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Abstract

End-member modelling is applied to a data set of relative abundances of 67 Upper Miocene rodent associations (11–6
Ma) from Spain, France, Austria and Greece. The analysis results in the robust estimation of relative levels of four climatic
parameters: humidity, temperature, seasonality type and predictability. In the preparatory stage, species are aggregated into
nine groups on the basis of ecological criteria. Humidity preferences and adaptations are based on actualistic and functional
morphological interpretations of dentition and locomotion. Temperature preferences are inferred from palaeobiogeographic
distributions. Levels of adaptation to seasonality type (wet–dry or cool–warm seasonality) are assigned on the basis of
diversities in present-day climate=vegetation zones, and the ability of extant relatives to hibernate. Demographic data are
used to formulate adaptations to climatic (un)predictability. In the modelling stage, the compositions are unmixed into the
contributions of four end members. These four extreme, theoretical rodent compositions are interpreted in climatic terms,
and their contributions to the samples are used for the estimation of climatic parameters. The subset of 44 well-dated rodent
compositions from the Calatayud-Daroca and Teruel basins (NE Spain) is used to construct detailed climatic curves for the
Late Miocene, while the geographical dimension in the data set is used to calculate inter-basinal differences. The model
results for Spain indicate more humid and cooler conditions between 10.5 and 8.5 Ma, around 7, and around 6 Ma, and
more arid and warmer conditions before 10.5, between 8.6 and 7.5 Ma and around 6.5 Ma. Superimposed on this pattern
is a shift from a more predictable, cool–warm seasonal climate towards a more unpredictable, wet–dry seasonal climate
between 9.4 and 8.2 Ma. Inter-basinal comparisons per time slice show that the climate in southern Europe was dryer,
warmer, more wet–dry seasonal and more unpredictable than in central Europe, and that the climatic and vegetational
boundaries between the two regions were sharp. The occurrences of more humid and cooler episodes in Spain during
the Late Miocene might be explained by southward migrations of the boundary between a temperate and subtropical-dry
climatic belt and their associated vegetation types. Various positive correlations are observed between the rodent-based
climatic curves for Spain, and other palaeoclimatic records from the Mediterranean and NE Atlantic region (clay minerals,
marine fauna, stable isotopes). The two cooling maxima at 9.4 and 7 Ma closely correspond to clusters of marine events
which are generally considered to reflect maxima of global ice volume.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Late Miocene is generally considered to rep-
resent an important episode in the trend known
as ‘Cenozoic climatic deterioration’. Although the
evidence for global cooling during this period is
less evident than that for the Middle Miocene and
Plio–Pleistocene (Barron, 1985; Frakes et al., 1992),
the Late Miocene is characterized by very marked
changes in terrestrial ecosystems. Well known among
these changes is the strong expansion of more open
vegetation: woodlands start to replace forests, and
savannas and grasslands establish themselves on
a global scale (Wolfe, 1985; Potts and Behrens-
meyer, 1992; Quade and Cerling, 1995). As a re-
action to these changes faunal diversifications oc-
curred, for instance in open-vegetation herbivores
and large mammalian carnivores (Van Couvering,
1980; Potts and Behrensmeyer, 1992; Janis, 1993).
Although the general picture is clear, little is known
about how and when this Late Miocene palaeoenvi-
ronmental transition occurred in the different conti-
nents and regions. In order to study this, more long,
continuous, well-documented, and dated palaeocli-
matic records are needed (Badgley and Behrens-
meyer, 1995).

Fossil mammal successions have been used more
extensively in palaeoecology during the last few
decades. The classic successions of the Palaeogene
of North America and the Neogene of the Siwaliks
have shown the large potential of mammal succes-
sions for terrestrial palaeoecology (Barry et al., 1990;
Gunnell et al., 1995; Morgan et al., 1995). Here we
focus on NE Spain, where a high-resolution time
frame has been established, based on micromammal
successions. This holds in particular for the Neogene
sections of the Calatayud–Daroca and Teruel basins
(van de Weerd, 1976; Daams et al., 1988; Mein et
al., 1990; van der Meulen and Daams, 1992; van
Dam, 1997). Detailed quantitative climatic recon-
structions for the Early–Middle Miocene were made
by van der Meulen and Daams (1992) on the basis
of rodents. Magnetostratigraphic studies (Krijgsman
et al., 1994b, 1996) have allowed correlations to
the Geomagnetic Polarity Time Scale (GPTS). As a
result, major climatic changes, e.g. the global mid-
Miocene cooling event, have been accurately dated
in Spain (Krijgsman et al., 1994b).

Here we will concentrate on the Upper Miocene ro-
dent succession of the Calatayud–Daroca and Teruel
basins (hereafter referred to as CT basins). We use an
ecology-based grouping of rodents. Functional mor-
phological interpretations of the dentition and loco-
motion are used to formulate humidity preferences.
(Palaeo)biogeographic distributions are used to in-
fer temperature preferences. Information on the de-
mography and life-history strategies of extant rodent
groups is used to model seasonality type (temperature
versus humidity-related seasonality), and predictabil-
ity or interannual variation (see also van Dam, 1997).

We subject relative abundance data to the multi-
variate approach called end-member modelling (cf.
Full et al., 1981; Renner, 1993; Weltje, 1994, 1997).
This multivariate technique is based on the con-
cept of mixing. All observations are considered to
be ‘mixtures’ of a limited number of extreme com-
positions, which in our case represent rodent as-
semblages assumed to be characteristic of extreme
ecological conditions. Algorithms of Weltje (1994,
1997) are used to ‘unmix’ the samples into the
contributions of the end members. The end-mem-
ber assemblages are interpreted in terms of climate,
using inferred ecological preferences. The relative
contributions of each end member to the samples are
used to derive values for climatic parameters at each
fossil locality. Because we also include 23 composi-
tions from other parts of Europe (France, Austria and
Greece) in the analysis, the modelling results show a
geographical dimension as well.

2. Material

Our data set consists of rodent compositions from
67 South and Central European Late Miocene lo-
calities (Table 1). Forty-four of these are located in
the two adjacent basins of Calatayud and Teruel
(CT basins), situated in the provinces of Teruel
and Zaragoza, NE Spain (Fig. 1). Taxon identifi-
cations are after van de Weerd (1976), Besems and
van de Weerd (1983), van der Meulen and Daams
(1992), A.J. van der Meulen (data base), and van
Dam (1997). The studied time slice (¾11 to 6 Ma)
includes the Vallesian and a large part of the Turo-
lian, which correspond to Neogene mammal zones
MN9–10 and MN11–13, respectively (Mein, 1990;
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Table 1
Localities used in this study

MN Locality Code Interpolated
zone age (Ma)

Teruel–Alfambra region, Teruel basin, Spain
13 Las Casiones superior KSS 6.05
13 Las Casiones KS 6.10
13 Valdecebro 3 VDC3 6.27
13 Masada del Valle 7 MDV7 6.65
12 Concud CC 6.83
12 Concud 3 CC3 6.88
12 Los Mansuetos LM 6.90
12 Concud 2 CC2 6.92
12 Tortajada TO 6.93
12 Villalba Baja 2 VB2 6.95
12 Masada del Valle 5 MDV5 7.00
12 Masada del Valle 4 MDV4 7.05
12 Tortajada D TOD 7.08
12 Tortajada C TOC 7.08
12 Masada del Valle 3 MDV3 7.11
12 Concud B CCB 7.12
12 Masada del Valle 2 MDV2 7.25
12 Los Mansuetos 2 LM2 7.32
11 Vivero de Pinos VIP 8.08
11 Tortajada A TOA 8.10
11 Los Aguanaces 3 AG3 8.11
11 Alfambra ALF 8.17
11 Puente Minero 3 PM3 8.18
11 La Gloria 10 GLO10 8.21
11 Los Aguanaces 1 AG1 8.26
11 Puente Minero PM 8.28
11 Peralejos D PERD 8.70
10 Peralejos C PERC 8.84
10 La Roma 2 R2 8.91
10 Puente Minero 2 PM2 9.08
10 Ması́a de la Roma 11 ROM11 9.16
10 Ması́a del Barbo 2B MBB 9.24
10 Peralejos 4 PER4 9.30
10 Ması́a de la Roma 9 ROM9 9.36
10 Ması́a del Barbo 2A MBA 9.37
10 Ması́a de la Roma 7 ROM7 9.41
10 Ması́a de la Roma 4C ROM4C 9.53
9 Ması́a de la Roma 3 ROM3 9.67
9 Peralejos 5 PER5 9.67

Teruel–Ademuz region, Teruel basin, Spain
12 Cubla CU 7.00 a

9 Casas Altas CASAL 10.7 b

Daroca region, Calatayud–Daroca basin, Spain
9 Pedregueras 2C PED2C 10.0 c

9 Pedregueras 2A PED2A 10.2 c

9 Carrilanga 1 CAR1 10.5 b

9 Nombrevilla NOM 10.9 b

Alicante, Spain
12 Crevillente 5 CR5
12 Crevillente 4 CR4
11 Crevillente 3 CR3
11 Crevillente 2 CR2
11 Crevillente 1 CR1

MN Locality Code Interpolated
zone age (Ma)

Vallès-Penedès basin, Spain
10 Trinxera Nort Autopista TNA
10 Trinxera Sur Autopista 2 TSA2
9 Can Llobateres CL
9 Can Ponsich CP
9 Hostalets superior HSS

Duero basin, Spain
10 Torremormojon 1 TOR1

Languedoc central, France
10 Montredon MONTR

Cucuron–Basse Durance basin, France
12 Cucuron Stade CUCS

Rhone basin=area, France
13 Lissieu LS
11 Ambérieu 3 AMB3
11 Dionnay DION
11 Ambérieu 2 AMB2
11 Ambérieu 1 AMB1
10 Soblay SOBL
10 Douvre DOUVR

Vienna basin, Austria
11 Eichkogel EICHK

Rafina basin, Greece
12 Pikermi 4 PK4

Strimon basin, Greece
10 Lefkon LEF

Ages are calibrated to the time scale of Cande and Kent (1995).
Age estimates for the localities of the Teruel–Alfambra region
are interpolations based on magneto-, litho- and biostratigraphy
and evolutionary stages in murids in this region (Krijgsman et al.,
1996; van Dam, 1997; Garcés et al., 1999), on an age estimate
of 9.7 Ma for the MN9=10 boundary in the Vallès-Penedès basin
(Garcés et al., 1996), on an age estimate of 7.5 Ma for the
MN11=12 boundary in the Cabriel basin (Opdyke et al., 1990;
reinterpretation by Krijgsman et al., 1996), and a minimum age
of about 6 Ma for the locality Venta del Moro in the Cabriel
basin (Opdyke et al., 1990). See van Dam (1997: appendix B)
for details on age interpolations.
a Age estimate for CU on the basis of molar size of Occitanomys
adroveri (cf. van Dam, 1997, table B.3).
b Age estimates for NOM, CASAL and CAR1 are based on
interpolation between estimates in the Vallès-Penedès basin of
11.1 and 10.4 Ma for the MN7–8=9 and ‘MN9A=9B’ boundaries,
respectively (Garcés et al., 1996). Equal temporal spacing of the
three localities during early MN9 is assumed.
c The age difference between PED2A and PED2C is based on
their stratigraphic distance (Freudenthal and Sondaar, 1964) and
average sedimentation rates in the Middle Miocene of the area
(from Krijgsman et al., 1994b). The two localities are placed in
the middle of local zone I, which correlates to the Cricetulodon
zone of Agustı́ and Moyà-Sola (1991), dated at 10.4–9.7 Ma
(Garcés et al., 1996).
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Fig. 1. Positions of the basins=areas referred to in this study: 1 D Calatayud–Daroca and Teruel; 2 D Alicante; 3 D Duero; 4 D
Vallès-Penedès; 5 D Languedoc Central; 6 D Cucuron–Basse Durance; 7 D Rhone; 8 D Vienna; 9 D Strimon; 10 D Rafina.

de Bruijn et al., 1992). Numerical ages have been
assigned to these localities within a framework of
magneto-, litho-, and biostratigraphy (Krijgsman et
al., 1996; van Dam, 1997; Garcés et al., 1999).
The material is stored in the Institute of Earth Sci-
ences of Utrecht University, the Geology Faculty of
the University Complutense of Madrid, the National
Natural History Museum of Leiden, and the National
Museum of Natural Sciences of Madrid.

A group of 23 localities from other basins in Spain,
France, Greece and Austria is included into the data
set to provide a regional dimension to the analysis
(Table 1; Fig. 1). Faunal information comes from
Hugueney and Mein (1965), de Bruijn et al. (1975),
de Bruijn (1976, 1989), Daxner-Höck (1980), Agustı́
(1981, 1990), Agustı́ and Gibert (1982a,b), Alvarez
Sierra (1983), Mein (1984), Aguilar and Michaux
(1990), P. Mein (pers. commun., 1995) and A.J. van
der Meulen (data base). Lissieu (Lyon area, MN13)
is the only karst locality in the data set. It is included
because there are no other stratified northern locali-
ties of MN12–13 age for which quantitative data are
available.

Relative abundances for the CT basins were based
on the number of first and second molars. In case these
were absent but other teeth or skeletal material was
present, frequencies were counted as one. Frequen-

cies were also counted as one in case skeletal material
(e.g. teeth of Castoridae) originated from a macro-
mammal sample. Damaged molars were counted as
one unless their surface amounted to less than half of
the original surface. Differences with counts of van
de Weerd (1976) are mainly due to a different treat-
ment of damaged specimens, and the addition of some
unpublished material collected by van de Weerd.

The counts for most of the other basins were also
based on first and second molars. Relative abun-
dances for Eichkogel (Austria) and most French
localities were based on the available totals of first,
second and third molars. The abundances for Mon-
tredon (Languedoc Central, France) were based on
first and second molars for Gliridae and on first
molars for the rest of the rodents.

3. End-member modelling

3.1. Palaeoecological models based on
compositional data

Various types of methods and techniques can be
used to model compositional variation in palaeoe-
cological assemblages (Birks, 1985; Reyment and
Jöreskog, 1993). A widely used technique for quan-
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titative ecological modelling is canonical community
analysis (CANOCO), a combination of correspon-
dence analysis and canonical correlation analysis
(ter Braak, 1986, 1987). This technique relates rel-
ative abundances of groups of organisms (e.g. taxa
or guilds) to environmental factors, using estimates
of the environmental parameters of interest at each
locality. It has shown to be a useful tool in modelling
of modern ecosystems. In palaeoecological studies,
however, the level of detail required for successful
application of this method is usually not available.
The very objective of many studies, including this
one, is to produce such estimates, implying that other
approaches are necessary.

We use a technique known as end-member mod-
elling (Klovan and Miesch, 1976; Miesch, 1976; Full
et al., 1981, 1982; Renner, 1993; Weltje, 1994, 1997),
which attempts to capture the observed variation
among compositions in terms of linear mixing. Lin-
ear mixing models of compositional data summarize
variation among a series of observations in terms of
proportional contributions of actual or theoretical end
members. In our case, the end members represent a
series of faunal assemblages of extreme composition,
which are assumed to reflect divergent palaeoecologi-
cal conditions. The ecological setting of each individ-
ual locality is then inferred by robust interpolation on
the basis of proportional end-member contributions.
Because the end-members are simply compositions,
they are easy to interpret by palaeontologists. This
is one of the reasons we prefer this approach over
methods such as correspondence analysis, where the
estimated components are abstract factors requiring
some a-posteriori interpretation.

3.2. The linear mixing model

Compositional data are generally cast into the
form of a matrix X , with n rows representing ob-
servations (samples), and p columns representing
variables. The compositional variables are non-neg-
ative, and each row of the data matrix sums to a
constant c, usually 1, 100, or 106 (for measurements
recorded as proportions, percentages, or parts per
million, respectively).

pX
jD1

xi j D c xi j ½ 0 (1)

If compositional variation among a series of sam-
ples results from a mixing process, each row of the
matrix of compositional data X is a non-negative
linear combination of the q rows of B, a matrix of
end-member compositions. The matrix M represents
the proportional contributions of the end members
to each observation. In matrix notation, this perfect
mixing can be expressed as

X D M B (2)

subject to the following non-negativity and constant-
sum constraints:

qX
kD1

mik D 1 mik ½ 0

pX
jD1

bkj D c bkj ½ 0

(3)

Although this representation is acceptable from
an algebraic point of view, it fails to account for the
fact that perfect mixing cannot be demonstrated in
practice, due to sampling and measurement errors
in X . Therefore, it is assumed that the data matrix
X is made up of a systematic part X 0, attributable
to perfect mixing, and a matrix of error terms E ,
representing non-systematic contributions to X . It
is assumed that the errors are relatively small and
X 0 closely resembles X . By definition, the rows
of X 0, the estimated matrix of perfect mixtures,
consist of non-negative linear combinations M of q
end-member compositions B:

X 0 D X � E

X 0 D M B
(4)

The range of each variable in X 0 cannot exceed
that of the corresponding variable in the end mem-
bers B, due to the non-negativity constraint on M . In
other words, the end-member matrix contains the ex-
treme values of each variable. By definition, the rows
of X 0 are also subject to the constant-sum constraint,
and therefore

pX
jD1

x 0i j D c x 0i j ½ 0

pX
jD1

ei j D 0

(5)
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The above considerations lead to the following
mathematical formulation of the general mixing
model (subject to the constraints listed above):

X D M B C E (6)

3.3. Inverse modelling strategy

In terms of mathematical modelling, Eq. 6 is
the forward model. Once a set of end members is
specified, the composition of any mixture can be
produced. In case no a-priori information about the
number of such end members and=or their com-
positions is available, the problem is much more
complex, and all of the parameters of the mixing
process have to be estimated from the data by means
of inverse modelling techniques.

The inverse modelling procedure used here con-
sists of two stages. In the first modelling stage, the
mixing space is defined by partitioning the data into
X 0 and E (‘signal’ and ‘noise’) for each number of
end members, following Eq. 4. A matrix of perfect
mixtures is generated for every value of q (2 � q �
p) using fundamental concepts of linear algebra (sin-
gular value decomposition and constrained weighted
least squares approximation). Each approximated
matrix conforms to the non-negativity constraint of
Eq. 5. As will be illustrated in the faunal application
below, the ‘best’ of these solutions is chosen in order
to fix X 0 and q. The dimensionality (shape) of the
data in p-space is closely related to the number of
linearly independent end-member vectors needed to
span the mixing space, indicating that the number of
end members can be estimated without knowledge
of their compositions. The requirement of linear in-
dependence thus limits the maximum number of end
members in inverse models of a mixing process to
p. In our application the columns of the data matrix
were scaled to equal weights prior to the partitioning
into signal and noise, so that each variable (i.e. a
rodent group) is equally important in determining
the approximate dimensionality of the data.

The problem to be solved in the second mod-
elling stage consists of expressing X 0, the matrix of
perfect mixtures, as the product of two matrices M
and B, subject to the constraints of Eq. 3. This is
a constrained bilinear minimisation problem, which
cannot be solved uniquely without additional infor-

mation. The intrinsic non-uniqueness of the bilinear
unmixing solution can be circumvented by speci-
fying additional constraints, based on the trade-off
between two apparently contradictory but equally
desirable requirements: mathematical and physical
(including ecological) feasibility. Of primary con-
cern is that the modeled end members enclose the
smallest possible mixing space, so that each end
member contributes significantly to the observed
compositional variation, and its composition can be
easily interpreted in palaeoecological and=or palaeo-
climatological terms. However, negative values of
end-member contributions are not allowed in the
model, and a good fit of the model to the approxi-
mated data requires that the number and magnitude
of negative contributions are as small as possible. In
a geometrical sense, the set of end members must
enclose as many of the observations as possible,
because any observation not enclosed by the end
members is distorted in the modelled representation
of the data. The apparent contradiction of these two
requirements enables the optimal solution for a given
(minimal) value of q to be defined as the smallest
possible mixing space which encloses a sufficiently
large proportion of the data points.

A new iterative algorithm has been developed for
estimating the ‘optimal’ M and B (Weltje, 1994,
1997). It is more robust, has better convergence
properties, and is computationally more efficient
than previously developed numerical schemes. Fig. 2
shows the basic concept of the iterative construction
of ‘optimal’ end-member compositions used in this
study. The data in the ternary diagram of Fig. 2A
consist of three source compositions and six mix-
tures. The number of end members is thus known a
priori. Fig. 2A also shows the locations of three cen-
tres of mass in the data set, that have been calculated
using a Q-mode cluster algorithm (Full et al., 1982;
Bezdek et al., 1984). These centres of gravity are the
robust initial end-member estimates employed by the
iterative procedure. Because a set of end members
has been specified, the matrix of mixing proportions
corresponding to these end members can be calcu-
lated from the exact bilinear relationship of Eq. 4.
This matrix of mixing proportions is evaluated in
order to define improvements to the end members,
which aim at reducing the number and magnitude of
negative mixing proportions. In the next iteration cy-
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Fig. 2. (A) Synthetic data set consisting of nine three-part compositions. This data set was generated by mixing the three extreme
observations in arbitrary proportions in order to generate six additional data points. An initial guess of the end-member compositions
(shown as stars) is made by a ‘fuzzy clustering’ algorithm (Full et al., 1982; Bezdek et al., 1984). (B) A series of iteration cycles. The
ternary mixing space (represented by a triangle in compositional space) grows in each iteration cycle until the mathematical constraints
on a feasible solution have been satisfied. (C) At convergence, the calculated end members are nearly identical to the three extreme
observations. The true end members from which the mixtures have been generated are closely approximated. Parameter estimation is
independent of sample locations or other considerations, because the mixing model is constructed in compositional space.

cle, the updated matrix of end-member compositions
is used to generate a new mixing proportions matrix.
In a geometrical sense, the mixing space grows in
each iteration cycle, until the constraints on an op-
timal mixing model have been satisfied (Fig. 2B).
Eventually, all of the data points are enclosed by the
final mixing space, indicating that the original source
compositions are accurately identified (Fig. 2C).

3.4. Palaeoenvironmental extensions to modelling

3.4.1. The nature of the mixing space
It is important to realize that mixing of faunal

compositions should not be interpreted as actual
physical mixing of teeth. In this respect our appli-
cation differs from most of the traditional geological
and geochemical applications where physical mix-
ing of sediment grains or chemical constituents is
described. This application is different because the
fossil assemblages are distributed over millions of
years and across a broad range of sedimentary sys-
tems and basins. The ‘system’ described here is
the ecological=climatic system connecting all local-
ities and basins by its control on the geographical
and temporal distribution of the rodent groups. Em-
ployed in such a way, ‘mixing’ is more conceptual

than physical, and can best be viewed as the result
of interaction between climatic factors on the one
hand, and adaptations of and interspecific competi-
tion between species on the other hand. Although the
reality of interspecific competition in communities is
still the focus of debate (e.g. see Gotelli and Graves,
1996), its important role in rodents has repeatedly
been demonstrated (e.g. Grant, 1972).

3.4.2. Estimation of climatic parameters
The estimation of climatic parameters from rodent

end-member compositions is done in three steps:
(1) characterizing the end members as ‘cooler’,
‘warmer’, ‘more humid’, etc. on the basis of their
compositions; (2) calculating the ratios of the contri-
butions of those pairs of end members which indicate
opposite conditions (e.g. ‘cooler’ versus ‘warmer’);
and (3) taking the logarithms of these ratios (log-
ratios). A log-ratio is the most appropriate form to
describe variation within compositions and it is in-
sensitive to closed-sum effects (Aitchison, 1986). A
log-ratio of the contributions mik and mil of the end
members k and l (elements of M) to the sample i
can be described as:

rikl D ln.mik=mil/ (7)
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The log-ratio is undefined when mik or mil is zero,
and in such cases the following decisions are made:
if mik is zero the ratio is set to 0.01; if mil is zero the
ratio is set to 100; and in case both mik and mil are
zero the ratio is set to 1.4. The final parameter (e.g.
‘relative humidity’) is calculated as the first principal
component of all selected log-ratios that are used to
describe that climatic parameter in step (2).

3.4.3. Palaeoecological assumptions
The following assumptions apply to palaeoeco-

logical modelling in general. We subdivide the
assumptions into those related to (1) ecological
preferences, (2) abundances, and (3) preference–
abundance relations. The latter are largely model-
dependent.

(1) Ecological preferences. It has to be assumed
that the ecological and climatic preferences, which
are assigned to our a-priori defined palaeoecolog-
ical rodent groups, and which are primarily based
on functional morphological and actualistic princi-
ples, are generally valid. Additional uncertainty in
ecological preferences of each group is caused by
intra-group variation due to evolution and composi-
tional variability within each group. In Section 6.3
we shall demonstrate that the end-member modelling
results are insensitive to moderate number of erro-
neous ecological assumptions.

(2) Abundances. The composition of a vertebrate
death assemblage is only partly determined by the
structure of the original life assemblages, since tapho-
nomic processes may cause serious biases. In this ap-
plication of end-member modelling the main assump-
tion is that biasing factors operate in a constant way,
i.e. that the assemblages are isotaphonomic (Wing et
al., 1992). For such a setting, it may be assumed that
estimates of relative climate on the basis of the com-
positions are not disturbed by structural (i.e. constant)
under- or overrepresentation of groups. Such a mul-
tiplicative perturbation will distort the mixing space
spanned by the end-members in an approximately lin-
ear way (see Section 6.3). As discussed in van Dam
(1997) the assumption of isotaphonomic conditions
is reasonable for our data set, the major reasons be-
ing that almost all localities are formed in low-energy
shallow lacustrine systems, and that the majority of
localities comes from a single basin (on which the
major part of the final climatic curves is based). In

addition, multivariate outliers will be filtered out dur-
ing modelling.

(3) Preference–abundance relations. The basic
assumption is that environments characterized by a
large abundance of a certain group are the environ-
ments that group actually prefers the most. Similarly,
environments where the group is rare or absent are
assumed to be environments which are not pre-
ferred. Inter-group competition is thought to be the
major force behind these relations. The presence
of such direct abundance–environment relations im-
plies that communities are in equilibrium with the
environment, and that groups react ‘instantaneously’
to environmental changes. Only then we may ex-
pect a one-to-one relation between a specific set of
environmental parameters and a certain composition
resulting from it. Obviously, the concept of equilib-
rium is time-scale dependent (Giller and Gee, 1986).
However, it is known that even in (geologically
instantaneous) ecological time, rodent communities
(like most other communities) respond very quickly
to environmental changes. This means that in geo-
logical time the problem will be even much smaller,
because of time-averaging effects within samples.

On the other hand, problems may arise because
of the length of geologic time. For instance, tectonic
processes may induce the creation or removal of bar-
riers such as mountains and water surfaces. If these
barriers prevent groups from reaching certain areas
during a part of the studied interval structural zeros
will enter the data set. This means in turn that esti-
mates of environmental parameters will be distorted
if the absence of these groups would be explained
in ecological terms. This problem can be solved by
the aggregation of groups, preferably in an ecological
way. The result will be that faunal changes caused by
the opening of new migration routes will not auto-
matically be expressed in changes in the ecological
composition, because the taxa competing or replac-
ing each other may belong to the same ecological
category. Structural zeros, representing the not-yet
existence or extinction of a group, form another com-
plication. Again, aggregation may solve the problem.
Obviously, there is a limit to aggregation, because
information is lost every time groups are combined.

More specifically, the underlying model we use
to describe the relation between abundances and cli-
matic change between the extreme end-members is
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assumed to be of the type described by Eq. 7, which
is a monotonously increasing function approximately
linear in its central part. (This type of underlying in-
terpolation model should not be confused with the
gaussian-type of response models assumed by other
methods such as CANOCO and correspondence anal-
ysis, which are specified for each individual input
group.) The assumption of monotony means for in-
stance that if humidity is known to increase along
some geographical gradient, the ratios of ‘humid’ ver-
sus ‘arid’ end-member contributions has to increase
along this gradient also, i.e. without any reversals.
This type of assumptions could be tested by exam-

Fig. 3. Methodological flow chart of this study.

ining gradients in present-day climate and in rodent
compositions and by checking for correlations. Until
now we have not performed such a study.

A summary of the methodology is given in
Fig. 3. The basic data are relative abundances of
first and second molars of rodent species from
time-ordered samples from several geological basins
(the species relative abundance matrix Y ). Species
abundances are converted into ecological abun-
dances by grouping species on the basis of diet,
locomotion, life history and energy expenditure,
and (palaeo)biogeographic distributions (see below).
This conversion results in the ecological relative
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abundance matrix X (notation as in Section 3.1).
After an evaluation of sources of compositional bias,
an end-member model is fitted to X . The matrix M
of end-member contributions to the samples is used
to calculate climatic parameters (the matrix R).

4. The climatic parameters and their estimation
from rodents

Four climatic parameters are estimated on the ba-
sis of a fitted end-member model: humidity, temper-
ature, seasonality type and predictability. A general
discussion on the use of small mammals as proxies
for these parameters is presented in van Dam (1997).
Here we restrict ourselves to a short summary, in
which we focus on rodents (see also Fig. 3). The
inferences of the preferences and adaptations for
the particular groups used in the analysis will be
discussed in the next section.

Humidity preferences are based on the functional
morphology of the dentition, and on the extrapola-
tion of habitats from those of extant relatives (the
principle of actualism). Various dental features (hyp-
sodonty, brachiodonty, stephanodonty, various types
of lophodonty) are interpreted as adaptations to spe-
cific diets, which in turn are assumed to indicate
certain habitats. Knowledge of extant habitats and
phylogenetic relations is used to infer the habitats of
fossil relatives.

Temperature preferences are primarily inferred
from (a) Miocene palaeobiogeographical distribu-
tions, and (b) abundance shifts in Spanish rodents
(van der Meulen and Daams, 1992; Krijgsman et al.,
1994b) related to the generally accepted global Mid-
dle Miocene cooling episode. This cooling followed
a late Early to Middle Miocene thermal optimum
between 17 and 14.5 Ma (Flower and Kennett, 1993;
Hodell and Woodruff, 1994), when Holarctic land
temperatures were about 7ºC higher than at present
(Schwarzbach, 1968; Axelrod and Bailey, 1969; Bur-
chard, 1978; Wolfe, 1994).

Adaptations to inter-annual climatic variability
(predictability) are mainly inferred from demo-
graphic patterns and associated life-history strate-
gies. (Un)predictability is an important determinant
of community structure (Pimm, 1978), and pre-
dictable variations in resource availability can be

accommodated by groups with appropriate life his-
tories (Giller and Gee, 1986). We use a demographic
tripartition of rodents (French et al., 1975; extensions
by van der Meulen and Daams, 1992, and van Dam,
1997) to classify rodents into three groups in terms
of adaptations to (un)predictability. The extremely
production-oriented species of demographic group 1
(which includes Murinae) are optimally adapted to
unpredictable environments. In contrast, strong ‘in-
ternal clocks’ are (or are assumed to be) common in
the efficiency-oriented taxa of group 3 (among which
are Gliridae, Sciuridae, Petauristidae, Zapodidae and
Eomyidae). Such clocks can only function in a pre-
dictable environment, because they regulate the tun-
ing of many physiological and behavioural changes
to the annual cycle (e.g. hibernation). Representa-
tives of group 2, to which Cricetidae belong, are
intermediately adapted with regard to predictability.

Adaptations to seasonality type are based on two
considerations. In the first place, the ability to hiber-
nate (Cade, 1964; Precht et al., 1973) is regarded as
an adaptation to cool–warm seasonality. The second
consideration relates to the climate types and biomes
where extant relatives reach their highest diversi-
ties. For example murines (group 1) are assumed
to have a competitive advantage over many other
groups in monsoon-dominated zones, such as savan-
nas, which are areas dominated by wet–dry season-
ality. Where monsoon-dominated vegetation zones
grade into drier, less productive biomes, murines
give way to more survival-oriented groups of group
2, such as gerbils (type 2) in the North African (semi)
desert, and cricetines in the Central Asian steppes.
Superiority of members of group 3 is typically re-
lated to a higher fasting endurance, made possible by
large fat stores and hibernation, during which body
temperature and activity are lowered. Glirids, which
occur in all-year-wet temperate zones dominated by
cool–warm seasonality (particularly cold winters),
are a good example.

5. Ecological grouping of the rodents

5.1. Ecology and taxonomy

The studied rodent species are classified into nine
ecological groups (Table 2). Their relative abun-
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Table 2
Ecological grouping of the Late Miocene rodents studied and their assigned scores on climatic parameters

Rodent group Scores assigned to climatic parameters

name ecologically relevant features taxonomy humidity temperature seasonality predictability
(humid: C) (warm: C) (in temp.: C) (high: C)
(arid: �) (cool: �) (in hum.: �) (low: �)

Castoridae beavers, semi-aquatic Castoridae C � C C
Cricetidae I hamsters with relatively high-crowned

molars
Cricetodontini, Blancomys � 0 0 0

Cricetidae II hamsters with relatively low-crowned
molars

Cricetinae, Megacricetodon a 0 0 0 0

Gliridae I terrestrial dormice with few lophs on
molar crowns

Myomiminae except Ramys and
Vasseuromys

� 0 C C

Gliridae II arboreal=scansorial dormice with many
lophs on molar crowns

Bransatoglirinae, Dryomyinae,
Glirinae, Ramys, Vasseuromys

C � C C

Muridae I mice with relatively broad molars with
well-developed longitudinal ridges

Occitanomys, Stephanomys � 0 � �

Muridae II mice with relatively slender molars
with less well-developed longitudinal
ridges

Muridae except Occitanomys and
Stephanomys b

0 0 � �

Sciuridae I ground squirrels preferring relatively
open habitats

Xerini � C � C

Sciuridae II C Eomyidae C
Petauristidae

squirrels and eomyids preferring
relatively closed habitats

Tamiini, Petauristidae, Eomyidae c C � 0 C

Positive, neutral and negative scores correspond to high, intermediate=mixed, and low values, respectively (see text for details). Humidity scores are based on diet and
locomotion, and temperature scores on Miocene palaeobiogeography. Scores on seasonality type (warm–cool vs. humid–arid) are based on present-day diversities in
climatic=vegetational belts and on hibernation abilities. Predictability scores are based on demographic characteristics, reflecting survival- or reproduction-oriented life
history strategies.
a Rest groups Anomalomys, Eumyarion, Epimeriones are included in Cricetidae II.
b Rest groups Zapodidae and Hystricidae are included in Muridae II.
c Rest group Marmotini is included in Sciuridae II.
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Table 3
Ecological abundance matrix X

Locality Castoridae Cricetidae I Cricetidae II Gliridae I Gliridae II Muridae I Muridae II Sciuridae I Sc. II C Total
Pet. C number
Eomy.

KSS 0 5.23 10.47 0 1.16 42.44 40.70 0 0 172
KS 0.65 0 1.06 0 0.24 58.06 39.98 0 0 1228
VDC3 1.02 1.79 4.59 0 0 72.96 19.39 0 0.26 392
MDV7 1.59 0 1.59 0 1.59 92.06 3.17 0 0 63
CC 5.41 8.11 0 0 0 54.05 29.73 0 2.70 37
CC3 0 2.72 0 0 1.97 39.27 51.73 3.09 1.22 1067
LM 0.11 16.91 0.16 0 0.32 72.57 9.18 0.75 0 1863
CC2 0 4.49 0 0 4.49 50.56 38.20 1.12 1.12 89
TO 0 11.36 0 0 0 64.77 17.05 6.82 0 88
VB2 0 0.62 0 0 0 64.71 34.06 0.62 0 323
MDV5 0 2.56 0.51 0 1.03 46.41 43.59 1.54 4.36 390
MDV4 0 5.13 0 0 0 51.28 41.03 0 2.56 39
TOD 0 7.08 0 0 0 49.56 40.71 0 2.65 113
TOC 0 4.17 0 0 4.17 12.50 79.17 0 0 24
MDV3 0 3.33 0 0 0 26.67 70.00 0 0 30
CCB 0 2.08 0 0 4.17 54.17 39.58 0 0 48
MDV2 0.43 5.25 1.29 0 0.75 44.59 45.55 0.64 1.50 933
LM2 0 31.58 2.63 0 0 55.26 10.53 0 0 38
VIP 0 7.40 0.24 0 0 80.43 11.93 0 0 419
TOA 0 9.31 1.06 0 0.53 76.06 13.03 0 0 376
AG3 0 6.01 1.09 0 0.55 68.85 23.50 0 0 183
ALF 0 0 1.85 0 0 72.22 25.93 0 0 54
PM3 0 19.12 1.47 0 0 58.82 20.59 0 0 68
GLO10 0 6.62 1.32 0 0.66 70.20 21.19 0 0 151
AG1 0 4.07 0 0 0 89.43 6.50 0 0 123
PERD 0 17.04 0 1.48 0 0 81.48 0 0 135
PERC 0 15.45 0 0 0.28 0 84.27 0 0 356
R2 0 7.14 2.38 2.38 0 0 88.10 0 0 42
PM2 0 29.27 2.44 2.44 2.44 0 60.98 2.44 0 41
ROM11 0 4.93 1.41 0.70 1.41 0 91.55 0 0 142
MBB 0.47 23.94 0.23 1.41 1.64 0 72.07 0.23 0 426
PER4 0 6.38 0 12.77 2.13 0 78.72 0 0 47
ROM9 0 5.08 0 6.78 5.08 0 83.05 0 0 59
MBA 0 19.57 0.72 3.62 4.35 0 71.74 0 0 138
ROM7 0 18.75 2.50 16.25 1.25 0 61.25 0 0 80
ROM4C 0 7.14 0 22.86 0 0 70.00 0 0 70
ROM3 0 28.07 19.30 47.36 0 0 0 0 5.26 57
PER5 0 51.81 10.84 37.53 0 0 0 0 0 83
CU 0 15.55 0 0 0 57.42 27.03 0 0 418
CASAL 0.71 42.76 35.69 18.37 0.35 0 0 1.77 0.35 283
PED2C 0 22.17 62.43 4.84 9.36 0 0.11 0.65 0.43 929
PED2A 3.09 46.34 25.04 13.33 10.41 0 0 1.79 0 615
CAR1 1.86 18.58 63.62 12.53 3.41 0 0 0 0 646
NOM 0.81 37.25 44.94 13.77 0.40 0 0 2.83 0 247
CR5 0 9.00 13.00 0 2.00 30.00 32.00 0 14.00 100
CR4 0 1.16 31.40 0 0 17.44 50.00 0 0 86
CR3 0 2.00 19.00 0 2.00 44.00 31.00 2.00 0 100
CR2 0 1.46 28.64 0 0.97 24.76 40.78 3.40 0 206
CR1 0 0 23.38 0 2.60 37.66 35.06 1.30 0 77
TNA 0 1.54 75.38 0 1.54 0 1.54 0 20 65
TSA2 0 13.64 56.82 0 0 0 15.91 0 13.64 44
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Table 3 (continued)

Locality Castoridae Cricetidae I Cricetidae II Gliridae I Gliridae II Muridae I Muridae II Sciuridae I Sc. II C Total
Pet. C number
Eomy.

CL 0.76 6.44 85.98 0 1.33 0 0.38 1.89 3.22 528
CP 1.67 64.02 15.06 0.84 2.09 0 0 13.81 2.51 239
HSS 0 52.15 21.47 2.45 0 0 0 23.93 0 163
TOR1 7.27 5.45 0 0 20.00 0 67.27 0 0 55
MONTR 0 3.04 63.69 0 9.22 0 22.03 1.47 0.55 1052 b

CUCS 0 4.20 4.90 0 1.40 72.03 16.08 0 1.40 143 a

LS 0 0 1 0 29 1 68 0 1 3099 a

DION 2 11 5 0 4 0 71.5 0.25 6 1249 a

AMB3 0 0 34 0 10 2 29 0 25 126 a

AMB2 0 2 41 0 7 0 38 0 12 567 a

AMB1 0.25 9 22 0 8 0 53.75 0 7 341 a

SOBL 2 0.16 32.84 0 6 0 39 0.25 19.75 612 a

DOUVR 2 0 40 0 5 0 32 0 21 95 a

EICHK 0.08 0 34.5 3.17 8.87 0 45.57 0 7.81 1230 a

PK4 0 9.28 3.09 14.44 1.03 15.46 56.7 0 0 97
LEF 0 13.64 4.55 3.03 4.55 0 71.21 0 3.03 66

Totals are numbers of first and second molars, unless indicated otherwise. Prior to modelling, zeros are replaced by small values
corresponding to half a tooth (which is the measurement error).
a Totals are numbers of first, second and third molars; proportions are based on these numbers.
b Proportions are based on first and second molars for Gliridae and on first molars for other groups.

dances (the matrix X in Fig. 3) are shown in Table 3
and Fig. 4. Families are considered to represent cer-
tain ‘ways of life’, which are related to their demog-
raphy and energy expenditure strategies as discussed
above. Most families are split into two groups ac-
cording to preferences for open or closed habitats,
based on inferred diet (Cricetidae, Gliridae, Muri-
dae) or locomotion (Gliridae, Sciuridae). As a result,
ecological and taxonomic boundaries coincide in the
Sciuridae, whereas in Gliridae the ecological bound-
ary runs through a subfamily (see the description
of the nine groups below). Because of the uncertain
taxonomic status of Blancomys in the Cricetidae it is
difficult to ascertain whether the ecological boundary
in this family corresponds to a taxonomic boundary.
No tribes or subfamilies have been defined for the
Muridae studied here.

Overall, phylogenetic relations within each of the
nine groups are tight. This has the additional advan-
tage that most of them also function as geographical
units, facilitating the attribution of temperature pref-
erences. The close relation between taxonomy and
ecology in our data set is in agreement with the gen-
eral notion that ecological designations tend to in-
clude closely related species (Simberloff and Dayan,

1991). Our final grouping may be regarded as the re-
sult of a consensus between ecological, taxonomical,
and statistical considerations (with the latter resulting
in aggregation of genera, as discussed in the previous
section). An important asset of this subdivision is that
each group is characterized by a unique set of prefer-
ences in Table 2, implying that each group occupies a
unique position in ‘ecological space’.

5.2. Scores on preferences and adaptations

Adaptations or preferences are assigned in the
form of positive (C), neutral (0) or negative (�)
scores (Table 2), and follow the principles men-
tioned in Section 4. For clarity, a remark has to be
made on the temperature scores. A neutral score in
Table 2 indicates a Late Miocene geographical dis-
tribution which was restricted to, or had its centre
at the latitude of Spain, i.e. the northwestern part
of the Mediterranean area. A positive score is as-
signed to groups whose Late Miocene distribution
had a major extension into lower latitudes (Africa),
and=or showed a decline in Spain during the Mid-
dle Miocene cooling. Similarly, a negative score is
assigned to groups that had their centres of distri-
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Fig. 4. Relative frequencies of ecological groups in the Calatayud–Daroca and Teruel basins (together representing a large part of the ecological relative abundance matrix X ).
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bution at higher (central European) latitudes, and=or
increased their numbers and=or diversity during the
Middle Miocene cooling. Unfortunately there is no
Miocene rodent record for high-latitude areas, but
indirect evidence for at least the temporary presence
of a group at high latitudes is indicated by occur-
rences in both Eurasia and North America, implying
intercontinental migration across the Bering Street.

We admit that some C, 0 and � assignments are
tentative or may even be wrong. However, we will
show that the method is robust against a limited
number of errors in the assignments (Section 7.3).

5.3. The nine groups (Tables 2 and 3 and Fig. 4)

The nine rodent groups and their preferences and
adaptations will now be described.

(1) Castoridae. In spite of their rareness in the
associations studied here, beavers are kept as a sep-
arate group because of their specific ecological re-
quirement for permanent open water. Beavers are
given a negative score for temperature, because their
Late Miocene palaeobiogeographic distribution in-
cludes the mid-latitudes, and because their fossil
record indicates repeated migration across the Bering
Street (Korth, 1994). Their score on seasonality type
is positive because the present-day distribution of
beavers can be associated with the middle- to high-
latitude zones of cool–warm seasonality. Their score
on predictability is positive because of their high life
expectancies.

(2) Relatively high-crowned Cricetidae (Criceti-
dae I) (use of Cricetidae according to Chaline et al.,
1977). Late Miocene Cricetodontini (Hispanomys,
Ruscinomys, Byzantinia) and Blancomys are in-
cluded because of their hypsodonty and similar geo-
graphic distribution. Their hypsodonty is interpreted
as an adaptation to diets containing a significant
proportion of fibrous plant parts, including grasses.
Because of this, a preference for open, more arid
environments is assumed (de Bruijn et al., 1993). A
neutral score on temperature is assigned because the
records from Spain (MN9–13), Greece and Anatolia
(MN9–12) show that the southern part of western
Eurasia was the main area where the mentioned
genera lived then (de Bruijn et al., 1993). Season-
ality and predictability preferences are assumed to
be identical to those of the Cricetidae II group (see

below). There is one occurrence of Cricetodon in
the dataset (C. lavocati from HSS). Although the
species is less hypsodont than the other members of
the group, we included it into Cricetidae I because
of its resemblance to other Cricetidontini in terms of
the robustness and general habitus of the molars.

(3) Relatively low-crowned Cricetidae (Criceti-
dae II). This heterogeneous group includes all
Cricetidae in the data set which do not be-
long to Cricetidae I. The most abundant genera
are Megacricetodon, Cricetulodon, Rotundomys and
Kowalskia. The group is not split up in order to
prevent a high frequency of structural and sta-
tistical zeros in the data matrix. A neutral score
is assigned to humidity, because some genera are
assumed to prefer more open, others to prefer
more closed habitats, while still others do not
seem to have any preference (Daams et al., 1988).
An intermediate temperature preference is assigned.
Some genera were more restricted to southern Eu-
rope (Cricetulodon–Rotundomys), whereas others
had distribution areas across both south and cen-
tral Europe (Megacricetodon, Kowalskia, Cricetus).

A neutral score on seasonality type is assigned
to this group on the basis of the diversity patterns
of the two extant groups of Cricetinae and Per-
omyscini. Cricetinae are particularly successful in
the Asiatic steppes. Generally, these areas have a
wet–dry seasonality which is less extreme than in sa-
vannas. Cool–warm seasonality is rather strong also,
and weak hibernation occurs in a number of genera
(Cricetus, Mesocricetus). Cool–warm seasonality is
not so strong in the Mexican steppes, where peak di-
versities of extant Peromyscini occur (Nowak, 1991).
Neither is hibernation known for this tribe. Never-
theless, we will test also for a positive score on
seasonality type, i.e. for an adaptation to cool–warm
seasonality. Because of their membership to the in-
termediate demographic group 2, a neutral score on
predictability is assigned.

(4) Ground-dwelling Gliridae (Gliridae I) (use
of Gliridae after Daams and de Bruijn, 1995). This
group consists of dormice with molars that have
occlusal surfaces with a relatively low number of
transverse crests. This dental feature is observed
in the extant ground-dwelling dormouse Myomimus
and many extinct representatives of the subfamily
Myomiminae, and is thought to be indicative of a life
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on the ground and of an open, relatively dry habitat
(van der Meulen and de Bruijn, 1982; Daams and
van der Meulen, 1984). The Gliridae I group con-
sists of the three Myomiminae genera Myomimus,
Miodyromys and Tempestia. Two other Myomiminae
have many ridges (Vasseuromys and Ramys). We fol-
low the interpretation of Daams and van der Meulen
(1984) and include these into Gliridae II.

An intermediate score is assigned to temperature.
Although the Myomiminae were flourishing across
Europe during the Early and Middle Miocene, Late
Miocene genera had a more restricted distribution.
Myomimus is documented from Spain to Pakistan,
but its absence in the Late Miocene localities of
France of our data set shows that it had a lim-
ited north–south range in Europe during this period.
Similarly, Miodyromys was widespread across Eu-
rope during the Early–Middle Miocene in Europe,
but its later Miocene occurrence was restricted to
southern areas (Vallès-Penedès, Spain, early MN9).
Tempestia was endemic to Spain. On the basis of the
occurrence of hibernation in Myomimus a preference
for cool–warm seasonality is assigned. Because of
their membership to demographic group 3, a positive
score on predictability is assigned.

(5) Arboreal=scansorial Gliridae (Gliridae II).
This group includes representatives of the sub-
families Glirinae (Glis, Muscardinus, Myoglis,
Glirudinus), Dryomyinae (Eliomys, Glirulus, Mi-
crodyromys, Paraglirulus) and Bransatoglirinae
(Bransatoglis), as well as the two Myomiminae
genera mentioned above (Vasseuromys, Ramys). A
positive score on humidity is attributed to Gliridae II
because of their assumed arboreal (canopy-dwelling)
or scansorial (sub-canopy climbing) way of life,
which is attributed to the group on the basis of the
habitats of extant relatives, and a molar morphol-
ogy characterized by many transverse crests (Storch,
1978; van der Meulen and de Bruijn, 1982; Daams
and van der Meulen, 1984). The rare dryomyine
Graphiurops is not separated from the other genera
of its subfamily, although its molar pattern with rela-
tively few ridges suggests that inclusion in Gliridae I
would perhaps have been better. A negative score on
temperature is assigned because relative abundances
and diversity of forms with many-lophed molars are
small in the Late Miocene in Spain compared with
contemporary associations from more northern areas

(Mayr, 1979; Mein, 1984). A preference for cool–
warm seasonality is ascribed to this group because
maximum diversities occur in the temperate zones
of Eurasia and because they show the habit of deep
hibernation. The predictability score is positive as in
the previous group.

(6) Muridae of the Occitanomys–Stephanomys
group (Muridae I). (Use of Muridae according to
Chaline et al., 1977.) Stephanodonty (Schaub, 1938)
is well developed in this group. The stephanodont
pattern is characterized by a garland-type pattern of
ridges between the posterior cusps of the upper mo-
lars. The well-developed longitudinal valleys indi-
cating a strong power stroke (van Dam, 1996) and
the relatively large width–length ratios of the molars
(van Dam, 1997) indicate a diet which at least partly
consists of fibrous components. It is therefore sug-
gested that the group is adapted to relatively open
and dry environments. An intermediate temperature
preference is assigned to both genera because their
Late Miocene distribution was almost exclusively re-
stricted to southwestern Europe (Stephanomys) and
southern Europe and Anatolia (Occitanomys) (de
Bruijn et al., 1996). Seasonality and predictability
scores are identical to those of Muridae II (see below).

The Muridae I group is the only group with struc-
tural zeros in the data matrix, because it was non-
existent during the Vallesian (MN9–10). However,
its unique combination of adaptations and prefer-
ences (Table 2) is not shared with any of the other
groups living in the Vallesian, so it may be argued
that the group was adapted to a type of environment
that was not yet existing by then.

(7) Muridae: Progonomys, Huerzelerimys, Para-
podemus and Apodemus and some rare Castromys
and Rhagapodemus (Muridae II). Although Rha-
gapodemus becomes more and more high-crowned
during its evolution, we include it into this group
because the representatives in our data set are primi-
tive, relatively low-crowned and resemble Apodemus
very much.

A neutral humidity score is given to this group.
The only still living genus, Apodemus, is tolerant
to different kinds of habitats. Most of its species
have broad frugivorous to omnivorous diets, but do
not graze (Niethammer and Krapp, 1978; Nowak,
1991). A biometric analysis on cheek teeth of extant
and fossil murids (van Dam, 1997) suggests that
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Progonomys, Huerzelerimys, and Parapodemus were
not grazing rodents either.

An intermediate temperature preference is as-
signed to Muridae II because of their relatively
high abundances and diversity in southern Europe
during the Late Miocene. This means that we do
not regard the recent high diversity of murids in
tropical areas as an indication of a high-temperature
preference of Miocene Murinae. A negative score
on seasonality type is assigned to Muridae because
they reach their highest present-day diversities in
vegetation zones characterized by a wet–dry mon-
soon-seasonality, such as savannas. Unfortunately
for our purposes, Montuire (1994) did not include
annual differences in precipitation as a parameter in
her study on the relation between extant murid diver-
sity and climate. However, these authors did find a
negative correlation between murid diversity and the
annual difference in temperature. This is consistent
with our negative score on cool–warm seasonality.

We consider the rare Zapodidae of age MN11 as
a rest group and combine them with the Muridae,
which is the most abundant family in Spain at this
time. Assignment to Muridae II group is preferred,
because the presence of Zapodidae is more correlated
to the presence of Parapodemus (Muridae II) than to
Occitanomys (Muridae I) in the data set. Hystricidae
occur only in one locality (Las Casiones, Teruel
basin) and are also included into this group.

(8) Sciuridae: ground squirrels of the tribe Xerini
(Sciuridae I). The ground squirrels Heteroxerus and
Atlantoxerus are assumed to be indicators of rel-
atively open habitats and hence low humidity. The
two extant Xerus species are living in the drier savan-
nas, and the NW African relict species Atlantoxerus
getulus lives in an arid mountainous environment
(Kingdon, 1974; Nowak, 1991). A positive score
on temperature is assumed for Xerini, because they
flourished during the late Early to Middle Miocene
thermal optimum in Spain and declined during the
subsequent Middle Miocene cooling episode (Daams
et al., 1988). A positive score on temperature is sup-
ported by the regular occurrence of Atlantoxerus in
the Upper Miocene of the Maghreb (Jaeger, 1977;
Coiffait, 1991).

Adaptation to wet–dry seasonality is assumed
because of the adaptation of extant Xerus to savanna
environments (Kingdon, 1974). Xerini are not known

to hibernate, and it is uncertain whether they possess
any type of torpidity (Cade, 1964). Being Sciuridae,
their energy expenditure strategy may be expected to
be relatively survival-oriented. The positive score of
Xerini on predictability is assigned because of their
assumed membership to demographic group 3.

(9) Sciuridae: ground squirrels of the tribe Tami-
ini (Sciuridae II), flying squirrels of the family
Petauristidae, and Eomyidae. All three taxa are
put in one group because of their supposed com-
mon preference for forested environments, and the
low abundances of each individual subgroup. It is as-
sumed that the extinct genus Spermophilinus, like the
majority of extant Tamiini (Nowak, 1991), preferred
closed, relatively humid biotopes. This assumption is
consistent with the high abundances of Spermophili-
nus in very ‘wet’ faunas such as Dorn-Dürkheim
in the German Rhine basin (Franzen and Storch,
1975). Undoubtedly, flying squirrels were adapted to
a life in forests like their extant relatives. Eomyids
are extinct, but there are sufficient indications that
they preferred closed vegetation (Daams et al., 1988;
van der Meulen and Daams, 1992 and unpublished
data). The recent discovery of a flying membrane
on a Late Oligocene eomyid (Storch et al., 1996)
from Germany is in agreement with this hypothesis.
The shared biotope preference of Spermophilinus,
Petauristinae and Eomyidae is confirmed by their
simultaneous occurrences in (the more northern lo-
calities in) our data set.

This ninth group is given a negative score for
temperature. Spermophilinus is a very common el-
ement in Late Miocene northern localities such as
Dorn-Dürkheim in the Rhine basin and Eichkogel in
the Vienna basin. During the late Early to Middle
Miocene thermal optimum the genus is temporarily
absent in Spain (van der Meulen and Daams, 1992;
unpublished data), whereas it is present at higher lat-
itudes (e.g. Puttenhausen). Today, Tamiini are partic-
ularly successful in North America. An adaptation to
cool environments is indicated by their apparent mi-
gration across the Bering Street. The Eomyidae are
a similar case. This family was especially abundant
in Spain during the Late Oligocene–Early Miocene
(Alvarez Sierra, 1987). The detailed record from the
CT basins shows that they disappeared during the
thermal optimum, but reappeared afterwards in MN6
(Manchones, Las Planas 5K, see Daams et al., 1988)
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and MN 9 (Ması́a de la Roma 3, see van Dam, 1997).
In more northern areas, however, Eomyidae bridge
the interval in which they were absent in Spain (En-
gesser, 1990; Bolliger, 1992; Fahlbusch and Bolliger,
1996). The group remains well-represented at rel-
atively high latitudes during younger intervals. For
example, three different genera occur in Podlesice
in Poland (Fahlbusch, 1978). A northern transconti-
nental migration route is assumed for the Eomyidae,
because of their supposed North American origin
(Fahlbusch, 1979; Korth, 1994). Petauristidae are to-
day particularly diverse in tropical South-East Asia,
but during the Neogene they flourished in forested
areas all across central Europe (de Bruijn, 1995), and
showed a high diversity in latitudes at least as high
as Poland (Kowalski, 1990).

A tentative neutral score is given to seasonality
type. Whereas present-day diversity of Tamiini is

Fig. 5. Goodness of fit for ecological groups as a function of the number of end members. Estimating the number of end members is
the first step in the modelling procedure. The number of end members is equal to the smallest number of dimensions required for a
reasonable approximation of the data set. This approach does not require any knowledge of the end-member compositions. The curves
show that some of the variables can be reproduced fairly well with only two end members. A four end-member model is a reasonable
minimum scenario.

high in (cool–warm seasonal) temperate zone forests
(e.g. western United States), hibernation is weak
and accompanied by food hoarding. Petauristinae
are particularly diverse in tropical SE Asia and do
not hibernate. Information is absent for the extinct
Eomyidae. The predictability score of the complete
group is positive because all subgroups belong to
demographic group 3.

6. Model results

6.1. End-member interpretation

Fig. 5 shows goodness of fit statistics (R2 values)
for each rodent group as a function of the number
of end members. A mixing model with four end
members seems to be a reasonable choice consid-
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Fig. 6. The four end-member compositions and their climatic interpretations. For further explanation see text. Note that the group
indicated as Sc.II=E. (Sciuridae II–Eomyidae) also includes the Petauristidae.

ering the level of noise on the one hand, and the
desire for a simple description on the other hand.
This model implies a very low goodness of fit for the
Castoridae, which means that variation in this group
is mainly regarded as noise. The remaining groups
are adequately reproduced, although Sciuridae I and
Gliridae II show a lower goodness-of-fit than other
groups.

The four end-member compositions are shown
in Fig. 6 and Table 4. In addition, Table 4 shows
how the end members are interpreted in terms of
climate. If a group has a positive score on a specific
parameter in Table 2, it scores positively (C) on the
end members containing a large proportion of this
group compared to other end members (row-wise
comparison in Table 4). Similarly, a positive score in
Table 2 results in a negative (�) or neutral (0) score
in Table 4 in case of low or intermediate proportions,
respectively. The same reasoning applies to negative
scores in Table 2. Neutral scores in Table 2 always
translate into neutral scores in Table 4.

The net scores for the end members enable a
straightforward interpretation, because in most cases
the scores of the nine ecological groups appear to
point in the same direction, allowing the identifica-
tion of ‘humid’, ‘warm’, etc. end members. Here we
regard net scores higher than 1 or lower than �1
as indicative, which implies that we attribute four
climatic characteristics to end members 1 and 4, and
three to 2 and 3. It appears that end members 1
and 4 can be described as relatively dry and warm,
whereas 2 and 3 can be described as relatively humid
and cool. End members 2 and 3 are at the same time
characterized by cool–warm seasonality, whereas 1
is characterized by wet–dry seasonality. End mem-
ber 1 can also be described as unpredictable, and 4
as predictable.

Table 5 shows the end-member contributions for
all localities, while Fig. 7 shows the contributions
for the subset of localities from the CT basins. End
member 1 is an (extreme) Spanish ‘Turolian’ com-
position, containing more than 80% murids and no
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Table 4
End-member compositions and climatic interpretations

Group End member

1 2 3 4

% H T S P % H T S P % H T S P % H T S P

Castoridae 0.67 � C � � 1.07 0 0 0 0 1.51 C � C C 0.77 � C � �
Cricetidae I 9.44 C 0 0 0 6.77 C 0 0 0 9.10 C 0 0 0 36.92 � 0 0 0
Cricetidae II 3.76 0 0 0 0 49.99 0 0 0 0 0.00 0 0 0 0 32.62 0 0 0 0
Gliridae I 0.00 C 0 � � 2.43 C 0 � � 5.91 0 0 0 0 14.41 � 0 C C
Gliridae II 0.00 � C � � 6.37 C � C C 6.93 C � C C 1.21 � C � �
Muridae I 61.22 � 0 � � 0.44 C 0 C C 0.75 C 0 C C 0.00 C 0 C C
Muridae II 21.77 0 0 C C 20.54 0 0 C C 74.18 0 0 � � 6.54 0 0 C C
Sciuridae I 2.20 0 0 0 0 0.69 C � C � 0.00 C � C � 5.38 � C � C
Sciuridae II C Petauristidae C 0.94 � C 0 0 11.70 C � 0 0 1.61 � C 0 � 2.15 � C 0 0
Eomyidae

Net score � C � � C � C C C � C � C C
2 3 3 3 6 3 3 1 4 2 3 0 5 4 0 2

Relative climate arid humid humid arid
warm cool cool warm
wet–dry seasonal cool–warm seasonal cool–warm seasonal
predictable predictable

Interpretations are based on the total net score of C, � and 0 scores calculated across columns. The individual scores are determined as
follows. A positive score of a group in Table 2 may translate into a positive, negative or neutral score on an end member in this table, if
the group has a high, low or intermediately high proportion, respectively, in the end member, relative to other end members (comparison
along rows of this table). Similarly a negative score in Table 2 may translate into a negative, positive or neutral score. A neutral score in
Table 2 will always translate into a neutral score in this table. H D humidity; T D temperature; S D seasonality type; P D predictability.

glirids. Its composition resembles mostly that of the
lower Turolian localities of the CT basins, to which
it contributes more than 90%. End member 2 is iden-
tical to the (filtered) compositions of AMB3 (Rhone
basin, lower Turolian) and TNA (Vallès-Penedès
basin, upper Vallesian). It is a relatively northern,
humid end member containing significant numbers
of both cricetids and murids (Fig. 6). With a pro-
portion of 50%, cricetids are the dominant family.
The low humidity-adapted Cricetidae I and Muri-
dae I groups are scarce. Humid groups such as the
Gliridae I and Sciuridae II–Petauristidae–Eomyidae
group score high. End member 3 closely resembles
the late Vallesian compositions from the CT basins
(ROM9, ROM11), Duero basin (TOR1) and Greece
(LEF), but some of the younger middle Turolian lo-
calities such as TOC (CT basins) and PK4 (Greece)
show a high contribution of end member 3 as well.
Approximately 75% of the composition of this end
member consists of the Muridae II group, whereas
the Cricetidae II group is totally absent (Fig. 6). Both

glirid groups are well-represented, whereas Xerini
(Sciuridae I) are absent. Finally, end member 4 has a
composition which is typical for early MN9 localities
(NOM and CASAL from the CT basins, and HSS
and CP from the Vallès-Penedès basin), and several
latest MN9 localities (PER5 and ROM3 from the CT
basins). Cricetidae are dominant in this fourth end
member (¾70%), with about equal representations
of high- and low-crowned groups. Very characteris-
tic are the peak abundances for the ground-dwelling
groups Gliridae I and Sciuridae I, and the very low
numbers of Muridae.

Fig. 8 compares input and estimated model output
for the CT basins. This figure shows that a significant
amount of noise has been removed from the data.
The general smoothing effect is shown by the re-
duction of extreme values. In some individual cases,
filtering leads to pronounced modifications in pro-
portions: for instance, a 45% maximum in terrestrial
Gliridae (Gliridae 1) is not recognized as relevant in
the model, and completely eliminated. An interesting
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Fig. 7. End-member contributions to the compositions of the localities from the Calatayud–Daroca and Teruel basins (together
representing a large part of the end-member contribution matrix M).

result is the consistent generation of proportions up
to 7% of Muridae I (Occitanomys=Stephanomys) just
before their actual entry in the early Turolian. Sup-
posedly, on the basis of the covariations between all
groups, the model ‘expects’ already some Muridae I
in the late Vallesian (note that time is not included
in the model, but only added afterwards). This pres-
ence is acceptable, given the gradual morphological
change from Progonomys hispanicus (Muridae II)
leading to Occitanomys (Muridae I) during this in-
terval (van de Weerd, 1976; van Dam, 1997). A
similar effect occurs in Muridae II, which show
substantial estimated proportions (in one case even
28%) during MN9, although it is still an extremely
rare group by then. The interpretation could be that
the environment was suitable for this group in prin-

ciple, but that some other factor may have prevented
the group from becoming abundant (which implies
the violation of model assumptions 1 and 2, see
Section 3.4.3). Fig. 8 also shows that proportional
variation in the rare Castoridae and the Sciuridae
II=Eomyidae group are largely interpreted as noise
for the CT basins. Particularly the latter group is
more abundant in other basins, where its abundances
are not interpreted as noise.

6.2. Climatic parameter estimation

As explained above, the final values of the cli-
matic parameters (Table 5) are based on log-ratios
of end members with opposite interpretations. For
each parameter, those end-member pairs are selected
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Table 5
Estimated end-member contributions and climatic parameters

Locality Contribution of end member (total D 1) Climatic parameter (relative values)

1 2 3 4 humidity D �temperature predictability D cool=warm
seasonality D �wet=dry seasonality

Teruel–Alfambra region, Teruel basin, Spain
KSS 0.696 0.056 0.248 0 0.12 �0.65
KS 0.806 0 0.194 0 �0.46 �0.95
VDC3 0.990 0 0.010 0 �1.27 �1.42
MDV7 0.983 0.013 0.004 0 �1.20 �1.39
CC 0.643 0.003 0.353 0 �0.24 �0.79
CC3 0.665 0 0.335 0 �0.26 �0.81
LM 0.949 0.040 0 0.011 �0.90 �1.22
CC2 0.694 0 0.306 0 �0.30 �0.84
TO 0.929 0.009 0 0.062 �1.72 �1.19
VB2 0.919 0 0.081 0 �0.72 �1.12
MDV5 0.732 0.044 0.224 0 0.02 �0.72
MDV4 0.725 0.003 0.272 0 �0.34 �0.87
TOD 0.770 0 0.230 0 �0.40 �0.91
TOC 0.223 0 0.777 0 0.27 �0.28
MDV3 0.404 0 0.596 0 0.03 �0.54
CCB 0.690 0 0.310 0 �0.29 �0.83
MDV2 0.705 0 0.295 0 �0.31 �0.85
LM2 0.755 0 0 0.245 �1.96 �0.92
VIP 0.975 0.020 0 0.005 �0.91 �1.42
TOA 0.978 0.018 0 0.004 �0.94 �1.43
AG3 0.984 0 0.016 0 �1.15 �1.36
ALF 0.941 0 0.059 0 �0.81 �1.17
PM3 0.885 0 0.037 0.078 �1.40 �0.95
GLO10 0.989 0 0.011 0 �1.25 �1.41
AG1 0.960 0.031 0 0.009 �0.90 �1.30
PERD 0.073 0 0.811 0.116 0.02 0.45
PERC 0.080 0 0.845 0.075 0.10 0.37
R2 0.127 0 0.873 0 0.46 �0.06
PM2 0.090 0 0.601 0.309 �0.36 0.45
ROM11 0.076 0 0.924 0 0.63 0.15
MBB 0.032 0 0.787 0.181 0.14 0.81
PER4 0.005 0 0.863 0.132 0.78 1.48
ROM9 0.025 0 0.964 0.011 0.94 0.58
MBA 0 0 0.843 0.157 0.53 1.24
ROM7 0 0 0.656 0.344 0.28 1.30
ROM4C 0 0 0.743 0.257 0.38 1.28
ROM3 0 0 0.110 0.890 �0.41 1.19
PER5 0 0 0.060 0.940 �0.57 1.11

Teruel–Ademuz region, Teruel basin, Spain
CU 0.942 0 0.052 0.006 �0.75 �1.23
CASAL 0 0 0 1.000 �1.04 0.88

Daroca region, Calatayud–Daroca basin, Spain
PED2C 0 0.573 0 0.427 0.28 1.28
PED2A 0 0.017 0.321 0.662 0.08 1.36
CAR1 0 0.465 0 0.535 0.16 1.28
NOM 0 0.042 0 0.958 �0.64 1.05

Alicante, Spain
CR5 0.435 0.528 0.038 0 0.40 �0.45
CR4 0.346 0.342 0.312 0 0.88 �0.14
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Table 5 (continued)

Locality Contribution of end member (total D 1) Climatic parameter (relative values)

1 2 3 4 humidity D �temperature predictability D cool=warm
seasonality D �wet=dry seasonality

CR3 0.720 0.186 0.094 0 0.20 �0.65
CR2 0.529 0.262 0.141 0.068 0.02 �0.20
CR1 0.588 0.250 0.162 0 0.48 �0.46

Vallès-Penedès basin, Spain
TNA 0 1.000 0 0 1.33 0.88
TSA2 0 0.884 0 0.116 0.71 1.17
CL 0 0.824 0 0.774 0.59 1.21
CP 0.168 0 0 0.832 �1.82 �0.21
HSS 0.230 0 0 0.770 �1.89 �0.33

Duero basin, Spain
TOR1 0.041 0.034 0.925 0 1.14 0.53

Languedoc central, France
MONTR 0 0.884 0.009 0.107 0.70 1.14

Cucuron–Basse Durance, France
CUCS 0.978 0.017 0 0.005 �0.96 �1.44

Rhone basin=Lyon area, France
LS 0 0.126 0.874 0 1.89 1.21
DION 0.067 0.158 0.775 0 1.38 0.51
AMB3 0 1.000 0 0 1.33 0.88
AMB2 0 0.890 0.110 0 1.91 1.18
AMB1 0 0.497 0.503 0 2.13 1.31
SOBL 0.011 0.819 0.170 0 1.97 1.19
DOUVR 0.025 0.872 0.104 0 1.62 0.83

Vienna basin, Austria
EICHK 0 0.666 0.334 0 2.11 1.29

Strimon basin, Greece
PK4 0.170 0 0.611 0.219 �0.45 0.17

Rafina basin, Greece
LEF 0.051 0.049 0.821 0.080 0.65 0.73

See Table 6 for estimation of climatic parameters.

which correspond to high differences in net scores in
Table 4. Only differences larger than 2 are consid-
ered, and the maximum number of end-member pairs
is set to four. For instance, the final humidity index is
calculated as the first principal component of the four
log-ratios corresponding to the end-member pairs 2–
1, 2–4, 3–1 and 3–4. These pairs correspond to dif-
ferences of 8, 11, 6 and 9, respectively (Table 6). It
appears that the sets of pairs for humidity and tem-
perature are identical, which implies that these two
parameters are fully correlated. In other words they
can be represented by a single signal, reflecting the
variation between the two combinations cool–humid

and warm–arid. Table 6 also shows that seasonal-
ity type and predictability can be represented by a
single signal, because two pairs with low net score
differences can be omitted because of a negative
loading on the first principal component. The result-
ing combinations are predictability and cool–warm
seasonality on the one hand, and unpredictability and
wet–dry seasonality on the other hand.

The final values of the climatic parameters for all
localities are shown in Table 5. Fig. 9 shows the raw
and smoothed values for the subset of localities from
the CT basins. The combined humidity–temperature
curve shows a long humid and cool phase between
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¾10.5–8.5 Ma, and shorter ones around 7 and 6
Ma. Two peaks (called small mammal (SM) events
SM10A and SM12A in van Dam, 1997), occur at
9.4 and ¾7 Ma. Arid and warm phases occur be-
tween 11.0 and 10.5, between 8.5 and 7.5 Ma and
around 5 Ma. The seasonality–predictability signal
shows a shift from a more predictable cool–warm
seasonal climate to a more unpredictable wet–dry
seasonal climate in two steps occurring at 9.4 to
9.0 and 8.7 to 8.2 Ma. The humidity–temperature
and seasonality–predictability signals are strongly
correlated (r D 0:68, p < 0:001 for all localities;
r D 0:64, p < 0:001 for the CT basins). This means
that the cooler and humid climates are also more
cool–warm seasonal and more predictable. Fig. 9
shows that a main divergence between the two sig-
nals occurs in MN9 where relatively warm and dry
conditions are combined with a relatively high pre-
dictability and strong cool–warm seasonality.

Fig. 10 shows palaeogeographic maps with mean
parameter values per basin and MN zone. It should
be stressed that some ‘mean’ values are based on
one locality only, whereas others are based on many.
Nevertheless, the figure shows some interesting pat-
terns, such as a similarity between Spanish diagrams
for MN10 (Fig. 10c) and the northern diagrams of
both Fig. 10d,e (MN11–12). In some cases, strong
similarities exist between areas from the same lati-
tude and time slice, for instance Spain and Greece
during MN10 and 12, and France and Austria during
MN11. In addition, Fig. 10 shows climatic differ-
ences between coastal and continental areas. For ex-
ample, the coastal Vallès-Penedès area scores higher
on aridity and temperature, unpredictability and wet–
dry seasonality than the CT area during early MN9
(Fig. 10a). During late MN9 and MN10 the situation
is reversed with regard to humidity and temperature.
Another example is Alicante (southern Spain), which
shows somewhat higher humidities and lower aver-
age temperatures than the interiorly situated CT area
during MN11–12.

The scatter diagram of Fig. 11 shows the inferred
climatic features of all 67 localities. Three major
and two minor clusters can be distinguished. The

Fig. 8. Comparison between model input (continuous line) and output (dashed line) for the nine environmental groups for the Calatayud–
Daroca and Teruel basins. The x-axes represent localities from old (left) to young (right). Note the different scales on the y-axes.

transition from cluster 2 via cluster 3 to 4 reflects
the general transition in Spain from a cool–warm
seasonal, predictable climate during MN9–10 (clus-
ter 2) towards a wet–dry seasonal and unpredictable
climate in MN11–13 (cluster 4). The early MN9
localities, particularly HSS and CP from the Val-
lès-Penedès basin (cluster 1), fall outside the main
trend. They are warm and dry, but with a rela-
tively cool–warm seasonality. The northern localities
EICHK from the Vienna basin and DOUVR, SOBL,
AMB1–3, and DION from the Rhone area fall in the
most humid–cool part of the diagram (in cluster 3).
The northern MN11 localities (e.g. EICHK, AMB3,
DION) are much more temperate than the contem-
poraneous Spanish localities. The three localities
from the Teruel basin of cluster 5 differ climatically
from the time-equivalent localities of cluster 4. Their
aridity=temperature level is equal to that of cluster 1.

6.3. Robustness

Both the selection procedure for end-member
pairs and the filtering effect of the principal compo-
nent analysis (Table 6) contribute to the robustness
of the method against errors in preferences and adap-
tations of groups in Table 2. Firstly, a change of a
preference score does not necessarily lead to a dif-
ferent set of log-ratio pairs in Table 6, and secondly,
if it does lead to another pair, PCA conservatively
extracts the common signal shared by all logratios.
Table 7 shows an example of this robustness: var-
ious alternatives for preferences and adaptations of
Cricetidae result in identical sets of end-member
pairs.

A second type of robustness relates to the sensi-
tivity of climatic interpretations to structural under-
or over-representation of groups. As an example,
in Table 8 we check robustness against systematic
demographic bias in gradually accumulating assem-
blages caused by differences in life expectancies of
groups (Van Valen, 1964; Damuth, 1982). (The same
reasoning applies to robustness against systematic
taphonomic bias.) Correction factors are only ap-
proximate and represent typical life expectancy val-
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ues for demographic types after French et al. (1975).
Corrected end-member compositions are calculated
by multiplication of the percentages by the correc-
tion factors and scaling to 100%. It appears that
end-member compositions are very different from
those in Table 4, but that row-wise comparisons re-
sult in identical C, �, and 0 scores for eight of
the nine groups, except in one case (a shift from a
negative to a neutral score for the contribution of
Castoridae to end member 1). Therefore, it may be
concluded that our method of climatic interpretation
of end members is very robust against systematic
under- or over-representation in general, even when
correction factors differ by a factor of five.

7. Discussion of the results

7.1. Other palaeoclimatic records from the
Mediterranean

Martin and Braga (1994) and Brachert et al.
(1996) discuss the climatic significance of the verti-
cal alternation of coral reefs and bryozoan=mollusc-
dominated carbonate ramps in the Neogene basins
of the Betic Cordillera (southern Spain) (Fig. 12f).
Warm episodes characterized by reefs occurred dur-
ing the latest Serravallian(?) to earliest Tortonian,
the early late Tortonian, the early Messinian, and the
latest Messinian. Cooler intervals characterized by
the dominance of bryozoans and molluscs occurred
during the rest of the early Tortonian (including a
radiometrically dated interval of which the onset and
end are dated at 9.6 and 8.6 Ma, respectively), the
latest Tortonian to earliest Messinian, and the middle
to late Messinian. These climatic inferences fit our
climatic interpretations (Figs. 9 and 12c) fairly well.
It is not impossible that their latest Serravallian(?)–
earliest Tortonian reef phase corresponds to our ear-
liest Vallesian warming around 11 Ma, but because
the reef-associated highstand is supposed to precede
a marked lowstand at ¾11 Ma (Fig. 12g) this corre-
lation remains questionable.

Clay-mineral records from Sicily show abundant
smectite in the middle Tortonian and Messinian sedi-
ments (Chamley et al., 1986; de Visser, 1991). Unfor-
tunately, age control for the Tortonian part is poor, due
to the lack of a refined biozonation. Linear interpola-
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Fig. 9. Estimated climatic curves for the Calatayud–Daroca and Teruel basins relative to numerical time (ages converted to the scale of
Cande and Kent, 1995). For locality ages see Table 1. The climatic parameters are expressed in relative values. Humidity and temperature
are represented by a single signal. Likewise are predictability (D between-year variation) and seasonality type (D temperature vs.
humidity-related seasonality). Thin lines with closed squares: raw estimates (Table 5). Thick lines: splined curves (spline tension factor
1) based on 17 time-averaged values (open squares, values for fixed time-intervals of 200 ka, with missing data at 10.3, 8.5, 7.9, 7.7, 7.5
and 6.5 Ma).

tion between two calibration points (Neogloboquad-
rina coiling change at 9.24 Ma, and the Tortonian–
Messinian boundary at 7.12 Ma, Krijgsman et al.,
1994a, 1995) results in an age of 9.0 Ma for the on-
set of a gradual smectite increase, culminating in a
marked spike at 8.5–8.3 Ma. According to de Visser
(1991), this smectite increase may be attributed to var-
ious processes, one of which is the development of a
warm climate with strong seasonal contrasts in hu-
midity. Other possibilities are rejuvenation of relief,

regression, and marine authigenesis. If the climatic
hypothesis is true, then the timing and interpretation
are strikingly similar to that based on our rodents,
which indicate warming and increasing wet–dry sea-
sonality between 9.4 and 8.2 Ma, with a maximum
occurring at ¾8.3 Ma. Unfortunately, data for the in-
terval 8.0–7.5 Ma can not be compared because of a
gap in the Spanish rodent record.

A second smectite increase starts at about the
Tortonian–Messinian transition and continues well
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Fig. 10. Mean values for the relative humidity=temperature, and seasonality=predictability parameter per basin and zone. Note that some
values are based on one locality only, whereas others are based on more. ‘Early’ MN9 localities are NOM, CASAL, CAR1, HSS and CP.
Palaeogeographic basemap for the Tortonian after Dercourt et al. (1993).

into the Messinian. This rise correlates less well with
our interpretation of the Spanish record. This record
shows a maximum of warm and wet–dry seasonal
conditions in a more restricted interval between 6.8
and 6.3 Ma (Fig. 9). No comparison can be made for
the interval after 6 Ma because we have no rodent
data covering this time slice.

Oxygen isotope values of planktonic foraminif-
era from sections on Sicily (van der Zwaan and
Gudjonsson, 1986) do not show important trends or
excursions over the studied interval. The carbon iso-

tope record, however, shows a marked shift towards
lighter values between ¾8.3 and 7.1 Ma. According
to van der Zwaan and Gudjonsson (1986), this shift
could correlate to the Late Miocene carbon shift as
recognized in all major oceans (Keigwin and Shack-
leton, 1980; Vincent et al., 1980) between ¾7.5 and
6.5 Ma, although the earlier start and larger ampli-
tude of the Mediterranean shift is not well under-
stood. Interesting are recent suggestions (Cerling et
al., 1993; Hodell et al., 1994) for a relation between
the global marine δ13C shift and an opposite shift in
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Fig. 11. Scatter diagram with positions of all 67 localities. Three major and two minor clusters can be distinguished. The transition
from cluster 2 via cluster 3 to 4 reflects the general transition in Spain from a cool–warm seasonal, predictable climate during MN9–10
(cluster 2) towards a wet–dry seasonal and unpredictable climate in MN11–13 (cluster 4). The early MN9 localities, particularly HSS
and CP from the Vallès-Penedès basin (cluster 1), fall outside the main trend. They are warm and dry, but relatively cool–warm seasonal.
The northern localities EICHK from the Vienna basin and DOUVR, SOBL, AMB1–3, and DION from the Rhone area fall in the most
humid–cool part of the diagram (in cluster 3). The northern MN11 localities (e.g. EICHK, AMB3, DION) are much more temperate than
the contemporaneous Spanish localities. The three localities from the Teruel basin of cluster 5 differ climatically from the time-equivalent
localities of cluster 4. Their aridity=temperature level is equal to that of cluster 1.

δ13C as recorded in various terrestrial palaeosol and
mammal enamel records across the world. Some of
these records show an abrupt shift towards heavier
isotopes between 7.5 and 6.5 Ma, whereas others
show a more gradual shift between ¾9 and ¾6.5 Ma
(Quade et al., 1989; Harrison et al., 1993; Morgan et
al., 1994; Quade and Cerling, 1995). This terrestrial

shift, which is interpreted as a (global) replacement
of C3 plants (trees, shrubs and cool-growing sea-
son grasses) by C4 plants (warm-growing season
grasses), is not observed in a carbon isotope record
from Greece. This record indicates a continuation of
C3 vegetation, in the form of dry forest and wood-
land in a regime of winter or mixed-seasonal rain
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Table 7
Robustness of climatic parameter estimation against alternative choices for preferences and adaptations of Cricetidae

Parameter and group Score Net score of all groups on end members Resulting end-member pairs

end m. 1 end m. 2 end m. 3 end m. 4

Humidity (Cricetidae I) 0 �2 C6 C4 �5 2–1, 2–4, 3–1, 3–4
� �1 C5 C5 �6 2–1, 2–4, 3–1, 3–4

Temperature (Cricetidae I) 0 C3 �3 �2 C4 1–2, 1–3, 4–2, 4–3
� C4 �4 �1 C3 1–2, 1–3, 4–2, 4–3
C C2 �2 �3 C5 1–2, 1–3, 4–2, 4–3

Seasonality type (Cricetidae I) 0 �3 C3 C3 0 2–1, 3–1, 4–1, (2–4, 3–4)
C �4 C4 C2 C1 2–1, 3–1, 4–1, (2–4)

Seasonality type (Cricetidae I and II) C �5 C3 C1 C2 2–1, 3–1, 4–1

0 scores are from Table 2, C and � scores are alternatives. Net score calculation as in Table 4. End-member pair selection and PC1
calculation as in Table 6. Pairs between brackets can be omitted because of negative loadings on PC1. Alternatives result in identical sets
of end-member pairs and hence in identical climatic parameter estimations.

Table 8
Robustness of climatic parameter estimation against structural under- or over-representation of groups

Group Correction factor Corrected end members (%)

1 2 3 4

Castoridae 9.95 2.89 3.61 4.63 1.59
Cricetidae I 3.35 13.64 7.72 9.41 25.62
Cricetidae II 3.35 5.44 56.99 0.00 22.64
Gliridae I 9.95 0.00 8.23 18.41 29.70
Gliridae II 9.95 0.00 22.93 21.26 2.49
Muridae I 1.80 47.50 0.27 0.43 0.00
Muridae II 1.80 16.93 7.18 41.19 2.44
Sciuridae I 9.95 9.46 2.35 0.00 11.08
Sciuridae II and Petauristidae and Eomyidae 9.95 4.06 39.47 4.94 4.43
Total 100.00 100.00 100.00 100.00

The effect of demographic bias is tested by a posterior correction of end-member compositions from Table 4. Correction factors are
based on French et al. (1975) and represent mid-points of ranges of life-expectancy values for demographic groups. Only in one case (the
proportion Castoridae in end member 1) row-wise comparison of proportions leads to scores different from those in Table 4.

(Quade et al., 1994). Given these results, it is not
unreasonable to suggest that the shift towards more
arid and wet–dry seasonal conditions as we inferred
from the Spanish record between 9.4 and 8.2 Ma, is
more related to summer than to winter dryness.

7.2. North–south gradients

Our reconstruction of a wetter and climatically
more predictable zone (central Europe) north of a
more arid and unpredictable zone (Spain and prob-
ably also Greece), is confirmed by an analysis of
diversity. We counted the number of common rodent

genera in our data set covering the Late Miocene,
which is the number of genera after counting 95% of
the specimens, with the genera ranked from the most
to the least abundant (Johnson, 1964). It appears that
this number is about nine in the upper Vallesian–
lower Turolian localities of the Rhone and Vienna
basins, whereas in the CT basins in Spain it is only
three on the average. Relations between climatic fac-
tors and diversity were studied by Slobodkin and
Sanders (1969), who considered the diversity of a
community as a function of the three environmental
factors severity, variability and predictability. Ac-
cording to them the highest diversities occur in less
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severe, and=or more predictable environments. Ac-
cording to Putman (1994, p. 125), a “temperate cli-
max woodland with regular seasonal fluctuations” is
an example of a favourable (D non-severe), variable
and predictable terrestrial environment. Such type
of environment probably corresponds to the central
European part of our data set, which is characterized
by large contributions of the end members 2 and 3.

Our model results seem to agree with reconstruc-
tions of Miocene vegetation zones (Wolfe, 1985;
Tallis, 1991; Janis, 1993). These reconstructions
point to a broad zone of temperate, broad-leafed
deciduous woodlands or temperate seasonal forests
north of a zone of sclerophyllous woodlands or
Mediterranean shrublands. The latter zone becomes
more distinct from the latest Middle Miocene on-
wards, when ‘Trockenfloren’ (dry floras) developed
(Mai, 1995). Whether the distinction between the
two vegetation belts also corresponds to a differ-
ence in climate types (sensu Köppen) is not sure.
Macrofloral evidence from the Late Miocene of
Europe points to the general presence of a Cfa
climate (temperate–warm without a dry season), al-
though also Cs and Cw climates (temperate–warm
summer-dry and winter-dry, respectively) have been
postulated for Mediterranean sites (review in Mai,
1995). The question whether the ‘mediterranean cli-
mate’, which is used as a synonym to a Cs climate by
various authors, was already present in the Mediter-
ranean area during the Late Miocene, seems partly to
be a matter of definition (di Castri, 1981).

7.3. Low-frequency shifting of climate belts?

The next question is whether the long-term cli-
matic fluctuations as observed for instance in Spain,
are related to changes in the size and position of
climate belts. Or more explicitly: do intervals of
more humid–cooler conditions in Spain correspond
to southward migrations of a Cfa climate and=or the
associated seasonal forest or woodland zone?

Latitudinal migration of climate belts seems to
be a common phenomenon on all time scales, re-
sulting from changes in meridional thermal gradi-
ents and associated changes in the position of po-
lar ice fronts and ocean surface temperatures. For
example, precipitation zones shift seasonally, lead-
ing to a more southern position of the mid-latitude

westerly winds and associated depressions during
Northern Hemisphere winters. This southern migra-
tion of precipitation belts is assumed to occur also
at the levels of decades (Agee, 1980), millennia
(Lamb, 1972), and glacial maxima (e.g. Nicholson
and Flohn, 1980). Variations in solar radiation at the
scale of Milankovitch cycles are also expected to
lead to circulation changes in about the same way,
with polar cooling leading to the migration of zones
and contraction of the Hadley cell (Perlmutter and
Matthews, 1999). High-resolution records of marine
flora and fauna indicate that astronomical forcing
leads to migrational patterns with Milankovitch peri-
odicities of ¾20, 40, and 100 m.y. (Hays et al., 1976;
Ruddiman and McIntyre, 1984; Beaufort and Aubry,
1990; Lourens et al., 1992) and their low-frequency
modulations of 1.2 and 2.3 m.y. (Beaufort, 1994;
Lourens and Hilgen, 1997).

Whether these types of low-frequency fluctua-
tions also underlie or trigger the million-year scale
variations in humidity and temperature as inferred
for the Late Miocene of Spain is difficult to test
with our data alone, because of the small number
of areas per time slice. At best the Fig. 11c,e seem
to indicate similar climatic trends in Spain, south-
ernmost France, and Greece between MN10 and
MN12. Furthermore, persistence of cooler and more
humid climatic conditions in the Rhone area between
MN10 and 13 (Fig. 10c–f) suggest that the boundary
with the subtropical Mediterranean zone remained
south of this area during that interval. Clearly, more
data are needed to test the hypothesis of latitudinal
shifting.

Insectivores were not included in our quantita-
tive analyses. Nevertheless, some interesting exam-
ples of north–south migrations seem to confirm the
results based on rodents. For instance, the intermit-
tent presence of Anourosoricini (Soricidae, Insec-
tivora) in the CT basins (Fig. 12b) corresponds fairly
well with peaks of more humid and cool conditions
(Fig. 12c). The presence of Anourosoricini in Spain
during more temperate intervals can be seen as the
result of occasional southward expansions, given the
generally northern distribution of this tribe across
Eurasia during the Neogene (Bachmayer and Wil-
son, 1970; Franzen and Storch, 1975; Storch and
Zazhigin, 1996). A second example relates to the
gradual southward migration of the Crocidosoricinae
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from central to southern Europe during the Early to
early Late Miocene, followed by their final extinc-
tion. These events were attributed to general cooling
by Reumer (1994). New data from the Teruel basin
(van Dam, 1997) show that the group disappeared

from this area around the late Vallesian tempera-
ture minimum. Possibly, the sparse Chiroptera (bat)
record from the CT basins (Fig. 12a) is also a reflec-
tion of north–south migrations: Rhinolophidae are
restricted to the early Turolian (MN11), which is a
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warm interval according to the rodent-based model
(Fig. 12c). Today this family of bats mainly lives
in tropical zones. Open squares represent Vespertil-
ionidae, a group which presently occur worldwide.
Their clustering in MN10 and MN12=13 assem-
blages seems to confirm the lower temperatures dur-
ing these intervals.

A scenario of latitudinal migration of climatic
belts is advocated by Pickford and Morales (1994)
who present a zoogeographic model based on ranges
of Neogene macromammals from Spain and East
Africa. These authors suggest that north–south shifts
of the boundary zone between the ‘Paleo-Palaearctic’
and ‘Paleo-Ethiopian’ zoogeographic regions either
opened or blocked critical passages through the Mid-
dle East and Afghanistan. During some intervals
Spain would more belong to the ‘Paleo-Palaearctic’
region (for the Late Miocene this applies to MN9,
MN10 and MN12), whereas during others it would
belong to the ‘Paleo-Ethiopian’ region (early MN9,
MN11, MN13). These results fit our rodent-based
results very well except for MN13, for which the
authors suggest a very northern position of their
boundary (i.e. warm conditions). At least part of the
lack of correspondence for MN13 may be explained
by the absence of early MN13 macromammal local-
ities in the data set of Pickford and Morales, and
the absence of late MN13 micromammal localities in
our data set.

If such low-frequency migrations of belts oc-
curred, then their effects are expected to show up in
oceanic records from the same latitude and region.
Fig. 12c shows our humidity=temperature curve for
Spain, which is compared to a principal component
curve (Fig. 12d) based on planktonic foraminiferal
abundances from DSDP Site 410 from the NE At-

Fig. 12. Various Late Miocene climate-related records, with a special emphasis on the NE Atlantic=W Mediterranean region. Solid
vertical lines: continental age and mammal zone (MN) boundaries; ‘early’ and ‘late’ MN9 correspond to MN9 ‘a’ and ‘b’ of Agustı́
and Moyà-Sola (1991). Dashed lines: proposed correlations. Stippled areas: intervals of decreased ice volume according to Wright et
al. (1991). Ages calibrated to the time scale of Cande and Kent (1995). The data for curve d were recalibrated by linear interpolation
between five calibration points: base of chron C5r.1r (10. 949 Ma), FAD of Discoaster berggreni (8.6 Ma; Berggren et al., 1996),
planktonic foraminifer events PF1 (7.09 Ma) and PF3 (7.51 Ma) (ages according to Hodell et al., 1994), and Miocene–Pliocene boundary
(5.3 Ma according to Berggren et al., 1996) which is regarded by Poore (1981) as equivalent to the highest unequivocal Miocene in core
410. The data for curve e were recalibrated by linear interpolation between ten calibration points: isotope events Mi6 (10.53 Ma) and
Mi7 (9.31 Ma) (ages after Oslick et al., 1994, recalibrated to the Cande and Kent, 1995 time scale), chron boundaries C5An.1n–C5r.3r,
C5r.1r–C5n.2n, C5n.1n–C4Ar.3r, C4Ar.2r–C4Ar.1n, C4Ar–C4r.2r, C4r.1r–C4n.2n, C4n.1n–C3Br.3r, and recalibration of age of core top
(Wright et al., 1991: figs. 2 and 3). Range of absolute values for curve e: 1.77–2.37 parts per thousand. For curve g we used Haq et al.
(1988) calibration to the geomagnetic polarity pattern. Range of sea level in curve g: ¾ �50 to C50 m relative to the present-day level.

lantic (Poore, 1981; Sierro et al., 1993), a benthic
δ18O curve (Fig. 12e) from DSDP site 608, NE At-
lantic (Wright et al., 1991), and the eustatic sea-level
curve (Fig. 12g) after Haq et al. (1988). The forami-
niferal signal is supposed to indicate long-term cycles
in sea surface temperature (Poore, 1981), while the
oxygen isotope signal from site 608 has been inter-
preted in terms of low-frequency glacial–interglacial
cycles (the stippled areas and Fig. 12i). Assuming
that the sea-level signal is of glacio-eustatic origin,
it may be expected to reflect glacial–interglacial cy-
cles and, like curves d and e, to fit the scenario of
shifting climate belts. The correspondence between
the rodent and planktonic foraminiferal curve is fairly
good. However, the correspondence between these
two curves and the oxygen isotope curve is poor, es-
pecially after 8 Ma. The main differences between
the sea-level curve and the rodent and foraminif-
eral curves concern the intervals before ¾10.5 Ma
and after ¾6.5 Ma. The isotope and sea-level curves
show a positive correlation, although low sea lev-
els after 6.5 Ma correspond to an interval of rel-
atively high δ18O values. The alternation of coral
reefs and bryozoan=mollusc-dominated associations
(see above and Fig. 12f), of which the interpretation
in terms of temperature fits well our results, is in-
terpreted as the consequence of climate-controlled
latitudinal shifting of the northern margins of the
Miocene reef belt (Martin and Braga, 1994; Brachert
et al., 1996). A general correlation of lower temper-
atures in Spain to sea-level lowstands (Fig. 12c,g) is
also inferred by the latter authors, who correlate the
warmer reef episodes to sea-level highstands and the
cooler bryozoan=mollusc-dominated episodes to low-
stands on the basis of the geometries and approximate
datings of the various biogenic units (Fig. 12f,g).
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Both the rodent-based cooling peaks SM10A and
SM12A are close in time to clusters of (related?)
marine events. SM10A (9.4 Ma) correlates well with
global oxygen-isotope event Mi7 (9.31 Ma) (Wright
and Miller, 1992; age after Oslick et al., 1994) and
to sequence boundary 3.1=3.2 (Haq et al., 1988). Se-
quence boundaries are generally thought to correlate
with times of most rapid glacio-eustatic lowerings,
and therefore to be stratigraphically close to Mi
events (Miller et al., 1991). The clustering of events
around 9.4–9.3 Ma could represent a climatic min-
imum within an early Late Miocene predominantly
cool episode. Studies on Antarctic and Southern
Ocean deep-sea cores indicate that the West Antarc-
tic ice sheet probably started to develop by this time
(Cieselski and Weaver, 1983; Robin, 1988; Kennett
and Barker, 1990). Scattered ice build-up at Northern
Hemisphere high latitudes around this time is indi-
cated by ice-rafted debris (IRD) and glacier-related
deposits (Denton and Armstrong, 1969; Hamilton,
1986; Schaeffer and Spiegler, 1986; Jansen et al.,
1995; Wolf-Welling et al., 1995). Palynological data
from Iceland indicate a strong cooling between 10
and 9.5 Ma (Mudie and Helgason, 1983), i.e. slightly
before our maximum at 9.3–9.4 Ma.

Although alternative palaeomagnetic interpreta-
tions are possible for the middle to late Turolian
sections in the CT basins (van Dam, 1997), the
most probable solution points to an age around 7
Ma for cooling event SM12A, which is temporally
close to sequence boundary 3.2=3.3 and close to the
base of the Messinian (7.12 Ma, Krijgsman et al.,
1994a, 1995) and planktonic foraminiferal cooling
event PF3 (7.09 Ma, Sierro et al., 1993; Hodell et
al., 1994). However, there is no oxygen isotope ex-
cursion analogous to Mi7 at Site 608 around 7.1
Ma, although Hodell et al. (1994) note a two-step
increase in δ18O around the Tortonian–Messinian
transition in Morocco, the first of which occurs at
7.17 Ma. The general shift towards heavier isotopes,
which is observed at various oceanic sites at this
time, probably marks the onset of a latest Miocene
(Messinian) phase of renewed glacial expansion on
the Southern Hemisphere (Mercer, 1983; see also
Cita and McKenzie, 1986). Supposedly, the West
Antarctic ice sheet became a permanent, stable fea-
ture by then (Kennett, 1986; Kennett and Barker,
1990; Ehrmann et al., 1992). In addition, there is ev-

idence for scattered Northern Hemisphere glaciation
at these times (Jansen and Sjøholm, 1991; Larsen
et al., 1994; Wolf-Welling et al., 1995). The lack of
correspondence between the curves of Fig. 12 for
the interval after ¾8 Ma may be indicative of the
complex relation between ice accumulation and tem-
perature at Northern Hemisphere mid-latitudes. The
apparent lack of correspondence between polar and
Mediterranean cooling during the Messinian is per-
haps not surprising, because of the high probability
of a regional climatic overprint in the Mediterranean
in connection with the salinity crisis.

Lourens and Hilgen (1997) correlate Plio–
Pleistocene third-order sea-level cycles to astronomi-
cal cycles, in particular to a low-frequency (1.2 m.y.)
modulation of the 41,000 year earth obliquity sig-
nal. However, they note that such correlations work
less well for the Middle to Late Miocene, where a
modulation of the ¾100,000 year eccentricity signal
with a periodicity of 2.3 m.y. seems to be more
pronounced. This 2.3 m.y. signal is recognized in
sapropel patterns (Hilgen et al., 1995) and plank-
tonic foraminiferal abundances (Lourens and Hilgen,
1997). The % left-coiling neogloboquadrinids (from
10 to 6.6 Ma), used by the latter authors as a low-
temperature proxy, indicates warmings at 10–9.5 and
7.7–7.3 Ma, together bracketing one complete cycle
of ¾2.3 m.y. Cooler conditions occur between 9.4
and 8.4 Ma and 6.8 and 6.6 Ma. The temperature
signal corresponds more or less to our temperature
signal for Spain, except for the latter cooling (Fig. 9).
It is interesting that our interval of most marked fau-
nal and climatic turnover (9.0 to 8.3 Ma) around
the Vallesian–Turolian boundary (8.7 Ma) is close in
time to an interval of strong oscillations in neoglobo-
quadrinids between 8.7–8.3 Ma. These oscillations
would indicate a cooling maximum at 8.7 Ma, fol-
lowed by a warming maximum at 8.5 Ma, which is
immediately followed by a strong cooling at 8.4 Ma
and a more permanent return to warmer conditions at
8.3 Ma. Indirect links between long-term astronom-
ical forcing and changes in terrestrial ecosystems, if
existing, will undoubtedly be complex. More long,
detailed, and dated time series from different areas
are needed to be able to demonstrate the reality and
nature of such relations.
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8. Conclusions

The main conclusions are the following.
(1) End-member modelling is a useful method

to extract palaeoclimatic information from series of
fossil rodent assemblages. The specific bilinear un-
mixing solution used here yields well-interpretable
sets of end members. The contributions of these
members to the samples can easily be converted
to relative values for climatic parameters, given the
preferences and adaptations of the rodent groups.

(2) Life-history characteristics deserve to be used
more in small-mammal based palaeoecological and
-climatological reconstructions, because they carry
valuable information on the seasonal aspects of cli-
mate.

(3) The model results for Spain indicate more
humid and cooler conditions between 10.5 and 8.5,
around 7, and around 6 Ma, and more arid and
warmer conditions prior to 10.5, between 8.6 and
7.5 Ma and around 6.5 Ma. Superimposed on this
pattern is a shift from a more predictable, cool–warm
seasonal climate towards a more unpredictable, wet–
dry seasonal climate between 9.4 and 8.2 Ma. A
fairly abrupt transition existed between a southern
and northern climate zone in Europe during at least
a part of the studied interval. The southern climate
is dryer, warmer, more wet–dry seasonal and more
unpredictable than the northern one.
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Spain. Paléobiol. Continentale 14, 241–257.

Daams, R., Freudenthal, M., van der Meulen, A.J., 1988. Ecos-
tratigraphy of micromammal faunas from the Neogene of the
Calatayud–Teruel Basin. Scripta Geol. Spec. Iss. 1, 287–302.

Damuth, J., 1982. Analysis of the preservation of community
structure in assemblages of fossil mammals. Paleobiology 8,
434–446.
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