
Chapter 5
Using Dental Mesowear and Microwear for Dietary Inference:
A Review of Current Techniques and Applications
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Abstract Mesowear and microwear analyses use data from
worn tooth surfaces as proxies for feeding ecology.Mesowear
is based on gross dental wear and forms over months to years.
The method was originally developed for ungulates but has
recently been expanded to other groups, at least preliminarily.
Dental microwear has been investigated for well over half a
century and continues to be refined. It forms over days to
weeks. Wide varieties of techniques are currently used for
microwear analysis, all of which require attention to detail.
Among these techniques, three-dimensional microwear tex-
ture analysis has the greatest potential for accurately recon-
structing feeding ecology, yet the “recipe” for analyzing
microwear data remains a work in progress. Combining
mesowear and microwear with one another and other dietary
proxies can permit robust inferences about the feeding ecology
of extinct species.
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Summary

Both dental mesowear and microwear analysis use data from
the “damaged” wear surface of a tooth as a proxy for feeding
ecology in extant and extinct vertebrates. Mesowear is a rel-
atively newmethod of dietary interpretation in herbivores that
is based on gross dental wear. It measures diet (and, to some
extent, habitat) in individuals and populations over the span of

months to years. Collecting data is relatively quick and easy.
The method was originally developed for ungulates (mostly
artiodactyls and perissodactyls) but has recently been expan-
ded to other groups, at least in a preliminary fashion. Dental
microwear analysis has been a rich area of investigation for
well over half a century and continues to be refined today. It
can discriminate not only large-scale dietary differences
among taxa but also dietary variation within populations
(among individuals). However, all steps of microwear data
collection (from cleaning a tooth to analyzing data) require
attention to detail and careful planning to ensure the collection
of accurate, objective results. Investigators that analyze dental
microwear are currently using five distinct techniques:
(1) scanning electron microscopy (SEM); (2) stereoscopic
low-magnification light microscopy (LM); (3) photomicro-
graphic LM; (4) three-dimensionalmicrowear texture analysis
(MTA) with scale-sensitive fractal analysis (SSFA); and
(5) MTA with International Organization for Standardization
(ISO) 25178-2 parameters. Three-dimensional MTA has the
greatest potential for accurately reconstructing feeding ecol-
ogy, yet the “recipe” for analyzing microwear data remains a
work in progress as technology advances and our under-
standing of the events that create microwear improves.
Mesowear andmicrowear can each be a very powerful tool for
paleoecological and environmental reconstruction, but both
require strict protocols. Combining these techniques with one
another and with other dietary proxies can permit robust
inferences about the feeding ecology of extinct species.

Terms

Abrasion = tooth wear caused by interactions between a
tooth and exogenous particles (e.g., food, grit).

Attrition = tooth wear that is caused by tooth-on-tooth
interactions.
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Browser = an herbivore that feeds primarily (>90%) on
leaves, twigs, buds, flowers, and/or fruits.

Cast = an exact replica of a specimen that is produced by
filling a mold with epoxy or another material.

Confocal Microscope = a microscope that uses point
illumination and a spatial pinhole placed at the confocal
plane of the lens to reduce out-of-focus light, creating a
three-dimensional image.

Cusp Relief = the relative distance between the cusp tip
and base.

Cusp Shape = ameasure of the facet development in a cusp.

Erosion = tooth wear that is caused by chemical or acid
dissolution.

Facet = a smooth, flat area of enamel on the occlusal
surface of a tooth that is formed by wear.

Grazer = an herbivore that feeds primarily (>90%) on
grasses.

Mesowear = gross (macroscopic) tooth wear (facet
development).

Microwear = microscopic scars that form on a tooth
surface from tooth use (use-wear) during life.

Mixed Feeder = an herbivore that feeds on a mixture of
leaves, twigs, buds, and grasses.

Mold = a negative copy of a specimen that can be used to
produce an exact replica (cast).

Scanning Electron Microscope = a microscope that uses
the interaction of a focused beam of electrons with a
sample to produce a detailed image; designed for high-
magnification use (typically � 100�).

Stereomicroscope = a microscope in which light refracting
through or reflecting off an object is viewed through two
eye pieces, producing a three-dimensional visualization;
designed for low-magnification use (typically � 100�).
Ungulate = a hoof-bearing mammal; not a natural
(monophyletic) group.

Theoretical and Historical Background

Mesowear

Mesowear refers to macroscopic wear on teeth: wear that is
visible to the naked eye as a smooth, flat area of enamel on the
occlusal surface. Such wear comprises what is known as a
facet.Mesowear analysis seeks to describe the degree towhich
such facetsaredevelopedon the teethofherbivorousmammals
and to correlate such patterns with diet. Unlike microwear
analysis, mesowear analysis has only been applied to herbiv-
orous mammals. In herbivores that consume relatively soft

foods, suchas the leaves of dicotyledonousplants, twigs, buds,
flowers, and fruits (i.e., browsers), the teeth working against
oneanother is theprimary causeof toothwear; this typeofwear
is attrition. Attrition creates enamel surfaces that have sharp
edges andwell-developed facets. In grazingherbivores,which
mainly consume grasses and other low-growing vegetation,
the food consumed causes more tooth wear than the teeth
themselves.This typeofwear is termedabrasion, and it tends to
obscure facets and roundoff enamel edges.Mesowear analysis
was originally developed for ungulates, particularly artio-
dactyls andperissodactyls, but it has recentlybeenexpanded to
other groups including rodents, rabbits, elephants (pro-
boscideans), extinct ungulate-like mammals from South
America, and even marsupials (see below).

The term mesowear (meaning “intermediate wear”) was
coined by Fortelius and Solounias (2000) because it high-
lighted the intermediate time scale at which mesowear forms:
more slowly than microwear, which reflects an animal’s diet
over days to weeks (see below), but more quickly than
changes in the overall structure of a tooth, which only occur
over evolutionary time (over many generations). Mesowear
develops over an animal’s lifetime, or at least at a time scale
long enough so that seasonal changes in diet cannot be
detected (Rivals et al. 2013). Thus, it reflects “the average diet
of a particular species from a particular location in space and
time” (Fortelius and Solounias 2000: 2). Different scoring
techniques for mesowear exist, but they differ from one
another primarily in detail. The greatest advances in meso-
wear analysis have been in extending the technique to groups
of herbivorous mammals beyond artiodactyls and perisso-
dactyls. Collecting mesowear data is generally quick and
easy, making the technique highly amenable to large samples
(e.g., Mihlbachler et al. 2011).

Microwear

Microwear is the result of microscopic damage to dental
tissues (usually enamel) that forms during mastication. This
microscopic wear is not a cumulative (long-term) record of
chewing (in contrast to mesowear), but rather is continuously
recorded and erased with each subsequent feeding event
(Teaford and Oyen 1989). As a result, it generally only
records an animal’s last meal(s), a characteristic dubbed the
“Last Supper” phenomenon by Grine (1986). High turnover
rates in microwear have been recorded in most vertebrates,
ranging from days to weeks (Teaford and Oyen 1989; Baines
et al. 2014; Hoffmann et al. 2015). The relative orientations of
striations on tooth surfaces is a proxy for direction of jaw
movement during chewing (Gordon 1984a), although most
microwear studies tend to focus on the relationship between
microwear patterns and the texture of particles being con-
sumed (Teaford 1991). Such analyses can target the propor-
tions and densities of discrete features (scratches, pits,
gouges) on a wear surface (Teaford and Walker 1984;
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Solounias and Semprebon 2002), or, increasingly commonly,
the overall texture (roughness) of a chewing surface (Scott
et al. 2005). Regardless of the approach, it has long been
recognized that microwear patterns in animals with different
diets can be qualitatively and quantitatively (even statisti-
cally) distinguished (Walker et al. 1978; Teaford and Walker
1984; Solounias and Semprebon 2002; Ungar et al. 2003).
This correlation has led to the popularity of microwear as a
proxy for reconstructing paleoecology in vertebrates.

Despite the many known correlations between diet and
microwear, researchers are still trying to understand the
details of these relationships (Ungar 2015). Indeed, a fun-
damental question that remains unanswered is whether the
primary causative agent of tooth wear is endogenous (i.e., a
property of the food itself, such as hardness; Erickson 2014;
Rabenold and Pearson 2014; Xia et al. 2015) or exogenous
(i.e., due to non-biological particles such as dust or sand;
Lucas et al. 2013; Hoffmann et al. 2015; Spradley et al.
2016). Data support both interpretations, leading to the
inescapable conclusion that a seemingly simple correlation is
actually far more complex. The number of microwear studies
published each year continues to increase, highlighting its
importance in the field of paleoecological reconstruction.

Ungar et al. (2008) provided a thorough review of the
deep history of microwear analysis including its origins,
philosophical shifts, and methodological innovations. Here,
we briefly review its foundations before focusing on the past
decade, a time of rapid innovation in the field.

The first studies of microwear were qualitative in nature,
using light microscopy to examine the orientations of scrat-
ches to determine directionality of chewing motion (Butler
1952; Mills 1955). Subsequent researchers abandoned the
light microscope in favor of the high resolution and magnifi-
cation of scanning electron microscopy (Rensberger 1978;
Walker et al. 1978); the quantification ofmicrowear patterns to
discern dietary differences soon followed (Gordon 1982;
Teaford andWalker 1984). This early researchmainly focused
on primates; it demonstrated relatively consistent microwear
within species (Gordon 1982) and distinct microwear among
species of differing diets (Teaford and Walker 1984). Gordon
(1984b) recognized the need for standardization of SEM
instrumentation parameters, magnification, and tooth sam-
pling loci to control for intra- and inter-individual variation in
tooth wear. Quantifying scar features on teeth permitted sta-
tistical testing to discriminate between genuine and random
microwear patterns, thus leading to a more advanced under-
standing of the relationship between microwear and feeding
ecology (Teaford and Walker 1984; Strait 1993; Ungar and
Spencer 1999). In the late 1980s and early 1990s, researchers
sought to more accurately quantify microwear using a variety
of approaches and variables (e.g., scratch:pit ratios, scratch
length/breadth, feature orientation; Grine 1986; Maas 1991;
Ungar 1995).

By the early 2000s, it was recognized that observer con-
sistency in microwear feature recognition and measurement
on SEM images limited interpretations (Grine et al. 2002) and
that SEM analysis could be expensive and time-consuming
(Solounias and Semprebon 2002). In this light, Solounias and
Semprebon (2002) suggested returning to low-magnification
light microscopy (LM) for dental microwear analysis as an
effective yet inexpensive (in both time and cost) method.
Interest in LM increased rapidly during the subsequent dec-
ade, with a concomitant increase in the diversity of non-
primate mammals analyzed (e.g., ungulates: Solounias and
Semprebon 2002; chalicotheres: Coombs and Semprebon
2005; proboscideans: Green et al. 2005; Rivals et al. 2012;
xenarthrans: Green 2009a; rodents: Nelson et al. 2005;
Townsend and Croft 2008b; notoungulates: Townsend and
Croft 2008a). As with SEM methods, observer consistency
was questioned (Ungar et al. 2008). Early studies suggested
that intra- and inter-observer error were non-significant in LM
(Semprebon et al. 2004b), but later studies have disagreed
(Mihlbachler and Beatty 2012; Mihlbachler et al. 2012).

Concerns about observer error and lack of consistency
among researchers using SEM and LM fueled the develop-
ment of an automated three-dimensional technique called
“microwear texture analysis” (MTA) (Ungar et al. 2003;
Scott et al. 2005). This method differed from previous
methods in using computer software to analyze the texture of
a wear surface as a whole rather than to quantify discrete
features (“scratches” vs. “pits”) on a tooth surface. Because
this technique analyzes microwear in three dimensions rather
than two (as in SEM and some variants of LM; Merceron
et al. 2005), it can provide greater power for discriminating
subtle differences in feeding ecology, such as seasonal
variations in diet (DeSantis et al. 2013).

Microwear researchers presently use all three types of
microscopy (listed above) and variations of each are still
being proposed. For example, investigators in some recent
LM studies have counted features on photomicrographs (un-
der randomized, blind conditions) instead of directly through
a microscope in an effort to create a more standardized
approach (Fraser et al. 2009; Mihlbachler et al. 2012; Hoff-
mann et al. 2015); SEM researchers have used randomized,
blind conditions for counting features (Green and Resar 2012;
Green and Kalthoff 2015); and MTA now uses standardized
ISO parameters to characterize textural patterns in addition to
scale-sensitive fractal analysis (SSFA) (Purnell et al. 2012;
Gill et al. 2014). In all of these cases, it is important to
remember that each technique has its limitations and short-
comings. MTA is the most widely used technique today and
has greatest promise for the future of microwear research
(Calandra and Merceron 2016). Nevertheless, the other two
methods can still provide significant insights when properly
applied (Green and Resar 2012; Mihlbachler et al. 2012).
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Collecting and Analyzing Data

Selecting Specimens

Accurate mesowear and microwear analyses require selecting
appropriate comparative specimens. This means using teeth
(either fossil or modern) that have well defined, undamaged
wear facets. A tooth that has not yet come into wear (i.e., has
no obvious wear facet) is unusable, as the processes that
result in tooth wear have not yet been initiated. Additionally,
overly worn teeth (from older individuals) should be exclu-
ded from mesowear analyses (Rivals et al. 2007) because
facet development is obscured. Teeth that are in situ (in a
skull) are ideal since they leave no ambiguity as to: (1) spe-
cies identification; (2) tooth position and orientation; and
(3) ontogenetic age. For extant species, specimens should
preferably come from live or recently culled animals whose
diet is known and controlled. However, since this is generally
not possible, most studies have relied on museum collections,
which offer large sample sizes but lack specific (individual)
dietary information (Kay and Covert 1983). In such cases,
specimens are assigned to the dietary category typical for the
species. The lack of precise correspondence between speci-
mens and their presumed diet can be a significant source of
error or noise, particularly for species with diets that vary
temporally (day to day or seasonally) or spatially (in different
parts of their range). Targeting museum specimens associated
with detailed collection information (including season of
death and longitude-latitude, where available) can help mit-
igate this error, but parsing specimens into increasingly fine
dietary and/or locality bins usually comes at the cost of
decreasing sample sizes.

The choice of tooth position and wear facet to sample
depends on the question being addressed and the group
being studied. It is optimal to have a standardized sampling
protocol that targets the same wear facet on the same tooth
across all individuals (Gordon 1982). This helps reduce
variation in wear that may arise from differences in chewing
mechanics across the tooth row (e.g., a posterior or distal
tooth will experience less shearing and higher bite forces
than a more anterior or mesial one; Gordon 1982). This is
usually straightforward when comparing species within
particular families or orders. Comparing members of dif-
ferent orders can be problematic if members of the groups
under consideration have (or had) different chewing
mechanics (Croft and Weinstein 2008; Fraser and Theodor
2010; Saarinen et al. 2015; Ulbricht et al. 2015; Mihlbachler
et al. 2016). Studies that have examined intra- and
inter-tooth variability have sampled multiple teeth and dif-
ferent surfaces within a single tooth to capture the range of
variability that is present (e.g., Kaiser and Fortelius 2003;
Krueger et al. 2008; Green 2009b; McAfee and Green 2015).

Extending mesowear and microwear analysis to extinct
species poses additional challenges. First, sample sizes are
generally smaller due to the rarity of fossil specimens. Sec-
ond, fossil specimens may not be suitable if they cannot
confidently be identified to species and/or if their position in
the tooth row cannot be determined. In addition, the process
of fossilization itself can significantly alter or erase the
original microwear scars on the wear surface (Teaford 1988;
King et al. 1999), though this can also be the case for
seemingly well-preserved modern specimens (Teaford 1988).
A simple comparison of the chewing and non-chewing sur-
faces of a tooth using a low-magnification microscope can be
used to identify fossil teeth that should be discarded. The
chewing surface should have visible microwear in regular
patterns, whereas the non-occlusal surfaces should be devoid
of similar features; if similar scar patterns are observed on
chewing and non-chewing surfaces on the same tooth, the
specimen has most likely been altered and should be removed
from the sample (Teaford 1988). Fortunately, taphonomic
processes tend to obliterate microwear patterns rather than
mimic genuine scar features (King et al. 1999; Martínez and
Pérez-Pérez 2004). Taphonomic breakage is generally obvi-
ous for mesowear, as it results in irregular surfaces that lack
the smooth polish typical of well-preserved enamel.

Specimen Preparation

Since mesowear is scored on a gross level with the naked
eye, no special cleaning of specimens is generally required.
It is only necessary that the development of the tooth facets
can be observed. This is not true of microwear, as debris
(dirt, dust), preservatives, and/or other residues can com-
pletely obscure microscopic features (Teaford 1988). Whe-
ther to clean the entire tooth or simply a portion of it depends
on the size of the tooth and the facet(s) targeted for analysis
(described above); the teeth of small mammals (e.g., rodents,
primates) can usually be cleaned and molded entirely,
whereas only a portion of the tooth of a large mammal (e.g.,
proboscideans) is usually cleaned. When only part of a tooth
is cleaned, the anatomical position and orientation should be
recorded so that it is readily available during the analysis
phase. Cleaning via physical scrubbing or preparation,
especially with metal tools, brushes, etc., should be avoided
as this can remove and/or alter scar patterns on the tooth. For
fossil specimens, chemical preservatives (e.g., Butvar,
Glyptal) are usually dissolved with acetone but may require
multiple applications, depending on the stubbornness of the
preservative. Researchers should identify islands of pooled
preservative on the tooth surface before conducting an
analysis. Once glues are removed (or if none were ever
applied), applying ethanol with a cotton swab is an excellent
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technique for physically washing the tooth surface. The
tooth should dry completely before proceeding.

Both mesowear and microwear can be scored using
replicas (casts) rather than actual specimens. However, since
scoring mesowear does not require specialized equipment,
making casts is usually unnecessary; original specimens can
be scored directly in museum collections. Microwear, by
contrast, is frequently scored on casts because microscopes
are not easily portable and borrowing large numbers of
specimens from a museum for study in a laboratory usually
is not possible. It is also much easier to manipulate a tooth
cast under a microscope than a mandible or cranium, par-
ticularly for medium to large mammals, but original teeth
can be analyzed where specimens are available for labora-
tory study.

The first step in making a cast is creating a mold, which is
an impression of the tooth surface. A high quality dental
molding compound should be used so that sub-micron level
detail is preserved with little (if any) alteration. Polyvinyl-
siloxane compounds such as President Jet Light Body (low
viscosity) and President Jet Regular Body (medium viscos-
ity) consistently produce molds with both high accuracy and
precision (Goodall et al. 2015). Other products should be
used with caution, and data from studies using different
molding compounds should not be compared directly
(Goodall et al. 2015). The molding compound should be
mixed according to its label, applied to the clean tooth sur-
face in a thin coat, and allowed to dry. A first mold serves as
the final cleaning step and should be discarded, as it will be
contaminated with any debris remaining on the tooth surface
(Solounias and Semprebon 2002). A second mold should be
created using a thicker layer that completely covers the
cleaned area. The specimen number, species, and any other
pertinent information should be kept with this second and
final mold. Applying a small tag to the mold as it dries is one
way to ensure that the specimen number remains with the
mold. Plastic bags or plastic organizer boxes with subdi-
vided compartments are affordable options for transporting
and storing molds. Some researchers prefer to analyze
microwear directly from molds rather than casts (e.g., Schulz
et al. 2010), but this is not feasible for techniques that rely on
light refraction or electron beam interaction.

Prior to casting, a dam made from two-part laboratory
putty is constructed around each mold to constrain the
casting compound. The casts themselves are usually made
with a high quality two-part epoxy (resin + hardener) cap-
able of replicating the sub-micron detail captured in the
mold. Epo-Tek #301, EpoKwick, and Feropur PR-55 are
common choices (Solounias and Semprebon 2002; Galbany
et al. 2004). Adjust the ratio of resin to hardener and the
mixing time according to manufacturer instructions. Before
pouring the mold, excess air bubbles must be removed from
the mixture via depressurization in a vacuum chamber and/or

by using a centrifuge (poured molds should not be placed
under vacuum). Surface bubbles present in the mixture after
pouring are removed using a toothpick. Casts should poly-
merize for at least 48 hours. Up to four casts can be made
from a single mold before the replicated microwear pattern is
compromised (Galbany et al. 2006).

Mesowear Data Collection

As originally conceived by Fortelius and Solounias (2000),
two qualitative variables of a tooth are scored for a meso-
wear analysis of an ungulate or ungulate-like mammal:
occlusal relief (cusp height; scored as high or low), and cusp
shape (scored as sharp, rounded, or blunt) (Fig. 5.1A).
Occlusal relief can be scored metrically instead of subjec-
tively using digital photographs and pre-determined cutoffs
for high versus low (see Croft and Weinstein 2008). In cases
where the two buccal cusps differ in sharpness, the sharper
of the two is scored. Mesowear is typically scored on an
upper cheek tooth in buccal view (usually the second molar),
but other upper tooth positions can also be evaluated (Kaiser
and Solounias 2003) as can lower teeth, at least in ruminant
artiodactyls (Fraser et al. 2014). This is particularly useful
for fossil populations, where sample size can be a limiting
factor. For both extant and extinct species, at least 10 indi-
viduals (preferably 20) should be scored to adequately
sample variation within the population. The percentages of
specimens (individuals) of each species exhibiting high
occlusal relief, blunt cusps, and sharp cusps are used for
comparisons among species and for interpreting diets of
extinct species. This two-variable method (i.e., using
occlusal relief and cusp height) has recently been termed
mesowear I (Solounias et al. 2014).

Rivals and Semprebon (2006; see also Rivals et al. 2007)
were the first to use a single-variable method for scoring
mesowear that combined occlusal relief and cusp height into
a single qualitative (categorical) score ranging from zero
(high relief and sharp cusps) to three (blunt cusps and
essentially no relief). This modified version of mesowear
analysis (later dubbed mesowear II; Solounias et al. 2014)
was predicated on the observation that occlusal relief and
cusp sharpness are correlated with one another and that some
morphologies – such as high relief with blunt cusps – are rare
or non-existent. Other researchers have used similar
approaches, sometimes combined with more traditional
scoring (e.g., Croft and Weinstein 2008; Kaiser et al. 2009).
Mihlbachler and Solounias (2006) used the percentage of
specimens exhibiting blunt or rounded cusps as a single
mesowear score, but this approach has not been used in other
studies. Mihlbachler et al. (2011) facilitated use of a single,
combinatorial variable for mesowear by using a mesowear
“ruler” of tooth cusp casts illustrating the two endpoints and

5 Mesowear and Microwear 57



five intermediate stages in this categorical variable (Fig. 5.1
B). Although these authors used a different numerical scale
than Rivals and Semprebon (2006) (0–6 versus 0–3,
respectively), the number of categories was the same. The
major conceptual difference between this strategy and that of
Rivals and Semprebon (2006) is that mesowear is scored as a

single variable rather than two separate variables that are later
combined into a single value. Fraser et al. (2014) also used a
single-variable scale for scoring mesowear but included only
five stages (two endpoints and three intermediate stages). The
“extended mesowear method” of Winkler and Kaiser (2011;
see also Taylor et al. 2013) calculates a single mesowear
score using cusp shape and a modified scoring scheme for
occlusal relief with more than two categories.

Most recently, Solounias et al. (2014) and Danowitz et al.
(2016) have developed a new mesowear method for selen-
odont artiodactyls known as mesowear III or inner mesowear.
The latter term highlights the main difference between this
mesowear scoring technique and traditional scoring methods
(=mesowear I and II), which Danowitz et al. (2016) refer to as
outer mesowear: inner mesowear evaluates wear on the inner
(more lingual) enamel band of a tooth in occlusal view rather
than the outer (external or buccal) enamel band in lateral
view. Inner mesowear is evaluated qualitatively using a
four-point scale that incorporates facet shape, distinctiveness
of facets, and the presence of gouges, among other charac-
teristics (Fig. 5.1C). Three parts of the inner enamel band of
an upper tooth cusp (paracone or metacone) are scored sep-
arately: (1) the mesial (anterior) facet; (2) the distal (poste-
rior) facet; and (3) the junction between the two facets (J).
The resulting inner mesowear data can be analyzed using the
same visualization and statistical techniques as outer micro-
wear data (discussed below), and the two can be combined
with one another to provide a more nuanced picture of tooth
wear (Danowitz et al. 2016).

Mesowear data collection for other groups of mammals
varies depending on tooth morphology. Mesowear data for
marsupials, murine rodents (mice; Fig. 5.1D), and rabbits

b Fig. 5.1 Examples of mesowear scoring. A, notoungulate right upper
second molars in buccal view scored qualitatively for occlusal relief
(low or high; asterisk indicates that relief varies depending on metric
cutoff used) and cusp shape (blunt, rounded, or sharp) based on Croft
and Weinstein (2008); from left to right, Archaeohyrax suniensis UF
172969, A. suniensis UF 172473, Trachytherus alloxus UF 149261; B,
mesowear “ruler” of Mihlbachler et al. (2011), digitally reversed so
scores read from 0–6; C, inner mesowear (=mesowear III) scoring
method of Solounias et al. (2014) and Danowitz et al. (2016); left, clay
models (courtesy of N. Solounias) illustrating the four wear stages of
the inner enamel band and the junction (J) between its mesial (anterior)
and distal (posterior) facets; right, upper molars of a typical browser
(above; white-tailed deer, Odocoileus virginianus) and a typical grazer
(below; domestic cow, Bos taurus); the asterisk in each photo indicates
the inner enamel band of the paracone; D, left upper molars of the
murid Apodemus flavicollis in anterior (mesial) view, scored qualita-
tively for mesowear; relief is scored for both valleys, and shape is
scored for all three cusps; modified from Ulbricht et al. (2015: Fig. 3);
E, lower molar of an African savanna elephant (Loxodonta africana
UM R1910) in oblique occlusal view (digitally reversed, anterior to
right), illustrating the angle of the worn dentine valley measured by
Saarinen et al. (2015) in their study of proboscideans. Abbreviations:
UM, University of Michigan Museum of Paleontology; UF, Florida
Museum of Natural History, University of Florida

58 J. L. Green and D. A. Croft



(lagomorphs) can be collected using the same variables as
for ungulates (Butler et al. 2014; Ulbricht et al. 2015). For
proboscideans, which have a very different tooth structure,
angular data are obtained from the occlusal surface using a
digital angle meter (Saarinen et al. 2015; Fig. 5.1E).

Microwear Data Collection

Light Microscopy (LM) Data Collection: LM analysis uses
a stereomicroscope and manipulated light to illuminate
microwear features on a clear epoxy cast (Solounias and
Semprebon 2002; Semprebon et al. 2004b; Fig. 5.2A).
These analyses occur either by counting features directly
through the lens (stereoscopic LM; Solounias and Sempre-
bon 2002) or via digital images (photomicrographic LM:
Merceron et al. 2005; Fraser et al. 2009; Mihlbachler et al.
2012). Solounias and Semprebon (2002) developed the
popular observer-based stereoscopic LM method using a
standardized magnification of 35� and a reticle with a 0.4 �
0.4 mm counting square placed in the ocular. Some later
studies that focused on smaller mammals have used higher
magnifications and/or smaller counting areas (e.g., 70�;
Nelson et al. 2005; Townsend and Croft 2008b; Christensen
2014). Directing a light source across the occlusal surface at
a shallow angle (“external oblique illumination” sensu
Semprebon et al. 2004b) highlights microwear features in
the target area.

The original LM variables of Solounias and Semprebon
(2002) include: (1) number of scratches; (2) number of pits;
(3) presence of >4 large pits; (4) texture of scratches (fine,
coarse, or mixed); (5) presence of hypercoarse scratches;
(6) presence of >4 cross-scratches; and (7) presence of
gouges. Scratches and pits are counted inside the 0.4 � 0.4
mm reticle in two separate (non-overlapping) areas on the
target region per individual (specimen), and the values for all
individuals of a particular species are averaged to generate a
species-specific value. Identifying scratch texture (predomi-
nately fine, predominately coarse, or a mixture of fine and
coarse), pit size (small vs. large), hypercoarse scratches, and
gouges is done qualitatively through the differential refrac-
tion of light (Solounias and Semprebon 2002). Deeper fea-
tures (hypercoarse scratches, large pits) have low refractivity
and thus appear darker on a light background, whereas
shallower features are highly refractive and shiny on a dark
background (Semprebon et al. 2004b; Christensen 2014).
The angle of the light source is manipulated in a standard-
ized fashion (e.g., Christensen 2014) to create both bright
and dark fields, which helps illuminate the full range of
features. Changes in the angle of the light source can directly
change the types of features that are visible (Solounias and

Fig. 5.2 Examples of enamel microwear on the second lower molar of
Mammut americanum (late Pleistocene, Indiana, USA; INSM
71.3.226.1), imaged via three different microscopes. Images were all
captured in the same general region on the central mesial facet of the
metalophid. A, light microscope image using external oblique illumi-
nation, captured at a resolution of 1199 pixels/mm, scale bar = 400 µm;
B, SEM image, captured at 500� magnification, 20 kV, secondary
electron image, surface oriented normal to the electron beam, scale bar
= 50 µm; C, three-dimensional white-light scanning confocal micro-
scope, image x-y axes equal 276 � 204 µm2 respectively, colors
represent scale of z-axis. INSM = Indiana Museum of Natural History,
Indianapolis, IN
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Semprebon 2002); thus, it is important that an experienced
user teach new individuals interested in stereoscopic LM the
technique. For these qualitative variables, the microwear of a
particular species is defined as the percentage of individuals
showing a particular feature (e.g., hypercoarse scratches).
Subsequent studies have introduced additional variables,
such as the percent of individuals with a low scratch per-
centage (Semprebon and Rivals 2007; Rivals et al. 2012).
Collectively, these variables provide a quantitative mean
microwear signature for each species that can be analyzed
statistically.

One limitation of stereoscopic LM is that the full range of
features visible through the lens using external oblique
lighting cannot be captured as a digital image without loss of
resolution (Semprebon et al. 2004b). Alternative photomi-
crographic LM techniques have been developed to com-
pensate for this problem (Merceron et al. 2005; Fraser et al.
2009; Mihlbachler et al. 2012). These techniques all use a
digital camera mounted on a light stereomicroscope but vary
in their placement of the light source and other aspects.
Merceron et al. (2005) and Mihlbachler et al. (2012) placed
the specimen on a glass stage and transmitted light from
beneath, whereas Fraser et al. (2009) continued to use
external oblique illumination but specified an angle of *45°
relative to the surface of the cast. In all photomicrographic
LM studies, the surface of the cast is subhorizontal to ensure
equal illumination and good focus. Contrast and other
variables can be manipulated to produce the best image
either before the image is captured (Merceron et al. 2005) or
afterwards (using software; Fraser et al. 2009; Mihlbachler
et al. 2012). All of these decisions should follow the spec-
ifications of the chosen methodology.

In photomicrographic LM, images are analyzed on a
computer display, so it is necessary to report digital resolution
of both the image (resulting from the combination of pixel
density and digitalmagnification) and themonitor display. It is
critical to bear in mind that optical magnification is not the
same as digital magnification; since light passing into the
camera does not pass through the eyepiece, the magnification
of the eyepiece is irrelevant. Confusion with regard to these
specifications can lead to a lack of repeatability and inappro-
priate comparisons among independent microwear analyses
(Mihlbachler and Beatty 2012). Digital resolution is reported
as pixel density (sensu Mihlbachler and Beatty 2012), and an
optimal resolution for photomicrographic LM is chosen on a
case-by-case basis, depending on the size of the scars being
analyzed (Mihlbachler and Beatty 2012). Highest resolutions
can lead to overestimates of feature densities that are difficult
to reproduce, as researchers will be tempted to count and
analyze the finest scars visible (Mihlbachler and Beatty 2012).

Data collection on digital micrographs is user-dependent
yet more controlled than counting directly through the lens
(Mihlbachler et al. 2012). Counts should still be restricted to

a standardized area, delineated as a digital box or by cropping
the image. Users can save images used for analysis and even
upload them to open-access online databases (e.g., Dental
Microwear Image Library, maintained by NYIT College of
Osteopathic Medicine) so that independent researchers can
perform counts on the same images to improve long-term
repeatability. In addition to counting feature density, pho-
tomicrographic analysis allows sizes of scars to be measured
either directly (Merceron et al. 2005) or estimated using
predefined shapes (Mihlbachler et al. 2012). The lowest
levels of observer error and bias in LM (see Microwear
Limitations) occur when users have prior experience with
microwear analysis and conduct their analyses in a random-
ized, blind (to taxonomic identity and dietary category)
fashion (Mihlbachler et al. 2012). Dimensionless variables
(e.g., relative proportions of scratches and pits) may be more
robust to repeatability than absolute ones (Mihlbachler and
Beatty 2012; Mihlbachler et al. 2012; DeSantis et al. 2013).

Scanning Electron Microscopy (SEM) Data Collection:
As mentioned previously, the bulk of dental microwear
research prior to the re-introduction of LM or texture anal-
ysis was SEM-based, as high resolution micrographs could
be captured at high magnification to measure the density and
proportions of even the smallest features on a tooth (Gordon
1988; Teaford 1991; Ungar et al. 2008; Fig. 5.2B). This
technique requires a conductive specimen to prevent elec-
trostatic charging with the electron beam during imaging
(unless an environmental SEM is used; Rose 1983; Galbany
et al. 2004). This process is non-reversible, so casts of teeth
are usually analyzed rather than actual specimens. The cast is
first mounted on a brass disc or aluminum stub (using an
adhesive such as term fusible gum, carbon tabs, or PVA) and
then a colloidal argent belt (e.g., silver, graphite) is usually
applied to the base of the cast and between the cast and stub.
The mounted cast is then sputter-coated with a colloidal
metal, typically silver or gold. The thickness of the coating
can vary (100–400 Å; Gordon 1982; Galbany et al. 2004)
but should only be as thick as necessary to produce a quality
image with the microscope being used. The specimen is kept
in a clean, dust-free container and gently cleaned with
compressed air prior to imaging, as dust interferes with
electron dispersal during analysis (Galbany et al. 2004).

A mounted specimen is inserted in the SEM and placed
under vacuum, following the specified procedure for the
instrument being used. A litany of imaging settings can be
adjusted, including magnification level, operating voltage,
working distance, specimen orientation/tilt, and the type of
electrons used. The values used will depend on operator
knowledge, the quality of the instrument, and the questions
being addressed. However, it cannot be emphasized enough
that all of these parameters should be standardized during
imaging, as even subtle changes can affect the number, size,
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and type of scar features that are visible (Gordon 1988;
Galbany et al. 2004). Magnification level varies depending
on the analysis, with an obvious tradeoff between area
sampled and accuracy and precision of measurements
(Teaford 1991). Lower magnification levels (100–150�)
cover a wider surface area (e.g., 0.4 mm2 at 150�); as a
result, the largest and most representative scars are visible
(up to 400 individual features per tooth; Teaford 1991) but
finer features are either invisible or too small to permit
accurate measurements (Gordon 1988; Fig. 5.3A). Higher
magnification levels (300–500�) cover a much smaller area
(e.g., 0.03 mm2 at 500�; Fig. 5.3B), which can be advan-
tageous when working with small teeth and measuring the
proportions of very small features. However, larger scars
extend beyond the field of view (i.e., their size cannot be
accurately measured), and variation in the overall scar pat-
tern is underestimated (Gordon 1988; Fig. 5.3B–C). Thus,
data collected from images taken at different magnifications
are not directly comparable (e.g., Fig. 5.3), so standardizing
this variable in a study is critical (Gordon 1988).

Operating (electron accelerating) voltage and working
distance can vary depending on the size of the cast and
capability of the instrument. Reported accelerating voltages
usually range from 10–25 kV (Galbany et al. 2004; Grine
et al. 2006; Green and Resar 2012), while working distances
usually range from 10–30 mm (Galbany et al. 2004; Green
and Resar 2012). Specimen tilt within the chamber should be
consistent, as visual distortion occurs with varying levels of
tilt relative to the electron detector, leading to errors in
feature measurement (Gordon 1982, 1988). SEM analyses
usually employ either back-scattered (e.g., Strait 1993) or
secondary electrons (e.g., Ungar and Spencer 1999). The
former provides excellent surface relief but may not illu-
minate scratches aligned with the electron detector (Galbany
et al. 2004). Secondary electron imaging is recommended
where categories of feature orientation are being considered
(Galbany et al. 2004). The final SEM image should be
adjusted for brightness and contrast using standardized
procedures (e.g., using the “levels” feature in Adobe Pho-
toshop such that the lightest pixel is white and darkest pixel
is black; Mihlbachler et al. 2012; McAfee and Green 2015)
to maximize feature visibility in a controlled fashion. Digital
resolution (in pixel density) of the image and the computer
display should be reported. Images are usually either crop-
ped to a standardized size for analysis (with every feature in
the cropped image being counted; e.g., Patnaik 2015), or a
standardized digital box is constructed around the area to be
counted (e.g., Green and Resar 2012).

Quantification of scar patterns on SEMmicrographs has its
roots in the early days of microwear research (Gordon 1982),
with different techniques varying in magnification, field of
view, measurement method, and feature category designation
(scratches vs. pits) (Teaford and Walker 1984; Grine 1986;

Ungar 1995). Grine et al. (2002) showed that different meth-
ods are all prone to inter-observer error (an observer has to
identify individual features, an inherently subjective process)
and recommended using the semi-automated software

Fig. 5.3 Examples of microwear visible at different SEM magnifica-
tion scales on the same specimen (Mammut americanum, m2, late
Pleistocene, Indiana, USA; INSM 71.3.226.1). Images captured on
central mesial facet of metalophid, using secondary electrons at 20 kV
with surface oriented normal to the electron beam. A, 100� magni-
fication, scale bar = 100 µm, box represents region visible in B; B,
500� magnification, scale bar = 50 µm, box represents region visible in
C; C, 1000� magnification, scale bar = 10 µm. INSM = Indiana
Museum of Natural History, Indianapolis, IN
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package Microware developed by Ungar (1995) to maximize
ease of use and consistency. Subsequent SEM studies (Grine
et al. 2006; Purnell et al. 2006; Green and Resar 2012; Resar
et al. 2013; Green and Kalthoff 2015; Patnaik 2015) have used
the latest version of the program (Microware 4.02; Ungar
2002). This software requires that the user identify genuine
scars on the image and use mouse-clicks to mark the four
endpoints (long axis and short axis) of each feature. Even
features with edges that extend past the image are counted and
measured. The software automatically generates summary
data for each micrograph, including feature density, mean
length, mean width, and mean orientation (relative and stan-
dard). Scratches are automatically distinguished from pits
based on a length:width ratio that can be set by the user (and
therefore should be reported); the default setting is a ratio of
>4:1 for scratches, which is based on the findings of Grine
(1986).

MTA Microscopy Data Collection: The ability to measure
microwear in three dimensions (quantifying not only length
and width of scars but also depth) adds a level of detail that
can discriminate subtle dietary distinctions not obvious using
LM or SEM methods (Purnell et al. 2012; DeSantis et al.
2013; Purnell et al. 2013). The advent of MTA (Ungar et al.
2003; Scott et al. 2005, 2006) achieved this result by using a
white-light scanning confocal microscope with 100� objec-
tive to scan tooth casts. Some authors have used interfer-
ometry to acquire three-dimensional surface data (Estebaranz
et al. 2007; Merceron et al. 2014), yet confocal microscopy
remains the most widely applied platform in MTA (Calandra
and Merceron 2016). The user chooses the wear facet to
analyze and is responsible for positioning the tooth cast such
that the appropriate target surface (i.e., enamel vs. dentine;
Haupt et al. 2013) is scanned. Four adjacent scans per tooth (a
total field of view of 204 � 276 µm2; Fig. 5.2C) are then
digitally leveled, and identifiable surface defects and artifacts
(dust particles) are manually removed from the image (Scott
et al. 2006). Postmortem alteration, either anthropogenic or
sedimentary, is easily recognizable under MTA (see Calandra
and Merceron 2016 for examples). A data point cloud is
generated and analyzed in Toothfrax (Surfact) and SFrax
programs using scale-sensitive fractal analysis (SSFA),
which characterizes changes in surface texture (length-scale,
area-scale, and volume-filling versus scale analyses) at dif-
fering scales (Scott et al. 2006). Since the entire pattern on the
surface of the tooth is characterized automatically rather than
by an individual user, problems associated with observer
error are greatly reduced (Ungar et al. 2003). However,
selection of the wear facet to be scanned still requires user
competency, which can be a source of error for untrained
individuals (Calandra and Merceron 2016). Likewise, dif-
ferences in settings on the confocal imaging system (e.g.,
resolution, lateral point spacing, source light type) can lead to

incomparable data if such factors are not taken into account
by researchers using different instruments (Arman et al.
2016). Manually deleting dust particles and casting artifacts
from confocal scans (prior to analysis) is another potential
source of error, as both excessive and conservative editing
can reduce data quality. Some authors choose to discard
scans that include dust particles and casting artifacts, rather
than digitally edit each scan (Calandra et al. 2012).

Ecologically significant SSFA variables include: (1) com-
plexity; (2) anisotropy; (3) textural fill volume; (4) scale of
maximum complexity; and (5) heterogeneity of complexity.
Each of these is briefly summarized below (see Scott et al.
2006 for additional details). Complexity measures change of
roughness across different scales, with high complexity
usually correlated with a surface that has scratches and pits of
different sizes that overlie one other. Anisotropy measures the
orientation of roughness on a surface, with high anisotropy
corresponding to a surface with long, consistently oriented
scratches. Textural fill volume describes how much material
has been removed from a surface, with high values corre-
lating with the presence of deep features. Scale of maximum
complexity records fine-scale limits of complexity, with
higher values corresponding to a greater proportion of small
features on a surface. Finally, variation in complexity across
a surface (heterogeneity) is measured using subdivisions of
the analyzed surface (either a 3 � 3 or 9 � 9 grid), with low
heterogeneity representing surfaces of more uniform texture.

Three-dimensional MTA using SSFA is applied today as
it was originally developed byUngar et al. (2003; seeWithnell
and Ungar 2014; Hua et al. 2015; Shearer et al. 2015),
although alternative techniques employing standardized
areal texture parameter data (e.g., ISO 21578-2) are also in
use (see Schulz et al. 2010; Calandra et al. 2012; Purnell
et al. 2012, 2013; Schulz et al. 2013; Gill et al. 2014).
Extracting ISO parameters requires similar pre-processing as
SSFA, but the final scan must also be spatially filtered and
adjusted for gross tooth form alterations such as curvature
(Calandra et al. 2012; Purnell et al. 2013). Generated
parameters include up to 30 variables that define basic
geometric properties of surface texture (e.g., height, hybrid,
volume, spatial), each quantifying a specific attribute. The
ability of particular variables to discriminate diet depends on
the taxonomic group; diets of primates and bats are dis-
criminated by a unique combination of height, spatial, and
volume variables (Calandra et al. 2012; Purnell et al. 2013),
whereas fish require height and hybrid combinations (Purnell
et al. 2012). Recently, an analytical technique that quantifies
three-dimensional microwear on virtual reality models has
been developed and tested (Tausch et al. 2015). Preliminary
results suggest that this alternative to MTA may be useful for
mapping directionality of chewing in molar facets in extinct
taxa and may also have clinical applications in humans
(Tausch et al. 2015).
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Mesowear Data Analysis

In the case of analyses using mesowear I, the variables
analyzed are percentages of individuals in a population or
species with a particular trait (e.g., % with sharp cusps).
Since percentage data are not normally distributed, they
should be transformed using the arcsine transformation if
standard (parametric) significance tests follow. Alterna-
tively, non-parametric tests could be employed. Mesowear
profiles using these variables can be compared using mul-
tivariate techniques such as principal components analysis
(PCA), discriminant function analysis (DFA), and hierar-
chical cluster analysis (HCA) (Fortelius and Solounias 2000;
Franz-Odendaal et al. 2003; Semprebon et al. 2004a; Croft
and Weinstein 2008; Fraser and Theodor 2011; Louys et al.
2011). Mesowear II analyses use univariate statistical tests to
compare means (e.g., ANOVA; Rivals et al. 2013) and can
examine correlations using regression (Kaiser et al. 2013).
Mesowear distributions can be visualized using histograms
and box and whisker diagrams.

Statistical tests should only be used if their a priori
assumptions are not violated.Many such tests assume that data
points are statistically independent, and this is not necessarily
the case for biological data; a trait common to two species can
be the result of phylogeny (inheritance from a common
ancestor) as well as ecology (adaptation to a particular life-
style). Thus, strong phylogenetic signal in the species and
traits being analyzed can confound a paleoecological study
and lead to type I errors (“false positives”). The degree to
which this impacts mesowear analyses is not entirely clear and
likely depends on the particular data set being analyzed and the
specific question(s) being asked. Nevertheless, assuming
phylogeny is a potentially confounding factor is a conserva-
tive approach, and several studies have controlled for non-
independence of data using techniques such as phylogenetic
generalized least squares (PGLS; Kaiser et al. 2013; Fraser
et al. 2014) and phylogenetically independent contrasts (PIC;
Mihlbachler and Solounias 2006). Münkemiller et al. (2012)
provide a useful review of other statistical techniques that can
be used to test for phylogenetic signal in ecological data.

Microwear Data Analysis

Plots of mean scratch vs. mean pit counts among sampled taxa
reveal broad dietary differences (grazer vs. leaf browser vs.
fruit browser) using both LM and SEM techniques. Grazers
tend to have high scratch but lowpit counts, leaf browsers have
low scratch and low or high pit counts (i.e., “dirty” browsers;
Semprebon and Rivals 2007), and fruit browsers have

moderate scratch and high pit counts. This relative difference
in scratch vs. pit values (i.e., the “trophic triangle”) is con-
sistently reproduced in stereoscopic and photomicrographic
LM studies (e.g., Semprebon et al. 2004b; Mihlbachler et al.
2012; Christensen 2014). Although absolute values of scratch
and pit counts vary among observers (see Microwear Limi-
tations), relative differences will be consistent across obser-
vers (Mihlbachler et al. 2012). Thus, it may be more useful to
look for statistically significant relative trends across a dataset
rather than absolute “cut-offs” between dietary morphospaces
(e.g., differentiating browsing from grazing ungulates based
on number of scratches; Solounias and Semprebon 2002).
Dimensionless variables (e.g., Microwear Index = number of
scratches/number of pits; MacFadden et al. 1999) that rely on
proportional rather than absolute similarities may also be
useful (DeSantis et al. 2013). For SSFA variables in MTA, a
significant negative relationship exists between complexity
and anisotropy among mammalian herbivores (DeSantis et al.
2013), and these two variables are commonly plotted against
one another to delineate dietary ecomorphospaces (Ungar
et al. 2007;Donohue et al. 2013;Merceron et al. 2014; Shearer
et al. 2015). For a more detailed review of how MTA can be
used to studymammalian ecology, seeCalandra andMerceron
(2016) and DeSantis (2016).

Regardless of how data are collected, statistical tests are
necessary to distinguish random noise from significant vari-
ation among species (Gordon 1988). Tests should be chosen
based on: (1) the nature of the sample population; (2) the
assumptions of the test; and (3) the hypotheses being tested.
Univariate parametric tests (e.g., student’s t-test, ANOVA)
can be used to compare species means, but should only be
used if the assumptions of normality and equal variance are
met. Otherwise, (as is common for microwear data; Scott
et al. 2006), data should be transformed beforehand (Con-
over and Iman 1981), or non-parametric tests (e.g.,
Mann-Whitney U, Kruskal-Wallis test; Kruskal and Wallis
1952) can be applied (e.g., Calandra et al. 2012; Donohue
et al. 2013; Purnell et al. 2013; Withnell and Ungar 2014).
Multivariate analyses (PCA, DFA, and HCA) amenable to
both continuous and discrete variables can provide a robust
view of how LM, SEM, or MTA variables change statisti-
cally among taxa (e.g., Solounias and Semprebon 2002;
Godfrey et al. 2004; Green et al. 2005; Townsend and Croft
2008b; Purnell et al. 2013; Gill et al. 2014; Green and
Kalthoff 2015). As discussed above for mesowear, the
presence of a strong phylogenetic signal in microwear data
can be tested and controlled for using statistical techniques
(e.g., Fraser and Theodor 2011). Independent researchers
should be well-versed with statistical techniques or collab-
orate with statistically-knowledgeable colleagues to avoid
potentially catastrophic mistakes (Vaux 2012).
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Strengths

General Strengths

Amajor strength of mesowear and microwear as paleodietary
proxies is that onlywell-preserved teeth are required. The need
for relatively complete skeletal remains (e.g., skulls, articu-
lated limbs, etc.) is often a major limiting factor for studies of
extinct species using functional morphology (e.g., finite ele-
ment analysis). Teeth are frequently preserved in the fossil
record due to the extreme durability of enamel, and in the case
of mammals, even isolated teeth usually preserve sufficient
information for a generic or specific identification. This means
that studies can be based on relatively large sample sizes
(at least from a paleontological perspective), engendering
greater confidence in interpretations and providing opportu-
nities to examine patterns within and between populations.
Both mesowear and microwear are independent of
one another, and statistical power for reconstructing diet
is higher when they are used in conjunction (Fraser and
Theodor 2011). In contrast to isotopic studies (Higgins 2018),
mesowear and microwear are non-destructive techniques.

A second major strength of mesowear and microwear
analyses is that they appear to be relatively taxon-independent
(see Andrews and Hixson 2014). In other words, since the
wear being evaluated is due in large part to the particles con-
sumed, similar ingesta are thought to produce similar features
in different groups. Nevertheless, differences in enamel
microstructure can influence the size and distribution of
microwear features (Maas 1991), and a recent study of artio-
dactyls and perissodactyls concluded that similar diet does not
necessarily result in similar microwear (Mihlbachler et al.
2016). Likewise, sincemesowearwas developed for ungulates
with selenodont or lophodont teeth, extending the method to
groups with other types of teeth and/or mastication styles has
required developing new scoring methods (see below). Thus,
scores are not directly comparable among all groups. The
degree to which mesowear and microwear data are taxon-
independent (i.e., affected by phylogeny) will undoubtedly be
a topic of additional research in coming years. If such data are
found to be highly correlated with clade membership, it may
limit their utility for inferring diets in families and orders of
mammals that have no extant representatives and/or that differ
significantly in craniodental morphology from their modern
relatives (e.g., Schulz et al. 2007; Croft and Weinstein
2008; Townsend and Croft 2008a; Green 2009a, b; Sempre-
bon et al. 2011; Resar et al. 2013; Green and Kalthoff 2015).

Mesowear Strengths

In addition to the general strengths noted above, mesowear
has the advantage of being relatively quick and easy to
record on original fossil material. The ease of scoring varies
to some degree with the specific method employed, but even
more complex schemes only require a pair of calipers or a
digital camera and laptop computer. As a result, specimens
can be scored directly in museum collections, permitting
large samples to be obtained for minimal expense (essen-
tially only the cost of visiting the museum). Mesowear
scores tend to be more consistent among different observers
than microwear scores, and the technique can be learned
relatively quickly (Loffredo and DeSantis 2014).

Microwear Strengths

Dental microwear data provide direct evidence of food and
chewing mechanics on tooth surfaces if care is taken with
specimen selection and preparation (Gordon 1982; Teaford
1988; Ungar et al. 2007). Microwear thus provides direct
evidence of how teeth were actually used by an individual
animal, not just what they are evolutionarily capable of doing
(Teaford 2007). This proxy can provide detailed information
on individual feeding behavior based on physical properties
(abrasiveness) of ingesta, which can be used to determine
variation in food preference within and among populations of
a species (e.g., Ungar and Spencer 1999; Grine et al. 2006;
Rivals and Solounias 2007;Merceron et al. 2010;Henton et al.
2014), as well as seasonal and chronologic (evolutionary)
changes in feeding ecology at the species, clade, or
paleocommunity-level (e.g.,Merceron et al. 2010; Rivals et al.
2013; Merceron et al. 2014; Patnaik 2015). Hypotheses of the
cause-effect relationship between food texture (size, shape,
hardness) and dental biomechanics (tooth shape, tissue hard-
ness, bite force, chewing mechanics) can be experimentally
tested under controlled laboratory conditions (e.g., Gordon
1984; Teaford and Oyen 1989; Maas 1991; Lucas et al. 2013;
Borrero-Lopex et al. 2015; Constantino et al. 2015; Hua et al.
2015; Xia et al. 2015), and ideally, in vivo in wild or captive
animals (e.g., Teaford and Oyen 1989; Organ et al. 2006;
Schulz et al. 2013; Baines et al. 2014; Hoffmann et al. 2015).

Traditionally, microwear analyses were limited to enamel
surfaces, as it was assumed that orthodentine was too com-
plex and heterogeneous to preserve regular, measureable
microwear (Lucas 2005). However, multiple recent studies
into orthodentine microwear (focused on xenarthrans, which
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lack enamel on adult tooth surfaces) reveal that scar patterns
on this tissue can be statistically quantified (Oliveira 2001;
Green 2009a, b; Green and Resar 2012; Haupt et al. 2013;
Resar et al. 2013; Green and Kalthoff 2015; McAfee and
Green 2015). Although orthodentine has less power to dis-
criminate diet than enamel (Haupt et al. 2013), microwear
still varies predictably among xenarthrans with distinct diets
regardless of the technique applied (Green and Kalthoff
2015). Thus, microwear can now be used as an ecological
proxy for species with enameless teeth (i.e., a presumed
limitation is now a strength).

Limitations

General Limitations

The temporal scale of any dietary proxy must be taken into
consideration when reconstructing feeding ecology. As noted
previously, mesowear reflects an animal’s diet over months to
years (but see Solounias et al. 2014 for a demonstration of
more rapid changes in experimental animals). As a conse-
quence, it cannot detect transitions in diet on shorter time
scales, such as with the seasons (e.g., Rivals et al. 2013).
However, mesowear can detect dietary transitions before
such shifts are reflected in skeletal morphology (tooth shape,
chewing mechanics, bite force potential), since changes in
mesowear take place more rapidly than evolutionary changes
in morphology (e.g., Mihlbachler et al. 2011). Microwear
reflects diet on an even shorter time scale than mesowear,
generally days to weeks. This can be useful for detecting
seasonal changes in diet or dietary differences among extinct
and extant populations (e.g., Rivals and Solounias 2007;
Rivals et al. 2015), but it can also result in misrepresentations
of typical diet if the population sampled is not sufficiently
representative (Kay and Covert 1983). When comparing
mesowear and microwear across major clades, statistical
techniques that account for non-independence of data due to
phylogeny should be used to limit the potential for type I
errors. Carbon (d13C) and nitrogen (d15N) isotope ratios
preserved in fossilized bones and/or teeth can also provide
dietary information (Higgins 2018). This geochemical
information is recorded over an interval similar to mesowear
(months to years) but reflects ecological conditions when the
tissue was mineralizing (see Higgins 2018) rather than the last
few months or years of life. Apparently conflicting dietary
information from different proxies can often be resolved by
considering the specific intervals that each reflects.

Mesowear Limitations

Perhaps the greatest limitation of mesowear analysis is that it
only reflects the relative contributions of attrition (tooth-on-
tooth wear) and abrasion (food-on-tooth wear) to tooth facet
development. In other words, it gauges the toughness or
abrasiveness of the food being consumed. The method was
originally developed for relatively large-bodied herbivores
(primarily folivores or leaf-eaters) with the primary goal of
discriminating abrasion-dominated grazers and/or open
habitat feeders from attrition-dominated browsers in forested
habitats (as well as identifying varying types of mixed
feeders; Fortelius and Solounias 2000). This same grazing-
browsing/open habitat-closed habitat axis has formed the
basis for all subsequent mesowear analyses, even those
focusing on non-ungulates (e.g., Butler et al. 2014; Ulbricht
et al. 2015). Unlike microwear, it is unclear whether meso-
wear (relative attrition vs. abrasion) can be used to distin-
guish among other types of foods. The relative contributions
of food (particularly grass) and habitat to mesowear devel-
opment continue to be debated (e.g., Kaiser and Schulz
2006; Kaiser et al. 2013; Damuth and Janis 2014; Kubo and
Yamada 2014).

Another primary limitation of mesowear is that it is
scale-dependent; the cusps on the tooth of a large, browsing
rhinoceros do not look the same as those of a small, browsing
deer, even though each has teeth with high, pointed cusps
compared to close relatives that have more abrasive diets.
Thus, although the mesowear ruler of Mihlbachler et al.
(2011) functions well for members of the horse family
(Equidae), the focus of that study, the scale is less useful for
species with much smaller or much larger teeth. This limi-
tation can be overcome relatively easily for species that have
modern relatives of similar size but is an impediment for
extinct herbivores such as South American notoungulates
that span four orders of magnitude but have no living rep-
resentatives (Croft 1999; Croft and Weinstein 2008).

Until recently, it seemed that overall tooth structure and
mastication style were a significant limitation for mesowear
investigations. Several recent studies have demonstrated that
the basic principles of paleodietary reconstruction based on
attrition and abrasion can also be applied to groups as
diverse as rodents, rabbits, marsupials, and elephants, and
that it is possible to develop methods for mesowear analysis
in these groups (Fraser and Theodor 2010; Butler et al. 2014;
Saarinen et al. 2015; Ulbricht et al. 2015). Thus, tooth
structure and mastication style may be a less significant
limitation than previously thought.
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Microwear Limitations

Teaford (2007) provides a thorough review of the theoretical
limits of dental microwear; the highlights of Teaford’s dis-
cussion are outlined below. As mentioned previously, micro-
wear is only as good as the specimen on which it is preserved.
Once scars are altered or destroyed via post-mortemprocesses,
they are lost forever. If all known specimens of a fossil species
have been altered, then that animal’s diet must be determined
using dietary proxies other than microwear. Even in
well-preserved teeth, information about an animal’s feeding
behavior can be invisible to microwear analysis if it does not
scar the tooth surface, as can occur with very soft foods.
Microwear in fossil populations is also limited by the fact that
not all past environments and habitats still exist today, and that
such environments may have had unknowable and untestable
impacts on microwear. However, these limits will continue to
be pushed as technologies used to image and analyze wear
surfaces improve along with the ability to experimentally test
the direct impacts of particles on tooth surfaces (e.g., Hua et al.
2015).

Dental microwear relies on the calibration of microwear
patterns among extant animals (for which diet is known) to
test hypotheses of paleodiet in fossil organisms (Teaford
1991). Unless in vivo experimental analyses are applied,
microwear studies must rely on specimens in museum col-
lections and generalized dietary information for the species
(which may itself be scarce, such as for two-toed sloths;
Green and Resar 2012) rather than specific information
about the foods consumed by a particular individual (Kay
and Covert 1983). Lack of associated climate and environ-
mental data can exacerbate this problem (Teaford 2007).
Many mammals are opportunistic and change their diet
seasonally and/or regionally (e.g., Bowyer et al. 1983;
Heiduck 1997; Sidorovich 2000; Stokke and du Toit 2000).
As a result, simply pooling individuals of a single species
from different regions could produce a skewed microwear
signal (Rivals et al. 2010). In both extant and paleontological
studies, this can be minimized by only pooling individuals
from limited spatial and temporal intervals (e.g., from the
same geographic regions or geological formations).

A large sample of individuals is necessary to accurately
estimate microwear signatures and identify normal depar-
tures from the mean at either the population or specific level
(Gordon 1988). Acquiring a sufficient sample depends on
not only the researcher’s ability to visit museum collections,
but also the time required to analyze each tooth. The latter
variable is directly correlated with the technique being
applied. Stereoscopic LM is the most amenable to analyzing
a large number of samples (in some cases, hundreds of teeth;
Solounias and Semprebon 2002; Green 2009a) in the
shortest amount of time (hours to days). Confocal MTA also

permits analysis of large samples over short time frames,
although not as quick as stereoscopic LM, as each specimen
takes approximately 20–30 minutes to scan. Photomicro-
graphic LM and SEM require the most time per specimen, as
the position and instrumentation settings have to be adjusted
manually to capture an appropriate image, and then each
image has to be analyzed independently by the user. Addi-
tionally, SEM and MTA labs may charge for instrumentation
use, whereas this is generally not the case for LM setups.
The pros and cons of time required to conduct an analysis
versus the ability of a technique to address the study’s goals
should be considered when designing an analysis.

Arguably, the single largest source of error in microwear
studies is consistent identification and measurement of dis-
crete features, either through the lens or on images (LM and
SEM; Grine et al. 2002; Semprebon et al. 2004b; Galbany
et al. 2005; Mihlbachler et al. 2012; DeSantis et al. 2013).
Error rates among users examining the same specimens can
be high and statistically significant for all user-based tech-
niques (1–21% [9% average] for SEM; 8–45% for light
microscopy), with variation depending on user experience,
the specific variable being identified, sample size, and
number of iterations (Grine et al. 2002; Galbany et al. 2005;
Mihlbachler et al. 2012). In general, a significant negative
relationship exists between user experience with microwear
feature identification and the magnitude of error (Galbany
et al. 2005; Mihlbachler et al. 2012). Even though
inter-observer error clearly impacts LM and SEM studies
(Grine et al. 2002; Galbany et al. 2005; Mihlbachler et al.
2012; DeSantis et al. 2013), a wide variety of user-based
microwear analyses have made and continue to make
important contributions toward elucidating feeding ecology
(e.g., Walker et al. 1978; Gordon 1982; Teaford and Walker
1984; Teaford and Oyen 1989; Strait 1993; Solounias and
Semprebon 2002; Purnell et al. 2006; Fraser et al. 2009;
Green 2009a; Green and Resar 2012; Resar et al. 2013;
Christensen 2014; Strait 2014; Hoffmann et al. 2015).
Microwear studies using MTA provide the solution to the
problem of significant user error but are limited by the
availability of confocal microscopes, which are available to
fewer researchers than pre-existing SEMs and stereomicro-
scopes. Until more researchers have access to such tech-
nologies, studies using user-based techniques should follow
strict protocols to minimize noise from observer error. For
example, researchers should count their own features on
each image or cast that is analyzed (Galbany et al. 2005;
Mihlbachler et al. 2012) rather than comparing their values
to those of others, such as those compiled for comparative
microwear databases (e.g., Green et al. 2005; Rivals et al.
2010, 2012). Such practices are becoming more common
among user-based studies (e.g., Green 2009a, b; Green and
Resar 2012; Christensen 2014; Hoffmann et al. 2015).
Although is not possible to retroactively test for the effects of
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inter-observer error in past LM studies (Mihlbachler et al.
2012), there is no direct evidence that the fundamental
conclusions of such studies were invalid. Indeed, most
independent studies found similar, predictable microwear
trends among species with distinct diets (Green et al. 2005;
Townsend and Croft 2008b; Rivals et al. 2010, 2012).

Observers should also always count under blind condi-
tions, with specimen, taxonomic, and dietary information
invisible, in one sitting (see Green and Resar 2012 and
Mihlbachler et al. 2012 for examples of how to set up such
analyses). This ensures that a microwear analysis is not a
“self-fulfilling prophecy” (Mihlbachler et al. 2012).

Examples of Applications

Mesowear and microwear have been used in a wide variety
of applications, and no single study can stand as an exemplar
of their many uses in paleoecology. Therefore, we briefly
summarize below recent representative publications that
together provide examples of the techniques and approaches
discussed in this chapter.

Mesowear

1. Mesowear and hypsodonty over time: Mihlbachler, M.
C., Rivals, F., Solounias, N., & Semprebon, G. M.
(2011). Dietary change and evolution of horses in North
America. Science, 331, 1178–1181. Mihlbachler et al.
integrate mesowear data (mesowear II) with crown height
(hypsodonty) and body size data (as inferred from tooth
size) to examine how dietary abrasiveness in horses
(family Equidae) changed over a period of some 55
million years. They find a strong correlation between
hypsodonty and dietary abrasiveness and were able to
correlate both with changes in climate and vegetation.
They use the amount of variation in mesowear scores as
an indicator of the relative strength of selective pressure,
with high variation corresponding to low selective pres-
sure, and note several instances during which particular
horse populations were apparently under greatest selec-
tive pressure for increased hypsodonty. This study is an
example of how mesowear can be used to examine
ecological changes in a single group over an extended
interval.

2. Combined mesowear and stereoscopic LM: Sán-
chez-Hernández, C., Rivals, F., Blasco, R., & Rosell,
J. (2016). Tale of two timescales: combining tooth wear
methods with different temporal resolutions to detect
seasonality of Paleolithic hominin occupational patterns.
Journal of Archaeological Research: Reports, https://doi.
org/10.1016/j.jasrep.2015.09.0114. Sánchez-Hernández

et al. collect mesowear (mesowear II) and microwear data
from archaeological cave site samples of red deer (Cervus
elaphus; a mixed feeder) and horse (Equus ferus; a gra-
zer). They find E. ferus mesowear and microwear to be
consistent with one another and invariant among caves
and stratigraphic intervals, as would be expected for a
committed grazer. By contrast, they find discrepancies
between microwear and mesowear data for C. elaphus, as
well as stratigraphic variation in microwear (but not
mesowear) scores. They interprete these differences as
reflecting the differing time scales over which mesowear
and microwear form, with mesowear scores reflecting a
year-long average diet and microwear scores recording
diet during a particular season. This paper is an example
of how combining microwear and mesowear data can
provide greater insight than analyzing either one
separately.

3. Combined mesowear and MTA: Stynder, D. D. (2011).
Fossil bovid diets indicate a scarcity of grass in the
Langebaanweg E Quarry (South Africa) late Miocene/
early Pliocene environment. Paleobiology, 37, 126–139.
Stynder collects mesowear data (mesowear I) from fossil
horses (family Equidae) and compares these data with
microwear data from two previous studies (one using
traditional microwear, the other using MTA). He inter-
prets most species as browsers based on mesowear scores
and infers that previous interpretations of some of these
species as grazers based on microwear (using traditional
techniques but not MTA) could be due to their feeding on
less abrasive C3 (as opposed to C4) grasses during a
specific time of year. Based on the diets of these horses,
he reconstructs South Africa’s southwest coast as being
heavily wooded about 5 million years ago. This study
provides an example how mesowear and microwear data
can be combined to infer vegetational structure.

In Vivo Microwear in Laboratory Animals

1. SEM: Baines, D. C., Purnell, M. A., & Hart, P. J. B.
(2014). Tooth microwear formation rate in Gasterosteus
aculeatus. Journal of Fish Biology, 84, 1582–1589.
Baines and colleagues undertake a controlled feeding
study in a population of tank-reared three-spined stick-
leback. Prior to the analysis, all fish had an exclusive
limnetic feeding regime and were fed bloodworms in the
water column in a tank with no abrasive sediment on the
bottom. At the start of the study, a group of fish were
transferred to a benthic feeding regime, where they fed
exclusively on bloodworms on the tank bottom with
quartz sediment substrate. On four consecutive days, four
fish were sacrificed per day for study. Microwear feature
density (scratch and pit counts) increased significantly
from day 0 (control) to day 4 within the study group.
These results reveal that: (1) microwear turnover rate is
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high even in aquatic vertebrates with non-occluding
teeth; and (2) an abrasive substrate has a significant
influence on microwear formation.

2. Photomicrographic LM: Hoffman, J. M., Fraser, D., &
Clementz, M. T. (2015). Controlled feeding trials with
ungulates: a new application of in vivo dental molding to
assess the abrasive factors of microwear. The Journal of
Experimental Biology, 218, 1538–1547. Hoffmann and
colleagues use a novel live-animal sampling technique to
test the influence of ingested abrasives on ungulate tooth
microwear. Over a one-month period, four pen-raised
sheep were fed three dietary regimes: (1) a control diet of
clean hay; (2) hay with fine sand; and (3) hay with coarse
sand. Sheep were anesthetized and microwear molds
taken between feeding treatments. Under blind, ran-
domized conditions, two independent observers consis-
tently found that pit counts were positively correlated
with an increase in abrasive size. This study was the first
to use ungulates in a repeatable, controlled feeding
experiment and to study the effect of different-sized
abrasive particles on microwear formation.

3. MTA: Schulz, E., Piotrowski, V., Clauss, M., Mau, M.,
Merceron, G., & Kaiser, T. M. (2013). Dietary abra-
siveness is associated with variability of microwear and
dental surface texture in rabbits. PLoS ONE, 8, e56167.
Schulz and colleagues measure the effect of silica content
on microwear formation in four groups of laboratory
rabbits. For 25 weeks, each group was fed a different
controlled diet, including lucerne (alfalfa), lucerne plus
crushed oats, grass meal with crushed oats, and grass
meal. The lucerne group had the lowest silica content and
was correlated with higher variability in microwear tex-
ture parameters, whereas abrasive diets (grass) had more
uniform wear patterns. This suggests that variation in a
species’ microwear texture signature likely reflect chan-
ges in abrasive content of consumed food.

Reconstructing Diet Using Microwear

1. SEM: Resar, N. A., Green, J. L., &McAfee, R. K. (2013).
Reconstructing paleodiet in ground sloths (Mammalia,
Xenarthra) using dental microwear analysis. Kirtlandia,
58, 61–72. Resar and colleagues compare orthodentine
microwear patterns in three extinct ground sloths with
those of extant two-toed and three-toed sloths. Each fossil
species was sampled from a single locality, representing
one population. Under blind, randomized conditions, two
independent observers found that living and extinct
forest-dwelling sloths had a low number of predominately
coarse scratches, whereas the more open-habitat sloth,
Thinobadistes, had unusually high numbers of fine scrat-
ches. This result supports the efficacy of orthodentine
microwear as a proxy for paleoecology and suggests a
possible environmental influence in sloth microwear.

2. Stereoscopic LM: Christensen, H. B. (2014). Similar
associations of tooth microwear and morphology indicate
similar diet across marsupial and placental mammals.
PLoS ONE, 9, e102789. Using a large sample of 153
extant mammal species, Christensen combines LM with
tooth morphology and body mass to produce an accurate
method to predict diet in a species with unknown ecol-
ogy. The author collected all LM data independently
rather than relying on comparative data collected by
others. The “trophic triangle” (where grazers, browsers,
and hard object feeders vary in scratch and pit counts)
was recovered, consistent with independent LM studies.
This study demonstrates that microwear data used in
conjunction with other variables will more accurately
predict ecology than microwear data alone.

3. Photomicrographic LM: Fraser, D., Mallon, J. C., Furr,
R., & Theodor, J. M. (2009). Improving the repeatability
of low magnification microwear methods using high
dynamic range imaging. PALAIOS, 24, 818–825. Fraser
and colleagues introduce a robust method of LM using
high dynamic range imaging to produce high-resolution
photomicrographs that can be scored manually. All ran-
ges of scratch and pit categories are visible on a single
image, which eliminates the need to manually adjust the
light angle, as in stereoscopic LM. Using these images,
two independent researchers were able to consistently
and correctly classify exant species by diet. This method
improves the repeatability of LM studies.

4. MTA: Donohue, S. L., DeSantis, L. R. G., Schubert,
B. W., & Ungar, P. S. (2013). Was the Giant short-faced bear
a hyper-scavenger? A new approach to the dietary study
of ursids using dental microwear textures. PLoS ONE, 8,
e77531. Donohue and colleagues compare the microwear
textures of the extinct Arctodus simus (whose diet has
been strongly debated) with that of five extant bear spe-
cies. They found that high anisotropy is characteristic of
leaf-eating (folivory) in living bears, whereas high com-
plexity is more correlated with feeding on hard objects,
such as bone or fruit. Arctodus simus had a microwear
texture inconsistent with hard-object feeding and there-
fore did not consume large amounts of bone (i.e., it was
not a hyper-scavenger), falsifying at least one paleodi-
etary hypothesis for this extinct species. This study
highlights the ability of MTA to reconstruct paleodiet in
extinct species via comparisons with living relatives.

Future Prospects

Several recently published studies have highlighted areas in
which mesowear research will likely advance over the next
decade. These include extending mesowear analysis to
non-ungulate groups of mammals (Butler et al. 2014;
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Saarinen et al. 2015; Ulbricht et al. 2015) and examining
more detailed aspects of tooth morphology to provide
additional data on abrasion and attrition (Solounias et al.
2014; Danowitz et al. 2016). Additionally, controlled studies
of the relationship between diet and mesowear (Solounias
et al. 2014) are vital for understanding the processes
underlying observed patterns. Since mesowear is still a rel-
atively new method, it is likely to be used with increasing
frequency to study the diets of extinct species.

One area of mesowear analysis that seems ripe for
advancement is automated scoring of teeth. Since mesowear
I and II (“outer mesowear”) analyses focus on the buccal
profile of a tooth, it should be possible to create an auto-
mated computer program for extracting a simple shape from
a photograph and calculating relevant parameters (heights,
angles, etc.). This could eliminate all subjectivity in scoring
mesowear and permit more refined statistical tests (and
perhaps shape-based analyses; see Curran 2018). On the
other hand, since ease of data collection is a major strength
of mesowear analysis, the benefits of a more sophisticated
approach over traditional methods would have to be clearly
demonstrated before justifying wider adoption.

In response to the issue of subjectivity in data collection
of LM and SEM, MTA was developed as a fully automated
system that was free from observer error (Ungar et al. 2003;
Scott et al. 2005). However, 10 years later, revisions to the
automated procedure (e.g., incorporating ISO data; Purnell
et al. 2012) have now been applied, and improvements to
instrumentation parameters are still being made (Arman
et al. 2016). The more traditional LM and SEM techniques
are still used, but their methodological limits are better
defined, and this has improved the objectivity of their con-
clusions. There is every reason to believe that further
advances in LM, SEM, and texture analyses will be forth-
coming, although more changes are likely for the latter than
the two former methods. The greatest promise involves
improvements to three-dimensional modeling and automated
reconstruction of tooth surfaces, which will directly improve
the level of precision and accuracy of microwear and
mesowear data.

One major element that has been traditionally lacking is
in vivo studies of microwear formation. These studies are
truly the source of the majority of our knowledge of how
microwear forms as a result of food texture. Fortunately,
recent attempts to record microwear in laboratory animals
(Schulz et al. 2013; Baines et al. 2014; Hoffmann et al.
2015) have significantly improved our knowledge base. As
protocols for such experimental research become better
defined, it will be increasingly possible to acquire permits
and permissions to analyze microwear in vivo in both cap-
tive and wild animals. This, in turn, will rapidly refine our
interpretations of fossil microwear data (Ungar 2015).

Combined with technological advances, future investigators
will be better equipped to answer important questions that
drive current research. How does the abrasiveness of
ingested particles directly influence microwear formation
(Hoffmann et al. 2015)? Can microwear features of specific
sizes and/or shapes be directly correlated with specific par-
ticles (Constantino et al. 2015)? How much of an animal’s
microwear signature is influenced by its ingested diet and
how much by its external surroundings (Xia et al. 2015)?
Future studies that apply a combined approach of mesowear
and microwear analyses to the same samples will provide
robust data on dental wear as it relates to ecology (Sán-
chez-Hernández et al. 2016). True understanding of the
complexity of tooth wear as a natural process is still a speck
on the scientific horizon, but every study inches us closer to
the destination.
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