this con.cept. However, recent studies contradict the model
(Roseman and Delezene 2019; Ba~ssl.~kov and Puzachenko, 2020). Baryshnikov and
Puzachenko (2020) found resu.s for ursids and U. spelaeus specifically in relation to the IC
model. They only detected a ,~!.tionship in the tooth row when P4 dentition was included in
the model and presenteu the lower molar tooth row pattern: M; =~ M, > M3 (which was also
largely linear). The IC model uses relative molar length when understanding patterns in
mammalian tooth rows. However, when using LnCS in regard to the IC model, our results
show a M; < M, < M3 across all stratigraphic units studied. This pattern conforms to the IC
model and may suggest that GMM is a more accurate methodological tool when describing
the size of complex shapes.

The increase in lower molar tooth size through time concords with findings relative to

the upper molariform dentition of specimens from the same chronostratigraphic sedimentary



deposits of Scladina (Charters et al., 2019). An increase in M? size from unit 4A — 1A (MIS 5
to MIS 3) correlates with an increase in M, and M3 size throughout the sedimentary units.
This increase in molar size is shown in M1, M, and M3 dentition studied herein and the
direction of change is temporally sequential throughout all dentition for both length and
width measurements (Table S3).

M?, M, and M3 occlude during mastication to create a large grinding platform for the
consumption of foliage and mast. This analogous morphological change would aid in
maintaining biomechanical performance for adept mastication Pecont biochemical and
biomechanical studies have proposed that cave bears had saai*ed a diet exclusive to foliage
and mast from ~100ka (Bocherens, 2019) and were furthe, dietary restricted to consuming
low energetic plant material during pre-dormancy (P“re. Ramos et al., 2020).

Available food sources in environments ¢ e studied through palynological
analyses of sedimentary deposits, giving ‘ns’ght into plant species and their abundance in an
environment at a specific temporal inte: ‘al. Palynology relating to units 4A, 3 and 1A (MIS
5-3) suggest a gradual environmer*al o*.ft from a temperate to boreal to a more steppic
environment (Pirson et al., 20C? 2u14), inferred by the representation and abundance of
plant species in the related selivaentary infill. Unit 4A (relating to MIS 5 with later
chronostratigraphic iaye-s m the unit possibly in early MIS 4) is composed of a multitude of
layers pertaining to different geological processes. Palynological analysis of the unit,
suggests temperate conditions with relatively high percentages of various temperate
malacophyll trees, high levels of algae and the presence of a thick stalagmitic floor indicating
climatic improvements in the palaeoenvironment (Bastin et al., 1986; Gullentops and
Deblaere, 1992; Quinif et al., 1994; Pirson et al., 2008; 2014). Unit 3 is suggested to have a
lower tree rate than that in 4A, but still strongly represented by deciduous and coniferous

trees, followed by the later environment (unit LA) dominated by herbs, grasses and flowering



plants. Further pollen, insect and plant macrofossil studies of European palaeoenvironments
during MIS 5 to MIS 3 suggest a transition from the peak of an interglacial (Eemian
interglacial), generally characterised by long intervals of temperate forests across mainland
Europe (Jung et al., 1972; Helmens, 2014), encompassing vast tundra landscapes with
inadequate comestible plant material for herbivorous megafauna like the cave bear to thrive
on. Taken together, these findings suggest that climatic cooling, lack of dietary flexibility and
related food source availability during pre-dormancy may have played a pivotal role in the
morphological adaptation of molariform dentition and the later ~xu.»ction of the species
(Baca et al., 2016). The palynology of the studied stratigreom. chronology further supports
this morphological adaptation of an increased molar siZ= ad a coordinated evolutionary
expansion of the talon/talonid in cave bear molars.

Research on habitat tracking may offer a ifferent view on the results herein. Raia and
colleagues (2012) suggest that mammali. n s;secies respond to environmental change by
dispersing to new environments with be*ter ecological conditions as opposed to those
affected by climatic decline, activ2'v _~2king similar ecological conditions in a new area.
This in turn would keep morpl..logy stable and different morphologies and genetic lineages
may represent morphologi~a, ~F.ange through time. Due to the strong link between habitat
and dental morphology >t imiammals, habitat tracking from one environment to another of
similar ecological position would suggest a stasis of morphological change. However,
research into habitat tracking of fossil species is limited and the reliability of results when

reproducing distances tracked of an extinct species while in existence may be questionable.



Mes

Buc + Ling

Dis{

Figure 7. Mjs dentition of U. spelz~us ¥,om unit 1A showing varying shape deformation at

mesial/distal entoconid (left: SC-86-132-1-625, right: SC-89-120-619).

Trophic diversit:’ Jue to environmental differences have been found to impact
functional mandibular morphology in extant bears (Meloro et al., 2017). This is further
corroborated by studies based on bear tooth microwear (Pappa et al., 2019), while tooth
dimensions have been previously used to separate bear dietary groups (Van Valkenburgh,
1988; Sacco & Van Valkenburgh 2004). Smaller molariform dentition have been found to
relate to more carnivorous ursids, being progressively larger in omnivores and more so in
herbivorous species (insectivores have little need for further processing of food) (Sacco and

Van Valkenburgh, 2004). In this respect, differences in M, and M3 tooth morphology have



been suggested as adaptive when bears occupy different ecological niches (Baryshnikov et
al., 2003). PCA further show functional morphological changes in the occlusal surface of the
dentition studied from temporally distinct environments (Figure 5). PC1 shows the majority
of variation in the sample and visually describes the variation between tooth types. Size has a
significant effect on shape in the occlusal position of cusps, further clarified by a strong
allometric signal and supported by r? values (Table 4). Specimens of Ms exhibited significant

levels of allometric effect in comparison to M; and M, dentition (Table 4 and S2).

Although analyses of specimens in units within each t ~oth type did not suggest strong
visual patterns (PCA, Figure 5, S1, S2 and S3), statistica’ a..»"ysis revealed significant change
between units occurs in all tooth types (Table 4). In T %1, o *formations in units 3 and 4A show
differences in mean shape with a relative length.n».iq both mesially and distally on the
lingual side between the metaconid and th~z isic! entoconid, with the opposite shown in unit
1A specimens. However, 1A specimens sho. * a buccolingual expansion in tooth shape,
seemingly in conjunction with the bicr.o lingual expansion of both M, and M3 specimens.
Mean shape change is also show. in specimens of M, with similar cusp positioning shown in
1A specimens (Fig. 6). A buccc lingually contracted tooth shape in unit 3 and 4A dentition
manifests the lesser neec for 1 large talonid section in these environments (MIS 4-5). M3
shape data shows a more .nesial positioning of the protoconid and metaconid along with a
distally increased position of the distal entoconid, more so in unit 1A specimens. This, in
turn, would maintain biomechanical performance with the correlated expansion between the
post-hypocone and hypocone (resulting in a larger talon section) shown in M? specimens
from the same stratigraphic sedimentary units (Charters et al., 2019). M3 specimens further
show contraction between mesial and distal positioned cusps, accompanied by a contraction
between the mesial and distal entoconid. This relates to some specimens forming a crease

between the two cusps, deforming the outer shape of the tooth (Figure 7). This linguo-distal



indent varies greatly, even between specimens from the same evolutionary time-period.
Factors such as tooth row constraint or mandibular morphology may shed light into this
morphological variant.

Baryshnikov and Puzachenko (2020) suggested that the cave bear U. kudarensis (a
large cave bear species found in the Caucasus and Eastern Siberia region) showed specific
evolutionary modifications in molariform dentition and even detected individual
modifications in specimens of Ms. In cave bears, the morphology of the mandibular corpus
and ramus creates space distally of the M3, expressing a lingu!" e:9ngated corpus, allowing
room for more varied adaptation in molariform dentition, ¢ spe1ally for a well-developed
grinding platform to be housed (Van Heteren et al., 2019, 2014, 2016; Meloro, 2011). In
other herbivores such as A. melanoleuca (Giant Pand3), ."e morphology of the mandibular
corpus and ramus limits the space for distal exJa. <i%n of the third lower molar. Expansion of
Mj3 occurs lingually behind the ramus (S.~cr and Van Valkenburgh, 2004) possessing a
shorter mandibular corpus at the molars *elative to the premolars, with the tooth row ending
at the corpus/ramus threshold (Me'arc. 2011, Meloro et al., 2017). This relates to the
previously mentioned IC mode: ana may explain the non-conformity in ursids (Asahara et al.,

2016).

Phenotypic trajectories show non-independent paths of evolutionary changes in M;
and M, dentition. However, vector sizes are statistically different in M3 means compared to
those of M; and M. This shows that phenotypic changes in tooth types between units in M;
and M, produce similar vector lengths (Table 5). Again in &, 3, M3 shows evolutionary vector
angles that differ from M. It should be noted that comparisons in vector angles between M;
and M3 dentition are non-significant (64,3 = 123.42°, UCL = 131.12, P = 0.072), however, P
values and vector angles are very similar to that between M, and M3 that show a trajectory

angle significantly larger than random expectation (6= 127.03°, Table 5). This suggests



evolutionary parallelism in trajectories of M; and M, dentition based on trajectory size,
direction and shape, while M3 follows a different path. Dshape further supports evolutionary
parallelism between dentition. Phenotypic means of M; and M, suggest change to a wider
shape through time, whereas M3 shows scattered specimens across the morphospace but a
movement of general phenotypic shape to an expanded talonid section in unit 1A specimens
in relation to a wider/shorter cusp position in unit 3 specimens previous. Phenotypic
trajectory means suggest an adaptation to create a larger grinding platform to consume more
fibrous plant material due to climatic and environmental press.:»s  f MIS 3 (Baryshnikov et
al., 2003; Daura et al., 2017). Phenotypic trajectories charges show similarity between M;
and M, suggesting parallel evolution (Stayton, 2006; *1a™s and Collyer, 2009). This
supports coordinated shape changes in molariform drati.~n that is more impacted by spatial

constraint within the mandibular corpus.

On the other hand, the divergent vari.tion of M3 suggests that this tooth is less
constrained (developmentally) to ex)a:' 2r shrink, so it appears much more responsive to
environmental changes. This fur.>ar corroborates the hypothesis that cave bears from
Scladina expanded their herbiv.vous feeding niche during the latest glacial in response to
food availability. Perhap: such a level of dietary specialisation might have also been the
reason of its further exti»_tion. With the argument of the cave bear diet becoming more
evident in regard to it being a hyper-specialized herbivore (minus small populations of
debate; Richards et al., 2008; Robu et al., 2013, 2018; Bocherens, 2019), answers regarding

extinction and diet have become more solid.

Through population demographics, Mondanaro and colleagues (2019) suggested that
climatic and environmental factors were responsible for a 10-fold decrease in cave bear

populations after ca. 40ka, but this could not fully explain the extinction of the species.



Dating of recent assemblages do, however, corroborate an extinction by climatic decline.
Radiocarbon dating has provided an extinction date of 26.1 — 24.3 Ka, this falls within the
Greenland Stadial 3, the coldest period of the last glacial (Peltier and Fairbanks, 2006; Clark
et al., 2009; Cooper et al., 2015). This climatic decline suggests reduced vegetation due to
climatic deterioration was key to the demise of the cave bear (Barnosky et al., 2004; Koch
and Barnosky, 2006; Lorenzen et al., 2011; Cooper et al., 2015; Stuart, 2015; Baca et al.,

2016), supported by findings herein.

5. Conclusion
Phenotypic trajectory analysis confirms sugg<stior s from size and shape analyses

through GMM of a temporal size increase and c'ssi movement to house a larger talonid
platform to process more fibrous plant ma*..‘ai -lating to climatic decline. The divergent
variation of M3 suggests that this tooth is lesc constrained and appears much more responsive
to environmental changes. This is skov..> aver short temporal intervals from MIS 5 to MIS 3.
Further, findings also corroborat: witi those found in the upper molars from specimens of the
same stratigraphic deposits anu *hat of recent 8*°N stable isotopic analyses suggesting
complete herbivory of U spe.aeus in the latter one-hundred-thousand-years of the species
existence. The pernicior~ effect of this extreme dietary inflexibility and hyper-specialization,

evidently, would be a critical factor in the demise of the species.
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Highlights
e Lower molar tooth size increases from Marine Isotope Stage 5 — MIS 3.
e Mjs appears less constrained and much more responsive to environmental changes.
e Cave bear lower molar shape changed to process more fibrous plant material.

e Tooth shape is a powerful ecological tool to understand adaptation of cave bears.



