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The wear patterns on ungulate’s teeth help to understand dietary habits during an indi-
vidual’s lifetime. Mesowear is a series of techniques used to detect tooth wear patterns 
at low magnification. While in mesowear I, and its simplified version mesowear II, the 
outer profile of a herbivore’s molar cusps is observed to assign a diet, mesowear III 
(or inner-mesowear) scores the wear facets on the inner enamel band of the tooth. This 
approach was developed to detect finer dietary signals for shorter periods than the two 
former mesowear methods. We tested this method on skulls of 26 goats (Capra aega-
grus hircus) fed different diets for six months, for which mesowear I and II had already 
been scored. Our goal was to explore the effects of diets with varying abrasiveness on 
the dietary signal, comparing signals recorded with both techniques. We found no dif-
ferences in mesowear III signals among diets, regardless of visible tendency of more 
abrasive diets leading to higher mesowear scores. We also found no difference in time 
resolution between mesowear III and I.

Introduction

Mesowear is a series of methods used to assess 
paleodiets of herbivorous ungulates by analysing 
different morphological aspects of the animal’s 
molars. Mesowear signals are detectable by the 
naked eye or at low magnification, and can 
reflect a considerable fraction of an individual’s 
diet during its lifespan (Fortelius & Solounias 
2000). Tooth wear patterns are divided into the 
wear modes of abrasion and attrition that are the 
result of food-on-tooth and tooth-on-tooth wear, 
respectively. By evaluating the relative severity 

of attrition as well as abrasion and scoring these 
wear modes accordingly, mesowear can be used 
to separate herbivorous ungulates into different 
diet groups, ranging from grazers to browsers 
(Fortelius & Solounias 2000). While grazers 
typically show abrasion-dominated tooth wear, 
resulting in low, blunt cusps on the molar crowns, 
browsers cover the other end of the herbivo-
rous dietary spectrum with attrition-dominated 
tooth wear, showing higher, sharper molar cusps. 
Though successfully applied in many instances 
to observational data of extant as well as extinct 
species (Franz-Odendaal & Kaiser 2003, Clauss 
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et al. 2007, Rivals et al. 2007, Schulz et al. 2007, 
Croft & Weinstein 2008), mesowear has rarely 
been applied to animals fed experimental diets 
in controlled conditions (Solounias et al. 2014, 
Kropacheva et al. 2017, Ackermans et al. 2018), 
so understanding the extent of the dietary signal 
assessed by mesowear scoring is therefore still 
limited.

During the last 20 years, mesowear tech-
niques were constantly developed and adapted 
to new tasks. Originally developed by Fortelius 
and Solounias (2000), the mesowear method 
consisted of two tooth characters: the cusp shape 
and the cusp relief of ungulate upper molars, 
scored for one apex per individual. This was 
further expanded to lower molars for equids 
(Kaiser & Fortelius 2003) and artiodactyls 
(Franz-Odendaal & Kaiser 2003). The original 
technique and its expanded version were termed 
“mesowear I” by Solounias et al. (2014). A new, 
four-point scoring approach was then introduced 
by Mihlbachler and Solounias (2006), and was 
named “mesowear type II” — this is a more 
simplified method of measuring mesowear I, and 
the two are considered equivalent in this paper. 
The mesowear method has since then been fur-
ther extended, simplified or adapted for specific 
species (reviewed in Green & Croft 2018). The 
“mesowear III” technique, also called “inner 
mesowear”, was established by Solounias et al. 
(2014), and pertains to scoring the wear facets of 
the inner second enamel band (previous versions 
scoring the outer third enamel band, visible on 
the tooth’s profile). This technique was estab-
lished in order to detect a shorter-term signal 
with more precision, and was originally used in 
an experiment lasting for 40 days, a period con-
sidered likely too short to record a signal using 
mesowear I or II. Mesowear III was also used  
on its own to fossil camelid teeth (Bravo-Cuevas 
& Jiménez-Hidalgo 2015), in combination with 
mesowear II on Miocene giraffids (Danowitz 
et al. 2016, Solounias & Danowitz 2016) and 
extant artiodactyls alongside the experimental 
goats in Solounias et al. (2014), and in combi-
nation with mesowear I on fossil bison (Díaz-
Sibaja et al. 2018) and Pleistocene ungulates 
(Strani et al. 2018b, Strani et al. 2018c, Strani 
et al. 2018a). Although combining the methods 
provides robustness, the methods do not always 

produce identical results for each species at dif-
ferent time scales.

As we had already applied the expanded 
mesowear I technique to goats fed experimental 
diets of varying abrasiveness for six months 
(Ackermans et al. 2018), in this study we applied 
mesowear III to the same set of samples to 
compare the two techniques. As in the previous 
experiment, mesowear I had not yielded a sig-
nificant difference among the feeding groups, we 
expected mesowear III to be able to differentiate 
among these groups. We therefore anticipated 
that abrasive-rich diets would result in higher 
mesowear III scores than less abrasive ones.

Methods

Animals and their diet

The animal experiments were performed with 
approval of the Swiss Cantonal Animal Care 
and Use Committee Zurich (animal experiment 
license no. 115/2009). The skulls analysed in the 
present study are housed in the mammal collec-
tion at the Center of Natural History, University 
of Hamburg (ID numbers in Table 1).

The animals were all domestic-goat (Capra 
aegagrus hircus) does (n = 28) from mixed 
breeds with unknown feeding history. They were 
the same individuals as those used in Acker-
mans et al. (2018), as were the diets and feeding 
regimes, the duration of the feeding experiment, 
and the skull preparation. In short, prior to the 
beginning of the experiment, all individuals were 
fed ad libitum lucerne (Medicago sativa) hay and 
lucerne pellets for two weeks. Subsequently, the 
goats were randomly divided into four groups of 
seven animals. For about six months, each group 
was fed one of the following four diets varying 
in abrasiveness: lucerne (L), no abrasives; grass 
(G), low in phytoliths; grass and rice husks (GR), 
high in phytoliths; grass, rice husks and sand 
(GRS), high in phytoliths and high abrasives. 
These diets were from the same batch as used in 
experiments with rabbits (Oryctolagus cuniculus) 
by Müller et al. (2014). The experimental diets 
were provided as pellets, 1500 g per animal per 
day, in addition to 100 g per animal per day of 
either lucerne hay for the lucerne group, or grass 
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hay for the remaining three dietary groups. To 
make sure that the levels of energy and nutrients 
in the pelleted diets were comparable, they were 
formulated to be isocaloric and isonitrogenic 
(using an indigestible, non-silicacious filler and 
soybean meal) (cf. Müller et al. 2014). Water was 
available ad libitum.

Mesowear III

In the mesowear III method (Solounias et al. 
2014), scores from 1 to 4 are assigned to the 

occlusal view of the inner enamel band of molar 
teeth. Score 1 reflects a typical browser wear pat-
tern (sharp edge, flat surface), and score 4 a typi-
cal grazer pattern (round edge, uniform arched 
surface). For scoring, the enamel band is divided 
into three sections which are scored separately: 
(1) the mesial part, (2) the distal part and (3) the 
midpoint of these two areas named j for junc-
tion. As suggested by Solounias et al. (2014) 
and Danowitz et al. (2016), we also calculated 
averages of the mesial and distal scores to obtain 
a mean score (cf. Tables 1 and 2). In this study, 
primarily the paracone of the second right-side 

Table 1. Mesowear III scores on molars of domesticated goats (Capra aegagrus hircus, n = 26), fed experimental 
diets for six months.

Animal ZMH IDb Toothc Dietd Side Mesowear III score Score
IDa      
     distale mesialf jg average ranked

1 10879 M3 GRS left 2 2 3 2 3
2 10880 M2 GRS right 3 4 4 3.5 6
3h 10881 M2 L right
4h 10882 M2 GR right
5 10883 M3 G right 4 4 3 4 7
6 10884 M2 GRS right 3 3 2 3 5
7 10885 M2 GR right 3 3 2 3 5
8 10886 M2 GR right 2 3 4 2.5 4
9 10887 M2 G left 3 3 4 3 5
10 10888 M2 L right 3 4 4 3.5 6
11 10889 M2 L left 4 3 3 3.5 6
12 10890 M2 GR right 2 3 2 2.5 4
13 10891 M2 L right 2 3 2 2.5 4
14 10892 M2 G right 3 3 3 3 5
15 10893 M2 L right 2 3 2 2.5 4
16 10894 M2 GR right 3 2 3 2.5 4
17 10895 M2 G right 2 2 2 2 3
18 10896 M2 GRS right 4 3 3 3.5 6
19 10897 M2 GRS right 3 4 3 3.5 6
20 10898 M2 GRS right 3 4 3 3.5 6
21 10899 M2 G right 2 2 4 2 3
22 10900 M2 GR right 3 3 3 3 5
23 10901 M2 L left 1 2 2 1.5 2
24 10902 M2 L right 2 1 1 1.5 2
25 10903 M2 GR right 4 3 3 3.5 6
26 10904 M2 GRS right 3 4 2 3.5 6
27 10905 M2 G right 2 2 2 2 3
28 10906 M2 G right 1 1 1 1 1

a same as in Ackermans et al. (2018).
b ID numbers assigned by the Zoological Museum of Hamburg.
c M2 = maxillary second molar, M3 = maxillary third molar.
d L = lucerne, G = grass, GR = grass and rice husks, GRS = grass, rice husks and sand.
e mesowear III score assigned to the distal facet of the tooth’s third enamel band.
f mesowear III score assigned to the mesial facet of the tooth’s third enamel band.
g mesowear III score assigned to the midpoint of the tooth’s third enamel band.
h teeth too worn to be scored for mesowear III.
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mandibular molar was scored. If this tooth was 
too worn and/or damaged, the same location on 
the left-side mandibular molar was scored. If this 
tooth was also worn and/or damaged, the third 
molar was used for scoring. In all, we scored 22 
maxillary right-side molars, of which one was 
the third molar and the rest second molars; and 4 
maxillary left-side molars, of which one was the 
third molar and three were second molars. Two 
goat skulls had teeth too worn to be scored for 
mesowear III. The sample size was thus n = 26.

Mesowear I scores of the same teeth were 
taken from Ackermans et al. (2018). In compari-
sons between mesowear I and III, animals that 
were not scored in either of the techniques were 
excluded, resulting in the sample size of n = 25.

Statistical analysis

Because the mesowear III scores were not 
normally distributed, the data were analysed 
using non-parametric tests. The Kruskal-Wallis 
test was used to find out whether mesowear 
III scores differed among the diet groups, and 
Spearman’s rank-order correlation analysis to 
study the relationships between III scores and 
between mesowear I and III scores. All analyses 
were performed in SPSS 22.0 (IBM, Armonk, 

NY). Differences were considered significant 
and correlations existing at p < 0.05. Although 
the data were non-normally distributed, standard 
deviation and means were plotted to better visu-
alise possible differences (cf. Fig. 1).

Results

We found no statistical differences among diet 
groups when scoring tooth wear with mesowear 
III (Kruskal-Wallis test: p = 0.171 for the mesial 
mesowear III score, p = 0.389 for the distal 
mesowear III score, p = 0.212 for the mean of 
the mesial and distal mesowear III score, and 
p = 0.700 for the junction mesowear III score; 
Fig. 1). GRS, GR and G diets tended to pro-
duce higher mean mesowear scores than the L 
diet for mesial, junction and averaged charac-
ters, while GRS and GR produced higher mean 
mesowear scores than the L and G diets for the 
distal character. GRS was the diet that resulted 
in the highest mean mesowear III score for all 
four mesowear III characters, and the diet with 
the lowest mean mesowear III score was either 
G or L. All measured mean mesowear III scores 
were greater than 2, most being between 2 and 
3 (cf. Table 1). Although the four mesowear III 
scores were correlated (R between 0.43 and 0.90 

Table 2. The scoring of mesial part, distal part and midpoint (j) of the tooth’s third enamel band, and the score 
descriptions of mesowear III (following Danowitz et al. 2016) used to assess mesowear signals.

Location Score Description

mesial/distal 1 The occlusal surface of the enamel band is flat and planar and there are no gouges
  or indentations on the surface of the enamel.
mesial/distal 2 The surface of the enamel band is nearly flat and contains several gouges that 
  traverse the surface from either edge. The labial and lingual edges of the enamel
  band are somewhat rounded. Instead of a single surface as in score 1, several facets
  are discernible.
mesial/distal 3 The enamel surface is similar to score 2, but is more rounded with less defined edges
  and more gouges.
mesial/distal 4 The enamel surface is rounded. The surface is smooth without gouges, and there are
  no well-defined edges.
midpoint 1 The mesial and distal surfaces join at a sharp, well-defined junction.
midpoint 2 The midpoint between the mesial and distal surfaces is somewhat sharp, and often
  contains a gouge.
midpoint 3 The midpoint on the enamel band is rounded, but the mesial and distal sides appear
  as distinct, separate surfaces.
midpoint 4 The j point lacks a discrete apex, and the mesial and distal sides of the enamel band
  form one continuous surface.
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and p between 0.031 and < 0.001), none of the 
mesowear scores were correlated with the cor-
responding mesowear I cusp-score on the same 
tooth (R = 0.10–0.19, p = 0.377–0.627).

Discussion

Diets differing in abrasiveness did not result in 
differences in maxillary M2 mesowear III scores 
in goats. Mesowear III scores seemed to increase 
with the diet abrasiveness (cf. Fig. 1), but this 
was not supported by the statistical analysis of 
the data. Similar results were found by Acker-
mans et al. (2018) for mesowear I.

In their original mesowear III study, Solou-
nias et al. (2014) fed two groups of four goats  
browsing and grazing diets. On days 10, 20, 30 
and 40 one goat from each group was sacrificed 
and their skulls and jaws were was skeletonised. 
They found that in the goats that shifted from 
natural food to browsing, the teeth became incre-
mentally flatter after 30–40 days of browsing, 
while in the goats that shifted from natural food 
to grazing, the teeth had become incrementally 
rounder during the first 30 days of grazing, and 
did not change anymore during the last 10 days. 

However, as Solounias et al. (2014) recognized 
themselves, their experimental setting had sev-
eral weaknesses: all the goats had a browsing 
diet before the experiment, and the sample size 
was small (only one animal per sampling, hence 
no statistical comparisons were possible). In 
addition, the original wear state of these animals 
was based on mesowear III scored on other 
individuals feeding in the same location. There-
fore individual differences in tooth wear among 
experimental goats at the start of the experiment 
could not be taken into account in the compari-
sons. As such, by applying mesowear III scoring 
in a longer-term experiment with a larger sample 
size, we hoped to ascertain the applicability of 
this technique. The lack of significant difference 
in meso wear scores among the goats fed the dif-
ferent diets in the present study indicates that 
six months may not be long enough for a stable 
meso wear I or III signal to develop.

Although the results obtained by Solounias 
et al. (2014) were considered preliminary, sev-
eral subsequent studies used this technique. For 
example, Danowitz et al. (2016) showed that 
mesowears II and III are correlated when predict-
ing browser or grazer profiles. The correlations 
between the two mesowear techniques, however, 
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Diet: lucerne (n = 6) grass (n = 7) grass and rice husks (n = 6) grass, rice husks and sand (n = 7)
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Fig. 1. Mean (± SD) 
meso wear III scores on 
molars of domesticated 
goats (Capra aegagrus 
hir cus, n = 26), fed four 
experimental diets for six 
months. The x-axis repre-
sents the three separately 
scored enamel characters 
(distal, mesial, junction) 
and the average of two of 
them [(mesial + distal)/2].
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were weaker than those between mesowear III 
scores. As similar results were obtained in other 
studies as well (Strani et al. 2018b, Strani et al. 
2018a), combined usage of mesowear II and 
III techniques has been recommended. Bravo-
Cuevas and Jiménez-Hidalgo (2015), however, 
used mesowear III alone to determine a browser 
or grazer diet. Even if mesowear III scores could 
distinguish between the two diet types, and could 
be considered a short-term dietary signal in 
this case, it should not be used as a stand-alone 
method to define species-specific, long-term, 
diets. It would thus be a good practice to system-
atically record mesowear I or II in conjunction 
with mesowear III.

The mesowear method is based on more or 
less subjective observations, and the descrip-
tions of scoring can be interpreted differently 
depending on the observer, which is why a single 
observer is often used to reduce inter-observer 
errors. Another factor that could have affected 
the scoring in the present study were large age 
differences among individuals. Age can affect 
mesowear scores because an old, flat, and round 
tooth is scored as blunter, due to more abrasion, 
than a younger, sharper tooth. Additionally, dif-
ferences in goat breeds and unknown previous 
diets might have also increased variations in the 
data set. On the other hand, obtaining a large 
number of animals with equal wear could be 
rather challenging. It might also be interesting 
to study whether goats might be less sensitive 
to mesowear changes than for example sheep, 
or whether ruminants as a group are less sensi-
tive than non-ruminants, because ruminants can 
wash off external abrasives from their diet before 
rumination (Hatt et al. 2019), most likely reduc-
ing dental wear. Nevertheless, our finding that 
after 6 months of controlled feeding no produce 
differences among the diet groups, indicates that 
similarly to mesowear I, mesowear III should 
probably not be considered a short-term dietary 
signal by default until the signal length can be 
confirmed in additional experiments.

According to the results of this study, meso-
wear III could be used in combination with 
meso wear I or II by adding dietary signal infor-
mation to a data set, but its relationship to mes-
owear I or II, as well as its responsiveness to the 
diet cannot so far be confirmed with certainty. 

All in all, mesowear is the most cost-effec-
tive method to quickly determine the general 
diet of a large number of specimens. The time 
this technique requires to respond to different 
diets, however, remains to be experimentally 
determined.

Conclusions

Based on the results of our study we can conclude 
that, at least when small ruminants and short time 
intervals are concerned, mesowear III is not a 
finer tooth-wear measurement method than mes-
owear I or II. More caution is thus needed when 
it comes to applying mesowear, especially mes-
owear III, as the amount of time necessary for the 
dietary signal to develop, and the strength of the 
signal are not yet fully quantified.
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