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Abstract: In order to understand mammalian evolution and
compute a wide range of biodiversity indices, we commonly
use the ‘bioregion’, a spatial division adapted to ecological and
evolutionary constraints. While commonly conducted by
neontologists, the establishment of bioregions in palaeontol-
ogy is generally a secondary analysis, shaped on subjective time
scales and areas specific to the investigated questions and
groups. This heterogeneity, coupled with the scale-dependency
of biodiversity indices, prevents the clear identification of
macroecological and macroevolutionary trends for large taxo-
nomic groups like extinct mammals. Here we tackle this issue
by providing a coherent framework for Neogene and Pleisto-
cene mammals of the Old World following two steps: (1) a
temporal scale adapted to mammalian evolutionary history
(i.e. evolutionary fauna) is defined by poly-cohort analysis;
(2) bioregions are then computed for each evolutionary fauna
by clustering, ordination and intermediate approaches at

multiples spatial scales (i.e. continental to regional) for Eurasia
and Africa. Additionally, providing a coherent framework for
a wide range of mammalian datasets, our results show: (1) the
synchronous emergence and fall of five mammalian evolution-
ary faunas identified at chronological scales varying from the
epoch to the geological stage; (2) a transition from a longitudi-
nal to a latitudinal biogeographical structuring between the
Miocene and Pliocene, especially in Europe; (3) the long-term
affinity of southern Asian with African faunas, in sharp
contrast with the modern Palaearctic bioregion extension; and
(4) the establishment of a vast Mediterranean bioregion from
fragmented areas in the Late Miocene to its full extent in the
Pleistocene.

Key words: bioregion, macroecology, hierarchical clustering
on principal components, Neogene mammal, Pleistocene
mammal, Old World.

UNDERSTANDING the spatial and temporal distribution of
biodiversity is one of the most important issues in ecolog-
ical and evolutionary sciences. At the end of the nine-
teenth century, Alfred Russel Wallace (1876) and Adolf
Engler (1879) conducted pioneering analyses of the spatial
distribution of modern continental biotas, which sepa-
rated the world’s fauna and flora into six biogeographical
‘realms’, more commonly known as biogeographical
regions (or bioregions). These areas are defined by the
geographical limits of metacommunities and can be used
as spatial units to study biodiversity in its various

© 2022 The Palaeontological Association

dimensions (e.g. taxonomic, phylogenetic or functional),
whether specific to an area (i.e. alpha diversity) or charac-
terizing differences between areas (i.e. beta diversity).
The study of bioregions has since been extended to the
marine realm (e.g. Longhurst 2010), to modern as well as
palaeontological data, and conducted at various spatial
scales (Bernor 1978; Bonis et al. 1992a; Heikinheimo
et al. 2007; Kostopoulos 2009; He et al. 2017). Cenozoic
mammals and the definition of their bioregions have been
the subject of intense research for more than 50 years
(Tobien 1967; Bernor et al. 1979, 1996; Bernor 1983,
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1984; Tedford 1987; Bonis et al. 1992b; Fortelius et al.
1996; Geraads 1998, 2010; Casanovas-Vilar et al. 2005;
Maridet et al. 2007; Costeur & Legendre 2008; Bibi 2011;
He et al. 2017, 2018). However, their study has been con-
ducted at a wide range of spatial (i.e. from regional to
continental) and temporal scales (i.e. from unique bio-
zone to geological era), depending on the investigated
question and often resulting from arbitrary choices. The
resulting multiplicity of mammalian palaeontological bio-
region shape, scale and size is mainly related to the nature
of the studied datasets, often limited to a short period of
time, and/or a single trophic guild or taxon. This hetero-
geneity prevents straightforward investigations of the
spatio-temporal dynamics of mammalian metacommu-
nities (Chave 2013), as well as comparisons of biodiver-
sity values between studies, since these computed values
are scale dependent (Brocklehurst & Frobisch 2018).

Furthermore, bioregions established with palacontologi-
cal data may consist of geographically close (but tempo-
rally distant) fossil sites occupied/inhabited by a wide
range of faunal elements that could have lived in drasti-
cally dissimilar environments. This phenomenon increases
as a function of the chosen temporal subdivision: the
larger the temporal scale, the more temporally distant fos-
sil sites are gathered in a same bioregion. Mammalian
bioregions have been defined and used at scales varying
from the mammal biozone (Geraads 1998; Costeur et al.
2004; Maridet et al. 2007) through the geological epoch
(Button et al. 2017; He et al. 2018) to the entire geologi-
cal period (e.g. Neogene; Tedford 1987; Costeur & Legen-
dre 2008). Short temporal scales are valuable, but they
often imply taxonomically and geographically limited
studies (Kostopoulos 2009), highly dependent on sam-
pling variations (Costeur et al. 2004; Casanovas-Vilar
et al. 2005; Maridet et al. 2007). Yet, grouping faunas at
larger scales, such as the geological epoch, is insufficient
to track regional abiotic changes and therefore produce
exploitable biogeographical regions coherent with the
tempo of biotic evolution (Escarguel et al. 2011). For
example, throughout the Miocene (i.e. geological epoch
scale), the Earth experienced major climate changes (Bar-
nosky 2001; Zachos et al. 2001; Mosbrugger et al. 2005);
the first half of the epoch is marked by a warming leading
to the Middle Miocene Climatic Optimum (MMCO), fol-
lowed by a long and continuous global cooling. These
global changes had important consequences at the
regional scale (Cano et al. 2014) by altering the distribu-
tion and intensity of precipitation and seasonal tempera-
ture variation, leading to major changes within all
communities adapted to these regional conditions (Janis
1993).

We address this issue by establishing a coherent spatio-
temporal framework that can be used to examine spatial
dynamics of Neogene and Pleistocene Old World mammalian

metacommunities. This is accomplished by: (1) determin-
ing the temporal scales consistent with the evolutionary
history of mammals; and (2) identifying their bioregions
at multiple spatial scales, so that these can be used for a
wide range of datasets.

In order to establish this coherent framework, one
must acknowledge that: (1) a biogeographical region (in
the context of a palaeontological study) is defined as a
large area encompassing similar faunas and/or floras with
a common evolutionary history, characterized by homo-
geneous environmental and climatic conditions (Kreft &
Jetz 2010); and (2) the spatial and temporal dimensions
of all ecological and evolutionary processes are funda-
mentally intertwined (Escarguel et al. 2011), a relation-
ship often overlooked in palaecobiogeographical studies.

Consequently, two steps are required to produce a
coherent framework of bioregions using the Neogene and
Pleistocene fossil record of Old World mammals: first,
time-dynamic bioregions (Costeur et al. 2004; Reygon-
deau et al. 2013) must be computed on temporal scales
large enough to avoid strong variation in sampling effort
(He et al. 2018), and short enough to track regional envi-
ronmental changes that are driving ecological and evolu-
tionary dynamics (e.g. dispersal, niche differentiation)
that form the basis of bioregion building (Maridet et al.
2007). The identification of these appropriate temporal
resolutions is performed using poly-cohort analyses
(Escarguel & Legendre 2006). This approach can detect
the succession of evolutionary faunas (i.e. temporally
coherent sets of mammals appearing and disappearing
synchronously; Figueirido et al. 2012) thus ensuring that
geographical clusters of fossil sites are built on large tem-
poral scales consistent with the evolution of mammalian
faunas and their ecosystems (Herbert et al. 2016; Barbo-
lini et al. 2020; Li et al. 2020). Secondly, bioregions must
be established at multiple spatial scales, so that the opera-
tional framework proposed here can be used with as
many mammal groups and biodiversity patterns as possi-
ble. This is crucial as many ecological patterns emerge
only at particular scales, and are perceived as noise or
constants, or even go undetected, at other scales (Levin
1992; Chave 2013). Bioregion analysis is conducted using
two methods: a classical hierarchical clustering (Kreft &
Jetz 2010) and a hierarchical clustering on principal com-
ponents (HCPC; Husson et al. 2010). We use an incre-
mental approach with both methods (Heikinheimo et al.
2007) to generate continental as well as finer regional
bioregions, and create a variable number of clusters to
identify large-scale patterns structuring the geographical
distribution of mammals (minimum number of clusters)
as well as more detailed distribution of Neogene and
Pleistocene mammal diversity (maximum number of clus-
ters). Finally, the nature of these subdivisions and their
temporal and spatial dynamics can be observed and
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interpreted in the light of the well-known changes in
mammalian faunas and environments.

MATERIAL AND METHOD
Dataset

All occurrence data of Neogene and Pleistocene mamma-
lian species from Eurasia and Africa were extracted
from the open access New and Old Worlds fossil mam-
mal database (NOW; https://www.helsinki.fi/science/now;
downloaded 1 March 2020). This fossil record was sup-
plemented by our own unpublished dataset, extending
over the last five million years, which includes all occur-
rences of mammalian species identified since 2006 by
palaeontologists of the Omo Group Research Expedition
(OGRE) in the lower Omo valley, Ethiopia. Occurrences
defined at higher taxonomic levels than the species, as
well as uncertain identification using open nomenclature
(ie. ¥, ‘cf’) were excluded from this study. Finally, to
limit the dataset to species with similar dispersal con-
straints, bats and marine mammals were also excluded
(Heikinheimo et al. 2007). We chose to use the European
land mammal ages (MN; Mein 1976; Agusti et al. 2001;
Fig. S1) as temporal units to ensure the homogeneity of
the dataset. Because these have been defined on European
faunas, we assigned all African and Asian occurrences to
ad hoc ‘MN-equivalents’ (MNEQ; Ataabadi et al. 2013,
Madern & Van den Hoek Ostende 2015) based on their
absolute and relative ages (extracted from the database).
Only localities defined at the scale of the geological
stage (or ~3 MNEQ) were selected to maximize temporal
resolution and homogeneity. Palacocoordinates of fossil
localities were calculated by rotating their present-day
coordinates using the software GPlates version 2.0.0
(Miiller et al. 2018), and the rotation file supplied by Sco-
tese (2016). To reduce the effect of spatial variability in
sampling as well as duplicates between databases, assem-
blages from the same MNEQ were grouped together when
located within a range of 0.1° of latitude and longitude
following He et al. (2018). Furthermore, only localities
with at least five different species were retained for poly-
cohort and cluster analyses (Fig. S2A). Even though Old
World Neogene and Pleistocene mammals are documen-
ted by one of the most complete terrestrial palaecontologi-
cal datasets in the world, sampling effort is spatially and
temporally highly variable (Peldez-Campomanes & Van
der Meulen 2009; Madern & Van den Hoek Ostende
2015). In comparison with Europe and Asia, the African
continent is almost free of rich localities (>5 species)
before 5 Ma (Fig. S2B), except in eastern and southern
Africa. Overall, the final dataset consists of 44 338 occur-
rences, distributed within 1995 localities, which corresponds

to 5147 species of non-flying terrestrial mammals that
have inhabited the Old World during the last 23 million
years.

Poly-cohort analysis and evolutionary faunas

To ensure that biogeographical regions are built on a
temporal scale consistent with the evolution of mamma-
lian ecosystems and faunas, the selected time scale is that
of evolutionary fauna (‘EF’ herein; Sepkoski 1981; Fig-
ueirido et al. 2012) or chronofauna (Olson 1952; Eronen
2007). Computing EF is a simple way to build distinct
sets of bioregions for each major evolutionary stage of the
Old World mammals. Some evolutionary faunas, such as
the Pikermian and the Baodean chronofaunas (respec-
tively in Europe and Asia), are already well known and
documented (Eronen et al. 2009; Kostopoulos 2009; Ataa-
badi et al. 2013). However, mammalian evolutionary
faunas remain unknown for several regions of Eurasia
and very large temporal intervals of the Neogene and
Pleistocene. We thus computed evolutionary faunas for
Europe, Asia and Africa for the entire Neogene—Pleisto-
cene interval, using a poly-cohort analysis developed by
Escarguel & Legendre (2006), based on the work of Simp-
son (1944). Distinct methods like clustering-based palaeo-
communities (PCOMs) developed by Raia et al. (2005,
2006), or the Q-mode factor analysis used by Figueirido
et al. (2012) are reliable and proven alternatives to pro-
duce evolutionary faunas at multiples temporal scale.
However, for the sake of clarity, this study focus on poly-
cohort and avoids using clustering/factor approach for
both temporal and spatial analysis. The poly-cohort
approach consists of observing all cohorts (whole sets of
species occurring during a specific time span; i.e. one
MNEQ) of a dataset to distinguish sets of cohorts origi-
nating and disappearing synchronously. This is accom-
plished by creating two curves: a prenascence curve that
reflects the cohort origination dynamics through the pre-
vious time interval, and a survivorship curve that reflects
the extinction of the cohort during the following time
interval (Fig. S3). In turn, the joint analysis of all cohorts
(here, corresponding to each MNEQ) reveals evolutionary
breakpoints at which all pre-existing cohorts are impacted
by high extinction rates and give way to a new set of
cohorts that appear during or just before that breakpoint.
Finally, breakpoints identified by the poly-cohort analysis
are used to define the temporal limits of evolutionary
faunas and regroup MNEQ units. As poly-cohort analysis
is based on the percentage temporal trajectories of all
cohorts, it shows low sensitivity to sampling heterogen-
eity. Nevertheless, strong temporal variations in sampling
effort could generate arbitrary breakpoints. Attention
should thus be directed toward the potential relationship
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between the computed evolutionary breakpoints and the
temporal variation in sampling heterogeneity (Peldez-
Campomanes & Van der Meulen 2009; Madern & Van
den Hoek Ostende 2015).

Establishment of biogeographical regions

Taxonomic dissimilarity was calculated between all pairs
of localities using Raup & Crick (1979) and Simpson
(1944) indices, as recommended for fossil datasets (Kreft
& Jetz 2010; Ataabadi et al. 2013) to reduce the effect
of sampling heterogeneity on dissimilarity values. Both
indices are computed within each evolutionary fauna
obtained with the poly-cohort analyses. The determina-
tion of biogeographical region was first made with hierar-
chical clustering (unweighted pair group method with
arithmetic mean (UPGMA) using ‘ward.D2’ method)
directly on the inter-locality dissimilarity values. Hierar-
chical clustering was also computed on new coordinates
calculated using non-metric multidimensional scaling
(nMDS) on the dissimilarity values. This second method
is known as hierarchical clustering on principal compo-
nents (HCPC, FactoMineR package; Le et al. 2008), and
represents an intermediate solution between ordination
and clustering methods. To validate the clustering of
localities into bioregions, their taxonomic dissimilarity
was subjected to significance testing using analyses of
similarity (ANOSIM) based on Raup & Crick and Simp-
son indices (Fig. S4A). Only clusters that are significantly
dissimilar and geographically coherent (i.e. non-overlapping
and contiguous) were retained (Brocklehurst & Frobisch
2018). For example, when a few localities of a cluster A were
found geographically isolated within a cluster B after HCPC
or UPGMA clustering, ANOSIM was conducted on the
clusters initially determined by UPGMA and HCPC, as well
as on the clusters subsequently modified to account for both
geographical and taxonomic dimensions (i.e. with the few
isolated localities of A integrated within B; this procedure
illustrated in Fig. S4B).

Limiting clustering analyses to hierarchical clustering
(e.g. UPGMA) prevents the identification of geographical
gradients of composition within faunas (Brayard et al.
2007). Given that the importance of gradients in the
organization of biodiversity has long been demonstrated
(McCoy & Connor 1980; Marcot et al. 2016), the use of
ordination and/or HCPC methods to identify gradients is
imperative. The distribution of fossil sites within the

HCPC analysis is also illustrated on the UPGMA hierar-
chical clustering tree, directly calculated on the dissimilar-
ity matrices to highlight the differences in results among
methods (Dommergues et al. 2009; Appendix S2). HCPC
and ordination methods should be more effective at
detecting very large-scale spatial structure by generating
two or three continental-scale bioregions of equivalent
size, whereas UPGMA is more likely to isolate handfuls of
localities inhabited by the rarest taxa from a homo-
geneous whole. As the number of clusters has to be speci-
fied for UPGMA and HCPC analyses, we started with the
minimal number of clusters (i.e. two) to identify the
major structure within the geographical distribution of
species at the scale of the entire Old World (called here-
after ‘global scale’) and then at continental scales (i.e.
Europe, Asia, Africa). The number of clusters was then
gradually incremented (rooted increment for UPGMA,
non-rooted for HCPC) in order to generate more detailed
subdivisions of the spatial distribution of fossil mammals.
Incrementing was stopped when subdivisions were con-
centrated within continents (for the global scale) or when
geographically coherent bioregions would no longer be
formed with both methods at continental scales. Bio-
regional maps shown in the main text are a selection of
the most geographically consistent bioregions formed using
HCPC and UPGMA analysis. All the maps produced with
both methods are shown in Appendix S2 (Figs S5, S20).
See Data Archiving Statement, below, for locations of raw
data extracted from NOW database and all derived data
(i.e. locality and taxon names from NOW and OGRE
ordered by evolutionary faunas and bioregions). The Shun-
gura occurrences extracted from OGRE unpublished data-
set are grouped within a unique locality after thinning and
included in the data files at the temporal scale of evolu-
tionary faunas. An example Rmarkdown script with com-
ments and figures can be found in Appendix S4, and in
the GitHub and Dryad repositories, to help reproduce all
analyses conducted in this study (Gibert Bret 2022).

RESULTS
Neogene and Pleistocene evolutionary faunas

Five evolutionary faunas (EF), corresponding to five large
temporal units ranging from two to five MNEQs, were
identified in Neogene and Pleistocene mammalian assem-
blages (Fig. 1). They are distinctly identified by the

FIG. 1. Poly-cohorts curves at an: A, Old World; B, European; C, Asian; D, African scale. Mammal zonations (here represented by
MNEQI1-17; Agusti et al. 2001) are extracted from NOW database. Black dashed lines are cohorts excluded from the clustering
analysis. The colour of each cohorts illustrates its respective evolutionary fauna; ‘end of Plei.” refers to the period of the Pleistocene
(previously MN18), not covered by MN17 (i.e. from 1.9 Ma to 0.011 Ma).
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amplitude of extinctions and originations within the poly-
cohort matrices, almost synchronously in all three continents
(Table S1). While the mean background rates of origination
and extinction of a given cohort from one MNEQ to another
are 17% and 13%, respectively, four major turnover events
led to the quasi-synchronous origination and extinction of a
large number of taxa. On average, these turnovers depict
39% of new and 35% of extinct taxa from one MNEQ to
the next one, greatly exceeding the background origination
and extinction rates (Table S1).

At the Old World scale, a first EF (Fig. 1A; Early Mio-
cene fauna) originated during MNEQ2 (21.7-19.5 Ma)
and became extinct in a massive pulse at the end of
MNEQ4 (16.4 Ma; Table S1A). The first cohort of the
dataset (MNEQI1: 23-21.7 Ma) was not included in the
first EF because it experienced an intensive extinction
pulse in MNEQ2, independently of MNEQ2—4 cohorts
(48% of MNEQI species were already extinct during
MNEQ3). In addition, MNEQ2—4 cohorts were almost
absent during MNEQ1 with respectively only 16% and
7% of taxa from MNEQ3 and MNEQ4 cohorts recorded.
The second (MNEQ5-7/8: 16.4-11.2 Ma) and third
(MNEQ9-13: 11.2-5.3 Ma) EFs match the division of
MN in the Middle and Late Miocene (Agusti et al. 2001;
Fortelius et al. 2014). The fourth EF combines cohorts
from MNEQI4 and MNEQI15 and coincides with the
Pliocene Zanclean stage. The last EF (‘Plio-Pleistocene
fauna’) originated during the next MNEQ zone (MNEQ16:
3.55-2.5 Ma) and lasted until the end of our fossil record
(part of Pleistocene after MNEQ17: 1.95-0.0117 Ma).

Similarly, five consecutive EFs are also identified at a
continental scale by poly-cohort analysis (Fig. 1B-D).
Their timing of origination and extinction are close but
do not perfectly match those of the global scale poly-
cohort analysis (Fig. 1A). For European mammals, the
second evolutionary fauna originates during MN4 (17.2—
16.4 Ma) rather than MNEQ5 (16.4-14.2 Ma) at the
global scale (Fig. 1B; Table S1B), but the following faunas
match the temporal dynamics of evolutionary faunas
identified at the global scale. Fahlbusch (1989) proposed
a similar grouping for European rodent faunas between
MN4 and MN7/8 (12.85-11.2 Ma). Finally, a minor turn-
over event can be identified between MNEQ10 and 11, in
particular among European mammalian faunas (Table S1).

At the Asian scale, the origination and extinction times
of evolutionary faunas coincide with those described at
the global scale, except for the first one consisting only of
the MNEQ3 and MNEQ4 cohorts. Indeed, a large part
(61%) of MNEQ2 taxa (Fig. 1C) were already present
during MNEQ1 and disappeared (33%) before MNEQ3.

In Africa, the first EF included the MNEQI1 cohort.
The fourth EF included MNEQI13 (Messinian) and
MNEQ16 (Zanclean) cohorts that are respectively parts of
EF3 and EF5 at all other scales (Fig. 1D). The last EF in

Africa is restricted to Pleistocene assemblages (from
MNEQI17 to the end of the Pleistocene).

Distribution at the Old World scale

Following the establishment of EFs, bioregions were com-
puted at the global and continental scales for each of the
five evolutionary faunas. All bioregions illustrated in this
paper were obtained using the Raup & Crick index analyses
and a selection of HCPC and UPGMA bioregions was
made according to their respective geographical coherence
(Figs 2-5). Bioregions resulting from the Simpson index
analyses, largely identical to the bioregions produced by
Raup & Crick (except for one bioregion in Asia during the
Plio-Pleistocene), are presented in Appendix S2, with all
HCPC and UPGMA maps, and trees computed using both
indices (Figs S5, S71). The detailed description of the itera-
tive identification of bioregions at both global and conti-
nental scales is provided in Appendix S3, while only a short
summary highlighting the major temporal and spatial
changes in bioregional structure is provided here.

At the Old World scale, the first spatial structure is the
division between faunas in northern Eurasia (Europe +
northern Asia) and those in Africa and southern Asia
(Fig. 2A, G, M). This pattern is illustrated by the first
dimension of nMDS for EF1 (Fig. S21), EF3 (Fig. S27),
EF5 (Fig. S33) and the first dichotomy of UPGMA and
HCPC trees for EF2 (Figs S26, S25). Another major pat-
tern at this scale is the spatial division of northern Eur-
asia. In the Early Miocene (EF1), northern Asia and
northern Europe formed a large bioregion (Fig. 2C), lati-
tudinally separated from taxa in south-eastern (central
Europe to Anatolia) and south-western Europe (southern
France, Iberian Basin). From the Middle Miocene to the
Pliocene (EF2—4; Fig. 2F, I, K), a new spatial pattern
emerges: the longitudinal separation of the northern
Eurasian faunas, reaching a climax during Late Miocene
(Fig. 2I; illustrated by the second dimension of nMDS:
Fig. S27). Finally, at the end of the Pliocene and during
the Pleistocene (EF5), the major structuring pattern of
bioregions on a global scale is latitudinal. A large south-
ern European region is formed along the Mediterranean
coast starting in the Pliocene (Fig. 2L; EF4) and northern
Eurasian faunas no longer split longitudinally into multi-
ple bioregions but form a large bioregion reminiscent of
the modern extension of the Palaearctic biogeographical
realm, with the exception of its northern African part.

Distribution at the continental scale

Europe. In Europe, the main spatial structures of Miocene
mammalian faunas are longitudinal (Fig. 3A, E, G). The



GIBERT ET AL.: BIOGEOGRAPHICAL FRAMEWORK FOR EXTINCT MAMMALS 7

2 clusters 3 clusters 4/5 clusters

@
=
<
©
e

|
©
=
~
N

<
[¢]
i
z
=
hl
ol
i
z
=1

EF 2
(MNEQS5 — MNEQ7/8)

16.4 Ma—11.2 Ma

EF 3
(MNEQ9 — MNEQ13)

©
=
G
o)
|

©
=
o~
-
=

EF 4
(MNEQ14 — MNEQ15)
5.3 Ma — 3.55 Ma

Yo}
[T
L

~
— N
3=
[N~
G b
1S
c
o
I

©
=

v
3
Z
=

FIG. 2. [llustration of bioregions at the Old World scale computed with hierarchical clustering on principal components (HCPC) and
Raup & Crick dissimilarity index. Iterative production of clusters from left (two clusters) to right (with a minimum of four clusters). Only
continuous and significantly dissimilar clusters are pictured as bioregions (Table S3). Clusters are coloured according to their order of
computation, from first to last: green, blue, purple, yellow, red and grey. Plate limits are extracted from GPlates (Miiller et al. 2018).

first dimension of nMDS represents a longitudinal struc-
ture opposing western and eastern Europe for the Early,
Middle and Late Miocene faunas (Figs S36, S39, S42).
This pattern reaches a maximum during the Late Miocene
(EF3) when the European faunas are divided into two

large bioregions of equal size. On the contrary, after the
Mio-Pliocene transition (EF4 and EF5), the first axis of
the nMDS depicts a latitudinal structure (Figs S45, S48),
resulting in the emergence of a large Mediterranean bio-
geographical region separated from the north of the
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FIG. 3. Illustration of bioregions at the European scale computed with hierarchical clustering on principal components (HCPC) and
hierarchical clustering on dissimilarity matrix (UPGMA) with Raup & Crick dissimilarity index. Iterative production of clusters from
left (two clusters) to right (with a minimum of four clusters). Only continuous and significantly dissimilar clusters are pictured as bio-
regions (Table S3). Clusters are coloured according to their order of computation, from first to last: green, blue, purple, yellow, red,
grey and light-blue. Plate limits are extracted from GPlates (Miiller et al. 2018).

continent (Fig. 3], O). This Mediterranean bioregion is
emerging in the Late Miocene but remained restricted to
western coasts (Fig. 3H). During the Pliocene (EF4), it
extended to the eastern coast (Fig. 3) and progressed
northwards continuously throughout the Pleistocene (Fig.
30). Finally, whereas the first evolutionary fauna (EF1)
can be spatially divided into numerous bioregions (Fig.
3C), the last one (EF5) struggles to form geographically
coherent clusters (Fig. 3N).

Asia. In Asia, the main geographical pattern of mamma-
lian assemblages is very stable over time: the assemblages
surrounding the Indian sub-continent and south-eastern
assemblages are consistently differentiated from northern
assemblages in ordination and hierarchical clustering,
with both dissimilarity indices for the five evolutionary
faunas (Fig. 4; Figs S9, S10). The second major spatial

pattern is the longitudinal division of bioregions in
northern Asia (Fig. 4B, F, I, K, O). In contrast to Europe,
which experienced a change from a longitudinal to a lati-
tudinal structure between the Miocene and Pliocene, the
northern Asian fauna remained longitudinally structured
from the Early Miocene to the Pleistocene. This longitu-
dinal division reaches a maximum in the Middle and Late
Miocene (EF2, EF3: Fig. 4F, 1). Finally, during Pleistocene
(EF5), the south-eastern mammalian fauna is distinct
from the northern and Indian faunas (Fig. 40); however,
the temporal dynamic of this bioregion cannot be clearly
identified as its sampling is insufficient during the preced-
ing EFs.

Africa. On the African continent, the only EFs analysed
with UPGMA and HCPC were the Early Pliocene (EF4)
and Plio-Pleistocene (EF5) ones, as the record is too
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FIG. 4. Illustration of bioregions at the Asian scale computed with hierarchical clustering on principal components (HCPC) with
Raup & Crick dissimilarity index. Iterative production of clusters from left (two clusters) to right (with a minimum of four clusters).
Only continuous and significantly dissimilar clusters are pictured as bioregions (Table S3). Clusters are coloured according to their
order of computation, from first to last: green, blue, purple, yellow and red. Plate limits are extracted from GPlates (Miiller et al.

2018).

sparse and limited to eastern Africa throughout the Mio-
cene. During the Early Pliocene (EF4), HCPC failed to
produce two large scale coherent biogeographical regions
(Fig. 5A). Increasing the number of clusters leads to four
coherent bioregions (Fig. 5B, C): one in the east, one in
the south, and two in the north made of assemblages
from Morocco, Algeria and Tunisia on one hand, and

from Libya, Egypt and the Arabian Peninsula on the
other hand.

The Plio-Pleistocene fauna (EF5) has a comparable spa-
tial structure, first with eastern assemblages isolated from
the rest of the continent (Fig. 5D, E), second with the
emergence of a northern bioregion made of assemblages
surrounding the south Mediterranean coast, and finally
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FIG. 5. Illustration of bioregions at the African scale computed with hierarchical clustering on principal components (HCPC) and
hierarchical clustering on dissimilarity matrix (UPGMA) with Raup & Crick dissimilarity index. Iterative production of clusters from
left (two clusters) to right (with a minimum of four clusters). Only continuous and significantly dissimilar clusters are pictured as bio-
regions (Table S3). Clusters are coloured according to their order of computation, from first to last: green, blue, purple, yellow and

red. Plate limits are extracted from GPlates (Miiller et al. 2018).

with one larger bioregion made of southern assemblages
(Fig. 5F). For EF4 as well as EF5, eastern Africa encom-
passes many localities and is clearly separated from the
other bioregions of the continent. Nevertheless, in the
southern part of it, a transition zone with the southern
bioregion is evidenced by the presence of closely spaced
localities attributed to both bioregions, notably in Kenya
and Uganda for EF4. In contrast, during EF5 these locali-
ties are attributed to the eastern bioregion and the south-
ern bioregion begins in Tanzania. Between these two EFs,
the separation between the eastern and southern bio-
regions became stronger (i.e. Fig. 5A, D) and the two bio-
regions previously on the same side of the clustering tree
(Fig. S68) are now separated by the first dichotomy struc-
turing African faunas at EF5 (Fig. S71).

DISCUSSION
Five evolutionary faunas

Our poly-cohort analysis reveals five major evolutionary
faunas over the entire Neogene to Pleistocene interval,
regardless of spatial scale (i.e. Old World or continents;
Fig. 1). Their respective durations, as well as times of

emergence and decay, closely match the sub-epoch chro-
nology for Miocene faunas and the stage scale for the
Plio-Pleistocene faunas. Their periods of emergence and
decay (i.e. breakpoints highlighted by colour changes in
Fig. 1) are decoupled from known periods of strong sam-
pling variations (e.g. in Europe: MN6, MN10, MN11 and
MN12; Peldez-Campomanes & Van der Meulen 2009;
Madern & Van den Hoek Ostende 2015). This non-
subjective temporal division adapted to the evolution of
Neogene and Pleistocene mammals, between the sub-epoch
(e.g. EF2, EF3) and the stage scale (EF4), is consistent with
the division into five faunas proposed by Fahlbusch (1989)
for European rodents. With our poly-cohort analysis, this
macroevolutionary pattern holds true not only at the
global scale, but also for Asia and Africa. This synchroniza-
tion between Old World, European, Asian and African EFs
identified via poly-cohort analysis, reflects the global nature
and scale of the forcings that gives rise to the breakpoints
dividing EFs (Escarguel et al. 2011; Cantalapiedra et al.
2014, 2015), such as global variations in temperature and
precipitation leading to major change of biomes or palaeo-
geographical evolutions, along with new dispersal routes.
One of these five faunas is well known and already
identified at the Old World scale: the Late Miocene evo-
lutionary fauna, the key taxon of which (the equid



GIBERT ET AL.: BIOGEOGRAPHICAL FRAMEWORK FOR EXTINCT MAMMALS 11

Hipparion) dispersed from North America (Eronen et al.
2012). This Late Miocene evolutionary fauna (EF3) is
already described at the scale of Europe and Asia, where
it is respectively known as the Pikermian and Baodean
chronofaunas (Eronen et al. 2009; Ataabadi et al. 2013).
The composition of this evolutionary fauna as well as its
emergence and fading timing have been interpreted as the
consequences of variations in aridity and temperature at
the global scale (Bernor 1983; Agusti & Moya-Sola 1990;
Fortelius et al. 2003, 2014). At the end of the Middle
Miocene, the global temperature decreased, aridity spread
(Van der Meulen & Daams 1992), and steppe punctuated
of open forests extended until it formed a nearly continu-
ous open biome between the three continents of the Old
World (Denk 2016; Kaya ef al. 2018). A new fauna
adapted to this open environment emerged at the expense
of the Oligocene and Early Miocene taxa (e.g. Tragulidae;
Barry et al. 2002), which were more adapted to the exten-
sive forest cover that previously occupied a vast part of
the Old World (Casanovas-Vilar et al. 2005; Costeur &
Legendre 2008; Larsson et al. 2011). This Late Miocene
fauna (EF3) declined and was replaced by EF4 during the
Early Pliocene, when temperature increased again at
global scale (Zachos et al. 2001) as well as habitat homo-
geneity increased in Europe (Maridet et al. 2007; Maridet
& Costeur 2010; Sniderman et al. 2016).

Beyond these major climatic changes, evolutionary
fauna succession is also the result of inter-continental dis-
persal and faunal mixing through the formation of land
bridges via plate tectonics and eustatic variations. The
Early Miocene evolutionary fauna (MNEQ2—4), for exam-
ple, gradually disappears (Scherler et al. 2013) after two
events of intense faunal mixing between Africa and Eur-
asia, known as the Proboscidean Datum Event (PDE) or
Gomphotherium Landbridge (Harzhauser et al. 2007) and
Creodont/Deinotherium landbridge event (Tassy et al.
1989; Van der Made 1999; Sen 2013), when connections
between Africa and Eurasia began to be frequent. The
Arabia—FEurasia collision lead to the narrowing and shal-
lowing of the Neotethys seaway at the beginning of the
Miocene (McQuarrie & Van Hinsberger 2013; Pirouz
et al. 2017). A drastic reduction of water exchanges
between the Mediterranean Sea and the Indian Ocean
across the Neotethys seaway (Mesopotamian Trough)
occurred during the early Burdigalian (c. 20 Ma) accord-
ing to marine biogeographic divergences (Harzhauser
et al. 2007) and neodymium (Nd) isotope records (Bialik
et al. 2019) and ceased during the Langhian. This is in
good agreement with the onset of faunal exchange
between Africa and Eurasia during MN4 (Fig. SI: ¢. 16—
17 Ma, end Burdigalian and Early Miocene; Rogl 1999).
Intermittent Arabia—Furasia continental connections
induced the PDE during the late Early Miocene, coincid-
ing with the end of EF1, and the permanent closure of

the Neotethys Seaway at the end of the Middle Miocene
corresponds to the end of EF2 (Harzhauser et al. 2007).
Furthermore, the fate of the Paratethys, an epicontinental
sea in Eurasia, has been a crucial factor in the dynamics
of mammalian faunas. During the Early Miocene, the
Paratethys consisted in a series of connected basins
extending over Eurasia from the Vienna basin in the west
to the Kopet Dag in Turkmenistan in the east (Popov
et al. 2006). The central Paratethys was isolated from the
eastern Paratethys at 11.3 Ma (MN7/8; end of EF2) in
response to eustatic level fall and/or to the Carpathian
orogeny (Borgh et al. 2013). Extension of the Neotethys
and Paratethys seaways affected not only the dispersal
routes of species, but also had a profound effect on Eur-
asian and African climates and biomes (Zhang et al.
2014). Similarly, the transition period between EF3 and
EF4 in Africa (Fig. 1D) coincides with the Messinian
Salinity Crisis (MSC; c. 6.8 Ma to ¢. 5.3 Ma) at the Afri-
can scale, when the Mediterranean Sea shrank during the
Messinian (MN13) as a result of the restriction of the
Atlantic inflow across the Rifian corridor (Warny et al.
2003). In three short phases, north-western Africa (Al-
geria, Morocco, Tunisia) and south-western Europe (Italy,
Spain) faunas were connected by landbridges and mixed
(Agusti et al. 2006; Gibert et al. 2013; Garcia-Alix et al.
2016). The MNI13 cohort is the first of EF4 in Africa
(Fig. 1D) whereas it is the last cohort of EF3 for Europe,
Asia and the Old World (Fig. 1A-C), illustrating the
stronger impact on African faunas than on Eurasian
faunas. This difference can be explained by three factors:
(1) the dispersal of taxa from Africa to Europe via Anato-
lia was already occurring in the Vallesian and Turolian
(MNEQ9-12; i.e. EF3; Azzaroli & Guazzone 1979), reduc-
ing the impact of the MSC on faunal composition;
(2) the new taxa arising from the MSC disappeared rap-
idly (50% after 1 Ma; Jaeger et al. 1987); and (3) Late
Miocene localities with diversified faunas are rare (>5 taxa;
Fig. S2) in Africa (MNEQ9-12), amplifying the effect of
MSC dispersals in comparison with Europe (Fig. 1B, D).
Finally, for Africa and contrary to others poly-cohorts, the
EF5 starts at the Plio-Pleistocene boundary (MNEQ17),
when aridity increased significantly and caused large
changes in faunal composition and abundance (deMenocal
2004), as documented in bovids (Bobe & Eck 2001).

The step-like shape and more pronounced turnover of
both Asian and African poly-cohorts (Tables S1, S2) com-
pared to those of Europe is an effect of the biostrati-
graphic zonation used here (i.e. MN), defined by the
simultaneous occurrence of wide-range European species,
and in which species are often defined at the scale of a
single or a pair of MNs. This is thus a mechanical/bios-
tratigraphical rather than a macroevolutionary effect. By
using MNEQ), African and Asian taxa are more likely to
cross MN boundaries than European ones and generate
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higher origination/extinction rates. Furthermore, African
and Asian localities are more often defined at a lower
temporal resolution than the stage, and the greater tem-
poral variability of their respective sampling intensity also
contributes to differences in poly-cohort curve shapes.

Patterns of distribution

From longitudinal to latitudinal bioregions. At the global
scale, and throughout the Neogene and Pleistocene, the
major distribution pattern identified by the computation
of a minimum of bioregions (Fig. 2) confirms the prox-
imity of southern Asian faunas with African ones (Flynn
et al. 1990; Bibi 2011). This similarity can be the conse-
quence of iterative dispersal events from Africa and the
Middle East to the west, such as those documented
between 20-16 Ma and 9.5-7.4 Ma (Barry et al. 1985;
Bibi 2011). The two EFs including these dispersal events
(Early and Late Miocene) are marked by the stability of
the African and southern Asian bioregion through itera-
tive clustering (Fig. 2A—C, G-I) and its dissimilarity with
northern Eurasia. Furthermore, during EF5, this pattern
opposing northern Eurasia and southern Asia + Africa is
reinforced by south-eastern Asian assemblages that are
significantly better sampled in comparison to the Neogene
(Fig. 2M-0). The biogeographical pattern that separates
north and south Asian faunas along the Himalayan range
is observed in all of our analyses (Fig. 4) and reveals the
importance of an orographic barrier to the temporal sta-
bility of modern Palaearctic and Indomalayan biogeo-
graphical realm limits (Udvardy 1975). In fact, these two
biogeographical realms are isolated from each other by
relief and high plateaus uplifted during the Cenozoic
along the Alpine-Himalayan orogen. The southern
Tibetan plateau (Lhasa block) had reached high elevations
(c. 3.1-4.7 km) prior to the Early Miocene (Ingalls et al.
2020) whereas the Himalayas attained present day eleva-
tions around the late Early Miocene (Gébelin et al. 2013;
Ding et al. 2017). Further west, the Arabian and Eurasian
continents collided during the late Oligocene leading to
the uplift of the Zagros fold belt (Pirouz et al. 2017).
These orographic barriers structure the nature of mam-
malian faunas to such an extent that their effect is also
visible among groups rarely associated with the establish-
ment of biogeographical regions, such as Miocene carni-
vores (Grohé et al. 2020). Interestingly, when African
faunas are strongly associated with the faunas of southern
Asia (i.e. in the Farly and Late Miocene) the southern
border of the Eurasian (i.e. the future Palaearctic realm)
biogeographical realm diverges from modern boundaries
and is located in Eurasia rather than in Africa (Fig. 2A, G).

The rest of the Old World is marked by a strong affin-
ity between European and northern Asian faunas. In the

Early Miocene, as in the Plio-Pleistocene, the northern
European and northern Asian assemblages have more
similar compositions than northern and southern Euro-
pean assemblages (Fig. 2A—C, M—O; Wang et al. 2015).
From the Middle Miocene to the Pliocene, the northern
faunas of Eurasia can be longitudinally subdivided into
bioregions, a partitioning that corresponds to important
environmental and climatic zones (e.g. continentality)
and changes. For example, the biome of warm-temperate
evergreen broadleaf and mixed forest that dominated
Europe and Asia during the Early and Middle Miocene
contracted during the Late Miocene, leaving space for a
new biome of temperate deciduous savannah (Stromberg
2011; Pound ef al. 2012). The Central European Wet
Zone (Utescher et al. 2011), identified with palaeobotani-
cal evidence, structured the Early and Middle Miocene
(EF1, EF2) of Europe. This vast wet zone in central
Europe can be identified within the Middle Miocene
(EF2) central European bioregions (Fig. 3E-F, blue cir-
cles) and began to be replaced in its eastern part by the
Late Miocene favoured by the shrinkage of the Paratethys.
This new savannah biome covered a vast region from
eastern Europe (28° of longitude) to Iran, Kazakhstan
and western China (Costeur ef al. 2004; Kaya et al. 2018),
and was inhabited by a new steppe-adapted fauna (the
Pikermian or Baodean chronofaunas) comprising an
increasing proportion of Bovidae, Equidae and Giraffidae
(Fortelius et al. 2014). This fauna/biome ecosystem is
identified by our HCPC analysis at the Old World scale
(Fig. 2H, L, purple diamonds) and in the east of Europe
at the European scale (Fig. 3G-I, green triangles). During
the Messinian and the Mio-Pliocene transition, tempera-
ture and humidity increased for a short time (Griffin
2002; Garcia-Alix et al. 2008), the steppe biome fragmen-
ted (Kaya et al. 2018), and the Pikermian and Baodean
chronofaunas disappeared (Fortelius et al. 2006). The
decline of this bioregion is less obvious on a global scale
because the fossil record to the east of Europe is very
scarce during the Early Pliocene (EF4) compared to the
Late Miocene (EF3; Fig. 2G-1). However, like the great
savannah biome, the longitudinal division inherited from
the Eocene and Oligocene faunas (Legendre 1987), and
dominating during the Miocene in Europe, fades away to
be replaced by a latitudinal structuring during the Plio-
cene (i.e. at a global (Fig. 21, L, O) and European (Fig.
3L, O) scale), as the latitudinal gradient of precipitation
and temperature becomes steeper at the end of Miocene
(Utescher et al. 2011).

Regarding the temporal evolution of Neogene mam-
mals, the extension of Neotethys and Paratethys was an
important factor of their spatial distribution in Eurasia
and Africa. The broad continental extension of Paratethys
at the beginning of the Miocene allowed the presence of
the Central European Wet Zone (EF1, EF2), and its
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retreat in combination with the closure of Neotethys sea-
way resulted in the aridification and increased seasonality
of central Asia, eastern Europe and northern Africa, with
the formation of Sahara Desert during the Tortonian
(EF3) (Zhang et al. 2014; Tzanova et al. 2015). Combined
with Paratethys shrinking, the global cooling following
the MMCO (EF1/EF2) also increased seasonality and
caused major changes in temperature and precipitation
gradients (Ramstein et al. 1997; Fluteau et al. 1999). The
latitudinal gradient of temperature, weaker at the begin-
ning of Miocene, only increased slightly in intensity in
the Late Miocene (EF3) to become more comparable to
the modern gradient in the Pliocene and Pleistocene (EF4,
EF5; Bruch et al. 2004). Consequently, in the western
Asian and European bioregions, latitudinal structures
emerged from the Pliocene (EF4) and persisted during the
Pleistocene, particularly in Europe (EF5). Furthermore,
in deep time, latitudinal gradients of diversity are only
detected during icehouse periods and particularly when
seasonality is strong (Mannion et al. 2014). A similar tran-
sition from an east-west structuring during the Miocene to
a more north-south dynamic during the Pliocene has been
shown for spatio-temporal patterns of hypsodonty (a proxy
for palaeoprecipitation: Fortelius et al. 2006). This change
in climatic and palacogeographical patterns impacts the
expression of evolutionary traits in mammals (e.g. hypso-
donty) but also the taxonomic composition of assemblages,
by selection and/or dispersal (Fig. 2H compared to Fig.
2K). Regarding flora, from the Pliocene onwards temperate
deciduous and mixed forests became the dominant biome
from northern Europe to Siberia, while continuing their
southward progression (Mai 1995).

Emergence of a Mediterranean bioregion. At the scale of
Europe, the latitudinal structuring identified by both
HCPC and UPGMA led to the formation of a Mediterra-
nean bioregion during the Pliocene. The onset of this spa-
tial structuring has been identified for small mammals at
the end of the Miocene (i.e. MN9-MN14; Maridet et al.
2007) but the pattern remained difficult to identify in the
Pliocene because of the lack of rodent-rich localities in
eastern Europe. In our dataset consisting of all non-flying
terrestrial mammals, we can observe the persistence of
this Mediterranean bioregion during the Pliocene and
Pleistocene. This bioregion finds its roots in the Late
Miocene when Spanish and French coastal assemblages
became similar in composition (Fig. 3H) but not until
the Pliocene did it extend further east to include the Bal-
kan, Anatolian and Bulgarian assemblages (Fig. 3J). This
first increase of similarity between the Spanish and French
coastal faunas during the Late Miocene is also visible
among large mammals alone (Costeur et al. 2004).

The large peri-Mediterranean region formed during the
Pliocene and Pleistocene (EF4, EF5) is limited to southern

Europe or northern Africa only and does not extend
around the whole Mediterranean Sea (Figs 2L, O, 5F).
Despite the fact that numerous faunal exchanges have
taken place since the Late Miocene, notably through Ana-
tolia (Agusti et al. 2006; Fortelius et al. 2014), faunas on
the two sides of the Mediterranean Sea remain significantly
dissimilar (Table S3). However, during EF3 (Fig. 2G),
faunas from north-western Africa were similar to European
ones. This compositional similarity may be the conse-
quence of direct faunal exchanges across the dried-up
Mediterranean Sea (Jaeger et al. 1987; Gibert et al. 2013)
during the MSC, since MN13 (i.e. Messinian) is integrated
at the global scale in EF3. On the scale of the African con-
tinent, the Messinian event is included in EF4, and for this
evolutionary fauna, the north-western part of Africa (i.e.
the localities of Algeria, Morocco and Tunisia; Garcia-Alix
et al. 2016), where mammals dispersed from south-western
Europe and vice versa (i.e. Italy, France, Spain; Azzaroli &
Guazzone 1979) are separated from the rest of northern
Africa (Fig. 5C, red cluster). During the Pliocene and Pleis-
tocene, the Mediterranean Sea was flooded again and this
separation disappears (Fig. 5F) in favour of a single Medi-
terranean region in Africa separated from the Mediterra-
nean region in southern Europe.

The establishment of modern bioregions dates back to
the Pleistocene for Chinese mammal families (He et al.
2018). Looking at the bioregional division in Europe, we
also observe the emergence of a modern pattern (Heikin-
heimo ef al. 2007) at the very end of the Pliocene and
during the Pleistocene, with the appearance of a large
Mediterranean bioregion and two (east and west) Euro-
pean bioregions further north (Fig. 30). The division of
European bioregions in the Pliocene and older periods
(Fig. 3A-L) shows patterns that are significantly different
from modern ones, therefore the timing of emergence of
modern biogeographical patterns is comparable between
Asia and Europe. At the global scale, the Plio-Pleistocene
evolutionary fauna does not spatially split exactly like
modern biogeographical realms. The Palaearctic ecozone
extending from northern Asia through Europe to north-
ern Africa, does not exist in our analyses (Fig. 2M-O).
Northern African faunas remain closer to southern Asian
assemblages than to the rest of the continent (Fig. 2M),
and the ‘Palaearctic’ Plio-Pleistocene ecozone remains
limited to northern Eurasia. In fact, the modern bound-
ary of Palaearctic ecozone shifted southward to northern
Africa at the very end of the Pleistocene (Tropic of Can-
cer; Geraads 2010; Bibi 2011), therefore on our time scale,
we can only observe past configuration of this ecozone
where African faunas are more linked with southern
Asian faunas than with European faunas, especially for
large mammals (Geraads 2010; Bibi 2011).

On the African continent, if fossils localities are
concentrated in eastern Africa (almost exclusively during
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the Miocene, and to a lesser extent during the Plio-
Pleistocene), it is because mammalian sites have mostly
been preserved in active sedimentary basins such as those
resulting from the East African Rift System (EARS). Their
formations are related to active rifting which began dur-
ing the Middle Miocene (Chorowicz 2005) or as early as
the latest Oligocene (Roberts er al. 2012). During the
best-sampled evolutionary faunas, the eastern and south-
ern bioregions experienced stronger dissimilarities in the
Pleistocene (EF5) in comparison with the Pliocene (EF4),
as evidenced by the disappearance of the transition zones
between them (Fig. 5B, E), and their respective clustering
trees (Figs S58, S71). In the Pliocene, this transition zone
(e.g. localities in Malawi, Tanzania) is inhabited by taxa
associated with both bioregions (Grubb et al. 1999; Fig.
5C), and disappears when the heterogeneity between these
two bioregions increases (Patterson et al. 2014; Fig. 5F)
in parallel with the increasing aridification between 2.8
and 2.3 Ma (i.e. MNEQI17; Bobe & Eck 2001; deMenocal
2004), because dispersal between these two bioregions
depends on variations in aridity. The eastern and south-
ern bioregions are separated by a large arid region and
connected by a discontinuous route along the Kingdon
line (Grubb ef al. 1999). As humidity increases, this
‘southern route’ becomes continuous, as it did in the Pli-
ocene, disappearing along with the transition zone
between 3 and 2 Ma when aridity increased again.

Establishing bioregions for extinct mammals

Methods, indices and transition zones. The spatial distribu-
tions of all evolutionary faunas were analysed using both
UPGMA and HCPC (Figs S5-520). However in Figs 2-5,
only 9 out of the 51 selected configurations (i.e. the most
geographically coherent) were calculated using UPGMA.
This significant difference shows the importance of using
methods designed to identify taxonomic composition gra-
dients such as ordination methods (here, HCPC), rather
than only hierarchical clustering methods, when trying to
compute bioregions within the fossil record (Brayard
et al. 2007; Dommergues et al. 2009). Another major
benefit of the HCPC method lies in its ability to objectify
the decision of clustering localities from an ordination
analysis such as the nMDS, for which resulting clusters
additionally possess, here, the advantage of being more
geographically coherent than clusters resulting from only
a hierarchical method.

While the comparison of UPGMA (e.g. Fig. S5E-H)
and HCPC (e.g. Fig. S6E-H) maps indicates a greater
geographical coherence of clusters established by the
HCPC method, several problems classically associated
with clustering persist. For example, localities associated

with one bioregion can be found isolated within another,
clusters without any geographical coherence can be com-
puted (e.g. Fig. 2L), and the problem of transition zones
remains pronounced (Brocklehurst & Frobisch 2018). The
Pyrenean area during EF4 (Fig. 3K) or central Europe
during EF3 (Fig. 3G) are good examples of transition
zones that are potentially problematic for defining a
boundary between two bioregions. The rule applied here
is continuity: if a locality is surrounded by localities from
another cluster, it is not used to define the boundary of a
bioregion.

Beyond these specific cases, where localities situated
close to bioregion boundaries can be problematic, one
must be aware that the boundaries illustrated in the fig-
ures here have no proper existence in clustering and ordi-
nation analyses. In fact, neither distance nor the presence
of biogeographical barriers such as mountain ranges or
seas are considered to divide localities into bioregions,
but only their taxonomic compositions. For example, bio-
regions at the European scale during EF1 are clearly not
clustered along natural barriers (Fig. 3C), nor are the lon-
gitudinally structured bioregions for EF2 and EF3 in the
north of Eurasia at global scale (Figs 2F, I, 4F, I). On the
other hand, even if those barriers are not part of the anal-
ysis, they stand-out in time-stable boundaries, such as the
one between the northern and southern Eurasian faunas
(e.g. Fig. 2A, E, H) or the separation of African and
European faunas (e.g. Fig. 2A, J), respectively located
along a mountain range (Himalayas) and a sea (Mediter-
ranean). Finally, as our analyses output only bioregions
and not boundaries, we tried to avoid allocating empty
areas to bioregions (e.g. Figs 2K, 3B, 4F). However, in
some cases large empty areas are assigned to a bioregion
in order to connect very distant localities (e.g. central and
western Asia in EF1; Fig. 4C).

When clustering fails. For some evolutionary faunas, the
computation of only two or three geographically coherent
clusters is impossible, as in Europe during the Middle
Miocene (Fig. 3D), in Africa for EF4 (Fig. 5A), and
particularly in Europe for EF5 (Fig. 3M-N). During the
Middle Miocene of Europe, the establishment of only two
bioregions is prevented by the computation of a vast cen-
tral region (Fig. 3D, blue circles) surrounded by two
small taxonomic clusters (Fig. 3D, green triangles) in
contradiction of the continuity rule. Furthermore, for the
Pliocene evolutionary fauna in Africa (Fig. 5A), or
the Plio-Pleistocene fauna in Europe, both methods
employed, and indices, completely fail to compute any
geographically coherent clusters when the minimum
number of cluster is generated (Fig. 3M). In Europe, a
similar incremental production of bioregions for present-
day mammals also failed to form only two geographically
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coherent clusters by generating a large central bioregion,
mirroring the results for Middle Miocene mammals
(Fig. 3D; Heikinheimo et al. 2007). But when the number
of modern bioregions is increased, the large Mediterra-
nean bioregion also appears in present-day mammals and
is opposed to faunas in western and eastern Europe, as
seen in the Plio-Pleistocene mammalian evolutionary
fauna (Fig. 30; Heikinheimo et al. 2007). However, in
contrast with present-day European mammalian faunas,
we are unable to provide more than three coherent bio-
regions with the Plio-Pleistocene faunas (Fig. S7T); this
problem of only being able to produce two (or at most
three) geographically coherent bioregions persists when
only Pleistocene taxa are analysed (end of Pleistocene,
later than MN17: 1.95-0.0117 Ma; Fig. S72). In Europe,
over the successive evolutionary faunas, the oldest one
provides the largest number of bioregions (Fig. 3C).
While it is difficult to establish more than four coherent
and significantly dissimilar bioregions for each evolution-
ary fauna in Europe, the Early Miocene faunas can be
divided into seven bioregions, and the Plio-Pleistocene
faunas into three, counterintuitively illustrating that there
is no link between the quality/age (number of localities/
occurrence) of a fossil record and our ability to establish
biogeographical regions at a small spatial scale.

If the age of a fauna is not a good predictor of bio-
region reconstruction, it would appear that compositional
heterogeneity is more reliable. The study of similarity
indices for assemblages of small (Maridet et al. 2007) and
large Neogene mammals (Costeur et al. 2004) converge
towards maximum heterogeneity in the Late Miocene and
Late Pliocene, and greater homogeneity in the Middle
Miocene and the Early Pliocene. Compared to our bio-
region results, we cannot establish a clear link between
the mean level of heterogeneity of a fauna and its ability
to produce multiple coherent and significantly different
bioregions. However, periods of high compositional het-
erogeneity among European mammalian faunas are not
linked to a better spatial division into bioregions (e.g.
Late Miocene bioregions: Fig. 3I). On the contrary, Early
Miocene assemblages are on average more homogeneous
(especially for small mammals) and can nevertheless be
spatially divided into seven coherent bioregions (Fig. 3C).
In fact, the strong compositional heterogeneity described
in the Late Miocene for both small and large mammals is
usually linked to an increase in spatial and temporal envi-
ronmental heterogeneity (Costeur & Legendre 2008; Kou-
fos & Konidaris 2011) when European environments
open up and evergreen forests become fragmented (Kaya
et al. 2018), seasonality increases, and tree species change
from evergreen to deciduous (Pound et al. 2012). Con-
versely, periods of low heterogeneity at the beginning of
the Pliocene and Miocene periods are linked to an
increase in humidity and a progression of the evergreen

forest (Fortelius et al. 2014). Therefore, in the European
Neogene and Pleistocene mammal dataset, the greatest
number of bioregions can be formed when heterogeneity
is low but temporal stability and environmental homo-
geneity are high. Smith ef al. (2020) showed similar
results with modern faunas, demonstrating that tropical
regions with high temperature and low seasonality form
bioregions more easily than temperate regions with high
seasonality. This biogeographical pattern is explained by
the temporal stability of tropical regions (Condamine
et al. 2012), as tropical faunas have a longer evolutionary
history, allowing them to accumulate greater spatial diver-
sity than faunas in temperate regions. This contrasts with
regions with strong seasonality or temporal instability
(e.g. higher latitudes) where taxa will disperse rather than
adapt. Our inability to form many (or only two) bio-
regions with Plio-Pleistocene evolutionary faunas in
Europe (Fig. 30) is therefore a consequence of the strong
Pleistocene climatic instability generated by glacial-inter-
glacial cycles (Lisiecki & Raymo 2007; Kahlke et al. 2011).
These cycles are known to have deeply impacted the spa-
tial distribution of European mammalian species (Som-
mer & Nadachowski 2006; Banks et al. 2008; Lister &
Stuart 2008), thus grouping all European localities over
the last two million years into a single biozone prevents
the computation of spatially coherent clusters outside of
major bioregions like the Mediterranean one. This is
especially true in high latitude regions, where climatic
change leads to more drastic temperature variation and
stronger seasonality change than at low latitudes (Roots
1989; Hampe & Petit 2005; Wang et al. 2012). This dif-
ferential effect between low and high latitudes can be
observed in Asia, where Plio-Pleistocene faunas in the
northern part of the continent form geographically less
coherent clusters than the tropical and intertropical
faunas of southern Asia (Fig. 4N—O). Finally, while bio-
regions produced with the Asian dataset show a strong
latitudinal structuring from the beginning of the Miocene
to the Plio-Pleistocene, bioregions in Europe show a shift
from a longitudinal to a latitudinal structuring at the end
of the Miocene. The reason for these different temporal
dynamics between continents is that Europe is limited to
latitudes above the northern tropics (23°N), while in Asia
strong latitudinal differences between tropical/intertropi-
cal ecosystems and the open and arid ecosystems of
higher latitudes, leads to strong latitudinal difference in
composition.

CONCLUSION

At both the Old World and the continental scale, the
Neogene and Pleistocene mammals split into five consec-
utive evolutionary faunas. Ranging from the sub-epoch
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(i.e. Early, Middle and Late Miocene for EF1, EF2, EF3)
to the stage level (e.g. Zanclean for EF4), they emerge
and fade near synchronously on the three continents,
considered independently as well as at the Old World
scale. This synchronicity highlights the global scale of the
abiotic and/or biotic phenomena driving these faunistic
shifts, such as the Middle Miocene climatic transition fol-
lowing the MMCO, the intense global cooling peaking
during the Late Miocene, the convergence of African and
Eurasian plates leading to the closure of the Neotethys
seaway as well as the shrinkage of the Paratethys. The
temporal scale of the evolutionary fauna is well suited for
the study of mammalian evolution and allows us to pro-
vide a spatial framework at multiple scales for the com-
putation of a variety of biodiversity indices (e.g. o and [-
diversity, taxonomic, functional, phylogenetic and mor-
phologic diversity) for very diverse datasets.

The focus on a minimum number of bioregions
reveals the major distribution patterns of mammalian
biodiversity, such as the persistent subdivision between
northern Eurasian and southern Asian faunas. The latter
rather displays a very strong affinity with African faunas,
a long-term similarity in taxonomic composition that
results from important dispersal episodes between Africa
and the Himalayan foothills, notably in the Early and
Late Miocene. These inter-continental exchanges reflect
global-scale events like the convergence of continental
plates leading to landbridges formation (Early Miocene),
or the emergence of continental-scale biomes after the
Middle Miocene climatic transition and the final closure
of epicontinental seaways. In addition, producing only
two bioregions at the Old World scale reveals the con-
stant similarity between northern Asian and European
faunas and their longitudinal subdivision from the Mid-
dle Miocene to the Pleistocene. Furthermore, in Europe,
a significant shift of distribution pattern from a longitu-
dinal to a latitudinal structure can be observed between
the Miocene and the Pliocene. This reorganization of
faunas, probably related to the gradual establishment of
the strong modern latitudinal temperature gradient
(LTG) at temperate latitudes from the very end of the
Miocene, is consistent with the spatio-temporal dynam-
ics of large-herbivore hypsodonty patterns observed in
Europe. The appearence/establishment of this strong
LTG led to the simultaneous emergence of a large Medi-
terranean bioregion, resulting from the convergence of
Spanish, French and Italian coastal faunas. This bio-
region then extended eastward during the Pliocene and
further north to reach its modern extent during the
Pleistocene.

The consistent framework applicable to a wide range
of Neogene and Pleistocene mammalian datasets we pro-
vide in this study could benefit from modern ecological

sciences (Gao & Kupfer 2018). The integration of,
for example, observed (Pound et al. 2012) or modelled
(Salzmann et al. 2008) environmental information such
as biome, palacobotanical and/or palaeoaltitudinal data
could notably improve the definition of bioregion bound-
aries or help to address transition zone problems, by
focusing on parameters other than taxonomic similarity
and geographical continuity. Nevertheless, although these
environmental parameters are not considered in our ana-
lyses of the spatio-temporal evolution of Old World
mammal bioregions, they frequently track the major cli-
matic and tectonic changes known in the fossil record.
This shows that the existence of bioregions always pri-
marily reflects, albeit indirectly, environmental filtering
and its consequences on the evolution and distribution of
taxa.
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