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Multi-view stereo three-dimensional reconstruction of lower molars of
Recent and Pleistocene rhinoceroses for mesowear analysis

Elina Hernesniemi, Kasimir Blomstedt, and Mikael Fortelius

ABSTRACT

In this work we tested how well a method, where 3D reconstructions are produced
from photographs, is suited for palaeontological investigations. This method is attrac-
tive since photographing specimens is faster than scanning them with a needle or a
laser scanner, which means that for example museum visits can be better utilised.
Also, a digital camera is far less expensive and more mobile than dedicated 3D scan-
ners. The palaeodiet reconstruction of North-Western European Pleistocene rhinocer-
oses was used as a test case. For this purpose we developed a method for the
analysis of lower molars of rhinoceroses, to which classical mesowear analysis cannot
be applied. This method is based on examining the facets of the buccal enamel band.
We considered two variations of the method. In the first variant we digitally measured
the angle between the surface of the enamel edge and the buccal side surface of the
teeth and used it to score the wear patterns. The second variant was based on a visual
scoring. Our experience suggests that the 3D models based on digital photographs
provide sufficient accuracy for the models to be suitable for palaeontological investiga-
tions. The results suggest that the dietary regime of Stephanorhinus hundsheimensis
and Stephanorhinus kirchbergensis fall within the browsing realm. The diet of Stephan-
orhinus hemitoechus was more abrasive, but not as abrasive as that of the Recent
mixed feeder Rhinoceros unicornis. The dietary regime of Coelodonta antiquitatis falls
between the dietary regimes of the Recent extreme grazer Ceratotherium simum and
mixed feeder Rhinoceros unicornis.
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INTRODUCTION

In the present-day study of palaeontology,
new technology, such as 3D modelling, is increas-
ingly utilized. Powerful computers and digital 3D
models of fossils enable many new research proj-
ects. However, 3D scanners tend to be rather
expensive and may not be accessible to all
researchers. Also, unless the 3D scanner is very
portable, it may be difficult to use one in field condi-
tions or during museum visits.

The purpose of this work is to test how well a
method, in which 3D models are produced from
ordinary digital photographs, works for palaeonto-
logical studies. The great advantage of this kind of
method is that all that is needed for generating 3D
models is an ordinary digital camera and a com-
puter for post-processing. Hence, the method can
be used whenever it is possible to take photo-
graphs, because no special 3D scanners are
needed.

In this work we studied the dietary regimes of
Pleistocene rhinoceros species as a test case. We
analysed dental fossils of four Pleistocene rhinoc-
eros species from North-Western Europe, Stepha-
norhinus  kirchbergensis (Jager, 1839), S.
hemitoechus (Falconer, 1868), S. hundsheimensis
(Toula, 1902), and Coelodonta antiquitatis (Blu-
menbach, 1799). In the last couple of years these
species have been the subject of a vivid discussion
(among others Lacombat 2006a, 2006b, 2007; Bil-
lia 2007, 2008a, 2008b; Koenigswald et al. 2007;
Kahlke and Lacombat 2008; Tong and Wu 2010;
Kahlke and Kaiser 2010). Our intention was to find
out whether wear patterns of lower molars of rhi-
noceroses could be used for mesowear analysis.
We compared the reconstructed palaeodiets of the
Pleistocene species to the dietary regimes of the
five Recent species, Diceros bicornis (Linnaeus,
1758), Ceratotherium simum (Burchell, 1817), Rhi-
noceros unicornis (Linnaeus, 1758), R. sondaicus
(Desmarest, 1822) and Dicerorhinus sumatrensis
(Fischer, 1814).

Mesowear analysis is a method, which can be
used to reconstruct the diets of ungulate species
(Fortelius and Solounias 2000). The method is
based on facet development on the occlusal sur-
faces of upper cheek teeth. Mesowear is recorded
by examining the shape of adequately worn cusp
apices macroscopically to estimate the relative
amount of abrasive (food on tooth) and attritive
(tooth on tooth) wear. Leaf browsing tends to result
in an attritive wear pattern, where the cusp apices
are sharp, whereas more abrasive grazing tends to
result in blunt cusp apices.
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Originally Fortelius and Solounias (2000)
employed only second upper molars for mesowear
analysis, but later the method was also extended to
the analysis of other upper cheek teeth of rumi-
nants, horses and rhinoceroses, as well as to the
analysis of the lower cheek teeth of horses and
ruminants (see Franz-Odentaal and Kaiser 2003;
Kaiser and Fortelius 2003; Kaiser and Solounias
2003; Kaiser and Rdssner 2007; Kahlke and Kai-
ser 2010). However, the classical mesowear analy-
sis does not lend itself to the study of lower cheek
teeth of rhinoceros species. Restricting analyses
only to the upper teeth of rhinoceroses limits the
use of the method, as the fossil assemblages con-
tain both upper and lower teeth.

In this study we analysed the upper molars
(M2 and M1) of rhinoceros species using the clas-
sical mesowear analysis. For lower molars (m2
and m1) we used two different methods, and both
are based on analysing the wear patterns, that is,
the facet development of the buccal enamel band.
Facets develop during occlusion strokes when
lower teeth are in contact with upper teeth, i.e., in
attrition (see for example Butler 1972; Fortelius
1985; Fortelius and Solounias 2000). Abrasion
does not lead to facet development. As a result,
the profile of buccal enamel edges of the lower
molars of separate species tend to be rather differ-
ent, as can be seen in Figure 1. In the first method,
we digitally measured the angle between the buc-
cal side surface and the surface of the enamel
edge from the 3D reconstructions. In the second
method, on the other hand, we visually categorized
the teeth into two groups; those with facets and
those without facets.

The dietary regimes of the Pleistocene rhinoc-
eros species have raised questions for a long time.
Especially the diet of the species Stephanorhinus
hemitoechus has been a controversial issue. Ear-
lier S. hemitoechus has been seen as a grass con-
suming steppe rhino (see for example Zeuner
1934; Loose 1975), whereas in later studies a
grazing diet has been considered as highly improb-
able (Fortelius 1982; Fortelius et al. 1993). Since
all the Stephanorhinus Kretzoi, 1942 species stud-
ied here seem to occasionally have occupied the
same areas (for example, fossils of all the three
species have been found at Mosbach, see Forte-
lius et al. 1993), the possible differences in their
dietary regimes are very interesting. The woolly
rhino, Coelodonta antiquitatis, has for a long time
been considered a cold adapted grazing animal,
whose winter diet might have been different from
its summer diet (Loose 1975).



FIGURE 1. (Upper part) Surface profiles of buccal lower
teeth enamel edges from the hypoconid tip regions of
m2s. (Lower part) The on-edge curves corresponding to
the surface profiles. 1. S. kirchbergensis BMNH-19841;
2. S. hundsheimensis BMNH-M.19428; 3. S. hemi-
toechus BMNH-M.36620; 4. C. antiquitatis BMNH-M.89;
5. C. simum BMNH-1967.8.31.2; 6. R. unicornis BMNH-
72.739; 7. R. sondaicus NHMD-CNZ28; 8. D. sumatrensis
BMNH-1921.2.8.2; 9. D. bicornis FMNH-945/1960.

Institutional abbreviations

BMNH British Museum of Natural History, London

FMNH Finnish Museum of Natural History, Helsinki

NHMD Zoological Museum, Natural History Museum of
Denmark, University of Copenhagen, Copenhagen

RMCA Royal Museum for Central Africa, Tervuren

UUZM Uppsala University, the Museum of Evolution,
Uppsala
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MATERIAL

The dental material of four Pleistocene rhinoc-
eros species, Stephanorhinus kirchbergensis, S.
hemitoechus, S. hundsheimensis, and Coelodonta
antiquitatis, were studied and compared to the den-
tal material of the five Recent rhinoceros species,
Diceros bicornis, Ceratotherium simum, Dicerorhi-
nus sumatrensis, Rhinoceros sondaicus, and R.
unicornis. All the studied dental fossils come from
the fossil localities of Britain and are housed in
BMNH. The early middle and middle Pleistocene
species S. hundsheimensis from the British Isles
has traditionally been assigned to S. etruscus (Fal-
coner, 1868). The morphological differences
between S. hundsheimensis and S. efruscus are
rather small, and their separation based only on
isolated teeth or dentitions, which are used in this
study, is difficult or even impossible (see Fortelius
et al. 1993; Lacombat 2006a, 2006b). However,
here we follow Fortelius et al. (1993) who sug-
gested that all the European “etruscoid” rhinocer-
oses from the early middle Pleistocene can be
referred to S. hundsheimensis (see also Mazza
1988 for description of S. efruscus).

The Recent rhinoceros specimens studied are
housed in BMNH, FMNH, NHMD, RMCA, and
UUZM. Only specimens belonging to wild-shot ani-
mals were used in this study. The Recent Ceratoth-
erium (Gray, 1868) was treated as one species,
instead of dividing it to C. simum and C. cottoni as
suggested by Groves et al. (2010). Both the sec-
ond and the first upper and lower molars were
used in this study. Unworn teeth as well as teeth in
very early or in very late wear stage were
excluded. All the adequately worn upper and lower
molars (M2, M1, m2, and m1) from each individual
were used in all analyses except for the angle
measurement analysis, in which only one lower
molar of each individual animal was included. From
each species upper and lower molars of ten or
more individuals were studied, except for D. suma-
trensis, from which lower molars were studied only
from seven individuals. The dental material used in
this study is shown in Appendix.

METHODS

Polysiloxane putty (Lab-Putty, Colténe/Whale-
dent AG, Altstatten, Switzerland) was used to make
partial moulds of the lower molars (m2 and m1)
after which synthetic dental stone (Fujirock by GC
Europe n.v., Leuwen, Belgium) was used to make
replicas. Statistical calculations were carried out
using the statistics package JMP 8.0.2 (SAS Insti-
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tute, Inc., Cary, North Carolina, USA), except for
the bar graphs and hierarchical clustering, which
were produced in MATLAB (Version 6.5.0.
180913a Release 13, The MathWorks, Inc.).
Euclidean distance and complete linkage were
used in the hierarchical clustering.

Mesowear Analysis of Upper Molars

The original mesowear method, in which cusp
apices were visually scored as sharp, rounded, or
blunt, and the valleys as high or low (Fortelius and
Solounias 2000), was applied for the first and sec-
ond upper molars. Only sharper apices were
scored. The index of hypsodonty (Janis 1988) was
excluded from this study. A hierarchical cluster
analysis of the mesowear data of the upper molars
was performed. In this analysis, following Fortelius
and Solounias (2000, figure 2b), we used the rela-
tive sharpness, the relative bluntness, and the rela-
tive height of the molar cusps as variables.

Wear Pattern Analyses of Lower Molars

For the analysis of the lower molars, we con-
structed digital 3D models of those parts of the
molars that are relevant in the methods used. We
used two different methods for the analysis of the
lower molars. In the first method the angle between
the buccal side surface and the enamel edge was
measured, whereas the second method was based
on a visual inspection of the buccal side enamel
edge, used to determine the presence of facets.

Obtaining 3D representations. To be able to
analyse the specimens off-line or by computer, we
had to obtain digital 3D representations of the
teeth. The 3D representations were mostly deter-
mined from casts, but teeth from Recent species
as well as fossilized teeth were also used as start-
ing points.

The technique we used for obtaining the 3D
models is based on an idea where multiple ordi-
nary (2D) photographs showing the target object
from different directions are computationally com-
bined to yield a 3D representation of that object.
This so-called multi-view stereo (MVS) technique is
much faster and more convenient to apply in a field
setting than, say, the use of, for example, a needle
scanner or a laser scanner. It, however, provides a
somewhat lower resolution for the representation.
Hence, in order to get some idea of the actual reso-
lution, we have compared the representations
obtained by MVS to the representations obtained
by a needle scanner and a laser scanner.

For the 3D reconstruction computations we
used the combination of two computer programs,
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Bundler (version 0.3) (Snavely et al. 2006; http://
phototour.cs.washington.edu/bundler/) and PMVS
(Patch-based Multi-View Stereo Software, version
1) (Furukawa and Ponce 2007; http://grail.cs.wash-
ington.edu/software/pmvs/pmvs-1/index.html). The
former program was used to estimate the camera
parameters (focal length, relative location of cam-
era to specimen, and in what direction the camera
was pointed), and the latter program was used to
obtain the 3D reconstruction.

Typically some 40 photographs were taken of
the same specimen in order to obtain an adequate
3D model. While experimenting with the process, it
became clear that the Bundler-PMVS combination
requires that care has to be taken both in photo-
graphing the specimen as well as in appropriate
pre-processing of the images. Indeed, for the pro-
grams to be able to find the needed common fea-
tures more or less uniquely from the different
photographs, it was necessary to ensure that the
interesting parts of each photograph were in focus
and well lit. This mandated that external lighting
had to be used together with a long focal length
setting on the camera, and furthermore, that the
most out-of-focus parts of the photographs were
masked. In addition, masking was also used to sin-
gle-out the interesting parts of each photograph,
that is, the parts showing those features of each
tooth we were interested in. This was done,
because experience showed that for the programs
not to hang when processing high-resolution
images, the total number of pixels in each image
had to be limited. Finally, for the algorithms used
by the programs to work, it was also necessary to
ensure that there were sufficiently many common
details or features that span a number of the photo-
graphs. That is, when going from one image to the
next (in order), there has to be a sufficient number
of common features in each image pair.

The photographs were taken with two different
cameras, a Nikon D70 with an AF Micro-Nikkor 60
mm lens and with a Nikon Coolpix 4500. The spec-
imens were placed on a table and secured in place
by plasticine. They were illuminated by a pair of
150W construction-site lanterns, which were kept
in fixed positions with respect to the table and to
the specimen between the photographs. The lights
were fixed in place, because as the 3D reconstruc-
tion is based on finding common features across a
stack of images, it is necessary to ensure that the
apparent surface texture, including highlights and
shadows, is stationary across all of the photo-
graphs. This issue becomes apparent when trying
to use the procedure to obtain 3D models from



FIGURE 2. Comparison of the models corresponding to
the buccal side enamel edge of D. bicornis FMNH-945/
1960. 1. photograph of the upper part of m2d; 2. photo-
graph-based 3D model before smoothing; 3. photo-
graph-based 3D model after 3 steps of smoothing; 4.
photograph-based 3D model after 7 steps of smoothing
and after vertex removal; 5. 3D model from laser scan-
ner (30 ym nominal resolution); 6. 3D model from needle
scanner (50 pm nominal resolution).

photographs of actual teeth, which typically are
quite shiny. The specular reflection implied by the
shine means that a part of the surface texture con-
sists of the mirror-image of the environment, espe-
cially of the light source(s). This mirror-image by its
very nature “wanders” around when the point of
view is changed. As a consequence, and since all
highlights resemble each other and represent
(over)prominent features in the photographs, high-
lights tend to throw off the 3D reconstruction proce-
dure. To overcome these difficulties, a diffuser (a
sheet of baking paper) was introduced between the
lights and the specimen when photographing
actual teeth.

PALAEO-ELECTRONICA.ORG

Once a stack of photographs of a specimen
had been obtained, these images were fed to the
Bundler program, which returns the camera param-
eters associated with each image. It also undistorts
(tries to undo geometrical distortions originating in
the camera optics) each image. The masking of the
images to only retain in-focus regions of interest
was done to the undistorted images, and a set of
masks corresponding to each image was thus gen-
erated. This masking was done by hand. The
undistorted images, their masks, and the associ-
ated camera parameters were then passed on to
the PMVS program, which used them to build the
3D model. The output from the PMVS program is a
set of patches in three-dimensional space. To get
more flexibility in the choice of tools used to further
process the models, we used the conversion pro-
grams  “patch2pset.exe” and  “PoissonRe-
con.32.exe”, provided with the PMVS software
distribution, to convert the patch-based model into
a point cloud representation -based mesh. The
point cloud essentially contains the three-dimen-
sional coordinates of a huge number of points that
PMVS has determined define (lie on) the surface of
the specimen.

The 3D point cloud representation of the
specimen was then further processed by the Mesh-
lab software (Meshlab v1.2.1.1, Visual Computing
Lab—ISTI-CNR [http://meshlab.sourceforge.net/]).
First of all, those parts of the representation, which
did not represent regions of interest, including the
artificial features introduced by PoissonRe-
con.32.exe when creating the mesh, were cut
away from the 3D model. Because the 3D model
produced by the PMVS program tends to be rather
noisy (see Figure 2), the model was then smoothed
by applying the Laplacian smooth —algorithm of
Meshlab with parameter 10 seven times in a row to
the model. We note that careful smoothing of a
noisy model does not really alter the available true
information, but rather changes the shape of the
erroneous deviations into a visually more pleasing
form. Once the model was smoothed, its vertex
(point) count was reduced by removing those verti-
ces that lie so close together as to almost providing
no additional detail. The procedure was performed
with the Merge close vertices — algorithm of Mesh-
lab, with parameter 10. The vertex reduction
makes the model more usable in other programs (it
leads to a smaller memory usage and decreased
processing times). The progress of the smoothing
procedure and the subsequent vertex removal is
represented in Figure 2, which depicts the result
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after 0, 3, and 7 smoothing steps, and after the ver-
tex removal, respectively.

For comparison the results obtained by a nee-
dle scanner (Roland Picza PIX-4 3D, 50 um nomi-
nal resolution) and a laser scanner (Nextec Hawk
3D laser scanner, 30 um nominal resolution) of the
same specimen, as well as a photograph taken
from roughly the same direction as the models are
rendered, are also presented in Figure 2. From the
figure it is clear that the results of the needle scan-
ner and the laser scanner provide somewhat more
detail than the photograph-based reconstruction.
However, more important for our present purpose
is the fact that this comparison shows that the
detail present in the MVS reconstruction, including
the smoothing and vertex removal procedures,
faithfully represents the specimen. The reconstruc-
tion can therefore, within the accuracy provided by
it, be used to reliably analyse the specimen.

Analysing the angles. We measured the angle
between the buccal side enamel edge and the buc-
cal surface of molars. In browsers, where the
enamel edge tends to develop a facet, this angle is
larger than in grazers, where no facets develop.
We investigated the lower molars m1 and m2, and
measured the angle at two locations, in the vicinity
of the hypoconid and protoconid tip regions. That
is, approximately at the common edge of the facets
one and two, and the facets six and seven (facet
numbering according to Butler 1952), respectively.
This choice of measurement location was dictated
by practical reasons, since it made it relatively easy
to measure the angles in a consistent manner for
different molars.

The measurements were done on the recon-
structed 3D models. For this purpose we used the
VRMesh software (VRMesh v.4.1.2 Studio, Copy-
right 2003-2008, Virtual Grid Company). In order to
measure the angle, we first chose a suitable sec-
tion of the region around the hypoconid or proto-
conid tip. We then selected two closely spaced
points on the boundary edge of the facet or on the
enamel edge, depending on whether the molar had
a facet or not. The line passing through these two
points (indicating the direction of the edge) was
then interpreted as the normal of a plane, which
bisects the model and lies (roughly) perpendicular
to the edge (see Figure 3.1). Next we delete those
parts of the model that lay on one side of this
plane, thus revealing the surface profile around the
edge, as is shown in Figure 3.2. The model was
then rotated so that the aforementioned normal
coincided with the direction of viewing in VRMesh
(see Figure 3.3-4). This rotation produced an effec-
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FIGURE 3. Measuring the angle between the buccal
side surface and the buccal side enamel edge (FMNH-
945/1960, D. bicornis). 1. line representing the direction
of the enamel edge (normal of bisecting plane); 2. half
the model, after bisection; 3. the remaining model is
zoomed and rotated so that the normal coincides with
the viewing direction; 4. measurement of the angle
alpha.

tive 2D representation of the surface profile and
especially of the angle between the buccal side
enamel edge and the buccal surface. Finally, we
used the tools provided in VRMesh to measure the
angle (alpha) from this 2D representation (see Fig-
ure 3.4).

Visual analysis. We also analysed the lower
molars visually. In this analysis the molars were
divided into groups based on the number of buccal
side enamel edges with facets. The presence of
facets was determined by visual inspection. We
used two kinds of groupings or variations of this
method.

In the first variation we determined the pres-
ence of the four enamel edge facets, one, two, six,
and seven separately, and computed the total num-
ber of facets present. This variation thus yields a
number between 0 and 4, with 0 indicating that no
facets are present, and 4 indicating that facets are



FIGURE 4. Visual inspection of facets. 1. all facets
present, number of facets is 4 (BMNH-M.19429, S.
hundsheimensis); 2. facet 7 absent, number of facets is
3 (BMNH-M.1948, S. hundsheimensis); 3. no facets
present, number of facets 0 (BMNH-25.5.23.1, C.
simum).

present everywhere on the enamel edge (see Fig-
ure 4).

In the second, simpler, variation we classified
the lower molars into two groups, those with at
least one buccal facet, and those with no buccal
facets. Thus a molar was classified as facetted if
any of the facets one, two, six, seven, or any com-
bination thereof was present, otherwise it was clas-
sified as not facetted.

RESULTS

In Figure 5 we display the data obtained from
the classical mesowear analysis of the upper
molars. The result of the hierarchical cluster analy-
sis is shown in Figure 6. We observe that the cusps
of the Recent extreme grazer Ceratotherium
simum are low and almost exclusively blunt. In the
fossil species Coelodonta antiquitatis the cusps are
also mainly low and mostly blunt and rounded, but
other kinds of cusps are also present in small num-
bers. In the Recent graze-dominated mixed feeder
Rhinoceros unicornis the cusps are rounded and
blunt, and mostly low. Conversely, in the Recent
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browser species Diceros bicornis, Dicerorhinus
sumatrensis, and R. sondaicus the cusps are
mainly high and sharp or rounded, which is also
true of the cusps in the fossil species Stephanorhi-
nus hundheimensis and S. kirchbergensis. The
fossil species S. hemitoechus in turn differs from
Recent browsers in that the cusps are mostly
rounded, with some blunt and sharp cusps present
as well. In hierarchical cluster analysis the brows-
ers, including the Recent species R. sondaicus, D.
sumatrensis, and D. bicornis as well as the fossil
species S. hundsheimensis and S. kirchbergensis,
form a separate group. Another group is formed by
the species R. unicornis, C. antiquitatis, and C.
simum, all of whose diet is more abrasive. The
species S. hemitoechus falls between these two
main groups in the analysis.

In Figure 7 we display the data obtained from
the mesowear analysis of the upper molars, with
the data factored according to roundedness in Fig-
ure 7.1 and according to height in Figure 7.2. With
respect to both of these factors separately, the
browsers D. bicornis, D. sumatrensis, R. sonda-
icus, S. hundsheimensis, and S. kirchbergensis
clearly form a group, which is separated from the
species S. hemitoechus. Thus we conclude that
the cusps are, on average, both lower and more
rounded in the species S. hemitoechus than in
browsers. On the other hand, the species C. antig-
uitatis in turn falls between the extreme grazer C.
simum and the graze-dominated mixed-feeder R.
unicornis, which suggests that its cusp apices are,
on the average, not as low or as blunt as in C.
simum.

The data obtained from the analyses of the
lower molars are displayed in Figures 8 and 9. The
angles between the enamel edges and the buccal
surfaces as measured in the hypoconid, and proto-
conid tip regions are shown in Figure 8. The angles
are clearly larger on the average for the browsers
D. bicornis, D. sumatrensis, R. sondaicus, S. hund-
sheimensis, and S. kirchbergensis than for other
species. Thus these browsers form a clearly sepa-
rate group. The angles related to the species S.
hemitoechus are somewhat smaller. On the aver-
age, the smallest angles were those measured
from the molars of the Recent grazer C. simum,
whereas the average of the angles of the species
C. antiquitatis were smaller than the average of the
angles of the Recent mixed feeder R. unicornis.

In Figure 9.1 we show the data obtained when
we classified the lower molars into five groups
according to the number of facets on the buccal
side of the enamel edge. Figure 9.2 in turn shows
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FIGURE 5. Bivariate bar plot of mesowear data of the upper molars M2 and M1, to show the combined distribution of
occlusal relief and cusp roundness. From left to right, the height of the bars in the back row represent the percentage
of cusps which are: low and blunt, low and rounded, low and sharp, and the bars in the front row represent the per-
centage of cusps which are: high and blunt, high and rounded, high and sharp.

the data obtained with the simpler variation of the
method, where the molars were classified into two
groups according to whether they have facets or
not. In both of these datasets the browsers clearly
form a separate group, which is explained by well-
developed facets. The species S. hemitoechus
presents facets on most molars, the mixed feeder
R. unicornis presents some facets, whereas the
grazer C. simum does not present facets at all.
Once again, the species C. antiquitatis falls
between the species C. simum and R. unicornis.

It is rather laborious to manually measure the
angle of the enamel edge and, contrary to
mesowear analysis, it cannot therefore be used to
process large numbers of samples “at a glance.”
Therefore we also investigated whether the lower
molars could be analysed by a fast visual method.
The only feature that can be determined with suffi-
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cient rapidity and simplicity for our purposes is
whether or not the buccal side enamel edge of a
lower molar does or does not have facets. We
applied this idea in two different ways. In the first
case we studied separately the lack or existence of
the facets one, two, six, and seven, and counted
the total number of facets present. Hence we
arrived at a number between 0 and 4, with 0 indi-
cating no facets and 4 indicating that facets are
present everywhere on the enamel edge. The
results we obtained with this method (Figure 9.1)
match the results obtained by mesowear analysis
of upper molars (Figure 7). The second analysis
we applied was even simpler. There we classified
the lower molars into two groups according to
whether they have buccal side facets or not. As
can be seen from Figure 9.2, the data obtained by
this analysis also allow us to separate browsers,
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kir sum hun son bic hem uni ant sim

FIGURE 6. Hierarchical cluster analysis of the upper
molars M2 and M1. ant=C. antiquitatis, bic=D. bicornis,
hem=S. hemitoechus, hun=S. hundsheimensis, kir=S.
kirchbergensis, sim=C. simum, son=R. sondaicus,
sum=D. sumatrensis, uni=R. unicornis.

mixed feeders, and grazers from each other. The
benefit of this particular analysis is that it is easy to
use and fast, but it is slightly less accurate than the
other analyses considered here. Its accuracy is
sufficient for browsers and grazers to be discrimi-
nated from each other, but it places the species S.
hemitoechus close to the browsers as only one of
the studied molars was completely facetless. On
the other hand, as the other analyses studied, it is
able to separate the Recent mixed feeder R. uni-
cornis from the grazer C. simum and the browsers,
and the species C. antiquitatis from the species C.
simum and R. unicornis.

DISCUSSION

As our results show, the presented method for
obtaining 3D models from sets of (ordinary) photo-
graphs seems to be well suited for palaeontological
work. We note that the models obtained by the
method are at least sufficiently accurate for the
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study of the buccal side facets of lower molars of
rhinoceroses, although these facets are only about
1-5 mm wide. Hence it is clear that the method will
be suitable for many other palaeontological studies
as well. A clear benefit of the presented method is
that research that requires 3D models can now be
performed by almost anyone with a digital camera
and a computer, without the need to access expen-
sive and often difficult-to-use 3D scanners. In par-
ticular, we note that the simplicity and speed of
photography means that some research, which has
traditionally had to be done in situ at museums,
often under severe time constraints, can with this
technique be deferred to off-site investigations of
the generated 3D models. We also note that it is, at
least in principle, possible to use a digital video
camera to even more conveniently obtain the
image sequences by extracting individual frames
from the recorded movie.

We found that with the generation of 3D
reconstruction software we used, the most impor-
tant aspect of obtaining good 3D models was to
have sharp photographs. This is easy to under-
stand when comparing the level of detail found out-
of-focus regions of photographs to the level of
details in regions that are in focus, as the latter
obviously contains more information. In our case
this meant that the out-of-focus parts of the photo-
graphs had to be masked out by hand. Undoubt-
edly, once the art of obtaining 3D models from 2D
photographs matures, this step will become unnec-
essary.

We observe that the measured angle between
the buccal side enamel edge and the buccal side
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FIGURE 7. Mesowear data of the upper molars M2 and M1. 1. Cusp apices scored by roundedness: O=blunt cusps,
1=rounded cusps, 2=sharp cusps. 2. Cusp apices scored by height: 0=low cusps, 1=high cusps.
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FIGURE 8. The angles between the buccal surface and buccal side enamel edge of the lower molars m2 and m1.

surface is much larger in those molars with a facet
than in those molars with no facets. Hence large
average angles seem to generally suggest attrition,
whereas small average angles generally suggest
abrasion. When the average angles are compared
to the upper molar mesowear of the same species,
we observe that for browsing species, for which the
cusps are on the average high and sharp, the
angles are also on the average larger. On the other
hand, small average angles seem to correlate well
with the low and blunt cusps of grazers. Further-
more, the results obtained for mixed-feeders from
the lower molars match those obtained from the
upper molars.

There are, however, drawbacks to using the
measured angles as attributes of wear. First of all,
there are differences in the morphology of the buc-
cal side surfaces in different species, but in this
work the angles were measured with respect to
these surfaces, with the assumption that the sur-
faces have a fixed direction. This, however, repre-
sents an oversimplification of reality since the
curvature, or flatness, of the buccal side surface
depends on the morphology of each species. To
some extent it is possible to attribute convex buc-
cal side surfaces to browsing species, whereas
grazing species have a more vertical buccal side
surface. This morphological difference leads to a
slight exaggeration of the difference between the
measured angles of browsers and grazers. Indeed,
the convex buccal side surface found in browsers
tends to lead to a slight increase in the measured
angle, whereas the straight buccal side surface of
grazers tends to slightly decrease the measured
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angle. It could be possible to eliminate this problem
by using, instead of the buccal side surface, some
other surface of a tooth, such as for example the
growth-direction of the molar roots, as was done by
Butler (1972) in a different context. However, since
it is difficult to determine in what directions the
molar roots grow when studying teeth still attached
to the skull, we decided to exclusively use the buc-
cal side surface as reference.

Although it is typically straightforward to con-
sistently measure the enamel edge angle, in some
cases it can happen that the facet or the enamel
edge itself is convex. In such cases the measure-
ment can be tried at a slightly different location,
which usually solves the problem. Otherwise it may
be necessary to apply experience to get a reason-
able estimate of the angle. We have encountered
such difficult cases mainly with teeth from mixed
feeders, and the number of such cases is, in any
case, so low that they should only slightly affect the
obtained results. When we assessed the repeat-
ability of the method by measuring the angle at the
hypoconid tip of a single tooth at 10 separate occa-
sions, we found that the difference between the
largest and the smallest result deviated by only 2.8
degrees. Since the difference between the largest
and the smallest angles of the measured teeth was
over 80 degrees, we are therefore confident that,
although the deviation when measuring a particular
tooth might be larger than 2.8 degrees, the method
yields angle measurements, which are sufficiently
accurate for our purposes.

We have previously used lower molar
mesowear, based on facet development, to study
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FIGURE 9. Mesowear data of the lower molars m2 and m1. Data obtained from the visual analysis, 1. facets analysed
separately: 0=no facets, 1=one facet, 2=two facets, 3=three facets, 4=four facets, 2. only presence of facet analysed:

0=no facet, 1=at least one facet.

the palaeodiet in the Pliocene species Ceratothe-
rium efficax (Dietrich, 1942) in the Laetoli region in
Tanzania (Hernesniemi et al. 2011). In that study
the lower molars were divided into three groups;
those with no facets (corresponding to blunt upper
molars), those with facets with fuzzy boundaries
(corresponding to rounded upper molars), and
those with facets with sharp boundaries (corre-
sponding to sharp upper molars). In the present
study we noticed that the fuzzy boundary is not a
very reliable factor, and accordingly proceeded to
simplify the classification into molars with facets
and molars without. Such a classification does not
allow direct identification with upper molar classifi-
cation and must therefore be separately analysed.
However, as Franz-Odentaal and Kaiser (2003)
observed from ruminants, the data obtained from
the mesowear analysis of the lower teeth tends to
be more rounded than the correspondent data from
upper teeth. Kaiser and Fortelius (2003) suggested
that due to gravity the matter being chewed is in
more contact with lower molars than with upper
molars, which could explain the differences
observed in the corresponding mesowears. Thus
mixing upper and lower molars in the same analy-
sis may be inappropriate in any case.

In this work we treated each fossil species as
a single group, as all the studied dental fossils
come from the fossil localities of Britain. Thus, the
dietary regimes were studied at the species level,
without a strict differentiation according to age or
locality. However, as observed in the species
Stephanorhinus hundsheimensis by Kahlke and

Kaiser (2010), some intraspecific differentiation in
dietary habits between populations are possible,
especially since the Pleistocene palaeoenviron-
ments were very variable.

CONCLUSIONS

In this work we evaluated how well 3D models
reconstructed from ordinary photographs are
suited for palaeontological investigations. As a test
case we studied if an analysis of the buccal side
enamel edge facets of the lower molars of rhinoc-
eroses reveals information about the dietary
regimes of these animals in the way mesowear
analysis does. The reconstructed 3D models we
obtained are consistent with models obtained by
needle or laser scanners, although the achieved
resolution is somewhat lower, resulting in a slight
loss of detail of the models. However, the models
were nevertheless sufficiently accurate to allow an
investigation of the molar wear facets, which typi-
cally are just a few millimetres wide. Thus we are
convinced that 3D models obtained from photo-
graphs are sufficiently accurate to provide the
information necessary for many different palaeon-
tological studies.

The shape of the enamel edge of the buccal
lower molars varies greatly among the different
species of rhinoceroses as illustrated in Figure 1.
Most of this variation is explained by the differ-
ences in how the species feed. The amount of attri-
tion and abrasion in the teeth of an animal depends
on its diet and can therefore be used when trying to
reconstruct palaeodiets. For upper molars the ratio

1
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of the amounts of attrition and abrasion, which is
determined by the degree of facet formation, can
be estimated by classical mesowear analysis,
where the sharpness and height of the buccal
cusps are studied. In this work we studied if the
lower molar wear facets in rhinoceroses can be
similarly used to estimate the abrasiveness of the
diet. The results we obtained in our test case seem
to indicate that these facets are relatively well
suited for estimating the abrasiveness of the diet.
There appears to be a strong correlation between
the data obtained from the lower molar facets (Fig-
ures 8, 9) with the data obtained from a mesowear
analysis of the upper molars (Figure 7).

Of those species included as test cases in this
study, the Pleistocene rhinoceros species Stephan-
orhinus kirchbergensis and S. hundsheimensis are
browsers. The species S. hemitoechus seems to
have been feeding on a diet that was slightly more
abrasive than the diet of de facto browsing rhinoc-
eroses, but notably less abrasive than the diet of
the Recent graze-dominated mixed feeder Rhinoc-
eros unicornis. Mesowear data places the woolly
rhinoceros Coelodonta antiquitatis between R. uni-
cornis and the extreme grazer Ceratotherium
simum, which makes it a grazer, as expected.
However, its diet was on the average not quite as
abrasive as the diet of C. simum.
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APPENDIX

Dental material used in this study
Recent species:

Diceros bicornis: BMNH-1948.1.28.4 BMNH-
1948.1.28.5 BMNH-1948.1.28.7 BMNH-1962.7.6.5
BMNH-1962.7.6.6 BMNH-25.7.6.1 BMNH-
7.2.26.1BMNH-84.8.1.1 FMNH-647/1960 FMNH-
944/1960 FMNH-945/1960 NHMD-CN1653
NHMD-CN1703 NHMD-CN26 NHMD-CN2653
NHMD-CN2999 NHMD-CN3695 NHMD-CN3729
RMCA-RG7987

Ceratotherium simum: BMNH-1851.12.23.1
BMNH-1964.8.31.4 BMNH-1967.8.31.2 BMNH-
1967.8.31.3 BMNH-1967.8.31.5 BMNH-1976.209
BMNH-25.5.23.1 BMNH-30.7.26.1 BMNH-
52.12.9.1 NHMD-CN2662 RMCA-RG5925

Rhinoceros sondaicus: BMNH-1861.3.11.1
BMNH-1932.10.21.1 BMNH-1951.11.30.4 BMNH-
20.10.13.1  BMNH-51.11.10.11 BMNH-72-721
BMNH-76.3.30.1 BMNH-79.11.21.178 FMNH-704
NHMD-CN27 NHMD-CN28 NHMD-CN29 NHMD-
CN3320 NHMD-CN524

Rhinoceros unicornis: BMNH-1.3.10.1 BMNH-
1884.1.22.1+2 BMNH-1903.2.13.1 BMNH-
1926.6.7.8 BMNH-1950.10.18.5 BMNH-
1951.11.30.2 BMNH-47.12.20.2 BMNH-72.12.30.1
BMNH-72.739 BMNH-83.10.23.3 NHMD-CN25
UUZM-no-number

Dicerorhinus  sumatrensis: BMNH-1.1.22.1
BMNH-1461a BMNH-1879.6.14.2 BMNH-
1894.9.24.1 BMNH-1921.2.8.2 BMNH-1921.2.8.4
BMNH-1948.1.14.2 BMNH-1948.12.20.1 BMNH-
1949.1.11.1 BMNH-54.8.16.1 BMNH-72.12.31.1
NHMD-CN617

Pleistocene species:

Coelodonta antiquitatis: Aylesford, Kent: BMNH-
34819 M2s, BMNH-34819 M1s, BMNH-34819
M2d, BMNH-no-number M2s, BMNH-no-number
m2s. Batheaston, Somerset: BMNH-44741 M1s,
BMNH-44741 M2s. Bedford, Bedfordshire: BMNH-
M.5167 M1d, BMNH-M.5606 M1d, BMNH-M.5606
M2s, BMNH-M.5607 m2s. Brixham Cave, Torquay,
Devon: BMNH-48498 M1s, BMNH-48499 m1s,
BMNH-48500 m1d, BMNH-48513 m, BMNH-48525
m2d, BMNH-48526 m1s, BMNH-48527 M2d,
BMNH-48528 m2s, BMNH-48533 m1s. Cats Hole
Cave, Gower: BMNH-M.87 M2s, BMNH-M.89 m2s.
Chartham, Canterbury, Kent: BMNH-M.82184
M2d. Crayford, Kent: BMNH-38721 M1d, BMNH-
M.5118 m2d, BMNH-M.5125 M2s, BMNH-M.5125
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M2s, BMNH-M.5125 M2s. Hackney Wick Pit,
Hackney: BMNH-no-number m1s. Ightham, Kent:
BMNH-M.11794 M2s. Kents Cavern, Devon:
BMNH-4750 m2s, BMNH-4842 m1d, BMNH-4890
m1s, BMNH-k.c.12.11.1934 m2s, BMNH-
k.c.12.12.1938 m2d, BMNH-k.c.15.1.1940 m2d,
BMNH-k.c.19.5.1930 m1d, BMNH-k.c.29.1.1940
m1d, BMNH-k.c.29.3.1937 m1s, BMNH-
k.c.3.11.1930 m1s, BMNH-k.c.30.1.1039 m2d,
BMNH-k.c.5.12.1938 m1d, BMNH-k.c.8.1.1940
m2d, BMNH-no-number m2d, BMNH-no-number
M1d, BMNH-no-number M2s, BMNH-no-number
M2s. King Arthurs Cave, Hereford: BMNH-42041
M1s, BMNH-42042 m2s, BMNH-no-number m1d,
BMNH-no-number m1d. Lavenham, Suffolk:
BMNH-M.5590 m1d. Lea Valley, Edmonton:
BMNH-16800 m1d, BMNH-16800 m2d. Peterbor-
ough, Cambridgeshire: BMNH-M.9130 M1s,
BMNH-M.9130 M1d. Possibly from the North Sea:
BMNH-no-number m1s. Torbryan Cavern, Torquay,
Devon: BMNH-M.4642 m1s, BMNH-4642 m2d.
Whitefrials st., London: BMNH-M.8585 m2s. Whi-
temoor Haye Pit, Staffordshire: BMNH-no-number
M2d, BMNH-no-number M2s, BMNH-no-number
M1s, BMNH-no-number M1d, BMNH-no-number
m2s, BMNH-no-number m2d. Wookey Hole caves,
Somerset: BMNH-M.242 m1s, BMNH-M.242 m2d.
Unknown: BMNH-47111 M1d, BMNH-47111 M1s.

Stephanorhinus  hundsheimensis: Norfolk
Coast: BMNH-33324 M1s, BMNH-33324 M2d,
BMNH-no-number M1d. Palling, Norfolk: BMNH-
18475 m1s, BMNH-18475 m1d, BMNH-18475
m2s, BMNH-18475 m2d. Sidestrand, Norfolk:
BMNH-M.19427 m1s, BMNH-M.19436 m1d,
BMNH-M.1936 m2d, BMNH-M.19440 m1s, BMNH-
M.19440 M2s, BMNH-M.19445 m1d, BMNH-
M.1945 m2d, BMNH-M.19465 M1s, BMNH-
M.19465 M2s, BMNH-M.19478 m1d, BMNH-
M.1948 m1d, BMNH-M.1948 m2d, BMNH-M.6109
m1s, BMNH-6109 m1d, BMNH-6109 m2s, BMNH-
M.6633 m1d, BMNH-M.6633 m2d, BMNH-6639
m2d, BMNH-6663 M2d, BMNH-6668 m2s. Trim-
mingham, Norfolk: BMNH-M.18496 m2s, BMNH-
M.19426 m2s, BMNH-M.19428 m1d, BMNH-
M.19428 m2d, BMNH-M.19429 m2d, BMNH-
M.19430 m1s, BMNH-M.19431 m2s, BMNH-
M.19432 m2s, BMNH-M.19434 m2s, BMNH-
M.19435 m1d, BMNH-M.19435 m2d, BMNH-
M.19437 m2d, BMNH-M.19444 m1s, BMNH-
M.19444 m2s, BMNH-M.19446 m1d, BMNH-
M.19446 m2d, BMNH-M.19447 m2d, BMNH-
M.19456 M2s, BMNH-M.19457 M2d, BMNH-



M.19458 M2Zs,
M.19459 M1s,
M.19483 m2s,
M.19492 M2Zs,
M.19493 M1d,
M.19498 M2Zs,

BMNH-M.19458 Mf1s,
BMNH-M.19481 m1d,
BMNH-M.19492 Mf1s,
BMNH-M.19493 M2d,
BMNH-M.19498 Mf1s,
BMNH-M.19498 M2d,
M.19499 M2d, BMNH-M.19499 M1s, BMNH-
M.19499 M1d, BMNH-M.19499 M2s, BMNH-
M.19504 M1s, BMNH-M.6628 m2d, BMNH-M.6629
m2s, BMNH-6632 M1s, BMNH-M.6632 M1d,
BMNH-M.6632 M2s, BMNH-M.6632 M2d, BMNH-
M.6653 M2s, BMNH-M.6658 M2d, BMNH-M.6667
m1d. Westbury Quarry, Westbury-sub-Mendip,
Somerset: BMNH-M.33773 M1s, BMNH-M.33773
M2s.

Stephanorhinus hemitoechus: Crayford, Kent:
BMNH-M.5119 m2s. East Mersea, Essex: BMNH-
M.20457. Grays, Essex: BMNH-18755-m1d,
BMNH-18755 m2d, BMNH-18793 M2d, BMNH-
18799 m1d, BMNH-19799 m2s, BMNH-18755a
M1s. Waterhall farm, Hertfordshire: BMNH-no-
number M2s, BMNH-no-number m2s. llford,
Essex: BMNH-45205 M2s, BMNH-45205 M2d,
BMNH-45205 M1d, BMNH-45205 M1s, BMNH-
45209 M2s, BMNH-45210 M1d, BMNH-45214
m1s, BMNH-45214 m1d, BMNH-45214 m2s,
BMNH-45214 m2d, BMNH-45218 m2s, BMNH-
45219 m1s, BMNH-45221 m1d, BMNH-45235
M1d, BMNH-45237 M1/2, BMNH-M.2771 m1d,
BMNH-no-number M2s. Joint Mitnor Cave, Buck-

BMNH-
BMNH-
BMNH-
BMNH-
BMNH-
BMNH-
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fastleigh, Devon: BMNH-no-number m1s, BMNH-
no-number m2s. Lexden. Essex: BMNH-37404
M2s, BMNH-37404 M2d, BMNH-37405 m2d,
BMNH-37406 m2s. Minchin Hole, Gower: BMNH-
40938 M1d, BMNH-40938 M2d, BMNH-40939
M2s, BMNH-40939 M1s, BMNH-40942 m1s,
BMNH-40942 m2s, BMNH-40943 m1d, BMNH-
40943 m2d, BMNH-40944 m2s, BMNH-40946
M2d. Selsey, West Sussex: BMNH-M.36620 m1d,
BMNH-M.36620 m2d. Swale CIiff, Kent: BMNH-
M.34369 M1d, BMNH-M.34369-M2d. Thames Val-
ley: BMNH-18795 M2d. Torbryan Cavern, Torquay,

Devon: BMNH-M.4641 M2d. Tornewton Cave,
Devon: BMNH-M.40335 m1d, BMNH-M.40336
m1d.

Stephanorhinus kirchbergensis: Barnfield Pit,
Swanscombe, Kent: BMNH-M.16158 m2d, BMNH-
M.18967 M2s. Crayford, Kent: BMNH-M.5132
M2s. Grays, Essex: BMNH-2183 m2s, BMNH-
18794 M1d, BMNH-18799 m2d, BMNH-19834
m2s, BMNH-19840 m1d, BMNH-19840 m2d,
BMNH-19841 m2s, BMNH-19841 M2s, BMNH-
20249 M2s, BMNH-22020 M1d, BMNH-22020
M2d, BMNH-22021 M1s, BMNH-40812 m1s,
BMNH-40812 m2s, BMNH-19840a m1s, BMNH-
19840a m2s. liford, Essex: BMNH-45283 M2s,
BMNH-45284 M1s, BMNH-45285 m1s, BMNH-
45285 m1d, BMNH-45285 m2s, BMNH-45285
m2d. West Thurrock, Essex: BMNH-39348 m1s,
BMNH-39348 m2s.
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