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ABSTRACT

In order to develop paleoecological studies involving many fossil sites, there is a need to establish a consistent
time framework, which enables us to arrange the fossil associations according to a sequence of biotic events
and subsequently to test a relationship with paleoenvironmental changes. The nature of the continental fossil
record has given rise to much controversy with regard to the establishment of general biostratigraphical
scales. Additionally, biochronological scales are sometimes all that can be proposed. The primary goal of the
present paper is to present a time arrangement for the Iberoccitanian micromammalian fossil sites from the
latest Middle Miocene to the Mio-Pliocene boundary, spanning around 7 million years (approximately 12.61-
4.95 Ma). Herein we study over one hundred faunal lists of rodents from the Iberoccitanian Region, compiled
from the literature. Previous research has described two biogeographical provinces in our study area: a
northern one (Vallés-Penedés and southeast France) and a southern one (all the Iberian basins, except the
Vallés-Penedés). We therefore conducted Alroy's Maximum Likelihood Appearance Event Ordination (ML
AEO) methodology, applying it to the database compiled for each province. Finally, using available numerical
dates for a quarter of the sites, we obtained a calibrated ordination for all localities. In each analysis, the results
obtained are roughly coherent with the Mammalian Neogene units (MN) and allow estimation of the
numerical ages for the entire set of fossil sites included in the study. Nevertheless, our results show severe
diachrony between the two biogeographic provinces of the Iberoccitanian Region in relation to the MN
boundaries, which might be linked to the existence of a refuge area associated with more humid
environments in the northern province.

1. Introduction

to characteristic associations between two or more genera, and to
evolutionary changes recorded in some lineages. Additionally, one

The study of the time framework in which we locate extinct reference locality was defined for each MN unit, and all the Late

species is very important for developing any paleobiological research,
and enables us to identify evolutionary and ecological changes in time
and space. In this context, some fossils can provide very important
data on the chronology of the deposits in which they were found, if
they are correctly interpreted (Eicher, 1973; Murphy, 1994; Aguirre,
1997). Several biostratigraphic and biochronological scales have been
developed for European continental sediments and fossils. Undoubt-
edly, one of the most commonly used is the one based on Mammal
Neogene units (MN), defined by Pierre Mein (1975) for establishing a
biochronological framework for Europe; this scale has been reviewed
on several occasions (Mein, 1979, 1990, 1999; Fahlbusch, 1991; de
Bruijn et al., 1992; Agusti et al., 2001). The MN units were defined
according to the first and last appearances of some characteristic taxa,

Miocene reference sites, in particular, are located on the Iberian
Peninsula (de Bruijn et al., 1992; Mein, 1999): Can Ilobateres (MN 9},
Masia del Barbo (MN 10}, Crevillente 2 (MN 11), Los Mansuetos
(MN12) and Arquillo 1 (MN13)). One problem arising with the MN
units, however, is the possibility that some of the genera described in
these reference localities might not be present in other localities of the
same age. Such a problem is mainly due to biogeographic provinciality
(Alvarez-Sierra et al., 1990; Alroy et al., 1998; van Dam et al., 2001;
van Dam, 2003; Alba et al., 2006; Kilin and Kempf, 2009; van der
Meulen et al., 2011).

The last decade has seen the spread of new studies based on
statistical multivariate analysis, which enable time ordination of fossil
sites. These statistical tools use all the taxa described in a fossil site,
and can be very useful for dating some stratigraphically isolated
localities or sites where no characteristic taxa are found (Azanzaet al.,
1997a; van Dam, 2003; Fortelius et al., 2006). For example, the
Maximum Likelihood Appearance Event Ordination (ML AEO; Alroy,



2000) has been used in biochronological studies of Cenozoic
mammals from North America (Alroy, 1992, 1994), South America
(Prado et al., 2001), Africa (Alroy, 1994} and Europe (Azanza et al.,
1997b; Alroy et al, 1998; Herndndez Fernandez et al., 2004; Domingo
et al., 2007). The ML AEO allows ordination of fossil sites according to
values (AEO coefficients) obtained on the basis of their faunal lists.
These values can be correlated with the numerical ages of the
localities for which geochronological data are available.

The present work relies on the importance of establishing a time
context for the rodent fossil sites from the Iberoccitanian Region
(Iberian Peninsula and central-southeastern France) between the
latest Middle Miocene and the Mio-Pliocene boundary. This time
period represents roughly 7 million years, covering six Mammal
Neogene units, from MN 7/8 to MN 13. Its interest resides in the
important climatic, paleoenvironmental and biotic events that, within
a context of global temperature decrease (Agusti et al., 2001; Zachos
et al., 2001), have been described for this interval: the Vallesian Crisis
(Moya-Sold and Agusti, 1987; Morales et al., 1999), and later the
development of C4 dominated ecosystems (Cerling et al., 1997a,
1997b; Domingo et al., 2009), or the Messinian Salinity Crisis (Hsti et
al., 1977; van der Made et al., 2006). The use of ML AEO enabled us to
establish numerical ages for all the study sites, and to generate a time
framework comparable with previous worls, which could be used for
future paleoecological or macroevolutionary studies.

2. Materials and method
2.1. Material

The Iberoccitanian Region is interesting due to the considerable
present and past environmental differences from the rest of Europe
(Wolfe, 1985; Gregor and Velitzelos, 1987; Mai, 1989; Pickford and
Morales, 1994; Kovar-Eder et al., 1996; Lopez-Guerrero, 2006; van der
Made et al., 2006 ). These differences are associated with an increase in
aridity from northeastern to southwestern Europe (Jiménez-Moreno
and Suc, 2007; Furi6 et al.,, 2011). At the continental scale, this area
could be considered as a uniform biogeographic unit, but when it is
examined in detail, two mammalian bioprovinces arise (Alvarez-Sierra
etal, 1985; Alberdi and Azanza, 1997; Daams etal., 1998; Morales et al.,
1999; Heikinheimo et al, 2007), recognizable since the Eocene
(Casanovas-Cladellas and Moya-Sold, 1992; Peliez-Campomanes,
1993; Badiola et al., 2009). The northern province includes
fossil sites from the Rhone, Provence, Cucuron-Basse Durance and
Languedoc-Rousillon basins from southeastern France, and the Vallés-
Penedés basin from Catalonia. All the other fossil sites from the Iberian
Peninsula are included in the southem province.

By reviewing the bibliography available up to June 2010, we
compiled more than 200 rodent faunal lists from Iberoccitanian fossil
sites dated between the latest Middle Miocene and the Miocene-
Pliocene boundary. These fossil sites are from eighteen basins:
Alfambra-Teruel, Alicante, Baixo Tejo, Castell6n, Calatayud-Daroca,
Cucuron-Basse Durance, Duero, Fortuna, Granada, Guadix-Baza,
Hijar, Languedoc-Roussillon, Murcia, Provence, Tajo, Rhone, Valencia
and Vallés Penedés (Fig. 1). These Cenozoic basins provide the best-
known fossil record of rodent faunas on the European continent
(Daams et al., 1997; Daams et al., 1998; Agusti et al,, 2001; Alba et al.,
2001; van Dam, 2003; Sesé, 2006; van der Made et al., 2006; Palombo
and Sardella, 2007).

In order to prepare the database on which this research is based,
we needed to update the systematics of rodent species to the latest
taxonomy. Additionally, some constrains were applied to the fossil
sites used in this study. Firstly, the minimum sample required to
include a fossil site in our study was 100 molars (including first and
second upper and lower molars). This number is considered the
minimum necessary to render a representative sample of the original
paleocommunity (Daams and van der Weerd, 1978; Daams et al.,

1999b). This restriction was overlooked in the case of those poor
localities that were characterized by their interesting geographic
location or stratigraphic importance. The second criterion was that
the number of taxa defined at the species level cited at any locality
should be two or more. Our database considers finally 973 records of
193 rodent species in 130 fossil sites (see Appendix 1).

2.2. Methods

We employed the Maximum Likelihood Appearance Event Ordi-
nation (ML AEO), which was developed by Alroy (2000). First, Alroy
(1992) developed the Disjunct Distribution Ordination (DDO) meth-
odology, which counts the number of conjunctions (two taxa are found
on the same faunal list) and disjunctions (when two taxa are not
conjunct on any list) on each faunal list. This method can deduce
virtual conjunctions (implied conjunctions) between contemporary
taxa that are not really conjunct on any faunal list because the
relationships between them can be deduced by comparison with other
shared conjunct taxa from different lists. The Conjunction Index (CI =
known conjunctions/implied conjunctions) defines the reliability of
the analysis (Alroy, 1992, 1994}, which augments with an increase in
the values of this index. The analysis does not consider species
exclusive to one locality, known as singletons. A new version named
Appearance Event Ordination (AEO; Alroy, 1994 ) makes it possible to
include available information on stratigraphic superposition between
fossil localities (Wing et al., 1995; Herndndez Ferndndez et al., 2004;
Hammer and Harper, 2006). This software calculates for each faunal
list the First Appearance Event (FAE) of one species withregard to the
Last Appearance Event (LAE) of another. In each case, it establishes a
relationship between these events, F/L (First/Last}, showing which
First Appearance Events are known to pre-datewhich Last Appearance
Events. Based on these events for each species, the software
documents the concurrent range zone, defined by Alroy (1994) as
the interval between the youngest first appearance event and the
oldest last appearance event of all the species recorded in each fossil
site. Finally, the ML AEO (Alroy, 2000) includes a new statistical
framework, based upon the maximum likelihood paradigm (Dempster
et al,, 1977). This is more suitable for this type of study because the
analyses performed in such a new frameworl usually generate fewer
implied conjunctions (Alroy, 2000).

The main difference between ML AEO and other classic method-
ologies in biochronologic studies is that, whereas the latter are mainly
based on characteristic taxa, the former uses all the taxa cited in one
fossil locality. The advantage of Alroy’s method is that ML AEO can use
the temporal information provided by the whole paleocommunity
(van Dam, 2003; Fortelius et al., 2006). Furthermore, the data may be
independent from the stratigraphic context, which enables us to
evaluate the age relationships of stratigraphically isolated sites (Alroy,
1992; Azanza et al., 1997a).

We applied the ML AEO method using the software CONJUNCT
(version 05104.6}, which was developed by Alroy and Kosnik (2006)
and which is freely available at http://www.nceas.ucsb.edu/~alroy/
biochronology.html

Since the taxonomic information on the rodent fossil record from
our study area is highly resolved (L6pez Martinez et al., 1987; Calvo et
al,, 1993; Sesé, 2006}, we performed the analysis at the species level.
This provides higher biochronological resolution than if the taxo-
nomic data are used at the genus level (Domingo et al., 2007). The
taxa identified as cf., aff. or ? in the bibliography were considered to
belong to their nominal species, in consonance with the suggestion by
Alroy (1992). We removed taxa that only appeared in one fossil site,
known as singletons, because they do not provide temporal
information (Alroy, 1996); 30 of these species were from sites in
the southern province and 52 were from the northern one.

Several authors have suggested the inclusion of some additional
fossil sites in the analysis to avoid mathematical anomalies, which
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Fig. 1. Miocenefossilsites from the Iberoccitanian Region (Iberian Peninsulaand central-southeastern France, Europe) considered in this study. Black basins, northern biogeographic
province; Grey basins southern biogeographic province. *, stratigraphic sections with several sites; abbreviations for basins (bold) and fossil sites (regular) as in Tables 3 and 4.

affect the boundaries of the temporal distribution studied (Alroy etal.,
1998; Hernindez Ferndndez et al., 2004; Domingo et al., 2007).
Therefore, in order to polarize the upper end of the sequence, we
included some fossil sites from MN 14 (Caravaca 1, Celadas 9, Gorafe
1, La Gloria 4, Peralejos E and Purcal 4 for the southern province;
Celleneuve, Font Estramar, Hautimagne and Vendargues for the
northern province), which are younger than the study interval
being analyzed. It was not possible to calibrate the lower end of the
sequence with fossil sites from the MN 6 unit because of the huge
differences between the rodent faunas from MN 6 and MN 7/8. There
was a great change in a number of families, with some extinctions and
the occurrence of many new species (van der Meulen et al., 2005;
Casanovas-Vilar et al., 2010}, which could be related to a sudden and

brief environmental change at the MN6-MN7/8 boundary (van der
Meulen and Daams, 1992; Daams et al., 1997; Daams et al., 1999b).
This generates an excess of singleton species in MN6 sites, which
prevents suitable ordination of these associations. In any case, we
avail of a broad set of well known fossil sites for the MN7/8 unit,
which likely guarantees the correct ordination of this part of the
sequence.

As an additional course of action to polarize the upper boundary,
we followed Alroy (1996} and Alroy et al. (1998), adding to the
software CONJUNCT a list with the rodent species exceeding the MN
14 unit (surviving taxa sensu Wing et al., 1995). This second
polarization helps to correctly arrange even the most modern part
of the sequence, and it could be seen as a supplementary security



protocol to obtain the most accurate ordination of fossil sites for the
time interval of interest.

CONJUNCT supplies an algorithm named ‘square graph’ that can
infer F/L statements among taxa that appear to be geographically
disjunct making use of widespread species. Therefore, it theoretically
can provide a non-problematic temporal ordination of fossil sites
located in different biogeographic provinces (see Alroy, 1996;
Domingo et al., 2007). For that reason, we performed a ML AEO
analysis considering together the fossil sites from the two provinces.
Nevertheless, following considerations of the presence of two very
differentiated biogeographical provinces in our study area (Alvarez-
Sierra et al, 1990; Alberdi and Azanza, 1997; Daams et al., 1998;
Morales et al., 1999), we also developed an independent ML AEO
analysis for each province, which allow us to avoid biogeographic
effects on our analysis. In order to establish whether this approach
provides a better arrangement of the fossil sites than the one based on
the whole Iberoccitanian region we finally took into account the ML
AEO analyses with the highest CI values.

Finally, we made a time calibration of the best ordinations
obtained by the ML AEO analyses using magnetostratigraphic data
on 30 fossil sites included in the study (Table 1). We developed a
linear regression for each province, which relates the coefficient AEO
and the numerical age obtained by geochronologic dating (mean of
the chron or subchron associated to each fossil site), following the
Geomagnetic Polarity Time Scale (GPTS) developed by Gee and Kent
(2007). Thus, we obtained a mathematical function for each

Table 1

biogeographic province that enabled us to establish the numerical
age for each fossil site included in the study (Alroy, 1992; Prado et al.,
2001; Herndndez Ferndndez et al., 2004; Domingo et al., 2007).

3. Results

The ML AEO analysis of the Iberoccitanian Region obtained a CI
value substantially lower than the ones in the independent analyses
for the northern and southern biogeographic provinces (Table 2},
which reinforces the interpretations on the existence of different
contermporaneous rodent assemblages in the two areas. Therefore,
although the ordination results for the analysis of the whole
Iberoccitanian region are available as supplementary material
(Appendix 2), we consider that the results provided by the
independent analyses of the bioprovinces are more accurate.
Consequently, henceforth we only comment on the results of the
approach that considers separately these provinces.

Following deletion of the species recorded at only one locality, the
analyses were undertaken with 99 fossil sites for the southern
province and 31 for the northern province. In the case of the southern
province, the analysis was developed with 116 species demonstrating
785 conjunctions (Table 2). All the faunal lists of the southern
province showed 1570 F/L relationships. The relationships among the
faunal lists of fossil sites in stratigraphic sections involved 328
additional F/Lrelationships, achieving a total of 1898 F/L relationships.
In the case of the northern province, the 120 species included

Numerical dates derived from previous magnetostratigraphic studies, associated with faunallists, used for the calibration of the sequence of appearance events for the northern (A)

and southern (B) provinces.

Fossil site Chron Age (Ma)? References
Upper Lower

A

Can Vilella 1 C3An.2n-C3An.1n 5.894 6.567 Agusti et al.,, 2006

Torrent de Febulines 3 C4An 8.699 9.025 Garcés et al., 1996; Agusti et al.,, 1997;
Casanovas-Vilar, 2007

Torrent de Febulines C4An 8.699 9.025 Casanovas-Vilar, 2007

Trinxera Nord Autopista C4Ar.1r 9.117 9.230 Agusti et al,, 1997; Garcés et al., 1996

Trinxera Sud Autopista II C4Ar.1r 9.117 9.230 Agusti et al., 1997; Garcés et al., 1996

Can Llobateres 1 C4Ar.3r 9642 9.740 Agusti et al, 1997; Casanovas-Vilar, 2007

Autopista Rubi-Terrasa 7 C4Ar.3r 9642 9.740 Agusti et al., 1997; Garcés et al.,, 1996

Creu Conill22 C5r.1r 10.949 11.052 Agusti et al., 1997; Garcés et al., 1996

Can Matal (Bretxa de Can Mata) C5r.2r 11.099 11.476 Alba et al., 2009

Barranc de Can Vila 1 C51.3r 11.531 11.935 Alba et al., 2009

B.

Purcal 3 C3r 5.230 5.894 Garcia-Alix et al., 2008

Venta del Moro C3r 5.230 5.894 Garcés et al., 1998

Crevillente 6 C3An.1n 5.894 6.137 Garcés et al., 1998

Librilla C3An.1n 5.894 6.137 Garcés et al., 1998

Masia del Barbo 2A C4Ar.1n 9.233 9.308 van Dam et al, 2006

Masia del Barbo 2B C4Ar.2r 9.308 9.580 van Dam et al, 2006

Nombrevilla (classical) C5n.2n 9920 10.949 Garcés et al., 2003; van Dam et al., 2006

Torremormojon 3 C5n.2n 9.920 10.949 Krijgsman et al., 1996

Torremormojén 4 C5n.2n 9.920 10.949 Krijgsman et al., 1996

Torremormojon 5 C5n.2n 9920 10.949 Krijgsman et aL, 1996

Nombrevilla 10 C5r.1n 11.052 11.099 Garcés et al., 2003; van Dam et alL, 2006

Nombrevilla 9 C5r.1n 11.052 11.099 Garcés et al., 2003

Nombrevilla 4 C51.3r 11.531 11.935 Garcés et al., 2003

Nombrevilla 3 C51.3r 11.531 11.935 Garcés et al., 2003

Nombrevilla 2 C5r.3r 11.531 11.935 Garcés et al., 2003

Las Planas 5H C5Ar.1r 12.401 12.678 Garcés et al., 2003; van Dam et al., 2006

Toril3B C5Ar.1r 12.401 12.678 Daams et al, 1998b; Alvarez-Sierra et al., 2003;
Garcés et al., 2003; van Dam et al., 2006

Toril 3A C5Ar.1r 12.401 12.678 Daams et al, 1998b; Alvarez-Sierra et al, 2003;
Garcés et al., 2003; van Dam et aL, 2006

Toril 2 C5Ar.1r 12.401 12.678 Daams et al, 1998b; Alvarez-Sierra et al., 2003;
Garcés et al., 2003; van Dam et aL, 2006

Toril 1 C5Ar.1r 12.401 12.678 Daams et al, 1998b; Alvarez-Sierra et al., 2003;

Garcés et al., 2003; van Dam et aL, 2006

* The ages follow Gee and Kent (2007): Upper, youngest age assigned to each chron; Lower, oldest age assigned to each chron.



Table 2

Results for the biochronological analysis of the rodent faunas from southern and northern provinces.

Iberoccitanian Region

Southern province

Northern province

Conjunctions  Cumulative F/L relationships ~ Conjunctions  Cumulative F/L relationships ~ Conjunctions  Cumulative F/L relationships
Faunal lists 1517 3034 785 1570 697 1394
Stratigraphic relationships 156 3346 164 1898 0* 1394
Event sequence 2973 10956 1250 4782 856 3110
Conjunction Index 0.51 063 0.81

? New conjunctions and F/L relationships due to stratigraphic relationships among levels were not found in the northern province.

described 697 conjunctions. The faunal lists of this province showed
1394 F/L relationships. In this case, we did not find new F/L
relationships due to stratigraphic relationships among fossiliferous
levels placed within stratigraphic sections (Table 2).

Data on the temporal concurrent zone (sensu Alroy, 1994} of the
species in each fossil site are shown in Tables 3 and 4 for each analysis
developed for the southern and northern provinces respectively.

Both linear regressions between the mean numerical age obtained
from geochronological dating of some fossil sites and the value of the
AEOQ coefficients obtained for these localities explained over 90% of the
variance (Fig. 2). Application of these regressions to all the fossil sites
allowed estimation of numerical ages for all the fossil sites studied
(Tables 3 and 4).

The inferred numerical ages for the fossil sites from each
biogeographical province were compared to previous biochronologic
age assignments, and enabled us to calibrate the MN boundaries
(Table S, Fig. 3). In the case of the southern province, the seriation of
three fossil sites was not in agreement with the MN scale (Crevillente
17, Los Valles de Fuentidueiia, Freiria do Rio maior) and their data
were therefore not included for the estimate of the ages of MN
boundaries. Comparison of the results obtained for the two provinces
shows severe diachrony of the boundaries between MN units in both
provinces. The MN boundaries in the southern province were older
than in the northern province, and the magnitude of such diachrony
ranges, on average, from 0.5 to 1.7 million years.

4. Discussion

Our results indicate a high degree of consistency of the MN scale
within both biogeographical provinces. The MN units are clearly
differentiated in time and only three problematic fossil sites have
been detected in the southern province.

One of these localities is the fossil site of Crevillente 17 from the
Alicante Basin (SE of the Iberian Peninsula). While the results of 75%
fossil sites evaluated present minimal concurrent range zones (1 unit),
which indicates a high level of confidence for the values of the AEO
coefficients obtained, the result for Crevillente 17 was a concurrent
range zone of 5 units. This is due to the presence in this fossil level of
several species with temporal distributions associated with both the
MN12 and MN13 units (Hispanomys adroveri, Neocricetodon lucentensis,
Occitanomys adroveri and Castromyslittoralis), or even longer-lived ones
(Eliomys truci). Paying attention to the variasion of the entire concurrent
range zone we could resolve the problem of this fossil site, which might
besituated in an ordination consistent with the MN scale, if placed in the
lower part of its range.

Although Los Valles de Fuentiduefia and Freiria do Rio Maior show
small ranges of the AEO value, their placements are not in agreement
with the MN system. In this case, their faunal lists have low numbers of
species, all with relasively long temporal ranges and, consequently,
offering poor temporal resolution for these fossil sites. For example, data
exist on the presence of Megacricetodon sp. (lineage minor-debruijni) in
Los Valles de Fuensiduefia (Alberdi etal., 1981; Sesé and Lopez Martinez,
1981); this fact constitutes an important datum in itself because it
would allow us to set the locality in the MN 9 unit and notin the MN 10
(Sesé and LopezMartinez, 1981; vanDametal., 1997, 2001; Sesé, 2006).

However this taxon has not been identified at the species level
and, therefore, the present analysis cannot take this information into
account. Additionally, none of the taxa described at the species level in
this fossil site (Heteroxerus huerzeleri, Atlantoxerus adroveri, Chalicomys
jaegeri and Myomimus dehmi} is diagnostic of the MN 9 unit (Daams
et al., 1998; Sesé, 2006). Similarly, the problematic placement of Freiria
do Rio Maior (Antunes and Mein, 1979; Antunes et al., 1992} is derived
from the absence of species truly characteristic of any particular MN unit
(Rotundomys freirensis, Spermophilinus bredai, Trogontherium minutum,
Hispanomys peralensis and Progonomys hispanicus). The species used by
Antunesand Mein (1979) for the inclusion of thisfossil site at the base of
MN 10, R. freirensis, is considered a singleton in our analysis and
therefore does not provide temporal information.

These kinds of problems associated with faunal composition have
already been pointed out by Domingo et al. (2007). Nevertheless, as
can be seen here, they constitute a marginal difficulty in time spans
and areas where a great amount of fieldwork and research time have
been invested, as is the case of the Iberian Peninsula for the last few
decades (Daams, 1989; Daams et al., 1999a; van Dam et al., 2001;
Sesé, 2006).

In reference to the ordination of localities from the Vallés—-Penedeés
and the French basins, our results reveal a highly consistent pattern,
which does not present any fossil site with conflicting positions
according to the MN scale. Such congruence within this area supports
the existence of environmental homogeneity and high faunal similar-
ities among the fossil sites within the northern province (Casanovas-
Vilar, 2007). Additionally, it is interesting to note that our analysis was
able to separate the localities of the MN7 and MN8 units within the
northern province, which supports the observations of previous authors
on this issue (Agusti et al., 2001; Alba et al., 2006; Casanovas-Vilar et al.,
2008; Moya-Sola et al., 2009a; 2009b).

4.1. Diachrony of MN boundaries between southern and northern
provinces

The severe diachrony found in the boundaries between MN units
in both provinces is surely related to the many questions associated
with the meaning of MN units, which have already been pointed out
by Daams and Freudenthal (1981), Fahlbusch (1991}, de Bruijn et al.
(1992), Kilin and Kempf (2009) and van der Meulen et al. (2011).

Diachronic disparity in the ages of the MN units in different areas
may be due to the long duration of the dispersal events of some taxa,
which might result in their occurrence at different times in each
bioprovince (Daams and Freudenthal, 1981; Alvarez-Sierra et al,,
1985, 1990; Sen, 1997; Alroy, 1998; Steininger, 1999; van Dam et al.,
2001; van Dam, 2003; Kilin and Kempf, 2009). Some authors have
suggested that the time that one species takes to colonize distant
areas or regions with different environments could be longer than
1 million years, which is a time lapse on the order of one MN unit
(Alroy, 1998; van Dam et al., 2001; van Dam, 2003). This might be
related with restrictions on dispersal, particularly in small mammals,
which are characterized by slower dispersal rates, involving less
distance, and less successful colonization events (Gaston and
Blackburn, 1996; Moreno Bofarull et al., 2008; Maridet and Costeur,
2010).



Table 3
Appearance Event Ordination (AEO) mean value and concurrent range zones, defined by the youngest first appearance event (FAE) and oldest last appearance event (LAE), for the 93
fossil sites maintained in the analysis for the southern province. Their calculated numerical ages are also shown.

Basin® Fossil site Fossil site abbreviation st MN unit AEO coefficient Youngest FAE Oldest IAE Age (Ma)
GR Purcal 24A PUR24A 8 13 150.5 150 151 4.953
GR Purcal 25 PUR25 7 13 150.5 150 151 4.953
AL Alcoy Barranco ALBAR 6 13 147.0 143 151 5.148
AL Crevillente 6 CRE6 5 13 146.5 146 147 5.176
TJ Canteras de Iberia CDI 3 13 145.0 139 151 5.260
GB Botardo C BOTC 8 13 1435 143 144 5343
BT Esbarrondoiro ESBA 10 13 1415 139 144 5.455
VA Los Mingos 1C MIN1C 2 13 141.0 131 151 5.482
GB Bacochas 1 BAC1 7 13 1385 139 140 5.566
GR Purcal 3 PUR3 5 13 138.0 127 151 5594
TE Las Casiones superior KSSS 7 13 1375 131 144 5677
MU Librilla LIBR 7 13 134.0 121 147 5.872
GR Dehesa 16 DHS16 9 13 1315 131 132 6.011
TE Las Casiones KSS 9 13 131:5 131 137! 6.011
GR Purcal23 PUR23 7 13 1315 131 132 6.011
TE Villastar VIIL 9 13 1315 131 132 6.011
CcA Almenara M ALMM 9 13 127.5 127 128 6.234
GB Pino Mojdn PIMO 6 13 126.5 125 128 6.290
GB Negratin 1 NGR1 7 13 1255 125 126 6.346
GR Salobrefia SALO 12 13 1255 125 126 6.346
TE Masada Del Valle 7 MDV7 7 13 124.0 116 132 6.429
VA Venta del Moro VDM 10 13 121.5 121 122 6.568
TE Gloria 5 GLO5 9 13 116.5 116 117 6.847
TE Valdecebro 3 vD(@3 9 13 116.5 116 1857 6.847
TE Valdecebro 6 VDC6 9 13 116.5 116 117 6.847
AL Crevillente 14 CRE14 8 13 111.5 111 112 7.125
AL Crevillente 22 CRE22 6 13 111.5 111 112 7.125
AL Crevillente 17 CRE17 5 12 109.5 107 112 7.237
FO Hornera HOR 4 13 107.5 107 108 7348
TE Concud 2 CCD2 7 12 107.5 93 117 7.348
GR Jun2 JUN2 5 12 107.5 107 108 7.348
TE Tortajada TOT 5 12 107.5 93 117 7348
TE Tortajada D TOTD 5 12 107.5 93 117 7348
TE Villalba baja 22C VIB22C 5 12 107.5 93 117 7.348
FO Casa del Acero ACER 4 12 106.5 101 112 7.404
AL Crevillente 8 CRE8 6 12 106.5 101 112 7.404
AL Crevillente 15 CRE15 9 12 101.5 101 102 7.682
AL Crevillente 5A CRE5A 5 12 100.0 93 102 7.766
TE Los Mansuetos LMA 9 12 100.0 93 102 7.766
TE Masada del Valle 5 MDV5 8 12 100.0 93 102 7.766
TE Concud 3 CCcD3 7 12 935 93 LL) 7.349
TE Masada del Valle 2 MDV2 9 12 935 93 LL) 7.349
TE Aljezar B ALJB 7 12 845 94 95 8.072
TE Aguanaces AGU 7 11 875 87 88 8.462
TE Aguanaces 1 AGU1 <) 11 875 87 88 8.462
TE Aguanaces 3 AGU3 7 11 875 87 88 8.462
TE La Gloria 10 GLO10 7 11 87.5 87 83 8.462
TE Tortajada A TOTA 8 11 87.5 87 83 8.462
TE Vivero de Pinos VIP 8 11 875 87 88 8462
TE Regajo 2 REG2 4 11 85.0 82 88 8.601
AL Crevillente 2 CRE2 7 11 825 82 83 8.740
AL Crevillente 4B CRE4B 7 11 825 82 83 8.740
TE Pino Mojén PMIN 9 11 825 82 83 8.740
AL Crevillente 3 CRE3 4 11 785 78 79 8963
TE Peralejos D PERD 6 11 755 75 76 9.130
TE Peralejos C PERC 6 10 755 75 76 9.130
TE Masia del Barbo 2A MB2A 5 10 69.5 69 70 9.464
TE Masia del Barbo 2B MB2B 8 10 69.5 69 70 9.464
TE Masia la Roma 11 ROM11 7 10 67.5 67 68 9.576
DU Los Valles de Fuentiduefia FUDU 4 9 645 64 65 9743
TJ Batallones 1 BAT1 3 10 635 51 76 9.798
TE Masia la Roma 7 ROM?7 6 10 59.0 53 65 10.049
HI Hijar 1 HIJ1 4 10 58.0 51 65 10.105
DU Ampudia 1 AMP1 2 10 575 57 58 10.133
DU Torremormojon 1 ™1 6 10 575 57 58 10.133
CcD Pedregueras 2A D PED2A 6 9 575 57 58 10.133
CD Pedregueras 2C PED2C 6 9 575 57 58 10.133
TE Peralejos 5 PER5 7 9 55.5 53 58 10.244
DU Ampudia 9 AMPS 7 9 535 58 54 10.355
DU Torremormojén 3 ™3 5 9 53.5 53 54 10.355
DU Torremormojon 4 ™4 4 9 53.5 53 54 10.355
BT Freiria do Rio Maior FRM 5 10 515 51 52 10.467
CD Carrilanga 1 CARRI 7 9 475 47 48 10.689
DU Torremormojon 5 ™5 4 9 46.5 45 48 10.745




Table 3 (continued)

Basin® Fossil site Fossil site abbreviation s° MN unit AEO coefficient Youngest FAE Oldest LAE Age (Ma)
DU Casasola 2 CAS2 4 9 455 45 46 10.801
TE Molina de Aragon MOL 9 9 435 43 44 10.912
(@] Nombrevilla (classical) NOM 8 9 40.5 40 41 11.079
(@] Nombrevilla 10 NOM10 4 7/8 405 40 41 11.079
(@] Nombrevilla 8 NOMS 4 7/8 375 34 41 11.246
D Solera SoL 10 7/8 375 37 38 11.246
D Nombrevilla 4 NOM4 3 7/8 345 34 35 11.413
cD Nombrevilla 3 NOM3 8 7/8 345 34 35 11.413
cD Nombrevilla 2 NOM2 8 7/8 345 34 35 11.413
T Lupiana LUP 7 7/8 295 29 30 11.692
DU Simancas 2 SIM2 8 7/8 265 26 27 11.859
(@] Alcocer 2 ALCR2 6 7/8 235 23 24 12.026
T Paracuellos 3 PAR3 6 7/8 2315 23 24 12.026
(@] Villafeliche 9 VFELS 5 7/8 19.0 14 24 12.277
(@] Las Planas 5H LP5H 6 7/8 18.5 18 19 12.305
cD Toril3B TOR3B 13 7/8 145 14 15 12.527
(@] Toril 3A TOR3B 12 7/8 145 14 15 12.527
cD Toril 2 TOR2 A 7/8 145 14 15 12.527
cD Toril 1 TOR1 10 7/8 145 14 15 12.527

* Basin abbreviations: TE, Alfambra-Teruel; AL, Alicante; BT, Baixo Tejo; CA, Castellon; CD, Calatayud-Daroca; DU, Duero; FO, Fortuna; GR, Granada; GB, Guadix-Baza; HI, Hijar;

MU, Murcia; 1], Tajo; VA, Valencia.
® S, number of species (without singletons).

Faunal changes associated with the distinction of each MN unit
occurred later in the northern province, which was characterized by a
more humid environment (Fauquette et al., 2006, 2007; van Dam,
2006; van Dam et al, 2006; Jiménez-Moreno and Suc, 2007;
Casanovas-Vilar et al., 2008). These environmental conditions tally
with the portrayal of the northern province as a refuge area where the
rodent communities “typical” of one MN unit remained to later
periods of time, in the same way suggested by Vrba (1988) and
Hernindez Fernidndez and Vrba (2006) after studying the mammalian
fossil record of some areas in Africa. Within the general context of
global cooling and aridification of the climate during the time interval
studied here (Zachos et al., 2001), the relatively more hurmid area that

Table 4

represents the northern province of the Iberoccitanian Region could
constitute a place in which some species from the southern province
could temporarily survive following the progressive aridity increase in
the Iberian Peninsula. This differential species survival in both
provinces, which would have been a recurrent phenomenon through
the Miocene, may be responsible for the diachrony observed in our
results for the boundaries of the MN units.

Interestingly, this diachrony is maintained throughout the whole
wme span studied in this research. This would suggest that subsequent
aridification would cause successive repetition of the dispersal process
of “southemn species” to the northern province, as well as the final

disappearance of such species also from the northern province.

Appearance event ordination (AEO) mean value and concurrent range zone, defined by the youngest first appearance event (FAE) and oldest last appearance event (LAE), for the 27
fossil sites maintained in the analysis for the northern province. Their calculated numerical ages are also shown.

Basin® Fossil site Fossil site abbreviation sk MN units AEO coefficient Oldest IAE Youngest FAE Age (Ma)
VP Can Vilella 1 CVLL1 6 13 114.5 114 115 6.054
RH Lissieu LISS 12 13 114.5 114 115 6.054
CU Cucuron CUCU 6 12 109.5 109 110 6.358
RH Amberieu 3 AMB3 15 11 985 LL] 100 6.965
RH Amberieu 1 AMB1 20 11 89.5 89 90 7.512
PR Lobieu LOBR 11 11 89.5 89 90 7.572
LR Lo Fournas 6C FOURG C 6 11 81.5 81 82 8.058
LR Lo Fournas 7 FOUR7 7 10 795 79 80 8.179
RH Douvre DOUV 15 10 745 74 75 8.482
RH Soblay SOBL 19 10 70.5 70 71 8.725
VP Autopista Rubi-Terrasa 7 RT7 5 10 60.5 60 61 9332
VP Torrent de Febulines TFEB 6 10 60.5 60 61 9332
vP Torrent de Febulines 3 TFEB3 2 10 60.5 60 61 9.332
vP Trinxera Nord Autopista TNA 4 10 60.5 60 61 9332
vP Trinxera Sud Autopista II TSA2 6 10 60.5 60 61 9332
\UY Can Llobateres 1 CLI1 19 9 5]1.5 51 52 9.879
VP Can Ponsic CPON 10 9 46.5 46 47 10.182
VP Creu Conill 22 CcC22 5 9 425 42 43 10.425
VP Can Mata I (Bretxa de Can Mata) CMAT1 8 8 3985 39 40 10.607
VP Sant Quirze SQUI 18 8 355 35 36 10.850
VP Castell de Barbera CMST 15 8 305 30 31 11.153
VP Can Misert CBB 9 8 305 30 31 11.153
VP Sant Quirze A SQUIA 6 8 2146 21 22 11.700
vP Barranc de Can Vila 1 BCV1 8 7 16.5 16 17 12.003
LR Lo Fournas 2 FOUR2 8 7 10.5 10 11 12.367
LR Lo Fournas 3 FOUR10 8 7 6.5 6 7 12.610
LR Lo Fournas 10 FOUR3 8 v 6.5 6 7 12.610

“ Basin abbreviations: CU, Cucuron-Basse Durance; LR, languedoc-Roussillon; PR, Provence; RH, Rhone; VP, Vallés-Penedés.

b S, number of species (without singletons).
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Fig. 2. Calibrations of the Iberoccitanian mammal fossil site sequences for the northern
(A) and southern (B) provinces, showing the linear regressions of the concurrent range
zone mean value for each fossil site obtained in the appearance event ordination of
mammal faunas (AEO coefficient) against the numerical dates for them.

This question raises the possibility that the MN units, which have
always been considered as a biochronological system for the whole of
Europe and Western Asia, and sometimes even for Central and Eastern
Asia (Flynn, 1997; Sotnikova et al., 1997), could in fact constitute
ecological/evolutionary units (Raia et al., 2009) at the continental
scale, while maintaining their biochronological character only within
the limits of a biogeographical province.

4.2. Comparison with previous works

Comparison with ages for the MN boundaries derived from other
studies (Agusti et al., 2001; van Dam et al., 2006; Domingo et al.,

Table 5

2007} indicates some differences that might be related to different
factors.

In the first place, it is important to take into account that our study
has separated two different biogeographic provinces, each with a
different age calibration, while Agusti et al. (2001) and Domingo et al.
(2007) studied both bioprovinces conjunctly. It is therefore not
surprising that most of the ages defined by these authors for the
different MN boundaries are intermediate between those defined in
the present research for the southern and northern provinces
(Table 5).

Secondly, the study by Domingo et al. (2007) is exclusively based
on large mammal sites, which in a sense might also have some
influence, due to the lower number of sites included in their study.
Furthermore, there are certain differences between small and large
mammals, based upon their life history and ecological characteristics,
which may cause the discrepancies observed between Domingo
et al.’s (2007} study and ours. Large mammals usually need broad
distribution ranges to maintain evolutionarily viable populations
(Sauer and Slade, 1987; Hernindez Fernindez and Vrba, 2005a,b;
Moreno Bofarull et al., 2008). This could dilute to some extent the
faunal differences found between the biogeographical provinces,
which probably attenuates diachrony of biotic events in large
mammal faunas when compared with the ones observed in our
rodent-based study. In addition, due to their larger body size, large
mammals have greater dispersal capabilities than small ones (Gaston
and Blackburn, 1996; Hernindez Fernindez and Vrba, 2005c). This
might have a big influence on the fact that the diachrony observed
between southern and northern provinces for rodent faunas is not
apparent in the study of large mammals. This is to say that large and
small mammals may show different biogeographic patterns due to the
influence of their biological characteristics at different spatial and
temporal scales (Maridet and Costeur, 2010). Thus, all these
differences indicate that rodent assemblages may exhibit higher
time and biogeographical resolution at smaller scales.

Thirdly, in the case of the ages defined by van Dam et al. (2006),
which are based on sites from the Calatayud-Daroca and Alfambra-
Teruel basins, our results on the southern province indicate slightly
older ages (Table S). This is probably related to the use of faunal lists
of sites from a much larger area in the present study, which might
provide a better cover of the time lapse studied herein.

Finally, an additional difference is based on the different
Geomagnetic Polarity Time Scale used in each study to calibrate the
ordination; we employed the scale proposed by Gee and Kent (2007),
whereas preceding studies used earlier versions (Cande and Kent,
1995; Lourens et al., 2004). Nevertheless, the differences associated
with this change in the Geomagnetic Polarity Time Scale are not
significant.

5. Conclusions

The results yielded by the ML AEO analyses allowed us to estimate
the numerical ages of 130 rodent fossil sites from the Iberoccitanian

Ages for the boundaries of the Mammal Neogene units (MN) from the latest Middle Miocene to the Upper Miocene in the Iberoccitanian region as derived from the study of rodent

fossil sites, and comparison with previous works.

MN boundaries This work Domingo et al. Van Dam et al. Agusti et al.
7 2006 2001

Southern province Northern province (2007) ( ) ( )
MN12-MN13 7.348 6.358-6.054 7.011-6.319 7.10-7.00 7.2-6.8
MN11-MN12 8.462-8.072 6.965-6.358 7.834-7.494 7.91-7.60 7.5
MN10-MN11 9.130 8.179-8.058 8.520-8.163 8.80-8.75 8.7
MNS-MN10 10.133 9.879-9.332 9.547-9.195 994937 8.7
MN7/8-MN9 11.079 11.008-10.873 >10.76 11.5-11.1
MN8-MN9 10.607-10.425

MN7-MN8 12.003-11.700
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Fig. 3. Temporal distribution of the Iberoccitanian rodent fossil sites obtained following calibration of the ordination with the AEO coefficient. Geomagnetic polarity time-scale after Gee and Kent (2007). The Mammal Neogene units (MN) are
shown. Dashed lines represent the diachrony between the northern and southern provinces. Abbreviations for basins and fossil sites as used in Tables 3 and 4.



Region. This kind of study could be developed due to the rich Miocene
rodent faunas and the high number of studies describing them.

Although our results agree with the MN systemin both the northern
and southern biogeographic provinces and allowed for the dating of the
boundaries of MN units, they evidenced the existence of a severe
diachrony in the MN boundaries between the two provinces. These
differences could be related to the presence of disiinctive environments
in these bioprovinces and the existence of a “refugiumeffect” associated
to the more humid habitats in the northern province.

Finally, the time framework established in this work will be
indispensable for the future development of paleoecological and
paleoclimatic studies, which could help to further explain the
differences between these two biogeographical provinces.

Supplementary materials related to this article can be found online
at doi:10.1016/j.palae0.2011.05.014.
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