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The oldest known Cervidae lineage, Procervulus, is a useful example for understanding the adaptations of
mammalian clades to climatic and environmental changes. It appeared in the Lower Miocene (MN3),
persisted through the Miocene Climatic Optimum, and became extinct at the onset of the Mid-Miocene
general cooling. A combined approach of dental microwear and mesowear is undertaken to reconstruct its
feeding behaviour to learn whether and how it responded to new environmental circumstances. None of the
Early and Middle Miocene fossil taxa in the Calatayud-Daroca and Rubielos de Mora basins (NE Spain) had a
wholly browser or grazer lifestyle, but rather dietary strategies equaling those of extant mixed feeders.
However, members of Procervulus were sensitive to changes in the structure of ecosystems and vegetation
that occurred during the Middle Miocene, and responded to these by substantially increasing the intake of
grasses and abrasives. Despite this, it did not apparently display the sufficiently high trophic flexibility to
bring about a change in its feeding style. Two possible, probably interrelated, causes can be pointed out;
constraints imposed by both its small body size and its brachydont cheek teeth. If such a change in the
feeding style was crucial for its survival, Procervulus disappeared as a consequence of an insufficient response
to environmental changes because it may have been unable to compensate for the low nutritional content
and abrasiveness of the new food items over a prolonged period. As the last Procervulus and the first bovids
in the basin have similar dental wear signals, competition could be another possible explanation for its
disappearance. Middle Miocene Procervulus could have been at a clear disadvantage after the advent of
Tethytragus, whose teeth present morphologies that suggest better adaptation to grass-eating. Since diets
tend to reflect habitats, the wear signals and assignments obtained from the Ramblian and earliest Aragonian
cervids are indicative of humid climates and mixed environments, where closed areas were well developed
and browse vegetation was abundant. In contrast, data from late Early and Middle Aragonian cervids and
bovids reflect dry-seasonal and more open scenarios, with a higher diversity of grasses and abrasives.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

tropical and dry conditions in the basins of NE Spain (van der Meulen
and Daams, 1992), peaked in the Middle Miocene Climatic Optimum,

An important interval in the global climatic and evolution of
terrestrial mammalian faunas was the Early to Middle Miocene
(Zachos et al., 2001). The cooling and rapid expansion of Antarctic
continental ice-sheets that took place in the earliest Oligocene
persisted until the latter part of the Oligocene, when a global and
gradual warming trend reduced the extent of the ice (the warmest
since the late Eocene; Flower and Kennett, 1994). From this point
until the Middle Miocene the global ice volume remained low, and
bottom water temperatures were slightly higher (Miller et al., 1991a;
Wright et al., 1992). This warm and humid period, characterized by
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and was followed by a sudden decrease in temperature, the Mid-
Miocene cooling, related to the reestablishment of the east Antarctic
ice-sheet (Miller et al., 1991b; Zachos et al., 2001; Shevenell et al.,
2004; Lewis et al., 2008).

This succession of events, associated with tectonic processes and
sea-level oscillations, had enormous consequences on ecosystems,
and therefore, on the further evolution of terrestrial mammalian
faunas. Antarctica terrestrial organisms were obviously most affected
(Lewis et al., 2008), but the European artiodactyls and perissodactyls
also witnessed drastic changes in paleoenvironmental conditions
(Zachos et al., 2001), and were some of the groups most significantly
affected. Extinction, migration, or adaptation to the new conditions,
for example, are some of the most important bioevents commonly
attributed to major changes, and are well-known to have occurred
during this epoch (Pickford and Morales, 1994).
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Therefore, the Early to Middle Miocene is one of the most
remarkable and interesting intervals for investigating the influence
of global climatic changes on local environments, and the adaptive
response of mammals that were highly sensitive to the shifts
occurred.

In order to obtain paleoclimatic and paleoenvironmental recon-
structions as accurately as possible, we must look for the character-
ization of taxa that respond to changes in terms of adaptive strategies.
Ruminants are particularly suitable for reconstruction, and conse-
quently are among the most frequently utilized paleoecological
indicators (Gordon and Illius, 1994). This is due to the fact that they
are entirely dependent on different types of plants for nutrition and,
therefore, adapted to a wide variety of habitats, and also because of
their ubiquity at fossil sites.

Interestingly, we have a well-documented and continuous record
(4 Ma) of a ruminant lineage (Procervulus, Cervidae) that persisted
through the Miocene Climatic Optimum, but which became extinct at
the onset of the Mid-Miocene cooling. We consider this lineage as a
useful example for understanding the problems that certain mam-
malian clades encounter when trying to adapt to new local
environmental conditions; perhaps by being unable to sufficiently
exhibit the trophic flexibility to respond to a change in the structure of
the vegetation. As Procervulus was also coincident with the first bovids
in the basin (Tethytragus, Bovidae), both groups should have
competed directly, and its disappearance could have also been a
consequence of food competition with these new, though better
morphologically adapted, taxa.

Since cervids and bovids from northeast Spain witnessed notable
paleoenvironmental shifts that other authors have pointed out to
have occurred during this temporal interval (van der Meulen and
Daams, 1992), the main object of this study is to provide an accurate
description of Procervulus feeding habits to learn whether and how
this taxon responded to changes (dietary response). It could be
expected that potential changes strong enough to promote certain
important faunistic events would affect the abundance of vegetation
and, consequently, would have an immediate and recordable effect on
dietary signals. It is also our aim to better reconstruct the
environmental context of northeast Spain during the Early and
Middle Miocene by attempting to provide information on aridity
and seasonality, how open the habitat was or how widespread grasses
were.

2. Materials and methods
2.1. Geographical setting and data collection

We studied fossil material housed in the Museo Paleontolégico de la
Universidad de Zaragoza (Zaragoza, Spain), Museo Nacional de Ciencias
Naturales-CSIC (Madrid, Spain) and Instituut voor Aardwetenschappen,
Rijksuniv (Utrecht, Holland). The material belongs to the Neogene
Calatayud-Daroca and Rubielos de Mora basins, which are located
respectively in the north central and eastern Iberian Chain, NE Spain
(Fig. 1). The basins of these areas display well exposed Early-Middle
Miocene deposits containing a rich record of mammal remains. The
presence of almost continuous sections with mammal localities make
these basins ideal for defining mammalian continental stages, such as the
Ramblian (Daams et al.,, 1987) and the Aragonian (Daams et al.,, 1977).
Although the record is particularly rich in rodent communities,
evidencing remarkable changes in climatic and environmental condi-
tions, it is also characterized by an abundant presence of macromammals,
among which ruminants are the dominant group.

As teeth are the basis of taxonomic research in the taxa investigated
here, our study was applied to the dentition of cervids and bovids. We
analyzed 72 dental specimens, after excluding unworn teeth and
specimens in early and late wear (Fortelius and Solounias, 2000;
Solounias and Semprebon, 2002; Kaiser and Rossner, 2007), from the

following 13 localities which span a temporal interval of approximately
4 Ma. The abbreviations used in text, tables and figures refer to large
mammal locality names are as follows: AGR = Agreda, MOR = Moratilla
and AB1 = Alto de Ballester 1 in the Late Ramblian (Zone A, MN3); SAM =
San Marco and ART = Artesilla in the Early Aragonian (Zone B and C,
respectively, MN4); and VALT = Valtorres, VDM1A = Valdemoros 1A,
VDM3A = Valdemoros 3A, TOR1 = Torralba de Ribota 1, MUN1 =
Munébrega 1, ARM3 = Armantes 3, MUN3 = Munébrega 3 and TOR5 =
Torralba de Ribota 5 in the Middle Aragonian (Zone D, MN5). For an easier
understanding of the text, the abbreviations of the localities after “P” or
“T" are used to indicate a population of Procervulus or Tethytragus,
respectively. The taxonomical study of most of the material belonging to
Procervulus is included in Azanza (2000).

The fossil assemblage from these localities is varied and extensive,
and is typically dominated by ruminants. Procervulus is one of the
oldest Cervidae known and its dietary adaptations are thus of great
interest. From the Upper Ramblian until the Middle Aragonian,
Procervulus is the only member of Cervidae represented here and it
coexisted with paleomerycids and occasionally with lagomerycids,
other cervoid groups. There is a low diversity of bovids during this
epoch and only Tethytragus has been distinguished.

Due to the shortage of material from Procervulus in the Middle
Aragonian localities, it was decided to gather all the specimens to
obtain more reliable dietary signals by assuming they belong to a
single population which was extended through this interval (referred
to here as “whole population”). In order to better understand the
dietary assignments obtained because some samples are not statis-
tically significant, we also realized variability studies by using as a
reference the results obtained from the largest samples.

2.2. Dietary assessment methodologies

The type of vegetation available is one of the best indicators used to
determine physical and ecological characteristics of the ecosystems in
which herbivores lived. It is understandable, therefore, that paleodietary
reconstructions have figured importantly in paleoecology and have
been attempted extensively using a number of different approaches
(Pérez-Barberia and Gordon, 1999; Fortelius and Solounias, 2000;
Cerling et al., 2003). Among these, dental wear patterns are one of the
most widely used by preserving signals directly related to the diet of an
individual (Solounias and Semprebon, 2002; Merceron et al., 2005).

In this study, we undertook a combined analysis of microwear
and mesowear procedures of dietary assessment on tooth material.
The feeding of ungulates is traditionally explained along a browser/
grazer continuum, with three broad categories typically recognized:
browsers, mixed feeders and grazers (Hofmann and Stewart, 1972).
Consequently, both methods discriminate between these categories in
a wide variety of ungulate taxa.

Dental wear analysis deals mostly with the characterization of past
environments (Merceron et al., 2004; Ungar et al., 2007) or dietary
resource partitioning (Kaiser and Réssner, 2007) and competition
studies (Valli and Palombo, 2008). However, only a few works have
attempted to investigate how the diet within a genus or a species has
historically varied through an important climatic event (Semprebon
et al., 2004; Rivals and Solounias, 2007). Also, although micro- and
mesowear have recently been used in tandem to shed light on the
ancestral feeding state of Cervidae (DeMiguel et al., 2008) and on
competition of early Spanish pecorans (DeMiguel et al., unpublished
results), here we present the first attempt to use these methods to
characterize the paleoenvironmental context of Spain. Information of
such recent studies is also included here, to thus contribute to a better
and a more complete paleoenvironmental reconstruction.

Dental microwear is the result of the abrasion of teeth by food
items consumed during the last days prior to the death of an animal.
The method applied for this study was performed following the
procedure developed by Solounias and Moelleken (1992), which has
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Fig. 1. Location map of the studied basins (Calatayud-Daroca and Rubielos de Mora) in the Iberian Chain (NE Spain).

been widely used by other authors. Microscopic marks were observed
by means of an Environmental Scanning Electron Microscope (ESEM)
FEI Quanta 200. Images were taken systematically in a surface of
approximately 0.20 mmx 0.20 mm and were treated with specific
microwear software. Scar dimensions were directly categorized on
the basis of the ratio length/width (scratches: 4<ratio<100, pits:
ratio=4). The number of scratches and pits we obtained were then
transformed into a density score in order to simplify the comparison
of fossils with other extinct and extant ungulates (Rivals and Deniaux,
2003). In addition to scratch and pit densities, we also introduce large
pits, cross scratches and scratch texture (Solounias and Semprebon,
2002) as qualitative variables to further analyze fossil cases where
microwear was controversial or unclear. Analysis was performed
using the dataset of 28 well-known extant ungulates compiled by
Solounias and Moelleken (1994) and Solounias et al. (2000) and
sharing the same protocol concerning high magnification (x500) and
SEM. The study focused as far as possible on the anterior lingual blade
of the paracone on the M? and the posterior buccal blade of the
protoconid on the m, permanent because these facets are in occlusion
together during the chewing-shearing phase and these teeth show an
intermediate wear stage between the first and the third molar
(Gordon, 1982). Dental microwear comparisons were made using a
dataset (Solounias et al., 2000) composed of leaf (N=7) and fruit
(N=3) browsers, seasonal (N=7) and non-seasonal mixed feeder
(N=4), and grazers (N=17).

Dental mesowear is based on the physical properties of food as
reflected in the relative amounts of attritive and abrasive wear that

they cause on the teeth (Fortelius and Solounias, 2000). Occlusal
relief (characterised as either high or low) and the cusp shape
(sharp, rounded, or blunt) of the apex of the paracone and metacone
of M'-M? and the metaconid and entoconid of m;-m; were examined
using a stereomicroscope Olympus SZ11 and qualitatively scored.
Variables were also converted to a single score (mesowear score;
unpublished method developed by M. Mihlbachler) as proposed in
Semprebon and Rivals (2007). Thus, specimens with a combination of
sharp cusps and high relief were assigned a value of 0; those with a
combination of rounded cusps and high relief were assigned a value of
1; a combination of rounded cusps and low relief were assigned a
value of 2; a combination of blunt cusps and low relief were assigned a
value of 3. Mesowear values for each specimen within a sample were
then averaged to obtain the global mesowear score for that sample.
The comparative extant database of Fortelius and Solounias (2000)
was followed as a reference from which samples represented by less
than 10 individuals were removed in order to obtain a range in which
distributions that look different become significantly different
statistically. The mesowear patterns of fossils were therefore
compared to those of a set of 54 extant ungulates partitioned into
conservative fruit (N=5) and leaf browsers (N=12), conservative
mixed feeders (N=26) and conservative grazers (N=11). The
duikers, hyraxes, Procavia capensis and Hyaemoschus aquaticus
(“MABRA”, for “minute abraded brachydont”) show quite unclear
dental mesowear (Fortelius and Solounias, 2000).

Using the procedure described in DeMiguel et al. (2008),
multivariate analyses were performed with SPSS 11.5 statistical
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software to determine the most probable feeding categories of
Procervulus and Tethytragus species. The microwear studies were
developed using densities of scratches and pits as criterion variables,
while the combination of rounded, blunt cusps and high relief were
used for the mesowear analyses.

Hierarchical cluster analyses were first applied as an explorative
technique for identifying herbivorous species groups and emphasizing
any inherent structure, based on similarities in the dental wear pattern.
The analyses were realized using the Euclidean distance and Ward's
method. Discriminant analyses were then employed to evaluate
the ability of the dental wear variables set with the purpose of
distinguishing between the four conventional dietary classes of extant
taxa and also to classify the fossil cases according to the model derived.
For the discriminant mesowear analyses, two dietary classifications
(conservative and radical), were used alternately as a grouping variable.
A combined use of two parallel classifications will allow us to recognize
those fossil taxa that, although being adapted to feed on mixed diet, are
shifted toward the browse-dominated end or toward the grass-
dominated end of the mixed feeder continuum. Also, comparison of
results from both classifications will enable us to accommodate cases
where dietary information is controversial or unclear (Fortelius and
Solounias, 2000).

3. Results and description

Presented in Table 1 are micro- and mesowear summary results
and also the number of specimens measured in the sample and the
basin to which they belong.

3.1. Analysis of micro- and mesowear features

3.1.1. Procervulus (Ramblian and lower Aragonian localities)

In the previous studies carried out by DeMiguel et al. (2008, in
prep.), diets of some Procervulus were investigated. Dental micro- and
mesowear placed Pagr and Pyor within the class of browse-
dominated mixed feeders, while suggested that Pag; and Pary most
closely resemble to extant seasonal mixed feeders, and that the latter
was a species more inclined to grazing.

3.1.2. Psay

It exhibits a microwear pattern (Fig. 2a) comprised of few
scratches and an intermediate pit density (641 scratches/mm? and
446 pits/mm?), similar to those of extant browsers. Cephalophus

Table 1

dorsalis is a typical extant frugivorous and displays similar microwear
densities (626 scratches/mm? and 569 pits/mm?) to this Procervulus.
When its microwear is further studied, it has no large and deep
puncturelike pits, or coarse scratches. This fact could suggest that it
was not a fruit-browser, but may also be due to the scarce sample.

Psan, with an overall score of 0.5, is characterised by a combination
of sharp (50%) and round cusps (50%) and by a predominance of high
occlusal relief (100%). Thus, the mesowear signal (Fig. 2g) reveals a
moderately abrasive diet, which is more similar to that of Taurotragus
oryx and Tragelaphus scriptus extant mixed feeders.

Such a discrepancy in dental micro- and mesowear could indicate
that it ingested a significant amount of ligneous items just before
death, despite having an average signal characteristic of a relatively
medium-abrasion diet. Since the mesowear is produced over a long
feeding period in the animal's life (usually several weeks or months;
Fortelius and Solounias, 2000) and the microwear is the direct result
of the abrasive action during the last few meals (Solounias and
Semprebon, 2002), the heterogeneity concerning Psay could indicate
a difference between their average trophic practices and the last
meals content. A possible interpretation for this would be a seasonal
variability in the type of ingested food, with a prevailing mixed feeder
strategy.

3.1.3. Procervulus (Middle Aragonian localities)

Most of the populations have similar microwear features (Table 1,
Fig. 2b-f). Their teeth are mainly characterised by an intensive
striated enamel surface and by intermediate pitting, similar to those of
extant grazers. A clear difference is however evident in the amount of
scratches of the following two populations. It was observed that
Pypmsa (Fig. 2¢) displays the highest striation (1648 scratches/mm?),
suggesting more abrasives in its diet. It is apparent from examining
the density of scratches that Pypysa shares strong affinities with
extant non-seasonal mixed feeders. In contrast, Pyyni (Fig. 2d)
exhibits less striated enamel surfaces (981 scratches/mm?), and this
feature bears more resemblance to that of extant seasonal mixed
feeders.

Middle Aragonian Procervulus display mesowear mostly com-
prised of high occlusal relief and sharp or rounded cusps, and have
scores ranging between 0 and 1.5 (Table 1, Fig. 2h-n). When
compared to extant ungulates, they fall into the ranges observed for
browsers and mixed feeders (Semprebon and Rivals, 2007). A clear
difference is however evident among the samples, and two trends are
observed within the populations; those characterised mainly by a

Summary of microwear and mesowear results. Number of individuals measured (N); standard deviation [SD]; scratches/mm? (S); pits/mm? (P); percentage of pits (%p); percentage
of individuals with high (%H) and low (%L) mesowear relief; percentage of individuals with sharp (%S), rounded (%R) and blunt (%B) cusps; mesowear score (MS).

Locality Basin Microwear Mesowear Ref.
N S[SD] P[SD] %p[SD] N %H %L %S %R %B  MS
Procervulus
Agreda Calatayud-Daroca 2 675[174] 555[343]  43[9.8] 2 100 0 50 50 0 0.5 DeMiguel et al. (unpublished results)
Moratilla Calatayud-Daroca 3  645[267.7] 642[26.3] 51[11] 2 100 0 50 50 0 0.5 DeMiguel et al. (unpublished results)
Alto Ballester 1 Rubielos de Mora 4  839[299.8] 534[183.9] 40[6.1] 13 923 7.7 143 857 O 0.8 DeMiguel et al. (unpublished results)
San Marco Calatayud-Daroca 1  641[-] 446[-] 41[-] 1 100 0 50 50 0 0.5 This study
Artesilla Calatayud-Daroca 13 1153[475.3] 864[406.5] 43[12.1] 40 925 7.5 1375 75 11.25 1.012 DeMiguel et al. (2008)
Valtorres Calatayud-Daroca 2  1291[199.4] 401[88.9] 24[1.2] 2 50 50 0 100 0 1.5 This study
Valdemoros 3A Calatayud-Daroca 1  1684[-] 438[-] 21[-] 1 100 0 0 100 0 1 This study
Torralba Ribota 1 Calatayud-Daroca - - - - 2 100 0 25 75 0 0.75  This study
Munébrega 1 Calatayud-Daroca 1  981[-] 338[-] 26[-] 1 100 0 100 0 0 0 This study
Armantes 3 Calatayud-Daroca - - - - 2 100 0 0 100 0 1 This study
Munébrega 3 Calatayud-Daroca 2  1226[39.8] 364[220.9] 22[10] 2 100 0 50 50 0 0.5 This study
Torralba Ribota 5  Calatayud-Daroca 1  1237[-] 542[-] 30[-] 1 100 0 0 100 0 1 This study
Whole population 7 1276[207]  407[109] 24[49] 11 909 91 227 773 0 0.86  This study
Tethytragus
Valdemoros 1A Calatayud-Daroca 1  1432[-] 477[-] 26[-] 1 100 0 0 100 0 1 This study
Torralba Ribota 1~ Calatayud-Daroca - - - - 1 100 0 0 100 0 1 This study
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Fig. 2. ESEM photomicrographs at x500 and mesowear features of selected Procervulus teeth. Microwear: specimens from San Marco (a; SAM/ss.: m;), Valtorres (b; IVAU/VALT-56/501: my),
Valdemoros 3A (c; IVAU/VA3A-501: M?), Munébrega 1 (d; IVAU/MUN1-55/1119: m,), Munébrega 3 (e; IVAU/MUN3-53/b0: m,) and Torralba de Ribota 5 (f; IVAU/TOR5/ss.: ms). Mesowear:
specimens from San Marco (g; SAM/ss.: m,), Valtorres (h; IVAU/VALT-56/501: m,), Valdemoros 3A (i; IVAU/VA3A-501: M'-M?), Torralba de Ribota 1 (j; IVAU/ss.: M?-M?>), Munébrega
1 (k; IVAU/MUN1-55/1119: m;-ms3), Armantes 3 (I; IVAU/57-102 m;-ms3), Munébrega 3 (m; IVAU/MUN3-53/b0: m;) and Torralba de Ribota 5 (n; IVAU/TOR5/ss.: ms).

high proportion of sharp cusps and scores between 0 and 0.75,
indicating a significant attrition level (Pror1, Pmun1, and Pyuns; Fig 2j,
k and m, respectively), and those showing strong rounding and scores
ranging from 1 to 1.5, possibly because of fresh grass grazing (Pyarr,
Pypmsas Parmis, and Prors; F]g 2h,i,land n). It must be noted that Pyart
has the highest score recorded in the sample (1.5).

When the “whole population” of Procervulus was analyzed
(1276 scratches/mm? and 407 pits/mm?), it was observed that its
microwear pattern is almost exactly the same as that of Pyarr
(1291 scratches/mm? and 401 pits/mm?). The mesowear (90.9%
High, 22.7%Sharp, 77.3%Rounded, 0.86MS) is however similar to
that of Pror; (see Table 1), despite having a higher percentage of low
occlusal relief (9.1%) that could be attributed to a higher degree of
abrasion by the food consumed.

3.14. TVDMIA and TTORI

The population from VDM1A is characterised by one of the highest
scratch densities (1432 scratches/mm?) on the shearing facets among
the extinct fossils (Fig. 3a). This density is much higher than the
average for the browsing ungulates (496 scratches/mm?) and even
higher to that of grazing ungulates (1231 scratches/mm?). The pit
density recorded for Typmia (477 pits/mm?) is higher than the value
for the extant grazers (258.2 pits/mm?) and is closer to that of some
browsers (495.8 pits/mm?). Such result could be indicator of dry,
open environments (Solounias and Semprebon, 2002). Molar teeth of
both Typwmia (Fig. 3b) and Trogr; (Fig. 3c) displayed mesowear
comprised of rounded cusps (100%) and high relief (100%), and a
score of 1. This pattern is clearly different from the strict browser taxa,
and reflects a moderately abrasive diet. Their percentages are close to
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Fig. 3. ESEM photomicrograph at x500 and mesowear features of Tethytragus teeth
from Valdemoros 1A (a; IVAU/Va-1A-502.: M?, b; IVAU/Va-1A-502.: M'-M?) and
Torralba de Ribota 1 (c; IVAU/TOR1/ss.: m3).

those of Kobus ellipsiprymnus, a grazer which lives near rivers and feeds
on grasses (Kingdon, 1979), and Syncerus caffer, an intermediate-grazer.
Thus, Tethytragus can either be referred to as a grazer or a mixed feeder.
The fact that the mesowear patterns show no low occlusal relief could
be due to the scarce sample, but may also suggest that grasses taken
were C3 type.

3.2. Hierarchical cluster analyses

Species were distributed into two main clusters for both micro-
and mesowear (Fig. 4), separating clearly those with a preference to
feed on fruits and leaves (cluster A) from those of grazing (cluster B).

A considerable dietary heterogeneity was observed among the
fossils according to the microwear (Fig. 4a, subclusters 1 to 4). It seems
that most of the oldest populations could have displayed seasonal mixed
habits while most of the modern populations displayed grazing.
Psam was the only sample grouped in the subcluster 1, close to the
Okapia johnstoni and Tragelaphus strepsiceros browser taxa. Pag; and Pagr
were also distributed in the cluster A, close to species with a probable
seasonal preference for grazing (subcluster 2). Most of these species
have one form of microwear typical of browsing, and one of grazing
(Solounias and Moelleken, 1994), indicating seasonality signals.
Although fruit-browsers are highly specialized in a particular type of
vegetation, they also can show a bimodal distribution indicating an
alternation between fruits and leaves (Solounias and Semprebon, 2002).
Pacr and Pyor Were also grouped in this subcluster 2, though they have
much in common with the Cephalophus dorsalis fruit-browser.

Despite the fact to show affinities with a fruit-browser regarding
microwear densities, the enamel surface of Pagg has not numerous

large pits, and those that are eventually found are elongated and quite
superficial, differing significantly from those reported for extant fruit-
browsers (Solounias and Semprebon, 2002). In addition, and
importantly, scratches are generally uniform in size and depth (finely
textured scratches), which may suggest this population was feeding
on C3 grasses (Solounias and Semprebon, 2002; Rivals and Solounias,
2007). Also, the densities of scratches and pits, the percentages of
large pits and cross scratches are variable. Thus, it was found a
bimodal pattern; one exhibiting a high density of both pits and
scratches and few cross scratches, and other displaying numerous
scratches and cross scratches, and, interestingly, very low densities
of pits and large pits (DeMiguel et al., in prep.). Pyor is distinguished
by having mainly numerous fine scratches (few coarsely textured
scratches are present), small percentages of large pits and high per-
centages of cross scratches. Following Rivals and Solounias, (2007), this
latter feature characterizes quite abrasive diets.

All these results do not support the hypothesis that exclusive
frugivory was exhibited by Pagr and Pyor. The microwear probably
corresponds to a higher abrasive diet than that displayed by a fruit-
browser and is thus more consistent with mixed feeding.

Regarding the most modern populations, Pyiun1, Pmuns, Pvact, and
Prors, as well as the “whole population”, and Typya, Were grouped in
the cluster B, together with the grazers Connochaetes taurinus, Tetracerus
quadricornis or Bison bison (subcluster 3). Pypysa however appeared
close to the non-seasonal mixed feeders Capra ibex, Cervus canadensis,
Cervus unicolor and Boselaphus tragocamelus (subcluster 4).

Unlike the microwear cluster, a significant dietary homogeneity
was found among fossils based on mesowear (Fig. 4b). Most of the
Middle Aragonian Procervulus (Parms, Prori,» Prors, Pvpmsa and the
“whole population”), and also Pag; and Pagr, are included in the main
cluster B (subcluster 4), close to extant grazers (Kobus ellipsiprymnus
and Hippotragus equinus, among others) and mixed feeders (Axis
porcinus, Ourebia ourebi or Tetracerus quadricornis). The same position
was obtained for Typumia and Tror; populations. Pyt is also included
in this main cluster B, more exactly in the subcluster 3, and thus
displays a similar mesowear signal to those of extant grazers (Equus,
Bison bison).

The rest of the Procervulus populations, with the exception of
Pyvuni Which is clearly grouped with the leaf-browsers (subcluster 1),
are close to taxa that are chiefly mixed feeders (subcluster 2).

When the “MABRA” group was weeded out of the data set, the
relative placement of the remaining taxa was not affected, and even
fossils fell into homologous clusters and subclusters.

3.3. Discriminant analyses

Most of the fossil samples, as well as their specimens, were
classified as seasonal mixed feeders and grazers according to micro-
wear (Table 2, Fig. 5a). There was a very high discrimination among
the 28 extant ungulates with a correct classification rate of 82.1%.
Results show a wide spectrum of dietary assignments among
Procervulus, exhibiting fruit-browsing, mixed and grazing habits. By
being classified as frugivorous, it seems more likely that an important
volume of fruits and seeds was consumed by Pacg, Pyvor and Psap just
before death. In contrast, Pagy, Pagr and Pyyni probably exhibited
seasonal mixed strategies. As can be observed in Fig. 5a, most of their
specimens fall between the browser and grazer domains, and some
others fall into the grazers and others into the leaf-browsers. Pyart,
Pyuns and Progs, and also Typwmia, Were placed in the category of
grazers. The average of Middle Aragonian specimens (“whole
population”) was also classified as a grazer. Finally, Pypyza was the
only population that exhibited a microwear signal similar to that of
extant non-seasonal mixed feeders.

For the full dataset of mesowear of 54 extant ungulates, the mean
percentage correctly classified was only 53.7% for conservative
(Table 33) Pag1, Part, Pvpmsa, Pror1, Parm3 and Prors (as well as the



D. DeMiguel et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 289 (2010) 81-92

Rescaled Distance Cluster Combine

B fruit browser
@ leaf browser

ARM3

TORRS  Procervulus
VDMA1A  aff. Tethytragus
VDM3A Procervuius

Procervulus

A mixed TORR1 afi. Tethytragus
@ K. ellipsiprymnus
. grazer @ H. equinus
A A porcinus
A B. tragocamelus
4 W C. silvicultor
@® R.redunca
AB1 Procenvulus
A S. caffer
@ A. lichtensteinii
@ H. niger
A O.ourebi
B TORR1 Procenvulus
W H. aquaticus
| A T. quadricornis
Rescaled Distance Cluster Combine Whole population
5 i i o , i A C. unicolor
iR s Smm e e s ¥ ART Procervulus
B C. nigifrons
. E. quagga
W fruit browser : E :,e‘i,“?
& leaf browser a 3 ® C. simum
. @ B. bison
¥ non-seasonal mixed r & H. brucsi
E’Aph seasonal mixed : é ?ﬁgrifsuosni 7 : E. ci;lnen_sts o
laphus m C. sylvicultor 2
wauceli - & T. strepsiceros :gg
urinus & O. johnstoni WA
s 1 SAM  Procenvulus VAL
Procervuius ¢ G. camelopardalis
slampus ] A M. muntjak A Am
gasi @ B. euryceros A Ta
e A @ T. imberbis ACad
e m C. niger _ A Lg
Heri & L. walleri & Lw
g * A alces ECd
ysalis A O. canadensis m Cn
= ART Procervulus * B'S‘
ryceros B C. dorsalis A L- vi
ugna AGR Procervulus 2 5
xicolor 2 MOR  Procenvulus A Bfa
et A C. sumatraensis SAN
5 e A T oryx Mur
boreus A G. granti ¢ D.a
ey AB1 Procervulus AGF
® K. ellipsiprymus MOF
B : ﬁ niger A To
axis A T.s
(0 3 ® C. duvauceli A ACoc
padensis. ® C. taurinus A Cs
imatraensis ® T. quadricornis Ao
omsoni MUN1  Procervuius A o'”'
oschatus B VALT  Procenuius :
anti Whole population : G.g
nadensis MUN3  Procervulus O.¢i
rsalis @ B. bison & D.d
88 VDM1A aff. Tethytragus & Aa
2 TORRS Procervulus Mup
;en'cana ¥ C. ibex & Aa
ginianus VDM3A  Procervulus & O.v
; ¥ C. canadensis & D.b
el ¥ C. unicolor sce
imelopardalis 4 ¥ B. tragocamelus 1 A
arsupialis : C‘:
preolus . G
ymionus * o"f‘
x A Cib
berbis AST I

87

Fig. 4. Hierarchical cluster diagrams. (a) Microwear hierarchical cluster based on scratch and pit densities features. (b) Mesowear hierarchical cluster based on the percentage of high

occlusal relief, round cusps and blunt cusps of fossil populations with extant species.

“whole population”), were placed in the category of fruit-browsers
(Fig. 5b). The same assignment was obtained for the bovids (Typmia
and Trory). These fossil taxa have high percentages of rounded
morphologies. Herbivores that are well-known to be exclusively fruit-
eaters also have a high percentage of rounded cusps because of tip-
crushing wear due to frugivory (Fortelius and Solounias, 2000).

It must be noted, however, that important differences are detected
between these fossil taxa and extant frugivorous concerning the

percentage of sharp cusps. All fruit-browsers, with the unique
exception of Cephalophus sylvicultor, show more than 15% of sharp
cusps, indicating a high attrition level. In contrast, sharp cusps are
only recorded in the teeth of Pagq, Pagr and Progry, and less than 15% in
most of them, suggesting that increased abrasion may be the main
reason for the increased wear in the fossil forms. As was reported in
Fortelius and Solounias (2000), this fact can be probably justifiably
interpreted as proportion of grass in the food. Also, there is no extant
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Summary of microwear discriminant analysis. Key for dietary assignments: fruit (FB)
and leaf (LB) browsers, seasonal (sM) and non-seasonal (nsM) mixed feeders and

grazers (G).

Extant classification rate

82.10%

Predicted group

Original group

FB
N(%)

LB
N(%)

sM
N(%)

nsM
N(%)

Species/fossil localities

Cervids
Procervulus/AGR
Procervulus/MOR
Procervulus/AB1
Procervulus/SAM
Procervulus/ART
Procervulus/VALT
Procervulus/VDM3A
Procervulus/MUN 1
Procervulus/MUN 3
Procervulus/TORR5
Procervulus “whole pop.”

Bovids
Tethytragus/VDM1A
Fossil specimens
Fossil average

3(9.7)
3(27.3)

4(12.9)

N o=

12(38.7)
3(27.3)

w

—_

5

1
10(32.3)

4(36.4)

fruit-browser that displays blunt cusps with a higher value than 7.1%
(and they mostly show less than 5%; Fortelius and Solounias, 2000)
whereas Pagt has 11.25%.

It seems therefore, that the fossil taxa above mentioned could
consequently have been misclassified as frugivorous while being
mixed feeders. The dental mesowear of Pyog; is more ambiguous and
it cannot be distinguished, only through mesowear, exclusive
frugivory from mixed dietary habits.

Removing the “MABRA” group notably contributed towards
increasing the taxa correctly classified for both the conservative
(68.8%; Table 3b) and radical (68.8%; Table 3c) dietary classifications.
Interestingly, most of the fossil taxa were classified either to a mixed
feeder according to the conservative classification (Fig. 5c), or to a
grazer according to the radical ones (Fig. 5d). The most probable
dietary assignment for Pagr, Pmor, Psams Pror1 and Pyyns (as well as
the “whole population”) corresponds to a mixed feeder according to
both the conservative and to the radical ones. Only Pyair and Pyunt
were always considered to be a grazer and a browser, respectively.

4. Discussion
4.1. Paleodietary reconstruction

Both microwear and mesowear analyses resulted in similar feeding
assignments for most of the fossil species investigated. Pyart and Pyuni
however had significantly different habits from those of the rest,
showing an exclusive specialization on grass and browse, respectively. It
must be emphasized that there was no important incongruity, in the
sense that no case was classified as a browser in one methodology and as
a grazer in the other. The discrepancies between micro- and mesowear
patterns observed for some species (browser/grazer assignment for
micro- and mixed feeder for mesowear) would most likely be related to
the fact that these methodologies cover times frames of different
duration (Fortelius and Solounias, 2000). Because microwear provides
information regarding last meals (days or hours), and mesowear
provides an intermediate level of information (months or weeks),
such discrepancies could therefore suggest seasonal fluctuations, typical
of mixed feeders.

In order to better understand the dietary assignments obtained,
and because some samples are not particularly rich, we realized a
microwear variability study (Fig. 6) by analyzing the dispersion of all
studied specimens according to the morphospace of variability that
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Fig. 5. Discriminant analyses models. Distribution of taxa in the morphospace defined by the microwear (a; extant species, b; extinct species), and mesowear with “MABRA”
(c; extant species, d; extinct species), and without “MABRA” using both conservative (e; extant species, f; extinct species) and radical (g; extant species, h; extinct species). Closed
symbols representing centroids. Fossil populations (cross): Procervulus from AGR (A), MOR (B), AB1 (C), SAM (D), ART (E), VALT (F), VDM3A (H), MUNT1 (I), MUNS3 (]), TOR5 (K),

“whole population” (L), TOR1 (N) and ARM3 (O). Tethytragus from VDM1A (G) and TOR1 (M).
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gzg:fn;}lry of mesowear discriminant analysis. Key for dietary assignments: fruit (FB) and leaf (LB) browsers, mixed feeders (M) and grazers (G).
Extant classification rate a: 53.7% b: 68.8% c: 68.8%
Classification With “MABRA” Without “MABRA”

Conservative Conservative Radical

Predicted group

Predicted group Predicted group

Original group FB LB M G B M G B M G

Species/fossil localities

Cervids
Procervulus/AGR X X X
Procervulus/MOR X X X
Procervulus/AB1 X X X
Procervulus/SAM X X X
Procervulus/ART X X X
Procervulus/VALT X X X
Procervulus/VNDM3A X X X
Procervulus/TOR1 X X X
Procervulus/MUN 1 X X X
Procervulus/ARM3 X X X
Procervulus/MUN 3 X X X
Procervulus/TORR5 X X X
Procervulus “whole pop.” X X X

Bovids
Tethytragus/VDM1A X X X
Tethytragus/TOR1 X X X

Total of fossil populations (N(%)) 8(57.1) 1(7.1) 4(28.6) 1(7.1) 1(7.1) 12(85.7) 1(7.1) 1(7.1) 5(35.7) 8(57.1)

was obtained from the largest samples (Pag; and Pagr). Noticeably,
most of the cases plotted inside the area represented by the total
variability continuum, and only a few specimens plotted outside
(cases with an asterisk in the figure). Among these, specimens were
found from Pyor (with values of —3.785 and 0.374), Pyuns (1.641,
—0,609) and Pyppmsa (3.942, 0.629). The emplacement of Pyor and
Pyuns is coherent with the fact of them being specimens forming part
of the browser and grazer end of a mixed feeder population,
respectively. As previously cited, non-seasonal mixed feeders differ
quite strongly from the other herbivores by having the highest density
of scratches. The Pypuza specimen plotted outside was classified
according to this category, and therefore its intensive striation may
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Fig. 6. Variability of the fossil specimens according to the distribution obtained from the
microwear discriminant plot. Variability morphospace of the largest samples (Alto de
Ballester 1; N=4 and Artesilla; N=13) and also the global were drawn for an easy
comparison.

place it out of the total variability continuum. The apparent exclusive
grazing and browsing for Pyarr and Pyuni, respectively, has been re-
interpreted as a mixed feeding. Therefore, and taking all these facts
into consideration, the general prevalence of the studied taxa is to
display feeding regimes equaling to those of extant mixed feeders.

Although only this major dietary trait was probably represented in
the localities, a considerable variation in dental wear features was
observed among species. In our opinion, the Ramblian populations
included fewer abrasives than Aragonian populations. The significant
part of the earliest specimens studied falling outside the variability
morphospace of Artesilla and nearer to the browser domain, giving a
convincing evidence that species were significantly different in
nutrient exploitation.

It seems clear that diets ranged from browse-dominated mixed
(PAGRv Puvors Psam and PMUN1)- to rather abrasive equaling mixed
(Pypmsa and Pyunz) and grass-dominated mixed diets (Pagi, Pagrt,
PVALT: PARM3: PTORSv TVDM]A and TTORI)- PTOR] was classified as mixed
feeder. Nevertheless, its ambiguous mesowear prevents us from
concluding whether it was a mixed feeder or a fruit-browser.

Since Pyynt seems to be shifted toward the browse-dominated
end of the mixed feeder continuum, and displays evidences of a
specific consume of leaves and soft related browse, it could be
included in a dietary subcategory here called “leaf-dominated mixed
feeder”. Similarly, those browse-dominated mixed feeders that fed
mainly on fruits and seeds could be included in the subcategory of
“fruit/seed-dominated mixed feeder”.

4.2. Paleoenvironmental characterization

Trends in dental wear signatures for the studied interval (Fig. 7)
show drastic differences between the earliest (biozones A and B) and
the most modern (biozones C and D) species, suggesting that a
significant environmental change took place during the late Early
Aragonian.

The scratching curve shown in Fig. 7a (mainly produced by the
phytoliths which occur in much larger concentrations in grasses than
in dicotyledonous), begins with values for Ramblian species (600-
900 scratches/mm?) similar to those of extant frugivorous and
seasonal mixed feeders (602 and 829, respectively; Solounias et al.,
2000). Conversely, the scratching was more intense for the late Early
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Fig. 7. Evolutionary trend of the dental microwear (a; scratches/mm? and b; pits/mm?) and mesowear (c; mesowear score) variables. In each graphic, the vertical discontinue line
marks the value from which it is noted the main change in the dietary signal. Procervulus taxa are identified with circles while Tethytragus with squares. Key for microwear dietary
assignments: leaf (LB) and fruit (FB) browsers, seasonal (sM) and non-seasonal (nsM) mixed feeders and grazers (G). Key for mesowear dietary assignments: browsers (B), mixed
feeders (M) and grazers (G). It should be emphasized that some controversies exist in the stratrigraphical position of some Middle Aragonian localities as a consequence of the
tectonic processes that affected the stratigraphic levels of this epoch (Daams et al., 2003; Freudenthal, 2006).

and Middle Aragonian species, with values (>1000 scratches/mm?)
close to those of extant grazers (1231).

Regarding the pitting curve (Fig. 7b), the species analyzed appear
segregated around the value of 460 pits/mm?. Higher values were
obtained for the Ramblian species (550-650 pits/mm?), showing
affinities with extant leaf-browsers (519) and seasonal mixed feeders
(520), while the lower ones displayed for the Aragonian species
(mostly between 350 and 450 pits/mm?) are similar to those of extant
grazers (258) and non-seasonal mixed feeders (275). Parr differs
quite strongly from the other fossils by having the highest density
(864 pits/mm?), despite its grass-dominated mixed dietary behav-
iour. Ligneous food preferences are principally responsible for a great
abundance of pits (Solounias and Semprebon, 2002), but such
intensive pitting of its enamel cannot be explained only by browse.
Thus, the intake of dust and grit deriving from attached soil may
provide an explanation for the quantitative difference of pits in Parr
(DeMiguel et al., 2008).

In order to better distinguish the relative abrasive of the forage, the
mesowear score was also plotted as a comparative variable (Fig. 7c).
The mesowear score of Procervulus and Tethytragus has values typical
of mixed feeding signatures (0.5-1). It is noted, however, that the
earliest populations (with the exception of Pag;) are shifted towards
the browse-dominated end of the mixed feeder continuum (0.5),
while most of the younger populations are shifted towards the grass-
dominated end (>0.75). This shift could be interpreted as an
indication of more abrasive feeding regimes of Procervulus and
Tethytragus in biozones C and D.

The shift toward more abrasive dietary regimes beginning in the
late Early Aragonian (MN4, biozone C) is explained in terms of
changing climatic conditions. According to the variables, more derived
cervids and bovids apparently depended on more grasses and
abrasives than others. If aridity was increased and more open
landscapes were locally evolved (van der Meulen and Daams, 1992;
van der Meulen et al., 2005), it is understandable that species would
subsist by increasing the amount of grasses in the diet, and hence
more abrasion dominated wear signals would be reflected in their

teeth. The new environmental conditions would also facilitate the
deposit and the adhesion to food items of grit and dust (Kaiser and
Réssner, 2007). Similarly, if seasonality was also increased, it could
have led to notable fluctuations in the availability of vegetation
(Solounias and Moelleken, 1992; Merceron et al., 2004), and this
could be the explanation for the high variability in the striation and
mesowear score found during the Aragonian. However, more
nutritious browse seems to have remained abundant, or at least
uniform, during this epoch, as can be deduced by the considerable
uniformity of the pitting curve.

None of the species in the Calatayud-Daroca and Rubielos de Mora
basins had a wholly browser or grazer lifestyle, which presumably
excludes an exclusive dominance of forested environments (Merceron
et al, 2005) and suggests that grasslands were still not sufficiently
widespread. Our data rather suggest the presence of mixed landscapes
with alternation of both closed and open areas.

4.3. Ramblian-Early Aragonian (biozones A and B)

The presence of taxa having less abrasion dominated wear signals
during the Ramblian, indicates that they would have supported varied
kinds of soft ligneous vegetation (fruits, seeds, leaves), and informs of
densely forested habitats and a humid climate which would have
limited an excessive development of grasses. Certainly, the sources
causing abrasion are very few in the humid forests, and a general
relationship between openness of habitat and abrasion has been
proposed before (Janis and Fortelius, 1988; Fortelius and Solounias,
2000). The humid conditions are corroborated by the presence and
significance of beavers in the lower part of the AGR locality succession
(van der Meulen and Daams, 1992).

According to plant macroremains of the Rubielos de Mora basin
(Barrén and Diéguez, 2001), there was an abundant presence of
arboreal (mixed broad-leaved evergreen and coniferous forest), and
also riparian (mixed mesophytic forest) and aquatic associations. This
evergreen forest is known as the “Oak-Laurel Forest”, or Laurisilva,
and constitutes the present-day residual laurel forest in the Canary
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Islands (Quézel and Médail, 2003). Pollen data (Barrén et al., 2006;
Jiménez-Moreno et al., 2007a,b) reveal that this diverse macroflora
may be related to the presence of a permanent meromictic lake whose
existence has also been inferred from sedimentological data (Anadén
et al., 1988). Several works have identified a subtropical overall
climate and vegetation characterized by subdesertic taxa, the group of
grasses (Poaceae and Amaranthaceae-Chenopodiaceae) being of
relative importance (Jiménez-Moreno et al, 2007a,b). It is to be
expected that ruminant communities from AB1 lived in a transition
area (ecotone) between the adjacent ecosystems that were developed
around the Rubielos de Mora Lake. Therefore, the seasonal dietary
signal and the more abrasion obtained for Pag; could be due to
vegetation changes, coherent with a cyclicity likely related to the
effects of periodic lake level oscillations, and controlled by climatic
changes (Jiménez-Moreno et al., 2007b).

Paleodietary data obtained for the Early Aragonian (biozone B) are
scarce, and an unequivocal interpretation concerning climatic and
environmental conditions of this interval cannot be achieved.
Nevertheless, we have not found statistically significant differences
with the dental wear for Ramblian Procervulus. If this similarity can be
confirmed, it would imply that environments and climate did not vary
greatly among the Ramblian and the earliest Aragonian.

4.4. Early-Middle Aragonian (biozones C and D)

Replacement of the browse-dominated mixed diets during the
Ramblian-earliest Aragonian by the grass-dominated ones during the
latest Early-Middle Aragonian, is a strong argument indicative of a
significant change in the environmental conditions. More specifically,
data reveal a drier episode and an opening of the habitats in the
biozone C, conditions that prevailed during the Middle Aragonian.
Drier environments result in a more abrasion dominated dietary
signal of mixed feeders, as was proposed by Kaiser and Rdssner
(2007). Despite the fact that Procervulus and Tethytragus probably
inhabited overall dry ecosystems, the fluctuations in their dental wear
signatures (Fig. 7) inform of dry/wet oscillations in the Middle
Aragonian, probably indicating periods with strong seasonality. Pyyn1
and also, but to a lesser extent, Pyyn3, are shown to have a much less
pronounced abrasive dietary signal, and therefore could reflect more
humid episodes where vegetation was probably more diverse.

These findings are compatible with the general pattern of
increased aridity observed by different authors on the basis of other
mammalian fossil remains from this period. Krijgsman et al. (1994)
attributed the faunistic events placed in the Middle Miocene to a
major increase in the degree of aridity as a consequence of the spread
of low biomass vegetation due to intensification of the subtropical
belt. Flower and Kennett (1993) also detected an increase in the
temperature by using high-resolution oxygen and carbon isotopic
records. On the other hand, van der Meulen et al. (2005) also
evidenced a general increase in aridity in the Middle Miocene for the
Calatayud-Daroca basin, and agree that this general pattern starts in
the Lower Aragonian, which coincides with the interpretations that
we draw from the paleodietary reconstruction based on dental wear.

4.5. Adapting Procervulus to new circumstances and later disappearance

Species of Procervulus were able to substantially vary their dietary
preferences, and increase the body size (Azanza, 2000), apparently as
a response to the changes in the structure of the vegetation, which
probably resulted from the Miocene Climatic Optimum. The last
Procervulus had a greater grazing capacity (this work; Kaiser and
Réssner, 2007) and were able to digest a higher grassy diet than was
previously expected for the brachydont species today. Nevertheless,
their trophic flexibility was not sufficiently accentuated to bring about
a change in the feeding style. It is perhaps not surprising to think that
if the arid conditions persisted in the basins at the onset of the Mid-

Miocene Cooling, as the studies based on rodents suggest (van der
Meulen and Daams, 1992; van der Meulen et al., 2005), dry vegetation
and grasses would be frequent and browse would decline. The last
Procervulus could have been unable to compensate for the low
nutritional quality and abrasiveness of such important intake of
grasses and abrasives over a prolonged period, and finally disap-
peared. So, were the constraints imposed by both the small body size
and the brachydont nature of the cheek teeth the factors contributing
to the disappearance of Procervulus?

Since the last Procervulus coexisted with the fists bovids in the
basin (Tethytragus, a survivor of the Mid-Miocene cooling) competi-
tion could be added to explain its disappearance. Results have also
shown that the last members of Procervulus and the first Tethytragus
have similar dental wear signals. If these artiodactyl groups, being
similar in size, occupied the same habitats in the Middle Miocene, one
would expect an extensive overlap in resource utilization and direct
competition, especially when food availability was more limited. The
last Procervulus could have been at a disadvantage after the advent of
these bovids, since the teeth of the latter display a higher degree of
hypsodonty, suggesting they might have been morphologically better
suited to grass-eating. Therefore, it could not have been easy for
Procervulus to subsist if bovids were well adapted to the new
environmental circumstances, as the survival of Tethytragus suggests.

5. Conclusion

The combined approach of dental microwear and mesowear
analysis has successfully reconstructed the feeding behaviour of
Procervulus and Tethytragus from NE Spain, and, consequently, the
climatic and environmental conditions that took place during the
Early and Middle Miocene.

None of the species in the Calatayud-Daroca and Rubielos de Mora
basins had a wholly browser or grazer lifestyle, but rather dietary
strategies equaling those of extant mixed feeders. However, despite
some samples being not particularly rich, the results clearly evidence
that cervids were highly sensitive to changes in the abundance of the
vegetal resources and reflected those changes in their dietary
strategies.

Ramblian and earliest Aragonian ecosystems supported popula-
tions of Procervulus having in common dental wear patterns with
lower densities of scratches, relatively higher densities of pits, and
lower scores of mesowear, being classified mainly as browse-
dominated mixed feeders. These signals and assignments are
indicative of humid climates and mixed environments, where closed
areas were well developed and browse vegetation was abundant. A
dietary change around the late Early Aragonian (MN4, biozone C) was
distinguished, probably as a response to an increase in aridity,
seasonality, and openness of the landscapes. The diversity in grasses
and exogenous abrasives utilized by taxa turned higher. Thus, the
dental wear signatures of the late Early and Middle Aragonian
Procervulus and Tethytragus exhibit high densities of scratches, low
densities of pits, and high scores of mesowear, and are mostly
considered as grass-dominated mixed feeders. Significant fluctuations
in the dental wear were also detected in several periods during the
Middle Aragonian, probably indicating that an increase in the relative
humidity occurred due to the presence of a marked seasonality.

Although only the mixed feeder major dietary assignment was
represented, members of Procervulus were able to substantially vary
their dietary preferences, apparently as a response to the changes in
the structure of the ecosystems and vegetation that occurred in the
global warming of the Middle Miocene Climatic Optimum. Impor-
tantly, and despite this dietary response, the oldest cervid lineage
became extinct at the end of this epoch. Our data indicate that its
extinction may have been the consequence of an insufficient response
to change. Procervulus did not display a sufficiently high trophic
flexibility to bring about a change in the feeding style, probably



because the constraints imposed by both the small body size and the
brachydont nature of the cheek teeth. Competition could be another
possible explanation for its disappearance, since the last Procervulus
could have been at a clear disadvantage in the presence of Tethytragus
whose teeth present morphologies that suggest better adaptation to
grass-eating.
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