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Abstract

The densely sampled and well dated late Aragonian to Vallesian succession (late Middle to early Late Miocene,
12.5-9.0 Ma) of the Vallés-Penedés Basin (VP) in Catalonia has yielded one of the richest primate records in Eurasia,
including hominoids and pliopithecoids. Here we present high-resolution mean annual precipitation (MAP) estimates
derived from the ecological structure of small mammal assemblages to infer the paleoclimate and habitats associated with
these primates. Our approach uses the relative abundance of arboreal and insectivore taxa as a paleoprecipitation proxy,
producing robust results when sampling is sufficient. MAP values generally cluster around ~1,000 mm with low seasonality.
Combined with mean annual temperature (~17—-18 °C), this suggests a transitional climate between humid subtropical and
Mediterranean regimes. These conditions would have supported diverse environments—subtropical evergreen broadleaf
and mixed mesophytic forests interspersed with drier woodlands—consistent with the arboreal locomotor adaptations
and inferred dietary preferences of VP primates. We find no evidence for distinct habitat partitioning between hominoids
and pliopithecoids, nor for significantly more humid environments during primate-bearing intervals. Climatic parameters
remained relatively stable even through major faunal turnovers such as the Vallesian Crisis (~9.7 Ma), indicating that
local extinction of hominoids and other taxa was likely not driven by abrupt climate change, but rather by longer-term
climatic deterioration or subtle environmental perturbations that affected the marginal habitats to which these species may
have been restricted.
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Introduction

The study of long and continuous fossil records provides
valuable insights into ecological and evolutionary processes
that may not be apparent in modern ecosystems. For such
records to be informative, they must be rich throughout their
duration, and the fossils must be systematically studied to
ensure robust taxonomic data. Additionally, accurate dating
is critical for understanding patterns occurring at the scale
of thousands of years. A prime example of such a record is
the Miocene terrestrial vertebrate fossils from the Siwaliks
of Pakistan (Barry et al. 2002; Flynn et al. 2016; Badgley et
al. 2025), but various Iberian regions, like the Calatayud-
Montalban and Teruel basins (North Central Spain; Van der
Meulen et al. 2012; Garcia-Paredes et al. 2016; Van Dam
et al., 2001, 2023) or the Vallés-Penedes Basin (VP; Cata-
lonia, Spain; Casanovas-Vilar et al. 2016b, 2022b), have a
comparable quality. The VP has yielded a rich fossil record
of terrestrial vertebrates ranging from the Early to the Late
Miocene (~20—7 Ma; Casanovas-Vilar et al. 2016b, 2022b).
Thanks to detailed bio- and magnetostratigraphic control
(Garcés et al. 1996; Agusti et al. 1997; Casanovas-Vilar et al.
2016b; Alba et al. 2017, 2019, 2022a), the record from this
basin is amenable to analyses of paleobiodiversity dynam-
ics and paleoenvironmental changes through time—particu-
larly, for high-resolution intervals (Casanovas-Vilar et al.
2022b), such as the Miocene Climatic Optimum, the Mid-
dle/Late Miocene and Aragonian/Vallesian transitions (best
represented at the Abocador de Can Mata (ACM) composite
sequence; Alba et al. 2017, 2022a), and the Vallesian Crisis
through the early/late Vallesian boundary (Casanovas-Vilar
et al. 2014, and references therein). One of the advantages
of the VP record relative to other densely sampled Miocene
sequences from elsewhere (such as those from the Siwaliks;
Barry et al. 2002; Flynn et al. 2016; Badgley et al. 2025) is
the restricted size of the basin (100 km long by 12—14 km
wide; Fig. 1). This reduces the potential influence of spa-
tial differences (due to latitudinal climatic gradients as well
as physiographic factors) when investigating the interplay
between paleoenvironmental changes and paleobiodiversity
dynamics through time.

Since Crusafont-Pair6’s original definition of the Val-
lesian European land mammal age (ELMA) (Crusafont
Paird 1950; Crusafont Pair6 and Truyols Santonja 1960),
the dispersal of hipparionin equids and other eastern faunal
elements has been recognized at its onset at 11.2 Ma (Garcés
et al. 1996; see also Casanovas-Vilar et al. 2016b; Alba et
al. 2022a). For a long time, it was thought that the dispersal
of these faunal elements did not involve any significant fau-
nal turnover, with the Aragonian/Vallesian boundary con-
sidered barely noticeable in VP small mammal assemblages
(Agusti et al. 1985, 1997; Casanovas-Vilar et al. 2016a,
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b). In contrast, the early/late Vallesian boundary coincided
with a more dramatic change, the so-called Vallesian Crisis
at about 9.7 Ma (e.g., Agusti and Moya-Sola 1990; Agusti
et al. 1997, 1999). More recently, these views have been
challenged, with suggestions that the Vallesian Crisis may
be exaggerated due to sampling bias (Casanovas-Vilar et al.
2014), and that the Aragonian/Vallesian transition implied a
more important turnover than initially thought (Alba et al.
2022a). These new interpretations are due to the improve-
ments in the VP record quality over the past decades, which
include revised ages of key sites (e.g., Alba et al. 2019,
2022a, 2024b) and continuous paleontological work at
ACM, which has produced a dense and well-dated sequence
from 12.6 to 11.1 Ma (Alba et al. 2006, 2017, 2022a; Moya-
Sola et al. 2009b; Casanovas-Vilar et al. 2022b).

Better understanding of the VP record has been shaped
by various generations of Catalan paleontologists and
geologists, starting with Miquel Crusafont-Pair6 (Alba and
Casanovas-Vilar 2022), whose foundational work during the
1940-1970s was continued by his successors at the institute
he founded in 1969 in Sabadell (Truyols i Santonja 1986;
Crusafont i Sabater 2019). Among them, Salvador Moya-
Sola made key contributions to the study of VP faunas (for
a detailed review of his research trajectory, see Alba 2025).
Initially collaborating with Jordi Agusti, who studied the
rodent faunas in detail, his work on the bovid turnover in the
area was instrumental for the proposal of the Vallesian Crisis
(Agusti and Moya-Sola 1990; Moya-Sola and Agusti 1990).
Later on, in collaboration with Meike Kohler he shifted
his attention to primates and their renewed excavations at
Can Llobateres not only led to major fossil hominoid finds
(Moya-Sola and Kdéhler 1993, 1996), but also stimulated
parallel magnetostratigraphic correlations of the Vallesian
in its type area (Agusti et al. 1996, 1997; Garcés et al. 1996).
In the early 2000s, his efforts to protect the fossiliferous
area of els Hostalets de Pierola during the expansion of the
Can Mata landfill (Alba 2025) enabled further spectacular
primate discoveries (e.g., Moya-Sola et al. 2004, 2009a, b;
Alba et al. 2010c, 2015) and helped to consolidate the Cata-
lan school of vertebrate paleontology and promote further
research on primates (Alba 2025). In this regard, it is note-
worthy that Moya-Sola, despite the focus on fossil primates
for more than three decades, never neglected the study of
other taxa. He actively promoted fieldwork, and, even if not
devoting himself specifically to paleoecological research,
Moya-Sola always emphasized the importance of other
faunal elements to adequately infer the paleoenvironmen-
tal conditions in which fossil primates lived and, ultimately,
evolved. This is best exemplified by a visit that Moya-Sola’s
team paid to the team of paleoanthropologist David Pilbeam
at Harvard University in 2013, in which it was agreed that,
beyond taxonomic and phylogenetic discrepancies, it was
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Fig. 1 Simplified geological map of the Vallés-Penedés Basin show-
ing major vertebrate sites dated to 12.5-9.0 Ma (late Aragonian—Val-
lesian). Locality acronyms are as follows: ACM, Abocador de Can
Mata (including Ecoparc de Can Mata; although the symbol used
stands for the late Aragonian the series ranges from the late Aragonian
to the early Vallesian); CB, Castell de Barbera; CCN20, Creu de Conill

mandatory to investigate the paleoenvironmental and paleo-
ecological context of Miocene apes to adequately under-
stand their evolutionary history (Alba 2025). This visit was
truly inspirational for two of the authors of this paper (I.C. V.
and D.M.A.), who ever since then joined increased efforts
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La Tarumba 1; PO, Polinya; S, Santiga; SQ, Sant Quirze; TF, Torrent
de les Febulines; TNA, Trinxera Nord Autopista; TSA, Trinxera Sud
Autopista. Modified from Casanovas-Vilar et al. (2016b: fig. 1)

to investigate the interplay between paleoenvironmental and
paleobiodiversity dynamics based on the VP faunas.

The VP is not only renowned for its dense and continu-
ous Miocene vertebrate record, but also because of the pres-
ence of both hominoid and pliopithecoid primates. The first
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primate find from the basin dates back to the 1920s (Van der
Made and Ribot 1999), and later significant contributions
were made by Crusafont and coworkers from the 1940s
onward (e.g., Villalta Comella and Crusafont Pair6 1941;
see review in Alba 2012). However, primate research in the
VP took a quantum leap under the leadership of Moya-Sola

(Alba 2025), and now the area is regarded as one of the
best records of Miocene primates in Europe (Urciuoli and
Alba 2023). Multiple primate-bearing localities are known,
of which many are dated with 0.1 Ma accuracy (Table 1;
see also Alba et al. 2022a; Urciuoli and Alba 2023). As for
the associated paleoclimate and paleoenvironments, the

Table 1 Primate taxa by locality occurrences in the Vallés-Penedés Basin. For each locality, the site to which it belongs is indicated together with
maximum (Max) and minimum (Min) age ranges. Age data compiled and updated from Alba et al. (2022a, 2025); Urciuoli and Alba (2023), refer-
ences correspond to the main primary literature where the fossils were described

Species Locality (site) Max age  Minage References

Anoiapithecus brevirostris ACM/C1-E* (ACM) 12.4 12.3 Alba et al. (2013)

Pliopithecoidea indet. ACM/C3-B2 (ACM) 12.1 12.1 Alba et al. (2012c)

Dryopithecus fontani Can Mata s.1. (Hostalets) 12.0 11.0 Van der Made and Ribot (1999)

Pierolapithecus catalaunicus ACM/BCV1 (ACM) 12.0 12.0 Moya-Sola et al. (2004)

Anoiapithecus brevirostris ACM/C3-Aj (ACM) 12.0 12.0 Moya-Sola et al. (2009a); Alba et
al. (2013)

Anoiapithecus brevirostris ACM/C4-Cp (ACM) 12.0 12.0 Alba et al. (2024a)

‘Sivapithecus’ occidentalis species ~ Can Vila (Hostalets Inferior) 12.0 12.0 Alba et al. (2020)

inquirenda

Dryopithecus fontani ACM/C3-Ae (ACM) 11.9 11.9 Moya-Sola et al. (2009b)

Dryopithecus fontani ACM/C4-Ap (ACM) 11.9 11.9 Alba and Moya-Sola (2012a)

cf. Dryopithecus fontani ACM/C3-Az (ACM) 11.9 11.9 Moya-Sola et al. (2009b)

‘Sivapithecus’ occidentalis species ~ ACM/BCV4 (ACM) 11.9 11.9 Alba et al. (2020)

inquirenda

Pliopithecus canmatensis ACM/C4-Al (ACM) 11.7 11.7 Alba et al. (2010c)

Pliopithecus canmatensis ACM/BCVS5 (ACM)? 11.9 11.9 Alba et al. (2022a)

Pliopithecus canmatensis ACM/C5-C3 (ACM) 11.9 11.9 Alba et al. (2010c)

Pliopithecus canmatensis ACM/C5-C4 (ACM)? 11.8 11.8 Alba et al. (2022a)

Pliopithecus canmatensis ACM/C4-Cb (ACM) 11.8 11.8 Alba et al. (2010c)

Pliopithecus canmatensis ACM/C5-C2 (ACM) 11.8 11.8 Alba et al. (2010c)

Pliopithecus canmatensis ACM/C5-A8 (ACM) 11.8 11.8 Alba et al. (2010c)

Dryopithecinae indet. ACM/C8-Au (ACM)? 11.8 11.8 Alba et al. (2022a)

Dryopithecinae indet. ACM/C8-B* (ACM)? 11.7 11.7 Alba et al. (2022a)

Dryopithecinae indet. ACM/C5-D1 (ACM)? 11.6 11.6 Alba et al. (2022a)

Pliobates cataloniae ACM/C5-D1 (ACM) 11.6 11.6 Bouchet et al. (2024)

Pliobates cataloniae ACM/C8-A4 (ACM) 11.6 11.6 Alba et al. (2015), Bouchet et al.
(2024)

Hispanopithecus sp. Polinya 2 (Polinya) 11.2 9.7 Golpe Posse (1993)

Dryopithecinae indet. Can Mata 1 (Hostalets) 11.6 11.2 Golpe Posse (1993)

Crouzeliinae indet. Trinxera del Ferrocarril-Sant Quirze 11.6 11.2 Harrison et al. (2002), Bouchet et

(Sant Quirze) al. (2025)

Crouzeliinae indet. Can Feliu 2 (Sant Quirze) 11.2 11.2 Bouchet et al. (2025)

cf. Dryopithecus fontani Castell de Barbera (Castell de Barbera)  11.2 11.2 Alba et al. (2011), Almécija et al.
(2012)

Barberapithecus huerzeleri Castell de Barbera (Castell de Barbera)  11.2 11.2 Alba and Moya-Sola (2012b)

Hispanopithecus crusafonti Can Poncic 1 (Can Poncic) 10.3 10.0 Golpe-Posse (1993), Begun (1992)

Hispanopithecus sp. EDARI13 (EDAR)? 10.3 10.0 Alba et al. (2018)

Hispanopithecus laietanus Can Feu 1 (Can Feu) 10.0 9.7 Alba et al. (2012a)

Hispanopithecus cf. laietanus Can Pallars i Llobateres-M (Can Pallars  10.0 9.7 Alba et al. (2018)

i Llobateres)

Hispanopithecus laietanus Can Llobateres 1 (Can Llobateres) 9.8 9.8 Golpe Posse (1993); Begun et al.
(1990); Alba et al. (2012b)

Hispanopithecus laietanus Can Llobateres 2 (Can Llobateres) 9.6 9.6 Moya-Sola and Kohler (1993, 1996)

Hispanopithecus laietanus La Tarumba 1 (La Tarumba) 9.6 9.6 Golpe Posse (1993)

Egarapithecus narcisoi Torrent de les Febulines (Can Jofresa) 9.0 9.0 Moya-Sola et al. (2001)

# Unpublished remains. In these cases, the references correspond to publications where the material was reported or identified
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relatively few studies have mostly focused on selected ACM
localities (e.g., Casanovas-Vilar et al. 2008; DeMiguel et al.
2021) and, most notably, in the well-known Can Llobateres
site (e.g. Begun et al. 1990; Alba, 2012; Marmi et al. 2012;
Arranz et al. 2023). However, synthetic studies on climate
and primate habitat change throughout the VP record are
still lacking.

Here we provide small-mammal based paleoprecipita-
tion estimates for the VP from 12.5 to 9.0 Ma (late Arago-
nian—Vallesian), thus covering the entire range of Miocene
primates in the basin (Table 1). This time span also repre-
sents the most densely sampled and well-dated part of the
Miocene record of the VP, particularly for small mammals
(Casanovas-Vilar et al. 2016a, b, 2022b), thus providing the
required large sample size and time resolution for these anal-
yses. Because arboreal and insectivorous small mammals
show a strong relationship with precipitation, ecological
structure of small mammal assemblages has been success-
fully used to infer Neogene paleoprecipitation patterns at
regional (Van Dam et al. 2006, 2023) and continental (Van
Dam 2006; Van Dam and Utescher 2016) scales. Here, we
apply these methods to the VP record to reconstruct paleo-
precipitation during the late Aragonian and Vallesian and
combine these with temperature estimates to infer prevail-
ing biomes and primate habitats.

Geological background

The VP is a half-graben near the coastline bounded by the
horst defined by the two parallel Catalan Coastal (Prelittoral
and Littoral) Ranges (Fig. 1). The basin basement crops out
at the surrounding reliefs and consists of Paleozoic metased-
iments intruded by plutonic rocks unconformably covered
by Mesozoic and Paleogene sedimentary rocks. Until the
Middle Miocene, the VP presented a typical graben profile
but was effectively turned into a half-graben due to tectonic
activity and subsidence concentrated at the Vallés-Penedes
master fault at the northwest margin (Bartrina et al. 1992;
Roca et al. 1999; Cabrera et al. 2004).

The formation of the VP was associated with a rifting
process that affected much of western Europe and resulted
from the collision of the African and Eurasian plates during
the Late Oligocene (Roca and Guimera 1992; Roca et al.
1999). However, sedimentary infill of the VP did not start
until the Early Miocene (Ramblian ELMA) and spanned
until the Late Miocene (Turolian ELMA; Casanovas-Vilar
et al. 2016b, 2022b). Major features of the stratigraphic
record of the VP were controlled by tectonic activity of its
main bounding faults and by eustatic changes in the west-
ern Mediterranean (Cabrera et al. 1991, 2004; Cabrera
and Calvet 1996). Most Early Miocene (Ramblian—early

Aragonian) deposits correspond to alluvial fans sourced
from the surrounding horsts, and occasionally small shallow
lacustrine systems developed in the southeastern part of the
basin (Cabrera Pérez 1979; Cabrera et al. 1991; Casanovas-
Vilar et al. 2016b, 2021, 2022b). The Early to early Middle
Miocene terrestrial vertebrate record is poorer than that of
younger intervals, yet several sites are known, and recent
field campaigns have resulted in the discovery of many new
localities and a refining of their chronology (Casanovas-
Vilar et al. 2016b, 2021, 2022a, b; Jovells-Vaqué and Casa-
novas-Vilar 2021).

The best and more densely sampled part of the VP record
covers the late Middle Miocene and the beginning of the
Late Miocene, thus corresponding to the late Aragonian and
Vallesian ELMAs, roughly 12.5-9 Ma. Indeed, the VP is the
type area of the Vallesian age (Crusafont Pair6é 1950; Cru-
safont Pair6 and Truyols Santonja 1960; Agusti et al. 1997),
currently known to range from 11.2 to 8.9 Ma (Garcés et al.
1996; Van Dam et al. 2001; Dam et al. 2014; Hilgen et al.
2012; Casanovas-Vilar et al. 2016a; Alba et al. 2022a). At
this time, basin subsidence and sedimentation was concen-
trated in the northwestern margin of the basin, resulting in
the development of important alluvial fan systems sourced
from the northwestern reliefs (Cabrera and Calvet 1996;
Agusti et al. 1997; Casanovas-Vilar et al. 2016b, 2022b).
Some alluvial fan systems (Fig. 1; Garcés Crespo 1995;
Casanovas-Vilar et al. 2008) attained a radius of 10-15 km
and may have even prograded over the southeastern margin
reliefs. The mudstone-dominated medial to distal facies of
these alluvial fan systems have yielded most of the verte-
brate-bearing sites (Fig. 1), which concentrate in the area of
els Hostalets de Pierola in the Penedés Sector of the basin,
as well as around the cities of Sabadell, Terrassa, and Sant
Quirze del Valles in the Valles Sector. Currently more than
950 late Aragonian to Vallesian localities are known from
this area (data from the “Vallés-Penedés Miocene Verte-
brates Paleobiodiversity Database”, 14th May 2025, see
below). Furthermore, thanks to detailed bio- and magneto-
stratigraphic control (Garcés et al. 1996; Agusti et al. 1997;
Moya-Sola et al. 2009b; Casanovas-Vilar et al. 2016a; Alba
et al. 2017, 2019, 2022a), this part of the record has a great
dating accuracy, up to the scale of 0.1 Ma, which is a pre-
requisite for high-resolution analyses such as the ones pro-
posed in this work.

The uppermost part of the Miocene VP record is not well
known, even though there are a few Turolian sites, includ-
ing the rich macrovertebrate localities of Piera (~7.4-6.8
Ma; Casanovas-Vilar et al. 2016b). Before the end of the
Miocene, tectonic subsidence stopped at the northwestern
margin and the basin became completely filled up with sedi-
ments (Bartrina et al. 1992; Roca et al. 1999; Cabrera et al.
2004).
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Materials and methods

Raw taxonomic data and generation of taxon counts
per time bin

Data used for this paper are compiled in the “Vallés-Penedes
Miocene Vertebrates Paleobiodiversity Database” (VPDB),
a customized database used to record specimen and local-
ity information for the VP (Casanovas-Vilar et al. 2018;
Alba et al. 2022b). The VPDB is coordinated by D.M.A.
and the copyright of the database and its management sys-
tem is owned by the Institut Catala de Paleontologia Miquel
Crusafont (ICP). Currently, it is associated with various
research projects led by ICP researchers and it is for internal
use only by some ICP researchers and collaborators, as it
includes both published and unpublished data. The database
records both specimen-level and locality-level information
and was specially devised to carry out diversity and turn-
over calculations, thus being simultaneously a collection
and a research database (sensu Uhen et al. 2013). Speci-
men records are identified by their museum catalog number,
referring mostly (but not exclusively) to specimens housed
in the ICP. As for May 14th, 2025, the VPDB features 88,120
records and 1,789 localities. Vallés-Penedés Miocene small
mammal data began to be compiled and reviewed in 2013,
before the VPDB was created, to perform paleobiodiversity
analyses (see Casanovas-Vilar et al. 2014). These data were
uploaded to the VPDB and further expanded with the addi-
tion of new specimens and localities, yet the data used in
this paper are still (and will always be) a work in progress
from both a taxonomic and chronological point of view.
Only a small part of the VP material has been published and
described, particularly for well-known localities and taxo-
nomical groups. However, when compiling the VPDB we
ensured that the specimen data are uniform and reliable, so
the VPDB data are more complete and consistent than those
that can be retrieved from online databases, which generally
record taxon by locality occurrences from literature.

The VPDB has multiple functionalities for searching data
and calculating diversity metrics. In particular, it can be used
to compute specimen counts per taxon for selected localities
or equal-duration time bins (0.5 or 0.1 Myr). In this work,
we used 0.1 Myr time bins rather than localities. Specimens
are attributed to a given bin according to their provenance
(site, locality and, when applicable, stratigraphic position).
Specimens are assigned to bins according to their esti-
mated ages, derived either from magnetostratigraphic data
(see Casanovas-Vilar et al. 2014) when available, or oth-
erwise from local biozonations (which typically span<0.3
Myr; Casanovas-Vilar et al. 2016a). Bin attribution is auto-
matically computed using a built-in algorithm (Alba et al.
2022b). Assignment is univocal when a specimen or locality
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has a single interpolated age or when its age uncertainty
does not cross any of the bin boundaries. If the uncertainty
does cross one or more boundaries, assignment becomes
equivocal. In such cases, the algorithm applies a pseudo-
random procedure to assign an age within the range defined
by the youngest and oldest possible ages for that specimen
or locality. However, if age uncertainty is more than three
times bin duration, the algorithm refrains from providing an
age. By convention, bin definition is forced so that the bot-
tom boundary belongs to the preceding bin. For example, at
the 0.1 Myr bin resolution, the 9.5-9.4 bin includes speci-
mens dated between 9.49 and 9.40 Ma, so that a specimen or
locality dated to 9.50 Ma would be assigned to the preced-
ing bin (9.6-9.5 Ma).

Raw taxonomic data used for paleoprecipitation calcu-
lations were downloaded from the VPDB on May the 5th
2025. Species occurrences for 0.1 Myr bin were used for the
interval from 12.5 to 9.0 Ma (data given in Online Resource
1). The fossils of these species were recovered from VP
localities that correspond to medial and distal facies of allu-
vial fans, so that similar taphonomical conditions (or biases)
can be assumed for the whole studied interval. However,
some sites such as Can Llobateres and Castell de Barbera
correspond to locally humid environments (wetlands). A
total of 129 different taxa are included in the calculations.
Taxonomic attributions modified by ‘cf.” are assumed to
belong to the specified taxon. For example, Cricetulodon
cf. sabadellensis is assigned to C. sabadellensis rather than
counted as a distinct species. In contrast, attributions modi-
fied by ‘aff.” are counted as distinct species, since the modi-
fier implies that the taxon most likely belongs to a different
(probably new) species. For example, Democricetodon
aff. nemoralis, occurring at Abocador de Can Mata ACM/
C4-Al site, likely represents a distinct species rather than D.
nemoralis, which occurs in younger VP sites such as Cas-
tell de Barbera. Finally, identifications at higher taxonomic
ranks than species are counted as a distinct species if the
corresponding lower taxon is absent from the same bin. For
example, Desmanella sp. and Myominini indet. are counted
as species in the 11.2—11.1 bin because no other Desmanella
or Myominini species are recorded in this bin. This option
is more realistic than the alternative, which would omit all
indeterminate attributions above the species rank.

Micromammal-based paleoprecipitation estimates

Paleoprecipitation variables were estimated using the Cli-
mate-Diversity Approach (CDA) of Van Dam (2006) and
Van Dam and Utescher (2016). This method considers the
taxonomic composition of micromammal assemblages
specifically focusing on Rodentia, Lagomorpha, and Euli-
potyphla. Actively flying species (Chiroptera) are generally
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underrepresented in the studied sites and are excluded from
the analyses. CDA uses the proportion of species in given
ecological categories, which are more robust than absolute
number of species against differences in sampling effort
(Van Dam 2006). Specifically, the proportion of arboreal
(tree dwelling) and invertivorous (feeding on insects and
other invertebrates) species over the total number of species
are used. The presence and abundance of primary consum-
ers with arboreal feeding habits and/or locomotion (e.g.,
flying and tree squirrels, arboreal dormice) depends on pro-
ductivity and complexity of the vegetation, which in turn
is largely dictated by precipitation (Kay and Madden 1997,
Van Dam 2006). On the other hand, invertivores benefit
from higher invertebrate availability in moist environments
and are also physiologically constrained by aridity, as small-
bodied species like shrews have high metabolic rates and
are prone to water loss and overheating in dry conditions
(Reumer 1995; Van Dam 2006). Assignment of species to
the ‘arboreal’ or ‘invertivorous’ categories follows Van Dam
(2006), as modified by Van Dam and Utescher (2016) and
Van Dam et al. (2023). Semiaquatic taxa, which in our case
only include beavers, are excluded from the calculations
because their presence is linked to the occurrence of perma-
nent water bodies, which may depend on other factors (e.g.,
topography, sedimentary environment) besides rainfall. A
minimum sample size of 100 specimens per bin is taken as
a cut-off criterion for the bin to be included in the calcula-
tions, as it is considered the minimum sample size to record
a sufficiently large number of species (Van Dam 2006; Van
Dam and Utescher 2016).

Because the calibration set essentially consists of modern
sites, the CDA method essentially predicts rainfall at geo-
logically instantaneous times. By applying temporal bin-
ning, we basically assume that fossil faunas remain stable
across the time represented by bins, or, more specifically,
that relative species numbers are not affected by potential
successive intra-bin species appearances and disappear-
ances (e.g., due to climatic oscillations). This assumption
is even stronger for range-through (RT) calculations (see
below), in which presence/absence patterns are interpolated
across entire bins. Assuming no bias due to unrecorded fau-
nal change, we followed Van Dam et al. (2023) criterion for
the treatment of sites without frequency information so that
only bins containing at least 10 species were included in the
calculations. This approach allowed all bins to be incorpo-
rated into the RT calculations.

We estimate three rainfall variables: mean annual precip-
itation (MAP), precipitation in the driest month (LMP), and
precipitation during the wettest month (HMP). Precipitation
seasonality is represented by the difference between LMP
and HMP. To calculate these parameters, first the percent-
age of arboreal (arboreality index, PA) and invertivorous

(invertivory index, PI) micromammal species must be com-
puted. We used the equations of Van Dam and Utescher
(2016) to estimate MAP and HMP, whereas LMP was esti-
mated with that of Van Dam et al. (2023):

MAP =11.080 + 47.178 In®>(PA+ 1) + 12492 PI (1)

(R?=0.82)

LMP =1.689 + 10.801 In(PA + 1) )

(R°=0.79)
HMP = 8.108 + 1.674 In*(PA + 1) + 1.896 PI 3)

(R°=0.74)

These variables are estimated for each time bin and pre-
sented together with associated standard errors and 95%
individual prediction intervals. Calculations were carried
out using SPSS Statistics v. 29.0 software (IBM Corp.
2022).

Assessment of sample size biases

Previous studies of the VP small mammal record have
shown that rodents and insectivores presumably adapted
to humid forested environments are typically more rare
than other species, showing a discontinuous record dur-
ing the Vallesian and being only recovered when sample
size is large enough (Casanovas-Vilar et al. 2014, 2016b).
This has potentially important implications for our
paleoprecipitation estimates, since the relative numbers
of invertivorous and arboreal species are used to infer
rainfall variables (see discussion in Van Dam and Ute-
scher 2016). Therefore, these may potentially depend on
sample size and yield too low values for small samples.
Excluding the time bins with fewer than 100 small mam-
mal specimens and considering relative proportions (PA,
PI) rather than absolute numbers may partly solve this
problem, but here we additionally evaluated the effects of
sample size in the patterns of rare and common species in
relation to PA and PI.

Firstly, we evaluated whether rare taxa predominantly
correspond to invertivorous or arboreal species. To reduce
the impact of sampling bias and the stochastic occurrence
of rare taxa in large assemblages, we filtered the dataset
by removing, within each bin, all species with relative
abundances below 5%. This threshold ensures that only
ecologically meaningful taxa contribute to inter-bin com-
parisons and follows common practice in paleoecologi-
cal and ecological studies dealing with uneven sampling
effort (e.g., McGarigal et al. 2000). It is, however, more
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restrictive than in some other fields—such as Quaternary
palynology—where only taxa below 1% are typically
excluded (e.g., Chevalier et al. 2020). After filtering, we
counted the number of species in each ecological cat-
egory (arboreal, invertivorous, semiaquatic, and others)
that remained. For each bin, filtered data were compared
to original data using Fisher’s exact test, which is more
appropriate than the chi-squared test for small sample
sizes, and evaluates whether the observed differences in
proportions are likely due to chance (Hammer and Harper
2024). For bins where no invertivorous or arboreal taxa
are recorded (either before or after filtering), the contin-
gency table is incomplete, and the test cannot be run. In
these cases, we recorded N/A for the p-value and used
logical flags (‘true’ or ‘false’) to indicate which ecological
group(s) were missing from the data.

Secondly, we also tested the correlation of PI, PA, MAP,
HMP and LMP with sample size. Since the distribution of
the data is obviously not normal, correlation was tested
using the non-parametric Kendall’s rank correlation,
which is more robust than other non-parametric correlation
methods (e.g., Spearman’s rank-order correlation) for
small samples (7 <30; Puth et al. 2015). These correlations
were performed using both the raw calculations (only
considering bins with sample size > 100 specimens) as well
as the alternative ones using RT approach (see below). All
calculations were performed using R version 4.5.0 (R Core
Team 2025).

Range-through approach

Alternative calculations of rainfall variables were also com-
puted using a standard RT approach to estimate species rich-
ness across successive time bins. This method assumes a
taxon to be present in a given interval if it is recorded before
and after it, even if it is not directly observed in that inter-
val. As such, it mitigates the effects of incomplete sampling
and preservation (Foote 2000) and is widely used in macro-
evolutionary and paleoecological studies (e.g., Barry et al.
2002; Casanovas-Vilar et al. 2005, 2010, 2014; Badgley and
Finarelli 2013; Domingo et al. 2014; Badgley et al. 2025).
Given the high-resolution chronological framework (0.1
Myr bins) and the dense sampling for the VP, this approach
provides a conservative but informative estimate of taxo-
nomic richness through time (RT data are given in Online
Resource 2). However, RT may assume a range continuity
which may not be real and consequently overestimate taxo-
nomic richness for some intervals. Therefore, we provide
RT calculations as a comparison and alternative to those
based on raw data, further discussing differences and pat-
terns that may most likely arise from variations in record
quality.
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Paleotemperature data and climate classification

Temperature is a climatic variable as important as (or even
more important than) precipitation and is the basis for vari-
ous climate classification schemes (e.g., Whittaker 1971;
Walter 1979; Peel et al. 2007; Beck et al. 2023). Micromam-
mal assemblages have also been previously used to estimate
Miocene paleotemperatures. Various approaches have found
a positive correlation between the number of cricetid and
murid species and temperature (Legendre et al. 2005; Mon-
tuire et al. 2006), but these yielded unrealistically low esti-
mates when the number of species is low (less than ~6-8).
Unfortunately, independent paleotemperature proxies based
on local macroflora, pollen records, or stable isotope data
are not available for the studied area and interval. However,
horse tooth 8'®0-based annual temperatures for several sites
in the Calatayud-Montalban and Teruel Basin in the Span-
ish inland are in the order of 15-17 °C for the Vallesian
(Van Dam and Reichart 2009). If latitudinal gradients were
the same as today, temperatures~3.5 °C higher would be
expected for the VP. Because of the uncertainties associ-
ated and restriction to a few age points only, we applied an
alternative method using the ocean surface paleotempera-
ture equations of Hansen et al. (2013) based on deep-sea
benthic foraminifera !0 to estimate surface temperature
indirectly. We used the loess 10-point smoothed global §'*0
dataset from Westerhold et al. (2020; table S34) to calcu-
late mean 6'%0 values per time bin. Global mean deep-sea
(Tg4,) and surface air temperatures (T,) were then calculated
using Hansen et al.’s (2013) equations (=equation (6) from
Westerhold et al. 2020: table S7) for each time bin. Finally,
the temperature anomaly relative to present-day conditions
(At) was calculated by subtracting the 1961-1990 mean
temperature (14.15 °C) from Ts for each bin (Westerhold et
al. 2020, Eq. 7). This anomaly, usually 1.5-2 °C higher than
present, was added to the mean annual temperature (MAT)
of Barcelona (15.5 °C) between 1961 and 1990 (Servei
Meteorologic de Catalunya 2008) to estimate paleotempera-
ture for each time bin.

The primary goal of estimating paleotemperatures for the
studied interval is to combine this information with paleo-
precipitation estimates and infer the kind of climate present
in the VP during the studied interval. To do so, we rely on
the Koppen-Geiger climate classification, which remains as
one of the most well-known and widely used climate classi-
fication systems to this day. It was developed in the late 19th
century by Russian-German geographer and climatologist
Wiladimir Koppen and later refined by meteorologist Rudolf
Geiger (Beck et al. 2023). This classification divides global
terrestrial climates into five major classes and 30 subclasses
based on threshold values and seasonality of monthly air
temperature and precipitation (for updated maps, see Beck et
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al. 2023). The Koppen-Geiger system categorizes climates
into five main groups: A (tropical), B (arid), C (temperate),
D (continental), and E (polar). A second letter denotes sea-
sonal precipitation patterns, while the third letter indicates
temperature characteristics. Here, we partly follow the
Trewartha climate classification (Trewartha and Horn 1980)
and refer to the hot-summer warm-temperate climates (Cfa,
Cwa) as subtropical to clearly distinguish them from colder
temperate ones. The Mediterranean climate (Csa) is also
subtropical in this system, but here we refer specifically to
it as Mediterranean. Considering the temperature range for
the Miocene, we will focus our discussion on tropical, arid,
and especially subtropical/temperate climates, leaving cold
and polar ones out.

The defining criteria for Koppen-Geiger climate classes
and subclasses (see Peel et al. 2007; Beck et al. 2023) are
presented in Table 2. However, we must note that many cri-
teria cannot be evaluated using our data, as these rely on the
timing of the dry/wet season (summer or winter), tempera-
tures during the coldest and warmest months or the num-
ber of months with temperatures above 10 °C. Therefore,
we adapted the criteria of climate classification using more
generally defined climatic variables (Table 2). Distinction
between tropical (A), subtropical (Cxa) and temperate (Cxb
or Cxc) climates prominently considers the temperature
during the coldest or warmest months. Since only MAT can
be estimated using our methods, we compiled typical MAT

values using the data of the meteorological stations in Peel
et al. (2007) and broadly defined MAT ranges for each cli-
mate class (Table 2). Tropical climates have MAT>18 °C
(and more typically over 24 °C), for subtropical and warm-
temperate climates MAT ranges between 12 and 18 °C,
being 16-18 °C for Cxa, 14-16 °C for Cxb, and 12-14 °C
for the colder Cxc. Similarly, given that our methods can-
not tell the season in which the driest (LMP) and wettest
(HMP) months occurred, we used LMP as equivalent to
the driest month of summer and/or winter and HMP as the
equivalent to the wettest month of summer and/or winter to
distinguish between Cs and Cw climates. Moreover, since
precipitation differences between driest and wettest months
are far greater in the monsoon-influenced Cw climates, both
climates can be distinguished. Finally, arid (B) climates are
defined according to a precipitation threshold (P cq.0145 S€€
Table 2) that can take three different values if more than
70% of MAP occurs in summer, winter or in another season,
respectively. Since we cannot infer in which season pre-
cipitation fell, the three possible definitions of Py, .04 a1€
considered simultaneously to identify arid climates. These
modifications allow for the assignment of a particular Kop-
pen-Geiger climate class for each time bin. However, given
that we adapted the defining criteria, these assignments must
be considered as working hypotheses only, which should be
checked against other proxy data (e.g., palynology, macro-
floral data) or modelling results.

Table 2 Simplified Koppen-Geiger classification of tropical, arid, and temperate climates and broad defining criteria. Since our calculations only
allow estimating the mean annual temperature (MAT), mean annual precipitation (MAP), wettest month precipitation (HMP), and driest month
precipitation (LMP) the same defining criteria (see Beck et al. 2023) cannot be used, and a modified version is also presented (see text for details).
Tropical (A) and arid (B) climates are mostly excluded for the Iberian late Aragonian and Vallesian, so their subdivisions are not presented. Tem-
perature and precipitation values are in °C and mm, respectively. Variable definitions: MAT =mean annual temperature; T, = air temperature of
the coldest month; Ty, = air temperature of the warmest month; T, ,, = number of months with air temperature>10 °C (unitless); MAP=mean
annual precipitation; HMP=precipitation in the wettest month; LMP=precipitation in the driest month; P4, = precipitation in the driest month in
summer; P, = precipitation in the driest month in winter; P, = precipitation in the wettest month in summer; P, = precipitation in the wet-
test month in winter; Py 014 = 2 X MAT if>70% of precipitation falls in winter, Py, .01 = 2XMAT+28 if>70% of precipitation falls in summer,
otherwise Py, .qnoa = 2 X MAT +14. Since our paleoprecitation estimates cannot infer if most of the precipitation fell in winter or summer, the three
possible definitions of Py, .04 are considered simultaneously to identify arid (B) climates

Type Subtype 1 Subtype 2 Description Defining criteria Criteria used here
A Tropical Not (B) Not (B) &
T.oq>18 °C MAT>18 °C
B Arid MAP>10 % Py oo MAP>10 % Py oo
C Temperate & subtropical Not (B) & Not (B) &
Tho >10°C & MAT=12-18 °C
Tooa=0-18 °C
s -dry summer Py <40 & LMP<40 &
Pgary < Pywer/3 LMP<HMP/3
w -dry winter Pudry < Pyed 10 LMP<HMP/10
f -without dry season Not (Cs) or (Cw) Not (Cs) or (Cw)
A -hot summer T =22 MAT=16-18 °C
B -warm summer Not (a) & MAT=14-16 °C
TmonlO =24
C -cold summer Not(aorb) & MAT=12-14 °C
1 STmonlO <4
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Abbreviations

Institutional abbreviations: ICP, Institut Catala de
Paleontologia Miquel Crusafont.

Fossil locality abbreviations: ACM, Abocador de Can
Mata; ACM/BCV1, Barranc de Can Vila 1; CLL, Can
Llobateres.

Climatic variable abbreviations: HMP, precipitation
during the wettest month (in mm); LMP,precipitation during
the driest month (in mm); MAP, mean annual precipitation
(in mm), MAT, mean annual temperature (in °C).

Other abbreviations: CDA, climate diversity approach;
ELMA, European land mammal ages (after Hilgen et al.,
2012); GPTS, Geomagnetic Polarity Time Scale (after Ogg
2020); MN, European mammal Neogene units (after Mein
1975, 1999), age boundaries follow Hilgen et al. (2012), Van
Dam et al. (2014) and Casanovas-Vilar et al., (2016a); PA,
arboreality index; PI, invertivory index; RT, range-through;
VP, Vallés-Penedés Basin; VPDB, Vallés-Penedés Miocene
Vertebrates Paleobiodiversity Database.

Results
Sample size effects on paleoprecipitation proxies

Raw data reveal several gaps (Fig. 2e; Online Resource 3:
Table S1), especially during the Vallesian, with no records
between 10.9 and 10.8, 10.7-10.6, 10.5-10.4 and 9.3-9.2
Ma. For some Vallesian bins, the number of specimens is
below 100, thus precluding calculations for the 11.0-10.6,
10.2-10.1, 9.9-9.8 and 9.7-9.3 Ma. The late Aragonian is
more densely sampled and only shows two bins with less
than 100 specimens, between 12.3 and 12.2 and 11.5-11.4
Ma. Mean sample size is usually below 1,000 specimens
(~200 specimens being typical), but for particular intervals
(11.8-11.6, 11.2-11.1, 9.8-9.7 Ma) exceeds 2,000-3,000
specimens (Fig. 2e; Online Resource 3: Table S1).

Mean number of recorded taxa per bin is around 20, with
peaks of 35-45 taxa coinciding with the best-sampled bins
(Fig. 2a, e; Online Resource 3: Table S1). This points to
obvious sampling effects on the number of taxa, although
such sampling bias is not so clear for the proportion of taxa
in each ecological category (Fig. 2¢; Online Resource 3:
Table S1). For most bins, PI and PA are around 20-25%
and 30-35%, respectively. Arboreal and invertivorous taxa
are diverse but numerically rare in the VP micromammal
faunas, in such a way that filtering out all species with
relative abundances below 5% results in the disappear-
ance of almost all these taxa (Online Resource 3: Table S2).
Amongst arboreal taxa, only the scansorial/arboreal sciurid
Csakvaromys bredai is relatively abundant for most bins,
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whereas the invertivorous galericine erinaceid Parasorex
socialis and, to a lesser extent, the heterosoricid Dinosorex
grycivensis are common, particularly during the late Arago-
nian. The remaining arboreal and invertivore taxa are rare
or anecdotic, although the same applies to many other taxa
not assigned to these groups. Indeed, generally only spe-
cies of the genera used to define the VP local biozones (i.e.,
Hispanomys, Democricetodon, Megacricetodon, Cricetulo-
don, and Rotundomys; see Casanovas-Vilar et al. 2016a) are
abundant in all sites and retained after filtering.

The relative proportion of arboreal and invertivorous
species in raw and filtered data was compared using Fish-
er’s exact test (Online Resource 3: Table S3). The test could
not be run if no invertivorous or arboreal taxa were present
before or after filtering. Invertivorous taxa are present in 16
of the 20 bins with n>100 specimens and, after filtering,
disappeared from 14 bins. Therefore 87.5% of their occur-
rences were removed. As for arboreal taxa, these occurred
in 19 of 20 bins and remained in 14 bins, so that 73.7% of
their occurrences were removed after filtering. In the few
cases in which arboreal and/or invertivorous taxa were not
completely removed by filtering, Fisher’s exact test detected
highly significant differences between raw and filtered data
in two out of four cases. These results show that the occur-
rence of most arboreal and invertivorous small mammal
taxa in VP is highly dependent on sampling effort. However,
the same applies to several taxa in other ecological catego-
ries and, since CDA relies on relative richness numbers, the
critical parameters PI and PA, used to estimate paleopre-
cipitation, may be robust against sample size variations. A
Kendall’s correlation test reveals positive and highly sig-
nificant correlations between sample size and the number
of recorded taxa, PA, MAP, HMP and LMP, but not for PI
(Table 3). This owes to the common presence of at least
some invertivorous taxa in the studied record, but it is not
enough to compensate for the effect of arboreal ones and
results in significant positive correlations between sample
size and paleoprecipitation estimates. This is evident for the
11.4-11.3 and 10.6-10.5 bins, which show relatively small
sample sizes (~200 specimens) and consequently depleted
MAP, HMP, and LMP estimates as compared with other
intervals (Fig. 3).

Considering these correlations with sample size, we
computed species richness, PI, PA and paleoprecipitation
estimates after applying a RT approach to the whole data-
set (Online Resource 3: Table S4). Using this approach,
35-40 taxa are recorded for most bins, except from 9.7 Ma
onward, when these are reduced to ~20 (Fig. 2b; Online
Resource 3: Table S4). PI and PA remain stable at around
35% and 30%, respectively, not showing major variations
within bins (Fig. 2 d; Online Resource 3: Table S4). Appar-
ently, correlation with sample size (Fig. 2e) is removed,
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Table 3 Kendall’s correlation test between sample size and total num-
ber of micromammal species, proportion of invertivorous (PI) and
arboreal (PA) species, mean annual precipitation (MAP), precipitation
during the wettest month (HMP) and precipitation during the driest
month (LMP) for raw data and those using a range-through approach.
For raw data, bins with sample size <100 specimens are not included
in the calculations. Significant results at p<0.05 are indicated with
asterisks

Variable Raw data Range-through
approach
T p T p

n taxa 0.663 5.94x1075 * 0.210 0.073
PI 0.005 0.974 —0.360 0.003 *
PA 0.535 0.001 * 0.376 0.002 *
MAP 0.392 0.016 * —-0.029 0.808
HMP 0.423 0.009 * 0.115 0.340
LMP 0.535 0.001 * 0.376 0.002 *

yet Kendall’s test still detects significant correlations
between PI, PA, and sample size (Table 3). In addition, all
paleoprecipitation estimates except LMP show no signifi-
cant correlation with sample size. In conclusion, sampling
effort may still affect our paleoprecipitation estimates, but
applying the RT approach reduces some awkward varia-
tions between adjacent time bins that clearly result from
uneven sampling (Fig. 3).

Micromammal-based paleoprecipitation estimates

MAP, HMP, and LMP estimates using raw and RT data
are given in Tables 4, 5 and 6 and represented in Fig. 3.
For each estimate, mean, standard error, and 95% confi-
dence intervals are reported. MAP estimates based on raw
and RT data differ, the latter being generally ~50—70 mm
higher. However, estimated difference is more important for
poorly-sampled bins (11.4-11.3 and 10.6-10.5 Ma), where
it may be as much as ~400-600 mm, and it is negligible
for the intervals with the largest sample size (11.8-11.6,
11.2-11.1, 9.8-9.7 Ma; Table 4). Mean annual precipitation,
as estimated from RT data, shows little variations during
the studied time interval, ranging between 789 and 1,082
mm, with values around 950-1,000 mm being more com-
mon (Table 4; Fig. 3). The maximum values correspond to
the 9.9-9.8 Ma bin and the minimum ones to the 9.1-9.0
Ma bin (Table 4; Fig. 3), the very youngest interval. The
occurrence of this minimum may reflect sample size and
the lack of a suitable record after 9.0 Ma. Sample size for
the 9.1-9.0 Ma bin is not particularly high (413 specimens;
Online Resource 3: Table S4) and, given that there are no
younger intervals to record the rare taxa, PI and PA might be
underestimated resulting in somewhat lower paleoprecipita-
tion estimates. The same may partly apply to the preceding
9.2-9.1 Ma bin, which also yields a low MAP estimate, but
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certainly does not apply to the latest Aragonian bins such as
11.7-11.6 Ma, for which estimated MAP is almost the same
(970 mm; Table 4). Considering raw data and excluding the
11.4-11.3 and 10.6—-10.5 Ma bins, MAP range is almost the
same (754-1,083 mm). These poorly sampled bins yield
low estimates of 323 and 630 mm, respectively, and resulted
in abrupt paleoprecipitation declines as compared with adja-
cent intervals. After their exclusion, raw-data-based MAP
estimates also show little variation throughout the studied
interval. Maximum values correspond to the 11.2—11.1
Ma (1,083 mm) and the 9.8-9.7 Ma (1,068 mm) bins, thus
approximately coinciding with the maxima estimated using
RT data. After excluding the poorly sampled bins, MAP
minima occur during the lower part of the record, in the
12.4-12.3 and 12.2-12.1 Ma bins, yielding values slightly
below 900 mm.

The pattern shown by HMP and LMP estimates (Table
5, and 7) is essentially the same as for MAP (Fig. 3), with
approximately coinciding maxima and minima (even after
excluding poorly-sampled bins; Table 7), and little varia-
tion. For RT data, HMP values are generally around 140 mm
and range from approximately 110 to 160 mm (Table 5). For
raw data, the range is similar, and average HMP estimates
are only somewhat lower, ~130 mm (Table 5). LMP esti-
mates using RT and raw data are around 40 mm, showing a
range of just 2 mm above and below this average (Table 6).

Although estimated paleoprecipitation variables show
remarkable stability, some minimal variations are observed
(Fig. 3; Table 7): relatively lower values (MAP slightly
below 1,000 mm) during the latest Aragonian (11.5-11.2
Ma), and subsequently during the earliest (11.1-10.0 Ma)
and latest (9.5-9.0 Ma) Vallesian. However, for the two
latter intervals, gaps in the record and a lower sample size
may partly account for this decline. Concomitantly, the
oldest part of the record (12.5-11.6 Ma) is characterized
by slightly higher paleoprecipitation values, with discrete
paleoprecipitation maxima at the earliest Vallesian around
11.2—11.1 Ma, and near the early/late Vallesian boundary at
9.9-9.7 Ma (Fig. 3). These Vallesian maxima coincide with
exceptionally well sampled bins, which may partly account
for this pattern, but this is not the case for the 12.5-11.6 Ma
interval.

Paleotemperature estimates and climate
classification

Mean annual temperature estimates for the studied interval
show even less variability than paleoprecipitation estimates
with values generally around 17.0-17.5 °C (Fig. 3; Table 7).
Highest values, between 17.5 and 18.0 °C, are recorded dur-
ing the 12.2—12.0 and the 10.8—-10.6 Ma intervals, the latter



Journal of Mammalian Evolution (2025) 32:48 Page 13 of 28 48

Fig.3 Primate occurrences, paleo- 125 12.0 1.5 11.0 105 10.0 95 9.0 Ma
tem erature microma_mmal—based I 1 1 1 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I
peraiie, Mieroms M I O C E N E Epoch
pa}eoprempltatlon estimates, and T AT e I TaiG
micromammal sample size (in ARAGONIAN VALLESIAN ELMA
number of identified cheek teeth) MNG | MN7+8 MINO T YINED) MN
for the Vallés-Penedés Basin record i Hispanomys Assemblage Zone Cricelulgdo: _ Rotundomys Local
M.crus. M. cn nti - " . N 3 L fundom, tundom;
between 12.5 and 9.0 Ma. Black v | Doy | O crsafon- -C c P isp | % montrer | brassanse. zones
dots indicate hominoid primates and % i5’ 1 GPTS
white dots pliopithecoids. Discon- ® @ Anoiapithecus brevirostris
tinuous lines indicate dating uncer- @ ‘Sivapithecus’ occidentalis species inquirenda
tainty of a few poorly constrained @ Pierolapithecus catalaunicus ) )
primate occurrences (see Table 1). @ ®- - - Dryopithecus fontani
Mean annual temperature (MAT) = =------------------ Hispanopithecus sp.
P T Hispanopithecus crusafonti
is calculated based on calculated -— @ -@ Hispanopithecus lalstanus
global temperature anomalies with 0000 @ Dryopithecinae indet.
resp.ect to ct}rrent MAT (see t.ex.t for O OO Pliopithecus canmatensis
details). Estimated paleoprecipita- O Pliobates cataloniae
tion variables comprise mean annual O Barberapithecus huerzeleri
precipitation (MAP), precipitation Egarapithecus narcisoi O
during the wettest month (HMP, ~ -=----0 Crouzeliinae indet.
in green) and precipitation during O' Pliopithecoidea indet. s
the driest month (LMP, in red). Lo &
Dots and whiskers represent mean s 3
values and 95% confidence intervals P ’g
calculated using raw data, whereas Z <
these parameters are shown as a - 1600
continuous line and shaded areas | 1400
for estimates based on a range- "o
1
through approach (see also Tables T T =
4, 5 and 6). Neogene timescale [ 1000 %
follows Raffi et al. (2020) while the Lo —
Vallés-Penedes Basin local biozones 4 . 5 g
are after Casanovas-Vilar et al. =
(2016a) [ #
+ 200
Lo
r 250
- 225
+ 200 a1}
r 175 g
o
150 ~
=
+ 125 z
+ 100 :E
‘ Ls 3
3
I | I = I E | | 50 ~—
il i 25
Lo
I C 6000
{~ 5000
[
{4000 5
ot
F 3000 @
(2]
F 2000 N
o
{ 1000
“o
1255 12.0 115 11.0 105 10.0 95 9.0 Ma
coinciding with the brief Tortonian Thermal Maximum Mean annual temperature and rainfall variable estimates

(Westerhold et al. 2020). The late Vallesian is characterized  are used to assign a Koppen-Geiger climate class (Table 2)
by somewhat lower values, which are slightly below 17 °C  to each time bin for both raw and RT data (Table 7). Results
after 9.5 Ma (Table 7). generally agree, with a major discrepancy regarding only
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Table 4 Mean annual precipitation (MAP, in mm) estimates per time bin based on micromammals. Estimates based on raw data as well as those
calculated using a range-through approach are presented for each bin. For each estimate we provide mean values, standard error (SE), and lower

and upper 95% confidence intervals (CI)

Bin Raw data Range-through approach
Mean SE Lower CI Upper CI Mean SE Lower CI Upper CI

9.1-9.0 819 94 437 1201 789 108 391 1187
9.2-9.1 1044 69 685 1403 971 79 604 1339
9.3-9.2 — — — — 1017 73 622 1345
9.4-9.3 — — — — 984 73 622 1345
9.5-9.4 — — — — 1017 74 655 1380
9.6-9.5 — — — — 1040 69 681 1399
9.7-9.6 — — — — 1017 74 655 1380
9.8-9.7 1068 85 694 1441 1032 85 659 1405
9.9-9.8 — — — — 1082 79 714 1449
10.0-9.9 976 78 609 1343 1040 77 674 1406
10.1-10.0 935 58 585 1285 1024 68 666 1382
10.2-10.1 — — — — 1024 68 666 1382
10.3-10.2 958 60 607 1309 998 65 643 1354
10.4-10.3 — — — — 1029 66 674 1385
10.5-10.4 — — — — 1052 68 694 1410
10.6-10.5 630 55 282 978 987 62 634 1341
10.7-10.6 — — — — 987 62 634 1341
10.8-10.7 — — — — 987 62 634 1341
10.9-10.8 — — — — 987 62 634 1341
11.0-10.9 — — — — 987 62 634 1341
11.1-11.0 902 61 550 1255 986 66 630 1343
11.2-11.1 1083 71 723 1443 1027 66 671 1383
11.3-11.2 978 73 616 1340 968 77 602 1333
11.4-11.3 323 53 —23 670 978 73 616 1340
11.5-11.4 — — — — 978 73 616 1340
11.6-11.5 754 87 379 1129 978 73 616 1340
11.7-11.6 930 100 541 1319 970 90 592 1348
11.8-11.7 1024 78 658 1391 1010 81 640 1379
11.9-11.8 952 72 591 1314 1028 82 658 1398
12.0-11.9 991 73 629 1353 1023 78 657 1390
12.1-12.0 978 73 616 1340 1040 74 677 1404
12.2-12.1 865 52 519 1211 1040 74 677 1404
12.3-12.2 — — — — 1043 74 680 1406
12.4-12.3 899 56 551 1248 1043 74 680 1406
12.5-12.4 1035 70 676 1395 1035 70 676 1395

the 12.4—11.8 Ma interval, for which raw data result in Csa
climates and RT data in Cfa. The moderate MAT slightly
below 18 °C indicates subtropical climatic conditions
(Cxa; Table 2). MAP estimates are moderate to high, being
~1,000 mm for most time bins. They are in the range of
present-day temperate humid areas (e.g., central Europe),
some subtropical regions (e.g., parts of the eastern and
southeastern coasts of Asia and North America), and humid
Mediterranean climates (Pfadenhauer and Klotzli 2020).
Differences between HMP and LMP, however, indicate
moderate rainfall seasonality overall, so that many bins
are assigned to subtropical climates with year-round rain-
fall (Cfa; Table 2), which today occur in the eastern and
southeastern humid coasts of Asia. Such conditions were
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widespread during the earlier part of the studied interval
until 11.6 Ma and are later sporadically recorded near the
early/late Vallesian boundary (10.0-9.7 Ma) and in the
very last interval (9.1-9.0 Ma; Table 7). For all other inter-
vals, a more seasonal Mediterranean climate (Csa; Table
2) is inferred. We must note that the differences in rain-
fall parameters, which determine the assignment to either
Cfa or Csa, are minimal (Table 7), so that small prediction
errors could easily shift the inferred climate type. The cli-
mate for the studied interval was probably at the boundary
between Cfa and Csa, being too humid and poorly sea-
sonal for a typical Mediterranean climate and simultane-
ously too dry and slightly seasonal for a typical subtropical
humid climate.
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Table 5 Precipitation during the wettest month (HMP, in mm) estimates per time bin based on micromammals. Estimates based on raw data as well
as those calculated using a range-through approach are presented for each bin. For each estimate we provide mean values, standard error (SE), and

lower and upper 95% confidence intervals (CI)

Bin Raw data Range-through approach
Mean SE Lower CI Upper CI Mean SE Lower CI Upper CI

9.1-9.0 114 16 51 177 110 18 44 175
9.2-9.1 149 12 89 208 138 14 77 200
9.3-9.2 — — — — 145 13 79 200
9493 — — — — 140 13 79 200
9.5-9.4 — — — — 145 14 85 206
9.6-9.5 — — — — 148 13 88 208
9.7-9.6 — — — — 145 14 85 206
9.8-9.7 155 17 91 219 149 16 86 213
9.9-9.8 — — — — 157 15 94 219
10.0-9.9 139 14 78 200 150 15 88 211
10.1-10.0 130 10 73 187 145 12 86 205
10.2-10.1 — — — — 145 12 86 205
10.3-10.2 134 10 76 191 141 11 82 200
10.4-10.3 — — — — 145 11 87 204
10.5-10.4 — — — — 149 12 90 208
10.6-10.5 83 8 27 139 139 11 80 197
10.7-10.6 — — — — 139 11 80 197
10.8-10.7 — — — — 139 11 80 197
10.9-10.8 — — — — 139 11 80 197
11.0-10.9 — — — — 139 11 80 197
11.1-11.0 125 10 67 183 139 12 80 198
11.2-11.1 154 12 95 214 145 12 86 204
11.3-11.2 139 13 78 199 137 14 76 199
11.4-11.3 56 8 -1 112 139 13 78 199
11.5-11.4 — — — — 139 13 78 199
11.6-11.5 105 15 43 167 139 13 78 199
11.7-11.6 133 18 67 199 139 17 75 203
11.8-11.7 147 15 85 209 145 15 83 208
11.9-11.8 134 13 74 194 148 16 86 211
12.0-11.9 141 13 80 201 147 15 85 209
12.1-12.0 139 13 78 199 149 14 88 210
12.2-12.1 119 8 62 175 149 14 88 210
12.3-12.2 — — — — 150 14 89 211
12.4-12.3 124 9 67 181 150 14 89 211
12.5-12.4 148 13 88 208 148 13 88 208
Discussion that these sampling biases had major effects on calculations

Sample size effects on paleoprecipitation proxies

Our calculations unambiguously show that, except for a few
species, arboreal and invertivorous small mammal taxa were
uncommon components of the VP faunas during the studied
time interval, so that they will not be recorded if sample size
is too small. Casanovas-Vilar et al. (2014) already showed
this for the Vallesian small mammal faunas and critically
re-evaluated the severity and timing of the Vallesian Cri-
sis, a purportedly ‘catastrophic’ extinction event occurring
at the early/late Vallesian boundary (Agusti and Moya-Sola
1990; Agusti et al. 1997, 1999, 2003, 2013). Considering

of paleobiodiversity dynamics led to the suggestion that the
Vallesian Crisis was a more protracted gradual extinction
comprising all the late Vallesian and maybe extending into
the early Turolian (Casanovas-Vilar et al. 2014, 2016b).
Given that CDA uses the relative richness of arboreal and
invertivorous taxa (PA, PI) for paleoprecipitation estimates,
it would be expected that they are considerably affected by
sample size. However, this is only partly true. Even though
our statistical tests detect significant positive correlations
for MAP, HMP, and LMP with sample size using raw data
and not using RT data (Table 3), the estimates using both
approaches generally do not differ markedly (Fig. 3; Tables
4-6). Van Dam’s (2006) choice for relative rather than
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Table 6 Precipitation in the driest month (LMP, in mm) estimates per time bin based on micromammals. Estimates based on raw data as well as
those calculated using a range-through approach are presented for each bin. For each estimate we provide mean values, standard error (SE), and

lower and upper 95% confidence intervals (CI)

Bin Raw data Range-through approach
Mean SE Lower CI Upper CI Mean SE Lower CI Upper CI

9.1-9.0 38 3 20 57 39 3 21 57
9.2-9.1 39 3 21 58 40 3 21 58
9.3-9.2 — — — — 40 3 21 58
9.4-9.3 — — — — 39 3 21 58
9.5-9.4 — — — — 40 3 21 58
9.6-9.5 — — — — 39 3 21 58
9.7-9.6 — — — — 40 3 21 58
9.8-9.7 42 3 23 60 41 3 23 60
9.9-9.8 — — — — 41 3 23 60
10.0-9.9 40 3 21 58 41 3 22 59
10.1-10.0 36 3 18 54 39 3 21 57
10.2-10.1 — — — — 39 3 21 57
10.3-10.2 37 3 19 55 38 3 20 57
10.4-10.3 — — — — 38 3 20 56
10.5-10.4 — — — — 38 3 20 57
10.6-10.5 31 2 13 49 37 3 19 56
10.7-10.6 — — — — 37 3 19 56
10.8-10.7 — — — — 37 3 19 56
10.9-10.8 — — — — 37 3 19 56
11.0-10.9 — — — — 37 3 19 56
11.1-11.0 37 3 19 55 39 3 20 57
11.2-11.1 39 3 21 57 38 3 20 57
11.3-11.2 39 3 21 58 40 3 21 58
11.4-11.3 2 2 -16 20 39 3 21 58
11.5-11.4 — — — — 39 3 21 58
11.6-11.5 24 2 7 42 39 3 21 58
11.7-11.6 41 3 22 59 41 3 22 59
11.8-11.7 41 3 22 59 41 3 22 59
11.9-11.8 39 3 21 57 41 3 22 59
12.0-11.9 40 3 21 58 40 3 22 59
12.1-12.0 39 3 21 58 40 3 22 59
12.2-12.1 35 3 17 53 40 3 22 59
12.3-12.2 — — — — 40 3 22 59
12.4-12.3 34 3 16 52 40 3 22 59
12.5-12.4 40 3 21 58 40 3 21 58

absolute richness numbers was motivated to increase robust-
ness against sample size effects, because it is expected that
rare, unrecorded taxa occur across all ecological categories
(Online Resource 3: Table S1). Yet, in some cases, insuf-
ficient sample size can still result in biased, lower paleo-
precipitation estimates, as it happens for the 11.4-11.3 and
10.6-10.5 Ma bins (Fig. 3). Conversely, higher sample sizes
may increase these estimates, as it may be the case for the
9.7-9.8 Ma bin (Fig. 3). These patterns are evident using
raw data, and still resonate using RT data, although correla-
tions are not significant.

The question of what minimum sample size should be
used for CDA is difficult to assess and will not be discussed
in detail herein. For some bins with small sample sizes,
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paleoprecipitation estimates are unrealistically low, whereas
for others they are not (Fig. 3). Sample sizes for the men-
tioned 11.4-11.3 and 10.6-10.5 Ma bins are twice the 100
specimen threshold proposed by Van Dam (2006), so 100
may not be enough for the studied area and time interval.
Hardly any differences are observed between paleoprecipi-
tation estimates using raw and RT data when sample size is
well above 500 or 1,000 specimens (Fig. 3; Table 7; Online
Resource 3: Table S1). Because such a sampling effort has
not been applied to most sites and/or time bins, caution is
recommended when interpreting smaller samples, at least
for the VP. Finally, we must point out that our methods
lumped several localities into discrete time bins, whereas
CDA was originally designed to work at the locality level.
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Table 7 Mean annual temperature (MAT, in °C) based on calculated global temperature anomalies with respect to current MAT, paleoprecipita-
tion estimates (in mm) based on micromammals, and K&ppen-Geiger climate classification (see Table 2) for each time bin. For paleoprecipitation
estimates only mean values are shown for mean annual precipitation (MAP), wettest month precipitation (HMP) and driest month precipitation
(LMP), for confidence intervals and standard errors see Tables 4, 5 and 6. Estimates based on raw data as well as those calculated using a range-

through approach are presented for each bin

Bin Raw data Range-through approach
MAT MAP HMP LMP climate MAP HMP LMP climate

9.1-9.0 16.9 819 114 38 Cfa 789 110 39 Cfa
9.2-9.1 17.0 1044 149 39 Csa 971 138 40 Csa
9.3-9.2 16.6 — — — — 1017 145 40 Csa
9.4-93 16.9 — — — — 984 140 39 Csa
9.59.4 16.8 — — — — 1017 145 40 Csa
9.6-9.5 17.0 — — — — 1040 148 39 Csa
9.7-9.6 17.1 — — — — 1017 145 40 Csa
9.8-9.7 17.0 1068 155 42 Cfa 1032 149 41 Cfa
9.9-9.8 17.0 — — — — 1082 157 41 Cfa
10.0-9.9 17.2 976 139 40 Csa 1040 150 41 Cfa
10.1-10.0 17.4 935 130 36 Csa 1024 145 39 Csa
10.2-10.1 17.3 — — — — 1024 145 39 Csa
10.3-10.2 17.3 958 134 37 Csa 998 141 38 Csa
10.4-10.3 17.3 — — — — 1029 145 38 Csa
10.5-10.4 17.4 — — — — 1052 149 38 Csa
10.6-10.5 17.4 630 83 31 Cfa 987 139 37 Csa
10.7-10.6 17.6 — — — — 987 139 37 Csa
10.8-10.7 17.9 — — — — 987 139 37 Csa
10.9-10.8 17.2 — — — — 987 139 37 Csa
11.0-10.9 17.4 — — — — 987 139 37 Csa
11.1-11.0 17.3 902 125 37 Csa 986 139 39 Csa
11.2-11.1 17.3 1083 154 39 Csa 1027 145 38 Csa
11.3-11.2 17.2 978 139 39 Csa 968 137 40 Csa
11.4-11.3 17.3 323 56 2 B 978 139 39 Csa
11.5-11.4 17.4 — — — — 978 139 39 Csa
11.6-11.5 17.4 754 105 24 Csa 978 139 39 Csa
11.7-11.6 17.3 930 133 41 Cfa 970 139 41 Cfa
11.8-11.7 17.4 1024 147 41 Cfa 1010 145 41 Cfa
11.9-11.8 17.3 952 134 39 Csa 1028 148 41 Cfa
12.0-11.9 17.3 991 141 40 Csa 1023 147 40 Cfa
12.1-12.0 17.7 978 139 39 Csa 1040 149 40 Cfa
12.2-12.1 17.6 865 119 35 Csa 1040 149 40 Cfa
12.3-12.2 17.4 — — — — 1043 150 40 Cfa
12.4-12.3 17.5 899 124 34 Csa 1043 150 40 Cfa
12.5-12.4 17.4 1035 148 40 Csa 1035 148 40 Csa

Therefore, species richness numbers for time bins may mix
species that did not actually live together (as they do in the
modern calibration set), thus affecting paleoprecipitation
estimates. An eventual rigorous assessment of the CDA
sample size threshold should consider the locality level and
a wide dataset comprising diverse geographic areas.

Inferred climatic values, temporal dynamics, and
environments

For the studied interval, estimated MAT ranges between
~16.5-18.0 °C, thus yielding realistic values for this latitude
and time, which are further consistent with a subtropical

climate (Table 2). Similar values were inferred from Val-
lesian horse tooth enamel 3'%0 for the Spanish inland Teruel
Basin, at slightly lower latitudes (Van Dam and Reichart,
2009). In contrast, estimates based on plant leaf physiog-
nomy for the Vallesian of the nearby la Cerdanya Basin, in
the Catalan Pyrenees, are lower (~11-14 °C; Tosal et al.,
2021; Altolaguirre et al., 2023), but these can be explained
by a higher altitude. MAP values are relatively high, gener-
ally around 1,000 mm, while HMP and LMP are not par-
ticularly high or low and, most importantly, do not show
the extreme differences that would indicate a marked rain-
fall seasonality (Table 7). In a monsoon-influenced climate,
HMP would be much higher than LMP, whereas in a typical
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Mediterranean one, LMP would reach generally lower val-
ues. However, MAP is in the low (or too low) range for
typical humid subtropical climates (Cfa; Pfadenhauer and
Kl6tzli 2020) and simultaneously slightly above the range
for typical Mediterranean climates (Csa; Pfadenhauer and
Kl6tzli 2020). Not surprisingly, some bins are assigned to
Cfa and others to Csa, although they only show minimal
variations in paleoprecipitation estimates (Table 7). Perhaps
the VP climate during this interval was transitional between
Cfa and Csa, with few potential modern analogues, except
for the areas where these two classes meet, such as near
the northern Adriatic and Black Sea coasts (see updated
Koppen-Geiger climate classification maps in Beck et al.
2023). Instead, more typical Cfa and Csa climates might
have alternated in the area on a finer temporal scale than
the 0.1 Myr level of analysis—so, localities belonging to
one or the other would have been mixed when lumping the
data into discrete time bins. Nevertheless, we find this sec-
ond option unlikely because paleoprecipitation estimates
for some individual localities, such as Can Poncic 1 and
Can Llobateres 1 (CLL1; Van Dam 2006: Table 6), are very
similar to those reported for the time bins that include them
(10.3-10.2 and 9.8-9. 7 Ma). Furthermore, during most of
the Miocene, only the Antarctic ice sheet was present, and
it was less extensive than today (Westerhold et al. 2020;
Steinthorsdottir et al. 2021). Consequently, first-order astro-
nomical cycles (those with periodicities<0.1 Myr, such as
precession and obliquity), which could have driven Cfa/Csa
alternations, likely had a much weaker expression.

Major biomes associated with Csa climates are Mediter-
ranean forest and shrubland, while those occurring at Cfa
climates are subtropical evergreen broadleaf and mixed
mesophytic forests (Pfadenhauer and Kl6tzli 2020). The VP
landscape during the studied time interval may have been
intermediate or may have combined both biomes, with sub-
tropical forests occurring near permanent water masses and
at mid altitudes along the reliefs bounding the basin, and
dryer landscapes extending into the lowlands.

Interestingly, our results show little variation in the recon-
structed climatic variables other than a minimal decrease in
MAT during the late Vallesian and marginally higher precipi-
tation during the older part of the record and in a few time bins
during the early Vallesian (Fig. 3). This is quite unexpected,
as significant faunal turnovers have been reported across the
Aragonian/Vallesian transition (Alba et al. 2022a) and, partic-
ularly, during the early/late Vallesian boundary, correspond-
ing to the Vallesian Crisis (e.g., Agusti and Moya-Sola 1990;
Agusti et al. 1997, 1999). Such faunal turnovers may have
been triggered by small environmental perturbations and/or
may have biotic causes. Ongoing research is set to shed light
on this issue, which will not be further discussed here.
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Comparison with other paleoclimatic proxies

Additional paleoclimatic proxies and paleobotanical data
from the VP and adjacent areas can be used to check our
interpretations. Small mammals, in particular, have promi-
nently featured in previous studies of the VP late Arago-
nian and Vallesian paleoenvironments (Casanovas-Vilar
and Agusti 2007; Casanovas-Vilar et al. 2008). These have
shown that during that time interval the VP micromammal
faunas included several insectivorous and other taxa linked
to wet forested environments commonly recorded in cen-
tral European sites, but absent from the inner Iberian basins,
which appear to have been noticeably drier. Such a pattern
has been studied in greater detail for insectivores at the
genus level (Furio et al. 2011). For this group, the VP faunas
represent a subset of central European ones, with only a few
talpid and dimylid genera missing, while in the inner Iberian
ones virtually all the taxa linked to humid forested environ-
ments are gone. This biogeographic pattern is also evident
from the micromammal-based continental paleoprecipita-
tion estimates based on CDA for the studied time interval
(Van Dam 2006: Fig. 9a—c). During MN7+8 (13.8-11.2
Ma in Van Dam 2006), estimated MAP is ~800—1,000 mm
for the VP, thus being only slightly lower than for central
Europe (~1,000—1,100 mm) and almost twice the estimates
for the inner Iberian basins such as Calatayud-Montalban
(~500 mm). The pattern continues into MN9 (11.2-9.7 Ma
in Van Dam 2006), but with slightly higher paleoprecipi-
tation values in all three regions, and during MN10 (9.7-
8.9 Ma in Van Dam 2006). However, during MN10, MAP
decreases markedly in the VP, being just slightly above 700
mm at maximum, close to the highest values recorded for
the inner Iberian basins at that time. In general, Van Dam’s
(2006) paleoprecipitation estimates for the VP agree with
our own, although the former were based on very few
localities. These estimates, together with faunal similarities
between VP and central European faunas, have been taken
as strong evidence for the occurrence of similarly forested
environments in this coastal basin (Casanovas-Vilar et al.
2005, 2008; Casanovas-Vilar and Agusti 2007). The dryer
inner Iberian basins, which lack primates, would belong
to a distinct paleobiogeographic province. These studies
by Casanovas-Vilar and co-workers revealed a consistent
and long-lasting biogeographical pattern, but they did not
attempt a detailed reconstruction of the paleoenvironments
or climatic variables in the VP. In contrast, other studies
have used a range of approaches—including ecometrics
(Arranz et al. 2023) and stable isotope analyses (DeMiguel
et al. 2021)—to infer climatic variables for selected VP
intervals and sites, often with a particular focus on primate
occurrences.
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Late Aragonian

The late Aragonian part of the ACM sequence has received
great attention because of its excellent chronostratigraphic
resolution, dense record, and high diversity of hominoid
and pliopithecoid primates (Alba et al. 2017, 2022a). Initial
studies focused on ACM/BCV1 (12.0 Ma), the type locality
of the hominoid Pierolapithecus catalaunicus (Moya-Sola
et al. 2004). In addition to a paleobiogeographic analysis
of the ACM/BCV1 small mammal assemblage, Casanovas-
Vilar et al. (2008) considered the whole ACM fauna known
at the time and used the methods developed by Hernandez-
Fernandez (2001) to infer the possible associated biome.
These methods use discriminant analysis based on the rela-
tive contribution of several selected taxonomic groups to the
large mammal sample. Fossil localities are classified based
on the discriminant functions according to the composition
of several modern localities from different biomes. Results
classified ACM as an evergreen tropical rainforest, which is
clearly unrealistic, not only considering our paleoprecipita-
tion and paleotemperature estimates but also contemporary
paleobotanical data from the region, which indicate subtrop-
ical mixed mesophytic forests (Vicente Castells 1988; Sanz
de Siria Catalan 1996; Gémez-Gras et al. 2001).

More recently, DeMiguel et al. (2021) used dental
microwear coupled with carbon (5'3C) and oxygen (5'%0)
stable isotope data of dental enamel of the moschid Microm-
eryx, ubiquitous along the ACM series, to infer MAP and
MAT. The analyzed material comes from various ACM sites
ranging from 12.38 to 11.60 Ma. 5'%0 values were used to
infer MAT and yielded surprisingly high estimates, gen-
erally above 20 °C for most of the interval, decreasing to
~17 °C only after 11.70 Ma (DeMiguel et al. 2021: Fig. 3).
313C values indicated that Micromeryx fed exclusively on
C, vegetation, further yielding very negative values (—26
to —28%o, after conversion to modern dietary equivalents)
that would be indicative of a relatively closed canopy. 8'°C
values were also used to estimate MAP with the methods
of Kohn (2010). Estimated MAP was well above 1,000 mm
for the 12.38-11.90 Ma interval, peaking in 1,400 mm near
its end, then sharply declined at 11.80 Ma to ~400 mm, to
finally rapidly increase again to around 700 mm and keep
stable until 11.60 Ma (DeMiguel et al. 2021: Fig. 3). As
for the high estimated MAT of DeMiguel et al. (2021), it
is mostly consistent with tropical to subtropical climates.
However, MAP estimates are low for tropical and subtropi-
cal humid forests (Pfadenhauer and Kl6tzli 2020) and align
more with tropical seasonal forests and savannas. Mean
annual precipitation estimates based on Micromeryx stable
isotopes partly agree with our results, which infer MAP val-
ues slightly above 1,000 mm for the 12.5-11.7 Ma interval,
which mostly includes sites from the ACM sequence (Fig.

3; Table 7). MAP is found to slightly decrease from 11.7
to 11.2 Ma, but not to the level shown by DeMiguel et al.
(2021). This is also reflected in the climate classification,
since older bins up to 11.6 Ma are assigned to Cfa, whereas
younger ones (11.6—11.2 Ma) are classified as Csa (Table
7). The slightly lower MAP, combined with the 3-5 °C
lower MAT estimates based on our data, result in different
paleoenvironmental reconstructions, closer to subtropical
biomes rather than to tropical ones. We consider our MAT
estimates more realistic because tropical temperatures are
not supported by other proxies, such as contemporary paleo-
botanical data (Sanz de Siria Catalan 1993).

DeMiguel et al. (2021) further related the apparent rare
co-occurrence of hominoid and pliopithecoid primates in
the ACM sequence (and elsewhere) to different environ-
mental preferences: the larger-bodied hominoids would
have favored denser forested environments, while plio-
pithecoids would have been able to thrive in more open
woodlands. Our results do not support such distinction and
show that both hominoids and pliopithecoids tend to be
more commonly present at times of minimally higher MAP.
However, it is unclear whether this represents a true pat-
tern or has more to do with random chance. Sukselainen et
al. (2015) used ecological diversity of associated mammal
faunas and dental ecometrics as paleoprecipitation/humid-
ity proxies to study habitat preferences of hominoid and
pliopithecoid primates in Eurasia. These authors found that
pliopithecoids appear to have been associated with more
humid environments than hominoids, which was contra-
dicted by DeMiguel et al. (2021) and is not supported either
by our data. Sukselainen et al. (2015) also found that, the
few sites where both groups co-occur (such as the early Val-
lesian sites of Castell de Barbera in the VP or Rudabanya in
Hungary), were even more humid. The latter observation is
partly supported by our results, since the 11.2—11.1 Ma bin,
which would include Castell de Barbera, coincides with one
of the paleoprecipitation maxima in the record, both using
raw and RT data (Fig. 3; Table 7). Hominoids and pliopithe-
coids also coincide at the same locality in the ACM series
(Alba et al. 2017, 2022a) at 11.9 (ACM/C5-C3) and 11.6
Ma (ACM/CS5-D1). Paleoprecipitation estimates for the bins
including these localities are not particularly high, further
being slightly below average for the 11.6—11.7 Ma bin (Fig.
3; Table 7).

No paleobotanical data are available for the late Arago-
nian part of the VP record. However, palynological (Gomez-
Gras et al. 2001) and macrofloral data (Vicente Castells
1988) from the Montjuic section, in the nearby Barcelona
Basin (Serravallian, 13.6-11.6 Ma) suggest subtropical
mixed mesophytic forests, although the presence of legu-
minous trees in the macroflora (e.g., Caesalpinia, Cassia,
Gleditschia, Robinia) indicates also some drier woodland
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habitats (Sanz de Siria Catalan 1996). Overall, these data
are congruent with our MAT and MAP estimates, so that this
kind of humid subtropical forests interspersed with drier
woodlands may have also defined the zonal vegetation in
the VP at that time.

Vallesian

As for Vallesian paleoenvironments, the early late Vallesian
(9.76 Ma) locality of CLL1 has deserved the greatest atten-
tion, likely because of the recovery of several Hispanopithe-
cus laietanus dental remains (Begun et al. 1990; Alba et al.
2012b) and the find of a partial skeleton of the same species
in the slightly younger (9.62 Ma) locality of CLL2 within
the same section (Moya-Sola and Kdhler 1993, 1996). The
CLL section represents a distal inter-channel alluvial plain,
with CLL1 corresponding to a poorly drained area with shal-
low ponds and small lakes (Begun et al. 1990; Marmi et al.
2012; Alba et al. 2012b). Can Llobateres 1 falls in the 9.8—
9.7 Ma bin, which stands out as the most densely-sampled
bin (Online Resource 3: Table S1) and records a MAP maxi-
mum and Cfa climate both using raw and RT data (Table 7).
Indeed, the small mammal fauna of the site includes mul-
tiple arboreal taxa, including various flying squirrel gen-
era (Blackia, Pliopetaurista) unknown from other VP sites
(Casanovas-Vilar et al. 2015). The mammal fauna is incred-
ibly diverse (~80 species; updated faunal list after Arranz
et al. 2023) and many Middle Miocene holdovers (e.g.,
amphicyonids, barbourofelids, listriodontine suids) are here
recorded for the last time in the basin. Besides vertebrates,
plant macroremains have also been recovered from vari-
ous stratigraphic levels at CLL1 (Marmi et al. 2012). The
small macrofloral assemblage includes parautochthonous
and allochthonous plant remains deposited in marshy areas,
with reeds (Typha, Phragmites), palms (cf. Sabal sp.), ever-
green laurels (cf. Cinnamomum sp.), and abundant fig fruits
(Ficus sp.), suggesting a dense riparian forest adjacent to a
marshy area (Marmi et al. 2012). The absence of deciduous
taxa and presence of mega-mesothermal elements indicate
a tropical to subtropical climate, although these inferences
should be cautiously interpreted given that the plant assem-
blage corresponds to azonal vegetation—more influenced
by local environmental factors than by regional climate.
However, such an environment is consistent with the high
diversity of arboreal rodents and the presence of suspensory
adaptations in Hispanopithecus (Moya-Sola and Kohler
1996; Almécija et al. 2007). On the other hand, abundant
semiaquatic beavers (Chalicomys, Euroxenomys) as well as
the presence of the tapirid Tapirus, the tragulid Dorcath-
erium, and the bovid Miotragocerus support the occurrence
of wetlands and permanent water bodies (Arranz et al. 2023;
Pandolfi et al. 2025).
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Paleoenvironmental inferences drawn on the basis of
the composition and structure of the CLL1 macromam-
mal assemblage (Andrews 1996; Hernandez Fernandez
et al. 2003; Costeur 2005; Casanovas-Vilar et al. 2008)
consistently identify humid forested environments, but do
not agree in assigning the site to subtropical or tropical
climates. Recently, Arranz et al. (2023) used the methods
of Zliobaité et al. (2016) to estimate various climatic vari-
ables (including MAT, MAP, HMP and LMP; see Arranz
et al. 2023: Table 5) from dental ecometrics of the CLLI
herbivorous large mammals. Estimated MAT is 25 °C and
that of the coldest month 24 °C, thus effectively situating
CLL1 within tropical climates. MAP estimate is 881 mm,
~250 mm lower than ours (Table 7), but HMP attains the
surprisingly high value of 2,199 mm and LMP 136 mm,
which markedly contrast with our estimates of about 150
and 40 mm, respectively (Table 7). The high precipitation
during the driest month is consistent with a rainforest cli-
mate (Beck et al. 2023), but the pronounced contrast with
the wettest month is more typical of monsoonal regimes.
However, a peak monthly precipitation exceeding 2,000
mm would be unrealistically high, as present-day monsoon
climates rarely record more than 800—1,000 mm in their
wettest month (typically 300-600 mm), even in regions
most exposed to the monsoon, such as Bangladesh and
northeastern India (Walter 1979; Pfadenhauer and Klotzli
2020). Furthermore, it cannot be that precipitation during
a single month (2,199 mm) is higher than MAP (881 mm),
so this odd value probably reflects limitations of the method
used. Arranz et al. (2023) further inferred the biome of
CLLI1 using two approaches. The first one just considered
estimated MAT and MAP and, using a Whittaker diagram
(Whittaker 1971), classified it as a tropical seasonal forest/
savanna. Their second approach, using canonical variates
analysis of dental ecometric variables of extant sites, identi-
fied it as a tropical rainforest, which the authors considered
unlikely given associated paleobotanical data. As happened
with the ACM sequence, higher MAT estimates result in the
assignment of CLL1 to tropical rather than to subtropical
climates, although inferred MAP is broadly similar to our
results. Considering our inferred MAT and MAP estimates,
the 9.8-9.7 Ma bin (Table 7), which includes CLL1, would
plot in a Whittaker diagram within the uppermost range of
temperate seasonal forests, but very close to the boundary
with tropical seasonal forest/savanna.

Since the CLL1 macroflora clearly represents an azonal
assemblage, paleobotanical data from other Vallesian sites
may provide more clues on dominant biomes. There are few
data on early Vallesian vegetation in the VP, but the Torto-
nian site of Mas Rampinyo (broadly correlated to the early
Vallesian) yielded abundant plant macroremains of legumi-
nous trees and shrubs with small xerophilous leaves (Cassia,
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Leguminosites), plus evergreen laurels (Cinnamomum, Lau-
rus) and subtropical taxa like soapberries (Sapindus; Sanz
de Siria Catalan 1993). These are consistent with data from
richer early Vallesian macrofloras from the coastal Emporda
Basin (about 100 km north of the VP), which suggest a het-
erogencous landscape with dense riparian forests and more
open woodland or bushland beyond (Tosal et al. 2022).
Such environments may have been widespread during the
early Vallesian in Catalan coastal basins. Interestingly, sedi-
mentological and faunal data consistently indicate that most
other Vallesian hominoid sites in the VP, such as Castell de
Barbera (11.2 Ma; Alba et al. 2019) or Can Pallars i Llo-
bateres (10.0-9.7 Ma; Alba et al. 2018), correspond to wet-
land and riparian environments. These sites have yielded
most of the small mammal material for the 11.2-11.1 and
10.0-9.7 intervals, so it is likely that this overrepresentation
of wetland environments results in somewhat higher MAP
estimates.

Independent paleoenvironmental data for the late Val-
lesian are extremely scarce. However, a rich and well-
preserved flora has been described from Trinxera Sud
Autopista 2 (Agusti et al. 2003), a 9.3 Ma locality that is
slightly younger than La Tarumba 1 (9.6 Ma), where the last
hominoid primates from the VP have been recorded. Geo-
logical evidence suggests that Trinxera Sud Autopista 2 also
represents a wetland environment, yet its flora differs mark-
edly from that of CLL1. The Trinxera Sud Autopista 2 mac-
roflora points to a mixed mesophytic forest, with nearly half
of the arboreal taxa being deciduous (Agusti et al. 2003).
Most notably, the mega- mesothermic taxa growing near
the water such as palms and fig trees have been replaced
by riparian deciduous trees such as alders (4A/nus), ashes
(Fraxinus), and poplars (Populus). Agusti et al. (2003) com-
pared this association to floras that are found today in parts
of central-eastern China, southern Japan, and southeastern
North America, where a similar mixture of evergreen broad-
leaved, warm-temperate and deciduous elements is present
(Pfadenhauer and Klotzli 2020). Therefore, they inferred
that a similar climate occurred at the VP at the time with
MAT of 16-19 °C and MAP above 1,000 mm, which per-
fectly agrees with our estimates (Table 7). While this flora
points to greater temperature seasonality as compared to
CLLI1, our MAT estimates indicate minimal differences
between the bins that would include both sites (Table 7).
Our methods are only suitable for estimating MAT at the
regional level, so perhaps CLL1 represented a warm micro-
climate within a generally colder area. Alternative methods,
such as stable isotopes, could be used to shed new light on
the CLL1 paleoclimate (Arranz et al. 2024). Finally, Agusti
et al. (2003) interpreted that temperature seasonality would
have increased during the late Vallesian, thus triggering
hominoid local extinction. Our results show a very slight

MAT decrease of 0.3—0.5 °C from the early to the latest Val-
lesian, inconsistent with a marked increase in temperature
seasonality, which should imply at least a difference of some
degrees.

Implications for paleoenvironmental reconstruction
of Vallés-Penedés primate habitats

Although they are more common and diverse in tropical for-
est and woodland environments, primates currently inhabit
a broad range of different habitats (Fleagle et al. 2025).
Extant (non-human) hominoids, however, generally live
in (or near) densely forested equatorial areas in Africa and
Southeast Asia (Almécija et al. 2021; Fleagle et al. 2025).
However, this does not apply to most of their evolution-
ary history, as extant hominoids represent a decimated and
biased sample of a much larger radiation that had its hey-
day during the Miocene, when they were found all over
the Old World except in its northernmost regions and were
represented by multiple species and genera (Almécija et al.
2021; Urciuoli and Alba 2023). Given their wide geographic
range, it is almost certain that at least some Miocene homi-
noids lived in habitats substantially different from those of
their extant counterparts. Indeed, various lines of evidence
indicate that many Miocene ape-bearing sites correspond
to dryer and more seasonal environments (Andrews 2015,
2020). This also appears to have been the case of VP Mio-
cene hominoids. First, our estimated MAT values are in the
range of subtropical rather than tropical climates, such as
subtropical evergreen broadleaf and mixed mesophytic for-
ests. Second, MAP is also well below the values for tropi-
cal rainforests (Af) and monsoon forests (Am), for which
it exceeds 2,000 mm/yr (Pfadenhauer and Klotzli 2020).
Indeed, MAP is even quite low for a subtropical humid cli-
mate (Cfa), at times showing values closer to humid Medi-
terranean climates (Csa), which would imply the presence
of dryer forest and shrubland. Finally, rainfall seasonality
does not appear to have been very marked, so VP environ-
ments were not as seasonally dry as Mediterranean, mon-
soon, or savanna climates.

Overall, we can conclude that the VP primates lived in
relatively colder and less humid climates than their extant
relatives, but that rainfall seasonality was not particularly
marked. There is no apparent pattern in primate occur-
rences (Fig. 3), although hominoids tend to be present and
more diverse at times of slightly higher rainfall, which are
identified as Cfa climates. On the other hand, we found no
significant differences between hominoid and pliopithecoid
occurrences, neither evidence that pliopithecoids occurred
at significantly drier (contra DeMiguel et al. 2021) or more
humid (contra Sukselainen et al. 2015) habitats. Therefore,
the occurrence of primates in the VP appears more related to
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sampling effort and random chance than to marked environ-
mental differences—even though subtle local paleoenviron-
mental differences might be at play. On the other hand, the
lack of major variations in temperature and paleoprecipita-
tion during the studied time interval questions the hypothe-
sis that Vallesian climatic changes, and concomitant habitat
fragmentation determined the local extinction of the group,
as previously suggested (Agusti et al. 2003; Marmi et al.
2012). Nevertheless, with the estimated climatic variables
showing that the VP climate at the time was at the boundary
between Mediterranean (Csa) and humid subtropical (Cfa)
climates, it is likely that the environment was not optimal
for primates, and these were generally rare and confined to
suitable refugia. Perhaps minimal variations in either MAT
and/or MAP were enough to trigger their local disappear-
ance, but this hypothesis needs to be critically evaluated, if
possible, using other paleoclimatic proxies.

As for specific VP primate habitats, we infer that they
mostly inhabited subtropical evergreen broadleaf and mixed
mesophytic forests, and maybe ecotones between these for-
ests and more open Mediterranean woodland and shrubland.
Currently, this kind of subtropical forests is present in both
North America and East Asia, in the cooler part of the sub-
tropical climate area, with a high rainfall (>1,000-1,500
mm) during the growing season (Pfadenhauer and Klotzli
2020). The high diversity of tree species is dominated by
deciduous taxa (e.g., alder, beech, hornbeam, deciduous
oaks) coexisting with some tropical evergreen species (e.g.,
cinnamon, laurels, evergreen oaks, and many others). These
forests are structurally complex, typically composed of two
distinct tree canopies, with deciduous species forming the
uppermost layer and evergreen woody taxa restricted to
the lower canopy and shrub layer (Pfadenhauer and Klotzli
2020). The Valles-Penedes primates would have thrived in
these habitats, given that they appear to have been strictly
arboreal. Partial skeletons of VP hominoids reveal an extant
ape-like, orthograde body plan adapted for vertical climb-
ing (Moya-Sola and Kohler 1996; Moya-Sola et al. 2004;
Susanna et al. 2014) and, in the case of Hispanopithecus,
even suspensory behaviors (Moya-Sola and Kohler 1996;
Almécija et al. 2007; Alba et al. 2012a)—albeit retaining
adaptations for powerful-grasping, above-branch quadrupe-
dalism unlike those of extant apes (Moya-Sola et al. 2004;
Almécija et al. 2007, 2009; Alba et al. 2010a, 2012a). In
turn, the forelimb anatomy of the small-bodied pliopithe-
coid Pliobates (Bouchet et al. 2024) suggests a combination
of arboreal quadrupedalism and cautious, eclectic climbing,
with some degree of suspensory behaviors (Alba et al. 2015;
Raventos-Izard et al. 2025). Regarding the diet of VP pri-
mates, enamel thickness and microwear analyses indicate
that the thick-enameled Pierolapithecus was a sclerocarpic
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(hard-object) frugivore similar to extant Pongo, whereas
Anoiapithecus, Hispanopithecus, and the thinner-enameled
Dryopithecus were soft frugivores (Alba et al. 2010b, 2015;
DeMiguel et al. 2014; Fortuny et al. 2021). Pliopithecoids,
in turn, would have been mainly frugivorous, with some
sclerocarpic component more marked in Pliopithecus than
in Pliobates and Barberapithecus (DeMiguel et al. 2013;
Alba et al. 2015). In summary, evidence on locomotion and
diet of VP hominoids and pliopithecoids is consistent with
arboreal habits and feeding variously on ripe or sclerocar-
pic fruits, depending on the species. Such environments
and food resources would have been present in the forested
subtropical environments inferred, as well as in the drier
ecotones between these forests and more seasonal and open
woodlands. Almécija et al. (2021) suggested that specializa-
tion for a strictly arboreal life style and a predominantly fru-
givorous diet may have been key for primate disappearance
in Western Europe, as these became a ‘specialization trap’,
and once a particular (and perhaps subtle) environmental
threshold was surpassed extinction was inevitable.

Conclusions

The ecological structure of small mammal assemblages
from the VP has been used to produce high-resolution
paleoprecipitation estimates for the densely sampled 12.5—
9.0 Ma interval (late Aragonian—Vallesian). Our approach
is based on the relative abundance of arboreal and insec-
tivorous taxa, which are generally rare in the VP record; as
a result, sample size moderately influences paleoprecipita-
tion estimates, especially in bins with fewer than 500—-1,000
specimens, where rare taxa may be underrepresented. Nev-
ertheless, estimates derived from both raw and RT-corrected
data are broadly consistent, supporting the robustness of the
method when sampling is adequate.

The results indicate that MAP during the late Aragonian
and Vallesian typically hovered around 1,000 mm, with lim-
ited rainfall seasonality. Mean annual temperature, inferred
through anomalies relative to present values, suggests a
subtropical climate (~17-18 °C). Combined, these climatic
estimates point to a transitional regime between humid sub-
tropical (Cfa) and Mediterranean (Csa) types. Our paleo-
precipitation estimates align with other paleoenvironmental
proxies and support the interpretation of the VP as more
humid and forested than the inner Iberian basins—where
primates are absent—but less so than Central Europe. Such
conditions would have supported subtropical evergreen
broadleaf and mixed forests interspersed with drier wood-
land areas, providing suitable (albeit suboptimal) habitats
for both hominoid and pliopithecoid primates. We find no
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evidence that primate-bearing intervals corresponded to
distinctly more forested paleoenvironments, nor clear eco-
logical differences that could explain the presence of plio-
pithecoids rather than hominoids. While hominoid diversity
appears slightly higher during wetter intervals, their pres-
ence seems more strongly shaped by sampling intensity and
stochastic factors—albeit local paleoenvironmental differ-
ences cannot be ruled out.

The reconstructed climates and habitats are consistent
with the arboreal locomotor adaptations and dietary prefer-
ences of VP primates, although these taxa inhabited climates
significantly cooler and less humid than those occupied by
their extant relatives. Notably, climatic variables remained
relatively stable through time, with only minor variations
in MAP and MAT—even across major faunal turnover
events such as the Vallesian Crisis at ~9.7 Ma. These results
cast doubts on the role of abrupt climatic change in driv-
ing local extinctions, including that of hominoids. Their
disappearance may instead reflect a more gradual habitat
fragmentation extending into the Turolian, or the decline of
small, vulnerable populations occupying marginal habitats
especially sensitive to subtle climatic perturbations. These
alternative scenarios should be further tested using multiple
independent paleoenvironmental proxies and performing
the analyses for selected localities rather than time bins,
while also considering the ecological flexibility and climatic
tolerances of Miocene hominoids and pliopithecoids.
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