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Paleoenvironmental inferences on the Late Miocene hominoid-bearing site of Can Llobateres

(NE Iberian Peninsula): An ecometric approach based on functional dental traits

Abstract

Hispanopithecus laietanus from the Late Miocene (9.8 Ma) of Can Llobateres 1 (CLL1;
Valles-Penedes Basin, NE Iberian Peninsula) represents one of the latest occurrences of fossil
apes in Western mainland Europe, where they are last recorded at ~9.5 Ma. The
paleoenvironment of CLL1 is thus relevant for understanding the extinction of European
hominoids. To refine paleoenvironmental inferences for CLL1, we apply ecometric models
based on functional crown type (FCT) variables—a scoring scheme devised to capture
macroscopic functional traits of occlusal shape and wear surfaces of herbivorous large mammal
molars. Paleotemperature and paleoprecipitation estimates for CLL1 are provided based on
published regional regression models linking average FCT of large herbivorous mammal
communities to climatic conditions. A mapping to Whittaker’s present-day biome classification
is also attempted based on these estimates, as well as a case-based reasoning via canonical
variate analysis of FCT variables from five relevant biomes. Estimates of mean annual
temperature (25 °C) and mean annual precipitation (881 mm) classify CLL1 as a tropical
seasonal forest/savanna, only in partial agreement with the canonical variate analysis results,
which classify CLL1 as a tropical rainforest with a higher probability. The former biome agrees
better with previous inferences derived from fossil plants and mammals, as well as preliminary
isotopic data. The misclassification of CLL1 as a tropical forest is attributed to the mixture of
forest-adapted taxa with others adapted to more open environments, given that faunal and plant
composition indicates the presence of a dense wetland/riparian forest with more open
woodlands nearby. The tested FCT ecometric approaches do not provide unambiguous biome

classification for CLL1. Nevertheless, our results are consistent with those from other
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approaches, thus suggesting that FCT variables are potentially useful to investigate
paleoenvironmental changes through time and space—including those that led to the extinction

of European Miocene apes.

Key words: Fossil apes; Hispanopithecus; Functional crown types; Ecometrics; Vallesian;

Spain.

1. Introduction
1.1. The hominoid-bearing site of Can Llobateres

Historical background The fossil site of Can Llobateres (Late Miocene), in the municipality of

Sabadell (Catalonia, NE Spain), has figured prominently in the study of Miocene mammals
from Europe—being considered the reference locality of MN9 (Mein, 1990)—with emphasis
on fossil hominoids. The site was discovered in 1926 (Crusafont Pairo, 1969; Albaetal., 2011a,
2011b) and the first accounts of its fauna were published in the 1940s (Villalta Comella and
Crusafont Paird, 1943; Crusafont Pairé and Villalta Comella, 1948). Hominoid dental remains,
assigned to the dryopithecine! Hispanopithecus laietanus, were first discovered there in 1958
(Crusafont Pairo, 1958; Crusafont Pair6 and Hiirzeler, 1969) and additional hominoid remains
were subsequently recovered during the 1960s (Crusafont Pairé and Hiirzeler 1961, 1969;
Crusafont Pair6 1965; Golpe Posse 1982, 1993; Moya-Sola et al. 1990). Crusafont and Hiirzeler

(1961, 1969) reported two additional species from the site—never figured or described, and

I Although it is currently uncertain whether the Dryopithecinae constitute a clade or a
paraphyletic assemblage (Alba, 2012; Almécija et al., 2021; Pugh, 2022), we follow Urciuoli
and Alba (2023) in provisionally distinguishing this group at the subfamily rank until its

phylogenetic relationships are clarified further.
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hence considered nomina nuda (Szalay and Delson, 1979; Alba, 2012; Alba et al., 2012a)—
while a fourth hominoid was subsequently reported based on an isolated male upper canine
(Crusafont Pair6 and Golpe Posse, 1973), being attributed to Sivapithecus indicus.

In 1981, additional dental hominoid material was recovered from the lower levels of the site
(Begun et al., 1990; Golpe Posse, 1993), known as Can Llobateres 1 (CLL1). From 1992
onward, a partial cranium (Moya-Sola and Koéhler, 1993, 1995; Begun, 1994) and skeleton
(Moya-Sola and Koéhler, 1996; Almécija et al., 2007; Pina et al., 2012; Tallman et al., 2013;
Susanna et al., 2014) were discovered on the upper levels of the site, termed Can Llobateres 2
(CLL2), which were last excavated in 1997. In 2010, excavations were resumed again at CLL1
by a team led from the ICP and additional hominoid teeth were found (Alba et al., 2012a), along
with plant remains that enabled a better characterization of the paleoenvironment (Marmi et al.,
2012). The locality of CLL1 was last excavated in 2015, owing to the paucity of the fossiliferous
levels that delivered most of the hominoid dental remains in previous years. Begun et al. (1990)
and most subsequent authors attributed the whole hominoid sample from Can Llobateres to
Dryopithecus laietanus (Harrison, 1991; Moya-Sola and Kd&hler, 1993, 1995, 1996; Begun,
1994; Ribot et al., 1996) or, more recently, Hispanopithecus laietanus (Almécija et al., 2007;
Cameron, 1997, 1998, 1999, 2004; Moya-Sola et al., 2009; Begun, 2009; Alba, 2012; Alba et
al., 2012a).

Geological background and taphonomical remarks Can Llobateres is located in the Valles

sector of the Valleés-Penedes Basin (Catalonia, Spain; Fig. 1), an elongated half-graben about
100 km in length and 12—14 km in width, parallel to the Catalan coastline near Barcelona, and
bounded by the Catalan Coastal Ranges (for an updated review, see Casanovas-Vilar et al.,
2016a). The Miocene sedimentary infill of the Vallés-Penedés Basin has been divided into four
main litostratigraphic units, Can Llobateres belonging to the Upper Continental Units, which

range from the Middle to the Late Miocene (Casanovas-Vilar et al.., 2016a). In particular, Can
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Llobateres is located within distal facies of the alluvial fan system of Castellar del Valles
(Agusti et al., 1996, 1997), consisting of a short sequence ~20 m thick mostly defined by
mudstones (claystones and siltstones), as well as polymictic breccias and conglomerates
(Marmi et al., 2012; Alba et al., 2012a). The locality of CLL1 is located in the lower section of
the sequence, characterized by organic matter and abundant mudstones, indicating a poorly
drained alluvial plain that would have favored the development of small shallow lakes and
ponds (Agusti et al., 1996; Alba et al., 2011a, 2011b, 2012a).

No taphonomic study has been performed at CLL1, but Begun et al. (1990) made some
sedimentological and taphonomic remarks based on the 1981 campaign, while Marmi et al.
(2012) and Alba et al. (2012a) provided far more detailed sedimentological descriptions and
additional taphonomic details based on the 2010-2011 campaigns. The former authors
distinguished two 'sedimentary units' at CLL1, which they interpreted as corresponding to two
different 'fluvial cycles' (Begun et al., 1990): the lower one, characterized by finer sediments
indicative of a low energy depositional environment, would have yielded taxa associated with
humid and forested environments (such as primates and suids); the upper one, in turn, would
be characterized by coarser sediments (including channel deposits) indicative of a higher energy
depositional environment and, according to these authors, would have yielded taxa indicative
of more open conditions (such as hipparionin equids) that could have been transported from
greater distances. Subsequent fieldwork at the site (Alba et al., 2012a) confirmed that primates
are apparently restricted to the lower 'unit' recognized by Begun et al. (1990) but evinced a
greater stratigraphic and taphonomic complexity (Alba et al., 2012a; Marmi et al., 2012), in
which four stratigraphic bodies may be discerned.

The bottom of the CLL1 sequence (not available to Begun et al., 1990) is composed by layers
of reddish to brown silts, sands, and conglomerates, indicative of less humid conditions than

the 'classical' layers of CLL1, probably representing the end of a preceding depositional cycle
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(Alba et al., 2012a). The lower 'unit' of Begun et al. (1990), in turn, comprises variously colored
mudstones (mostly fine-grained clays) with abundant micromammal and some macromammal
remains (including the hominoid teeth recovered in 1981 and 2011), plus mollusk shells,
silicified figs, and other fragmentary and poorly preserved plant remains. The lower layers (1a
and 1b) are blackish and become lighter in color (ligh gray to greenish) toward the top (layer
2), although at different locations layers 1b and 2—the ones that yielded primate remains—are
completely light brown (Alba et al., 2012a; Marmi et al., 2012). The top layers (3a and 3b)
consist of greenish to yellowish clays with some coarser sediments, in which gastropod shells
are poorly preserved and vertebrate remains sparser than in the underlying layers. The upper
'unit' of Begun et al. (1990) begins with a paleochannel (layer 4a) of varying thickness
composed of much coarser sediments (with decreasing granulometry from bottom to top),
which at some point erodes some or all of the aforementioned layers and which locally yielded
more abundant large mammal remains. Overlying these channel deposits there is a thick (>2.5
m) sedimentary package (layer 4b/4p) of alternating green clays, greenish to orange silts, and
conglomerates, which locally preserve abundant plant macroremains (Marmi et al., 2012). A
fourth sedimentary body can be distinguished at the top of the CLL1 sequence, including a
paleochannel (layer 5a) that erodes layer 4b and an overlying 6.5 m-thick package (layer 5b) of
multiple episodes of ocher to red clays, silts, and conglomerates, indicative of paleosol
formation and well-aerated conditions (Marmi et al., 2012).

Pending more detailed analyses, and contrary to Begun et al.'s (1990) previous assessment,
the 20102015 fieldwork campaigns (author#15 unpublished data) failed to confirm differences
in faunal composition between the primate-bearing layers and the paleochannel deposits (other
than the apparent lack of primates in the latter). For example, suids are not restricted to the
primate-bearing layers (contra Begun et al., 1990) but also present in the paleochannel deposits

(layer 4a) and in the layer 4b that overlies them. Similarly, Hippotherium remains are more
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abundant in layer 4a but are also present in most of the remaining layers, both above (4b) and
below (3b, 2, and 1b), thus including the primate-bearing ones. Finally, that forest-adapted taxa
are not restricted to the latter is best exemplified by the recovery of a Tapirus tooth from the
bottom of layer 4a (author#15 unpublished data). Coupled with the fact that detailed
stratigraphic provenance is not recorded for most of the remains recovered before 2010, this
makes impossible to conclusively ascertain whether CLL1 as a whole mixes faunal elements
from different environments due to differential transport among various fossiliferous layers.

On the other hand, different degrees of transport depending on the layer are confirmed by
available data. In particular, the presence of isolated teeth from two single individuals
(hominoid and cervid) scattered over a few square meters in one of the clay layers that yielded
primate remains suggests minimal transport, probably under water (Alba et al., 2012a). In
contrast, the paleochannel combines fragmentary and rounded remains of multiple large
mammals with better preserved and larger macromammal remains (incluing disarticulated
dentognathic and postcranial remains of a single Hippotherium individual; author#15,
unpublished data)—overall indicative of transport in higher energy conditions from longer
distances, than in the primate-bearing layers as previously concluded by Begun et al. (1990).
Finally, the plant remains from layer 4p (Marmi et al., 2012) are interpreted as a
parautochtonous assemblage acumulated by wind and short water transport in a shallow-water
epositional environment. All this preliminary taphonomic evidence combined suggests that the
fossil assemblages from CLL1 are representative of the fauna and flora present at and near the
depositional environment, although it cannot be discounted that some taxa preferentially
inhabited farther from it, as some fossiliferous layers evince greater degrees of transport than
others.

Chronological and paleoenvironmental background On biostratigraphic grounds, CLLI is

correlated to the Cricetulodon hartenbergeri—Progonomys hispanicus interval local subzone,
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while CLL2 is correlated to the Cricetulodon sabadellensis + Progonomys hispanicus
concurrent range local subzone (Casanovas-Vilar, 2016b). In turn, the Can Llobateres sequence
records three magnetozones, with reverse polarity in the lower and upper part, and normal
polarity in the middle (Agusti et al., 1996, 1997). In particular, CLL1 is correlated to C4Ar.3r
while CLL2 is correlated to C4Ar.2r (Agusti et al., 1996, 1997), with interpolated ages of 9.76
and 9.62 Ma, respectively (Casanovas-Vilar et al., 2016b). Based on the absence of
Progonomys from CLL1, it has traditionally been considered that the Can Llobateres sequence
records the early to the late Vallesian transition, with CLL1 and CLL2 being correlated to MN9
and MN10, respectively (Agusti et al., 1996, 1997; Alba et al., 2012a); indeed, CLL1 is
considered the reference locality for MN9 (Mein, 1990; de Bruijn et al., 1992; Casanovas-Vilar
et al., 2016b). However, Progonomys remains have been found in older sites from other Iberian
basins, placing the lower boundary of MN10 (as defined by the first common occurrence of this
genus) at 9.98 Ma (Hilgen et al., 2012; Van Dam et al., 2014). Accordingly, under a strictly
biostratigraphic approach to MN units, CLL1 must be correlated to MN10 instead of MN9
(Casanovas-Vilar et al., 2016b; Alba et al., 2018). It is unlikely that the paleobiodiversity of
CLL1 is inflated by time averaging, as most of the remains come from a short stratigraphic
interval of ~2 m (Alba et al., 2012a). Based on the average sedimentation rate for the Vallesian
of the Valles-Penedes Basin (20 cm/kyr; Garcés et al., 1996) this would merely represent a time
interval of ~10 kyr—in rough agreement with the difference between the interpolated ages of
CLL1 and CLL2 (~140 kyr; Casanovas-Vilar et al., 2016b), which are separated by less than
20 m of stratigraphic distance.

Paleoenvironmental inferences have previously been drawn for CLL1 based on both
mammals and plants, using different methods—see summary in Table 1 and the Discussion for
additional details. The plant remains (Sanz de Siria Catalan, 1993, 1994; Alvarez Ramis, 1975;

Alba et al., 2011b; Marmi et al., 2012), which enable a reliable reconstruction of the
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paleoenvironment where H. laietanus inhabited, are generally in agreement with the
conclusions drawn from the large and/or small mammals (Nagatoshi, 1987; Kohler, 1993;
Andrews, 1996; Herndndez Fernandez et al., 2003; Casanovas-Vilar and Agusti, 2007; Costeur,
2005), which indicate the presence of a humid and closed forest paleoenvironment at the
depositional area but further hint at the existence of relatively more open woodlands nearby
(Marmi et al., 2012). Some paleoenvironmental conclusions have also been derived for CLL1
from the numerical analyses of its mammalian assemblage composition (Andrews, 1996;
Hernéndez Fernandez et al., 2003) and ecometrics in general have been applied to this site as
part of studies that aimed to reconstruct continental patterns of Neogene paleoprecipitation
(Fortelius et al., 2002; Eronen et al., 2009, 2010a; Kaya et al., 2018) or net primary production
(Toivonen et al., 2022). However, no dedicated ecometric approaches to paleoenvironment
reconstruction have been performed thus far. Given that H. laietanus is the latest hominoid
recorded from mainland Western Europe, the reconstruction of its paleoenvironment is highly
significant for understanding the local extinction of hominoids and other mammalian taxa in

Europe during the Late Miocene (Casanovas-Vilar et al., 2011).

1.2. Ecometrics and functional crown types

Ecometrics is a trait-based approach based on the study of functional morphological features
of organisms that attempts to quantify links between the distribution of those traits across biotic
communities and specific environmental factors as well as to analyze their dynamics through
space and time in the fossil record (Fortelius et al., 2002; Eronen et al., 2010b; Vermillion et
al., 2018). Ecometric traits are measurable macroscopic features that are known to represent
their function in relation to local environmental conditions (Eronen et al., 2010b)—either due
to adaptive reasons or to use/plasticity (ecophenotypic features). The most typical ecometric

traits of vertebrates describe dental morphology, limb proportions, and body mass. Candidate
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traits for ecometric modeling must be at least preliminarily associated through their functional
relationship with the local environmental conditions, including the dominant temperature,
precipitation, or dominant vegetation type (Eronen et al., 2010b; Vermillion et al., 2018).
However, the exact associations are captured computationally when fitting statistical models to
link the traits of communities with their environmental conditions. Due to its functional
perspective, ecometrics has sometimes been referred to as a taxon-free approach, to highlight
that the ecology of fossil organisms is not inferred from that of their nearest living relatives and
that ecometric approaches neither rely on presence or absence of any individual taxa.
Theoretically, ecometric approaches can be completely taxon blind—e.g., analyzing random
samples of teeth that are found at localities without considering any taxonomic information.
However, in practice, for robustness and potentially larger samples, most ecometric studies,
including the present work, analyze the distribution of traits over species at localities,
sometimes on global datasets (e.g., Liu et al., 2012; Zliobaité et al., 2018). Ecometrics, thus,
does not focus on individual organisms, but deals with the functional composition of
communities, thereby enabling comparisons between present and past communities. Of course,
there is no way to statistically test for predictions about the past (retrodictions), which makes it
necessary to use different approaches and see how they compare.

Because of its relatively fast and non-destructive sampling, dental ecometrics has been
particularly used to make large-scale inferences about paleoenvironmental and biotic changes
across different geographic and temporal scales, and different tailored global and regional
models have been developed for different types of analysis (Eronen et al., 2010b; Liu et al.,
2012; Fortelius et al., 2016; Zliobaité et al., 2016; Oksanen et al., 2019). In this study, we aim
at predicting multiple climatic characteristics of CLL1, for which we use the dental trait scoring
scheme reported in Zliobaité et al. (2016), termed functional crown types (FCT). This scheme

was devised to potentially increase the scope of environmental predictions particularly in the
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Late Miocene and Plio-Pleistocene. The scheme is based on a modular system called crown
types (Jernvall, 1995), which was designed to be applicable to mammals generally, primarily
focusing on the shape of unworn teeth. The FCT scheme includes seven variables (Zliobaité et
al., 2016; Galbrun et al., 2018). Ecometric approaches based on hypsodonty (HYP; relative
crown height) and loph count (Fortelius et al., 2002, 2016; Eronen et al., 2010a, 2010c; Liu et
al., 2012; Oksanen et al., 2019) have been used to estimate paleoprecipitation and productivity
in the Old World from the Miocene through the Pleistocene, as well as temperature in the
Pleistocene. However, the set of seven variables of the FCT scheme offers potential for
estimating a broader set of climatic conditions, including seasonality characteristics, among
others (Zliobaité et al., 2016). Here we apply regional and global ecometric approaches based
on the FCT of herbivorous large mammals from CLL1 to refine the previous

paleoenvironmental inferences on the habitat of H. laietanus.

2. Materials and methods
2.1. Studied material

As in Zliobaité et al. (2016), the study was restricted to herbivorous large mammals of the
orders Artiodactyla, Perissodactyla, Proboscidea, and Primates, and focused on M?s (see also
Galbrun et al., 2018). We scored at the species level. An updated faunal list of the mammals
recorded at CLL1, including 20 species of the aforemantioned orders (Table 2), was compiled
based on the information available from the Valles-Penedes Miocene Vertebrates —
Paleobiodiversity Database (Casanovas-Vilar et al., 2018; Alba et al., 2022a), which includes
specimen identification and provenance information for Miocene vertebrate remains from the
Valles-Penedes Basin and is maintained by ICP researchers, not yet openly accessible. The
identification of multiple species was also revised in the course of this work by examining

original material housed in the ICP and comparing it with that from published sources.
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Functional crown type variables were scored by visual inspection from M?s in all species of
large herbivorous mammals. Zliobaité et al. (2016) scored these variables from M?s in the case
of Suidae, because in the studied species there was a great difference between M* and M.
However, this was not necessary in the case of the Miocene suid species recorded at CLL1.
When the identification of a taxon was well-documented in the literature and M?s where
available from CLLI1, we focused on this material to score the FCT variables. When any of
these conditions did not apply, other dental (or even postcranial) remains were studied to
confirm or refine the taxonomic identifications. When no M?s were available from CLL1 for a
particular taxon, FCT variables were based on those of the same species or higher taxonomic

ranks from elsewhere as reported in the literature.

2.2. Ecometric analysis

Functional crown types The FCT dental trait scoring scheme was designed to capture main

functional traits (durability, cutting, and other occlusal properties, as well as dental tissues) of
tooth shape and worn occlusal surfaces of herbivorous large mammal teeth, based on seven
(two ordinal and five binary) variables (Zliobaité et al., 2016; Galbrun et al., 2018) that are
summarized in Table 3. The two ordinal variables, HYP and horizodonty (HOD; length of the
functional occlusal surface in terms of main cusp pairs) are related to tooth durability and have
three states each (Table 3). In turn, the binary variables record three additional functional
aspects, namely (Table 3): cutting structures (acute lophs [AL] and obtuse, or basin-like, lophs
[OL]); occlusion characteristics (structural fortification of cusps [SF] and occlusal topography
[OT]); and material properties (coronal cementum; CM). Based on data from extant
environments (national parks) from Kenya, these variables have been shown to be correlated
with environmental (climatic and ecological) parameters—such as precipitation (PREC),

temperature (TEMP), net primary productivity (NPP), and normalized difference vegetation
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index (NDVI; i.e., the greenness of the vegetation)—thus being promising for making
paleoenvironmental inferences based on fossil data (Zliobaité et al., 2016).

To retrodict the paleoenvironmental conditions of CLL1, we scored the seven FCT variables

for the herbivorous large mammal species present at this locality and, based on the average for
each variable, we followed the two different approaches described below. While FCT scoring
scheme has remained fixed over the years, scoring conventions of selenodonts have changed
from Oksanen et al. (2019) onward. For compatibility with the predictive models employed in
our first approach, here we use the scoring conventions as they were defined in Zliobaité et al.
(2016), scoring all selenodonts with obtuse lophs and the Furchen of suids as fortified.
First approach Based on the seven FCT variables scored for 13 sites in Kenyan national parks,
Zliobaité et al. (2016) derived predictive models for 23 environmental (climatic and ecological)
variables using least angle regression, which uses an iterative procedure to select the most
informative dental trait predictors (while avoiding redundancies). The resulting regression
models, to be used for predictive purposes, take the same functional form as ordinary liner
regression (a linear combination of input variables). In our first approach, we used the 23
regression models (based on three FCT variables each) reported by Zliobaité et al. (2016: Table
2; see our Supplementary Online Material [SOM] Table S1) to estimate 23 paleoenvironmental
variables at CLL1. These regression models were not optimized for predictive purposes but
rather for comparability of information content in different seasonality indices using a constant
number of trait variables in each model. Yet, those models were tested for predictive accuracy
at present day, and in principle can be used for analysis of the fossil record.

An obvious limitation of this approach is that the regression models are regional, calibrated
on present day Kenya—no comparable models are available from elsewhere—which must not
necessarily be representative of past environments during the Iberian Miocene. On the other

hand, the geographically restricted nature of the dataset could also potentially result in a greater

11



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

optimization of the regression equations used to estimate the paleoenvironmental parameters.
In any event, we consider that the scope of the environments covered by the Kenyan localities
used to derived the models is compatible with a range of environments that can potentially be
expected at CLL1 and, thus, applicable to this fossil locality. Furthermore, precisely because of
the aformentioned limitation, we also followed an altternative approach that was not based on
such models but on the covariation between FCT variables and biomes in a much less
geographically restricted dataset (see next).

Second approach As an alternative approach, we used principal component analysis (PCA) and

canonical variate analysis (CVA) performed with R v. 4.1.1 (2021-08-10; R Core Team, 2021)
through Rstudio v. 2021.9.0.351 (Rstudio Team, 2021) to evaluate to what extent FCT variables
discriminate among different types of biomes and can be reliably used to make such inferences.

First, we used the Whittaker's system of present-day biomes to classify the 13 sites in Kenyan
national parks from Zliobaité et al. (2016) based on their mean annual temperature (MAT) and
mean annual precipitation (MAP) into the different biomes of the world characterized according
to the distribution of vegetation types (Whittaker, 1975). We plotted them in the Whittaker
biomes diagram using the R packages ‘devtools’ v. 2.4.3 (Wickham et al., 2021), ‘plotbiomes’
v. 0.0.0.9001 (Stefan and Levin, 2022) and ‘ggplot2’ v. 3.3.5 (Wickham, 2016), and performed
a PCA with not normalized input variables (i.e., the average values for each FCT variable at
each locality) using the R packages ‘ade4’ v. 1.7.18 (Chessel et al., 2004; Dray and Dufour,
2007; Dray et al., 2007; Bougeard and Dray, 2018; Thioulouse et al., 2018), ‘factoextra’ v. 1.0.7
(Kassambara and Mundt, 2020), and ‘ggplot2’ v. 3.3.5 (Wickham, 2016).

Second, we also relied on a geographically much wider dataset of FCT variables to further
asses if they are useful to correctly classify extant localities according to Whittaker biomes
using a CVA based on FCT data. In particular, we used Galbrun et al.’s (2018) dataset (available

online at https://github.com/zliobaite/teeth-redescription), which contains data from 28,886
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localities around the world on environmental variables, species composition, and FCT variables
for each species. We extracted the average of each FCT variable for those localities that,
according to the Whittaker diagram, correspond to certain biomes that, based on previous
literature (see Table 1), seem relevant to compare with CLL1 (temperate rainforest, temperate
seasonal forest, tropical rainforest, tropical seasonal forest/savanna, and woodland/shrubland).
The FCT variables mean hypsodonty and mean horizodonty were provided as three separate
binary variables each in Galbrun et al.’s (2018) dataset but were transformed back to ordinal
variables for this study. Once the localities were classified, we performed a cross-validated
CVA on the same data, using biomes to distinguish a priori groups, with the R packages
‘Morpho’ v. 2.9 (Schlager, 2017) and ‘ggplot2’ v. 3.3.5 (Wickham, 2016). To better evaluate
the structuration of the data and be able to discount spurious group separation, we computed
the amount of variance (?) explained by group differences in the raw data and the CVA (with
and without cross-validation) using a permutational multivariate analysis of variance (1000
pertumations) with the R package ‘RRPP’ v. 1.3.1. (Collyer and Adams, 2018, 2019).
Percentages of correct classification were computed based on the cross-validated CVA.
Finally, based on the CVA, CLL1 and the Kenyan localities were classified according to
Whittaker’s biomes. The probability that each locality belongs to one of the biomes
distinguished a priori was evaluated based on the standard posterior probabilities of group
membership (which add up to 1 when all the biomes distinguished a priori are considered) as
well as the typicality probabilities (which test if a given locality falls outside the variation of
each biome independently). To evaluate the consistency of the results for CLL1, the biome
classification favored by the CV A posterior probabilities was compared with that obtained from
the estimates of paleotemperature and paleoprecipitation yielded by the regressions based on
FCT average values in our first approach. To further assess the reliability of the classification

provided by the CVA for CLLI1, the classification for the nine Kenyan sites from Zliobaité et

13



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

al. (2016) corresponding to the five relevant biomes included in the CVA was also compared

with that obtained from actual data on temperature and precipitation.

3. Results

Species identification An updated list of mammals from CLL1 is reported in Table 2. The

herbivorous large mammals included in FCT analyses include 20 species from 19 genera and
13 families, while the complete mammal list includes 78 species (39 small and 39 large
mammals). While a few small mammal species are added here, the number of large mammal
species from CLL1 (39) reported in Table 2 is lower than the figure of 47 species reported by
Alba et al. (2011a), and even the figure of 41 currently recognized by the NOW database (The
NOW Community, 2023). All these changes are not attributable recovery of new taxa during
the new campaigns since 2010, but rather to the ongoing revision of the collections recovered
in previous decades.

With regard to micromammals, the most updated list of eulipotyphlans from CLL1 is
probably that reported by van den Hoek Ostende and Furi6 (2005). The current list differs in
the following regards: (1) the erinaceid previously attributed to Postpalerinaceus vireti by
Crusafont Pair6 and Gibert Clols (1974) is considered to represent a different species
(tentatively referred to cf. Postpalerinaceus sp.); (2) besides Talpa vallesiensis, two additional
talpids (Desmanella sp. and Talpa sp.) are recorded; (3) heterosoricid present at the site is
Dinosorex grycivensis instead of Dinosorex sansaniensis (see Furio et al., 2015); (4) an
additional dimylid (Metacordylodon schlosseri) and three additional soricids (Miosorex
grivensis, Lartetium sp., and Paenelimnoecus sp.) are identified. An indeterminate chiropteran
and a single lagomorph (contra Alba et al., 2011a) are also identified at CLL1. As for the
rodents, the list is taken from Casanovas-Vilar et al. (2016b), and only the genus ascription of

Csakvaromys bredai has been updated following Sinitsa et al. (2022).
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Regarding the macromammals from CLL1 not included in the FCT computations, the
hyracoid is assigned to Pliohyrax rossignoli following Pickford et al. (1997)—although more
detailed comparisons of the scarce material available would be required to confirm such an
attribution—while most changes correspond to carnivorans. The list of the latter is based on the
review by Robles et al. (2014), with several subsequent updates: (1) no material of Promephitis
pristinidens has been identified, and it is thus considered that previous citations of this genus
from CLL1 correspond to Mesomephitis medius; (2) Hoplictis petteri is considered a junior
subjective synonym of Eomellivora fricki following Valenciano et al. (2019); (3) a single
hyaenid (Protictitherium crassum) is recognized from CLLI1; (4) the two amphicyonids from
the site, currently under study, are provisionally attributed to Amphicyon sp. and Ammitocyon
sp.; (5) three ursids are recorded, but instead of two Ursavus species, only Ursavus brevirhinus
is present at the site, with scarce dental material being attributable instead to Miomaci sp.—an
indarctin ursid genus present at Rudabanya and Can Poncic (de Bonis et al., 2017). The
remaining large mammals are those included in the FCT analyses and hence discussed in greater
detail in the following paragraphs.

Two proboscidean species are recorded, a deinothere and a gomphothere. The deinotheriid
remains from CLL1 were described by Bergounioux and Crouzel (1962), who attributed them
to Deinotherium giganteum, which is currently considered the only deinotheriid species present
in MNO9 of Europe (e.g., Pickford and Pourabrishami, 2013; Alba et al., 2020). The
gomphotheriid remains were described by Mazo (1977), who attributed them Tetralophodon
longirostris, which replaced Gomphotherium angustidens in late MN7+8 (Mazo and Van der
Made, 2012).

Perissodactyls are represented at CLL1 by six species (a chalicothere, a horse, three
rhinoceroses, and a tapir). The chalicotheriid remains are unpublished but were reported as

Chalicotherium grande (currently Anisodon grande) by Mein (1990), being later reassigned to
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Chalicotherium goldfussi by Heissig (1999). The latter assignment is confirmed here based on
the position of the M! and M? metacones (see Anquetin et al., 2007), in further agreement with
the MNO age of the site (the two species only overlap in late MN7+8; Anquetin et al., 2007).
The equid remains were described by Alberdi (1974), being attributed to Hipparion
primigenium primigenium. Following Bernor et al. (1980, 1996, 2021), these remains could be
assigned to a distinct species endemic of the Valleés-Penedés Basin (Hippotherium
catalaunicum). However, a long needed revision of the Valles-Penedes Hippotherium remains
has been undertaken by some of the authors of this paper and, on this basis, we prefer to
tentatively assign the CLL1 remains to Hippotherium cf. primigenium. This is because
differences with the vast sample of this species from Howenegg (Bernor et al., 1997, 2022), at
present time, do not seem to warrant a species distinction. The rhinocerotid remains from CLL1,
in turn, were described by Santafé Llopis (1978), being attributed to four species, whose genus
attribution has been updated based on Sanisidro and Cantalapiedra (2022). Although these
authors reported four species from CLLI1, we refrained from including Lartetotherium
sansaniense, whose identification by Santafé Llopis (1978), which relies on a single damaged
scaphoid, is doubtful. A preliminary revision of the remains from the other rhinocerotid species
by one of the authors of this paper further indicates that more in-depth revision is required. On
the one hand, the species attribution of the Dihoplus remains must be considered tentative,
because they show some dental differences as compared with Dihoplus schleiermacheri from
Central Europe. For the same reason, the identification of Aceratherium incisivum is even more
tentative and the remains might even belong to a different genus, as they display some dental
features that fall ouside the normal variation of the genus as recorded in Central Europe. Finally,
the tapirid remains were described by Golpe-Posse and Crusafont-Pair6 (1982), who attributed

them to Tapirus priscus, an attribution that is confirmed here.
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Artiodactyls are more diverse than perissodactyls, being represented at CLL1 by 11 species
(four suids, a tragulid, a moschid, two bovids, two cervids, and a giraffid), although only the
suid Parachleuastochoerus crusafonti, the bovid Miotragocerus pannoniae, and at least one of
the cervids are common faunal elements. The suid remains were described by Golpe-Posse
(1971, 1972), who recognized four different species: Listriodon splendens, Pa. crusafonti,
Hyotherium soemmeringi, and ?Hyotherium sp. Pickford (1981, 2014) provided additional
descriptions of the Pa. crusafonti sample from CLL1, which is the type locality of the species.
The identification of L. splendens at CLL1 by Golpe-Posse (1971, 1972) was based on two
teeth, a purported molar and a premolar, the latter being assigned by the same author to
?Hyotherium sp. The revision of the material indicates that the former belongs in fact to 7.
priscus and the latter to Pa. crusafonti. However, two infantile specimens reported by Van der
Made (1996) and a few additional unpublished deciduous teeth confirms the presence of L.
splendens at CLL1, representing the last well-dated occurrence of the genus in Europe (Van der
Made et al., 2022). The larger-bodied tetraconodontine from CLLI identified by Golpe-Posse
(1971, 1972) as Hy. soemmeringi was later reassigned to Conohyus steinheimensis by Van der
Made (1990). The species was later included in Parachleuastochoerus steinheimensis and,
more recently, split into Versoporcus steinheimensis and Versoporcus grivensis by Pickford
(2014, 2016). However, the revision of the single premolar attributed by Golpe-Posse (1971,
1972) to Hy. soemmeringi indicates that, together with an incisor, it belongs to the larger
tetraconodontine referred by Pickford (2014, 2016) to Parachleuastochoerus valentini (see also
McKenzie et al., 2023). The presence of a suine at CLL1 was first reported by de Bruijn et al.
(1992) as Korynochoerus palaeochoerus (currently Propotamochoerus palaeochoerus; e.g.,
Van der Made et al., 1999; McKenzie et al., 2023), apparently based on unpublished material
not yet available to Golpe-Posse (1971, 1972). The revision of the suid remains from CLLI

unambiguously confirms the presence of the species based on diagnostic dentognathic material.
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The tragulid remains from CLL1, originally reported as Dorcatherium sp. (Crusafont Pair6,
1958), were subsequently identified as Dorcatherium naui by Moya-Sola (1979; see also Alba
et al., 2011c). The material is scanty and consists of a few tarsal bones and an upper canine.
The even scarcer moschid remains from CLL1 are unpublished, but referable to Micromeryx
aff. flourensianus based on their small size and some details of occlusal morphology, probably
belonging to a different and as yet undescribed species. The bovid remains from CLL1 were
described by Moya-Sola (1983), being attributed to Protragocerus aff. chantrei and
Miotragocerus aff. pannoniae, but we concur with previous authors (e.g., Alba et al., 2011a)
that open nomenclature (aff.) is unnecessary for these attributions, which are not tentative. The
cervid remains from CLL1 have not been described in detail but were assigned to Amphiprox
anocerus by Azanza and Menéndez (1990). Our review of the abundant material available from
CLL1 indicates that dental variation would be compatible with the presence of a single species.
However, the variation displayed by the antler material strongly suggests the presence of a
second species, whose taxonomic identity cannot be clarified at the moment—although an
assignment to Euprox dicranoceros, present in earlier Vallesian sites (Azanza and Menéndez,
1990), seems unlikely. The giraffid remains from CLL1 were described by Crusafont Pair6
(1952), who assigned them to Palaeotragus sp. However, they are here merely referred to
Giraffidae indet. because the available material merely consists of a few isolated postcranial
elements that do not allow for a species or genus attribution, particularly taking into account
the taxonomic uncertainties about the MN9 giraffids from the Vallés-Penedés Basin (Alba et
al., 2022b).

Finally, as explained in greater detail in the Introduction, the hominid remains from CLL1
were first reported by Crusafont-Pair6 (1958). The material currently available was described
in detail by Begun et al. (1990), Golpe-Posse (1993), and Alba et al. (2012a). Although

Crusafont Pair6 and Hiirzeler (1961, 1969) and subsequently Golpe-Posse (1993) recognized
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the presence of various species, currently the whole sample is attributed to Hispanopithecus
laietanus (Alba, 2012; Alba et al., 2012a)—although, based on enamel—dentine shape, the
presence of a second hominoid species at CLL1 cannot be entirely ruled out (Zanolli et al.,
2023).

Paleoenvironmental estimates based on the first approach The values for the FCT variables for

the investigated species recorded at CLLI are reported in Table 4, while the 23 estimated
environmental variables for this site are reported in Table 5. Most noteworthy are the estimated
values of paleotemperature (MAT = 25 °C) and paleoprecipitation (MAP = 881 mm), which
indicate a Whittaker’s biome of tropical seasonal forest/savanna for CLL1 (Fig. 2).

Paleoenvironmental estimates based on the second approach The first two principal

components of a PCA based on FCT variables for 13 extant localities from Kenyan national
parks (Fig. 3) summarize more than 75% of the variance. The first principal component (56%
of the variance) is mostly driven by SF and AL toward negative scores, and the remaining FCT
variables toward positive scores. The site of CLL1 displays very high scores along this axis,
most similar to the extant localities of Shimba Hills (tropical seasonal forest/savanna) as well
as Elgon and Kakamega (temperate seasonal forests). Along PC1, these three extant localities
fall far from the rest of extant localities, which cluster close to one another despite
corresponding to the four different biomes included in the analysis. The second principal
component (21% of the variance) is mostly driven by SF (and, to a lesser extent, CM and HYP)
toward negative scores, and by AL (and, to a much lesser extent, OT and OL) toward positive
scores. Extant Kenyan localities corresponding to the temperate seasonal forest and
woodland/shrubland biomes tend to display lower PC2 scores than those representing the
tropical seasonal forest/savanna and subtropical desert biomes. The site of CLL1 displays an
extremely positive score along this axis, well beyond any of the extant localities, suggesting

relevant environmental differences even compared with the closest extant localities in PC1.
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The CVA based on 18,671 extant localities from five different biomes accounts for 33.7%
of the differences among the groups, which are significant at p < 0.001, both with and without
cross-validation. Differences among the groups are also significant (p < 0.001) based on the
raw data—indicating that grouping structure is not spurious—although they explain a lower
amount of variance (13.9%). The cross-validated CV A has a low classification accuracy (49.5%
after cross validation; Table 6) because there is a considerable overlap among several biomes
(Fig. 4). The first canonical variate summarizes most of the variance (96%), being mostly
determined by OL and, to a lesser extent, CM toward positive scores, and in decreasing order
of importance, HOD, AL, and HYP toward negative scores. The analysis discriminates well
between woodland/shrubland and tropical rainforest localities, and also quite well between the
former and tropical seasonal forest/savanna localities (only with slight overlap of their 95%
confidence ellipses). However, there is considerable overlap among these and other biomes,
with the ellipse of the tropical rainforest biome being totally included within those of both the
temperate rainforest and the tropical seasonal forest/savanna biomes, and further partly
overlapping with that of the temperate seasonal forest biome. The second canonical variate is
positively driven by most of the variables to some extent, except OL (which has no influence)
and AL (which has a moderate influence toward negative scores). Given the small amount of
variance summarized by CV2 (3.5%), it is questionable whether it needs to be interpreted, as
further confirmed by the fact that all the five investigated biomes overlap along this axis.
However, it is noteworthy that the tropical rainforest biome shows a lower range of variation
than the remaining ones, with all the localities included displaying negative scores for both CV1
and CV2. The locality of CLL1 also displays moderately negative scores for both axes, falling
within the overlap zone among the ellipses of tropical seasonal forest/savanna, temperate

rainforest, and tropical rainforest, and at the fringe of temperate seasonal forest.
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However, based on the posterior probabilities (Table 7)—which hold assuming that the
distribution of possible climatic conditions in the past is similar to that of the reference dataset
of the present day—CLLI1 is classified as a tropical rainforest as a first option (63%) and as a
tropical seasonal forest/savanna as second option (30%). The typicality probabilities (Table 7)
are consistent with such classifications and confirm that, based on FCT variables, CLLI
significantly differs from all the remaining biomes at least with p < 0.05. The second
classification option for CLLI (tropical seasonal forest/savanna) according to the CVA based
on FCT variables coincides with the biome attribution of our first approach—i.e., based on
estimated paleotemperature and paleoprecipitation using Zliobaité et al.’s (2016) regressions.
Estimates of paleotemperature and paleoprecipitation are based on different sets of variables
(OL, SF, and OT vs. HOD, SF, and OT, respectively) than those that have greater loadings on
CVI1 (OL, HOD and, to a lesser extent, AL and HYP), so it is not surprising that the
classification results yielded by these two different approaches do not completely match.
However, it is remarkable that the second classification option obtained from the CVA, with a
lower posterior probability (30%), does coincide with the biome classification obtained from
paleotemperature and paleoprecipitation estimates based on FCT variables. The biome
classification results for the extant Kenyan localities based on the CVA only coincide with
those based on actual data of temperature and precipitation in five out of nine cases (Table 8),
which is not surprising given the classification accuracy of the analysis around 50%. The
mismatches correspond to localities from the temperate seasonal forest biome that are
erroneously classified by the CVA as tropical seasonal forest/savanna, whereas the four
localities actually corresponding to tropical seasonal forest/savanna are (like CLL1) correctly
classified as such. It must be taken into account, however, that none of the localities from
Kenyan national parks correspond to the tropical rainforest biome. The percentages of correctly

classified cases for the 18,671 localities included in the CVA (Table 6) indicate that localities
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from the tropical seasonal forest/savanna biome are frequently erroneously classified as tropical
rainforest (indeed, which the same frequency as the former are correctly classified, 42%),
whereas tropical rainforest localities are most frequently correctly classified as such (82% of

the cases) and misclassified as tropical rainforest/savanna with a low frequency (9%).

4. Discussion

Environmental estimates and biome classification based on functional crown type variables The

23 prediction equations for environmental variables reported by Zliobaité et al. (2016) vary in
both accuracy (2, measuring the goodness of fit) and predictive power (r**, as measured by
cross-validation). The former values vary from ~0.6—0.8 in the most reliable variables to less
than 0.3 in the least ones, resulting in highly divergent equations in terms of predictive power.
While these models were not optimized to maximize the predictive accuracy, the calibration
accuracy is reasonable for trying them for predictive purposes on the fossil record. Probably,
more accurate equations could be derived in the future based on a higher number of extant
localities, as they would increase statistical power. In the meantime, the paleoenvironmental
estimates derived from these equations for CLL1 should be taken with care as rough
approximations whose reliability depends on the accuracy of the equations used to derive them.
In other words, these estimates should not be taken at face value, because the model calibration
accuracy (or goodness of fit, 1?) and, especially, the predictive power of these equations
(calibration accuracy as measured by cross-validation, 1**) are quite low and there is no
guarantee that the Kenyan extant localities used to derive the models are representative of
European environments during the Miocene. Nevertheless, the estimated parameters could be
useful in relative terms to compare CLL1 with other well-sampled fossil localities of the Valles-

Penedés Basin in the future.

22



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

For the purposes of this work, estimates of paleotemperature (especially MAT) and
paleoprecipitation (MAP) will be mainly discussed here. Neither MAT nor MAP estimates
appear particularly accurate, with r? = 0.57 and 0.68, and r>* = —0.05 and 0.38, respectively.
Based on the equations’ accuracy, the paleoprecipitation estimate would be a priori more
reliable, but this is uncertain because Zliobaité et al. (2016) provided no method for computing
the confidence intervals of such estimates. In any event, the biome classification based on the
paleotemperature (MAT) and paleoprecipitation (MAP) estimates for CLL1 should be
contrasted with other independent sources of evidence, such as those derived from stable
isotope composition of mammalian tooth enamel (e.g., Koch, 1998; Kohn et al., 1998; Domingo
et al.,, 2013; Higgins, 2018). These analyses are currently underway, but only preliminary
results have been published so far (see below for further details). In the meantime, an alternative
approach based on a multivariate analysis of FCT average values was undertaken to contrast
the biome classification for CLL1 with that discussed above based on the regression equations.

Based on the estimated values for paleotemperature (25 °C) and paleoprecipitation (881
mm), CLL1 would correspond to a tropical seasonal forest/savanna according to Whittaker’s
biome scheme. The biome classification based on the CVA is not entirely coincident, as CLL1
is classified as a tropical rainforest with a posterior probability of 63%. Such a discrepancy is
not surprising, as the CVA is based on the seven FCT variables, whereas the paleotemperature
and paleoprecipitation estimates are calculated from different subsets of three variables each,
overall including only four out of the seven FCT variables. Furthermore, the classification
accuracy of the CVA is moderately low (49.5%). Given all these caveats, it is remarkable that
the biome classification based on paleoenvironmental estimates (tropical seasonal
forest/savanna) coincides with the second most likely classification of the CVA, with a
posterior probability of 30%. From a purely statistical viewpoint, CLL1 falls in an area of the

ecomorphospace where the 95% confidence ellipses of both biomes overlap, with the tropical
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rainforest biome displaying a much more restricted scatter than tropical seasonal
forest/savanna. Moreover, extant localities from the tropical seasonal forest/savanna biome are
as frequently misclassified as tropical rainforest as correctly classified (42% in both cases),
whereas tropical rainforest localities are most frequently classified correctly and only seldom
misclassified as tropical seasonal forest/savanna. Therefore, it seems logical to conclude that
CLL1 most likely belongs to the tropical seasonal forest/savanna biome. Alternatively, CLL1
might belong to a tropical rainforest biome, which differs from the tropical seasonal
forest/savanna biome by displaying much higher precipitation values. This would imply that
the annual precipitation estimate derived for CLL1 largely underestimates the actual value,
which must be more than twice the estimate (>2500 mm instead of 881 mm at 25 °C, based on
Whittaker’s scheme). This seems unlikely even if paleotemperature is overestimated, but not
completely impossible, given the low accuracy of the paleoprecipitation regression equation. A
third possible explanation, not mutually exclusive with the first one, is that CLL1 records a
mosaic of habitats that, despite falling within the tropical seasonal forest/savanna biome,
mimics the faunal composition that would be expected in a tropical rainforest habitat—owing
to local paleoenvironmental conditions favoring the presence of taxa adapted to more humid
environments. These possibilities are evaluated in the next subsection based on the fossil flora
and fauna from CLL1, as well as in relation to preliminary data on tooth enamel isotopic data.

Whittaker’s biome classification is one of the simplest schemes to distinguish terrestrial
biomes as it only considers MAT and MAP. While the scheme is calibrated on the present day
and, in all probability, does not identically apply to the deep past, to a first approximation it can
be applied to the Miocene. Other biome classification systems, such as Walter (1979), consider
seasonality in both temperature and precipitation. Since the methods used allow inferring which
are the coldest/warmest and wettest/driest months in the studied localities these biome

classification schemes can be considered as well. MAT is above 20 °C, which indicates a

24



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

tropical climate (according to Koppen-Geiger climate classification; see Peel et al., 2007) with
little temperature seasonality since it ranges from 24.4 °C in the coldest month to 26.7 °C in the
warmest. MAP is also high (881 mm) for a tropical environment such as savanna or desert with
average monthly precipitation always above 100 mm. However, inferred rainfall seasonality is
remarkable, with precipitation in the wettest month (2119 mm) being more than 10 times higher
than that recorded during the driest month (136 mm). Such precipitation seasonality is
consistent with a tropical seasonal biome, with a clear rainy season. Nonetheless, there is a
gradient between evergreen tropical forests and tropical deciduous forests depending on the
length and severity of the dry season, with tropical seasonal forests (also called semievergreen
or mixed tropical forests), corresponding to zonoecotone I/II of Walter (1979), showing an
intermediate composition, characterized by the presence of some deciduous tree species that
lose their leaves during the dry season. Vegetation structure in tropical seasonal forests includes
different canopy layers as in rainforests, but generally stratification is less complex, the canopy
is relatively more open, epiphytes and especially lianas are abundant, and ground vegetation is
more diverse and abundant (see Walter, 1979; Allaby, 2006). In a tropical seasonal biome, the
driest month typically records less than 60 mm of rainfall, which is much lower than the values
inferred for CLL1, suggesting that the latter might have been characterized by a tropical
seasonal forest somewhat intermediate between a tropical evergreen and a tropical deciduous
forest.

Comparison with previous paleoenvironmental inferences for Can Llobateres 1 The summary

of previous paleoenvironmental inferences for CLL1 provided in Table 1 highlights some
similar conclusioons among authors but also some discrepancies regarding the openness of the
habitat and the seasonality of the climate. Nagatoshi (1987) concluded that most of the primate-
bearing sites of the Middle and Late Miocene of western Eurasia were characterized by the

presence of water and interpreted CLL1 as an open environment with some intruding marshy
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areas based on the presence of Hippotherium and Tapirus. However, the paleobotanical
evidence is rather suggestive of a closed forest next to a marshy area with more open
environments at some distance (Fig. 5; Marmi et al., 2012). The fossil plant assemblage from
CLL1 (Alvarez Ramis, 1975; Sanz de Siria Catalan, 1993, 1994; Marmi et al., 2012) is
composed of abundant reed remains (Phragmites and Typha), coupled with palms, evergreen
laurels, and fig trees (Ficus sp.). The reeds are suggestive of a marshy area, whereas the rest of
the vegetation denotes the nearby presence of a dense wetland or riparian forest (Alba et al.,
2011a, 2011b; Marmi et al, 2012; Andrews, 2015). In turn, the presence of mega-mesothermal
taxa and the absence of deciduous taxa indicate a subtropical to warm-temperate climate
characterized by high mean annual temperatures (Marmi et al., 2012). Sanz de Siria Cataldn
(1994) inferred subtropical conditions based on the then available flora from CLL1. Although
such inferences must be taken with care, given that CLL1 corresponds to an azonal plant
community, they are consistent with the estimated MAT of 26 °C derived in this work from
FCT variables. According to the Koppen-Geiger climate classification (updated by Peel et al.,
2007), a tropical climate is characterized by average temperatures above 18 °C in the coldest
month, whereas a subtropical (or temperate) climate displays average temperatures above 10
°C in the hottest month and between 0 and 18 °C in the coldest month. Therefore, the
paleotemperature estimates for CLL1 based on FCT variables for the hottest month (26.7 °C)
and the coldest month (24.4 °C) indicate a tropical climate, consistent with the two biome
attributions favored by the multivariate analyses. On the other hand, paleobotanical evidence
from other localities and nearby basins suggests that the plant community from CLL1 would
not be representative of the zonal vegetation, which would have been characterized by a higher
proportion of mega-mesothermal taxa and deciduous elements, overall denoting subtropical to
warm-temperate (rather than tropical) climate conditions in the Vallés-Penedés Basin around

the transition between the early and late Vallesian (Marmi et al., 2012, and references therein).

26



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

It is thus reasonable to assume that, far from the wetlands, more open woodlands would have
been present by this time (Alba et al., 2011a, 2011b; Marmi et al., 2012), and that
paleotemperature estimates for CLL1 based on FCT variables might be biased to some extent
toward higher temperatures than were actually present in the area by that time.

As stressed by Marmi et al. (2012) and Andrews (2015), the faunal composition of CLLI
further supports the presence of a marshy depositional environment, given the presence of
beavers and otters (Marmi et al., 2012; Andrews, 2015), the bovid M. pannoniae (which
displays adaptations to wet environments; Kohler, 1993), and the tragulid D. naui (which shows
many similarities with the extant water chevrotian, a forest-dwelling frugivorous animal with
aquaphilous preferences; Alba et al., 2011c, and references therein). The presence of large
browsing herbivores (C. goldfussi, M. aff. flourensianus, A. anocerus, T. priscus, Aceratherium
incisivum, and Alicornops simorrense), in turn, is indicative of a densely forested environment
(Marmi et al., 2012), which is further supported by a diverse assemblage of flying squirrels and
tree dormice, which are quite diverse albeit not particularly abundant (Casanovas-Vilar and
Agusti, 2007; Marmi et al., 2012; Casanovas-Vilar et al., 2015). Flying squirrels are remarkably
diverse, including up to five different species representing both large (Miopetaurista crusafonti,
Miopetaurista neogrivensis, Albanensia aff. grimmi) and small (Blackia miocaenica., cf.
Plioperaturista sp.) species. Such diversity of flying squirrels is currently only recorded in the
tropical and subtropical forests of southeastern Asia, which show a complex and stratified
canopy (Jackson 2012, Lu et al. 2013). This is further consistent with the presence of a large-
bodied ape such as H. laietanus, particularly given the previous locomotor inferences based on
its partial skeleton, indicating that it possessed an orthograde body plan with suspensory
adaptations, even if displaying a higher degree of above-branch quadrupedalism than extant
apes (Moya-Sola and Kéhler, 1996; Almécija et al., 2007; Alba et al., 2010, 2012b; Pina et al.,

2012; Tallman et al., 2013; Susanna et al., 2014). On the other hand, the presence of a giraffid
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(Kohler, 1993) and rodents such as the cricetid Hispanomys and ground squirrels (Casanovas-
Vilar and Agusti, 2007) hint at the presence of more open woodlands nearby (Marmi et al.,
2012).

Unlike other artiodactyls, suids have not been previously considered when making
paleonvironmental inferences for CLL1, even though they can provide interesting insights. The
taxonomic revision of the large herbivorous mammals from CLL1 performed in this work has
confirmed the presence of a diverse suid assemblage, clearly dominated by the small
tetraconodontine Pa. crusafonti, but further including (in order of decreasing abundance) P.
palaeochoerus, L. splendens, and Pa. valentini. The dietary ecology of L. splendens has been
thoroughly discussed, as these suids stand out by its lophodont morphology and the lack of
adaptations for the rooting feeding behaviors characteristic of most suids (Fortelius et al.,
1996a; Van der Made et al., 2014, 2022), allowing them to survive when other types of food
are scarce. The occlusal morphology of L. splendens was originally interpreted as an adaptation
for a mainly folivorous diet (Van der Made, 1996) and microwear analyses supported that this
species was mainly a browser (Hunter and Fortelius, 1994). This has been confirmed by isotopic
analyses, which further suggest a considerable consumption of fruits and maybe some grass
(Aiglstorfer et al., 2014). Van der Made et al. (2014) hypothesized that L. splendens would have
inhabited relatively open or mosaic environments, but most recently Van der Made et al. (2022)
favored the view that, given the lack of rooting adaptations, Listriodon would have been more
limited than other suids to environments where nutritious leaves and fruits were available
throughout the year. Based on dental morphology, it has been inferred that P. palaeochoerus
would have been even better adapted for rooting behaviors than medium to large-sized
tetraconodontines of the genera Parachleuastochoerus and Versoporcus (Van der Made, 2010;
Van der Made et al., 2014). However, isotopic data indicate that these tetraconodontines also

consumed underground resources (Aiglstorfer et al., 2014), and indeed isotopic data and trace
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elements from Rudabanya (Hungary)—a hominoid-bearing site roughly coeval to CLL1—
indicate that tetraconodontines might have feed on such resources more frequently than
Propotamochoerus (Eastham et al., 2016, 2017; lannucci and Begun, 2022). This suggests a
more varied omnivorous diet for Propotamochoerus, in agreement with the greater
development of secondary cusps typical of suines (Fortelius et al., 1996a).

These dietary inferences for suids recorded at CLL1 are relevant for interpreting the
extinction of H. laietanus because some parallelism can be established with the diet of H.
laietanus and also because the extinction of L. splendens has been related to the
paleoenvironmental changes during the early/late Vallesian transition, which are generally
considered the trigger of the Vallesian Crisis (Van der Made et al., 2022). The latter is a regional
turnover event, originally identified in the Vallés-Penedés Basin, that allegedly implied the
extinction of mammals adapted to warm and humid forested environments and their
replacement by taxa adapted to more open and drier environments (Agusti and Moya-Sola,
1990; Moya-Sola and Agusti, 1990). The extension of the Vallesian Crisis to a continental scale
(e.g., Fortelius et al., 1996b; Agusti et al., 1999) has been questioned (Casanovas-Vilar et al.,
2005, 2010), being alternatively attributable to sampling biases (Casanovas-Vilar et al., 2014,
2016a). This has been conclusively shown based on micromammals from the Valleés-Penedes
Basin (Casanovas-Vilar et al., 2014), where the correction of such biases indicates that the
purported Vallesian Crisis was a protracted faunal turnover rather than an abrupt extinction
event. Although this remains to be ascertained for large mammals, it has been convincingly
argued that changes in vegetation structure led to the extinction of multiple forest-adapted
frugivorous taxa, particularly primates (Agusti et al., 2003; Marmi et al., 2012; Casanovas-
Vilar et al., 2016a) and some suids (Van der Made et al., 2022).

Dental microwear analyses indicate that H. [aietanus displayed a frugivorous diet (Ungar,

1996, DeMiguel et al., 2014), probably emphasizing soft ripe fruits but also including hard
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fruits as fallback fruits on a seasonal basis (DeMiguel et al., 2014). This would have allowed
this species to survive in the face of marked environmental instability around the early/late
Vallesian transition. This is supported by the presence of abundant enamel hypoplasias (Skinner
et al., 1995; Eastham et al., 2009), which indicate repeated episodes of malnutrition due to
seasonal resource abundance fluctuations, suggesting that H. laietanus probably feed on hard
foods during the unfavorable season (DeMiguel et al., 2014). Although there are no
paleodietary data for Pa. crusafonti, small suids are generally interpreted as forest-adapted
forms (Fortelius et al., 1996a), in agreement with the abundance in this taxon at CLLI1. This
suggests that Pa. crusafonti might have displayed on the ground a similar feeding strategy to
that of H. laietanus in an arboreal niche, i.e., predominantly based on fruits and recoursing to
other resources during the most unfavorable months of the year (maybe thanks to rooting
behaviors). The moderately abundant P. palaeochoerus, like the scarce Pa. valentini, could
have exploited other trophic resources and preferentially inhabited the more open areas far from
the wetland. In contrast, this explanation is more unclear in the case of L. splendens, whose
scarcity at CLL1 might be related to the lack of a continuous fruit supply during the unfavorable
season, given its lack of rooting adaptations.

With regard to the biome classification of CLL1 as a tropical rainforest or a tropical seasonal
forest/savanna biome, the analyses of mammalian community structure performed by Andrews
(1996) using different methods reconstructed both CLL1 and Rudabédnya as subtropical
seasonal forests, thus supporting a classification of the former as a tropical seasonal forest rather
than as a tropical rainforest (note that an alternate classification of CLL1 as a temperate rain or
seasonal forest biome is discounted by the results of our analyses). Similarly, based on
multivariate analyses of faunal composition, Herndndez Fernandez et al. (2003) classified
CLL1 as a deciduous tropical forest with a posterior probability of 99.5%—the second option

(savanna) and other remaining possibilities (rainforest and laurel forest) being non-significant.
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Despite being based on a much less sophisticated approach, the results of Herndndez Fernandez
et al. (2003) are also broadly consistent with those derived in this work, supporting that CLL1
is more readily interpreted as a tropical seasonal forest/savanna biome than as a tropical
rainforest. In contrast, Costeur’s (2005) cenogram analyses concluded that CLL1 displayed
more closed and humid conditions than Rudabénya, attributing the former to a tropical forest
and the latter to a subtropical forest/savanna mosaic. Additional support to the classification of
CLL1 as a tropical seasonal forest/savanna instead of a tropical rainforest comes from
preliminary isotope analyses performed on muroid rodents from the Vallés-Penedes Basin
(Casanovas-Vilar et al., 2019, 2020). These confirm that hominoid-bearing sites are more
humid on average than those where primates are not recorded, with most of the former being in
the range of tropical deciduous forests to evergreen warm mixed forests. For CLLI,
paleoprecipitation estimates derived from muroid stable isotopes result in MAP well above
1000 mm while paleotemperature estimate is comparable to that derived in this work (I.
Casanovas-Vilar, pers. comm. of unpublished data). Nevertheless, the value derived from
isotopes is much lower than the one that would be expected for a tropical rainforest, confirming
that CLL1 does not correspond to this type of biome. Unpublished isotope analyses based on
the equid Hip. catalaunicum from CLL1 indicate a diet entirely based on C3 vegetation (Misas
Alcantara, 2022). Following the methods by Kohn (2010) these can be used to infer
paleoprecipitation, although ideally a broader taxonomic sample should be considered for the
calculations. Tooth enamel §'3C ranges from -10.7%o to -12.5%o (Misas Alcantara, 2022), which
results in a MAP estimation of ~700—1000 mm, thus consistent with the results yielded by the
multivariate analyses of FCT variables. Misas Alcantara (2022) noted that, if Hip. catalaunicum
had inhabited and fed in the locally humid environment next to the depositional environment,
this would have resulted in more negative isotopic values—in further agreement with the

greater abundance of Hippotherium remains in the channel deposits than in the primate-bearing
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levels of CLL1. Therefore, the values reported are taken as an indication of less humid, and
presumably more open, environments nearby.

It has been hypothesized that H. laietanus would have preferred the humid forested
environments close to permanent water due to the availability of ripe, soft fruit supplies on a
year-round basis (Alba et al., 2011a, 2011b; Marmi et al., 2012), or at least during part of the
year (DeMiguel et al., 2014), despite the fact that warm-temperate mixed forests, composed
mainly of deciduous taxa, would have probably been present far from these wetlands (Alba et
al., 2011a, 2011b; Marmi et al., 2012). Similarly, the roughly coeval Rudapithecus hungaricus
from Rudabanya (Hungary) is associated with a subtropical swamp forest dominated by swamp
cypress (Taxodium; Andrews and Cameron, 2010; Andrews, 2015). Tooth enamel stable
isotope analyses of the large mammal assemblage of Rudabanya indicate a mosaic of
environments and ecological niche partitioning (Eastham et al., 2016). Some taxa, such as D.
naui and C. goldfussi, would have fed in closed canopy environments, while others such as
Hippotherium intrans would have preferred more open habitats. Therefore, the environment
associated with R. hungaricus in Ruddbanya has strong similarities with that associated with H.
laietanus in CLL1, the two corresponding to local wetlands. However, there are also some
differences because the riparian forest composition (as evidenced from paleobotanical data) is
clearly different and woodlands away from the wetlands appear to have been more humid and
warm-temperate in Rudabanya (Andrews, 2015).

Within such environments, Late Miocene dryopithecines occupied a mainly arboreal and
frugivorous niche. Although these environments might have been quite common in the Valles-
Penedes Basin during the early Vallesian (Alba et al., 2011b; Marmi et al., 2012), from the late
Vallesian onwards, tropical and subtropical taxa (such as palm and fig trees) would have
progressively disappeared as temperatures dropped (Sanz de Siria Catalan, 1994), while

deciduous trees (such as poplars or willows) became dominant in forested areas and wetlands
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(Agusti et al., 2003; Alba et al., 2011a, 2011b; Marmi et al., 2012). As a result, these new
environments would not have provided the necessary resources to sustain a population of H.
laietanus (and other taxa dependent on forest trophic resources, such as probably Pa. crusafonti
and L. splendens) throughout the year, especially during the cold season, leading to their
progressive demise and eventual extinction in the Vallés-Penedeés Basin and other areas of
Western Europe (Agusti et al., 2003; Casanovas-Vilar et al., 2005, 2010; Alba et al., 2011a,
2011b; Marmi et al., 2012). In this regard, it is noteworthy that the record of L. splendens from
CLL1 represents the latest well-dated occurrence of this taxon in Europe, whereas Pa.
crusafonti is last recorded slightly later at La Tarumba 1 (Van der Made, 1990, 1997; Van der
Made et al., 2022) at ~9.6 Ma (Casanovas-Vilar et al., 2016b), coinciding with the last record
of H. laietanus (Casanovas-Vilar et al., 2011; Alba et al., 2018). The extinction of hominoids
in other areas of Western mainland Europe would have followed a similar, although
diachronous, pattern (Agusti et al., 2003; Casanovas-Vilar et al, 2010, 2011; Merceron et al.,

2010; DeMiguel et al., 2014).

5. Conclusions

This study for the first time applied a full FCT scheme to analyze a Miocene fossil site. The
results of this work indicate that FCT variables in combination with regional predictive models
calibrated on Kenyan national parks as well as case-based reasoning over a selection of present-
day biomes are not very powerful for providing unambiguous biome classifications for CLLI.
Paleoprecipitation values appear potentially more biased than paleotemperature estimates,
which show a greater agreement with isotopic data and both plant and faunal composition.
Canonical variate analyses, in turn, failed to distinguish some particular biomes. Nevertheless,
when both approaches based on FCT variables are combined, the results are in broad agreement

with previous inferences based on other sources of data, suggesting that FCT variables are a
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useful complementary approach to make ecometric comparisons among multiple sites with
limited associated cost, thus being potentially useful to refine inferences based on other, more
traditional methods of paleoecological inference.

Regarding CLL1, the multivariate analyses based on FCT support a biome classification as
tropical rainforest or tropical seasonal forest/savanna, but paleotemperature and
paleoprecipitation estimates, particularly considering the amplitude of rainfall seasonality, are
in better agreement with the latter. These results are in further accordance with previous
inferences derived from fossil plants and mammals, as well as preliminary isotopic data. Based
on these other sources of evidence, it is concluded that the inability of the multivariate analysis
to unambiguously classify CLL1 as a tropical seasonal forest is due to the fact that the fossil
assemblage mixes forest-adapted taxa (such as H. laietanus and Pa. crusafonti), likely restricted
to the closed forest environment surrounding the marshy depositional area, with other taxa that
likely inhabited more open woodland environments far from the wetland (such as
Propotamochoerus and Hippotherium). In other words, the CLL1 local paleoenvironment to
which H. laietanus was adapted, in isolation, would not be representative of the biome at a
more regional scale, characterized by a mosaic of dense forests around the wetlands and more
open vegetation between these areas. Overall, our results are consistent with previous studies
that related the extinction of frugivorous hominoids in Western mainland Europe with that of
other forest-adaptated taxa—the so-called Vallesian Crisis. Even though paleobiodiversity
analyses of micromammals suggest that this was a more protracted event rather than an abrupt
crisis, it remains to be determined if the same applies to large mammals or whether some
important paleoenvironmental threshold (such as the complete replacement of tropical seasonal
forest patches by deciduous tropical forests) was surprassed at ~9.5 Ma, at least in the Valles-
Penedes Basin. Future studies based on FCT variables in other well-sampled Vallesian localities

of this basin, preceding (e.g., Castell de Barbera, Creu de Conill, Can Poncic) or postdating
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(e.g., La Tarumba, Torrent de Febulines) CLL1, might provide further precision in assessing

the causes of the extinction of Miocene apes in Europe.
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Figure captions

Figure 1. Simplified geological map of the Vallés-Penedés Basin showing the location of Can
Llobateres 1 (CLL1) and location of the basin within the Iberian Peninsula (inset). Modified

from Casanovas-Vilar et al. (2016a: Fig. 1).

Figure 2. Whittaker’s diagram with biome classification for Can Llobateres 1 (blue star) based
on estimated paleotemperature and paleoprecipitation (Table 5), along with the nine extant
localities from Kenyan national parks based on actual temperature and precipitation data

(Zliobaite et al., 2016).
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Figure 3. Results of a principal component analysis based on the seven functional crown type
(FCT) variables of 13 extant localities from Kenyan national parks from four different biomes
and Can Llobateres 1 (blue star), as depicted by a bivariate plot of PC2 vs. PC1. The percentage
of variance summarized by each axis is indicated within parentheses. Vectors represent the
loadings of the seven FCT variables (average values) on each axis. Each locality is color-coded
according to Whittaker biome classification (see legend). Abbreviations: PC = principal
component; HYP = hypsodonty; HOD = horizodonty; AL = acute lophs; OL = obtuse lophs;

SF = structural fortification; OT = occlusal topography; CM = coronal cementum.

Figure 4. Results of a canonical variate analysis based on the seven functional crown type
(FCT) variables of 18,671 extant localities from five different Whittaker biomes, as depicted
by a bivariate plot of CV2 vs. CV1. The percentage of variance summarized by each axis is
indicated within parentheses. Vectors represent the loadings of the seven FCT variables
(average values) on each axis. Each locality is color-coded according to Whittaker biome
classification (see legend). Ellipses represent the 95% confidence interval of each group
included a priori. The nine localities from Kenyan national parks classified by this analysis,
together with CLL1 (blue star), are also depicted. Kenyan localities: 1 = Shimba Hills; 2 =
Kakamega; 3 = Aberdares; 4 = Mt Kenya; 5 = Masaai Mara; 6 = Tsavo; 7 = Nairobi; 8 =
Naivasha; 9 = Elgon. Abbreviations: CV = canonical variate; HYP = hypsodonty; HOD =
horizodonty; AL = acute lophs; OL = obtuse lophs; SF = structural fortification; OT = occlusal

topography; CM = coronal cementum.

Figure 5. Schematic vegetation profile for Can Llobateres 1 based on macrofloral remains
recovered from the site. Vegetation zones as well as names of characteristic plants are also

indicated. Bold font indicates taxa that have not been recovered at Can Llobateres 1 but occur
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in other sites of the same basin. A marshy environment populated by reeds (Phragmites and
Typha) is depicted to the left, bordered by a dense riparian evergreen forest with palms (Sabal),
figtrees (Ficus), and laurels (Cinnamomum) that would have represented a favorable habitat for
hominoids. A more arid, open, and seasonal environment, including areas dominated by
leguminous trees, shrubs, and herbaceous plants, is depicted to the right far from the wetlands.

Artwork by Roc Olivé.
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