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Published online: 21 November 2017 . The way teeth grow is recorded in dental enamel as incremental marks. Detailed analysis of tooth

. growth is known to provide valuable insights into the growth and the pace of life of vertebrates. Here,

we study the growth pattern of the first lower molar in several extant and extinct species of Equus and
explore its relationship with life history events. Our histological analysis shows that enamel extends
beyond the molar’s cervix in these mammals. We identified three different crown developmental
stages (CDS) in the first lower molars of equids characterised by different growth rates and likely to be
related to structural and ontogenetic modifications of the tooth. Enamel extension rate, which ranges
from ~400 pm/d at the beginning of crown development to rates of ~30 pm/d near the root, and
daily secretion rate (=17 pm/d) have been shown to be very conservative within the genus. From our
results, we also inferred data of molar wear rate for these equids that suggest higher wear rates at early
ontogenetic stages (13 mm/y) than commonly assumed. The results obtained here provide a basis for
future studies of equid dentition in different scientific areas, involving isotope, demographic and dietary
studies.

The reconstruction of tooth growth is essential to understanding the biology and palaeobiology of mammals'?,
as dental development is closely related with a species’ life history®=. For instance, the eruption of the first per-
manent molar correlates well with weaning®’. Similarly, the emergence of the third molar correlates with skeletal
maturity®. Thus, the estimation of rate and duration of molar growth in extant and extinct vertebrates yields key
information about their pace of life'-*%-!!. Furthermore, an understanding of tooth growth is crucial for palae-
oecological and palaeobiological studies that involve the analysis of stable isotopes'>'®. Tooth crowns preserve
a temporal record of isotopic variation that can be related to changes in climatic conditions and/or modifica-
tions of an animal’s behaviour'*-'8. Therefore, the rate and duration of tooth growth must be precisely known to
accurately develop isotopic sampling methods' and correctly interpret the isotopic data obtained in this type of
investigation'>%,

The pace of growth and development of teeth is recorded, among others, in dental enamel?’. From the cusp to
the root, enamel is rhythmically deposited by enamel-forming cells called ameloblasts in the amelogenesis pro-
cess, which involves a first stage of enamel secretion followed by a second phase of enamel maturation®*%. As a
result, the histological microstructure of dental tissue registers the pattern of enamel growth in the form of incre-
mental markings®®?*. Incremental features have traditionally been classified as short- or long-period marks*..
The first ones include cross-striations and laminations and represent a circadian rate of enamel formation?*>2,
Retzius lines, on the other hand, are long-period lines that indicate the successive positions of the developing
enamel front?**. Counts and measurements of incremental markings in enamel provide the basis for quantifying
tooth growth, estimating various dental growth parameters such as daily secretion rate or extension rate, and for
calculating crown formation time'.

In large herbivorous mammals, studies aimed at reconstructing tooth growth through the analysis of enamel
incremental markings have increased considerably in number over the last years®#-11927-2 However, an analy-
sis of life history parameters from the enamel microstructure in key groups of evolution such as equids® is still
lacking. Only the work of Hoppe et al.'® provided some data about the periodicity and disposition of incremental
lines in the enamel of the domestic horse, but recently their results have been questioned by other authors?*?!.
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Indeed, the development of equid teeth has hitherto been determined from radiographic observations'**?-* or by
measurements of the crown height!'>**, but it has not yet been studied using dental histology.

In the present study, we aim to analyse the enamel microstructure of several wild equid species to provide
information about the dental growth pattern and development in this mammalian group. Nowadays, the genus
Equus comprises the wild extant species of zebras (E. zebra, E. grevyi, E. quagga), asses (E. africanus, E. kiang, E.
hemionus) and horses (E. ferus) that dwell in different areas of Africa and Asia®*>*". Here, we quantified incre-
mental markings and enamel growth parameters in the Asiatic wild ass (E. hemionus), plains zebra (E. quagga)
and Grevy’s zebra (E. grevyi). These three taxa are the most appropriate ones to infer the dental growth pattern
of the clade, as they cover most of the range of habitat, body mass and life history traits observed in extant wild
equids®*-*2. To apply our results to the equid fossil record, we examined the dental enamel of Pleistocene fossil
specimens of E. ferus and E. hydruntinus to infer their pattern of molar growth. These two different-sized equids
are frequent in European Late Pleistocene mammal assemblages*®. Because body size is a fundamental life history
trait that tightly correlates with other biological traits such as growth rate*-6, we calculated their molar growth
rate as a proxy of their overall growth rate to understand whether the differences in body size resulted from
changes in life history.

Results

Dental histology of extant Equus. Enamel, dentine and cementum are the three dental tissues that con-
form the molar crown in all extant Equus (Figs 1a,b; 2b). A thin layer of enamel is also observable in the region
that is macroscopically considered as the root'**>*” (Fig. 2). Therefore, the molar crown, understood as the part of
the tooth composed of enamel®, extends further than macroscopically considered**¢ (Fig. 2). To avoid confusion
between the morphological and histological distinction of tooth root in Equus first molars, the term root will be
used here to designate the most apical area of the tooth which is enamel-free* (Fig. 2b).

Laminations are fine incremental markings running parallel to the enamel formation front?* and are the most
common incremental features identified in the enamel of our equid sample (Fig. 1c). Considering that lamina-
tions follow the one-day periodicity previously described in other herbivorous mammals*>$26-28, we calculated
the crown formation time (CFT) of unworn teeth. As it is shown in Table 1, CFT estimations are a reasonable
match for the age of the specimen previously determined by classical methods, confirming the daily periodicity
of laminations in equids.

Long-termed Retzius lines, prominent lines formed at an oblique angle to the enamel prisms?, are also
observed in the enamel of extant equids (Fig. 1d), mainly in cervical enamel. The periodicity of these features
in our equid sample range from 5 to 7 days in E. hemionus and 5 to 6 days in both zebra species (E. grevyi and
E. quagga) (RI, Table 2).

A mean daily secretion rate of ~17-18 pm/d was calculated in the enamel of extant equids (DSR, Table 2)
regardless of the part of the crown (occlusal, cervical) or the enamel zone (inner, outer) analysed (Kruskal-Wallis,
p-value > 0.05, Supplementary Table S1, S2). The Asiatic wild ass shows the slowest daily secretion rate within
the extant species, while Grevy’s zebra presents the fastest rate (Table 2, Fig. 3). However, no significant differ-
ences have been observed among the species analysed (Kruskal-Wallis, p-value > 0.05, Supplementary Table S3)
(Fig. 3).

The pace of growth of the first lower molars of extant equids (crown height against crown formation time) is
plotted in Fig. 4a and b. As equid teeth start to wear before the crown is completely formed>>*, crown develop-
ment is reconstructed from the cusp tip in unworn teeth (Fig. 4a) and from the root in worn molars (Fig. 4b).
Differences in growth between species have only been identified in the most cervical enamel (Fig. 4b), concretely,
at the beginning of the morphological root'***%” (Fig. 2a). As Fig. 4b shows, E. hemionus deposits enamel in
that part of the tooth for a longer period than both zebras. In all studied species, unworn teeth without roots
experienced fast linear growth (Fig. 4a) while growth curves of worn molars fit to a polynomial of quadratic
order (Fig. 4b). These results indicate that teeth experience different types and rates of growth during formation.
Furthermore, the inflection point of the polynomial growth curve (Fig. 4b) is related to macroscopic anatomical
changes in the tooth, as it matches the crown divergence that results in the formation of the morphological roots
(Fig. 2a). Enamel, then, is still being deposited after the morphological roots are formed, but at much lower rates
(Fig. 4b,e).

Three different crown developmental stages (CDS) that significantly differ in enamel extension rate
(Kruskal-Wallis, p-value < 0.05, Supplementary Table S4) could be established based on the different growth
patterns (Fig. 4). During a first stage of fast linear growth (Fig. 4a) enamel extends at a mean rate of 350-400
pm/d (Fig. 4c, Table 2). At the second stage of development, which corresponds to the fastest period of polyno-
mial growth (Fig. 4b), enamel extension progressively decreases up to rates of ~130 um/d (Fig. 4d, Table 2). At
the third stage, enamel extension rate (EER) decreases quickly to ~30 pm/d (Fig. 4e, Table 2), representing the
slowest period of polynomial growth (Fig. 4b). The decrease in the rate of enamel extension observed throughout
tooth formation is mainly due to changes in the enamel formation front angle (EFFa), which presents a range
of values that vary from ~1° on the tooth cusp to ~11° near the root (Table 2). The EFFa reflects the number of
ameloblasts that are secreting matrix at the same time, with smaller angles indicating higher EERs because more
ameloblasts are activated along the EEF>*. Thus, the number of activated ameloblasts in the first lower molars of
extant equids is progressively reduced during the development of their crowns.

No significant differences have been found in the rate of enamel extension between the different species of
extant Equus analysed within each CDS (Kruskal-Wallis, p-value > 0.05, Supplementary Table S5). This suggests
that EER is conservative and characteristic for each developmental stage in extant Equus. On that basis, we recon-
structed the complete growth of the crown for the first lower molars of the Asiatic wild ass (Fig. 5a), establishing
the overlap area between unworn and worn teeth where similarities in EER were found (Fig. 5b). The timing of
several ontogenetic and structural changes of the first molar, such as the time of emergence, eruption and crown
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Figure 1. Dental histology of Equus and methodologies used to analyse the pattern of enamel growth. (a)
Longitudinal section of Equus hemionus’ first lower molar (IPS83151) mounted on two different slides. White
dashed rectangle indicates the magnified area in b. (b) Methodology employed to calculate the crown formation
time (CFT; IPS83151). The distance between incremental lines (white dashed lines) is measured following the
course of enamel prisms (black lines) and divided by the daily secretion rate to determine the time required

to form a specific portion of the enamel dentine junction (EDJ; white doubled arrow). (¢) Laminations (black
lines) and enamel prisms (black arrows) identified in the enamel of E. hemionus (IPS92347). (d) Laminations
(black lines) between consecutive Retzius lines (black dashed lines) in the outer enamel of E. grevyi (IPS84963).
(e) Angle between the enamel dentine junction (EDJ; white line) and the enamel formation front (EFF; white
dashed line) in E. quagga (IPS92346). C= cementum; D = dentine; E = enamel. Black scale bars: 5 mm; white
scale bars =50 pm.

divergence obtained from dental histology (Fig. 5a), agrees well with data in the literature on timing of occurrence
of these events in equid’s first molars*»*"2, This confirms the validity of the growth reconstruction based on EER
for this species and indicates that the complete crown of the first lower molar of E. hemionus takes about three
years to be formed. Changes in curve’s slope coinciding with teeth eruption and crown divergence indicate the
start of the different CDS (Fig. 5a).
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Figure 2. Macroscopic (a) versus histological (b) distinction of tooth crown and root. Figure shows that dental
enamel extends beyond the limit of the macroscopic crown (black dashed line). (a) First lower molar of E.
quagga (IPS92346) in buccal view. (b) Histological section of the buccal cusp in IPS92346. C = cementum;

D =dentine; E = enamel.

1PS83153 137 5 0—-6
E. hemionus

1PS83151 184 6 6—12

1PS92345 134 4 0-3
E. quagga

1PS92342 160 5 3-6
E. grevyi 1PS84964 117 4 0—-6

Table 1. Age and crown formation time (CFT) estimates in unworn teeth of extant species.

We performed superimposition of teeth considering similarities in EER to infer data about wear rate
in the species. As shown in Fig. 5b, the cervical portion of a recently erupted tooth from a one-year old indi-
vidual (IPS83155) presents similar extension rates as the occlusal part of the crown of a seven-year-old tooth
(IPS92347), while EER values at the mid-crown of IPS92347 match those estimated on the occlusal enamel of a
thirteen-year-old individual (IPS92339). Superimposition of teeth indicates that approximately 110 mm of tooth
crown has been worn down in 12 years: almost 80 mm during the first six years of life and around 30 mm during
the next six (Fig. 5). Thus, a wear rate of around 13 mm/y is estimated for the first six-year period, while this
is 5mm/y for the second one. These results indicate that most of the crown formed during the first year of life
(IPS83155, Fig. 5b) is worn away by when the individual is seven years old (IPS92347, Fig. 5b).

Dental histology of fossil Equus.  As in extant Equus, both laminations and Retzius lines are identified in
the enamel of the Pleistocene fossils studied. Long-termed Retzius lines present a periodicity of 5 to 7 days in E.
ferus, while they are deposited every 4 to 6 days in E. hydruntinus (Table 2).

The fossil species analysed (E. ferus and E. hydruntinus) secrete enamel at similar rates (Kruskal-Wallis,
p-value > 0.05, Supplementary Table S3) (Fig. 3, Table 2). When compared with extant species, however, dif-
ferences in daily secretion rate have been found between E. hydruntinus, E. quagga and E. hemionus (Fig. 3)
(Kruskal-Wallis, p-value < 0.05, Supplementary Table S3). The small extinct species E. hydruntinus secretes
enamel a mean rate of 219 pm/d, while the Plains zebra and the Asiatic wild ass do at ~17 pm/d (Fig. 3, Table 2).

We analysed the rate of enamel extension of each fossil tooth based on its macroscopic appearance and the
CDS established for extant equids (Fig. 6). The EER of IPS87523 (E. hydruntinus Stage I, Table 2) matches the
first stage of crown development (Kruskal-Wallis, p-value > 0.05, Supplementary Table S6) (Fig. 6) and its mac-
roscopic appearance (slight wear and no presence of morphological roots, Table 3) is also that expected for this
developmental stage. The rate of enamel extension of IPS87540, IPS87497 and IPS87509 (E. hydruntinus and E.
ferus Stage 11, Table 2) corresponds to that estimated for the second phase of crown formation (Kruskal-Wallis,
p-value > 0.05, Supplementary Table S3). As these teeth show moderate wear and macroscopic roots (Table 3), a
stage II of development was expected for their crowns too. These results on EER of fossil Equus confirm that this
dental growth parameter is very conservative within the genus.
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E. hemionus 230 4.76 45 16.924+2.3 18 |5-7

E. quagga 257 4.44 45 16.98 +-1.64 12 5-6

E. grevyi 384 519 37 17.74+1.6 13 5—6

E. ferus* 350 3.8 28 17.84+2.48 21 5-7

E. hydruntinus* 215 3.54 28 18.874+2.01 22 |4-6

E. hemionus 28 349.28£118.7 23 123.46 +76.32 48 | 31.38%+11.58
E. quagga 14 427.08 +129.58 12 140+ 65.56 17 | 28.2149.25
E. grevyi 7 358.39+£101.33 13 153.37 +81.26 17 | 36.831+12.58
E. ferus* — — 26 138.04 +52.74 — —

E. hydruntinus* 12 256.82+122.64 21 | 97.40+45.01 - | =

E. hemionus 25 1.25+£0.54 17 | 3.35+0.87 17 | 10.63+3.4
E. quagga 14 1.49+£0.63 9 3.3440.76 16 11.13+3.85
E. grevyi 8 1.21+0.3 7 2.9+0.87 15 11.734+3.37
E. ferus* — — 39 3471146 - | =

E. hydruntinus* 17 2.33+1.16 20 | 4.344227 — —

Table 2. Body mass, hypsodonty index and values of the different enamel growth parameters inferred in
extant and extinct equids. BM =body mass; HI = hypsodonty index; DSR = daily secretion rate; RI = repeat
interval; EER = enamel extension rate; EFFa = enamel formation front angle; N = number of observations;
SD = standard deviation; Min = minimum; Max = maximum. The star (*) indicates fossil specimens.

E. quagga
m
<
E. hemionus =
=
_|

E. grevyi
E. hydruntinus oo )
—
=
E. ferus o)

12 15 18 21

um/day
Figure 3. Boxplot of the daily secretion rate (DSR) of the enamel in the extant and extinct species of Equus
analysed.
Discussion

The aim of the present research was to reconstruct, for the first time, the pace of growth and development of
the first lower molars in Equus based on the analysis of enamel microstructure. Until now, most of the research
concerning enamel histology has been limited to low-crowned, brachydont teeth of different primate species!
and only a few studies have focused on hypsodont mammals*#?%, Our findings in three species of extant (E.
hemionus, E. quagga and E. grevyi) and two Pleistocene (E. ferus and E. hydruntinus) equids contribute to the
knowledge of enamel microstructure in high-crowned vertebrates and provide the basis for future research in
Perissodactyls. However, the results obtained here are not only relevant for histological research but also for iso-
topic studies on fossil and archaeological vertebrates. Equus’ teeth, concretely equid enamel, are widely used in
palaeobiological and palaeoecological isotopic studies!>!”!® because their extremely high crowns record several
years of the individual’s life'*. A thorough understanding of the timing, geometry and rate of enamel maturation
is key to interpretation of isotopic results®. Although enamel incremental marks do not provide relevant infor-
mation about the timing®® and/or the pattern® of enamel mineralization because they only register the secretory
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Figure 4. Crown formation time (CFT) related to crown height (a,b) and enamel extension rates (EER) (c,d,e)
in the extant Equus species studied. (a) CFT related to crown height in unworn teeth. (b) CFT related to crown
height in worn teeth. Dashed line separates measures obtained for the enamel that is deposited before (upward)
and after (downward) the crown divergence. (c) EER of unworn teeth studied. (d) EER in macroscopic crowns
of worn teeth. (e) EER of the enamel deposited beyond the limit of the macroscopic crown. Legend for scatter
plots is shown at the bottom of the figure. 75% grey boxplot = E. quagga; 25% grey boxplot = E. grevyi; white
boxplot = E. hemionus.
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Figure 5. Reconstruction of growth of the first molar crown in Equus hemionus based on similarities in
EER. (a) Crown formation time against crown height. Three different crown developmental stages (CDS)

are identified from the slope of the curve. (b) Teeth of E. hemionus that differ on degree of wear and root
development showing the correspondences of EER (black dashed lines) that enabled growth reconstruction
(Stage I=IPS83155; Stage I1 =1PS92347; Stage III =1PS92339). Em = emergence; Er = eruption; Cd = crown
divergence. Colour legend is shown at the bottom of the figure.
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Figure 6. Enamel extension rate of Pleistocene Equus specimens compared with the mean enamel extension
rate of the three crown developmental stages established for extant species (grey boxplots).

1PS83153 | NE Unworn 0—6mo. Hagenbeck Zoo | ZIHU

1PS83151 | E Unworn 6— 12 mo. Hagenbeck Zoo | ZIHU
E. hemionus 1PS83155 | E Slight 1-2y. Hagenbeck Zoo | ZIHU

1PS92347 | E Moderate 7y. Hagenbeck Zoo | ZIHU

1PS92339 | E Advanced 13y. Hagenbeck Zoo | ZIHU

1PS92345 | NE Unworn 0—3mo. Hagenbeck Zoo | ZIHU
E. quagga 1PS92342 | E Unworn 3 —6mo. Hagenbeck Zoo | ZIHU

1PS92346 | E Moderate 5y. Hagenbeck Zoo | ZIHU

1PS84964 | NE Unworn 0—6mo. Hagenbeck Zoo | ZIHU
E. grevyi

1PS84963 | E Moderate 5y. Hagenbeck Zoo | ZIHU

1PS87509 | E Moderate Adult La Carihuela 1cp
E. ferus*

1PS87497 | E Moderate Adult La Carihuela ICp

1PS97523 | E Moderate Adult La Carihuela 1cp
E. hydruntinus*

1PS87540 | E Slight Subadult La Carihuela 1cp

Table 3. Sample studied. E: erupted; NE: no erupted; mo.: months; y: years; ZIHU: Zoological Institute of
Hamburg University (Hamburg, Germany); ICP: Catalan Institute of Paleontology (Barcelona, Spain). The star
(*) indicates fossil species.

stage of amelogenesis®, these features are known to yield accurate estimations on tooth growth rates'. Indeed,
our results on enamel extension rates (=130 pm/d or ~48 mm/y for the second CDS, Table 2) are similar to the
maturation rates reported for equids (40-60 mm/y)*°. Thus, rates of enamel extension seem to be a good proxy of
rates of enamel maturation in Equus. This finding, along with the detailed description of the growth and devel-
opment of the equid crown presented here, will help in the understanding of the isotopic microsamples extracted
from this mammalian group'>!3.

Crown height and formation time. To date, the timing and pace of crown formation in equid teeth has
been assessed by measuring crown height'>** and by identification of dental roots in radiographic images'**-34,
In agreement with previous studies*”*3, our results indicate that the external division of teeth into crown and root
does not match the histological definition of these structures (Fig. 2), as dental enamel extends over the limit of
what is usually considered the macroscopic crown of the tooth*” (Fig. 2b). As enamel is characteristic of a tooth’s
crown??, we suggest that this portion of the tooth should be considered part of the crown and not part of root; this
view is in contrast to a previous study by Kirkland et al.*2. Apart from this terminological issue, it is worth noting
that the presence of enamel beyond the crown divergence might affect results of previous studies which consid-
ered this anatomical point to be the crown’s end. Thus, reconstructions of crown growth that exclude its final
portion'>!* may underestimate total crown formation time, as this cervical enamel takes up to one or two years to
be formed in zebras and E. hemionus, respectively (Fig. 4b), due to low rates of enamel extension (Fig. 4e, Table 2).
On the other hand, the discrepancy between macro- and microanatomical tooth structure (Fig. 2) may lead to
a miscalculation of dental indexes that involve measurements of the complete crown. For instance, the hypso-
donty index usually used in palaeoecological studies*”*® requires the identification of the crown end to measure
the crown height®’. Consequently, difficulty in differentiating the exact point where enamel ends from tooth
macroanatomy*’ (Fig. 2) makes the estimation of the degree of hypsodonty in Equus a challenging issue. Thus,
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hypsodonty values previously reported for this genus®-> should be viewed with caution because the crown-root

transition might be not homologous when measuring crown height. Furthermore, the enamel identified in the
morphological roots represents up to 1-1.5 cm of tooth height (Fig. 4b). Failure to consider this area when meas-
uring crown height leads to underestimation of the hypsodonty index.

An alternative approach to estimating hypsodonty in equids can be made from enamel histology. Our results
indicate a longer period of crown formation in E. hemionus than in both African zebra species (Fig. 4b), suggest-
ing a higher hypsodonty in the former species. However, previous studies described similar hypsodonty values
for these three equids®’~*°. The increase in crown height that characterises hypsodont teeth has usually been
explained as an adaptation which extends the durability of the teeth in animals feeding on an abrasive diet>®*’.
Like all extant equids, E. hemionus, E. quagga and E. grevyi are classified as grazers®-*1%° with similar abrasive
diets®®. However, they dwell in different habitats, which also influence tooth wear®!. While the Asiatic wild ass is
endemic on the steppe and desert plains of central Asia*®*, E. quagga and E. grevyi usually occur in different types
of African grasslands®®#!. Our findings of an extended deposition of enamel in the Asiatic wild ass (Fig. 4b) is con-
gruent with previous research that correlates hypsodonty and mean annual precipitation®®!, as this species dwells
in a more arid habitat. Furthermore, hypsodonty has been explained to occur in response to an increase in lifespan
of the species®®®*-%4, A higher degree of hypsodonty in E. hemionus (Fig. 4b) is consistent with this hypothesis, as
the maximum longevity reported for this species in the wild is 29 years®, while it is 18 and 21 years for Grevy’s
zebra® and plains zebra®, respectively. Theory suggests that in a resource-limited environment with low extrinsic
mortality, natural selection favours a shift in energy allocation from reproduction to growth and maintenance®,
and that triggers extended longevity®>¢+%%, The Asiatic wild Ass inhabits a resource-poor environment (steppes
and deserts of Asia*’) and faces low rates of predation (grey wolves are its only known non-human predators”).
Thus, the increase in crown height observed in E. hemionus can alternatively be explained as an increase in dura-
bility of its teeth to extend life span. The extended deposition of enamel in the Asiatic wild Ass has been identified
after the crown divergence, at the beginning of the macroscopic root (Fig. 4b). Although, as far as we know, there
are no descriptions of equid molars which are worn below the crown bifurcation, teeth with such exceptional
degree of wear could still be functional. In very old horses, teeth are known to present minimal reserve crowns
and very elongated roots that allow stable alveolar attachment*. Thus, a hypothetical equid molar worn below
the crown divergence would be viable. This also supports the hypothesis of a prolonged enamel deposition in E.
hemionus related to the extended longevity of the species, as the presence of enamel beyond the crown bifurcation
increases the durability of the tooth in animals of advanced ontogenetic stages.

Crown developmental stages (CDS). Our results indicate that the rate of crown formation exponen-
tially decreases throughout tooth development (Figs 4a,b; 5), as already suggested by Bendrey et al.'2. The EER
decreases from values of ~350-400 pm/d at the beginning of crown development to rates of ~30 pum/d at the end
of crown formation (Fig. 4c—e, Table 2). A reduction on EER during crown development has also been observed
in other mammalian species®!%2%3!, Based on such variation of EER along the tooth’s crown, we determined
three different developmental stages of the crown (CDS) in the first lower molars of extant Equus (Fig. 4, Table 2).
During a first phase of crown formation, dental enamel grows fast and linearly (Fig. 4a,c, Table 2). The next
stages of enamel development, however, follow polynomial growth (Fig. 4b). Thus, the second CDS, which pre-
sents extension rates values of around ~130 pm/d (Fig. 4d, Table 2), corresponds to the fastest period of this
polynomial growth (Fig. 4b), while CDS III represents the slowest period (Fig. 4b) with very low rates of enamel
extension (Fig. 4e, Table 2). The limit between the different CDS seems to correlate with both structural and
ontogenetic changes in the tooth in E. hemionus (Fig. 5a). Therefore, the transition from stage I to stage II matches
the first molar’s eruption time®?, while the beginning of stage III correlates well with the macroscopic appearance
of the tooth roots in related Equus species®® (Fig. 5a). Correspondence between the beginning of CDS III and the
divergence of the crown has also been detected in E. quagga and E. grevyi (Fig. 4b). Our results also show that the
rate of enamel extension is very conservative within the genus Equus and, as previously mentioned, characteristic
for each CDS (Figs 4c—e; 6). This result is especially relevant for palacodemographic studies, as EER estimations
of a fragmentary fossil/archaeological equid tooth allow researchers to assigned it to a CDS and, hence, to an age
category. Studies aimed to infer the life history strategy of extinct species, however, require combined analysis
of the macroscopic appearance of the tooth and the microscopic examination of its EER. Thus, in the case of the
estimated CDS of a fossil tooth failing to match the degree of dental wear and/or root development expected for
this stage, differences in growth and, thus, in life history might be deduced for the species.

Estimation of wearrates. Superimposition of teeth of E. hemionus based on similarities of EER (Fig. 5) also
yield data on wear rates in Equus. A wear rate of around 13 mm/y has been estimated for the first six years of life,
avalue far above the 3-5 mm/y previously reported in extant**’! and in extinct equids’>. However, the latter pub-
lished wear rates agree with the estimated wear rate of 5mm/y obtained for the next six-year period. Therefore,
our results suggest that (i) first lower molars of the Asiatic wild ass wear down at an exponentially decreasing rate
and that (ii) wear rates are much higher at the beginning of the animal’s life, as already proposed by Levine®. This
is explained by the eruption sequence of the species. As the first molar is the first permanent tooth to erupt, and
complete permanent dentition is not visible until almost the fifth year of life®, it seems reasonable that higher
wear rates in the first molar would be found at early ontogenetic stages. Due to these greater wear rates, the crown
formed during the first year of life is almost worn down in a seven-year-old tooth (Fig. 5b). This observation is of
special interest for the correct interpretation of isotopic values obtained from enamel microsampling in equids.

Daily Secretion Rate (DSR). The DSR of enamel in equids has recently been a matter of discussion?*!.
The results obtained here suggest that extant equid species secrete enamel at a mean rate of ~17-18 um/d (Fig. 3,
Table 2). These values agree well with rates of enamel apposition reported for other hypsodont mammals®®2725,
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but they differ from previously published estimates of only 5 um/d for the domestic horse*. Kierdorf et al.*"!
considered that these lower values of enamel apposition rates reported in horses might be due to a misidentifi-
cation of sub-daily incremental marks as daily marks. The daily periodicity of laminations is well-established
in several mammalian taxa using experimental labelling?>?%3!, but this type of study has never been conducted
in equids. Therefore, we compared the estimated age of the youngest individuals with the time of formation of
their first molar crown (Table 1), in order to validate and corroborate the periodicity of these features in Equus.
As the formation of the first permanent molar in equids starts around the time of birth!>**, the CFT of the
still-developing, unworn tooth must be equivalent to the previously calculated age of the individual. Our results
show that both methodologies provide similar times for crown formation (Table 1). These results confirm the
hypothesis of Kierdorf et al.?>*! that previous studies misidentified incremental lines in equid enamel*.

First insights into enamel histology of fossil equids. Finally, the enamel microstructure of the Late
Pleistocene species, E. ferus and E. hydruntinus, was analysed in a first attempt to infer their pattern of molar
growth. Both fossil equids present similar values for enamel secretion and extension rate but differ in the peri-
odicity of Retzius lines, namely the repeat interval (RI) (Table 2). As is shown in Table 2, Rl in E. hydruntinus
comprises 4-6 days, while RI in E. ferus consists of 5-7 days. In agreement with previous research on primates
and proboscideans”, these results suggest that equid repeat interval is related to body mass, as E. hydruntinus pre-
sents the lowest body mass as well as the lowest RI within the equid species investigated. The EER of all fossil teeth
studied was as expected due to their macroscopic appearance (degree of wear and root development) (Fig. 6),
which suggests that the time of crown formation and eruption in both extinct species was similar to that reported
for extant equids. When comparing extant and extinct Equus, our results show that the daily secretion rate of
enamel in E. hydruntinus significantly differs from that of E. quagga and E. hemionus (Fig. 3, Table 2). According
to Dirks et al.!%, “the daily secretion rate of enamel is likely to be dependent on a complex interaction of tooth size,
morphology and life history”. A full assessment of the factors responsible for the higher rates of enamel apposition
detected in E. hydruntinus requires a more detailed analysis involving a larger sample size, beyond the scope of
the present study. However, some hypotheses can be drawn from our results. On the one hand, our findings do
not match expected DSR values for this species based on body size (life history factor) or hypsodonty (tooth size
factor). As E. hydruntinus is the smallest and less hypsodont equid analysed here (Table 2), an enamel secretion
rate comparable to that of E. quagga would be expected. The unexpected elevation in daily secretion rates in this
extinct equid species might be related to tooth morphology. Although genetically related to the extant Asiatic wild
ass, E. hydruntinus is a singular extinct species that shares morphological features with extant asses, zebras and the
Pliocene equid, E. stenonis’*7¢. Specifically, the lower molar enamel of E. hydruntinus presents a primitive pattern
that appears to be similar to that of E. stenonis’>. Future histological studies of the enamel in this early Pliocene
species might shed light on the factors that lead to the daily secretion rates found in E. hydruntinus.

In conclusion, our histological analysis of enamel in the first lower molars of several extant and extinct Equus
species allowed the estimation of dental growth parameters and the reconstruction of the enamel growth pattern
in the clade. Our results provide further evidence of the already known discrepancy between dental macro- and
microanatomy that might hamper growth inferences using external measurements of the crown. This finding calls
for a revision of commonly used palaeontological and palaeoecological indexes, requiring a correct identification
of the crown-root transition, such as the hypsodonty index. We identified three crown developmental stages
(CDS) based on different growth patterns during the formation of the first molar. The beginning of each CDS is
related to ontogenetic and morphological changes of the tooth. EER is very conservative within the genus and
characteristic for each of the three CDS, thus showing a high potential for use in palaecodemographic and/or life
history studies. We estimated a daily secretion rate for enamel of ~17-18 pm/d in the three extant Equus species,
suggesting that previously reported values of DSR in E. caballus are erroneous. Superimposition of different-aged
teeth of E. hemionus reveals a high wear rate during the first six years of the animal’s life. This information should
be considered in isotopic studies of tooth enamel to correctly interpret isotopic microsamples. Our results show
that there are no differences in extension rate or daily secretion rate in the enamel of E. hemionus, E. quagga and
E. grevyi. However, the Asiatic wild ass shows a longer period of crown formation in comparison with plains zebra
and Grevy’s zebra, which indicates a higher hypsodonty in the ass. Such increase in tooth height is likely to be an
adaptation of the Asiatic wild ass to counterbalance tooth wear resulting from both the more arid habitat and the
extended longevity of the species. Finally, enamel histology of the Pleistocene species (E. ferus and E. hydrunti-
nus) reveals that the smallest fossil species secreted enamel at higher rates than extant equids of the same size, E.
quagga for example. We suggest that this might be related to the tooth morphology of E. hydruntinus rather than
its tooth size or life history. Further studies with a larger sample size and related taxa are needed to corroborate
these results.

Methods

Material. In the present study, we analysed 14 first lower molars from three extant and two Pleistocene species
of Equus (Table 3). A total of 10 teeth representing different eruption stages and degrees of wear were studied in
specimens from three extant species (E. hemionus, E. grevyi and E. quagga) from the Hagenbeck Zoo (Hamburg,
Germany). Each extant specimen was aged by the eruption and wear patterns described for the different Equus
species®*>7778 In view of this methodology becoming less reliable when all permanent teeth are erupted, the age
of adult individuals was confirmed by counting annual growth marks present in the cementum of the first lower
incisors®*2. In addition to the extant samples, four teeth of the Pleistocene species, E. ferus and E. hydruntinus,
were examined. Each fossil tooth was assigned to an age category (sub-adult or adult) based on the degree of
wear and root development®. The fossil material came from La Carihuela, a Late Pleistocene cave located in
Pifiar (Granada, Spain) and dated between 82,500 and 11,200 years BP7°-8!. Fossil samples were housed at the
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Catalan Institute of Palaeontology (Barcelona, Spain), while extant specimens belonged to the collections of the
Zoological Institute of Hamburg University (Hamburg, Germany).

Preparation of histological thin-sections. Histological sections of teeth were prepared in our laboratory
following standard procedures®. In the case of extant species, teeth were firstly extracted from the mandible and
dehydrated using different concentrations of alcohol for a total period of 72 hours (70, 96 and 100%; 24 h in each).
With both extant and fossil samples, each tooth was then embedded in epoxy resin (Araldite 2020) and longitudi-
nally sectioned at the level of the protoconid in the bucco-lingual plane using a low-speed diamond saw (IsoMet,
Buehler). The cut surface was later polished using a Metaserv®250 (Buehler) and fixed to a frosted glass with
ultraviolet-curing adhesive (Loctite 358). Each sample was then cut and ground with a diamond saw (PetroThin,
Buehler) up to a thickness of 150 pm and polished again to obtain a final thickness of approximately 120 pm.
Finally, the thin sections obtained were dehydrated again in increasing concentrations of alcohol, immersed in
a histological clearing agent (Histo-Clear IT) and mounted using DPX medium (Scharlau) to improve visualis-
ation of the dental microscopic features. Due to the high height of equids’ crowns, most of the samples had to be
mounted on two separate slides!’. The identification of incremental markings enabled confirmation of both slides
being cut from the same plane (Fig. 1a).

Analysis of thin histological sections. Thin sections were examined using a polarised light microscope
(Zeiss Scope.Al microscope) and images were captured with a digital camera mounted on the microscope
(AxioCam ICc5). Enamel tissue was examined in detail and different types of incremental markings were iden-
tified. Counts and measures of daily periodic laminations (Fig. 1¢) along the buccal cusp were performed using
Image] software, allowing estimates of several histological parameters that reflect the growth rate of the enamel.
Firstly, the daily secretion rate (DSR) was calculated in different areas of the crown by measuring the distance
between adjacent daily lines following the course of enamel prisms® (Fig. 1¢). Secondly, the repeat interval (RI),
representing the periodicity of long-period lines, was quantified by counting the number of laminations between
Retzius lines' (Fig. 1d). In those areas where laminations were not well-preserved, this parameter was estimated
by dividing the distance between consecutive Retzius lines by the DSR'. Thirdly, the course of incremental marks
was used to reconstruct the crown formation time (CFT) of each tooth, following the method of Jordana &
Kohler®. As indicated in Fig. 1b, the path of the incremental lines was traced from the enamel-dentine junction
(EDJ) to the enamel surface. The distance between these lines was then measured following the course of the
enamel prism; this value was divided by the DSR to determine the time required to form a specific portion of
ED]J. The sum of all times along the EDJ results in the CFT. In unworn teeth of extant species, in which the crown
development has not been completed, the CFT was compared with the estimated age of each specimen®"** to
validate and calibrate the daily periodicity of laminations in Equus. Fourthly, the enamel extension rate (EER)
was calculated as the quotient between a determinate length of the EDJ and the number of days that it takes to be
formed, as this parameter represents the growth of teeth along the EDJ'. The angle between the enamel formation
front (EEF) and the EDJ was also quantified (Fig. le) because it is directly related to the EER*>2L.

Statistics. Statistical analyses were carried out with Java Gui for R© version 1.7-16%2 Kruskal-Wallis and
Mann-Whitney U tests were performed to analyse differences between groups. A value of p < 0.05 was considered
to be statistically significant after applying the Bonferroni correction.

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).

References
1. Smith, T. M. Incremental dental development: Methods and applications in hominoid evolutionary studies. J. Hum. Evol. 54,
205-224 (2008).
2. Dean, M. C. Tooth microstructure tracks the pace of human life-history evolution. Proc. R. Soc. B Biol. Sci. 273, 2799-2808 (2006).
3. Jordana, X., Marin-Moratalla, N., Moncunill-Solé, B. & Kohler, M. Ecological and life-history correlates of enamel growth in
ruminants (Artiodactyla). Biol. J. Linn. Soc. 112, 657-667 (2014).
4. Smith, B. H. Dental development and the evolution of life history in Hominidae. Am. J. Phys. Anthropol. 86, 157-174 (1991).
5. Smith, B. H. In Development, Function and Evolution of teeth (eds. Teaford, M. E, Smith, M. M. & Ferguson, M.) 212-227
(Cambridge University Press, 2000).
6. Smith, B. H. Dental development as a measure of life history in primates. Evolution. 43, 683-688 (1989).
7. Dirks, W. & Bowman, J. E. Life history theory and dental development in four species of catarrhine primates. J. Hum. Evol. 53,
309-320 (2007).
8. Jordana, X. & Kohler, M. Enamel microstructure in the fossil bovid Myotragus balearicus (Majorca, Spain): Implications for life-
history evolution of dwarf mammals in insular ecosystems. Palaeogeogr. Palaeoclimatol. Palaeoecol. 300, 59-66 (2011).
9. Dirks, W,, Anemone, R. L., Holroyd, P. A,, Reid, D. J. & Walton, P. In Comparative Dental Morphology (eds. Koppe, T., Meyer, G. &
Alt, K. W) 13, 3-8 (Karger, 2009).
10. Dirks, W., Bromage, T. G. & Agenbroad, L. D. The duration and rate of molar plate formation in Palaeoloxodon cypriotes and
Mammuthus columbi from dental histology. Quat. Int. 255, 79-85 (2012).
11. Macho, G. A. & Williamson, D. K. The effects of ecology on life history strategies and metabolic disturbances during development:
an example from the African bovids. Biol. J. Linn. Soc. 75, 271-279 (2002).
12. Bendrey, R., Vella, D., Zazzo, A., Balasse, M. & Lepetz, S. Exponentially decreasing tooth growth rate in horse teeth: Implications for
isotopic analyses. Archaeometry 57, 1104-1124 (2015).
13. Hoppe, K. A,, Stover, S. M., Pascoe, J. R. & Amundson, R. Tooth enamel biomineralization in extant horses: Implications for isotopic
microsampling. Palaeogeogr. Palaeoclimatol. Palaeoecol. 206, 355-365 (2004).
14. Bryant, J. D., Froelich, P. N., Showers, W. ]. & Genna, B. J. Biologic and climatic signals in the oxygen isotopic composition of
Eocene-Oligocene equid enamel phosphate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 126, 75-89 (1996).
15. Bryant, J. D., Froelich, P. N., Showers, W. J. & Genna, B. J. A tale of two quarries: Biologic and taphonomic signatures in the oxygen
isotope composition of tooth enamel phosphate from modern and Miocene equids. Palaios 11, 397-408 (1996).

SCIENTIFICREPORTS |7: 15965 | DOI:10.1038/s41598-017-16227-2 10



www.nature.com/scientificreports/

16.
17.
18.
19.
20.
21.
. Hillson, S. Teeth. (Cambridge University Press, 2005).
2
25.

26.

27.
28.
29.

30.
31.

32.
33.

34,

40.
41.

42.
43.

44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

62.

D’Ambrosia, A. R, Clyde, W. C., Fricke, H. C. & Chew, A. E. Stable isotope patterns found in early Eocene equid tooth rows of North
America: Implications for reproductive behavior and paleoclimate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 414, 310-319 (2014).
Wang, Y., Cerling, T. E. & MacFadden, B. J. Fossil horses and carbon isotopes: new evidence for Cenozoic dietary, habitat, and
ecosystem changes in North America. Palaeogeogr. Palaeoclimatol. Palaeoecol. 107, 269-279 (1994).

MacFadden, B. J. Cenozoic Mammalian Hervibores from the Americas: Reconstructing Ancient Diets and Terrestrial Communities.
Annu. Rev. Ecol. Syst. 31, 33-59 (2000).

Metcalfe, J. Z. & Longstaffe, F. ]. Mammoth tooth enamel growth rates inferred from stable isotope analysis and histology. Quat. Res.
77, 424-432 (2012).

Smith, T. M. & Tafforeau, P. New visions of dental tissue research: Tooth development, chemistry, and structure. Evol. Anthropol. 17,
213-226 (2008).

Boyde, A. The structure and development of mammalian enamel. (1964).

Smith, T. M. Experimental determination of the periodicity of incremental features in enamel. J. Anat. 208, 99-113 (2006).
Fitzgerald, C. M. & Rose, J. C. In Biological Anthropology of the Human Skeleton (eds. Katzenberg, M. A. & Saunders, S. R.)
237-263 (John Wiley & Sons, Inc, 2008).

Bromage, T. G. Enamel incremental periodicity in the pig-tailed macaque: A polychrome fluorescent labeling study of dental hard
tissues. Am. J. Phys. Anthropol. 86, 205-214 (1991).

Tafforeau, P, Bentaleb, I, Jaeger, J.-J. & Martin, C. Nature of laminations and mineralization in rhinoceros enamel using histology
and X-ray synchrotron microtomography: Potential implications for palaecoenvironmental isotopic studies. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 246, 206-227 (2007).

linuma, Y. M. et al. Dental incremental lines in sika deer (Cervus nippon); polarized light and fluorescence microscopy of ground
sections. J. Vet. Med. Sci. 66, 665-669 (2004).

Kierdorf, H., Kierdorf, U., Frolich, K. & Witzel, C. Lines of Evidence-Incremental Markings in Molar Enamel of Soay Sheep as
Revealed by a Fluorochrome Labeling and Backscattered Electron Imaging Study. PLoS One 8, €74597 (2013).

Mao, E-Y.,, Wang, Y.-Q., Meng, ]. & Jin, X. Tooth crown formation time in three Asian coryphodontids, and its implications for
identifying living analogues. Vertebr. Palasiat. 52, 153-170 (2014).

MacFadden, B. J. Fossil Horses - Evidence for Evolution. Science. 307, 1728-1730 (2005).

Kierdorf, H., Breuer, E, Richards, A. & Kierdorf, U. Characterization of enamel incremental markings and crown growth parameters
in minipig molars. Anat. Rec. 297, 1935-1949 (2014).

Kirkland, K. D., Baker, G. J., Marretta, S. M., Eurell, J. A. C. & Losonsky, J. M. Effects of aging on the endodontic system, reserve
crown, and roots of equine mandibular cheek teeth. Am. J. Vet. Res. 57, 31-38 (1996).

Soana, S., Gnudi, G. & Bertoni, G. The Teeth of the Horse: Evolution and Anatomo-Morphological and Radiographic Study of Their
Development in the Foetus. Anat. Histol. Embryol. 28, 273-280 (1999).

Dixon, P. M. & Copeland, A. N. The radiological appearance of mandibular cheek teeth in ponies of different ages. Equine Vet. Educ.
5,317-323 (1993).

. Levine, M. A. In Ageing and Sexing Animal Bones from Archaeological Sites (eds. Wilson, B., Grigson, C. & Payne, S.) 109, 223-250

(B.AR., 1982).

. Orlando, L. Equids. Curr. Biol. R973-R978 (2015).

. IUCN. The IUCN Red List of Threatened Species. Version2016-3. www.iucnredlist.org (2016).

. Nowak, R. M. Walker’s Mammals of the World. (The Johns Hopkins University Press, 1999).

. King, S. R. B. & Moehlman, P. D. Equus quagga. IUCN Red List Threat. Species, e. T41013A45172424; 10.2305/ITUCN.UK.2016-2.

RLTS.T41013A45172424.en (2016).

Kaczensky, P., Lkhagvasuren, B., Pereladova, O., Hemami, M. & Bouskila, A. Equus hemionus. IUCN Red List Threat. Species,
e.T7951A45;10.2305/TUCN.UK.2015-4.RLTS.T7951A45171204.en (2015).

Rubenstein, D., Low Mackey, B., Davidson, Z. D., Kebede, FE. & King, S. R. B. Equus grevyi. IUCN Red List Threat. Species,
€. T7950A89624491; 10.2305/IUCN.UK.2016-3.RLTS.T7950A89624491.en (2016).

Ernest, S. K. M. Life history characteristics of placental nonvolant mammals. Ecology 84, 3402 (2003).

Palombo, M. R. Deconstructing mammal dispersals and faunal dynamics in SW Europe during the Quaternary. Quat. Sci. Rev. 96,
50-71 (2014).

Calder, W. A. I11. Size, Function and Life History. (Dover Publications, 1984).

Peters, R. H. The ecological implications of body size. (Cambridge University Press, 1983).

Damuth, J. & MacFadden, B. ]. Body Size in Mammalian Paleobiology: Estimations and Biological Implications. (Cambridge
University Press, 1990).

Stromberg, C. A. E. Evolution of hypsodonty in equids: testing a hypothesis of adaptation. Paleobiology 32, 236-258 (2006).

Sisson, S. The anatomy of domestic animals. (W. B. Saunders company, 1914).

Dixon, P. M. & du Toit, N. In Equine Dentistry (eds. Easley, J., Dixon, P. M. & Schumacher, J.) 51-76 (Elsevier Ltd, 2011).

Hogg, R. T. & Walker, R. S. Life-history correlates of enamel microstructure in Cebidae (Platyrrhini, Primates). Anat. Rec. 294,
2193-2206 (2011).

Smuts, G. L. Age determination in Burchell’s zebra (Equus burchelli antiquorum) from the Kruger National Park. J. South. african
Wildl. Manag. Assoc. 4, 103-105 (1974).

Lkhagvasuren, D. et al. Age determination of the Mongolian wild ass (Equus hemionus Pallas, 1775) by the dentition patterns and
annual lines in the tooth cementum. J. Species Res. 2, 85-90 (2013).

Kierdorf, H., Witzel, C., Upex, B., Dobney, K. & Kierdorf, U. Enamel hypoplasia in molars of sheep and goats, and its relationship to
the pattern of tooth crown growth. J. Anat. 220, 484-495 (2012).

Trayler, R. B. & Kohn, M. J. Tooth enamel maturation reequilibrates oxygen isotope compositions and supports simple sampling
methods. Geochim. Cosmochim. Acta 198, 32-47 (2017).

Kohn, M. J. Comment: Tooth enamel mineralization in ungulates: Implications for recovering a primary isotopic time-series, by B.
H. Passey and T. E. Cerling (2002). Geochim. Cosmochim. Acta 68, 403-405 (2004).

Damuth, J. & Janis, C. M. On the relationship between hypsodonty and feeding ecology in ungulate mammals, and its utility in
palaeoecology. Biol. Rev. 86, 733-758 (2011).

Janis, C. M. In Teeth revisited: Proceedings of the 7th International Symposium on Dental Morphology, 20-24 May, 1986 (eds. Russell,
D. E., Santoro, J. P. & Sigogneau-Russel, D.) 367-387 (Muséum National D’Histoire Naturelle, 1988).

Cantalapiedra, J. L., Prado, J. L., Hernandez Ferndndez, M. & Alberdi, M. T. Decoupled ecomorphological evolution and
diversification in Neogene-Quaternary horses. Science. 355, 627-630 (2017).

Mendoza, M. & Palmgvist, P. Hypsodonty in ungulates: An adaptation for grass consumption or for foraging in open habitat? J. Zool.
274, 134-142 (2008).

Schulz, E. & Kaiser, T. M. Historical distribution, habitat requirements and feeding ecology of the genus Equus (Perissodactyla).
Mamm. Rev. 43,111-123 (2013).

Kaiser, T. M. et al. Hypsodonty and tooth facet development in relation to diet and habitat in herbivorous ungulates: implications for
understanding tooth wear. Mamm. Rev. 43, 34-46 (2013).

Kohler, M. In Islands and Evolution (eds. Pérez-Mellado, V. & Ramon, C.) 19, 261-280 (Institut Menorqui d’Estudis. Recerca, 2010).

SCIENTIFICREPORTS |7: 15965 | DOI:10.1038/s41598-017-16227-2 11



www.nature.com/scientificreports/

63. Ozaki, M. et al. The relationship between food habits, molar wear and life expectancy in wild sika deer populations. J. Zool. 280,
202-212 (2010).

64. Jordana, X. & Marin-Moratalla, N. de Miguel, D., Kaiser, T. M. & Kohler, M. Evidence of correlated evolution of hypsodonty and
exceptional longevity in endemic insular mammals. Proc. R. Soc. B Biol. Sci. 279, 3339-3346 (2012).

65. Lkhagvasuren, D. Some Population Characteristics of the Asiatic Wild Ass (Equus hemionus Pallas, 1775) in Mongolia. (2015).

66. Churcher, C. Equus grevyi. Mamm. Species 453, 1-9 (1993).

67. Stearns, S. C. The evolution of life histories. (Oxford University Press, 1992).

68. Kohler, M. & Moya-Sola, S. Physiological and life history strategies of a fossil large mammal in a resource-limited environment. Proc.
Natl. Acad. Sci. USA 106, 20354-20358 (2009).

69. Kohler, M. The evolution of life history traits associated to dwarfing in insular large mammals: a paleontological approach. J. Vertebr.
Paleontol. 29, Suppl. 128A (2009).

70. Feh, C., Munkhtuya, B., Enkhbold, S. & Sukhbaatar, T. Ecology and social structure of the Gobi khulan Equus hemionus subsp. in the
Gobi B National Park, Mongolia. Biol. Conserv. 101, 51-61 (2001).

71. Spinage, C. A. Age estimation of zebra. Afr. J. Ecol. 10,273-277 (1972).

72. Hulbert, R. C. ]. Population Dynamics of the Three-Toed Horse Neohipparion from the Late Miocene of Florida. Paleobiology 8,
159-167 (1982).

73. Bromage, T. G. et al. Lamellar bone is an incremental tissue reconciling enamel rhythms, body size, and organismal life history.
Calcif. Tissue Int. 84, 388-404 (2009).

74. Orlando, L. et al. Geographic distribution of an extinct equid (Equus hydruntinus: Mammalia, Equidae) revealed by morphological
and genetical analyses of fossils. Mol. Ecol. 15, 2083-2093 (2006).

75. Burke, A., Eisenmann, V. & Ambler, G. K. The systematic position of Equus hydruntinus, an extinct species of Pleistocene equid.
Quat. Res. 59, 459-469 (2003).

76. Geigl, E. M. & Grange, T. Eurasian wild asses in time and space: Morphological versus genetic diversity. Ann. Anat. 194, 88-102
(2012).

77. Silver, I. A. In Science in Archaeology: a comprehensive survey of progress and research (eds. Brothwell, D. & Higgs, E.) 250-268
(Basic Books, 1963).

78. Penzhorn, B. L. Age determination in cape mountain zebras Equus zebra zebra in the Mountain Zebra National Park. Koedoe 25,
89-102 (1982).

79. Fernandez, S. et al. The Holocene and Upper Pleistocene pollen sequence of Carihuela Cave, southern Spain. Geobios 40, 75-90
(2007).

80. Samper Carro, S. C. In Cidaris, nimero 30, VIII Encuentro de Jévenes Investigadores en Paleontologia (eds. Moreno-Azanza, M. et al.)
283-291 (2010).

81. Carridn, J. S. Late quaternary pollen sequence from Carihuela Cave, southern Spain. Rev. Palaeobot. Palynol. 71, 37-77 (1992).

82. Fellows, I. Deducer: A Data Analysis GUI for R. J. Stat. Softw. 49, 1-15 (2012).

Acknowledgements

We thank T. Kaiser for permission to cut the teeth of the extant species. We are grateful to J. Madurell-
Malapeira for his help in identifying the fossil species from La Carihuela. G. Prats-Mufioz and M. Fernédndez
are acknowledged for the preparation of histological slices. We would also like to thank Jin Meng as editor of
Scientific Reports, Tim Bromage and one anonymous reviewer for their valuable comments and suggestions. This
work is supported by the Spanish Ministry of Economy and Competitiveness (CGL-2015-63777, PI: MK) and the
Government of Catalonia (2014-SGR-1207, PI: MK; CERCA Programme, MK). C. Nacarino-Meneses holds a FPI
grant from the Spanish Ministry of Economy and Competitiveness (BES-2013-066335) and G. Orlandi-Oliveras
is supported by a FI-DGR 2016 grant from the Government of Catalonia AGAUR (2016FI_B00202).

Author Contributions
C.N.-M,, X.J. and M.K. conceived and designed the experiments. C.N.-M. wrote the paper and prepared figures
and tables. All authors analysed the data and reviewed drafts of the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16227-2.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 15965 | DOI:10.1038/s41598-017-16227-2 12


http://dx.doi.org/10.1038/s41598-017-16227-2
http://creativecommons.org/licenses/by/4.0/

	Reconstructing molar growth from enamel histology in extant and extinct Equus

	Results

	Dental histology of extant Equus. 
	Dental histology of fossil Equus. 

	Discussion

	Crown height and formation time. 
	Crown developmental stages (CDS). 
	Estimation of wear rates. 
	Daily Secretion Rate (DSR). 
	First insights into enamel histology of fossil equids. 

	Methods

	Material. 
	Preparation of histological thin-sections. 
	Analysis of thin histological sections. 
	Statistics. 
	Data availability. 

	Acknowledgements

	Figure 1 Dental histology of Equus and methodologies used to analyse the pattern of enamel growth.
	Figure 2 Macroscopic (a) versus histological (b) distinction of tooth crown and root.
	Figure 3 Boxplot of the daily secretion rate (DSR) of the enamel in the extant and extinct species of Equus analysed.
	Figure 4 Crown formation time (CFT) related to crown height (a,b) and enamel extension rates (EER) (c,d,e) in the extant Equus species studied.
	Figure 5 Reconstruction of growth of the first molar crown in Equus hemionus based on similarities in EER.
	Figure 6 Enamel extension rate of Pleistocene Equus specimens compared with the mean enamel extension rate of the three crown developmental stages established for extant species (grey boxplots).
	Table 1 Age and crown formation time (CFT) estimates in unworn teeth of extant species.
	Table 2 Body mass, hypsodonty index and values of the different enamel growth parameters inferred in extant and extinct equids.
	Table 3 Sample studied.




