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ABSTRACT

Dietary behaviour and competition for resources are investigated for the small-sized
ruminants Andegameryx Ginsburg, 1971 and Procervulus Gaudry, 1877 representa-
tives of two largely distinct states of diversification of pecorans. Results obtained
from dental microwear and mesowear methodologies are concordant with a mixed
feeder strategy for the taxa from the Early Miocene environments of the Iberian
Chain (Central Spain). Further, the Spanish taxa investigated had less abrasive diets
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INTRODUCTION

than their relatives from others similarly aged localities in Europe. This fact raises
an important evolutionary uncertainty concerning the traditional characterization
of first pecorans as specialized browsers. Instead, data strongly corroborate the re-
cently proposed notion that some Pecora ruminant lineages were able to consume
a mixture of browse and grass, and that were originally facultative mixed feeders.
However, there is a large degree of variation of their dental wear features. Species
were not dependent on a limited type of vegetation and, consequently, were able
to exploit different food resources. Dental wear data seem to indicate that these
ruminants did not compete for vegetation. In addition, last Andegameryx and ear-
liest Procervulus apparently had a sufficiently different body size to partition the
available vegetation in terms of height above ground level to elude competition.
Body size difference coupled with an important degree of dietary opportunism
may have been factors necessary for their coexistence.

RESUME

Comportement alimentaire et compétition pour les ressources végétales entre deux
ruminants (Pecora, Artiodactyla) du Miocéne inférieur d’Espagne.

Le comportement alimentaire et la compétition pour les ressources sont étudiés pour
Andegameryx Ginsburg, 1971 et Procervulus Gaudry, 1877, deux petits ruminants
représentatifs de deux stades successifs de diversification des Pecora. Les méthodolo-
gies de micro- et méso-usure dentaires ont été utilisées pour la reconstitution des
préférences alimentaires. Les données obtenues pour les peuplements des bassins
montagneux de la chaine Ibérique (centre-est de 'Espagne) pendant le Miocéne
inférieur (MN3), indiquent que les deux ruminants peuvent étre considérés comme
mangeurs mixtes, quoiqu’il y ait des différences entre les traits de leur usure dentaire.
De plus, les taxons espagnols étudiés ont des régimes alimentaires moins abrasifs
que leurs parents des autres localités du méme 4ge en Europe. Ce fait remet en
question 'hypothése évolutive selon laquelle les premiers pécores auraient écé des
brouteurs sélectifs de plantes ligneuses (feuilles, bourgeons et fruits). En revanche,
ces données appuient clairement I'idée proposée récemment selon laquelle quelques
lignées de Pecora pouvaient originalement étre mangeurs potentiels mixtes. Ils pré-
leveraient ainsi tous les types d’especes végétales quils auraient a leur disposition : la
plus ou moins grande consommation de plantes ligneuses et de plantes herbacées
dépendrait donc de leur disponibilité dans I'environnement ot ils vivaient et non
seulement de leurs préférences alimentaires. D’autre part, les derniers Andegameryx
et les premiers Procervulus échapperaient 4 la concurrence grice 4 leur différence
de taille: puisque tous les deux mangeraient a des hauteurs différentes, leur régime
alimentaire ne serait pas exactement le méme. Ainsi, la différence de taille et un
certain degré d’opportunisme alimentaire pourraient bien étre des facteurs néces-
saires a la coexistence de ces deux ruminants sur un méme territoire.

of African ungulates (Gagnon & Chew 2000). In a

similar way as at present, extinct herbivore species are

Effective partitioning of vegetal resources isacommon  expected to be distributed such that they were able to
phenomenon within extant herbivore communities  balance and satisfy their requirements with the distribu-
and one of the most cited exampled is the separation  tion and abundance of the vegetation (Gordon 2003).
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During the Early Miocene, the main faunal revolu-
tion in the herbivore community was the appearance
and spread of the first horned ruminants. Cranial
appendages were independently developed by several
pecoran families in separated areas (MN3: 19-17 my).
In Europe, first horned ruminants belonging to cer-
void lineages appeared in the Ramblian localities,
and coexisted with the hornless Pecora representa-
tives of the Oligocene-Early Miocene radiation. The
ruminants investigated in this study, Andegameryx
Ginsburg, 1971 and Procervulus Gaudry, 1877, are
representatives of these two largely distinct states of
diversification of pecorans, and made up a notable
component in the Early Miocene large mammal
communities of Europe.

Andegameryx, one of the last representatives of
the Oligocene-Early Miocene radiation of hornless
Pecora, is well-known in the Early Miocene faunas of
western and Central Europe (Ginsburg 1971, 1999;
Ginsburg & Morales 1989). In Spain, Andegameryx
is first recorded in the Agenian locality of Cetina de
Aragén (MN2) (Ginsburg ezal. 1994) and is common
in the Ramblian localities (MN3) from the Tagus and
Calatayud basins (Quiralte & Morales 2000). Although
some authors placed it as possible Bovoidea (Morales
etal. 1986; Gentry et al. 1999) or Cervoidea (Ginsburg
etal. 1994; Ginsburg 1999), its origin is uncertain and
the systematic position of Andegamerysx is still under
discussion. In turn, Procervulus is one of the oldest
known pecorans bearing antler-like appendages. It is
close to true cervids and has been considered either as
the sister-group (Ginsburg 1985) or the most basal
membership (Azanza 2000) of the family Cervidae.
In Spain, Procervulus first appeared in the late Early
Miocene (MN3), and became extinct during the
Mid-Miocene general cooling (MN5).

Up to date, the association of the genera Ande-
gameryx and Procervulus was only known in the
late Early Miocene deposits of western and Central
Europe, especially in France (MN3; Les Beilleaux,
Les Buissonneaux-Pontigné, Noyant-sous-Le-Lude,
Grand-Trouvé and Beaulieu [Ginsburg ez al. 1985,
2000; Ginsburg 2001; Aguilar ez a/. 2003]) and
Germany (MN3; Wintershof-West and MN4;
Petersbuch 2 [Kaiser & Réssner 2007]). Also, the
co-occurrence of Andegameryx and Procervulus is
documented in the Iberian Peninsula.
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Despite the existence of numerous systematic
studies focused on these two genera (Ginsburg
1985, 1999; Ginsburg & Morales 1989; Azanza
1993, 2000; Réssner 1995), the knowledge on
their paleoecology, and more specifically as far as
dietary habits and competition are concerned, is
still very poor. Recently, Kaiser & Raossner (2007)
furnished some important dietary information of
both herbivores in a general analysis concerning
the diversity of feeding niches in German Miocene
ruminants and their resource partitioning. How-
ever, this study was only focused on the mesowear
method. In addition, DeMiguel ez al. (2008) pro-
posed a facultative mixed-feeding state as the initial
condition for deer by comparing microwear and
mesowear results of Procervulus ginsburgi Azanza,
1993, from the Early Aragonian (MN4) of Spain.
Interestingly, no detailed study focused on com-
petition for vegetal resources between these two
pecorans has been published to date to determine
whether Andegameryx could have been ecologically
replaced by Procervulus.

In this paper, we describe the feeding habits of
latest Andegameryx and first Procervulus species
recorded in the MN3 localities of Central Spain.
Our study aimed to investigate the most effective
mechanisms of partitioning the available vegetation
for two brachydont herbivores. We also consider
that new paleodietary data of these Early pecorans
will contribute to evaluate the hypothesis which
concerns the ancestral state of the Early Miocene
ruminants. Because of the small size of Andegameryx
and Procervulus, which would apparently result in
an extensive height overlap in vegetation utilization,
the most obvious way of partitioning the resources
when they coexisted would be by displaying dif-
ferent feeding styles. If they showed no dietary
differentiation, both herbivores should therefore
have competed directly, especially when forage was
of lower quality and less abundant (Hulbert & An-
dersen 2001). As central and northeastern Spanish
environments already became drier (Jiménez-Moreno
et al. 2007a, b) while Early and Middle Miocene
Central European habitats remained widely humid
and densely forested (Fortelius ez /. 2002), it is
to be expected that lower quality vegetation was
developed in the Spanish habitats.
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MATERIAL AND METHODS

STUDY AREAS, COLLECTION OF SAMPLES

AND RUMINANT ASSOCIATED FAUNA

Our study was applied to the dentition of Ande-
gameryx and Procervulus recorded in the Neogene
basins of Calatayud and Rubielos de Mora. We
selected the material of the three different localities
described below by belonging to the intramountain
basins of the Iberian Chain (Anadén e 2/ 2004),
Central Spain, and therefore, to the same geologi-
cal unity (Fig. 1).

The material representing the Calatayud basin was
recovered from the localities of Agreda and Mora-
tilla, which are located on the sector of Calamocha
(Daams ez al. 1987; Anaddn et al. 2004), while that
representing the Rubielos de Mora basin comes
from the locality of Alto de Ballester 1 (Montoya
etal. 1996). These three localities are placed in the
MN3 unit and local zone A of the Upper Ramblian
on the basis of the rodent association (Daams ez 4.
1987; Montoya ez al. 1996). Preliminary data on
the ruminant assemblage of these fossil sites have
been already published in several works (Morales &
Soria 1984; Montoya et al. 1996; van der Made &
Morales 1999; Azanza 2000). Altogether the lo-
calities yielded several ruminant species, probably
belonging to four different families. We found
representatives of the first horned ruminants such
as Paleomerycids of an intermediate size and first
cervids represented by at least three different forms
of small-sized Procervulus, co-occurring with the
latest members of Andegameryx, and a form with
similar morphology and size than the giraffoid
Teruelia (although only represented in Moratilla).

In Agreda, the small size of Procervulus falls within
the variability of the material of the type locality
and, consequently, we maintain the assignation of
Procervulus cf. praelucidus given by Rossner (1995).
In contrast, the species represented in Moratilla
has a bigger-sized p2 and shows differences in the
morphology of the horns. These facts prevent us
to classify it as Procervulus cf. praelucidus and, as
suggested by Azanza (2000), we leave this mate-
rial with open nomenclature as Procervulus sp.
With respect to the species of Alto de Ballester
1, although it was classified as Procervulus dicho-
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tomus Ginsburg, 1990 by Montoya ez al. (1996),
its bigger size and different morphology display
more resemblance to those of Procervulus gins-
burgi. Therefore, it is here tentatively assigned as
P. cf. ginsburgi. Nonetheless, a further systematic
revision of the whole material of ruminants from
these localities is the subject of a separate study
which is currently in process.

Despite the fact that the ruminant fauna of these
three localities is varied and extensive, only teeth
of Andegameryx and Procervulus are known, and
so both are the species investigated in the present
work. Thus, we have analyzed a total of 26 dental
remains. The specimens from Agreda and Mora-
tilla are housed in the Museo Nacional de Ciencias
Naturales-CSIC (Madrid, Spain), whereas specimens
from Alto de Ballester 1 are housed in the Museo
Paleontolégico de la Universidad de Zaragoza-
Gobierno de Aragén (Zaragoza, Spain). For an easier
understanding of the text, the abbreviations of the
localities names (Agreda [AGR], Moratilla [MOR]
and Alto de Ballester 1 [AB1]) after “A.” or “P”
will be used as nomenclature, indicating a popu-
lation of Andegameryx or Procervulus, respectively.
Specimens of each locality correspond to a single
species. Hence, analyses in this study have been
realized only for specimen with a clear systematic
affiliation on species level.

BODY MASS ESTIMATION
Mammalian body size is usually predicted by proxi-
mal limb bones (Scott 1983, 1990; Kholer 1993),
cranial (MacFadden & Hulbert 1990) or dental
(Janis 1990) measurements. Because of the lack of
appropriated postcranial and cranial remains among
our material, we use single molars to estimate body
size. The method applied in this study follows the
procedure developed by Janis (1990) and M2 and/
or m1 length was measured.

We compared the body size of the Spanish species
to that of both extant taxa and extinct populations
coming from similarly aged European localities

(Réssner 1995).
DIETARY ASSSESSMENT

Microwear and mesowear were used to infer
the dietary behaviour of the studied taxa. These
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methodologies are proven to distinguish between
browsing (fruit and leaf), mixed and grazing
diets in a wide variety of living herbivorous
mammals, and within lineages over geological
time (Fortelius & Solounias 2000; Solounias &
Semprebon 2002).

Dental microwear is the result of the abrasion of
teeth by food items consumed during the last days
prior to the death of the animal (Solounias & Sem-
prebon 2002). The method applied was performed
following the previously procedure developed by
Solounias & Moelleken (1992). Microscopic fea-
tures were observed using an Environmental Scan-
ning Electron Microscope (ESEM), and directly
categorized on the basis of the ratio length/width;
scratches: 4 < ratio < 100; pits: ratio = 4. Images
were taken at a high magnification of 500x and
were treated with specific software. The number
of scratches and pits, which are variables com-
monly adopted for analysis, were transformed
into a density score (Rivals & Deniaux 2003) in
order to simplify the comparison with other taxa.
In addition to densities, we also introduce large
pits, cross scratches and scratch texture (Solou-
nias & Semprebon 2002) as qualitative variables
to further analyze fossil cases where microwear
was controversial or unclear. The study focused,
as far as possible, on the anterior lingual blade of
the paracone on the M2 and the posterior buccal
blade of the protoconid on the m2 permanent.
Microwear variables of the extinct taxa were then
compared to a database from 28 well-known ex-
tant taxa (Solounias ez /. 2000) sharing the same
protocol concerning high magnification (500x)
and SEM. The database was partitioned into the
leaf (N = 7) and fruit-browsing (N = 3), grazing
(N =7), seasonal (N = 7) and non-seasonal (N =
4) mixed feeding categories.

The microwear signals of the species here analyzed
were compared to those obtained in other Spanish
Procervulus (DeMiguel et al. 2008, 2010). These are
the only data available regarding dental microwear
of Procervulus, while there is no microwear data for
Andegameryx.

Dental mesowear is based on the physical prop-
erties of food as reflected in the relative amounts
of attritive and abrasive wear that they cause on

GEODIVERSITAS © 2012 © 34 (2)
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Agreda and Moratilla

Barcelona

Alto de Ballester 1
1 Neogene

SPAIN

50 km

Fic. 1. — Locatipn of the studied localities in the Iberian Chain
(Central Spain). Agreda and Moratilla are placed in the Calatayud
basin, and Alto de Ballester 1 in the Rubielos de Mora basin.

the teeth (Fortelius & Solounias 2000). Molar oc-
clusal relief (high or low) and cusp shape (sharp,
rounded, or blunt) of the apex of the paracone and
metacone of the M1-M3 and the metaconid and
entoconid of the m1-m3 were examined with the
naked eye, or at low magnification of 4x using a
stereomicroscope when appropriate, and qualita-
tively scored. At this point, we would like to note
that in order to gain a reasonably accurate clas-
sification of samples, we abandoned conventional
practice introduced by Fortelius & Solounias (2000)
here in one point and included also lower teeth
into the analyses for Aygr and Pag;. It was used
all available molars except for those in very early
and very late wear. This is due to the fact that cusp
sharpness is sensitive to ontogenetic age among
young individuals and among dentally senescent
individuals, but is found to be less insensitive to
age and more strongly related to diet when inter-
mediate age individuals are used in the analyses
(Rivals e# al. 2007). A comparative extant data-
base with known diets was followed as a reference
(Fortelius & Solounias 2000). Small samples rep-
resented by less than 10 individuals were removed
in order to obtain a range in which distributions
that look different become significantly different
statistically. The dental mesowear of fossil species
was compared to a set of 54 well-known extant
ungulates composed of conservative leaf (N = 9)
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TaBLE 1. — Summary of body mass estimation, and microwear and mesowear patterns. Abbreviations: L, length in mm; N, number
of individuals measured; S, scratches per mmz2; [SD], standard deviation; P, pits per mm2; %P, percentage of pits; %H, percentage
of individuals with high relief; %S, %R, %B, percentage of individuals with sharp (%$), rounded (%R) and blunt (%B) cusps. Other

abbreviations: see Material and methods.

Localities Body mass (Kg) Microwear Mesowear

(Spain) Species M2 L. miL. N S [SD] P[SD] %P[SD] N %H %S %R %B
AGR Andegameryx 32.05 N(1) 31.71 N(4) 4 531[192] 297[81.3] 37[45] 8 875 571 429 0
AGR Procervulus  18.54 N(1) - 2 675[174] 555[343] 43[9.8] 2 100 50 50 0
MOR Procervulus 3 645[267.7] 642[26.3] 51[11] 2 100 50 50 0
AB1 Procervulus 28.40N(2) 4 839[299.8] 534[183.9] 40([6.1] 13 92.3 143 857 O

and fruit-browsing (N = 8), conservative grazing
(N = 11) and conservative mixed feeder species
(N =26). The duikers and hyraxes constitute part
of the fruit-eaters as a special case (MABRA, for
minute abraded brachydont) showing quite unclear
dental wear. Note also that some cases are treated
as mixed feeders in the conservative classification,
and as browsers or grazers in the radical classifica-
tion, and could be considered browse-dominated
and grass-dominated mixed feeders, respectively.

We also compared our results with the mes-
owear data published for other Andegameryx and
Procervulus from similarly aged German localities
(Kaiser & Rossner 2007). Thus, their relatives from
Wintershof-West, Petersbuch 2 and Erkertshofen 2
were included and discussed in the analyses. As
far as we know, these are the only data available
regarding dental mesowear of Andegameryx and
Procervulus in Europe.

Following DeMiguel ez al. (2008), multivariate
discriminant analyses were employed to categorize
the most probable feeding style in fossils based on
micro/mesowear data. In order to avoid possible
taphonomic alterations, all specimens were care-
fully revised and those with extensive defects or
badly preserved enamel surface and cusp shape
were removed from the analyses. As a limiting
factor in this study, we recognize the low number
of dental specimens available in particular for the
Procervulus from Agreda and Moratilla. In order
to fully assess the available information and com-
pensate for the small sample size of these popula-
tions, we realized a variability study by using as a
reference the results obtained from samples that
are large enough.
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ABBREVIATIONS

ESEM environmental scanning electron microscope;
MABRA  minute abraded brachydong
SEM scanning electron microscope.

Locality names

AGR Agreda;

MOR Moratilla;

AB1 Alto de Ballester 1.
RESULTS

The variables obtained in the analyses performed
for the ruminant taxa from the localities of Agreda,

Moratilla and Alto de Ballester 1 are presented in
Table 1.

BODY MASs ESTIMATION

According to the method described by Janis (1990),
the body mass of Aygr was determined as ap-
proximately 32 kg (Table 1), comparable to extant
Ammodorcas clarkei Thomas, 1891 (31/25 kg; Ja-
nis 1990). In the case of Pygr the body mass was
around 18 kg (Table 1), and comparable to extant
Elaphodus cephalopus Milne-Edwards, 1872 (18 kg;
Janis 1990). The body mass of Pg; was calculated
on the basis of the m1 length as 28 kg (Table 1),
and is similar to extant Muntiacus muntjak Zim-
mermann, 1780 (25 kg; Janis 1990).

Body mass of Andegameryx ct. laugnacensis from
Wallernried (Switzerland) has been also predicted
(Becker ez al. 2001) by means of Janis (1990) and
Legendre (1989) methodologies, being 16 and
32 kg, respectively. It only differs from Ajgg when

GEODIVERSITAS © 2012 « 34 (2)
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Fic. 2. — ESEM photomicrographs of share facets of the population of: A, Axgr; B, Pagr; C, Pmor; D, Pag1- Scale bars: 100 pm. Ab-
breviations: see Material and methods.

the first method is applied. Procervulus praelucidus
Obergfell, 1957 from Wintershof-West (Eichstitt,
Bavaria) is another primitive deer studied by Rossner
(1995) and similar to that of Pygr. We estimated
its mass as approximately 14 kg (M2 length) or
22 kg (m1 length).

Therefore, comparisons between our taxa and
other existing species of Andegameryx and Procer-
vulus result in a clear mass similarity.

MICROWEAR

Microwear analysis reveals the presence of significant
differences on the occlusal surfaces of fossil species.

GEODIVERSITAS ¢ 2012 * 34 (2)

Three different patterns can be observed among the
sample; one showing low scratching and pitting
(Aagr; Table 1; Fig. 2A), one exhibiting a pattern
comprised of low scratching but an intermediate
pitting (Pagr and Pyror; Table 1; Fig. 2B, C), and
one displaying a moderately high scratching and
an intermediate pitting (Pag;; Table 1; Fig. 2D).

Comparison with living species

When compared to extant ungulates, microwear
of Pagr> Pmor and Aagr clearly shares strong
affinities with fruit-eaters such as Cephalophus
dorsalis Gray, 1849 (Fig. 3). In contrast, living
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leaf-browsers (Litocranius walleri Brooke, 1878 or
Alces alces Linnaeus, 1758) have a density of pits
that is significantly higher than that of the fossils
of this study (Fig. 3). It is apparent from examin-
ing the density of scratches and pits that Psp; most
closely resembles to mixed feeders with a seasonal
preference for graze, such as Taurotragus oryx Pallas,
1766 (Fig. 3). Clear differences are evident in the
microwear when comparing with grazers, since the
density of scratches is much higher for this extant

group (Fig. 3).

Comparison with fossil species

As far as we know, the only data available regarding
dental microwear of fossil Procervulus have been
reported in DeMiguel ez al. (2008, 2010), whereas
there is no microwear data for Andegameryx.

The difference in term of density of scratches is
evident between the species of this study and those
from other Spanish localities, since their teeth dis-
play lower values (Fig. 3), and only Procervislus from
San Marco (MN4, biozone B) exhibits a similar
scratching. This indicates that the cervids from
Agreda, Moratilla and Alto de Ballester 1 might
have been less involved in grazing. As a whole,
the species analyzed in this study differ from the
others by having slightly higher densities of pits
(Fig. 3). Procervulus ginsburgi seems to be more
inclined toward the grass-dominated end of the
mixed feeder continuum than Pyp;, as suggest its

higher scratching (Fig. 3).

Dicetary assignment based on dental microwear

In order to force the classification of Andegameryx
and Procervulus cases into an established feeding
category, a discriminant analysis was realized.
A very high discrimination of 82.1% was given
among the 28 extant taxa (Fig. 4A2). It must be
noted that no extant browsers were misclassified
as grazers or vice versa. By displaying browser
affinities, the microwear classifies Aygr into the
fruit-browser category (Fig. 4A1). The results
show that all specimens with the exception of
one (a leaf-browser) were classified as frugivorous
(Fig. 4A2). Although most of the Procervulus
populations were also classified as fruit-browsers
(Fig. 4A1), it was found a significant dietary het-
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erogeneity among their specimens, having fruit
and leaf-browsing, mixed, and even grazing habits
(Fig. 4A2). Ppgr and Pyor were classified as fru-
givorous, and it seems that an important volume
of fruits and seeds was taken by them just before
death. P,p; was however placed in the category
of seasonal mixed feeders (Fig. 4A1). Some of its
specimens were classified as seasonal mixed feed-
ers, and some others as grazers and leaf-browsers
(Fig. 4A2), which is commonly considered as a
seasonality signal (Solounias & Moelleken 1994;
Merceron et al. 2004).

In order to better understand diets for limited
samples, we used an analysis (Fig. 7) based on the
dispersion of all studied specimens according to
the morphospace of variability that was obtained
from the microwear of Procervulus cf. ginsburgi
from Alto de Ballester 1 (this study) and Procervulus
ginsburgi from Artesilla (DeMiguel ez al. 2008).
The reason for using these samples, classified as
seasonal mixed feeders based on both micro-and
mesowear, is that they are large enough to recognize
specimens within the smallest populations that
could be shifted toward the browse-dominated
or the grass-dominated end of the mixed feeder
continuum.

Most of the cases belonging to Pag plotted
inside the area represented by the variability
continuum of Artesilla (three specimens of four),
thus indicating that this cervid most likely had
a secasonal mixed feeder strategy. Their emplace-
ments also show that this species was less inclined
to grazing that Procervulus ginsburgi. Similarly,
specimens from Pagg plotted inside the variabil-
ity continuums. This result does not support the
hypothesis that exclusive browsing was exhibited
by Pagr> and gives a convincing evidence that
Procervulus cf. praelucidus and German Procervulus
praelucidus were significantly different in nutrient
exploitation. When specimens from Py;or and
Aagr are observed, we note that their emplace-
ments outside the continuums are due to exhibit
lower densities of scratches than others; a signal
characteristic of leaf-browsers, as demonstrated
by the discriminant analysis. Therefore, these
emplacements seem to be coherent with both the
fact of being browser populations, or specimens
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Fic. 3. — Histogram showing the density of scratches and pits for the Spanish taxa with living species and with Procervulus from
other Spanish localities. Dental microwear data of living taxa and Procervulus taken from Solounias et al. (2000) and DeMiguel (2008,
2010), respectively. Abbreviations: see Material and methods.
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Fic. — 4. Distribution of species in the morphospace defined by the discriminant analyses: A, microwear analysis developed using
as criterion variables density of scars; B, C, mesowear without MABRA based on the percentage of round and blunt cusps, and
high occlusal relief using the conservative classification (B) and the radical classification (C). Closed symbols representing centroids.
Dental mesowear data of A. serum Obergfell, 1957, P. praelucidus Obergfell, 1957 and P. dichotomus Ginsburg, 1990 given by Kai-
ser & Roéssner (2007). Abbreviations: B, browser; FB, fruit-browser; G, grazer; LB, leaf-browser; M, mixed feeder; nsM, nonseasonal

mixed-feeder; sM, seasonal mixed-feeder.

forming part of the leaf-browser end of a mixed
feeder population.

MESOWEAR

Teeth of Aagr, Pagr and Pyor display mesowear
comprised of a predominance of high occlusal re-
lief, a combination of similar percentages of sharp
and rounded cusps, and no incidence of blunt
cusps (Table 1). In some populations, this last fact
could be due to the scarce sample, but may also
suggest that diets were not highly abrasive. When
looking separately at the percentages of sharp and
rounded cusps, it is noted that in Aygr (Fig. 5A, B)
the proportions of sharp cusps are higher (having
less rounded apices) than those of Ppgr (Fig. 5C,
D) and Pyor (Fig. 5E, F), probably because of a
lower abrasiveness of the preferred food items. Ma-
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jor differences are however found in the mesowear
pattern of Pyp; (Table 1; Fig. 5G, H). The molar
teeth of this extinct cervid are characterized by a
predominance of high relief and rounded cusps,
though also display significant proportions of sharp
cusps. This is a highly abrasion-dominated mesowear
pattern, and clearly differs from those of the other
fossils investigated.

Comparison with living species

When compared to living ungulates of the three dietary
categories (Fig. 6), fossil species have a pattern similar to
those of the “traditional” mixed feeders, which usually
have about 50% sharp and 50% rounded cusps, and
no incidence of blunt cusps (Fortelius & Solounias
2000). In detail, Aygg displays a very similar pattern
to Ovibos moschatus Zimmermann, 1780 (Fig. 6), and
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to a lesser extent to Gazella thomsoni Giinther, 1884.
The mesowear pattern of Pygr and Pyjor is exactly the
same as that of Tragelaphus scriptus Pallas, 1766 and
Taurotragus oryx (Fig. 6), whereas results for Ppp, are
very close to that observed for extant Ourebia ourebi
Zimmermann, 1783 (Fig. 6), suggesting a higher de-
gree of abrasion than the“traditional” mixed feeders,
as was obtained in microwear. Indeed, this African
bovid exhibits a highly abrasion-dominated wear, and
is either treated as a mixed feeder in the conservative
and as a grazer in the radical dietary classification.
None of the fossil species show similar patterns of
mesowear to living grazers (Fig. 6). In general, typi-
cal grazers have significantly lower relief and higher
percentages of rounded and blunt cusps. Data from
Fortelius & Solounias (2000) show these differences
even in species represented by few specimens (Damalis-
cus lunatus Burchell, 1823; N = 5). When compared
to living browsers, Dendrohyrax dorsalis Fraser, 1855
has the most similar mesowear signature with 82%
high relief and approximately 50% sharp and 50%
rounded cusps (Fortelius & Solounias 2000).

Comparison with fossil species

The mesowear signatures of the Spanish populations
can be compared with those obtained by Kaiser and
Réssner (2007) for Andegameryx and Procervulus from
Wintershof-West, Petersbuch 2, and Erkertshofen 2.
Molar teeth of Andegameryx serum Obergfell, 1957
(100% high, 100% sharp) and Procervilus praeluci-
dus Obergfell, 1957 (100% high, 70% sharp, 30%
rounded) display a mesowear mostly comprised of
high occlusal relief and sharp cusps. Conversely,
Procervulus dichotomus (100% high, 47% sharp,
53% rounded) displays a pattern characterized by
a combination of sharp and round cusps and by a
predominance of high occlusal relief. According to
Kaiser & Rassner (2007), both Andegameryx serum
and Procervulus praelucidus share affinities with extant
browsers (Alces alces and Giraffa camelopardalis Lin-
naeus, 1758) whereas Procervulus dichotomus shows
amore abrasive signature close to that of Tragelaphus
seriptus and Taurotragus oryx mixed feeders.

The percentage of occlusal relief and cusp shape for
the Spanish and German species is shown in Figure 6.
Neither species shows any incidence of blunt cusps,
reflecting that the diets did not include any highly

GEODIVERSITAS © 2012 © 34 (2)

Diets and competition in Early Miocene ruminants

Fic. 5. — Mesowear features of selected teeth of: A, B, Axgr;
C, D, Pagr; E, F, Pyor; G, H, Pag. Scale bar: 1 cm. Abbreviations:
see Material and methods.

abrasive material such as phytoliths rich grasses. The
high occlusal relief also suggests that, in general, the
diets were not very abrasive. There is no significant
difference between Procervulus dichotomus and both
Pagr and Pyor (Fig. 6), This fact indicates that
they had diets consisting of very similar properties,
although the sample sizes of these latter species are
not adequate to provide conclusive results. There is,
however, a considerable variation in the percentages
of rounded and sharp cusps between the German
Andegameryx serum and Procervulus praelucidus and
the Spanish Axgr and Pag; (Fig. 6). In these cases,
sample size is appropriate and is enough to offer
well-supported resules. Thus, it is noteworthy the
42.9% vs 0% rounded between Spanish and Ger-
man Andegameryx, respectively. Such significant
difference cannot be attributed to the sample size
(N =8 and 25 specimens, respectively). In addition,
higher percentages of sharp cusps are exhibited by
the German populations (Fig. 6).

According to these results, the differences in me-
sowear are at least suggestive that the Spanish Aygr
and P g had diets consisting of more abrasive mate-
rial, and were closer to being mixed feeders.

435



DeMiguel D. et al.

Mesowear in Pp; are very close to that observed for
Procervulus ginsburgi, although the cervid from Alto
de Ballester 1 shows a less abrasion dominated signal.

Dicetary assignment based on dental mesowear

A first mesowear discriminant analysis was performed
using the full dataset of 54 extant taxa, but the mean
percentage correctly classified was only 61.1%. Axgg,
Pacr and Pyyor were here classified as mixed feeders,
while Ppg; was a fruit-browser. This discrimination
is not statistically significant to be sure of the dietary
assignments and could be therefore partially or com-
pletely masked by the species involved in frugivory
(MABRA group). Taxa that are well known to be highly
frugivorous have a significant abrasion-dominated
mesowear signal, probably because of tip-crushing
wear due to frugivory. Thus, both extant and extinct
species displaying mixed dietary strategies can be
misclassified as frugivorous (Fortelius & Solounias
2000). For this reason, Psp; could be one of the
several mixed feeder species misclassified, and in our
opinion, it should be better to make the analysis by
excluding the MABRA group.

When it was weeded out of the data, the percent-
age of correctly classified notably increased for both
the conservative (77.8%; Fig. 4B2) and radical
(75.6%; Fig. 4C2) classifications. Then, the most
probable dietary assignment for Aygr, Pagr and
Pyor corresponds to a mixed feeder according to
both the conservative and radical classifications,
whereas P was either a mixed feeder according to
the conservative or a grazer according to the radical.

When the German Andegameryx and Procervu-
lus (Kaiser & Réssner 2007) are included in the
discriminant analyses, both A. serum and P. prae-
lucidus fit into the range of browsers (Fig. 4B2,
C2), corroborating that ligneous food was a major
component of their diets. The comparison with the
Spanish relatives (Aagr, Pacr> Pymor and Pagy) re-
veals that A. serum and also, but to a lesser extent,
P. praelucidus, had a less abrasive diet (Fig. 4B1,
C1). We also find that P. dichotomus was placed in
the category of mixed feeders (Fig. 4B2, C2), and
it seems clear that consumed abrasives on a more
frequent basis than Ajgr, Pagr and Pyor, while
seems to have enjoyed a less abrasive type of diet
than PABl (Flg 4B1, CI)
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DISCUSSION

As mentioned before, the faunal assemblage of the
Ramblian localities from the central part of Spain is
composed by at least four different ruminant taxa
having brachydont dentitions. Andegameryx and
Procervulus probably did not compete directly with
Paleomeryx Lartet, 1851 and Teruelia Moya-Sola,
1987, the other Pecora ruminants. Species could
have occupied the same habitat, but the much
larger body size of this cervoid and giraflid prob-
ably allowed them to avoid competition with the
smallest ruminants.

Body mass of Pag; was determined as approxi-
mately 28 kg. Particular attention is given to the two
fossil species which occurred in Agreda. Thus, body
mass calculated for Aygr (32 kg) and Pagr (18 kg)
differs by about 50%. Because extant ruminants
of similar size usually avoid competition by living
and feeding in different habitats (Dinerstein 1987),
it might be expected that two species as different
in size as Aygg and Pagp partitioned the available
vegetation in terms of height above ground level
(Hulbert & Andersen 2001). Consequently, body
mass difference could have been a factor prevent-
ing competition.

Hutchinson (1959) noted that ecologically similar
species of mammals differed in mass by at least a
factor of about 2.0-2.2. He interpreted this ratio
as the minimum amount of similarity sufficient to
decrease competition for limiting resources between
individuals of sympatric species to a degree where
coexistence was possible (Hutchinson 1959; MacFad-
den & Hulbert 1990). Aygr and Py have a ratio
of body mass very close to 1.8. Given this value,
and following the results of Hutchinson (1959),
Andegameryx and Procervulus should be interpreted
as non sympatric species and, therefore, should not
have coexisted in Agreda. Although Hutchinson’s
mass ratios have figured importantly in paleoecol-
ogy, it must be noted that several authors have
indicated that these ratios are not necessarily the
product of competition (Eadie ez a/. 1987), and
must be therefore used with caution, or even not
be applied to fossil faunas (Van Valkenburgh 1990).
Additionally, the coincidence of Andegameryx and
Procervulus not only in the Spanish deposits here
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with living species and with fossil populations of Andegameryx Ginsburg, 1971 and Procervulus Gaudry, 1877 from Europe. Dental
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investigated, but also in other from France and
Germany, is a strong argument in support of the
hypothesis that both genera coexisted.

They, therefore, are expected to display any dif-
ference to have been co-occurring in the same
environment.

Microwear studies placed Apgr, Pagr and Pyor
within the class of fruit-browsers, while suggested
that Pyp; more closely resembles seasonal mixed
feeders.

Densities are similar in both Ppr and Pyop, but
there is a pronounced difference in Asgp since this
species has a much lower proportion of pits, and
also, but to a lesser extent, of scratches. In addi-
tion, and despite the fact that some of the samples
studied are not particularly rich, there are mixed
feeder specimens within Ppgg and Pyor, whereas
absence in Apgr (as can be seen in Fig. 4A2). All
these facts reveal the presence of remarkable dif-
ferences in the way to exploit the nutrients. The
pattern of Axgr indicates a decrease in abrasion
which can be related to a lesser proportion of grass
in its diet (Solounias & Semprebon 2002; Valli &
Palombo 2008). Moreover, and because frugivory
is displayed in most of the Aygr specimens (75%),
it probably fed on fruits and seeds with softer cov-
erings, compared to the other ruminants living
in Agreda and Moratilla. Regarding the species
co-occurring in Agreda, this fact could be either
explained if: 1) Andegameryx was feeding on differ-
ent type of fruits and seeds than Procervulus; or 2)
Andegameryx incorporated these nutrients directly
from the plant, while Procervulus ingested a greater
proportion of grit and dust by eating the fallen
items (Williams & Kay 2001; Mainland 2003).
Any of these two possible explanations could be
considered as a mechanism preventing competi-
tion, but since the smaller body size of Procervulus
likely allowed it to feed on closer the ground, the
latter interpretation seems more tenable.

The microwear pattern of Pap significantly differs
from the other ruminants investigated in having a
much higher density of scratches.

Intensive scratching has been traditionally con-
sidered as the product of abrasive of silica phyto-
liths, and consequently of grazing (Solounias &
Moelleken 1992; Solounias ez 2/. 2000; Merceron
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et al. 2005). However, a recent study proposed
that silica phytoliths are softer than dental enamel
and that a high scratch density should be rather
regarded as the result of exogenous grit and de-
posited dust (Sanson ez al. 2007). Despite the fact
that this hypothesis requires verification, it is clear
that exogenous particles certainly have a significant
influence on the dental microwear (Solounias &
Semprebon 2002; Mainland 2003; Merceron
et al. 2007; DeMiguel er al. 2008). Nonetheless,
the results of the present study are not influenced
by the debate on the causes behind a significant
abundance of scratches because all the hypotheses
correlate, in larger or lesser extent, an intensive
scratching to the amount of consumed graminoids
(see Merceron et al. 2007 for a review).

According to this, Pap; apparently depended on
more grasses than the other fossil taxa. Its abundance
of scratches is not high enough to be a grazer, and
its microwear might therefore be interpreted to rep-
resent a seasonal mixed feeding diet with a compo-
nent of grass and browse to explain the moderately
high scratching and the intermediate pitting. The
higher scratching in some specimens is probably
justifiable as a consequence of the consumption
of fresh grasses in a wet season, while the higher
pitting of others suggests a likely intake of browse
(fruits, hard seeds) during a dry season. This seasonal
dietary signal is in full agreement with the plant
macroremains of ecosystems that were developed
around Alto de Ballester 1. Thus, it could be due
to changes in vegetation, coherent with a cyclicity
likely related to the effects of periodic level oscilla-
tions of the Rubielos de Mora Lake, and controlled
by climatic changes (Jiménez-Moreno ez al. 2007b).

Regarding the mesowear, all the ruminant spe-
cies probably had a mixed feeding behaviour, and
therefore they consumed a mixture of both grass
and browse.

Although only this major dietary trait is represented
in the localities, mesowear seems to point out some
considerable differences in the feeding habits of the
species. There is no variation in occlusal height relief
and cusp morphology among Pcr and Py, and
consequently no differences in their feeding adapta-
tions, but some variations are however suggested to
Aagr> as seen in microwear. The lower percentages
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of rounded cusps indicate that a smaller proportion
of abrasives was consumed (Fortelius & Solounias
2000), suggesting therefore that grasses were not a
major component of its diet. Mesowear also shows
that Pap; had 87.5% rounded cusps, and conse-
quently a more important degree of dental abrasion,
which is probably justifiable as a consequence of a
significant consumption of grasses.

If interpreted independently, microwear signals
depict Apgr, Pagrand Pyior as fruit-browsers and
Pap; as a seasonal mixed feeder, while mesowear clas-
sifies these species as mixed feeders. The apparent
inconsistency in temporal resolution between the
short-term and long-term dietary signals may be a
consequence of seasonal dietary fluctuation, that
is, mixed feeding preferences (Solounias & Moelle-
ken 1992; Merceron et al. 2005; Valli & Palombo
2008). Alternatively, this discrepancy could also be
related to a truncated mesowear signal that occurs
in species highly involved in frugivory (Merceron
et al. 2007; Schulz er al. 2007). Despite the fact
that low number of specimens for Axgr, Pagr
and Py;or prevents us from certainty concluding
whether they were mixed feeders or fruit-browsers,
the above study of variability (see results section)
seems to rule out an exclusive frugivory as feed-
ing type. In addition, when the enamel surface of
Pacr is further studied, it is observed that it has
not numerous large pits, and that scratches are
generally uniform in size and depth, whereas that
of Pyjor is distinguished by having mainly numer-
ous fine scratches (few coarsely textured scratches
are present), small percentages of large pits and
high percentages of cross scratches. These features
suggest significant differences with extant fruit-
browsers (Solounias & Semprebon 2002; Rivals
etal. 2007). The first interpretation seems therefore
more tenable to explain the inconsistency between
micro- and mesowear.

Taken together, the evidences from dental micro-
and mesowear argue for mixed feeding diets for
all the pecoran species analyzed, with a significant
proportion of frugivory for Aygr, Pagrand Pyor,
and of grazing for Pap;.

Results therefore indicate the two species co-
occurring in Agreda had the same dietary regime.
However, the considerable degree of variation of
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Fig. 7. — Variability morphospace of the large samples (Alto de
Ballester 1, this study and Artesilla; DeMiguel et al. 2008) and dis-
tribution of specimens belonging to the small samples. Squares
representing specimens of Andegameryx Ginsburg, 1971 and
letters specimens of Procervulus Gaudry, 1877. Abbreviations:
see Material and methods.

their dental wear features may be explained by the
fact that they had different foraging behaviour and
consequently exploited different food resources. As
a result, Andegameryx ate a greater proportion of
low-abrasion fruits and seeds and a lesser propor-
tion of grasses than Procervulus.

Compared to the similarly aged German localities,
no browsing and more mixed feeding Andegameryx
and Procervulus are found in the Ramblian localities
of Spain. The higher proportion of typical brows-
ing mesowear signatures accounts for less abrasive
regimes in Germany, which is interpreted as an in-
dication of humid and forested habitats (Kaiser &
Réssner 2007). In Spain, however, more abrasive
regimes are found among Andegameryx and Procer-
vulus, and the overall climate seems to have been
drier, which is in accordance with the pollen and
macroflora available data (Jiménez-Moreno et 4l.
2007a, b). Thus, if aridity restricted the vegetal re-
sources, Spanish pecorans could have been forced to
display mixed feeder strategies to extract nutrients
from a wide variety of vegetation.
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With respect to other dietary data from the Early
Miocene, Eronen ez al. (2010) also observed that
ungulates exhibited more abrasive diets in Spain in
this epoch, compared to those of Germany. This
fact, in combination with our results, is well in ac-
cordance with the notion that Spain was the first
region experiencing increasingly arid conditions
in the Early Miocene of Europe (Van Dam 2006;
Eronen ez al 2010).

Some other fossil taxa belonging to the same
species are known to have reflected different feed-
ing regimes when they were present in different
habitats. Lagomeryx pumilio Roger, 1896 is a good
example of a species inclined to browsing in a wet-
land environment while a grass-dominated mixed
feeding in a karst environment (Kaiser & Réssner
2007). These findings provide support for our
hypothesis that earliest representatives could have
been physiologically qualified to both browse and
graze (DeMiguel ez al. 2008).

CONCLUSION

Results gathered from the latest Andegameryx and
first Procervulus revealed an important degree of
variation of their dental wear features. Despite
the fact that only the mixed feeder major dietary
category proposed by Hofmann & Stewart (1972)
is represented in the Ramblian localities, species
seem to have been significantly versatile in food
exploitation.

Our data are concordant with a mixed feeder strat-
egy for the earliest known members of Procervulus,
which raise an important evolutionary uncertainty
concerning the traditional characterization of first
deer as specialised browsers. Instead, these results
corroborate the recently proposed hypothesis that
first cervids were able to consume a mixture of
browse and grass (i.e. facultative mixed feeding;
DeMiguel er al. 2008), and therefore, that were
originally mixed feeders. Early taxa seem to have
been physiologically adapted to feed on a mixed
diet, but the morphological expression of this state
would have depended on environmental conditions.
As Andegameryx also exhibited a mixed dietary strat-
egy, this condition seems to have been not only the
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ancestral state of Cervidae, butalso of other lineages
of Pecora ruminants. Important dietary heterogene-
ity among similarly aged ruminants belonging to
the same genus or species corroborates this notion.
The much higher proportion of typical browsing
signatures in the German localities and the presence
of mixed feeding habits in the taxa from Central
Spain are probably justifiable as a consequence of
the presence of different environments.

In terms of resource utilization, body size results
indicate that Andegameryx and Procervulus could
have partitioned the available vegetation in Agreda
in terms of height above ground level (vertical habitat
stratification). However, ecological segregation was
most likely not only achieved through body mass
differences. Dental wear clearly evidences that they
were not dependent on a limited type of vegetation
and, consequently, were able to exploit different
food resources. Such generalist dietary strategy
could have allowed species to switch from open
to closed patches (space partitioning), depending
on factors such as food availability or competition
(Calandra ez al. 2008). Alternatively, Andegameryx
and Procervulus could eat many of the same plant
species, but often did so at different times of the
year (time partitioning). Accordingly, body size
difference coupled with an important degree of op-
portunism in their feeding strategy may have been
necessary factors to elude competition in Agreda.
The higher trophic flexibility exhibited by Procer-
vulus could have been a clear advantage to persist
to the general increase in aridity that took place
during the Middle Miocene (Miocene Climatic
Optimum). These data seem to indicate that the
extinction of Andegameryx may have not been con-
sequence of the food competition with Procervulus.
Further analyses including more extensive material
will certainly allow better understand the dietary
habits and the paleoecology of the early pecorans
in the Early Miocene of Central Spain.
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