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Abstract

Domestication and island evolution can lead to changes of life history along the slow-fast gradient. Shifts of life history patterns,
in turn, are potentially related to alterations of patterns and timing of tooth eruption. Schultz’s rule predicts an earlier eruption of
molars relative to premolars as fecundity increases during the domestication process. On the other hand, evolution on a predator-
free, resource limited island might lead to a generally slow life history and delayed tooth eruption, as in the Plio-Pleistocene
Balearic caprine Myotragus. In this study, we investigate tooth eruption and its relation to life history in a unique sheep population
that is an example of both domestication and island evolution: the ancient and feral Soay sheep (Ovis aries) of the St. Kilda
archipelago, Scotland. Tooth eruption timing and sequence is investigated in a comparative framework featuring new data on
other domestic sheep (O. aries), including European mouflon (O. a. musimon), as well as wild sheep (O. vignei, O. cycloceros,
O. arkal, O. orientalis, O. ammon). These data indicate that the order of eruption is similar in wild and domestic sheep, despite the
fundamental life history changes that came about with domestication. However, in contrast to other domestic sheep breeds, Soay
sheep erupt their teeth at an absolute older age and also tend to grow more slowly, which resembles the evolutionary trend in
island-adapted Myotragus. Despite these similarities, Soay sheep do not share the slow life history pattern inferred for Myotragus,
highlighting the distinctive nature of tooth eruption in Soay sheep.
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Introduction

Populations evolving on islands experience special environ-
mental conditions and selection pressures not usually present
on the mainland. These include a founder effect, a lack of
predator pressure, low interspecific competition, and high in-
traspecific competition (see e.g., Sondaar 1977 and van der
Geer et al. 2010 for detailed reviews). Domestication, a selec-
tion process for adaptation to human ecological niches (e.g.,
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Larson et al. 2014), resembles selection pressures on islands
(Sanchez-Villagra et al. 2016). Some of the phenotypic alter-
ations that result from such selection pressures are similar in
island and domestic mammals, e.g., increased size variation
and shortening of limbs (Sanchez-Villagra et al. 2016). Other
phenotypic results from island vs. domestication selection are
different. For example, life history accelerates as a result of
domestication (Tchernov and Horwitz 1991), whereas this
does not consistently occur among island mammals. There
are two major contrasting models of life history evolution on
islands (Reznick et al. 2002; Kohler and Moya-Sola 2009).
First, resources on islands can be limited, potentially leading
to adaptations towards energy saving and thus reduced rates of
growth and ‘slow’ life history (e.g., Palkovacs 2003). In other
cases, the absence of predators and competitors from an island
may lead to selection for faster growth and life history, e.g.,
carlier sexual maturity (e.g., Raia et al. 2003).

Changes of life history and variables such as body and
brain size have been found to correlate with changes in the
pattern and the timing of tooth eruption in some mammals
(Smith 2000; Godfrey et al. 2001). There is evidence in some
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mammals for a phenomenon termed ‘Schultz’s rule’, which
describes the trend of an increasing number of replacement
teeth (incisors, canines, premolars) erupting simultaneously
with or before the molars when development and life history
are ‘slow’, i.e., slow growth, late sexual maturity, long gesta-
tion, and extended longevity (Schultz 1956, 1960; Smith
2000). In other words, slow-growing species have a prolonged
juvenile phase, and to prevent the deciduous teeth from wear-
ing out before the permanent teeth become functional in a jaw
that is not yet large enough to contain all molars, the replace-
ment teeth erupt relatively early (see also Godftrey et al. 2005).
Alternatively (or additionally), a prolonged lifespan makes
necessary the relatively later eruption of molars to keep the
dentition functional during an extended lifespan (see also
Janis and Fortelius 1988). Evidence for Schultz’s rule has
been found in primates and “‘ungulates’ (Smith 2000) and plat-
yrrhine primates (Henderson 2007), whereas evidence is am-
biguous for many artiodactyls (Monson and Hlusko 2016;
Veitschegger and Sanchez-Villagra 2016), some primates
(Godfrey et al. 2005; Schwartz et al. 2005; Guthrie and
Frost 2011; Jogahara and Natori 2012), and hyraxes (Asher
etal. 2017). Concerning the absolute timing of tooth eruption,
various hypotheses suggest relations to body size, brain size,
period of learning, resource availability, and diet and its pro-
tein content (for an extensive review see Godfrey et al. 2001).
Specifically, it has been suggested that in an environment
where the risk of starvation is high, slow dental growth would
be beneficial because it reduces caloric need per unit time
(Godfrey et al. 2001).

One well investigated example of island evolution is the
Balearic mouse-goat (Myotragus), a small Ovis-relative from
the Plio-Pleistocene of the Balearic Islands (Spain) (Lalueza-
Fox et al. 2005), which exhibits a set of unusual apomorphies
(e.g., Kohler and Moya-Sola 2004; van der Geer et al. 2010).
For example, Myotragus had a relatively small brain and sense
organs (Kohler and Moya-Sola 2004), had relatively short
limbs (Sondaar 1977), grew seasonally and relatively slowly
(Kohler and Moya-Sola 2009), attained dental maturity rela-
tively late (Jordana and Kohler 2011), had a relatively delayed
weaning and first reproduction (Marin-Moratalla et al. 2011),
and had an extended lifespan (Marin-Moratalla et al. 2011;
Jordana et al. 2012), all relative to (mainly extant) mainland
caprines. Therefore, the hypothetical ancestor of Myotragus
presumably had a larger brain, grew faster, matured earlier
somatically as well as sexually, and had a shorter lifespan,
thus placing Myotragus towards the slow end of the fast-
slow continuum of life history (Jordana and Kd&hler 2011).
In agreement with Schultz’s rule, M. balearicus erupts its low-
er incisor and premolar early relative to the molars compared
to continental caprines (Jordana et al. 2013). The relatively
slow growth and development of Myofragus has been
suggested to result from the relatively small island size
and limited resources which, in conjunction with the
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absence of predators, can lead to overpopulation and
subsequent starvation and population crashes (Sondaar
1977; Kohler and Moya-Sola 2004).

The Soay sheep (Ovis aries) of the St. Kilda archipelago
(beyond the Outer Hebrides, Scotland) (Boyd et al. 1964;
Jewell et al. 1974; Clutton-Brock and Pemberton 2004b) is
another example of an island caprine population, showing
some parallel characteristics compared to Myotragus
(Table 1). Soay sheep descend from a domesticated founder
population and, like the European mouflon (O. a. musimon),
probably stem from some of the first domesticated sheep in
Europe (likely exceeding 4000 years in age), although there
has probably been some admixture with modern breeds about
150 years ago (Boyd et al. 1964; Campbell 1974; Chessa et al.
2009; Feulner et al. 2013). Many aspects of the Soay sheep
phenotype are intermediate between wild sheep (e.g.,
O. orientalis) and improved domestic sheep, i.e., modern
breeds in which certain characteristics, e.g., wool quality or
high reproductive performance, have been optimized by
means of artificial selection and breeding (Boyd et al. 1964;
Clutton-Brock et al. 2004b) (Table 2). Soay sheep have prob-
ably lived on St. Kilda over the past 3000—4000 years
(Campbell 1974; Morton Boyd and Jewell 1974; Clutton-
Brock et al. 2004b; Clutton-Brock and Pemberton 2004a).
Although the people inhabiting the island are known to have
hunted the Soay sheep and harvested their wool into the
1930s, the sheep have not been managed or fed by humans
for at least 70 years and can thus be considered feral (Boyd
et al. 1964; Clutton-Brock et al. 2004b). There are no preda-
tors or competing herbivores on the islands (Campbell 1974)
and the main cause of death is starvation, probably due to a
combination of high sheep density, reduced plant growth dur-
ing winter, delayed recovery of pastures in spring, and harsh
winter weather, which in combination with a high parasitic
nematode load, can lead to population crashes in some years
(Milner and Gwynne 1974; Morton Boyd and Jewell 1974;
Gulland 1992; Coulson et al. 2001; Clutton-Brock et al.
2004a, b; Wilson et al. 2004). Although the early onset of
reproduction and great fecundity in Soay sheep (Table 2),
even at peak population densities, may thus appear as a mal-
adaptive heritage of domestication, this reproductive behavior
appears to be close to optimal for maximizing the individual
fitness (Morton Boyd and Jewell 1974; Stevenson et al. 2004).
It is therefore possible that other aspects of the biology of Soay
sheep are not just the legacy of domestication but adaptations
to an island environment, as in Myotragus.

Schultz’s rule predicts a later eruption of premolars com-
pared to molars as a result of faster life history (greater fecun-
dity) in domestic sheep compared to the wild forms (Table 2).
Schultz’s rule was originally defined as a trend towards earlier
eruption of replacement teeth compared to the molars in in-
creasingly slow maturing species to maximize the longevity of
a functional dentition throughout an extended lifespan
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Table 1 Comparison between
two island mammals, the extant
Soay sheep (Ovis aries) and the
Plio-Pleistocene Myotragus

Trait

Soay sheep (Ovis aries)

Myotragus

Persistence time on island

Island area & geographic
location (present)

Important mortality factor

Relative length of limbs
Brain size

Sexual maturity
Longevity

Dental maturity

3000-4000 years™®

6.7 km? (Hirta), St. Kilda,
Scotland

Harsh climate, parasites,
resource depletion®
Shorter?

Similar®

Similar®
Similar®®
Later®™J
Similar! / slower’

5.2 Million yearsk

3640 km? (Mallorca), 694 km?
(Menorca), Baleares, Spain

Resource depletionk

Shorter'
Smaller*
Later™
Longer™"
Later®
Slower”

Skeletal growth

Comparisons of life history variables are in relation to the respective closest relatives, i.e., other domestic sheep in
the case of Soay sheep and putative mainland relatives in the case of Myotragus. Bold font indicates similar
characteristics in Soay sheep and Myotragus. Footnotes indicate references

? Clutton-Brock and Pemberton (2004a)

® Clutton-Brock et al. (2004b)

¢ Clutton-Brock et al. (2004a)

4 Clutton-Brock et al. (1990)

¢ Groves (1989)

 Tacutu et al. (2013)

¢ Benzie and Gill (1974)

" Moran and O’Connor (1994)

! Jones (2002)

J this study

K Kohler and Moya-Sola (2004)
! Sondaar (1977)

™ Marin-Moratalla et al. (2011)
" Jordana et al. (2012)

© Jordana and Kohler (2011)

P Kohler and Moya-Sola (2009)

(Schultz 1956, 1960; Smith 2000). This trend could be re-
versed, e.g., when domestic animals attain sexual maturity
earlier than their wild counterparts, imposing considerable
energetic costs. Deciduous premolars in Ovis are relatively
large (Habermehl 1975, 1985) and it might be beneficial to
erupt the molars relatively earlier to increase the overall
chewing surface, thus maximizing mastication potential as
early in life as possible. Such variation of tooth eruption
sequences between wild and domestic mammals has so far
not been investigated. However, a similar process has been
suggested for the evolutionary pattern of tooth eruption
found in some notoungulates, in which earlier molar erup-
tion might have evolved to acquire an efficient dentition
more rapidly in a changing environment during the middle
and late Paleogene of South America (Gomes Rodrigues
et al. 2017).

We investigated tooth eruption patterns in Soay and
other domestic sheep breeds in comparison to wild spe-

cies in order to elucidate differences associated with the
domestication process and island evolution. If Schultz’s
rule results from the domestication process, we would
predict to find earlier molar eruption in relation to premo-
lars in domestic sheep compared to wild sheep. If Soay
sheep follow a similar trend as Myotragus, we would pre-
dict delayed molar eruption in Soay sheep compared to
other domestic sheep in absolute and relative terms, and
also according to Schultz’s rule. Earlier studies pointed
out that tooth eruption tends to be completed at an abso-
lute older age in Soay sheep compared to other domestic
sheep (Benzie and Gill 1974; Moran and O’Connor 1994;
Jones 2002) (Table 1). However, this trend has remained
relatively unexplored and hypotheses to explain this pe-
culiar pattern have not been put forward. Our study pro-
vides new data on tooth eruption in known age sheep of
different domestic breeds to complement and discuss the
findings in an evolutionary perspective.

@ Springer
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Table 2  Life history traits of sheep. Comparisons of life history variables between wild and domestic sheep (Dom.) and wild and Soay sheep (Soay),
respectively, are given in the bottom two rows
Groups Young per birth Gestation time ~ Sexual Longevity  Breeding
(d maturity (y)  (y)
Wild sheep
Ovis ammon® 1 -2 up to 5 in captivity® 155 — 165°, 15-5° 13° Seasonal®
150°¢
Ovis arkal 1-2% 150 — 160° 1.5° 11° Seasonal”
Ovis vignei 1—3be 150 — 160°, 1.5° 10° Seasonal®"
180¢, 150¢
Ovis cycloceros 1 —2be 150 — 160° 1.5° 10° Seasonal®
Ovis orientalis® 1-2° 150 - 210° 2-3° 18° Seasonal”
Domestic sheep
Ovis aries musimon 1-2° 150 — 210°, 1-35° 14° Seasonal / non-seasonal in captivity®"
148 — 159¢
Ovis aries, Soay sheep 1 —2" 142 — 1554 0.6« 10-16™  Seasonal®
Ovis aries, other than 1 —3°, 4 not rare® & up to 6 144 — 152° 0.6 -1" 12° Seasonal / non-seasonal®
Soay possible in some breeds™
Comparisons
Domestic vs. wild Dom. > Wild Dom. <Wild  Dom.<Wild Dom.=Wild Dom. more non-seasonal than Wild
sheep
Soay vs. other domestic Soay < Dom. Soay = Dom. Soay =Dom. Soay=Dom. Soay more seasonal than Dom.,
& wild sheep Soay = Wild Soay < Wild Soay < Wild Soay = Wild seasonality similar to Wild

Information on sexual maturity and life span are summarized for males and females. Wild sheep are ordered from top to bottom according to species

average adult shoulder height. d = days, m = months, y = years
* including Ovis ammon polii

® Castelld (2016)

¢ Asdell (1964)

4 Schaller (1977)

¢ Twins and triplets are usually born in high forage production habitats and in older ewes

T captive O. vignei in the London Zoo exhibit a seasonal breeding pattern, like in the wild, but captive O. a. musimon in the London Zoo have been

observed to breed year round, i.e., non-seasonally (Asdell 1964)

€ synonymous to Ovis gmelini gmelini according to Castello (2016)
" Clutton-Brock et al. (2004b)

! Doney et al. (1974)

J Jewell and Grubb (1974)

K Stevenson et al. (2004)

! Grubb (1974)

™ Freetly and Leymaster (2004)

" Fraser (1968)

® Rosa and Bryant (2003)

Materials and Methods
Specimens

Mandibular teeth of 156 sheep that died at different absolute
individual ages were examined for this study. Our sample
comprises three main types of sheep (Table 3): domestic, feral
domestic, and wild. Domestic sheep (O. aries) are those that
are currently used as livestock, kept and bred by humans for
wool, fur, meat, and/or milk, and are represented by Karakul
and Swiss sheep in this study. Feral domestic sheep represent
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livestock that is no longer under human control and roams and
breeds freely in the wild, and is represented by Soay sheep
(O. aries) and European mouflon (O. a. musimon) in this
study. Wild sheep are the non-domestic relatives of the do-
mestic sheep, and are represented by urial/arkar (O. vignei, O.
cycloceros, O. arkal), red sheep (O. orientalis), and argali
(O. ammon) in this study. Soay sheep were collected as part
of a long term study on St. Kilda, Scotland (Jewell et al. 1974;
Clutton-Brock and Pemberton 2004b). Two additional domes-
tic sheep breeds (O. aries) with a small number of available
specimens served as a comparison for the age at full third
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Table 3 Number of specimens

(lower jaws) examined in this Groups Species n
study (n). Species names are
according to Wilson and Reeder Feral domestic sheep
(2005) and Gentry et al. (2004) Soay sheep Ovis aries 24
European moutlon Ovis aries musimon 32
Domestic sheep
Karakul Ovis aries 33
Swiss sheep” Ovis aries 35
Wild sheep
Urial/arkar (vignei-division) Ovis arkal, Ovis cycloceros, Ovis vignei 15
Red sheep (orientalis-division) Ovis orientalis 5
Argali Ovis ammon 12

* ‘Swiss sheep” is an inclusive term that has been used in general for sheep varieties from Switzerland at the time of
sampling of the specimens towards the end of the nineteenth century. Due to the known source-localities of many
of these sheep (Cantons of Valais and Grisons, Switzerland) and the presence of horns in both sexes, these sheep
are probably related to the nowadays recognized breeds Biindner Oberlénder Schaf, Walliser Schwarznasenschaf,

and/or Walliser Landschaf

molar eruption: meat merino (n =4) and Rhon sheep (n=06).
To corroborate our age estimates (see below), we used an
additional 13 Soay sheep individuals with known birth and
death dates for which only skulls (no jaws) were available.
The selection of domestic sheep breeds in this study was based
on the availability of a sufficient number of young and known-
age specimens. Data were sampled in the following museum
collections: Museum fiir Haustierkunde ‘Julius Kiihn,’
Martin-Luther-Universitdt Halle-Wittenberg, Germany
(HTK), The Natural History Museum, London, United
Kingdom (BMNH), Naturhistorisches Museum Basel,
Switzerland (NMB), National Museum of Scotland
Zoological Collections Centre, Edinburgh, United Kingdom
(NMSZ), Naturhistorisches Museum Wien, Austria (NMW)),
Museum fiir Naturkunde Berlin, Germany (ZMB_Mam),
University Museum of Zoology Cambridge, United
Kingdom (UMZC), and Zoologische Staatssammlung
Miinchen, Germany (ZSM). All specimens are part of institu-
tional collections and no live animals were used. Some of the
wild sheep have been bred in captivity (Online Resource 2).
There is currently no consensus about the systematics of
wild sheep (Hiendleder et al. 2002) and in this work we gen-
erally follow Wilson and Reeder (2005). However, for the
wild populations we used the scientific names of the wild
species, as suggested by Gentry et al. (2004), although some
of them have previously been classified as subspecies of
O. aries (Wilson and Reeder 2005). Classification of museum
specimens was sometimes problematic due to taxonomic am-
biguity; we classified specimens according to the species af-
filiation as given on the collection label and, if applicable, the
geographic locality where the specimens have been sampled,
in combination with known distribution areas of the wild
sheep species (Harris and Reading 2008; Valdez 2008). It is
not yet clear which Eurasian wild sheep population(s) was (or

were) the ancestor of domesticated sheep but it has been found
that there were probably multiple domestication events and
that the candidate ancestors are probably different populations
of O. orientalis (see Pedrosa et al. (2005) for a review). Due to
this uncertainty we sampled all previously suggested candi-
date species (Table 3): O. vignei, O. cycloceros, O. arkal, O.
orientalis, and O. ammon.

We sampled individuals of both sexes and excluded indi-
viduals showing pathological conditions of the teeth, mandi-
ble, or rostrum affecting the teeth. Only specimens with a
complete set of cheek teeth in the lower jaw were used for
the analyses (see below). Care was taken to not consider
neutered specimens, as castration might influence the timing
of tooth eruption (Clutton-Brock et al. 1990, but see Davis
2000 and Worley et al. 2016) and skeletal growth (Popkin
et al. 2012). However, castration may not have been consis-
tently reported in collection databases and therefore cannot be
entirely excluded.

Analysis of Tooth Eruption

Tooth eruption was coded using three stages: 1, not erupted;
the tooth is not yet erupted above the alveolar level, but might
be visible in the crypt. 2, erupting; the tooth has started to
erupt and is above the alveolar level, but has not yet reached
the occlusal plane. 3, fully erupted; the tooth is fully erupted
into occlusion. The last stage was determined according to
first signs of wear and the attainment of a position of the
crown in one line with other fully erupted teeth (in the occlusal
plane). Intermediate eruption stages 1.5 and 2.5 were used in
cases of ambiguity or asymmetry between the left and the right
side of the jaws. For example, if it was difficult to determine
whether the first cusp of a tooth was already above the alve-
olar level, the tooth locus was allocated to stage 1.5; if a tooth
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has started to erupt on the left side of the jaw but not the right,
the tooth locus was also identified as 1.5; if it was impossible
to determine if a tooth has just reached the occlusal plane or if
there was still a fraction of a millimeter before full eruption,
the tooth locus was allocated to stage 2.5. Teeth of the lower
jaw are denoted in lower case and teeth of the upper jaw in
upper case; P/p is for premolars; M/m is for molars; numerals
represent the respective tooth locus. For example, p2 is the
second lower premolar and M1 is the first upper molar. The
dental formula in Ovis is 0L, 0C, 3P, 3M / 3i, 1¢, 3p, 3m, where
the premolars are usually denoted as P2/p2, P3/p3, and P4/p4.
Only cheek teeth (premolars and molars) were considered for
the analyses (see below) because incisors and canines are of-
ten lost post-mortem in sheep (Jones 2002) and therefore often
missing in museum specimens. However, beginning incisor
eruption could still be determined in Soay sheep. We further
considered only the teeth of the lower jaw for the analyses (see
below) because the skull length was often unavailable due to
broken premaxillae in many specimens.

To quantify the relative dental maturity of every specimen,
an eruption score was calculated as the sum of eruption stages
of all lower cheek teeth. For example: a specimen with pre-
molars and m3 in their crypts (stage 1), but m1 and m2 fully
erupted (stage 3) would receive a score of 10 (1, + 1,3+
loa+3m1 +3m2+ 1m3=10). A dentally mature individual
would receive a score of 18 (3 for all 6 cheek teeth). We
assumed that specimens with many erupting and fully erupted
teeth (stage 2 and 3) are older than specimens with fewer
erupting and erupted teeth (an assumption validated by our
specimens of known age). Specimens with only few erupted
teeth would have a smaller eruption score, whereas specimens
with many erupting and erupted teeth would have a larger
eruption score. Our focus on one taxon (Ovis) with a consis-
tent dental formula enabled us to avoid having to scale erup-
tion scores (e.g., observed/maximum), necessitated in other
studies that examine eruption across species with distinct den-
tal formulae (e.g., Asher and Lehmann 2008). To compare
relative dental maturity among our Ovis specimens, we took
the ratio of observed:maximum eruption score in percent (e.g.,
10:18 or 56% for the above example with fully erupted m1-2).
Non-parametric Mann-Whitney-U tests in Past version 3.17
(Hammer et al. 2001) were used to compare eruption scores in
relation to absolute age in Soay sheep vs. the other sheep
breeds (Karakul and Swiss sheep).

For the domestic sheep (O. aries: Soay sheep, Karakul, and
Swiss sheep, but not for the European mouflon, see below),
only specimens with known age at death (known date of birth
and known date of death, as documented in the collection
databases) were considered here. Specimens were ordered ac-
cording to individual absolute age, which enabled determina-
tion of the tooth eruption sequence for each group (Soay
sheep, Karakul, and Swiss sheep). For ten Soay specimens,
only the year of birth (but not day or month) was known; for
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one Soay specimen, only the month and year of birth (but not
the day) was known. However, Soay sheep in the wild have a
restricted birth season. Although birth dates may range from
25 March to 12 August, median dates of birth observed over
15 years are between 15 and 25 April (Clutton-Brock et al.
2004b). The overall median birth date is therefore 21 April,
and so this date was used for the specimens with unknown
birth days and months. The day of death was unknown for five
animals, but these still had a known month of death, and we
assumed death took place on the first day. An extended sample
of Soay sheep was used to evaluate this age estimation. For a
given eruption score, the ages of known age specimens (day
and month of birth and death known) were compared to the
ages of specimens with estimated dates (Online Resource 1).
Maxillary cheek teeth were used for this analysis due to great-
er abundance of precisely known ages among specimens that
lacked jaws. In wild sheep (O. vignei, O. cycloceros,
O. arkal, O. orientalis, O. ammon) and feral domestic
European mouflon (O. a. musimon), the absolute age at
death was not known for most specimens and the se-
quence of eruption was determined by ordering the
specimens according to the eruption score.

Mandibular length was measured as the distance between
the most posterior point of the mandibular condyle and the
most anterior point of the mandibular symphysis, measured at
the level of the alveoli of the central incisors (Asher and
Lehmann 2008). It was not possible to measure mandibular
length in all specimens and groups. For example, an adequate
number of measurements in wild sheep was only possible for
urial/arkar. To quantify ontogenetic size variation, we calcu-
lated the percent median adult mandibular length in every
specimen sufficiently complete to measure. The median adult
mandibular length is here defined as the median mandibular
length of all specimens dentally or absolutely older than, or at
a similar (dental) age as, the youngest specimen with a com-
plete set of fully erupted cheek teeth (i.e., all premolars and
molars in stage 3), with no older specimens exhibiting non-
complete eruption of cheek teecth (see also Asher and
Lehmann 2008; Asher and Olbricht 2009). In the domestic
sheep this coincides with an absolute age of about
three years and above. All data generated or analyzed during
this study are included in this published article and its supple-
mentary information file (Online Resource 2).

Results

Tooth Eruption in Wild Vs. Domestic Sheep

Although there is some variation in tooth eruption as it relates
to the absolute age among individuals, cheek teeth eruption

sequences are similar in the wild and domestic sheep (Fig. 1,
Table 4, Online Resource 2). In all examined groups, m1 is the
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first permanent cheek tooth to start erupting and it is fully
erupted before m2 starts to erupt. The m2 is fully erupted
before the premolars start erupting and before m3 starts
erupting. The eruption sequence among premolars appears
to be variable and also closely timed, so that a consistent order
among premolars cannot be determined. One reason for this
might be that in some individuals, deciduous cheek teeth con-
ceal the underlying permanent premolars in their early phases
of eruption above the alveolus. The m3 and M3 take more
time to fully erupt compared to the premolars and eruption
of m3 and M3 is still underway while all premolars are already
fully erupted and in wear. The most posterior cusp of m3
(hypoconulid) takes a particularly long time until it becomes
fully functional and in wear. Cheek teeth initiate their eruption
(transition of loci from stage 1 to 2) as follows: m1-m2-p2/p3/
p4/m3. (Hyphens denote a resolved sequence, slashes simul-
taneous eruption or ambiguity.) The sequence of complete
tooth eruption into occlusion (transition of loci from stage 2
to 3) is m1-m2-p2/p3/p4-m3. This sequence also applies to the
upper jaw, although the teeth from the upper and the lower
jaws do not erupt simultaneously (Online Resource 2). The
eruption sequences of Ovis and Myotragus mainly differ in
two ways. First, m3 in Myotragus does not start erupting until
p4 is fully erupted and in occlusion (Bover and Alcover 1999;
Jordana and Kohler 2011; Jordana et al. 2013) while in Ovis,

ES p2 p3 p4 ml1 m2 m3 n Agel(y)
Karakul (O. aries)

7.0 3 0.2-0.5 7.0
9.0 2 1-13 8.0
10.0 4 1.1-16 9.0
11.0 1 17 10.0
12.0 1 1.8 11.0
14.0 1 2.0 115
15.0 1 1.9 13.0
16.5 1 2.0 14.0
17.0 3 24-29 14.5
17.5 1 2.6 17.0
18.0 15 2.5+ 18.0

European mouflon (0. a. musimon)

ES p2 p3 p4 ml m2m3 n Agel(y)
Swiss sheep (O. aries)

Urial/arkar (O. vignei /O. cycloceros /O.arkal )

p4 and m3 begin eruption around the same time (Fig. 1).
Second, il starts to erupt before m2 in derived Myotragus
(Jordana et al. 2013) but after m2 is completely erupted in
Ovis. One of the few Soay sheep in our sample with preserved
incisors shows completely erupted m1 and m2 while the per-
manent i1 just starts erupting above the alveolar plane (Fig. 2).

Tooth Eruption in Soay Vs. Other Domestic Sheep

While the timing of cheek tooth eruption in Soay sheep lies in
the range of the other domestic breeds, Soay sheep tend to
erupt their teeth late within that range (Figs. 3 and 4,
Table 4). For example, Soay sheep exhibit an eruption score
of 10 (which indicates m1 and m2 are the only fully erupted,
permanent cheek teeth) at on average 1.86 years (n=2); the
other breeds show the same score between 1.10-1.61 years
(n=9, median = 1.48 years; Fig. 3), a difference which is sta-
tistically significant (Mann-Whitney U=0, p=0.045).
At about two years (1.82-2.05 years, an age range for
which there is data for Soay sheep, Swiss sheep, and
Karakul), Soay sheep exhibit eruption scores of 10-13
(n="7, median=11), whereas Karakul and Swiss sheep
have eruption scores of 11-16.5 (n=6, median=13.5;
Fig. 3), a difference which is statistically significant as
well (Mann-Whitney U=6.5, p=0.04). Moreover, Soay

ES p2 p3 p4 ml m2 m3 n Age(y)
Soay sheep (O. aries )

1 0.3 7.0 2 0.1-0.6

1 0.6 8.5 1 07

5 1.0-1.2 9.0 4 08-1

5 1.1-16 10.0 2 1.8-1.9

2 1.7-1.8 10.5 1 19

1 2 11.0 1 2

2 1.6-19 11.5 1 19

1 22 12.0 1 19

1 23 13.0 1 2

5 24-3 17.0 2 2.7-29

11 2.2+ 18.0 8 3.8+
Argali (0. ammon)

1 6.5 1

2 7.0 1

1 9.0 2

2 10.0 2

3 14.0 1

3 16.0 1

3 17.0 4

1

1

1

2

6.5 2 6.0
7.0 5 7.0
8.0 1 8.0
9.0 2 9.0
9.5 1 14.0
10.0 4 17.0
13.0 1 18.0
14.0 2
15.0 1 Red sheep (0. orientalis )
17.0 6 9.0
18.0 7 10.0
14.0
17.0

Fig. 1 Heat maps of tooth eruption in Ovis. Rows indicate the different
eruption scores (ES) that could be sampled in every group, along with the
respective eruption stage for every lower cheek tooth (p2 - p4, ml - p3) as
well as the number of specimens exhibiting the respective eruption score
(n) and their age in years (Age (y)), where applicable. Shading of eruption
scores is as follows: white =stage 1 (not erupted), light grey = stage 2
(part erupted), dark grey =stage 3 (fully erupted and in occlusion).

Intermediate shadings denote intermediate eruption stages, i.e., 1.5 and
2.5. All groups have the same eruption sequence (dashes and slashes
indicate sequence and ambiguity, respectively): m1-m2-p2/p3/p4/m3 for
beginning eruption and m1-m2-p2/p3/p4-m3 for complete eruption. Note
that differences in the sample size (Table 3) influences the resolution of
the sequences
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Table 4  Age (in years) at beginning and complete eruption of lower premolars (p) and molars (m1-3) in Ovis and Myotragus balearicus

Group Eruption P ml m2 m3 Reference
Soay sheep Beginning  1.86 <0.6 0.7 1.9 This study

Complete 1.99-2.68 0.6-0.7 09-1.8 UJ]29-39

L:39-5

Karakul Beginning  1.7-1.8 0.2 0.5-1.0 1.7 This study

Complete 2.0 0.5 1.1-1.3 2529
Swiss sheep Beginning  1.6-1.8 ~0.3 0.6-1.0 1.6-1.7 This study

Complete  2.2-2.3 03-0.6 1.1-1.2 2.2-3.0
Rhon Sheep Beginning 1.7 na na na This study

Complete  na na na <29
Meat merino Beginning  na na 0.7 na This study

Complete na na na <3.1
Myotragus balearicus ~ Complete  na 1 2.7 5.8 (Jordana and Kohler 2011; Marin-Moratalla et al. 2011)
Domestic Ovis aries Complete na 0.5 1.3 2.4 (Jordana and Kohler 2011)

Age information is given according to known or estimated individual ages of specimens in which the respective molars have just started to erupt
(‘beginning’: first cusps above the alveolus, stage 2) and in which the tooth is fully erupted into occlusion (‘complete’, stage 3). If such specimens were
not applicable, age ranges are given. For beginning eruption, age ranges represent the age of the oldest specimen with a not yet erupting tooth (stage 1)
and the youngest specimen with an erupting tooth (stage 2). Similarly, age ranges for complete eruption represent the age of the oldest specimen with a
not yet fully erupted tooth (stage 2) and the youngest specimen with a fully erupted tooth (stage 3). Na = not applicable. The upper jaw (UJ) and the lower
jaw (LJ) were only considered separately if the timing of eruption was markedly different

sheep tend to erupt their third molars considerably later,
i.e., between three and five years, compared to the other
domestic sheep breeds, which have a completely erupted
m3 and M3 by three years (Fig. 4a, b, Table 4).
However, Soay sheep do not quite reach the old age
of Myotragus at the eruption of these teeth, which
may exceed five years without a fully erupted m3
(Table 4, Jordana and Kohler 2011).

Size, Tooth Eruption, and Age

Lower jaws of adult Karakul and Swiss sheep are of approx-
imately similar size, while those of Soay sheep are smaller
(Fig. 5). The youngest, non-dentally mature Soay sheep to
reach the adult mandibular length range of its breed is
1.95 years old, while the youngest Karakul and the youngest

Fig. 2 First lower incisor eruption in Soay sheep. The Soay sheep
specimen NMSZ YW186 exhibits fully erupted m1 and m2 while the
permanent il (arrow) is just about to start eruption above the alveolar
plane. The prefix 'd' is used to denote deciduous teeth. This specimen
reveals an eruption pattern in Soay sheep that is typical for extant sheep
and different from derived members of the Myotragus-lineage, in which
il erupts after m1 and long before m2 (Jordana et al. 2013). Scale bar
equals 1 cm
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Swiss sheep are 1.1 and 1.3 years old, respectively (Fig. 5).
Lower jaws grow proportionally with tooth eruption progress
in all Ovis investigated here. That is, most of the tooth eruption
occurs during jaw growth and 95% of median adult jaw size is
only attained when 50 - 60% of the maximum possible
eruption score is reached (approximately corresponding
with the full eruption of m2; Fig. 6a). This relation
between tooth eruption and jaw growth is similar in
both wild and domestic sheep. Figure 6 further shows
the anteroposterior length of m3 and M3 in a Soay
sheep specimen with all permanent cheek teeth fully
erupted (NMSZ YBS511, Fig. 6b—c) and the correspond-
ing space this tooth would occupy in a younger speci-
men in which m3 and M3 have not yet started to erupt
(NMSZ AY182, Fig. 6d—e).

Discussion

In this study we examined cheek teeth eruption in wild sheep
(non-domestic, wild relatives of the domestic sheep), domestic
sheep (livestock), and feral domestic sheep (livestock that
roams and breeds freely in the wild without human control)
of different breeds (Table 3) to investigate potential changes
related to the domestication process and also to specific hab-
itats, in this case an island environment. Concerning the effect
of domestication on tooth eruption, we found no changes of
the sequence of tooth eruption between domestic and wild
sheep, no matter the species or breed (Fig. 1). Therefore, our
data are not consistent with Schultz’s rule as applied to
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Fig. 3 Eruption score in relation to absolute individual age in Ovis aries.
Different shadings of data points denote the different groups of sheep.
The eruption score in which the first, second and third molars (m1-3) and
the premolars (p) are fully erupted (stage 3) are indicated with dashed
lines. Note that Soay sheep tend to be older at a given eruption score
compared to the other breeds

eruption sequence, despite marked changes of life history in
sheep due to domestication (Table 2). Concerning potential
effects of the island environment on tooth eruption, we found
that Soay sheep from the St. Kilda archipelago tend to erupt

Fig. 4 Late check tooth eruption in Soay sheep. The upper tooth rows of
two Soay sheep specimens aged 3.84 years (a, NMSZ YB155, mirrored)
and 3.87 years (b, NMSZ YBS511, mirrored) show that the posterior cusps
of M3 are still not yet fully erupted and not in wear (arrows). Scale bar
equals 1 cm
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Fig. 5 Mandibular length in relation to absolute individual age in Ovis
aries. Different shadings of data points denote the different groups of
sheep. Mandibular length was measured as the distance between the
most posterior point of the mandibular condyle and the most anterior
point of the mandibular symphysis, measured at the level of the alveoli
of the central incisors (Asher and Lehmann 2008). Shaded boxes repre-
sent the range of jaw sizes in dentally mature specimens, i.e., jaw size
range of all specimens older than or at a similar age as the youngest
specimen with a complete set of fully erupted cheek teeth (all premolars
and molars in stage 3), with no older specimens exhibiting non-complete
eruption of cheek teeth in that breed. Note that Soay sheep tend to have a
smaller jaw at full growth, and yet attain adult size at a slightly older age
compared to the other breeds

their cheek teeth later than the other domestic sheep breeds,
especially the upper and lower third molars (Fig. 4, Table 4).
This late eruption in Soay sheep corresponds to the pattern
found in the island caprine Myofragus (Jordana and Kohler
2011) and to delayed molar eruption in slowly growing mam-
mals, according to Schultz’s rule (Smith 2000).

Tooth Eruption and Domestication

Life history traits of wild sheep, and changes resulting from
domestication, are given in Table 2. Two young per birth
(twinning) are common in at least some wild sheep species,
e.g., O. vignei, O. ammon (Valdez 1976; Schaller 1977).
Captive wild sheep (O. ammon polli) are known to have litters
ofup to five young per birth (Schaller 1977). However, at least
some breeds of domestic sheep tend to have larger litters than
wild Eurasian sheep (Table 2). Further, in domestic sheep,
twinning is frequently observed in females in their second
year of life, e.g., in Soay sheep (Clutton-Brock et al. 2004b),
or even in the first year of life in some highly prolific breeds,
e.g., Finnish landrace and Romanov (Dyrmundsson 1981). In
contrast, wild sheep (O. laristanica, O. arkal) do not usually
give birth to twins until the female is in her third year (Valdez
1976). Gestation times reported for wild and domestic sheep
have overlapping ranges, but are slightly shorter in the
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Fig. 6 Proportion of median adult mandibular length in relation to the
proportion of adult eruption score in Ovis (a). The color code indicates the
different groups of wild, domestic (Dom.), and feral domestic sheep
according to Table 3. The Y-axis shows the percentage of the median
adult mandibular length for a given specimen (Asher and Lehmann
2008; Asher and Olbricht 2009). Adult mandibular length is here defined
as the size range of all specimens older than or at a similar age as the
youngest specimen with a complete set of fully erupted cheek teeth (all
premolars and molars in stage 3), with no older specimens exhibiting non-
complete eruption of cheek teeth in that group. 95% of adult size is
indicated with a horizontal grey line. The X-axis shows the percentage
of fully erupted cheek teeth. The percentages where the first, second, and
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third molars (m1-3) and the premolars (p), respectively, are fully erupted
(stage 3) are indicated with vertical grey lines. Dashed lines and letters
reference to the specimens shown in the lower part of the figure (b — e).
Upper and lower dentition of two Soay sheep specimens of different tooth
developmental stages (b — e). The top jaw and mandible NMSZ YB511,
b — ¢) show all permanent cheek teeth fully erupted in a jaw at 103.6% of
median adult length; the bottom jaw and mandible NMSZ AY182,d —e)
shows m1 and m2 fully erupted and m3 in its crypt in a jaw at 91.8% of
median adult length. The dashed lines and white brackets represent the
anteroposterior length of m3 and M3 in NMSZ YBS511 (b, ¢) and the
corresponding space this tooth would occupy in the younger specimen
NMSZ AY 182 (d, e). Scale bar equals 1 cm
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domestic sheep, including Soay (Table 2). While domestic
sheep generally begin to breed in their first year (if
sufficiently heavy; Fraser 1968), breeding in wild sheep does
not usually begin until after the first year (Table 2; Valdez
1976). Longevity is hard to compare in wild and captive pop-
ulations due to different mortality in human-mediated envi-
ronments. Nonetheless, longevity is similar in wild and do-
mestic sheep, including Soay (Table 2). In order to synchro-
nize the birthdate of the offspring with favorable environmen-
tal conditions, wild sheep generally breed seasonally; i.e., the
breeding season is restricted to a certain time of the year (Rosa
and Bryant 2003). Domestic sheep species from high latitudes
(>35°) generally breed seasonally as well (Rosa and Bryant
2003) but some domestic breeds, e.g., meat merino (Fraser
1968; Behrens et al. 1983), Wrzosowka (Asdell 1964), and
Romanov (Hafez 1952) have the potential to breed non-sea-
sonally, even in seasonal environments. Non-seasonal repro-
duction may therefore have a genetic component (Lincoln
et al. 1990). These comparisons illustrate that domestic sheep
have an overall greater number of young per litter, a shorter
gestation time, an earlier first reproduction, and more frequent
breeding opportunities due to a potential lack of seasonality
compared to wild sheep (Table 2). This is consistent with an
acceleration of reproductive life history in sheep due to
domestication.

Our tooth eruption sequences are consistent with those
found by other authors for wild (Zeder 2002) and domestic
sheep (Silver 1963; Habermehl 1975, 1985; Moran and
O’Connor 1994; Jones 2002). Despite the accelerated life his-
tory due to domestication (Table 2), domestic sheep (O.aries
and O. a. musimon) have not changed their sequence of tooth
eruption compared to wild sheep (O. vignei, O. cycloceros,
O. arkal, O. orientalis, O. ammon), contra Schultz’s rule
(Fig. 1). This might be due to particularly strong phylogenetic
and functional constraints on dental eruption patterns among
artiodactyls generally (Monson and Hlusko 2016;
Veitschegger and Sanchez-Villagra 2016). Such constraints
could include dental wear. Permanent cheek teeth in Ovis are
high-crowned (hypsodont), which is an adaptation to elongate
the functional lifespan of the teeth in species that consume
highly abrasive plant material (e.g., grasses that contain
phytoliths and/or are covered with grit) (Ungar 2010).
However, the deciduous cheek teeth are low crowned
(brachydont) and highly abrasive diet might make necessary
a relative early replacement of the premolars, relative to the
molars, to prevent them from wearing out (Béhmer et al.
2016). In addition, most dental eruption occurs during jaw
growth (Fig. 6a), a correlation that might imply a size con-
straint for molar eruption and thus limitation to early molar
eruption, as these teeth have no room to fully erupt into func-
tional occlusion before the body of the mandible has attained a
sufficient length. This appears to be the case in the period
between about 55 and 100% of the maximum possible

eruption score, when many specimens have already reached
around 95% of the adult jaw size (Fig. 6a). The body of the
mandible around the posterior tooth row, near the ascending
ramus, is not yet extensive enough to house the m3 at the time
when m2 is fully erupted (Fig. 6b, d). Similar size constraints
are evident in the upper jaw (Fig. 6¢, e). This relation between
tooth eruption and jaw growth is similar in wild and domestic
form of Ovis (Fig. 6a) and would thus comprise a mechanical
restriction on the timing of tooth eruption in both. Cheek teeth
can fit in to what appears to be a small jaw due to imbrication
and oblique orientation of the teeth upon eruption in lemurs
(Godfrey et al. 2005). Further, molars may erupt on the as-
cending ramus and only later descend into their final position
in some carnivorans, e.g., Ursus (Veitschegger et al. 2018).
However, such patterns are not observed in Ovis. In contrast,
size restrictions are absent in several afrotherians (e.g.,
tenrecids, macroscelidids, chrysochlorids; Asher and
Lehmann 2008; Asher and Olbricht 2009) and dasypodid
xenarthrans (Ciancio et al. 2012), where the jaw approaches
adult size before even half of the permanent dentition is fully
erupted. Another possible explanation for the lack of a
Schultz’s rule effect on dental eruption sequence in Ovis is
the relatively short timespan since initial domestication.
Sheep have been domesticated for about 12,000 years
(Driscoll et al. 2009), whereas the divergence times of
the species for which Schultz’s rule has some support
are much greater (e.g., primates as discussed by Smith
2000 and Asher et al. 2017).

Timing of Tooth Eruption among Domestic Sheep
Breeds

Data on the absolute timing of the dental stages shown in Fig.
3 are still unknown in wild sheep (e.g., O. orientalis).
However, our data enable comparisons between domestic
(Swiss, Karakul) and feral-domestic (Soay) sheep. The abso-
lute ages of beginning and complete cheek teeth eruption
(Table 4) correspond with the ages reported in the literature
(Habermehl 1975; Moran and O’Connor 1994; Davis 2000;
Jones 2002; Jordana and Kéhler 2011). In domestic sheep, the
timing of tooth eruption may vary with breed affiliation and it
has been found that improved, ‘early maturing’, i.e., compar-
atively fast growing breeds, tend to erupt their incisors and
canine teeth at a younger age compared to non-improved,
‘slow maturing’ ones (see e.g., Adametz 1926; Habermehl
1975; but see Moran and O’Connor 1994). Domestic sheep
breeds investigated here are variable in terms of improvement
and performance (Behrens et al. 1983; Haring et al. 1984,
Sambraus 2016; Egloff 2017). The Karakul sheep is a lean,
hardy, and slow maturing fat-tailed sheep, adapted to steppes
and semi-deserts. The Swiss sheep varieties are also rather
slow maturing and adapted to harsh mountainous environ-
ments. The Rhon sheep is adapted to rough and wet climate
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but is rather fast growing and has a potential for non-seasonal
(i.e., more frequent) breeding. The meat merino is a compar-
atively fast growing and non-seasonal breeding sheep that
does not thrive under harsh environmental conditions and
scarce nutrient supply, unlike the more locally adapted breeds
described above. We found that, regardless of differences in
breed-specific life-history traits, breeds fully erupt their
third molars around three years of age at the latest
(Table 4). Soay sheep differ from this pattern as the
third molars erupt later into occlusion than in the other
domestic sheep (Fig. 4, Table 4). This corresponds with
previous findings on late incisor and canine eruption in
Soay sheep (Benzie and Gill 1974; Jones 2002).

Further evidence for slower dental growth of Soay sheep
compared to other domestic sheep breeds comes from studies
on enamel formation. The average rate of ameloblast differ-
entiation of the molars, i.e., the crown/enamel extension rate,
averaged across cuspal and cervical enamel regions, is
150 um d! in a mainland Catalonian O. aries and 80 pm
d™"' in Myotragus (Jordana and Kohler 2011). The average
crown extension rate of m1 in Soay sheep has been found to
be 111 umd ™" (Kierdorfetal. 2013), thus lying in between the
comparatively slow rate of Myotragus and the relatively fast
rate of the Catalonian sheep (O’Meara et al. 2018). The dif-
ferences of enamel extension rates among these caprines are
comparable in magnitude to interordinal differences, as exem-
plified by Equus with an average enamel extension rate
of 178.3 um d~! (Nacarino-Meneses et al. 2017).
Although more data across additional species and breeds
are needed to further substantiate this hypothesis, these
data suggest genuinely slower dental growth in Soay
sheep compared to other domestic sheep, but growth
that is still faster than in Myotragus.

Absolutely late tooth eruption has also been suggested for
the European mouflon (Habermehl 1975, 1985; Table 5), a
feral domestic sheep of ancient domestic origin (Clutton-
Brock 1999). As Soay sheep presumably resemble these very
first domestic sheep in Europe (Campbell 1974) and are ge-
netically close to European mouflons (Hiendleder et al. 2002;
Chessa et al. 2009), relatively late tooth eruption might be a
shared ancestral characteristic of basal domestic sheep. The
timing of tooth eruption might have been accelerated in the
more derived domestic sheep breeds.

Table 5 Mean absolute

age (in years) of Locus O. aries O. a. musimon
beginning cheek tooth

eruption (piercing of the p2 2.0 2.1

gingivzi) inhmodz:gnv . p3 20 2.1

omestic sheep (Ovis

aries) and the ancient pé 20 21

feral European mouflon m] 0.3 0.4

(Ovis aries musimon) as m2 0.8 1.2

given by Habermehl m3 1.5 2.8

(1975, 1985)
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If delayed tooth eruption is a derived feature in Soay sheep,
what might be the reasons? Differences in nutritional supply
might not play a role because the pastures on St. Kilda have a
similar nutritional content as other seasonal grasslands
(Milner and Gwynne 1974). However, although the condition
of skeletons and dentition of Soay sheep from St. Kilda has
been reported to be generally good and there is only little
evidence of malnutrition (Benzie and Gill 1974; Clutton-
Brock et al. 1990), starvation is the usual cause of death and
such sheep often show severe body mass reduction and deple-
tion of virtually all fat reserves (Gulland 1992). Occasional
delayed eruption of permanent incisors and canines due to
comparatively low nutritional status has been suggested for
Soay sheep on St. Kilda (Boyd et al. 1964). This hypothesis
has been supported by various studies that have found that
improved nutrition may accelerate incisor and canine eruption
in sheep (for a review see e.g., Worley et al. 2016). Although
lower quality nutritional supply has so far not been found to
significantly slow down molar growth in sheep (Worley et al.
2016), extreme malnutrition, leading to scarcely any weight
gain, has been shown to delay growth and eruption of most
permanent teeth in pigs (McCance et al. 1961). Besides envi-
ronmentally induced delay of tooth eruption, there might also
be a genetic component: Jones (2002) noted late tooth erup-
tion in a Soay sheep population raised in captivity in the South
Downs, England.

Compared to other domestic sheep breeds, Soay sheep are
smaller and mandibular length appears to reach the adult size
range slightly later in absolute terms (Fig. 5). This pattern
might comprise a sampling artefact due to the smaller sample
size in Soay sheep (Table 3) and the fact that most deaths on
St. Kilda occur in late winter close to the lambing season;
therefore, Soay sheep mostly live for a given number of whole
years (Morton Boyd and Jewell 1974), restricting the resolu-
tion of eruption scores in-between whole years (Fig. 5).
Furthermore, the estimated age in many of the Soay sheep
might restrict the explanatory power here, although compari-
sons with known age Soay sheep showed that the estimated
ages were similar for a given eruption score or even slightly
underestimated (Online Resource 1). Despite this limitation,
our findings indicate that Soay sheep probably do grow more
slowly than other domestic sheep breeds. This finding is sup-
ported by the Soay sheep’s relatively slow rate of body mass
increase from birth to adulthood compared to other sheep
breeds (Boyd et al. 1964). A delay of skeletal growth could
be made up for later during ontogeny, as Soay sheep do not
fuse growth plates later than other sheep breeds: epiphyseal
fusion occurs around 3-3.5 years in all breeds for which there
are data, including Soay sheep (Clutton-Brock et al. 1990). In
terms of slow growth and tooth eruption, Soay sheep thus
resemble Myotragus. Soay sheep and Myotragus both experi-
enced density-dependent population growth on esource-limit-
ed, predator-free islands with frequent starvation-related
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bottlenecks (Milner and Gwynne 1974; Clutton-Brock et al.
2004a, b; Jordana and Koéhler 2011). In Myotragus it has been
suggested that this limited resource availability was the main
selection pressure leading to the evolution of small body size
and slow growth and life history (Palkovacs 2003; K&hler and
Moya-Sola 2009; Jordana and Koéhler 2011). Therefore,
a similar evolutionary process as in Myofragus might
also be responsible for the observed trend toward a
slowdown of skeletal and dental growth in Soay sheep.
However, apart from slower mandibular growth and
tooth eruption, life history variables (e.g., onset of re-
production) are not as slow in Soay sheep (Table 1) and
therefore do not support the presence of similar selec-
tion pressures in Soay sheep and Myotragus.

This is supported by peculiar tooth eruption patterns in
derived members of the Myotragus evolutionary lineage,
which probably represent adaptations to the island environ-
ment in accordance with Schultz’s rule (Jordana et al. 2013),
but that are not present in Soay sheep. First, in Myotragus, m3
does not start erupting until p4 is fully erupted and in occlu-
sion (Bover and Alcover 1999; Jordana and Kdohler 2011;
Jordana et al. 2013). In our sample of Ovis, including Soay
sheep, p4 and m3 begin eruption around the same age (Fig. 1).
Second, in derived species of the Myotragus lineage, the sin-
gle permanent incisor (il) starts erupting after m1 is fully
erupted but before formation of m2 begins (Jordana et al.
2013). This is in contrast to other caprines, including Soay
sheep (Fig. 2), in which il only starts erupting after m2 is
already erupted (Jordana et al. 2013). Also here, temporal
differences might play a role. While Myotragus evolved on
the Balaeric islands for more than 5 million years, and changes
oftooth eruption sequence can be traced over a period of about
2.5 million years (Jordana et al. 2013), the persistence time of
Soay sheep on St. Kilda is only about 4000 years at most
(Table 1). This much shorter timespan in Soay sheep was
probably not sufficient for fundamental changes in tooth erup-
tion sequence to occur. In addition, an ongoing trend of de-
clining body size and growth rate in Soay sheep on St. Kilda,
resembling the observed evolutionary trend in
Myotragus, has been found to be the result of pheno-
typic plasticity in response to environmental changes
rather than being an evolutionary adaptive response to
resource limitation on an island (Ozgul et al. 2009).

Conclusions

Domestication and its fundamental influence on the biology of
sheep, notably life history, do not change the sequence of
dental eruption in domestic sheep compared to their wild rel-
atives. On the other hand, there are differences in the absolute
timing of tooth eruption in the ancient island Soay sheep pop-
ulation compared to more improved mainland sheep breeds.

There is a slightly later eruption of the third molar in Soay
sheep and Myotragus compared to their non-island relatives
but we hypothesize that, in the case of Soay sheep, this is a
phylogenetic or environmentally induced effect not immedi-
ately due to either changes to life history or adaptation to an
island environment. Additionally, a comparatively short per-
sistence time of Soay sheep on the St. Kilda archipelago might
contribute to a lack of detectable changes of tooth eruption
patterns. Further studies on tooth eruption in known age pop-
ulations of the wild relatives of domestic sheep, which to our
knowledge do not yet exist, would further help illuminate how
dental development might have been influenced by changes to
life history and/or adaptations to island life.
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