Palz
https://doi.org/10.1007/512542-020-00539-2

RESEARCH PAPER q

Check for
updates

Wearing down the constraints of low magnification tooth microwear
analysis: reproducibility and variability of results based on extant
ungulates

Bence Szab6'>3® . Attila Virag?

Received: 21 May 2020 / Accepted: 4 December 2020
© The Author(s) 2021

Abstract

Low magnification dental microwear analysis is a widespread dietary proxy for palacoenvironmental analyses. The limita-
tions of the method, such as observer bias or variation of microwear scars between different tooth positions, are still not quite
understood. This study aims to reveal that reproducibility and variability of low magnification dental microwear is better,
than it was previously thought. The main focuses of this study were differences between results produced by independent
observers, and individual variability of the wear features on different teeth of the same specimen. To approach these issues,
the microwear of 1944 0.4 X 0.4 mm areas on every right molar and premolar (144 teeth of 12 extant ungulate specimens)
was quantified. Reproducibility and interobserver error was tested by calculating the intraclass correlation coefficients for the
scores produced by the observers. The microwear features of each tooth were characterized by the mean, median, standard
deviation, range, skewness and kurtosis. These statistical parameters were than compared. To test whether observed dif-
ferences between the microwear patterns of different tooth positions are significant, ANOVA and Dunnett’s post hoc tests
were performed. To calculate the minimal number of sampling sites required for characterizing a tooth, a computer-assisted
bootstrap method was applied. As a result, it can be suggested that the low magnification microwear method is quite robust,
with low interobserver error. The variance of microwear scars seems uniform throughout the dentition of the examined
specimens. Some differences can be noted between tooth positions, however, some limitations could be lifted, at least in the
case of ungulates.
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Introduction

Dental wear analysis is an important and widely utilized
proxy for dietary reconstruction of extinct animals (Jiménez-
Manchén et al. 2019; Ibafiez et al. in press). The two major
proxies of dental wear analysis are mesowear (Fortelius and
Solounias 2000; Kaiser et al. 2000; Kaiser and Fortelius
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2003; Kaiser and Solounias 2003) and microwear signals
(Solounias and Semprebon 2002; Semprebon et al. 2004;
Rivals et al. 2008, 2011; Rivals and Athanassiou 2008).

To assess the microwear signal, different low magnifica-
tion techniques were developed in the past few decades. These
techniques utilize either a confocal microscope (Scott et al.
2005; Ungar et al. 2008) or a stereomicroscope (Semprebon
2002; Solounias and Semprebon 2002; Merceron et al. 2004,
2005; Semprebon et al. 2004;). These methods quickly became
widely utilized thanks to the fact that they make research-
ers capable of evaluating a great deal of samples easily and
quickly. Microwear scars observed using these methods have
already been examined in the case of various taxa, such as
conodonts (Purnell 1995; Purnell and Jones 2012; Martinez-
Pérez et al. 2014), dinosaurs (Barrett 2006; Williams et al.
2009), and a wide range of herbivorous, omnivorous and car-
nivorous mammals (Merceron et al. 2004; Peigné et al. 2009;
Miinzel et al. 2014; Withnell and Ungar 2014).
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The present study focuses exclusively on assessing low
magnification dental microwear and the possible methodo-
logical issues such as observer bias, unreliable diet catego-
rization, variability between teeth and specimens included
in analyses.

No matter how widespread is the utilization of the above-
mentioned microwear methods, they still have their drawbacks.
These drawbacks can originate from either the condition of
the studied remains, the unsatisfactory cleaning and process-
ing of the samples or from differences produced by observer
bias. Several studies were conducted on such methodological
issues (e.g. Semprebon et al. 2004; Galbany et al. 2005; Fraser
et al. 2009; Mihlbachler et al. 2012) and even new approaches
emerged focusing on the elimination of observer bias in catego-
rising the scars (Strani et al. 2018), but very few focused on the
intraindividual differences of the observable microwear pattern
(a few exceptions are, e.g. Todd et al. 2007; Rivals et al. 2015;
Xafis et al. 2017). Differences in the microwear profiles of differ-
ent populations of the same species has already been addressed
(Rivals and Solounias 2007), backing up the hypothesis that
different populations of the same species might have different
enamel wear features depending on their habitat.

This study focuses on microwear of extant ungulates,
including roe deer (Capreolus capreolus Linnaeus, 1758; Cer-
vidae), red deer (Cervus elaphus Linnaeus, 1758; Cervidae),
domesticated sheep (Ovis aries Linnaeus, 1758; Bovidae) and
West Caucasian tur (Capra caucasica Giildenstadt and Pallas,
1783; Bovidae). The interobserver bias was addressed here by
comparing the results of two independent investigators (the
authors), similar to Todd et al. (2007) and Mihlbachler et al.
(2012). Previous studies usually restrained the application of
the method to only apriori specified tooth positions (namely
the M2 and m2 in the case of ungulates) and/or to specific
areas on said teeth (namely the paracone and protoconid). The
possible expansion of the methodology to other tooth positions
and areas was also explored here by comparing several obser-
vations taken from each of the premolars and molars of the
same individuals similar to Xafis et al. (2017), with the inclu-
sion of all other molars into the study, not just the premolars.

Materials

The second, third and fourth premolars (P2/p2, P3/p3, P4/
p4) and the first, second and third molars (M1/m1, M2/
m2, M3/m3) of the right tooth rows of four extant ungu-
late species (Capreolus capreolus, Cervus elaphus, Ovis
aries and Capra caucasica) were studied. All specimens
utilized in the present paper are stored at the Mamma-
lia collection of the Hungarian Natural History Museum
in Budapest. For the mathematical statistical testing dis-
cussed below, we produced two different datasets. These
two datasets were created with different questions in mind.
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One of which was used entirely for assessing observer
reproducibility, examined on three species regardless of
their dietary habits, whereas the other was used for testing
intraindividual variability in two species with highly dif-
fering diets. Dataset “A” contains 96 teeth from 4 Capreo-
lus capreolus, 3 Cervus elaphus, and 1 Capra caucasisa
skulls, whereas dataset “B” consists of 72 teeth from 3
Capreolus and 3 Ovis aries skulls. For dataset “B”, the
two species were selected based on their differing diet; C.
capreolus is widely considered as a browser (Ggbczyriska
1980; Storms et al. 2008; Kamler and Homolka 2019),
whereas O. aries is thought to be a grazer (Wagner and
Peek 2006; La Morgia and Bassano 2009). The list of
specimens with all necessary identification data can be
found in Table 1.

Methods
Molding and counting microwear scars

After thoroughly cleaning the surface of each tooth using
cotton swabs soaked in ethanol, a high-resolution poly-
vinylsiloxane mold of each occlusal surface was made
with Coltene Affinis Precious light body fast impression
material (ISO 4823, Type 3, Coltene Holding, Altstétten,
Switzerland). After creating the molds, transparent casts
were made using EPO-TEK 301 resin (Epoxy Technology,
Billerica, Massachusetts, USA). These materials allowed
us to reproduce features with a resolution of a fraction of
a micron, which enables the observation of microscopic
scars on the enamel surface.

The microscopic wear features of the teeth were quan-
tified under a Nikon SMZ800 stereomicroscope using a

Table 1 Specimens utilized in the present paper

Species Sex ID number Dataset
Cervus elaphus Female 56.23.5 A
Cervus elaphus Male 56.24.5 A
Cervus elaphus Female 64.221.3 A
Capra caucasica Male 2012. 16. 29 A
Capreolus capreolus Male 4452. 269 B
Capreolus capreolus Male 4452.273 A
Capreolus capreolus Male 4452. 274 A;B
Capreolus capreolus Male 4452. 281 A;B
Capreolus capreolus Male 4452. 404 A
Ovis aries Female 61.15.26 B
Ovis aries Male 62.94. 1 B
Ovis aries Female 62.95.1 B

Dataset A: specimens used for interobserver variability tests; Dataset
B: specimens used for intramolar variability tests
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method developed by Solounias and Semprebon (2002) and
Semprebon et al. (2004). Pits and scratches were identified
based on their shapes and refraction properties. Pits are scars
that have approximately similar widths and lengths; mean-
while scratches are elongated features with straight, paral-
lel sides. By carefully adjusting the angle in which the light
strikes the casts, pits and scratches become separable based
on their refractive properties. Small pits, fine and coarse
scratches have high refractivity, they can become relatively
bright under certain lighting properties. However, large pits
and hypercoarse scratches are less refractive, they always
remain darker. These microware scars were counted on a
0.4%0.4 mm area of the enamel (measured with an ocular
micrometre) under 75 X magnification. This was used instead
of the regular 35 X magnification to make the examined 0.16
mm? areas almost entirely fill the field of vision, thus to
exclude possible errors originating from accidentally count-
ing features outside the designated study area. Increasing the
magnification from 35 X to 75 X could cause problems regard-
ing the quantity and visibility of the counted features, how-
ever, based on the results of Mihlbachler and Beatty (2012),
magnification and resolution are not that important as long
as all data included in a single analysis were collected under
consistent circumstances. Our aim here was not to reconstruct
the dietary preferences of the above mentioned species, but
rather to see whether the microwear features on the enamel
surfaces are consistent, or not, and if the method itself is
reproducible or not.

Small pits and large pits, as well as fine scratches
and coarse or hypercoarse scratches were not differenti-
ated from each other in the present study (see Solounias
and Semprebon (2002) and Semprebon et al. (2004) for
details). The amount of large pits and coarse or hyper-
coarse scratches could provide additional information
about the alimentary habits of an animal. However, in this
case, the aims were not to separate slightly differing diets,
but to better understand the distribution and variability of
the microwear scars, so the additional information derived
from the scar subcategories were not considered in this
study. The nomenclature of teeth follows that of Barmann
and Rossner (2011) (Fig. 1).

Interobserver reproducibility

To test the interobserver reproducibility of the method, the
microwear features were quantified for each tooth in data-
set “A”. The counting was done on two randomly selected
areas on each replica by the two independent observers (BSz
and AV, respectively). The areas were selected by the first
observer, and then mapped out in detail to help the second
observer to locate the same regions. To avoid observer
bias, blind counting was utilized. Each cast received a code

number by a third, independent researcher, which made the
later re-identification possible; however, none of the two
observers knew during the counting, to which species or
which specimens the actual teeth belonged. In total, the
results of 192 areas were compared with each other.

After the quantification of the microwear features, intra-
class correlation coefficients (ICC), and their 95% confi-
dence intervals were calculated for the results of the two
observers using the “irr” package of the open access R soft-
ware (R Core Team 2017) based on mean-rating, consist-
ency, two-way mixed effect models. These models result in
ICC values between zero and one. Based on the 95% confi-
dent interval of the ICC estimate, values less than 0.5 indi-
cate poor reliability, values between 0.5 and 0.75 indicate
moderate reliability, values between 0.75 and 0.9 indicate
good reliability, and values greater than 0.90 are indicative
of excellent reliability (Shrout and Fleiss 1979; Koo and Li
2016).

Furthermore, linear major axis regressions (MAR) were
also calculated using the scratch and pit counts of the two
observers as pairs for each area. This regression was selected
for this purpose for its ability to handle the same amount
of error in the case of the compared variables, not like the
more frequently used ordinary least squares method, which
assumes larger variability for the dependent variable on the
Y axis compared to that of the predictor variable on the X
axis. Linear major axis regression minimizes the sums of
squares of the perpendicular distance between each point
and the regression line. The strengths of the correlations
between the results of the two observers were interpreted
following the rule of thumb suggestions of Mukaka (2012).
Correlation coefficients between 0.9 and 1 mark a very high
correlation, coefficients between 0.7 and 0.9 mark a high
correlation, values between 0.5 and 0.7 mark a moderate
correlation and values under 0.5 mark a low or a negligible
correlation between the two variables.

Intra- and intertooth variability

The occlusal surface of each premolar and molar in dataset
“B” was divided into multiple regions along the longitudinal
and the transversal axes of the teeth (Fig. 1); the labial and
lingual enamel ridges of every cone/conid were separated
into different regions. In the case of premolars, eight regions
were created: the two enamel ridges of the posterolingual
cone/conid; the two enamel ridges of the anterolingual cone/
anterior conid; the two enamel ridges of the posterolabial
cone/conid; and the two enamel ridges of the anterolabial
cone/mesolabial conid. Most molars were divided into 16
regions: the 2 enamel ridges of the preparacrista/premetac-
ristid; the 2 enamel ridges of the postparacrista/postmetacris-
tid; the 2 enamel ridges of the premetacrista/preentocristid;
the 2 enamel ridges of the postmetacrista/postentocristid,;
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Fig. 1 Nomenclature of rumi- (a)
nant permanent dentition. a
Upper premolar, b upper molar,
¢ lower premolar, d lower molar
(based on Barmann and Rossner
(2011))
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the 2 enamel ridges of the preprotocrista/preprotocristid; the
2 enamel ridges of the postprotocrista/postprotocristid; the
2 enamel ridges of the premetaconulecrista/prehypocristid;
and the 2 enamel ridges of the postmetaconulecrista/post-
hypocristid. Two further regions were created on the lower
third molars: the enamel ridges of the entoconulid and the
enamel ridges of the hypoconulid.

The microwear features were quantified on two
0.4 x0.4 mm areas within each subregion, if possible. In
those cases, when no sufficient microwear feature was
observable on the subregions one, or zero areas were
included from there. In total, 1752 areas were studied;
microwear features were observed in 1400 subregions. In our
case, areas with extremely low scratch and pit counts were
present in every specimen. Discriminating the two dietary
categories based on these areas is problematic, because in
this case, they overlap greatly. Areas with such low num-
ber of microwear scars could be present on any specimen
with any kind of diet. To avoid this problem, data falling in
the far bottom-left parts of the dietary morphospace were
excluded. This critical area is located below the line con-
necting the two points, which define the bottom-left border
of the browser morphospace. This border can be interpreted
as a required sum of scratches and pits for further analysis.
To exclude the low-scratch and low-pit range specimens,
the limit was set to 12, meaning that at least that many scars
had to be calculated in a given area to consider that area in
further analyses. After the exclusion of the low scar number

@ Springer

posterolingual

posterolabial

metacone

premetacrista

(b) paracone
preparacrista

postparacrista postmetacrista
posterolabial

cone

central fold

posterolingual

cone preprotocrista

postprotocrista postmetaconulecrista

protocone metaconule
premetaconulecrista

(d)

metaconid

preentocristid preentoconulid-
cristid

entoconid

conid entoconulid

premetacristid postmetacristid postentocristid postentoconulid-

cristid

preprotocristid prehypoconulid

cristid

prehypocristid

conid protoconid hypoconid | hypoconulid
postprotocristid posthypocristid posthypoconulid-
cristid

areas, 1184 of them turned out to be suitable for further
analysis.

The microwear features of each tooth were characterized
by the mean, median, standard deviation, range, skewness
and kurtosis of the scratches and pits. These basic statistics
describe the dispersion and the shape of the distribution of
the data points. Additionally, the microwear feature counts
of the upper and lower second molars were further analysed.
The protoconid of lower molars and paracones of upper
molars (control areas) are usually recommended to use for
low magnification microwear analysis (e.g. Solounias and
Semprebon 2002; Merceron et al. 2004; Rivals et al. 2009).
To test if the characteristic microwear pattern of these two
areas are similar or equivalent to that observed on any other
part of the same teeth, two-sided t tests (with a confidence
interval of 95%, and an alpha value of 0.05) were executed.

All these aforementioned statistics were calculated sepa-
rately by the built in functions and the “moments” package
of the R software (R Core Team 2017).

To evaluate the minimal amount of sampling areas
which are necessary to provide reproducible average fea-
ture counts, the available data pool for each tooth was ran-
domly rarefied. During the first step of this procedure, only
one randomly selected data pair (i.e. the scratch and pit
counts of only one area) was used from the whole dataset
of a given tooth (1636 areas depending on its position) to
calculate the average scratch and pit counts for that same
tooth. This extreme sample rarefaction was repeated 1000
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times for each tooth, and each result was registered as it
was the outcome of a separate examination. Then in the
second step, two data pairs (originating from two randomly
selected areas) were averaged together. This sampling was
also repeated 1000 times for each tooth. The number of the
randomly selected sampling areas was raised by one in each
consecutive step, until it reached ten. This resulted in ten
sets of data, each of them including 1000 pairs of average
feature counts for each tooth. Finally, the basic statistical
parameters of each set (such as the minimum, the mean and
the maximum) were compared to the average scratch and
pit counts calculated from all available sampling areas on
the same tooth.

The aim of this process was to simulate an observer,
who studies an increasing number of sampling areas on
the enamel surface of the teeth. Then, this observer tries
to describe the properties of a given tooth using the aver-
age feature counts of the studied areas. Theoretically, the
more sampling areas are included into the process, the better
characterization can be made. Although, after a while, not
much improvement can be reached with the time consum-
ing inclusion of further and further sampling sites, because
the average will approach a plateau close to the average of
the background distribution. The minimal number of sam-
ple sites necessary to provide reproducible average feature
counts was determined as follows: Once the spread of the
data of a given rarefied set—not considering the outliers—
fell within the standard deviation interval calculated using
the whole data pool available for a given tooth, the sampling
was deemed as satisfactory. Any value in a given set outside
the range defined here by the first and third quartile minus/
plus 1.5 times the interquartile range, respectively, were con-
sidered an outlier.

To test for significant differences between the micro-
wear patterns of different tooth positions (from P2/p2 to
M3/m3) of individuals, an analysis of variance (ANOVA)
and a Dunnett’s post hoc test were performed (Dunnett
1964; Holm 1979). For the Dunnett’s test, the microwear
values of the m2s and M2s were chosen as control groups,
to which all other lower and upper tooth positions were
compared using the “multcomp” package of the open
access R software (R Core Team 2017). These two posi-
tions were chosen as control groups, because they are
widely utilized in the literature for extracting microwear
signals from ungulate teeth (e.g. Gordon 1982; Merceron
et al. 2004; Merceron et al. 2004; Rivals et al. 2010). The
same procedure was performed with the ratio of scratches
and pits of the different tooth positions. The reason for
this was to check whether other tooth positions had similar
distributions of scratches and pits as the second molars,
consequently, whether their data can be used for draw-
ing paleodietary conclusions. The same microwear ratio
can be achieved with different numbers of scratches and

pits as well, and even though the number of scratches and
pits might differ, the ratio might still carry some informa-
tion about the alimentary habits of an animal (Rivals et al.
2009).

Results
Interobserver reproducibility

Based on the analysis of 192 sampling areas, the ICC value
for the number of scratches falls between 0.761 and 0.894
(with a mean of 0.84) using a 95% confidence interval when
comparing the results of the two observers (BSz and AV).
A linear major axis regression was also calculated using
the scratch counts of the two observers as pairs for each
area (Fig. 2a). The correlation coefficient (r?) was 0.565
(»<0.001).

The minimum difference between the scratch counts of
the two observers for the same areas was 0, whereas the
maximum difference was 20. The mean of all scratch count
differences was 4.49. The results of BSz were higher than
those of AV in 57.29% of the cases.

The ICC value for the number of pits falls between 0.915
and 0.962 (with a mean of 0.94) using a 95% confidence
interval when comparing the results of the observers. The
correlation coefficient of the major axis regression calcu-
lated using the pit counts of the two observes as pairs for
each area (Fig. 2b) was 0.803 (p <0.001).

The minimum difference between the pit counts of the
two observers for the same areas was 0 as well, whereas
the maximum difference was 16. The mean of all pit count
differences was 4.64. The pit counts of AV were higher than
those of BSz in 54.17% of all cases.

Intratooth and interteeth variability

There is no statistically significant difference between the
microwear pattern observable on the protoconids and the
paracones of the second molars (control areas), and the rest
of the occlusal surface (test areas) of those teeth (Table 2,
Fig. 3).

The variability of the pit and scratch counts on all studied
areas from the same tooth is relatively high. The range of
both features can reach up to 20 when combining the data of
all areas from the same tooth (Table 3, Fig. 4).

Based on the results of the experimental procedure which
aim was to simulate an observer, it can be concluded that
each separate average within a set of 1000 resampling fell
inside the standard deviation interval of the mean value
based on all available areas from the same tooth if the num-
ber of the studied areas is at least five during the resampling
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Table 2 Descriptive statistics, and the results of the 7 tests executed
on the control and test areas of the second upper and lower molars

Scratch count Pit count

Control area  Testarea  Control area  Test area
Minimum 3 0 0 0
Ist quartile 12 12 9 8
Median 14 13 14 12
Mean 14.4 13.6 14.8 13.7
3rd quartile 16 17 19 19
Maximum 31 26 32 34
SD 4.6 5.2 7.5 7.4

p-value 0.113 0.112

The control areas are the paracones and the protoconids of these
teeth, and the test areas are every other part of the teeth

T o \ T 1 T
50 0 10 20 30 40 50 60
No. of pits (Observer 'B')

step. A further increase in the number of studied areas on a
given tooth does not improve the results significantly (Fig. 5,
Supplementary Table 1).

The difference between the scratch counts of the upper
and lower second molars in any given specimen is statis-
tically not significant based on the results of the ANOVA
(»p=0.851). The same is true in the case of the pit counts of
the upper and lower second molars (p=0.095).

However, major differences can be observed between the
average pit and scratch counts when comparing different
tooth positions of a given individual. The microwear features
of the first and third upper and lower molars and the fourth
upper and lower premolars fall closest to the microwear
signal observed on the second molars on each individual,
regardless of the species. On the other hand, second and
third premolars can have quite different microwear signals

Fig.3 The distribution of the (a)
observed microwear features on L
the surface of the second upper
and lower molars grouped into
a control and a test areas: a &
distribution of scratch counts, b
distribution of pit counts. The _02 o |
control areas are the paracones % N
and the protoconids of these §
teeth, and the test areas are 5w
every other part of the teeth E I
£ o
=z -~
o -
o 4

35

(b)

25
|

20
L

Number of pits
15

10

T
Control
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Table 3 Descriptive statistics of the dental microwear features of every molar and premolar of the six specimens of recent ungulates

Species ID Tooth Scratch Pit

Mean Median SD Range Skewness Kurtosis Mean Median SD  Range Skewness Kurtosis

C. capreolus 4452269 p2 19.44 21 541 18 - 1.88 5.49 10.89 11 395 10 0.36 1.57
C. capreolus 4452269 p3 1473 18 6.47 18 - 1.03 24 1573 15 3 11 0.44 3.11
C. capreolus 4452269 p4 141 17 6.62 19 - 0.84 2.15 222 23 266 7 - 0.64 1.95
C. capreolus 4452269 ml 13.67 14 312 11 -0.17 2.26 19.67 18 6.1 25 0.09 2.57
C. capreolus 4452.269 m?2 13.42 125 483 23 0.34 3.52 18.08 18 77 27 0.08 1.96
C. capreolus  4452.269 m3 952 9 205 7 0.1 1.79 12.74 13 292 11 - 0.55 2.63
C. capreolus 4452.269 P2 17.62 20 6.76 19 —0.95 2.48 10.12 11.5 34 10 -1.21 3.38
C. capreolus 4452.269 P3 19.75 20 1.71 6 -0.62 3.05 15.33 15 3.63 13 -0.29 2.83
C. capreolus 4452269 P4 16.33 17 215 6 -0.39 1.86 20.75 20.5 3.08 10 0.17 1.88
C. capreolus 4452269 M1l 16.3 16 35 12 0.08 1.98 18.93 22 9.67 30 -0.77 2.07
C. capreolus 4452269 M2 11.6 12 435 18 0.31 2.71 19.36 21 7.69 31 -0.52 2.67
C. capreolus 4452269 M3 9.04 9 231 9 0.24 2.33 11.48 11 2.81 13 0.8 4.09
C. capreolus 4452274 p2 19.5 195 1.6 5 0 2.19 9.62 95 262 6 0.08 1.21
C. capreolus 4452274 p3 14.11 15 322 10 -0.82 2.61 14.56 15 201 6 -0.33 2.15
C. capreolus 4452274 p4 1529 155 279 9 -0.37 2 18.93 20.5 538 19 - 0.98 3.28
C. capreolus 4452274 ml 12.68 13 312 12 -0.38 2.37 18.46 20 5.62 24 -0.99 3.59
C. capreolus 4452274 m?2 1342 14 398 15 - 0.09 2.33 205 20 5.62 24 0.26 2.78
C. capreolus 4452274 m3 796 8 209 8 - 0.06 2.44 1435 14 3.69 15 0.1 2.6
C. capreolus 4452274 P2 21.25 22 238 7 - 0.66 221 938 9 334 11 0.12 2.54
C. capreolus 4452274 P3 18.38 18.5 267 8 -0.24 2.02 15.88 16 295 9 0.34 22
C. capreolus 4452.274 P4 14.78 15 444 15 -1.71 5.07 19.44 20 442 15 -1.51 4.63
C. capreolus  4452.274 M1 11.27 11 324 13 —-0.16 2.57 18.05 18 27 11 0.13 2.89
C. capreolus 4452274 M2 11.71 11 233 8 0.53 2,25 15,67 15,5 358 13 - 047 2.4
C. capreolus 4452274 M3 10.14 10 267 9 -0.33 1.95 12.05 12 388 12 -0.09 1.68
C. capreolus 4452281 p2 22.56 23 596 20 -1.23 4.16 12.22 12 338 11 - 09 3.39
C. capreolus 4452281 p3 18.73 19 4.63 17 -0.57 3.07 1791 19 47 18 -1.99 6.45
C. capreolus 4452281 p4 16.86 17 3.13 10 0.14 2.61 22.86 24 441 14 - 1.15 3.53
C. capreolus 4452.281 ml 13.48 14 342 13 —0.15 2.33 15.12 15 533 25 -0.39 3.67
C. capreolus 4452281 m2 873 9 1.7 6 0.2 2.37 19.68 20.5 5.15 23 -0.37 3.42
C. capreolus 4452281 m3 748 8 1.56 7 -0.77 4.11 1428 15 276 12 - 0.09 2.9
C. capreolus 4452.281 P2 225 225 214 6 0.23 1.9 11.38 11 272 7 0.03 1.58
C. capreolus 4452.281 P3 18.8 20 397 14 —-2.25 6.86 153 165 44 14 - 0.57 2.32
C. capreolus 4452.281 P4 165 175 448 16 -1.79 5.56 222 23 545 19 -1.9 5.82
C. capreolus 4452.281 Ml 15.75 16 229 9 0.54 2.75 23.12 23 372 16 -0.22 2.87
C. capreolus 4452.281 M2 1424 15 498 18 -0.22 2.04 19.1 20 6.34 26 -0.35 2.87
C. capreolus 4452281 M3 9.95 10 193 7 —0.16 2.45 14.05 14 35 14 —-0.93 3.68
O. aries 61.1526 p2 12 12 424 6 0 1 7 7 283 4 0 1

0. aries 61.15.26 p3 13.67 14 391 12 0.11 1.96 522 5 319 8 -0.12 1.54
O. aries 61.15.26 p4 18 18.5 4.03 12 -0.33 2 4.9 4.5 2.6 8 0.11 1.92
O. aries 61.1526 ml 17.46 18 5.05 21 —1.48 5.25 10.77 10 429 20 0.56 3.58
O. aries 61.15.26 m2 16 17 4.08 16 - 048 3.07 12.04 12 279 11 0.2 2.55
O. aries 61.15.26 m3 13.04 13 337 11 —-0.16 1.84 8.04 8 188 6 - 0.1 1.93
O. aries 61.1526 P2 10 8.5 6.27 13 0.42 1.54 725 85 435 10 - 0.87 2.15
O. aries 61.1526 P3 143 15 424 14 —0.96 3.25 4.6 5 201 7 -0.28 2.68
O. aries 61.1526 P4 20.75 20 5.15 18 0.37 2.46 4 4 191 7 0.41 291
O. aries 61.1526 Ml 18.52 19 265 12 - 1.36 5.51 10 11 3.08 11 -0.17 1.87
O. aries 61.1526 M2 13.58 135 493 22 - 0.55 3.77 1025 9.5 3.66 15 0.89 3.46
0. aries 61.1526 M3 141 14 337 13 0.08 2.54 533 6 153 5 0.02 2.12
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Table 3 (continued)

Species ID Tooth Scratch Pit

Mean Median SD Range Skewness Kurtosis Mean Median SD  Range Skewness Kurtosis
O. aries 62941 p2 106 11 251 7 -0.13 2.38 32 3 192 5 0.4 1.99
O. aries 6294.1 p3 13.44 13 219 6 -0.23 1.71 333 3 206 7 1.25 4
O. aries 62.94.1 p4 19.08 19 3.64 13 -0.23 2.39 515 4 3,16 11 0.71 2.74
O. aries 62.94.1 ml 18.54 18,5 451 17 —-0.06 2,39 888 9 4.13 14 -0.11 2
O. aries 62941 m2 13.73 135 2.1 9 -0.11 2.71 1095 10.5 3.64 12 0.25 1.8
O. aries 62941 m3 1339 14 375 17 -0.72 391 883 8 2.84 11 0.42 2.65
O. aries 62941 P2 13.67 11 462 8 0.71 1.5 3.67 4 1.53 3 -0.38 1.5
O. aries 6294.1 P3 145 145 314 9 0.17 1.87 54 35 433 14 1.08 3.29
O. aries 62.94.1 P4 17.89 18 372 11 0.11 1.87 711 8 352 11 —0.46 2.18
O. aries 62.94.1 Ml 18.86 20 553 22 -0.73 3.34 12.64 12 462 18 0.44 2.81
O. aries 62.94.1 M2 1528 155 216 7 -03 2.12 1033 11 351 13 0.33 2.75
O. aries 62.94.1 M3 1438 135 258 8 0.52 1.93 633 55 3.64 12 0.28 1.92
O. aries 62951 p2 11.11 12 2.8 8 -03 1.69 6.11 6 257 9 0.34 2.88
O. aries 62951 p3 13.82 13 4.02 13 -0.39 2.3 636 7 1.5 5 0.09 2.12
O. aries 62951 p4 18.64 19 4.63 17 -193 6.28 8.09 8 259 9 0.3 2.56
O. aries 62.95.1 ml 18.63 18 524 22 0.41 3.15 9 9 494 19 0.31 2.61
O. aries 62951 m2 18.41 18 376 16 -0.35 32 10.82 10.5 428 16 -022 2.61
O. aries 62951 m3 1572 16 2.64 12 -038 421 8.64 9 261 11 -02 2.68
O. aries 62951 P2 12.33 12 186 5 0.29 1.82 4.67 45 1.37 4 0.65 2.6
O. aries 62951 P3 15.11 15 276 9 -0.35 2.47 511 4 376 12 1.57 4.58
O. aries 62951 P4 18.08 18 332 14 -0.78 4.6 425 4 242 8 1.11 3.65
O. aries 62951 Ml 18.04 18 324 11 -0.29 2.16 748 6 5.11 21 0.91 3.85
O. aries 62951 M2 16.96 16 469 22 0.98 4.33 8.08 8 343 15 -0.21 3.13
O. aries 62951 M3 13.75 14 29 12 0.04 2.4 632 6 3.04 16 1.9 8.91

compared to the second molars. The biggest difference can
be observed between the second premolars and the second
molars. In general, the further back the premolar in the tooth
row, the closer the microwear scar counts are to the counts
of the second molar (Table 4).

Based on the results of the ANOVA with the Dunnett’s
post hoc test in the case of the upper teeth, the following
tooth positions show comparable microwear signals to the
second molars: M1, M3. In the case of the P2s, almost all
specimens had different microwear features compared to
the M2s. The P3 and P4 counts resulted in much better
results than those of the P2s (Table 4).

The results of the lower teeth are similar to those of
the upper ones: p4, m1 and m3 have results similar to m2.
The p2 resulted in different results in almost all cases. The
lower third premolars had better results than the lower
second premolars; however, these results still fall further
away from the control m2 (Table 4).

In the case of the roe deer, wear features portrayed on
the dietary morphospaces show that all molars classify
the specimens to the same dietary category as the M2/
m2-s, namely as a browser. However, the premolars can
give misleading results, in the case of the fourth premolar,

@ Springer

the results fall close to the boundary of the browser mor-
phospace, but the third and second premolars suggest a
shift into the mixed feeder domain, closer to the grazer
morphospace (Fig. 4).

In the case of the grazer sheep the difference between
the premolars and the second molar is less well-marked.
All dental elements show a low-pit number coupled with
moderately higher scratch numbers. Every examined tooth
classified the sheep to the mixed-feeder territory, marked
with especially low pit numbers (Fig. 4).

The results of the comparisons of ratios calculated from
the scratches and pits observed on the surface of all the upper
and lower molars and premolars to the ratio of scratches and
pits of the M2/m2, respectively, can be found in Table 5.
The obtained ratio of the p2 differed significantly from that
of the m2 in 67%, and the ratio of the p3 differed in 50%
of the cases. The ratios of both the p4 and the m1 differed
significantly from that of the m2 in 33% of the cases, and
the obtained ratios did not differ from the m2 for the m3-s.
The upper teeth had similar results. The obtained ratio of
the P2 differed significantly from that of the M2 in 33%, and
the ratio of the P3 differed in 67% of the cases. The P4 and
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mean of the sampled sites from
the mean of the second molar.
(ID 4452.269. is a C. capreo-
lus specimen selected as an
example. Other specimens and
teeth positions show the same
pattern.)
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Fig.6 Comparison of the (a)
scratch/pit ratios of the teeth _
of the two species. The green i
violin plots represent the sheep, _
and the blue plots represent the -
roe deer. The lower and upper
second molars are plotted first m
on each figure as a reference to
which other teeth are compa-
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results support the hypothesis of good reproducibility and
robustness of the microwear method.

The microwear results of this study were compared with
the earlier established morphospaces of average scratch
versus average pit numbers from Solounias and Semprebon
(2002) and Semprebon et al. (2004). The aforementioned
morphospaces were used for exemplification of the acquired
data and for comparing the dietary characterization of the
specimens based on the different dental elements. Based
on their upper and lower second molars, all C. capreolus
specimens studied here fell into the browser morphospace.
This dietary categorization agrees well with other studies
based on microwear data (Solounias and Semprebon 2002;
Merceron et al. 2004), as well as studies based on stomach
content analysis and field observation of wild roe deer pop-
ulations (Cibien and Sempere 1989; Navarre 1993; Tixier
and Duncan 1996). Meanwhile, the three O. aries specimens
fell between the browser and grazer morphospaces, into the
mixed-feeder dietary category, with particularly low number
of pits. This shift in a presumably grazer animal could be
explained by habitat differences, for example a difference in
humidity, vegetation, soil properties or temperature (Lucas
et al. 2014). Such difference in feeding habitats was investi-
gated by Mainland (2003), who found significant difference
between the wear patterns of sheep populations pastured in
open grasslands and in areas of deciduous woodland.

Complete molars or premolars are scarce in the fossil
record, which could make the microwear analysis much
more difficult if we restrain ourselves to the traditionally
applied constraints. If the region suggested by, e.g., Sol-
ounias and Semprebon (2002), Merceron et al. (2005) or
Rivals et al. (2009) is not available, or damaged, than a tooth
cannot be further analysed. However, the comparison of the
microwear pattern on the protoconids and paracones of the
second molars with the rest of the occlusal surface of these
teeth showed no statistically significant difference between
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these regions despite the differing functions of the different
enamel surface areas. If available, than the aforementioned
areas are still suggested for the analysis, however, in the
many cases, when there is no other way, any other part of a
tooth seems to represent the diet of the animal sufficiently
well.

The variability of the microwear structures on the sur-
face of the enamel is relatively high. The average standard
deviation on each tooth was around 3.5 for both the pits
and scratches. This standard deviation seems to be relatively
constant throughout all of the premolars and molars of the
animals, making their comparison possible. Similarly, high
variability of microwear scars was reported by Todd et al.
(2007) on elephant molars and by Valli et al. (2012) on horse
molars. The high variance of the microwear structures might
suggest that results based on them should be treated with
precautions. However, each tooth can be characterized by
an average microwear pattern. By averaging multiple sam-
ple sites on the enamel surface of a tooth, it is possible to
get closer and closer to the underlying average microwear
pattern of a given tooth. As the number of sampling sites is
increased, the mean of those sites better approximates the
mean of the whole tooth. Including numerous sample sites
to the analysis would be time consuming, and would under-
mine the fastness and simplicity of the low-magnification
microwear method. Consequently, an optimal number of
included sites should be determined, which can characterize
a tooth sufficiently with as few sites as possible. The results
presented in this paper suggest that it is possible to represent
a tooth with as few as five randomly selected sampling sites
with an adequate number of wear features on them. Includ-
ing further sites does not improve the results meaningfully,
but using less than five sites makes the obtained results less
and less certain.

The comparison of the scars observed on the differ-
ent teeth of the same specimens raises other important
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implications. The similarity of the scratch-pit values of
molars and premolars suggests that it is possible to base
dietary reconstructions not only on the second upper and
lower molars, but also on other dental elements. The work of
Xafis et al. (2017) also suggested that apart from the second
molars, also premolars could be suitable for such analyses.
The scratch and pit numbers of the upper and lower teeth
suggest that fourth premolars and first and third molars bear
basically the same microwear pattern as the second molars in
the case of the studied roe deer and sheep specimens. Other
teeth, namely the second and third premolars are less reliable
than the aforementioned three. For second and third premo-
lars, it is possible that the microwear scars observed on them
classify the specimens into the correct dietary categories,
but the average is usually somewhat shifted compared to the
results of the second molars.

The comparison of scratch/pit ratios of the teeth suggest
that all molars show similar values to those of the second
molars, whereas the ratios observed on the premolars, espe-
cially on the second and third are markedly different from
the second molars in most cases. The differentiation of the
different dietary categories could be made in our case based
on any given tooth.

Based on these aforementioned results, it can be con-
cluded that it is possible to make dietary assumptions for an
animal based on not only the second upper/lower molars,
but on other dental elements as well. Although it should be
noted that, if possible, the second and third premolars should
be excluded, for their microwear pattern is far less relia-
ble than that of any other molars or the fourth premolars.
Furthermore, analyses focusing on the dietary information
obtained from scratch/pit ratios can also be conducted confi-
dently on any of the molars, for their results are comparable
with those of the second molars.

Xafis et al. (2017) suggested that the use of the premo-
lars for dietary reconstructions is acceptable. Our results,
however, suggest that in the case of C. capreolus the differ-
ences between the second molars and the second and third
premolars are greater than the differences between the sec-
ond molars and the fourth premolars and the first and third
molars. Apart from the second and third premolars, the posi-
tion of teeth selected for the analysis is seemingly irrelevant,
but analysing the microwear features on the second and third
premolars could possibly lead to distortions in the results.
Microwear results based on the first two upper and lower pre-
molars—at least for the examined group—should be further
treated with caution.

Conclusions
The examination of the low-magnification microwear structure

of the enamel of four extant ungulate species suggests that
some restrictions of the method can be lifted.

One important outcome of the present study is that the
results of two independent observers correlated well with
each other, suggesting with high confidence that trained but
independent observers would get similar results. The results
of the different counters can be directly compared with each
other, and no distortion would emerge from the observer bias,
if during the preparation and evaluation the observers follow
the same protocol for sample processing.

According to the results of the present study, no statistically
significant difference in microwear can be seen between the
paracone/protoconid and any other part of a given tooth. Fur-
thermore, to sufficiently describe the wear pattern of a given
tooth, the wear features of at least five different 0.4 X 0.4 mm
areas should be quantified. Fewer sites could be a source of
distortion, and the inclusion of more sites per tooth does not
improve the results meaningfully.

The other important notion presented in this paper is the
possible expansion of the usable dental elements for micro-
wear analysis. Based on specimens of the two extant ungulate
species, apart from the second upper and lower molars the first
and the third upper/lower molars and the fourth upper/lower
premolars could be used for such analyses. If possible, the use
of the second and third premolars should be avoided, for the
analyses based on them could be misleading.
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