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ABSTRACT

1. The evolution of high-crowned teeth or hypsodonty in herbivorous mammals

is widely interpreted as a species-specific adaptation to increasingly wear-inducing

diets and environments at evolutionary time scales, with internal abrasives (such

as phytoliths in grasses) and/or external abrasives (such as dust or grit) as putative

causative factors. The mesowear score (MS) instead describes tooth wear experi-

enced by individual animals during their lifetime.

2. Under the assumption that the abrasiveness that causes the MS in individuals is

the same abrasiveness to which species adapted by evolving hypsodonty, one

would expect a close correlation between the MS and the hypsodonty index (HI).

Alternatively, if these two measures reflect different aspects of wear, one would

expect differences in the way that proxies of diet or environment/climate correlate

with each parameter.

3. In order to test these hypotheses, we collated a dataset on the HI, MS, percent-

age of grass in the natural diet (%grass), habitat (open, intermediate, closed) and

annual precipitation (PREC) in extant mammalian herbivores. The availability of

a quantitative MS constrained the dataset to 75 species. Data were analysed with

and without phylogenetic generalized least squares.

4. Correlations with PREC were stronger for HI than for MS, whereas correla-

tions with %grass were similar for HI and MS. Habitat had a significant influence

on the relationship with %grass for HI but not for MS. Habitat also had a signifi-

cant influence on the relationship between HI and MS. MS improved the predic-

tive power of HI for %grass, but not for PREC.

5. These results suggest that while the MS indicates predominantly the wear effect

of the diet (internal abrasives), HI represents an adaptation to a wear effect that

comprises both diet and environment (external abrasives). The additional envi-

ronmental wear effect must reduce tooth height without causing macroscopic

changes in tooth facet development as described by the MS.
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6. The most parsimonious explanation for the apparent discrepancy between HI

and MS is that external abrasives of very fine particle size play a major role in

naturally occurring tooth wear. The experimental testing of this hypothesis will

enhance our understanding of the processes involved in tooth wear.

INTRODUCTION

Among various dental adaptations that especially herbivo-

rous mammals are known for (Reilly et al. 2001, Fritz et al.

2009), variations in molar crown height, or hypsodonty, is

one of the best documented (Van Valen 1960, Fortelius 1985,

Janis 1988, Janis & Fortelius 1988, Mendoza & Palmqvist

2008, Damuth & Janis 2011). Examples of teeth varying in

their hypsodonty are depicted in Fig. 1. Hypsodont teeth

have a very high tooth crown, mesodont teeth have an inter-

mediate tooth crown, and brachydont teeth have a compara-

tively low crown height. As a quantitative measure of

hypsodonty, the hypsodonty index (HI) was defined by Janis

(1988) as the height of the unworn M3 crown divided by the

occlusal width of the same tooth. The intuitive interpretation

of hypsodonty is that it represents an adaptation to a high

rate of tooth wear (incremental removal of dental tissue),

effected by intrinsic properties of the ingested food, by exog-

enous attachments to it, or by both (Fortelius 1985, Janis &

Fortelius 1988, Damuth & Janis 2011). The intrinsic proper-

ties are either abrasive particles such as phytoliths or forage

qualities such as toughness or nutritive value (fibre content

and fibre type) that affect the chewing process, while the

exogenous matter is thought to be mainly dust or grit

ingested together with the forage. There is a recent debate in

the scientific literature (Sanson et al. 2007, Damuth & Janis

2011) on whether intrinsic properties or extrinsic abrasives

play the more important role in the evolution of hypsodonty;

the relative timing of the occurrence of grasslands and hyp-

sodont molars in North American equids is a major bone of

contention (Strömberg 2006). Demonstrated correlations of

the HI with calculated tooth wear rates (Solounias et al. 1994)

and with the level of abrasives measured in faeces (Hummel

et al. 2011) provide some insight but cannot resolve this

dilemma.

The HI has repeatedly been shown to correlate with the

proportion of grass in the natural diet (reviewed in Clauss

et al. 2008), with proxies that indicate diet quality and pos-

sibly low or tall grass feeding (Codron et al. 2007, 2008),

with the openness of the habitat (Mendoza & Palmqvist

2008) and with annual precipitation (Damuth & Fortelius

2001, Damuth et al. 2002, Fortelius et al. 2002, Eronen et al.

2010a, b). In an analysis of variance (ANOVA) in 133 extant

ungulate species, Damuth and Janis (2011) found indepen-

dent significant effects of both diet and habitat categories

on HI, supporting the concept that HI should not be con-

sidered a response to intrinsic food properties alone. The

wear properties of natural diets (of different botanical

groups and from different geographical or climatic origins)

have so far not been investigated, and conclusions based on

the HI must therefore be considered no more than well-

founded hypotheses awaiting testing.

The description of the macroscopic effect of tooth wear

by means of the mesowear method was introduced by

Fortelius and Solounias (2000) and Kaiser et al. (2000) and

Fig. 1. Examples of hypsodont, mesodont and brachydont molars,

from (a) goat Capra hircus (hypsodont); (b) Cervus duvaucellii (mesod-

ont); and (c) white-tailed deer Odocoileus virginianus (brachydont;

figure and legend from Fortelius & Solounias 2000).

T. M. Kaiser et al. Hypsodonty, mesowear, tooth wear
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has been applied to a very large number of extant and fossil

species. This method is based on the empirical observation

of two ‘modes’ of tooth wear, attrition and abrasion (Forte-

lius 1985). Mesowear scoring first requires categorization of

the tooth occlusal relief into ‘high’ or ‘low’ and the cusp

shape into ‘sharp’, ‘rounded’ or ‘blunt’ (Fig. 2a). Tradition-

ally, species have been characterized by the percentage of

these findings in a given sample of scored teeth. The quasi-

planar wear facets of the occlusal surfaces (leading to sharp

cusps) are attributed to attrition, while rounded surfaces

that encroach on the facets are attributed to abrasion. Other

potential explanations, such as differences in the consistency

of jaw movements during chewing (a hypothesis outlined in

Kaiser et al. 2010), have so far not been investigated in rela-

tion to mesowear. In the conventional view, attrition was

thought to reflect mainly wear resulting from direct contact

between occluding tooth surfaces, while abrasion was

thought to arise from hard particles trapped between them

and impacted into the dental enamel during chewing.

In a departure from this conventional view, Fortelius

(1987) presented a theoretical argument for all dental wear

to be caused mainly by particles distributed within the

chewed food bolus. This argument was based on scaling

considerations arising from the empirical observation that

tooth size is broadly isometric (geometrically similar) across

the full range of mammal sizes (Fortelius 1985, 1988), i.e.

tooth volume scales directly with body mass (BM1.0 or iso-

metrically). If food intake scales at BM0.75 and longevity at

BM0.25, then lifetime food intake (the product of the two

latter parameters) should also scale more or less isometri-

a

(a)

(b)

b

c

d

e

f

g

h

Fig. 2. (a) Mesowear scoring of the molar relief (into ‘low’ or ‘high’) and cusp shape (into ‘sharp’, ‘rounded’ or ‘blunt’) from Kaiser et al. (2009); this

information is transferred into a quantitative score. Note that scoring of relief is not absolute among all species studied, but in relation to the taxo-

nomic group of animals from which the molar under inspection originated. (b) Examples of mesowear scores (MS) from Kaiser et al. (2009) and

Kaiser (2011). Typical buccal aspects of upper molar apices illustrate (a) Bison bison (NMW-5540); (b) Ceratotherium simum (ZMH-2552); (c) Equus

grevyi (ZMH-7103); (d) Rangifer tarandus (SAL-118); (e) Connochaetes taurinus (ZMH-6774); (f) Aepyceros melampus (ZMH-5687); (g) Giraffa cam-

elopardalis (NMW-312149); and (h) Diceros bicornis (ZMH-1865) as 3-D models of high-resolution dental casts; not to scale. Note that (a) to (h)

cannot be used as visual templates to translate mesowear into a MS. NMW Natural History Museum Vienna (Mammalogy); ZMH Zoological Museum

Hamburg; SAL Braunschweig State Museum (Wolfenbüttel).

Hypsodonty, mesowear, tooth wear T. M. Kaiser et al.
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cally (as BM0.75 ¥ BM0.25 = BM1.0). Tooth wear should there-

fore also scale isometrically with BM. The amount (volume)

of dental tissue removed by tooth wear can be estimated as

the product of occlusal surface length (scaling to BM0.33),

occlusal surface width (scaling to BM0.33), and the depth of

the tissue layer that is removed (also scaling to BM0.33

according to the logic implicit in the argument); the

product would thus scale to BM0.33+0.33+0.33=1.0, or isometri-

cally. Such scaling does not appear to be compatible with

wear caused by pure tooth-to-tooth contact, in which a

given chewing stress (which is constant for a given food)

would remove layers of equal depth in different-sized teeth

(i.e., the depth of the tissue layer removed would not scale

at all, but be a constant). Given isometric scaling of tooth

size, tooth wear thus cannot mainly be caused by surface

tooth-to-tooth contact, but must instead be related to the

volume of food, which, as stated above, scales isometrically

with BM per unit lifetime. This finally leads to the conclu-

sion that some characteristic of the food – most likely the

presence of abrasive particles – is the main driver of tooth

wear. This general argument does not necessarily exclude a

minor role for direct tooth contact in shaping wear facets.

Indeed, tooth-to-tooth contact must occur during chewing,

given the fact that tough foods are cut by opposing tooth

surfaces, and it seems unavoidable that it also causes some

amount of wear. Additionally, the force required per volume

food (chewing stress) might not be constant but may

increase in animals of increasing body size, if food quality

declines with body size (or if fibre levels in the food increase

with body size; Owen-Smith 1988).

Regardless of the cause, the appearance of the wear facets

on molar teeth is considered to correlate with the level of

abrasiveness of the diet (the amount of attrition relative to

abrasion); grazers have abrasion-dominated wear surfaces,

whereas those of browsers are more attrition dominated.

Components of the mesowear signal have been found to

correlate with precipitation measurements for geographi-

cally distinct populations of a model species (Kaiser &

Schulz 2006), and the signal has also been used for climate

reconstruction (Kaiser & Rössner 2007, Rivals et al. 2008).

The mesowear signal is not stable during ontogeny, and

ontogenetic variation is more pronounced in brachydont

species (Fortelius & Solounias 2000, Rivals et al. 2007).

Analyses that include the mesowear signal are usually less

straightforward than simple correlations because in its

original version, the mesowear signal is composed of a set of

categorical data (Fortelius & Solounias 2000). Various

analyses have shown differences in the mesowear signal

between feeding types, and, more recently, several research-

ers have developed approaches to convert the mesowear

signal into a single continuous variable (Mihlbachler &

Solounias 2006, Rivals & Semprebon 2006, Semprebon &

Rivals 2007, Kaiser et al. 2009), which is termed the

mesowear score (MS). Examples of such scores are given in

Fig. 2b. To our knowledge, the MS has, so far, not been

tested statistically for a correlation with diet, habitat or pre-

cipitation (but see Fraser & Theodor 2011 for a univariate

comparison of the MS with the three major categorical

feeding types: browsers, mixed feeders, grazers).

A main conclusion of the original mesowear study

(Fortelius & Solounias 2000) was that if the absolute

amount of wear increases (as inferred from the HI), so does

the distinctness of the pattern of wear (as measured by

variation in MS), implying that both attrition and abrasion

can in principle contribute equally to high wear rates. This

still leaves open the question whether all tooth wear in fact

registers in the MS, or whether there exists an additional

component of wear that may remove tooth material

without changing the MS. One possibility to explore this

question is to compare the HI and the MS directly. Under

the assumption that the abrasiveness that causes the MS in

individuals is the same abrasiveness to which species

adapted by evolving the HI, one expects a close correlation

between the two measures. If, however, the two measures are

not closely correlated, this may be due either to a mismatch

between the historical conditions under which HI evolved

and the actual conditions under which the observed MS

developed, or to different mechanisms of tooth wear being

recorded by these two measurements.

Direct comparisons of HI and MS are rare, and have so

far, to our knowledge, been restricted to fossil assemblages

or few extant taxa. Mihlbachler and Solounias (2006) com-

pared an aspect of the mesowear signal to crown height in

oreodont molars, but did not find a correlation after cor-

recting for phylogeny; Mihlbachler et al. (2011) compared

the MS and a measure similar to the HI in fossil and extant

equids, and found a highly significant correlation (without

accounting for phylogeny). Semprebon and Rivals (2007)

plotted MS vs. HI data to demonstrate the outlier position

of pronghorns Antilocapra americana (without statistical

analysis). Here, we collated data on HI, MS as well as dietary

and habitat proxies for a dataset of 75 extant large herbi-

vores, in order to investigate the association between these

measurements.

METHODS

Data on the HI were taken from Janis (1988). Data on the

MS were calculated according to Kaiser et al. (2009) and

Kaiser (2011), where the mesowear signal for each indi-

vidual is translated to one ordinal variable ranging from 0

to 4; the MS of a species is then calculated as the average of

all available dental individuals. The original dataset of

Fortelius and Solounias (2000) was used for this calculation,

as well as data on additional species available from the data-

base of TMK. Each species was assigned a BM and a per-

T. M. Kaiser et al. Hypsodonty, mesowear, tooth wear
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centage of grass in the natural diet (%grass) as a continuous

variable available from data collections by MC and from

other publications, a categorical habitat variable (open,

intermediate, closed) taken from Mendoza and Palmqvist

(2008), and data on the mean annual precipitation (PREC)

allocated to the species in the PanTHERIA database (Jones

et al. 2009). The dataset used and the sources are given in

Table 1.

Parameters were tested by ANOVA (with Sidak post hoc

tests) and general linear models (GLM) using ordinary least

squares (OLS) in PASP v. 18.0 (SPSS Inc., Chicago, Illinois,

USA); normal distributions of residuals were tested to check

the assumptions of GLM. Prior to analyses, both BM and

MS were log transformed. In order to account for ancestry-

based correlations in the datasets (i.e. finding a significant

similarity simply because species are closely related; Felsen-

stein 1985, Pagel 1999), the data were controlled for phylo-

genetic influences using the ‘phylogenetic generalized least-

squares’ method (PGLS; Martins & Hansen 1997, Rohlf

2001) in COMPARE v. 4.6 (Martins 2004). This procedure

estimates a covariance matrix of the species due to their

ancestral roots and includes these interrelationships in a

generalized least squares algorithm to determine the model

parameters. The phylogenetic trees for the two datasets were

derived by pruning the mammal supertree from Bininda-

Emonds et al. (2007) for those species not represented in

the datasets, using MESQUITE v. 2.74 (Maddison & Maddi-

son 2006). Because the resulting trees were not based on our

own calculations of branch lengths using consistently the

same characters, we used trees without branch lengths. The

resulting phylogenetic tree is shown in Fig. 3. The signifi-

cance level was set to 0.05.

RESULTS

In our dataset, there was a positive correlation between BM

and HI using OLS (r2 = 0.10, P = 0.007), but not in PGLS

(r2 = 0.01, P = 0.427), indicating that the sample was biased

in the taxonomic distribution of species across the body size

range. There was no correlation between BM and the MS in

either analysis (OLS: r2 = 0.00, P = 0.964; PGLS: r2 = 0.00,

P = 0.590). Both the HI and the MS were significantly

correlated to the percentage of grass in the natural diet

(%grass; Fig. 4a; HI OLS: r2 = 0.40, P < 0.001; PGLS:

r2 = 0.24, P < 0.001; MS OLS: r2 = 0.33, P < 0.001; PGLS:

r2 = 0.31, P < 0.001). Note that while the regression coeffi-

cient was higher for HI than for MS in OLS, it was more

similar for the two measurements in PGLS, indicating again

a sampling bias in the taxonomic distribution of species

across the body size and %grass range.

Both HI and MS differed significantly between habitat

categories [categorical variables only tested in OLS; HI:

ANOVA P < 0.001; Sidak post hoc tests with significant dif-

ferences in HI between closed and intermediate (P < 0.001),

closed and open (P < 0.001) but not between intermediate

and open (P = 0.063) habitats; MS: ANOVA P = 0.003;

Sidak post hoc tests with significant differences in MS

between closed and open (P = 0.003) but not between

closed and intermediate (P = 0.139) or intermediate and

open (P = 0.284) habitats]. Whereas the HI (dependent

variable) was significantly correlated to the mean annual

precipitation (PREC; OLS: r2 = 0.14, P = 0.001; PGLS

r2 = 0.11, P = 0.004), this relationship only tended towards

significance for the MS, with a very shallow slope (OLS:

r2 = 0.05, P = 0.067; PGLS r2 = 0.05, P = 0.066; Fig. 4b).

The correlation between the HI and the MS was highly

significant (OLS: r2 = 0.21, P < 0.001; PGLS r2 = 0.11,

P = 0.004; Fig. 5a). Among the ruminants, barasingha Rucer-

vus duvauceli and reindeer Rangifer tarandus had particularly

low HI for their high MS, and pronghorn, springbok Antidor-

cas marsupialis, impala Aepyceros melampus and ibex Capra

ibex had particularly high HI for their low MS (Fig. 5b).

When habitat was included in GLMs, it was a significant

cofactor (OLS: P = 0.001; PGLS: P = 0.013) in the relation-

ship between HI (dependent variable) and %grass (OLS:

adjusted r2 = 0.49 as compared to r2 = 0.40 without habitat

as a cofactor; Fig. 6a), consistent with results from the

cluster analyses of Fortelius and Solounias (2000), and with

unpublished results from Damuth and Janis (2011). In con-

trast, it did not significantly contribute (OLS: P = 0.656;

PGLS: P = 0.677) to the relationship between MS (depen-

dent variable) and %grass (OLS: adjusted r2 = 0.32 as com-

pared to r2 = 0.33 without habitat as a cofactor; Fig. 6b).

When precipitation was included as a covariate in GLMs,

it had a significant effect on the relationship between HI

(dependent variable) and %grass in OLS but not in PGLS

(OLS: P = 0.0189, PGLS: P = 0.100; OLS: adjusted r2 = 0.44

as compared to r2 = 0.40 without PREC as a covariable).

PREC did not contribute significantly to the relationship

between MS and %grass in either model (OLS: P = 0.651,

PGLS P = 0.642; OLS: adjusted r2 = 0.32 as compared to

r2 = 0.33 without PREC as a covariable). The relationship

between HI (dependent variable) and MS (independent

variable) increased in regression coefficient when habitat

(OLS: P < 0.001, PGLS P = 0.002) was included as a cofactor

(OLS: adjusted r2 = 0.42 as compared to r2 = 0.21 without

habitat as cofactor; Fig. 7), or when PREC (OLS: P = 0.004,

PGLS: P = 0.012) was included as a covariable (OLS:

adjusted r2 = 0.29 as compared to r2 = 0.21 without PREC as

a covariable).

Finally, we changed the dependent variable to simulate a

prediction of %grass or precipitation by the use of the HI.

Because of the collinearity between HI and MS, including

both as independent variables in the same model will lead to

spurious results, but this practice mimics the double use of HI

and MS in approaches where diet or precipitation of a fossil

Hypsodonty, mesowear, tooth wear T. M. Kaiser et al.
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Table 1. Data used in this study: species, body mass (BM), mesowear score (MS), hypsodonty index (HI), percentage of grass in the natural diet,

habitat categories (HAB) and mean annual precipitation at the centre of distribution of the species (PREC)

Species

BM Mesowear HI Grass HAB PREC

kg MS n Source % Source mm

Bison Bison bison 611 3.73 15 1 4.87 84 3 1 33.59

African buffalo Syncerus caffer 496 1.17 72 1, 2 3.82 90 3 2 100.45

Nilgai Boselaphus tragocamelus 200 1.27 15 1 3.03 29 3 2 86.66

Four-horned antelope Tetracerus quadricornis 22.7 0.90 21 1 3.77 9 3 2 78.16

Eland Taurotragus oryx 511 0.45 42 1, 2 2.91 20 6 2 76.46

Greater kudu Tragelaphus strepsiceros 196 1.00 7 1 2.29 5 3 2 61.83

Lesser kudu Tragelaphus imberbis 91.5 0.42 31 1 2.18 10 3 2 50.25

Nyala Tragelaphus angasii 93.3 0.65 20 1 2.52 20 3 2 65.29

Bongo Tragelaphus eurycerus 205 0.64 33 1, 2 1.92 20 3 3 143.55

Bushbuck Tragelaphus scriptus 48 0.54 50 1, 2 2.54 10 3 2 94.18

Bay duiker Cephalophus dorsalis 21 1.07 28 1 1.15 0 3 3 151.81

Yellow-backed duiker Cephalophus sylvicultor 65.4 1.46 39 1 2.23 1 5 2 132.7

Gemsbok Oryx gazella 200 1.00 3 2 3.37 82 3 1 40.73

Roan antelope Hippotragus equinus 241 1.29 31 1, 2 4.28 85 3 1 89.35

Sable antelope Hippotragus niger 181 1.58 24 1, 2 3.77 93 3 2 80.83

Black wildebeest Connochaetes gnou 150 2.00 2 2 4.75 81 3 1 47.98

Blue wildebeest Connochaetes taurinus 216 1.79 53 1, 2 4.94 90 3 1 61.61

Hartebeest Alcelaphus buselaphus 136 1.89 76 1 5.23 97 3 1 93.92

Tsessebe Damaliscus lunatus 150 2.60 5 1 5.10 99 3 1 79.47

Takin Budorcas taxicolor 250 0.71 38 1 3.42 5 7 1 129.45

Bighorn sheep Ovis canadensis 59 0.72 29 1 4.11 67 3 1 27.23

Alpine ibex Capra ibex 87 0.69 234 1, 2 4.71 60 3 1 87.78

Mainland serow Capricornis sumatraensis 102 0.64 22 1 3.39 3 8 2 227.32

Musk ox Ovibos moschatus 305 0.66 169 1, 2 3.69 62 3 1 15.78

Waterbuck Kobus ellipsiprymnus 160.5 1.07 28 1, 2 3.47 80 3 1 92

Lechwe Kobus leche 87 1.00 3 2 3.63 95 3 1 84.65

Kob Kobus kob 58 1.00 8 2 3.72 95 3 1 106.52

Southern reedbuck Redunca arundinum 62 1.00 1 2 3.59 95 5 2 86.11

Mountain reedbuck Redunca fulvorufula 26 1.17 64 1, 2 3.79 99 3 1 66.93

Impala Aepyceros melampus 53 0.98 58 1, 2 4.89 60 3 1 73.05

Oribi Ourebia ourebi 13 0.78 212 1, 2 3.80 48.5 9 1 87.92

Steenbok Raphicerus campestris 11.8 1.20 10 2 3.44 10 9 1 52.18

Cape grysbok Raphicerus melanotis 10.6 1.00 6 2 2.64 30 5 2 33.18

Klipspringer Oreotragus oreotragus 12.8 1.00 1 2 3.82 5 3 1 66.5

Springbok Antidorcas marsupialis 39.1 0.37 27 1, 2 4.89 30 3 1 24

Grant’s gazelle Gazella granti 50 0.65 17 1 3.45 50 3 1 58.07

Gerenuk Litocranius walleri 34.7 0.87 99 1, 2 1.32 0 3 1 40.53

Dibatag Ammodorcas clarkei 28 0.71 7 1 2.23 10 5 1 17.16

Saiga Saiga tatarica 36.4 1.60 5 1 5.29 26 3 1 19.21

Roe deer Capreolus capreolus 23.40 0.55 295 1, 2 1.49 9 3 3 55.04

Moose Alces alces 400.5 0.98 230 1, 2 1.34 2 3 3 33.59

Reindeer Rangifer tarandus 145 1.96 27 2 1.52 36 3 2 29.21

Pampas deer Ozotoceros bezoarticus 38 0.84 146 2 2.12 81 3 1 110.35

Red brocket Mazama americana 22.8 0.93 114 2 1.30 1 3 3 149.07

Marsh Deer Blastocerus dichotomus 96 0.73 26 2 1.49 24 10 1 121.57

Mule deer Odocoileus hemionus 74 0.49 170 1, 2 1.59 11 3 2 38.76

Whlite-tailed deer Odocoileus virginianus 62 0.60 92 1, 2 1.23 9 3 2 80.45

Axis deer Axis axis 55 1.45 49 1, 2 2.81 70 3 1 96.14

Hog deer Axis porcinus 37.4 1.17 24 1 2.53 50 3 2 136.98

Wapiti Cervus elaphus canadensis 325 0.52 42 1, 2 1.96 47 3 3 44.42

Red deer Cervus elaphus scotticus 153 0.83 6 2 2.11 47 3 2 44.42

Barasingha Cervus duvaucelii 183 1.80 50 1 2.85 75 3 2 101.07

Sambar deer Cervus unicolor 188 0.98 66 1, 2 2.20 50 3 2 152.82

Pronghorn Antilocapra americana 50 0.37 43 1 4.61 15 3 1 29.88
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species is estimated based on these measurements.

The inclusion of MS as a covariable (OLS: P < 0.001,

PGLS: P = 0.001) increased the r2 of the overall relationship

between %grass (dependent variable) and HI (OLS: adjusted

r2 = 0.50, compared to r2 = 0.40 without MS as a covariable).

In contrast, MS did not contribute significantly (OLS:

P = 0.762, PGLS: P = 0.587) to the relationship between

PREC (dependent variable) and HI (OLS: adjusted r2 = 0.13

as compared to r2 = 0.14 without MS as a covariable).

DISCUSSION

Our results indicate that the MS is related to the diet, but

not to other components of the habitat. Any conclusion

about habitat taken from the MS will therefore be due to the

character of the diet itself. In contrast, the HI represents a

signal that includes a habitat effect that exists in addition to

that of the natural diet. A dietary reconstruction based on

HI will therefore gain in accuracy if the MS information is

used in addition (cf. also Fraser & Theodor 2011).

This finding could be due to two mutually exclusive

reasons. On the one hand, there is the difference between the

measurement of an actual event (causing tooth wear, as quan-

tified in the MS) and the measurement of the evolutionary

acquisition of an adaptation (as quantified in the HI). The

HI could reflect tooth wear not as it is today, but as it

occurred in some distant past, or during an evolutionary

history of shifting conditions and diets, as in the Neogene

radiation of hypsodont equids (Mihlbachler et al. 2011).

Whether this can explain the observed mismatch of MS and

HI depends on whether one considers the obvious corre-

sponding discrepancy between past and present tooth wear

not as random but as a systematic function of habitat change.

Under the historical mismatch scenario, the systematic

habitat effect shown in Fig. 7 can only be explained by a

systematic reduction of tooth wear in open habitats from the

original evolution of hypsodonty (large HI) until the present

– a hypothesis that appears unlikely. If instead we assume that

hypsodonty today generally reflects conditions of rapid tooth

wear to which it originally evolved, then we must conclude

Table 1. (Continued)

Species

BM Mesowear HI Grass HAB PREC

kg MS n Source % Source mm

Giraffe Giraffa camelopardalis 800 0.41 103 1, 2 1.20 0 3 1 64.96

Okapi Okapia johnstoni 263 0.11 9 1, 2 1.18 0 3 3 143.9

Water chevrotain Hyemoschus aquaticus 10.8 0.83 18 1 1.30 0 11 3 155.16

Spotted chevrotain Moschiola meminna 4 0.67 6 2 1.72 0 12 3 100.68

Lesser mouse deer Tragulus javanicus 3 0.43 14 2 1.47 0 3 3 169.24

Greater mouse deer Tragulus napu 6 0.94 16 2 1.67 0 3 3 233.98

Dromedary Camelus dromedarius 415 0.70 20 1, 2 2.52 20 4 1 17.2

Guanaco Lama guanicoe 110 0.66 32 1 3.46 42.3 13 1 26.12

Vicugna Vicugna vicugna 75 0.91 11 2 3.65 69.3 14 1 60.49

White rhinoceros Ceratotherium simum 1600 3.08 24 1 3.90 95 4 1 60.61

Black rhinoceros Diceros bicornis 1100 0.08 37 1, 2 2.24 5 4 2 70.41

Sumatran rhinoceros Dicerorhinus sumatrensis 800 0.25 8 1, 2 1.67 0 15 3 238.66

Plains zebra Equus quagga 250 1.95 1001 2 5.83 90 16 1 75.72

Mountain zebra Equus zebra 281 2.23 640 2 7.06 80 17 1 19.95

Grevy’s zebra Equus grevyi 400 2.38 149 1, 2 5.80 100 18 1 50.35

African wild ass Equus africanus 220 1.67 15 2 8.73 50 19 1 40.53

Asian wild ass Equus hemionus 260 1.64 290 2 5.79 97 20 1 21.11

Wild horse Equus ferus przewalskii 350 1.56 50 2 5.70 90 4 1 36.44

Western tree hyrax Dendrohyrax dorsalis 4 0.93 28 1 1.53 0 21 2 151.82

Yellow-spotted rock hyrax Heterohyrax brucei 2 1.45 11 1 1.52 0 22 1 61.08

Rock hyrax Procavia capensis 3.8 1.58 24 1 1.69 67.5 23 1 64.24

BM, body mass from (Mendoza et al. 2002). n, number of individuals used for dental data, MS, mesowear score from 1 (Fortelius & Solounias 2000)

and 2 (dataset of first author). % grass in the natural diet taken from the literature 3 (Müller et al. 2011), 4 (Steuer et al. 2010), 5 (Gagnon & Chew

2000), 6 (Cerling et al. 2003, Sponheimer et al. 2003, Codron et al. 2007), 7 (Schaller et al. 1986), 8 (Ochiai 1999; C. crispus), 9 (Clauss et al. 2009),

10 (Tomas & Salis 2000), 11 (Dubost 1984), 12 (estimated based on other tragulids), 13 (Bahamonde et al. 1986, Raedeke & Simonetti 1988, Puig

et al. 2001, Cortés et al. 2003), 14 (Borgnia et al. 2010, Mosca Torres & Puig 2010), 15 (Groves & Kurt 1972), 16 (Grubb 1981), 17 (estimate based

on Grobler 1983), 18 (Klingel 1969), 19 (estimate based on Grinder et al. 2006), 20 (Harris & Miller 1995), 21 (Milner & Harris 1999), 22 (Turner &

Watson 1965), 23 (Olds & Shoshani 1982).

Habitat categories (1 = open, 2 = intermediate, 3 = closed) from Mendoza and Palmqvist (2008).

Mean annual precipitation at the centre of the species’ geographical distribution from Jones et al. (2009).
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Fig. 3. Phylogenetic tree used as the basis of the phylogenetic generalized least squares approach in this study.
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that the MS does not capture the full effect of all aspects of

tooth wear, but only of that part predominantly related to diet

and its intrinsic abrasives. The evident resulting question is:

what other abrasives exist that are in fact not related to the

diet but also do not affect the MS? In order to develop a

theory, a look at the outliers in Fig. 5b is instructive.

Those outliers that have a comparatively low HI for the

degree of wear expressed in the MS are cervid species.

These cases support the hypothesis presented by Heywood

(2010): due to their molar morphology, cervids cannot

evolve the same degree of hypsodonty as bovids. Perhaps

the most prominent outlier in the MS–HI relationship is

the pronghorn, with a very high HI but a very low MS

(Fortelius & Solounias 2000). Both Semprebon and Rivals

(2007) and Damuth and Janis (2011) explain that the

natural diet of the pronghorn, with its very low percentage

of grass, does not match the expectation one has based on

the high HI. Semprebon and Rivals (2007) explain this

outlier with the time-lag argument, assuming that the

switch from a grass-rich to a browse-rich diet must have

been a comparatively recent event in the history of the

species. In contrast, Damuth and Janis (2011) explain it as a

result of the high rate of soil ingestion which has been mea-

sured in pronghorns, of similar magnitude to that in simi-

larly hypsodont grazers (domestic horse and cattle) in the

same habitat. Semprebon and Rivals (2007) had also con-

sidered but rejected this hypothesis because it is, in their

view, not compatible with the browsing mesowear signal

characteristic of the species; these authors imply that the

ingestion of soil should lead to a distinct change of the

molar wear facets and thus the MS.

The data in Fig. 5b suggest that the pronghorn is no indi-

vidual peculiarity, but that springbok, impala and ibex may

represent similar cases. Whether these species ingest a suffi-

ciently high amount of dust, grit or soil in their natural

environment to explain their high level of hypsodonty

remains to be demonstrated. Hummel et al. (2011) demon-

strated that the impala matches the overall pattern of hyps-

odonty and faecal silica levels, suggesting that – similar to

the pronghorn – abrasive elements are ingested in amounts

one would expect based on the HI, but which are not

reflected in the MS. Given that ibex and springbok browse

at low feeding height, and in dry habitats (van Zyl 1965,

Bigalke 1972, Davies et al. 1986, Milton et al. 1992, Martínez

(a)

(b)

Fig. 4. Relationships between (a) the percentage grass in the natural

diet (%grass) and (b) the mean annual precipitation at the centre of a

species’ distribution, and both hypsodonty index and mesowear score

in 75 mammalian herbivores. Data from Table 1.

(a)

(b)

Fig. 5. Relationships between the mesowear score and the hypsodonty

index in (a) 75 mammalian herbivores and (b) 63 ruminant species.

Data from Table 1.
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2000), a similar mechanism could be expected in these

species that needs to be substantiated in more detailed

studies. Studies of these species could particularly enable us

to understand extrinsic vs. intrinsic properties of food that

influence tooth wear, and evolutionary patterns in ungulate

dentition.

These reflections lead to a concept of tooth wear where

intrinsic abrasives determine the pattern of relative facet

development (MS), while extrinsic abrasives simply remove

tooth material without affecting the wear pattern. This

concept appears difficult to accept intuitively because we

think of ‘soil ingestion’ as the ingestion of coarse, sand-like

material that has large grain sizes and can lead to massive and

even pathological wear, as reported from sheep at pastures in

New Zealand (Healy & Ludwig 1965, Ludwig et al. 1966) and

from zoo animals fed on sandy soil (Martin Jurado et al.

2008). Such wear, considering the enormous documented

changes to tooth structure, must also affect the MS. The

problem would disappear, however, if the majority of wear

induced by particles extrinsic to the food material did not

stem from such large-grain abrasives, but from much finer

dust particles that did not affect the morphology of wear

facets as recognisable ‘abrasion’. This would result in more

evenly distributed abrasion of dental tissues than would phy-

toliths, which in particular would abrade dental tissues in

places where interdental spaces become very narrow during

mastication. If this view was correct, we would expect phy-

toliths – as the major intrinsic abrasive – to be of a distinc-

tively larger grain size and/or greater compactness than the

extrinsic abrasives adhering to plants in the form of dust.

Phytolith dimensions vary enormously, between 5 to

250 mm in diameter or more, with a range of 5–60 mm and a

mean of 25 mm for grasslands (reviewed in Strömberg

2004). Dust particle sizes cover this whole range: diameters

of <5 mm for particles in long-distance dust deposits and

20–40 mm for particles in dust deposits from regional

sources are reported in one publication (e.g. McTainsh et al.

1997). Evidently, empirical data on the amount and proper-

ties of phytoliths and on extrinsic particles adhering to

forage ingested by herbivores are required to pursue our

hypothesis. Our crude categorical habitat classification

might also be improved by a more precise set of climatic

indicators, including not only precipitation but also geo-

logical surface processes, volcanism and other factors

related to the occurrence of extrinsic abrasives.

The implications of the concept proposed here could be

tested empirically. Wear rates should increase in general in

dusty environments without affecting the MS, and large

extrinsic particles should be absent from the diet and hence

faeces of herbivores (i.e. the largest silicaceous objects in

faeces should be phytoliths). In experiments, overall tooth

wear rate should be proportional to the number of abrasive

particles per unit food, to the degree to which the particles

are impacted in the dental tissues (food toughness and

chewing force) and to the number of chewing cycles per

unit nutrition (food quality). Wear facet formation and

morphology should be independent of those factors, and

should instead depend on the distribution of effective abra-

(a)

(b)

Fig. 6. Relationship between the percentage grass in the natural diet

(%grass) and (a) the hypsodonty index and (b) the mesowear score in

75 mammalian herbivores, illustrating the additional effect of habitat

category in (a) and the lack of such an effect in (b). Data from Table 1.

Fig. 7. Relationship between the mesowear score and the hypsodonty

index in 75 mammalian herbivores, illustrating the additional effect of

habitat category. Data from Table 1.
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sive particle size, a measure ideally including not only the

maximum dimension but also the hardness and fracture

behaviour of particles. To conclude, we propose that the

apparent discrepancy between HI and MS data suggests a

major role in naturally occurring tooth wear for external

abrasives of very small size. This hypothesis is currently

being explored experimentally.
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