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1. Supplementary figures geochemistry

Supplementary Fig. S1. Aerial image of the Changuleh syncline shows the excellent outcrop
conditions of the Agha Jari Fm (upper part), Lahbari Mb, and the Bakhtyari Fm, dated
magnetostraphically to between 9 and 2 Ma?. Note that the darker colours of Agha Jari and
Bakhtyari Fms are related to dominance of coarse-grained, fluvial sediments (sandstones and
conglomerates).
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Supplementary Fig. S2. Neogene of the Zarrinabad and Changuleh synclines:
chronological, geochemical, sedimentological, geophysical and pedologic data and
observations. a — Lithology, stratigraphy (following 1) and sampling points. b — lonic
composition of palaeosoils (see Supplementary Data 1; TSS — blue broken line, CI'+NOs™ — red
line), ¢ — fine-silt fraction (2-30 pum). d — Magnetic susceptibility. e — ‘Barcoding’ of fluvial
run-off (density of palaeo-Tigris channels) and field observations of soil humidity indicators.
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Supplementary Fig. S3. Concentration of anions. a — Chloride, b — nitrate, ¢ — sulphate, d —
relative contribution of highly soluble chloride and nitrate to total soluble salt (TSS; see
Supplementary Data 1).
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Supplementary Fig. S4. Chloride and nitrate concentrations from mid-latitudinal arid
and hyper-arid desert soils (Atacama, n=76; Mojave, n=66; Turpan Hami, n=41; Negev,
n=10). Data are from refs.28. The chloride/nitrate molar ratios from continental deserts do not
exceed 700 (median value 12.3, n=193; see Supplementary Data 2) comparable to our results
from the Agha Jari Fm (median value 14.0, n=80; Fig. 5d, Supplementary Data 2), except
sample 1C45 (5.50 Ma). This ratio is 12.77 - 10° (Fig. 5d), similar reduced in nitrate as oceanic
deep water® and Phanerozoic marine halite (own data, n=8; Supplementary Data 2). All box
plots show the centre line (median), box limits (upper and lower quartiles), whiskers (range)
and outliers (circles).
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Supplementary Fig. S5. Chloride-bromide molar ratios of 80 Neogene soil samples from
Agha Jari Fm grouped according their chloride and nitrate concentrations into hyper-arid, arid,
and semi-arid climates (Tab. 1; 21%). The CI-/Br ratios follow theoretical expectations of aerosol
contributions (Methods), falling above (below) seawater ratio (650, red dotted line) in hyper-
arid (arid) samples and below upper tropospheric ratio (125, black dotted line) in semi-arid-
samples. All box plots show the centre line (median), box limits (upper and lower quartiles),
whiskers (range) and outliers (circles).




2. Grain-size distribution and end-member analysis

2.1.Grain-size distribution

Grain-size distribution was measured from 84 mudstone samples. Fine- to medium-sized silt
content (2-30 um) ranges between 10-90%, with high amplitude fluctuations in the older
(Miocene) part of the profile and low amplitude fluctuations and a decreasing trend in the
younger (Pliocene) part (Supplementary Fig. S2c¢). Grain-size distribution of both silt-rich and
silt-poor samples are predominantly unimodal, with peaks between 70-90 pum (silt-poor,
Supplementary Fig. S6b) and 10-20 pum (silt-rich, Supplementary Fig. S6a). Weak sub-
populations with modal values around 3 um can be present in silt-rich samples. The unimodal
distribution of fine silt (with occasional small sub-population of very fine silt) is found in loess
deposited by westerlies (e.g. Tajik loess, Chinese Red Clay) and is usually interpreted as long-
distance acolian transport (‘small dust’; refs.*11?),
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Supplementary Fig. S6. Grain-size distribution of silt-rich (a, sample age 5.50 Ma) and
silt-poor (b, sample age 11.85 Ma) sediment samples.

2.2.End-member analysis

From the grain-size distributions of 84 independent samples of the composite profile, we
determined end-member components using the R package EMMAgeo*2. In brief, the purpose
of end-member analysis is to identify a few characteristic spectral components (end members)
which can explain most of the variability in the grain-size spectra across all samples of the
stratigraphic profile. We found that already two end members (Supplementary Fig. S7,
Supplementary Tab. S1) —silt (20 um) and sand (80 pm) — explain as much as 73% of the total




variance, with a sample wise correlation coefficient of 88% (84 samples) and a grain-size class
correlation coefficient of 54% (64 bins). Inclusion of a third end member would explain 81%
of the total variance, but comes with the cost of higher model complexity, which is why we
selected the most parsimonious model with two end members. As can be seen in Supplementary
Fig. S8, the variability of the mean grain size curve along the profile is captured by the
variability of the silt end member score (i.e., relative contribution to a given sample). The silt
end member can be regarded as a proxy for aeolian dust transport.

Endmembers | Mean grain size Mode position Median grain size Explained variance
#1 (silt) 16.0 um (5.96 phi) 20.0 um (5.64 phi) 18.6 um (5.75 phi) 50% (of 73%)
#2(sand) 94.6 um (3.40 phi) 79.4 um (3.65 phi) 98.1 um (3.35 phi) 50% (of 73%)

Supplementary Table S1. Statistical properties of the two identified end member grain-
size spectra shown in Fig. S1. The mean and modal grain size refer to the differential grain-
size distribution (i.e., grain-size spectrum), the median is defined with respect to cumulative
grain size distribution. In case of two end-members, the explained variance is partitioned
equally between the two.
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Supplementary Fig. S7. The two end-member grain-size spectra (differential grain-size
distribution) identified in 84 independent samples of the profile (1 sample per stratum); red: silt
EM, blue: sand EM. The dashed and dotted lines indicate the mode positions and mean grain
size, respectively, see Tab. S1 for statistical parameters.
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Supplementary Fig. S8. Density-coded grain-size spectrum (phi scale) vs. age. The grey
horizontal lines at phi=5.96 and at phi=3.40 indicate the mean grain size of end member 1 and
2, respectively. The variation of the silt end-member score (red solid curve) tracks the variation
of the mean grain size (dotted), median grain size (dash-dot), and modal grain size (dashed),
and explains 92%, 91%, 85% of the respective variance. Note that the silt end member (eolian
dust) is altogether absent at 6 Ma, but exclusively present at 4.4 Ma. Other dust maxima are at
9.5 Ma, 10.2 Ma, 11.2, 11.8 Ma, 12.5).




3. Heavy mineral analysis

A total of 18.124 heavy mineral spectra with grain sizes between 2 to 630 um were obtained
from eight samples (1Z165SS, 1Z158SS, 1C26¢SS, 1C35, IC45, IC50c, IC167SS, IC71; see
Supplementary Data 3). Statistically sufficient numbers of more than 200 transparent grains
(ref.*) per grain size fraction were mostly found for the 6.3-20 pm, 20-63 um, and 63-200 pm
fractions (Supplementary Figs. S9 and S10). The sandstone samples contain higher proportions
of coarse-grained material than the palaeosol samples.

Comparatively high amounts of celestine (‘others’) in the entire non-opaque heavy mineral
spectra were found in samples 1C45 (5.57%), IC67SS (6.69%), and IC71 (1.27%). However,
this mineral dominantly occurs in the grain-size fractions > 63 um, where it can account for
more than 70% of the entire transparent heavy mineral spectrum.

The heavy mineral compositions of six of the eight samples (1Z165SS, 1Z2158SS, 1C26cSS,
IC50c, IC167SS, IC71) appear almost similar in general aspects, but also in all of the studied
grain size fractions. These samples contain minor portions of mica, high amounts of garnet,
some tourmaline, very little zircon and rutile and varying amounts of ‘other’ minerals (see
Materials and Methods). Pyroxene and — usually more abundant — amphibole vary in
occurrence, but mostly make-up more than 20% of the transparent heavy minerals
(Supplementary Fig. S10). Such spectra are characteristic for the Tigris River system that drains
large parts of the Zagros Orogen and therefore has a strong garnet-mica-amphibole signal
(ref.®), Supplementary Fig. S9). Thus, the (palaeo-)Tigris is interpreted as the main source of
the sedimentary rocks 1Z165SS, 1Z2158SS, 1C26¢SS, IC50c, IC67SS, IC71, implying a NW-SE
directed sediment transport, which is in agreement to published channel orientation and
palaeoflow directions towards southeast (ref.l). This hypothesis is further corroborated by
occurrences of less abundant minerals like olivine (‘others’). The latter is absent in samples
IC35, IC45 and IC71, except for two olivine grains in IC71. On the other hand, olivine accounts
for 1.16 to 7.71% in the remaining samples. The published heavy mineral spectra of the upper
reaches of the modern Euphrates and most parts of the Tigris rivers indicate olivine contents
between 0.5% and 8.6% (ref.*%). All older terraces of the Euphrates are lacking olivine,
whereas this mineral is known from sediments of the palaeo-Tigris (ref.?).

® IC71 3.98 Ma
A 1C67SS5 4.27 Ma
@ IC50c 4.93 Ma
] IC45 5.50 Ma
(o] IC35 6.25 Ma
m IC26cS5 7.00 Ma
B 1715855 9.47 Ma
® 1216555 13.10 Ma

Euphrates

Tigris

pyroxene 0

Supplementary Fig. S9. Ternary diagram illustrating the heavy mineral composition of
the studied samples versus those of the Euphrates and Tigris rivers.?>18
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In contrast, hyper-arid silt samples 1C35 and 1C45 are dominated by pyroxene, while garnet is
very rare and tourmaline and zircon are negligible. Comparable spectra are reported from the
Euphrates River system, which is known for its increased pyroxene signal, while garnet and
tourmaline are very scarce (ref.’, Supplementary Fig. S3). Samples IC35 and IC45 are dated
at 6.25 and 5.50 Ma, respectively, thus deriving from the pre-Messinian Salinity Crisis (MSC)
hyper-arid period and the beginning of the NADX period during stage 2 of the MSC. Their
pyroxene dominated heavy mineral spectra are suggestive for a massive aeolian sediment input
from the west, e.g. the plains of the (palaeo-) Euphrates. Coevally, the heavy mineral spectrum
that characterises the (palaeo-) Tigris is not detectable, pointing to very limited runoff and
decreased sediment input from this region.

Very arid conditions can additionally be deduced from celestine found in the three NADX
samples IC45, IC67SS (a very fine-grained sand- to siltstone), and IC71. The formation of this
mineral is restricted to certain processes, which drastically limit its occurrence to few pelagic,
hypersaline or carbonate rock settings!®. Celestine occurrences in palaeosols are often
interpreted as secondary formation from hypersaline fluids under arid conditions (refs.2%-22).
This is further corroborated by abundant celestine reported from modern dune sands south of
Basra, Iraq (ref.!®). The assumed arid conditions that triggered celestine formation and its
abundance in sediments dated between 5.50 and 3.98 Ma fit quite well to the proposed NADX
period.

(next page) Supplementary Fig. S10. Heavy mineral composition of sand and silt fractions
of four fluvial sandstone samples (numbers ending in SS) and four palaeosoil samples from the
Zarrinabad and Changuleh synclines, plotted on published heavy mineral spectra of fine-sand
from present-day Mesopotamian rivers and dune fields with subordinate data from up to mid
Miocene siliciclastic rocks!>8, Topographic map is created using generic mapping tools of 23
and the topographic dataset ETOPO1 of 24,
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4. Palynology

To determine past vegetation prevailed during the beginning of NADX, sample 1C44b, dated
to 5.59 Ma, has been selected and studied palynologically. The results reveal common
occurrence of pollen grains (mostly angiosperms) and rare spores (Supplementary Fig. S5). The
pollen concentration is relatively high and taxonomically moderately diverse. Most of the
recorded microfloral elements represent herbs (70%), whereas shrubs and woody angiosperms
are rare. Frequent pollen assemblages are preserved as clumps or clusters (e.g. Supplementary
Fig. S11 d, h) supporting a proximity to vegetation source.

The studied assemblage has been grouped based on their ecological significance as follows: 1.
Herbs, which represent the most dominant group, particularly Amaranthaceae—Chenopodiaceae
(56.0%), Apiaceae (6.0%), Asteraceae Asteroideae (4.0%), Asteraceae Cichorioideae (1.2%),
Caryophyllaceae (2.5%), Polygonaceae (1.2%) with complete absence of Poaceae. 2.
Mesothermic (warm-temperate) deciduous elements of Alnus (10.0%), Betula (2.5%), Carpinus
(1.9%), Carya (2.5%), Ostrya (1.2%) and Salix (0.6%). 3. Steppe elements comprise only
Artemisia (2.5%) and Ephedra (1.2%). 4. Mediterranean xerophytes which is represented
exclusively by Olea (2.5%). 5. Mega-mesothermic (subtropical) elements of rare Taxodiaceae-
Cupressaceae (0.6%) and 6. Pinaceae (1.2%) with a rare record.

The dominance of herbs in the pollen assemblage points to an open vegetation were halophytic
Chenopodiacae prevail. Artemisia, like Chenopodiaceae, grows in open, continental sites with
a Mediterranean rainfall regime, but requires more moisture. The predominance of
Chenopodiaceae at the advent of Artemisia implying intense aridity in continental regions in
the middle East®. In dry climates (<450 mm mean annual precipitation, MAP) where the total
sum of Artemisia (A) and chenopods (C) is >45-50% the A/C ratio correlates positively with
humidity?®. The A/C ratio is found to be <1 when MAP is <200 mm?®, <0.3 in arid desert sites
in the Middle East??” and <0.5 in Chinese deserts?®2°, The total sum of A+C is 58.5% in sample
IC44b and A/C ratio is 0.04, pointing therefore to very dry conditions at the beginning of
NADX. This is corroborated by the complete absence of grass pollen, because Poaceae growth
where conditions are less arid during summer?27, A low percentage of arboreal pollen has also
been found in recent pollen spectra from completely open (desertic) sites in Iran, where they
are interpreted as wind transported from Hercynian forest in higher altitudes?’.
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Supplementary Fig. S11. Herbaceous and arboreal pollen from sample IC 44b. a-d,
Chenopodiaceae; e-h, Apiaceae; i-j, Asteraceae-Asteroideae; k-1, Asteraceae-Cichorioideae; m-
n, Caryophyllaceae; o, Polygonaceae; p, Alnus; q, Betula; r, Oleaceae; s, Artemisia; t, Ephedra.
(scale bars equal 10 pm)
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5. Mammalian megafaunal exchange between Eurasia and Africa from
late Miocene till late Pliocene times

5.1.Ages of Neogene mammalian faunas from Africa and southern
Arabia

Early Messinian

Lower Nawata Member (Lothagam, Turkana Basin)

The magnetostratigraphic constraints on the sedimentary succession of Lothagam is only vague
and no unambiguous correlation to the GPTS is possible yet (ref.2%). This has probably also due
to comparably low sedimentation rate estimates of about 8 cm/kyr (ref.3%), suggesting the
existence of hiatuses. Geochronologic ages of the lower Nawata Mb are therefore constrained
by “°Ar-*°Ar dating of volcanic tuffs (ref.3%). The Lower Marker tuff, 43 m above the base of
the member, gives an age of 7.49 Ma (recalibrated according to new ages for GA1550 biotite
standard, ref.?!), indicating a probable age for the base of the lower Nawata Mb of ~8 Ma. The
Marker tuff at the top of the member has a recalibrated age of 6.58 Ma. The bulk of the fauna
from the lower Nawata Mb derives from its upper part (ref.®2), which can therefore be
constrained to 7.3-6.6 Ma.

Mpesida beds, Kabarnet Trachyte Formation (Tugen Hills, Kenya)

The Mpesida beds represent intercalated sediments within the volcanoclastic Kabarnet Trachyte
Fm. Kabarnet trachytes underlying the fossiliferous strata gave radiometric ages of 7.3 Ma
(refs. 3334 recalibrated ages according to revised ages of FCs standard, ref.®), whereas a
Kabarnet trachyte immediately below the overlying Lukeino Fm is dated to 6.6 Ma (ref.3*,
recalibrated ages according to revised ages of FCs standard, ref.2°). Consequently, the Mpesida
beds are contemporary to the lower Nawata Mb at Lothagam.

Toros Menalla, Anthracothere unit (Chad)

The Anthracothere Unit from site TM 266 has been dated biochronologically to 7-6 Ma by
Vignaud, et al. % and later, using cosmogenic nuclides (*°Be/°Be), to between 7.34 + 0.12 Ma
and 7.10 + 0.14 Ma (refs.®"*®). However, caution is advisable concerning the suggested
precision, because it could be shown that authigenic °Be/°Be ratios can be highly variable in
fluvial settings (ref.3®) and because of the “exclusion of the outliers” by Lebatard et al.*®,
whereby individual sample ages for TM 266 scattered between 5.92 and 8.24 Ma in two samples
separated by 10 cm stratigraphy. We therefore accept here a conservative age of ~7 Ma for the
Anthracothere Unit at Toros Menalla, at the lower end of initial biochronologic estimates.

Sahabi Formation (Libya)

The fluvial to littoral/lagoonal Sahabi Fm erosively overly the nearshore (sabkha) Formation P,
which itself overlies the shallow marine Formation M (lithostratigraphy according De Heinzelin
& El-Arnauti®®). Most mammalian fossils have been found in Sahabi Fm member U-1 and to a
lesser extent in members U-2 and V (ref.*%). Marine Formation M has been dated by
nannoplankton, Sr-Isotopy and K-Ar method to the late Tortonian (refs.**#2). Glauconite grains
from Formation M give K-Ar ages between 7.7 and 7.5 Ma (ref.*!). A magnetostratigraphic
investigation (ref.*!) of Formations M, P and the Sahabi Formation revealed seven magnetic
chrons correlated from C4n.1r to C3Br.2r., e.g. from 7.7 to 7.2 Ma, thus constraining the age
of mammal fossils from members U-1 to V to the Tortonian-Messinian transition between 7.3
and 7.2 Ma.
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Chorora Formation, Upper Chorora fauna (Ethiopia)

The Chorora Fm has been dated with “°Ar-3Ar method to between 9 and 7 Ma (ref.*%). The
fauna deriving from the younger stratigraphic levels (above ‘series 2”) is called Upper Chorora
fauna** and shared many taxa with the lower Nawata Mb. Their age is radiometrically
constrained to between 7.5 and 7 Ma (ref.*%).

Baynunah Formation, Abu Dhabi (United Arabian Emirates)

Biostratigraphic constraints place the Baynunah Fm between 8 and 6 Ma (ref.*®). A
magnetostratigraphic study identified a ~2m long normal polarity chron in between otherwise
exclusively reversed polarity (ref.%®). In their study, the authors point out that a confident
correlation with the GPTS cannot be achieved. However, they point out a possible correlation
of the normal polarity chron with chrons between ca. 6 and 7.5 Ma. A sedimentological study
within the same collection (ref.*) points out a likelihood of carbonate formation controlled by
orbital precession within the Baynunah Fm. This would imply a sediment accumulation rate of
~14cm/kyr (taking the mean thickness of 35 m), which would indicate a duration of the 2m
normal chron of ~14 kyrs. This duration is not in agreement with any of the proposed chrons,
which are at least double to ten times the duration. Furthermore, the long reverse polarity
intervals above and below do not match the GPTS for the proposed time. The short duration of
the observed chron might rather suggest it to be a so far unknown short subchron or even an
excursion. These features are also known from this time interval (ref.*’). Taking the overall
duration of the reversed polarity interval would only match the chron C3An.2r between 7.14
and 6.733 Ma within the early Messinian*®, which would also allow a correlation of the normal
polarity interval with the excursion identified by Okayama et al.*’.

Late Messinian

Lemudong‘o (Kenya)

The fossil localities of Lemudong‘o are deposited at a lake margin environment. The
fossiliferous sediments encase a volcanic ash dated by “°Ar-**Ar method to 6.084 Ma (ref.*%),
leading to a recalibrated age (revised ages of FCs standard, ref.®) of 6.12 Ma.

Lukeino Formation, Tugen Hills (Kenya)

The age of the Lukeino Fm is constrained by magnetostratigraphy (C3An.1n — C3r) and
radiometric dates to between 6.1 to 5.76 Ma (**°°°%; recalibrated ages according to revised ages
of FCs standard, ref.*).

Kossom Bougoudi (Chad)

The mammal fauna from Kossom Bougoudi (KB 1) was estimated on biochronologic grounds
to be of terminal Miocene age ~5.3 Ma (ref.>?). Lacustrine sediments overly the bone layers
have later been dated using authigenic °Be/°Be method to 5.44 + 0.62 Ma (ref.®®). The
lacustrine episode of KB 1 has further been correlated to nearby lake sediments dated as old as
5.9 Ma (ref.8: fig. 5), suggesting that the age of the KB 1 fossiliferous level fall rather at the
older end of the error provided by the °Be/°Be dating at ~6 Ma.

Asa Koma Member, Middle Awash (Ethiopia)
The up to 40 m thick fluvial Asa Koma Mmr (Adu-Asa Fm) have been radiometrically dated to

5.77 to 5.54 Ma (ref.>®), recalibrated to 5.81-5.58 Ma according to the revised ages of FCs
standard (ref.).
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Mid-Piacenzian

Shungura B2/3, Shungura Formation, Member B; Usno 12, Usno Formation; lower
Lomekwi, Nachukui Formation; Tulu Bor, Koobi Fora Formation; (Turkana-Omo
Basin, Kenya and Ethiopia)

Chronostratigraphy of Pliocene-Pleistocene sediments in the Turkana-Omo Basin are based on
a combination of magnetostratigraphy and “°Ar-3Ar dating (refs.>**%). Ages of the >340 m thick
Shungura Formation have been obtained by magnetostratigraphy (ref.>®). The <20 m thick
sediments of Shungura submembers B2 and B3 show an inverse polarization, correlated to the
Mammoth chron (3.330-3.207 Ma). Similarly, Member U12 of the Usno Formation correlates
to the same chron, as did the lower Lomekwi Member (ref.>®). Fossils from all three (sub-)
members therefore indicate a mid-Piacenzian age of 3.33-3.2 Ma.

In contrast, the Tulu Bor Member of the Koobi Fora Formation is slightly older. Sediments are
normal polarized (correlated to lower Gauss chron, ref.>®) and bracketed by tuffs dated to 3.44
and 3.31 Ma (a-Tulu Bor and Toroto tuffs, ref.>”), indicating an age between 3.44-3.33 Ma
(ref.>).

Denem Dora Member, Hadar Formation (Ethiopia)

According to Campisano & Feibel 8 the ~30 m thick Denem Dora Mb is bracketed by two tuffs
dated to ~3.26 Ma (Triple Tuff 4) and ~3.22 (Kada Hadar Tuff; both ages recalibrated according
ref. ).

Koro Toro 13 (Chad)

This site has been dated by biochronology to 3.5-3.0 Ma (ref.>®). Rhinos (Diceros praecox,
ref.%) resample the stage of evolution during the Sidi Hakoma Mb of Hadar Fm (3.4-3.26 Ma,
ref.%8, recalibrated according ref.®) and the co-occurrence of both suids Notochoerus euilus and
Kolpochoerus afarensis is typical in the Hadar Fm from 3.5 to 2.9 Ma (refs.662),

5.2.Ages of Neogene mammalian faunas from northern Arabia

The only north Arabian (Mesopotamian) fossil mammal locality of Neogene age comes from
Injana at Jebel (=Jabal, Djebel) Hamrin (=Hemrin) in Irag, 120 km northeast of Baghdad and
230 km west-northwest of the Changuleh section investigated here. Fossils derive from 600 m
above the base of the ~2.000 m thick Mukdadiya Fm (formerly named Agha Jari Fm in Iraq,
refs.6364). In the Mesopotamian basin, the Mukdadiya Fm concordantly overlies the >620 m
thick Injana (= Upper Fars) Fm. The Mukdadiya Fm is characterized by first conglomeratic
channel-lags, strongly cross-bedded sandstone bodies, some pedogenic carbonates and clay-
balls.®® The lithostratigraphic transition from Injana to Mukdadiya Fms corresponds in our
Iranian composite section (Fig. 2) to stratigraphic meter 430 (magnetostratigraphically dated to
10.8 Ma, ref.1), the position of the fossiliferous layer (assuming comparable sedimentation rates
between Jebel Hamrin and Changuleh) corresponds to an age of 8.4 Ma, which is in agreement
to the common occurrences of all typical lithologic features of the Mukdadiya Fm at
stratigraphic meter 1.030 in our composite section (Fig. 3).
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The Injana fauna at Jebel Hamrin contains the anthracotheriid Merycopotamus medioximus
(refs.557), known also from the Chinji Fm (Siwaliks) in sediments dated to between 10.4 and
8.6 Ma (refs.5”%). We therefore conclude that the Injana/Jebel Hamrin fossil horizon has an
approximate age between 8.6-8.4 Ma, which agrees with previous estimates.®*0%° This period
characterizes the most humid interval in our studied section (including temporary ponds, see
Fig. 3E-H), which fits well with palaecoenvironmental requirements of the recorded mammals
(e.g. suids, anthracotheriids, tragulids; ref.®).

The biogeographic affinities of this fauna are Eurasiatic (ref.%%), as evidenced, besides the
anthracotheriid®’, by bovids (Prostrepsiceros zitteli, ref.%%), proboscidians and giraffids
(Choerolophodon, Injanatherium; refs.®®"%) and the tragulid Dorcatherium (ref.®).

5.3.Neogene Afro-Eurasian mammal dispersals
5.3.1. Late Tortonian faunal exchange between Eurasia and Africa

Late Tortonian African mammal fauna rather indigenous (e.g. from Chorora Fm, ‘series 2’;
ref.®). However, our knowledge of potential faunal exchange between Africa and Eurasia
during this time is quite scarce. This may have to do that the African mammal record between
9 and 7.3 Ma is limited. However, while the European (early Turolian and Pikermian faunas)
and Asian (Dhok Pathan in Siwaliks and several Chinese faunas) records during the late
Tortonian are extremely abundant, no mammal taxon with clear African affinities is known
during that extended time interval. To our knowledge, there is only one case, the rhino
Brachypotherium, which may need consideration in this respect.

Brachypotheriun. Geraads & Spassov’! describe a large Brachypotherium from Ahmatovo,
and a juvenile skull from Kalimantsi (Southern Bulgaria). The deposits of Ahmatovo
(Ahmatovo Fm) are slightly younger than the hominid locality of Azmaka, which derive from
the base of this formation (ca. 7.2 Ma, ref.”?). The age of the main Kalimantsi fauna is roughly
contemporaneous to Pikermi (ref.”!) dated to between 7.33 and 7.27 Ma (ref.”?) and Gorna
Sushitsa (ref.”®) dated to between 7.44 and 7.31 Ma (ref.”#). Geraads & Spassov’ suggest that
the Bulgarian Brachypotherium could be the last survivor of the supposed Vallesian
representatives of the genus from Western and Central Europe, or represent African immigrant.
We also think that the late occurrence of Brachypotherium could potentially be related to a
dispersal from Africa, since large Brachypotherium existed in Eastern and Northern Africa at
that time. It is worth noting, however, that the upper M2 tooth morphology from Ahmatovo
differs from that of Sahabi, despite its very similar stratigraphic age (ref.”). Nevertheless, at
the same time a large Brachypotherium (B. primense) is known from the late middle Miocene
and early late Miocene of the Siwaliks (Chinji and Nagri Fms of the Middle Siwaliks, Pakistan
as well as from Perim island, the type locality, India; ref.”® and references herein). The upper
boundary of its chronological distribution in Asia is not very clear, but the Nagri Fm extends
until ~9 Ma (ref.%8). It is therefore also not impossible that the Brachypotherium penetration
into the Balkans during the final Tortonian (?~7.4 Ma) started from South Asia, together with
the documented entry of taxa, which led, shortly after, to a post-Pikermian faunal turnover in
the Balkans (ref.”?). This question needs further research.
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5.3.2. Early Messinian faunal exchange between Eurasia and Africa
Stegodontidae and Gomphotheriidae

Stegodon. Stegodon remains are fairly abundant in Plio-Pleistocene across Asia (ref.”’) and the
genus must be of Asian origin (ref.’®). The oldest known Stegodon localities in Yunnan, China,
are correlated to 9 Ma (ref.”). The first occurrence of the genus in Africa is documented from
early Messinian Mpesida Beds of Tugen Hills (Kenya, refs.’’:7880),

Anancus. The premise by Pickford et al.8* of a dispersal of Anancus from Africa to Eurasia
during Messinian is not supported by the paleontological facts. Remains of Anancus are known
from the Middle Siwalik (Dhok Pathan) Haritalyangar locality (India), where Anancus is
reported from 8.6-8.1 Ma (ref.22). The first occurrence of the genus in Europe, related to an
invasion of a number of new mammals from the east, is recorded in the post-Pikermian locality
of Azmaka, Bulgaria®, at the very end of the Tortonian, at 7.26 Ma (ref.”?). It is recently
described also from the slightly younger locality of Chomateri, Greece (ref. ), with an age of
7.16 Ma (ref.”?). The oldest records of Anancus in Africa are from lower Nawata Mb (7.3-6.6
Ma, Lothagam, Kenya), Toros-Menalla (~7 Ma, Chad) and the Mpesida beds (7.3-6.6 Ma,
Tugen Hills, Kenya; ref. ’®). Anancus entered Africa at about the same time, or shortly after its
entry into Europe. The late Miocene Anancus from the Balkans is a more plesiomorphic form
than the Late Miocene African species (see ref.?°). In both Europe and Africa, Anancus must be
an early Messinian immigrant from Asia (refs.84),

Hystricidae

Hystrix. The oldest fossil porcupines are documented from the late Middle Miocene of the
Indian Subcontinent (ref.8"). The first representative of Hystrix (H. parvae) is known from the
Vallesian/Turolian transition (~8.7 Ma) of Europe.®’ This small-sized species is replaced by the
larger H. primigenia, the typical porcupine of the Pikermian biome. Porcupines are also known
since 8 Ma from West Asia (H. aryanensis, ref.8%) and the Siwaliks (H. sivalensis), where it is
only rarely recorded.®® Hystrix first occurs in Africa during the early Messinian in the lower
Nawata Mb and in Toros Menalla, and is here considered as a Eurasian immigrant.®® Because
of the poor taxonomic resolution of Miocene African Hystrix remains, it is difficult to assess if
these porcupines represent immigrants from western or eastern Eurasia. But since Hystrix is a
common element in the Pikermian biome (including West Asia), we regard this taxon, in
accordance to Geraads et al.%°, as a western Eurasian immigrant into Africa.

Leporidae

The family Leporidae is of North American origin.”* It is first recorded in Eurasia at the
Vallesian-Turolian transition (early Khersonian) of Eastern Europe (ref.%?) with an age of about
8.7 Ma. During the early and middle Turolian (late Tortonian to basal Messinian) leporids
(Alilepus) are commonly reported from Eastern Europe, north of the Black Sea.®” The first
leporids in Asia (Alilepus, ref.%®) are known at 7.4 Ma from the Siwaliks (ref.?!). The family
penetrates Africa during the early Messinian, where it is first recorded from Toros Menalla
(Serengetilagus, ref. °*) and from Gutosadeen, Upper Chorora fauna (Alilepus, refs.*344). The
Gutosadeen fossiliferous level is inversely magnetized, overlying a normal polarization (ref.*:
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fig. 3) and below an inversed magnetized ash layer dated to 6.94 + 0.17 Ma. Fossils should
therefore be assigned to magneto-chron C3Ar, constraining the age of the Upper Chorora
Alilepus to between 7.14 and 6.94 Ma, being therefore roughly contemporaneous with the Toros
Menalla Serengetilagus. We therefore assume that leporids enter Africa at the base of Messinian
from Western Eurasia.

Ursidae

Indarctos. In Africa the genus is known only from the late Miocene of Menacer, Algeria.®>%
Fossils from this locality, where Dinocrocuta and cf. Macaca have also been found, are most
probably heterochronous (D. Geraads, pers. comm.). The genus Indarctos from Menacer is
referred to as Messinian in age by ref.%®, but given the presence of Dinocrocuta this taxon must
be older than the remaining fauna. The oldest record of Indarctos are known from the early
Late Miocene (Vallesian, 11-10 Ma) of Europe and Asia Minor. In the second half of the Late
Miocene (Turolian of Europe and Turolian equivalent of Asia) it was widespread in southern,
central, and eastern Europe, as well as in Western, Southern and Eastern Asia, reaching North
America.%”*® There is no doubt that Indarctos is a Western Eurasian immigrant in North Africa,
reaching the continent probably at the end of the Tortonian or at the beginning of Messinian.
Indarctos from Menacer shows morphological affinities with I. atticus (l. punjabiensis atticus,
ref.%"), well known from South Europe and the Balkan-Iranian zoogeographic province in the
second part of the late Miocene.

Agriotherium. The origin of the genus Agriotherium is not well documented in the fossil record.
Although badly dated, the oldest species may occur in the Late Miocene of the Siwaliks (A.
palaeindicum, Hasnot, Dhok Pathan Fm after Matthew 1929 and Colbert 1935; 9.8-3.5 Ma,
ref.%%), China (A. inexpectans, Jiegou, upper 4" member of Liushu Fm, Baodean Asian Land
Mammal Age, Messinian, 7.2-5.3 Ma, ref.1®) and in late Miocene-early Pliocene of Myanmar
(A. myanmarensis, Irrawaddy Fm, ref.°}). During the latest Miocene, at ~6 Ma, the genus
appears in North America (A. hendeyi, ref.1%2) and at 6.23 Ma in Europe (A. roblesi, ref.1%%).
The first African record of Agriotherium is known from few fossils coming from the early
Messinian (7.3-7.2 Ma) of Sahabi (refs.®®1%4) and the late Messinian of Middle Awash
(Kuseralee Mb, 5.8-5.2 Ma; ref.1%). Better African material is known from the Mio-Pliocene
transition or earliest Pliocene of Uganda and Kenya (A. aecuatorialis; Nkondo and Magabet
Fms; ref.1%) and South Africa (A. africanum, Langebaanweg, ref.1%"). Agriotherium probably
originates from Indarctos (see refs.®>192) but it is not very clear, according to existing
palaeontological data, whether the earliest Agriotherium are Asian or African, although we can
suppose an Asian origin for this genus, given the significant number of Agriotherium localities
in the Late Miocene of Asia. It is clear, however, that in the late Miocene (probably during early
Messinian) there was a dispersal of this ursid between Eurasia and Africa.

Canidae

Vulpes. The pre-Pleistocene fossil record of Vulpes is one of the most fragmentary within the
subfamily Caninae. The stratigraphically oldest data are from the Hemphillian (8.2 Ma) of
North America where the genus seems to be represented by two species Vulpes stenognathus
and V. kernensis (refs.2%1%) The oldest remains from Eurasia are from the Early and the
Middle Pliocene (ref.1%%). Vulpes riffautae is described from early Messinian of Toros Menalla
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(Chad, ref.!'%) and if the remains really belong to Vulpes, then this species documents the
earliest entry of the genus into Africa (refs.?¢11%), probably from Eastern Eurasia.

Mustelidae

Plesiogulo. The genus is wide spread in Eurasia, North America and Africa and includes several
species. Plesiogulo, which could be of Asian origin (first appearance in middle Miocene of
Pasalar, Turkey) migrated to the New World between 7.0 and 6.5 million years ago and is well
represented in the late Miocene from the Balkans to Central Asia and Pakistan (refs.1*113), Its
first appearance in Africa, evidently from Western Eurasia via the Arabian Peninsula, is
described as ?Plesiogulo praecocidens from the early Messinian Baynunah Formation (UAE,
Arabian Peninsula, ref.!'%). The presence of Plesiogulo is better documented from the late
Messinian of Africa with ?Plesiogulo praecocidens from the 6.1-5.8 Ma old site of Lukeino
in Kenya (ref.1%), P. botori in Lemudong’o, (Kenya) and Adu Dora Mb (Middle Awash,
Ethiopia) dated between ~6 and 5.81 Ma (refs.}*>18 recalibrated according to the revised ages
of FCs standard, ref.*).

Hyaenidae

“Ictitheres”: The large ictithere group was widespread in the late Miocene and includes
numerous taxa, known mainly from the Pikermian Hipparion fauna. Paradoxically, although
discussed and described in a large number of works, its taxonomy remains strongly
controversial (see ref.11").

Hyaenotheriini, cf. Hyaenotherium. Ictitherium ebu from Lower Nawata Mb (ref.8) is placed
by Semenov!!® in Hyaenotheriini, and could represent a species in the genus Hyaenotherium.
The African Hyaenictitherium from the early Messinian of Toros Menalla and the Pliocene
(refs.%12% may represent another taxon (see ref.!'®). In any case, it is clear that the
Hyaenotheriini entered in Africa during the early Messinian from Western Eurasia, where this
group is widespread in the Hipparion fauna of the Late Miocene (from the Vallesian and the
Turolian and their Asian analogues) of the Balkan-Iranian zoogeographic province and Central
Asia (see ref.119),

Chasmaporthetes. The taxon is known from the late Miocene to the Pleistocene and is
widespread, especially in the Pliocene of Eurasia, reaching Africa and North America. The time
of its appearance is not very clear and its taxonomy possibly needs revision, but it seems that
the earliest representative is C. exitelus from China (ref.}?*), whose age could correspond to the
European Middle Turolian, ~8.0-7.3 Ma (ref.'?2). The first appearance of the genus in Africa is
during the early Messinian of Toros Menalla (refs.®®!%%). In Africa Chasmaporthetes is an
immigrant from Western Eurasia.

Adcrocuta eximia. In Africa the species is known only from the early Messinian of Sahabi,
Libya (refs.%¢1%4) and demonstrates the features of the evolved late stage of the species (sensu
ref.11") typical of early Messinian faunas. The species is widespread in the Hipparion fauna
from South Europe, the Balkan-Iranian zoogeographic province (including the Northern peri-
Pontic region) to Central Asia (China) during the Vallesian and the Turolian (refs.!*"1??) and
must be a Eurasian immigrant in North Africa at the early Messinian.
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Suidae

Suinae. The African FOD of the Suinae is traditional placed in the latest Messinian (6-5.3 Ma),
when Kolpochoerus deheinzelini is present at Kossom Bougoudi (~6 Ma, Chad) and Middle
Awash, Ethiopia (ref.'?*). Suinae is a Eurasian subfamily and Brunet & White?* suggest
affinities with Propotamochoerus hysudricus from Siwaliks (Dhok Pathan Fm) and the early
Messinian Baynunah Fm of Abu Dhabi, Emirates (ref.1?%). Because Baynunah is in southern
Arabia, it belongs to the tropics (today Afrotropics; Fig. 1). Consequently, Suinae have been
present in the Afro-Arabian tropics since early Messinian (Propotamochoerus), representing
eastern Eurasian (Siwaliks) immigrants. The genus Kolpochoerus later evolved in Afro-Arabia
during the late Messinian.

Giraffidae

The Giraffids of the Pikermian biome and appearance of Giraffa. The extant genus Giraffa
first appears in Africa at the beginning of the Pliocene. It could have been derived from Bohlinia
or Palaeotragus rouenii (ref.}?®) suggesting the probable dispersal of at least one of the
mentioned taxa of the Pikermian biome into Africa during the latest Miocene (Messinian).
Marra et al (ref.12”) note the presence of Bohlinia cf. B. attica at the southernmost Italian locality
Cessaniti during latest Tortonian (ref.1?8) and argue for a faunal exchange at this time between
southern Europe and northern Africa via Calabria, but a Calabrian-African land connection at
this time is so far unsupported by geologic data. A giraffin from the early Messinian of Toros-
Menalla (Chad) has been referred to Bohlinia (ref.1?®), but the assignment of these remains to
Bohlinia has been questioned (ref.'?%). Haile-Selassie (refs.*>!3%) referred sparse material from
the late Messinian Asa Koma Mb (Middle Awash) to Palaeotragus sp. and Giraffa sp., but
Harris et al.'?® noted that in the absence of an associated set of teeth, they may be better assigned
to Giraffidae indet. cf. Giraffa sp. In any case, the appearance of a giraffine similar to Bohlinia
in the early Messinian of Chad point to a dispersal of Giraffa ancestors from western Eurasia
(refs.129'132).

Sivatherium. The genus is the only sivatheriine known from Africa. Until recently Sivatheriun
was known from three species: one Asiatic form, the type Species Sivatherium giganteum from
the Plio-Pleistocene of the Upper Siwaliks (Tatrot-Pinjor transitional fauna, Nanda 1994), and
two African species, S. maurusium (Middle Pliocene to Pleistocene of North and East Africa)
and S. hendeyi (Early Pliocene of South Africa, refs.!2613%) A Balkan species Sivatheriun
garevskii was recently described from the Pliocene (?) of Stamer (Republic of Northern
Macedonia, ref.33). The other sivatheriinae Helladotherium and Bramatherium (the former
genus a possible synonym of the latter according to some authors) was widespread in the late
Miocene from the Balkans to the Siwaliks (:3+*%). Old reports of cf. Helladotherium duvernoyi
from North Africa (ref.*®) probably constitute misidentified Sivatherium remains (ref.'?®) but
it is logical to assume, in these circumstances, that the ancestor of the oldest African
Sivatherium entered Africa not later than the early Messinian or the Tortonian-Messinian
boundary, since the oldest African Sivatherium remains, although scant, are known from the
early Messinian Lower Navata Fm (ref.3") and from Toros Menalla (refs.131%9),

S. garevskii is of interest in that regard. It is very probable, according to the other faunal finds,
that the Stamer locality is from the final Miocene (ref.!’). It is interesting to note also the
presence of a huge Sivatheriine second phalanx (ref.}4%) in the late Messinian locality of
Verduno, N. Italy (5.5-5.33 Ma), which is referred to a large Helladotherium sp. because it is
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believed that Sivatherium is not known earlier than the Pliocene. This make it likely to us that
Sivatherium, or its ancestor, entered Africa from Western Eurasia, since this genus is unknown
from southern Asia until the beginning of the Pleistocene.

Bovidae

It seems that during the early Messinian from about 7 Ma the composition of the bovid
assemblage on the African continent is already fully African in character (ref.1*!), however, a
number of taxa show Eurasian origins (ref.14?).

Tragoportax. The boselaphin Tragoportax is known in Eurasia from the Vallesian/Turolian
boundary (~8.7 Ma) to the end of the Turolian (respectively end of Miocene), and represents
one of the most widespread Bovids of the so called Hipparion-fauna of the late Miocene, known
from the Pikermian biome to the Siwaliks and western China (refs.”>14%). The genus is known
from Messinian African localities. It is represented in the fauna of Sahabi (Libya) by
Tragoportax cyrenaicus (described as Miotragocerus cyrenaicus by Thomas#, refs.14314) in
the fauna of Lothagam (lower Nawata, Kenya) as ?Tragoportax sp. (ref.4%), as well as in the
fauna of Middle Awash (Ethiopia), where T. abyssinicus is described (refs. 142147). Recently the
genus is mentioned from the early Messinian Baynunah Formation (UAE, Arabian Peninsula,
ref.*). All these taxa have been placed in the genus Miotragocerus by Gentry*8, but their
features correspond to Tragoportax, the former likely ancestral to the latter (ref.”).
Tragoportax is apparently an immigrant from western Eurasia, most likely from the beginning
of Messinian.

Pachyportax latidens. This large bovid is recorded in the Siwaliks from Dhok Pathan Fm
(ref.2*%) at 7.3-7.2 Ma and has also been found in the early Messinian Baynunah Fm (United
Arabian Emirates, ref.!>%), but the same species might also be represented in the late Messinian
Asa Koma Mb of the Middle Awash (5.81-5.58 Ma), Ethiopia (ref.*® and references herein).
We interpret this species to be an early Messinian immigrant from eastern Eurasia into Africa.

Prostrepsiceros. The antilopin Prostrepsiceros vinayaki is recorded in the Siwaliks from the
Dhok Pathan Fm (ref.1%°) between 9.3-7.9 Ma and is also known from the Middle Turolian of
Molayan (Afghanistan). This form or a direct descent of it (P. cf. vinayaki) is found in the early
Messinian of the United Arabian Emirates (Baynunah Fm, ref.*®) and the Middle Awash area
(Ethiopia) in levels with an age of 5.7-5.2 Ma, which suggests an early Messinian immigration
into Africa, most probably from eastern Eurasia via Arabia (ref.*? and references therein).

Afrotragus libycus. The antilopin ‘Prostrepsiceros’ libycus from Sahabi was referred to the
genus Dytikodorcas known from the late Turolian of Greece (ref.’®!). Geraads (ref.}%6)
suggested that the Sahabi species might belong to the genus Afrotragus, erected by him from
the early Messinian lower Nawata Formation at Lothagam (A. premelampus). Very recently A.
libycus was recorded in the early Messinian Baynunah Fm (UAE, Arabian Peninsula, ref.*).
This discovery and generic similarities suggest a probable origin of the species and the genus
in Arabia, or possibly in the Middle East/West Asia (ref.*°).

Dorcadoxa. The reduncin D. porrecticornis (=‘Kobus’ porrecticornis) was first described by
Lydekker from the Dhok Pathan deposits of the Siwaliks (recorded here from 9.3 to 8.0 Ma;
refs.82142152) and was assigned to the genus Dorcadoxa by Pilgrim4°. D. cf. porrecticornis has
been recorded from several Messinian African sites, e.g. from Asa Koma Mb, Middle Awash
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(ref.2*7), Lukeino Fm (ref.?>%), Manonga (ref.®*), but its oldest occurrence is from the early
Messinian (7.3-6.6 Ma) Mpesida beds (ref.1>®).

Caprini. It is likely that this group first appears in the Miocene of Asia (ref.14?). Fossil forms
that can be unambiguously assigned to this tribe are known in Africa only by the early
Messinian at Sahabi in Libya, lower Nawata Fm in Kenya, and Toros Menalla in Chad
(refs.148156-158) "However, Geraads et al. (ref.®°) described the new genus Skouraia from the
late Miocene (Turolian-equivalent) of Morocco, including it in Caprini and hypothesized that
the presence of this tribe in Africa is much older, possibly from the Middle/late Miocene
boundary.

Bovini. It is assumed that Bovini descended from Boselaphini, but their appearance is rather
obscure and it is not impossible that the tribe is polyphyletic (ref.}*®). The oldest remains
referred to Bovini on the African continent, are known from the early Messinian at Toros
Menalla (refs.%®1%%) Lothagam (Lower Nawata, ref.*>), and slightly after at Lukeino: Ugandax
cf. gautieri (ref.1®1). Most probably the tribe originate in South Asia and its earliest members
are present by at least 8.9 Ma in the Siwaliks (Dhok Pathan Fm., ref.16?),

5.3.3. Late Messinian faunal exchange between Eurasia and Africa

Canidae

Eucyon. Tedford and Qiu (ref.1%%) erected the genus Eucyon for the most of the primitive Canis-
like forms from the Late Miocene and the Pliocene. The origin of the genus must be North
American. Its first clear occurrences in Asia and Europe (if we do not consider the dubious “E.”
cipio) are from Brisigella, Italy and Venta del Moro, Spain (both late Messinian), and
apparently also from the probably similar in age levels of the Khirgis-Nur-2 section, Mongolia
(ref.?84). Several remains of primitive Canis-like forms are described as representatives of
Eucyon from the latest Miocene of Africa. They are slightly younger (<6.1 Ma) than the oldest
European forms from Venta del Moro (6.23 Ma, ref. 155). A new species Eucyon intrepidus is
erected from Lukeino Fm (Tugen Hills, Kenya; ref.1%). Eucyon aff. intrepidus were also
described from scant remains from the late Messinian of Lemudong’o (Kenya, ref.1%®). Primive
Canis-like remains from the Latest Miocene of Langebaanweg, probably also represent a
primitive Eucyon species (see ref.1"). Latest Miocene Eucyon dispersal must be a very rapid
event and the entry of the genus from North America to Asia and its dispersal through the
continent to Southwest Europe and Africa at the late Messinian was nearly contemporaneous
and Old-World-wide (ref.1%4).

Hyaenidae

?Hyaenictis. The genus is one of the least known Neogene hyaenids. This genus and its type
species, Hyaenictis graeca Gaudry, 1861 (ref.!%), were erected on the basis of scarce
dentognathic remains from the well-known middle Turolian locality of Pikermi. Due to the lack
of material the taxon has been the subject of debates in relation to its taxonomic status (ref.*??).
Attempts have been made to include in this genus a number of other species, most of which
have been rejected in the recent literature (id). Hyaenictis almerai Villalta Comella and
Crusafont Pair6 was erected from the late Vallesian of Spain, but the more specialized,
durophagous adaptations in this sample, which is much older than the type species raises some
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doubts about it belonging to Hyaenictis (ref.!®°). Hyaenictis wehaietu Haile-Selassie and
Howell was erected for the latest Miocene and earliest Pliocene of the Middle Awash, Ethiopia
(5.8-5.2 Ma). The inclusion of this species in Hyaenictis is questionable (ref.1%%). Hyaenictis
hendeyi (ref.}’%) was erected based on early Pliocene (ca. 5 Ma) material from Langebaanweg
in South Africa, but given the scarity of the material its attribution to Hyaenictis is far from
certain (ref.%). If Hyaenictis entered Africa, it must have happened at the end of the Miocene
as an immigrant from western Eurasia.

Felidae

Metailurus. Evidence for the presence of the genus and the Eurasian species M. major in Africa
is weak, especially given new ideas about the taxonomy of the genus (ref.1™*). The attribution
of M. obscurus from South Africa to Metailurus is doubtful and the attribution of a
specimen from Olduvai, Bed 11 to this genus (ref.1?) is tentative at best (see ref.*®). The P3 from
Tugen Hills (Lukeino Fm) described by Morales et al.1% is too small for Metailurus s. str. and
the mandible fragment with p3-p4, referred to Metailurus major by Howell and Garcia'®® from
Lemudong’o is also insufficient for a definitive determination. The assignment of some
fragmental remains to Metailurus (M. major?) from lower Nawata Mb, Lothagam is also highly
tentative (ref.118). If this taxon really existed in Africa it must be an immigrant from western
Eurasia, where it was a member of the Late Miocene Pikermian biome currently known from
Central Asia (China) to southern and central Europe (ref.1’3).

Chalicotheriidae

Ancylotherium. The genus Ancyloterium is widespread in the late Miocene from southern
Europe to China (ref.}’*) and its origin is most likely Eurasian. The oldest African species of
the genus is A. cheboitense. Its first appearance is at Cheboit, Tugen Hills (lower Lukeino Fm)
at 6.1-5.9 Ma (ref.}’®). This suggests a migration of the genus to Africa, likely during late
Messinian times. It is not entirely impossible, however, that the genus dispersed to Africa
earlier: Geraads et al. (ref.}’®) identified remains of the genus from the Awash Basin, Chorora
Fm. (8.7-7.7 Ma) as A. cf. tugenensis. Coombs & Cote (ref.}”®) conclude that the material is
insufficient for a reliable taxonomic determination at the genus level and further suggest that
the trivial nomen “tugenense” should refer to another African genus Chemositia, although the
status of the latter remains unclear.

Rhinocerotidae

Ceratotherium. The statements on the evolution of the genus Ceratotherium as well as of
African Dicerotini are controversial. According to Giaourtsakis (ref.}’”) Ceratotherium
neumayeri could be an African immigrant in Southeastern Europe and the Middle East, but this
statement contradicts the biochronological data. It is a common species of the Turolian Balkan-
Iranian zoogeographic province (ref.”!) with a probable first appearance at the end of Vallesian
(ref.2’®). Despite several disagreements (see ref.1’®) it seems that this taxon (C. neumayeri or
“C.” neumayeri, regardless of its taxonomic status) was the likely ancestor of both living
African forms (ref.®%). The oldest African species of the genus is the Pliocene and Pleistocene
C. mauritanicus and the genus Ceratotherium appears on the African continent most probably
in the latest Miocene (refs.5%18%) as an immigrant from the Pikermian biome. Despite the often
opposing hypotheses about the origin of Ceratotherium and Diceros (ref.®! and references
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herein) it could be supposed, based on Geraads (ref.*®%), that “Diceros” douariensis from the
?Late Messinian of Douaria, Tunisia could represent the first appearance of C. neumayri in
Africa.

Camelidae

Paracamelus. The genus Paracamelus enters Eastern Europe during the Messinian from
Central Asia. Its oldest Eurasian occurrence, from Kazakhstan locality of Pavlodar 1A
(=Gusiniy Perelet; ref.182), is dated to ca. 7.2 Ma (ref.18). It is known in the northern peri-Pontic
region from lower Pontian (Novorossian) deposits in the Ukraine (ref.8¥), which is dated to
~6.1-5.8 Ma (ref.18%). The same wave of dispersal probably led to the penetration of this taxon
into southwestern Europe. Finds are known in the late Messinian from Spain (ref.8), where it
is recorded at Venta del Moro (6.23 Ma) and Librilla (6.19 Ma; ref.1%%). Pickford et al.’ suggest
that camelids penetrate Spain via North Africa, but the discovery of camelids at Verduno, Italy,
at ca. 5.4 Ma (ref.14%) and the aforementioned record from the lower Pontian points to another
possibility, a dispersal from Central Asia/Eastern Europe through southern Europe. In any case,
it is clear that Paracamelus entered Africa from Central Asia during the late Messinian. The
oldest African camelid record (Paracamelus sp) is from Kossom Bougoudi (Chad) with an age
of ~6 Ma (refs.18187) In summary, the first occurrence of camelids (Paracamelus) in western
Eurasia and Africa seems to have occurred just after 6.25 Ma.

Bovidae

Cf. Caprini. The cf. Caprini (sensu ref.}*?) from the Kuseralee Member of the Sagantole
Formation (>5.2 Ma) resembles according to ref.}4? Skoufotragus laticeps (a member of the
Pachytragus/Protoryx group according ref.”>%) from Samos and West Asia (dominant
mammal assemblage of Samos, ?early Messinian, ref.189). This taxon is also known from the
latest Tortonian of Gorna Sushitsa in Bulgaria (7.44 Ma, refs">"4) and may indicate another (see
Caprini in the previous chapter), second dispersal of this group from Western Eurasia during
the late Messinian to Miocene/Pliocene boundary (ref.14?).

5.3.4. Late early Pliocene faunal exchange between Eurasia and Africa
Felidae

Dinofelis. The palaeontological data show an African origin of the genus during the late
Miocene. The oldest Dinofelis remains are from Lothagam, where the genus is found in all
members (refs.118190.191) It is not impossible that it occurred in the Messinian of Venta Del
Moro, Spain, but the preserved material is not reliable (ref.**%). The first reliable occurrences
outside Africa are from the early Pliocene (late Ruscinian, MN15, 4.2-3.6 Ma) of Perpignan,
France (D. diastemata) and represent therefore a probable African immigrant into Europe
during the late early Pliocene. A potentially different species of Dinofelis is present in the early
Villafranchian (MN16) of France (Belaruc I1: ref.1*°) and the middle Villafranchian (MN17) of
Moldova (Novaya Etulia 2) more similar according ref.?% to the African species D. barlowi and
D. piveteaui, which may indicate subsequent dispersal(s) from Africa during the mid-
Piacenzian and/or late Piacenzian.

Homotherium. The earliest fossils attributed to Homotherium are close to 4 Ma and have an
African origin in the Lonyumun member (4.3-4.1 Ma), Koobi Fora Formation of Kenya
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(Werdelin and Sardella, 2006) and at Kanapoi (the early Pliocene levels, ref.?®?). The earliest
appearance of the genus in Eurasia is in Odessa Catacombs (Ukraine) (1°3-1%). The magneto-
biochronologic age of the Odessa Catacombs is referred to the end of Ruscinian or Ruscinian-
Villafranchian transition (latest MN15 or MN15/MN16, refs.1%6-1%) at ~3.6 Ma (ref.1*°). On the
basis of previous notions for a slightly older Pliocene age of Odessa Catacombs, Anton et al.
(ref.1) believe that it is not currently possible to determine if the geographical origin of the
genus is African or Asian. Given that the Ukrainian locality may be ~0.5 Ma younger than the
oldest African occurrences, we regard Homotherium as the second possible late early Pliocene
African immigrant into Eurasia.

5.3.5. Mid-Piacenzian faunal exchange between Eurasia and Africa

Canidae

Canis. The genus Canis is a North American immigrant in the Old World and the Canis event
in Asia (China) is dated to ca 3.4 Ma (ref.%4). Following Lacombat et al. (ref.2%) it was accepted
that the first Canis entered in Europe is at ca 3 Ma (Vialette, France), but the Canis from Vialette
is actually an Eucyon (N. Spassov, pers. opinion, this paper). The first Canis record from Europe
could be represented by a mandible labelled as C. neschersensis from Perrier (Les Etouaires),
stored in the MNHN (Paris) (2.78 Ma, ref.?°t; N. Spassov, pers. opinion, this paper). The first
occurrence of the genus in Africa seems to be older than in Europe. Canis nov. sp. is mentioned
from South Turkwel, Kenya (ref.2%2). The chronology of the fossiliferous level of the South
Turkwel fauna is neither constrained by datable tuffs nor magnetostratigraphy and Ward et al.
(ref.2%) estimate an age between 3.6 and 3.2 Ma based on regional correlation and
sedimentation rates. These data suggest perhaps a very fast dispersal event of the genus after its
entering from North America through Asia into Africa at the beginning, or just before the mid-
Piacenzian.

Nyctereutes. The origin of the genus is uncertain. In the Plio-Pleistocene Nyctereutes is
widespread in Eurasia and Africa. Morales and Aguirre (ref.2%) described remains of
Nyctereutes as N. cf. donnezani from the Messinian of Venta del Moro. After several revisions,
these remains were identified as a new species of Eucyon (ref.2% and references herein). The
earliest secure occurrence of the genus is N. tingi from the Pliocene localities of the Yushe
Basin, China (approximately at ca. 4.4 Ma; refs.29.207) Nyctereutes appears in both Asia Minor
and in Europe during the Pliocene (first occurrence in Europe probably at La Gloria 4, at 4.19
Ma; ref.2%8). Its first occurrence in Africa is obscure. A mandible from Lissasfa, Morocco, with
a probable age of 6.0 — 5.5 Ma. was referred by Geraads (ref.?%®) to Nyctereutes, albeit
tentatively. Given the data on the time and place of origin of the genus, this determination seems
unreliable. The species ?N. barryi from Laetoli (Upper Laetolil beds), Tanzania, (3.60-3.85
Ma) (refs.®6219) is only tentatively referred to that genus. In contrast, Nyctereutes lockwoodi
from Dikika (Lower Awash, Ethiopia, ~3.35 Ma; ref.?!1) is more closely related to the Chinese
species N. tingi and Geraads et al. (ref.?!!) suggest an immigration of that species into Africa
over South Asia.

Hyaenidae

Pachycrocuta (P. brevirostris). The timing of the appearance of this, the largest hyaenid in
Africa, is not entirely clear. In South Africa the oldest records are from the M3 deposits of
Makapansgat with an age of ca. 3 Ma (refs.2'2213), Werdelin (1999) identifies a relatively small
P. brevirostris from Turkana Basin, Kenya with an age in the time span of 3.44-3.2 Ma (Tulu
Bor and lower Lomekwi Mbs). Pachycrocuta sp. (also smaller in size) is known from South
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Turkwel Kenya (3.6-3.2 Ma; ref.2%?), but most probably this is a different species. Werdelin and
Dehghani (ref.?1%) ascribe a tooth fragment from the upper unit of Laetolil Beds tentatively to
?Pachycrocuta sp. In the Siwalik the first occurrence of the species is probably at ca 2.6 Ma
(Pinjor Fm, Patnaik & Nanda 2010) and in China, Nihevan, at ca 3 Ma (ref.?'%). In Europe it is
known from the late Villafranchian to the Middle Pleistocene (ref.?'4) and its first occurrence
is in Gerakarou (MNQ18-a2/MNQ 18-b boundary, at ca. 1.9-1.8 Ma; ref.2%°). Werdelin (ref.?%)
hypothesized that P. brevirostris originates in Asia and migrated from there to Africa ca. 3.4
Ma and later to Europe during the late Villafranchian. The palaeoecological arguments of this
hypothesis seem logical, suggesting a possible dispersion from there to Asia in mid-Piacenzian.

Suidae

Metridiochoerus. The African FOD of Metridiochoerus (M. sp. and M. cf. shawi) is during
mid-Piacenzian (3.33-3.20 Ma Usno 12; ~3.0 Ma Shungura B11, ref.?’). The genus
Metridiochoerus may derive from south Asian ancestors (refs.!":?18), probably related to the
hypsodont suid Hippohyus from the Pliocene Siwaliks (ref. 2%9).

Giraffidae

Giraffa. Hooijer (ref.??) originally described Giraffa cf. G. camelopardalis from the
Bethlehem conglomerate (early Villafranchian, 3.5-3.0 Ma after ref.??!). The scarce and
fragmented materials were later be assigned to Giraffa sp. (ref.??2). Nevertheless, because the
genus Giraffa is known since the early Pliocene of Africa (ref.1?6, see above), the Bethlehem
record has been discussed as African immigrant in the Levant in several publications (e.g.
22222%) This seems plausible since this site also yields the first record of Mammuthus outside
Africa (see below, ref.?2!). In contrast to Belmaker (ref.??#), who discuss “several Pliocene
Giraffa ssp. dated back to 4.0 Ma” in Eurasia, we are not aware of any pre-mid-Piazenzian
Giraffa sensu strictu fossils there.

Bovidae

Hippotragus. Hippotragini is a tribe of African bovids known since the Late Miocene (ref.148).
The antelope Hippotragus brevicornis was described from Pilgrim (ref.1%) from the Tatrot Fm
of the Siwaliks (3.5-3.3 Ma, ref.®8). This species is viewed as an African immigrant in South
Asia during the mid-Piacenzian (refs.?222%),

Budorcas. The African ovibovine species Budorcas churcheri was described by Gentry (ref.??)
from the mid-Piacenzian Denem Dora Mb (Hadar Fm, 3.26-3.22 Ma). This fossil takin is
regarded as an Eurasian immigrant into Africa (ref.?%).

Elephantini

Elephas. The elephant subfamily originated in Africa during the latest Miocene. The first
Elephas species are known in Africa. Their oldest remains are from Kenya, Ethiopia and South
Africa and have an early Pliocene age (ca. 5-4.2 Ma, ref.’®). The first Asian elephantine, Elephas
planifrons, is recorded from the Upper Siwaliks (refs.??4229-231) and characterize the Tatrot
fauna (E. planifrons interval-zone of Barry et al., ref.%?). Magnetostratigraphy places its FO in
the lower half of the lower Gauss chron (C2An.3n, 3.569-3.330 Ma, ref.??°), indicating an age
of 3.5 Ma (ref.2%). Possibly, an early Elephas is also recorded, besides Mammuthus (see below),
in the elephantine remains from Bethlehem (refs.?2%:234),
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Mammuthus. The origins of the genus are known to be African.The first known member of the
genus Mammuthus, M. subplanifrons (which likely is a wastebasket taxon), appears in Eastern
and Southern Africa at the very end of the Miocene and the beginning of the Pliocene (ref.’®).
The oldest Mammuthus remains in Eurasia are known from Tulucesti and Cernatesti (Romania,
ref.2%) and the Skortselkian fauna (Moldova, ref.?%%) and represent the first Mammuthus species
from Eurasia: M. rumanus (refs.2?#237-2%9)  This oldest Eurasian Mammuthus is early
Villafranchian. The localities have been palaeomagnetically correlated to the mid-Gauss
subchron (C2An2n, 3.207-3.116 Ma) in Ripa Skortsel’skaya (Tulucesti Fm, Skortselslian
horizon, ref.?%) and Podari (nearby and in the same stratigraphic position as Cernatesti,
refs.2%241) Tylucesti, the type-locality of M. rumanus, is lithostratigraphically (by the Tulucesti
Fm) correlated to Ripa Skortsel’skaya (refs.?®>241). Thus, the FO of M. rumanus in Eastern
Europe is confined to 3.2 Ma (ref.2%) correlating to the Plescoi flooding event (3.20 to ~2.95
Ma, middle-upper Romanian boundary), a transgression of the Black Sea (see Fig. 5F in the
main text) into the Dacian Basin during the mid-Piacenzian (ref.?*?). Probably close in age are
the remains from Bethlehem (Israel-Palestine), representing perhaps an early stage of M.
rumanus (ref.?2%). It seems plausible that M. rumanus originated in Africa around 3.5 Ma and
migrated to Eurasia via the Levant (ref.?3%). Undoubtedly, in Eurasia Mammuthus was a
newcomer from Africa during the mid-Piacenzian, which had its European FO at 3.2 Ma.

5.3.6. Ibero-Maghrebian and Afro-Calabrian exchanges

Faunal interchange between North Africa and southern Europe during the latest Miocene has
been documented for several decades (refs.?*3-24). It comprises mainly small mammals like
rodents (gerbils, hamsters, murids) and lagomorphs (pikas) and is restricted both temporary and
spatially. Jaeger & Hartenberger (ref.2%%) state that ,,some limited terrestrial faunal exchanges
... occur during the Messinian between southwestern Europe and northwestern Africa [that] do
not deeply affect the general faunal dynamics. Both allochthonous cohorts of immigrants
become rapidly extinct”. Based on significant improvements of chronologies and larger data-
sets since then several biogeographic scenarios have been proposed (refs.16>247:248) gl invoking
narrowing or closing of Mediterranean gateways toward the Atlantic during the Messinian
Salinity Crisis. Gibert et al. (ref.%%) conclude that three dispersal events occurred: the 1% Africa-
Iberian Mammal Dispersal (AFID) at 6.3 Ma with the emigration of the African hippopotamid
Hexaprotodon, without landbridge involvement because of the swimming capabilities of
hippos; the 2" AFID at 6.24 Ma with a bi-directional dispersal (Eurasian pika Prolagus and
murid Apodemus; African murid Paraethomys) and the 3" AFID between 5.5 and 5.3 Ma with
bi-directional exchange Eurasian murids and African gerbils and hamsters. Except for the
African murid Paraethomys, no other migrant reaches significant distribution in the regions
into which it dispersed (ref.248).

However, it has to be stressed that latest research has shown that Mediterranean-Atlantic
gateway closure in the Rifian and Betic regions significantly precede these dispersal events and
was finished already during late Tortonian-early Messinian (refs.?*20). An exception is the
(hypothetical for the Miocene, ref.?5%) Gibraltar Straight, which had to remain open at least until
Messinian stage 2 (5.6 Ma) to deliver the Messinian salts. So, it is highly questionable if
gateway closure is involved in any of the observed dispersals or if instead climatic events should
account for these restricted phenomena.
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Very few non-swimming large mammals have been observed to be involved in these Messinian
faunal exchanges in the western Mediterranean. As we have argued above, the occurrence of
the camel Paracamelus in eastern Spain at 6.23 Ma could be better explained by a dispersal
from Central Asia, via Eastern and Southern Europe, instead via Africa. Two other cases, the
African elephantid Stegotetrabelodon in Calabria (Italy) and the African monkey Macaca in
southern Europe will be briefly discussed here.

Stegotetrabelodon. The genus could be of African origin and is not known before the Messinian
(ref.”®). S. syrticus, described from the early Messinian Sahabi Fm (Libya, ref.”® and references
herein) is reported also for southernmost Italy, from Cessaniti (terminal Tortonian or the
Tortonian/Messinian boundary, ref.!?’). Marra et al. (ref.!?”) hypothesize a possible land
connection of the Calabrian Arch to North Africa at this time, but there is no geological
evidence for such connection at the end of the Tortonian. Cessaniti is the only record of this
elephantid in Europe.

Macaca. The first appearance of this monkey in Europe, the first sure occurrence in Eurasia, is
based on two southern European Messinian localities, Almenara-Casablanca M (Spain) , with
an age of less than 5.9 Ma and Moncucco, Italy, with an age of 5.40-5.33 Ma (ref.?! and
references herein). These records represent evidence that macaques dispersed from Africa into
Europe during the late Messinian. Although rare in fossil fauna European macaques (several
subspecies of the extant Barbary macaque M. sylvanus) managed to survive until the late
Pleistocene (ref.?%?),

5.3.7. Neogene biogeography of Hominidae

The Hominidae (great apes and humans) is descended from Afro-Arabian stem hominoids (e.g.
Ekembo, Afropithecus/Heliopithecus) and first appear in Europe in the late early Miocene
(refs.2532%%), Between about ~16 and 13.5 Ma they diversify in Europe and disperse into Africa
(Griphopithecus and Kenyapithecus in Europe/Western Asia and Nacholapithecus, Equatorius,
and Kenyapithecus in Africa (refs.2°52%%), Hominids are not found in Africa between about 13.5
and 9.8 Ma while they become even more diverse and abundant in Europe, radiating into an
impressive diversity of taxa (Pierolapithecus, Anoiapithecus, Dryopitheus, Danuvius,
Hispanopithecus, Rudapithecus, Ouranopithecus, Graecopithecus, and at least one more
unnamed genus (refs.?%5260.261y " |n Asia there is also an impressive diversity of hominids
including Sivapithecus, Lufengpithecus, Khoratpithecus, Indopithecus among the best-known
taxa, with more diversity possible (ref.?%?). There is much debate on the evolutionary relations
among European/Western Asian and African taxa, the two prevailing hypotheses being that
they all represent stem hominids (ref.?%1) or that the European taxa are stem hominines (African
apes and humans; refs.2°>2%9)_ Either way, there is strong evidence of dispersals between Europe
and Africa from 17 to 13.5 Ma, with at least one taxon shared between the two continents.
Because derived great apes (either hominines or hominids) are found in abundance in Eurasia
between 13.5 and 7.2 Ma but not in Africa, the most parsimonious explanation is that the first
hominines to be found in Africa, Sahelanthropus and Orrorin, descend from taxa that dispersed
there from Europe, respectively Western Eurasia (refs.?>2%%), The timing of this dispersal
corresponds well with that of many other Eurasian taxa dispersing into Africa during the
Messinian (see conclusions below).

A more recent interpretation of relations between European and African apes is that the
individual clades of crown hominines (Pan, Gorilla and hominins) had already split in Europe
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before independently dispersing into Africa after about 8 Ma (refs.260263.264) "|n this regard it is
important to note that the hominine ancestral positional behavior adaptations are known for
Danuvius, a 11.6 Ma old European ape (refs.26>2% but see ref.?%"). This is consistent with the
interpretation that Graecopithecus and possibly Ouranopithecus are hominins and that thinly
enameled dryopithecins are members of the gorilla clade (refs.269263264)  The concept that
Graecopithecus is the first potential hominin is not accepted by all researchers (ref.?%) due to
the limited number of features coming from the scarce fossils, but the arguments put forward
against this hypothesis do not seem stronger than the stated opinion (ref.2%). It is noteworthy
that the appearance of Graecopithecus in the Balkans coincides with the post-Pikermian faunal
turnover (ref.’?), related to a landscape aridification and an early Messinian dispersal of faunal
elements from the east, resulting to the replacement of a part of the Pikermian fauna. This post-
Pikermian turnover in the Balkans is largely contemporary with the observed penetration of
Eurasian elements into the fauna of the southern Arabian Peninsula and Africa (see conclusions
below).

5.3.8. Conclusions about Neogene Afro-Eurasian mammal dispersals

Reconstructing mammalian biogeography can be heavily biased by the range of completeness
of the fossil record, by chronologic dating, and by taxonomic concepts. Therefore, our review
does not claim to be final and after forthcoming research some intra-continental dispersers will
be identified in addition, removed from our list, or will be even find to took the opposite
direction of dispersal. However, we presented here the so far most comprehensive investigation
of this topic, incorporating state-of-the-art taxonomy and chronology. We have been able to
identify several new and unique patterns of Afro-Eurasian mammalian biogeography, whereby
addressing some long-standing biogeographic problems.

Our review of late Neogene mammalian dispersals confirms earlier findings of Thomas (ref.1%%)
and Vrba (ref.??®) that late Miocene dispersal between Africa and Eurasia are unidirectional
into-Africa (but see the case of Brachypotherium) and late Pliocene dispersals are bi-
directional. Our study supports to a large extent and on the base of concrete examples the idea
of Solounias et al. (ref.2’°) that the origin of the recent African savannah fauna must be sought
in the late Miocene Pikermian biome (sensu ref.2’!, corresponding to Graeco-Iranian-Afghan
province of ref.22). We identified here 28 taxa of late Miocene immigrants into Africa.

e Early Messinian dispersal: We identify at least 21 taxa involved in a unidirectional into-
Africa dispersal. The majority of them, 14 taxa, most probably derived from western
Eurasian Savannas of the Pikermian biome, whereas seven taxa probably have an
eastern Eurasian (South Asian) source, some being defined to mesic habitats (Stegodon,
Suinae, Dorcadoxa, Reduncini, Bovini).

e Late Messinian dispersal: Seven large mammal taxa have been found to reach the
African continent between 6.1 and 5.6 Ma. Again, the majority of them, five taxa, have
their roots in Western Eurasia (Central Eurasia for Paracamelus).

Interestingly, during the Tortonian-Messinian transition a faunal dispersal from Asia is
observed in the Pikermian biome (the post-Pikermian turnover of ref.”? involving Anancus,
Tragoportax macedonensis, and other taxa) as well as a dispersal from Southeast Europe and
Southwestern Asia (Pikermian faunal elements) into South Asia. The latter dispersal involves
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according to ref.2” large bovids, leporids, colobines, ursids, Lycyaena, Plesiogulo,
Machairodus, and several hypsodont Pecora between 7.4-7.1 Ma (ref.%8, recalibrated into the
actual polarity time scale of ref.%8). This led us to conclude that dispersals around the Tortonian-
Messinian transition occurred simultaneously in Africa, Europe and South Asia. Based on the
data presented in this work we hypothesize that these dispersals have a common cause, related
to the two consecutive late Tortonian transient desert events centered at 7.78 and 7.50 Ma in
West Asia (see Figs. 5 and 6 in the main text).

After 5.6 Ma (corresponding to the desiccation of the Mediterranean during stage 2 of the
Messinian Salinity Crisis) no mammal dispersal into-Africa is observed until the mid-
Piacenzian (3.4-3.2 Ma). It is impressive that this conclusion coincides with the statement in
the comprehensive study on the African land mammal ages (ref.?’#), which came out after this
article was submitted, that there is no first nor last appearance of African taxa during the time
span 5.3-3.6 Ma. This could be explained namely by the lack of faunal dispersals that would
lead to the emergence of new taxa, but which could also cause the extinction of native species.
The mid-Piacenzian dispersals involve for the first time a bi-directional exchange dominated
by Eastern Eurasian immigrants into-Africa (Canis, Nyctereutes, Metridiochoerus, Budorcas)
and African immigrants into South Asia (Elephas, Hippotragus, and possibly Pachycrocuta).
This bi-directional dispersal involves at least nine taxa. In contrast to the Messinian dispersals,
into-African migrants dominantly have Eastern Eurasian (South Asian) affinities. Only the
genus Mammuthus disperses in mid-Piacenzian times out-of-Africa to Western Eurasia (Eastern
Europe), whereas Giraffa reached the Levant. So, mid-Piacenzian mammalian dispersals can
be mainly observed between the Africa and South Asia. Two taxa (Dinofelis, Homotherium)
may have dispersed earlier, during latest Zanclean (4.0-3.6 Ma), from Africa to Western Eurasia
(Dinofelis also to Eastern Eurasia).

Consistent with our Mesopotamian climate record, the cause of significant bi-directional
African Eurasian dispersals during mid-Piacenzian may involve the warming and the global
retreat of deserts during that time as is indicated by both pollen data and modelling results
(refs.275276),

32



10

11

12

13

14

15

16

17

18

19

20

21

6. Supplementary references

Homke, S., Vergés, J., Garcés, M., Emami, H. & Karpuz, R. Magnetostratigraphy of Miocene—
Pliocene Zagros foreland deposits in the front of the Push-e Kush arc (Lurestan Province,
Iran). Earth and Planetary Science Letters 225, 397-410 (2004).

Rosenthal, E., Magaritz, M., Ronen, D. & Roded, R. Origin of nitrates in the Negev Desert,
Israel. Appl Geochem 2, 347-354, doi:https://doi.org/10.1016/0883-2927(87)90050-3 (1987).
Graham, R. C,, Hirmas, D. R., Wood, Y. A. & Amrhein, C. Large near-surface nitrate pools in
soils capped by desert pavement in the Mojave Desert, California. Geology 36, 259-262,
doi:10.1130/G24343a.1 (2008).

Ericksen, G. E. Geology and origin of the Chilean nitrate deposits. (1981).

Ericksen, G. E., Hosterman, J. W. & Amand, P. S. Chemistry, mineralogy and origin of the clay-
hill nitrate deposits, Amargosa River valley, Death Valley region, California, USA. Chemical
geology 67, 85-102 (1988).

Qin, Y. et al. Massive atmospheric nitrate accumulation in a continental interior desert,
northwestern China. Geology 40, 623-626 (2012).

Jackson, W. A. et al. Global patterns and environmental controls of perchlorate and nitrate
co-occurrence in arid and semi-arid environments. Geochimica et Cosmochimica Acta 164,
502-522 (2015).

Voigt, C., Klipsch, S., Herwartz, D., Chong, G. & Staubwasser, M. The spatial distribution of
soluble salts in the surface soil of the Atacama Desert and their relationship to hyperaridity.
Global and Planetary Change 184, 103077 (2020).

Sarmiento, J. L. & Gruber, N. Ocean biogeochemical dynamics. (Princeton University Press,
2006).

Ewing, S. A. et al. A threshold in soil formation at Earth’s arid—hyperarid transition.
Geochimica et Cosmochimica Acta 70, 5293-5322 (2006).

Stuut, J.-B., Smalley, I. & O’Hara-Dhand, K. Aeolian dust in Europe: African sources and
European deposits. Quaternary International 198, 234-245 (2009).

Vandenberghe, J. Grain size of fine-grained windblown sediment: A powerful proxy for
process identification. Earth-Science Reviews 121, 18-30 (2013).

Dietze, E. & Dietze, M. Grain-size distribution unmixing using the R package EMMAgeo. E&G-
Quaternary Science Journal 68, 29-46 (2019).

Mange, M. A. & Maurer, H. F. Schwerminerale in Farbe. (Ferdinand Enke, 1991).

Garzanti, E. et al. The Euphrates-Tigris-Karun river system: Provenance, recycling and
dispersal of quartz-poor foreland-basin sediments in arid climate. Earth-Science Reviews 162,
107-128 (2016).

Al-Juboury, A. I. & Al-Miamary, F. A. Geochemical variations in heavy minerals as provenance
indications: application to the Tigris river sand, northern Iraq. Journal of Mediterranean Earth
Sciences 1, 33-45 (2009).

Philip, G. Mineralogy of the Recent sediments of Tigris and Euphrates rivers and some of the
older detrital deposits. Journal of Sedimentary Research 38, 35-44 (1968).

Skocek, V. & Saadallah, A. Grain-size distribution, carbonate content and heavy minerals in
eolian sands, southern desert, Iraq. Sedimentary Geology 8, 29-46 (1972).

Hanor, J. S. Barite—celestine geochemistry and environments of formation. Reviews in
Mineralogy and Geochemistry 40, 193-275 (2000).

De Waele, J. et al. Secondary minerals from salt caves in the Atacama Desert (Chile): a
hyperarid and hypersaline environment with potential analogies to the Martian subsurface.
International Journal of Speleology 46, 7 (2017).

Kingston, J. D. Isotopes and environments of the Baynunah Formation, Emirate of Abu Dhabi,
United Arab Emirates. Fossil Vertebrates of Arabia. Yale University Press, New Haven, 354-
372 (1999).

33


https://doi.org/10.1016/0883-2927(87)90050-3

22

23

24

25

26

27

28

29

30

31

32

33

34

35
36

37

38

39

40

41

42

Simon, S. S. & Gibling, M. R. Fine-grained meandering systems of the Lower Permian Clear
Fork Formation of north-central Texas, USA: Lateral and oblique accretion on an arid plain.
Sedimentology 64, 714-746 (2017).

Wessel, P. & Luis, J. F. The GMT/MATLAB Toolbox. Geochemistry, Geophysics, Geosystems 18,
811-823(2017).

Amante, C. & Eakins, B. ETOPO1 Global Relief Model converted to PanMap layer format.
NOAA-National Geophysical Data Center, doi 10 (2009).

El-Moslimany, A. P. Ecological significance of common nonarboreal pollen: examples from
drylands of the Middle East. Review of Palaeobotany and Palynology 64, 343-350 (1990).
Zhao, Y. et al. Application and limitations of the Artemisia/Chenopodiaceae pollen ratio in
arid and semi-arid China. The Holocene 22, 1385-1392 (2012).

Dehghani, M., Djamali, M., Gandouin, E. & Akhani, H. A pollen rain-vegetation study along a
3600 m mountain-desert transect in the Irano-Turanian region; implications for the reliability
of some pollen ratios as moisture indicators. Review of Palaeobotany and Palynology 247,
133-148 (2017).

Shun, Y. THE CHARACTERISTICS OF QUATERNARY SPORO-POLLEN ASSEMBLAGE AND THE
VEGETATION SUCCESION IN XINJIANG [J]. Arid Land Geography 2 (1991).

Yuecong, L. et al. Pollen indication to source plants in the eastern desert of China. Chinese
Science Bulletin 50, 1632-1641 (2005).

McDougall, I. & Feibel, C. S. Numerical age control for the Miocene-Pliocene succession at
Lothagam, a hominoid-bearing sequence in the northern Kenya Rift. Journal of the Geological
Society 156, 731-745 (1999).

McDougall, I. & Wellman, P. Calibration of GA1550 biotite standard for K/Ar and 40Ar/39Ar
dating. Chemical Geology 280, 19-25 (2011).

Leakey, M. G. et al. Lothagam: a record of faunal change in the Late Miocene of East Africa.
Journal of Vertebrate Paleontology 16, 556-570 (1996).

Jacobs, B. F. & Deino, A. L. Test of climate-leaf physiognomy regression models, their
application to two Miocene floras from Kenya, and 40Ar/39Ar dating of the Late Miocene
Kapturo site. Palaeogeography, Palaeoclimatology, Palaeoecology 123, 259-271 (1996).
Deino, A. L., Tauxe, L., Monaghan, M. & Hill, A. 40Ar/39Ar geochronology and paleomagnetic
stratigraphy of the Lukeino and lower Chemeron Formations at Tabarin and Kapcheberek,
Tugen Hills, Kenya. Journal of Human Evolution 42, 117-140 (2002).

Kuiper, K. et al. Synchronizing rock clocks of Earth history. Science 320, 500-504 (2008).
Vignaud, P. et al. Geology and palaeontology of the Upper Miocene Toros-Menalla hominid
locality, Chad. Nature 418, 152-155 (2002).

Lebatard, A.-E. et al. Cosmogenic nuclide dating of Sahelanthropus tchadensis and
Australopithecus bahrelghazali: Mio-Pliocene hominids from Chad. Proceedings of the
National Academy of Sciences 105, 3226-3231 (2008).

Lebatard, A.-E. et al. Application of the authigenic 10Be/9Be dating method to continental
sediments: reconstruction of the Mio-Pleistocene sedimentary sequence in the early hominid
fossiliferous areas of the northern Chad Basin. Earth and Planetary Science Letters 297, 57-70
(2010).

Schaller, M. et al. Authigenic Be as a tool to date river terrace sediments?—An example from
a Late Miocene hominid locality in Bulgaria. Quaternary Geochronology 29, 6-15 (2015).

De Heinzelin, J. & El-Arnauti, A. The Sahabi Formation and related deposits. Neogene
Paleontology and Geology of Sahabi. Alan R. Liss, New York 121 (1987).

Beyer, C. Establishment of a chronostratigraphical framework for the As Sahabi sequence in
northeast Libya. Garyounis Scientific Bulletin 5, 59-69 (2008).

El-Shawaihdi, M. H., Muftah, A. M., Mozley, P. S. & Boaz, N. T. New age constraints for
Neogene sediments of the Sahabi area, Libya (Sirt Basin) using strontium isotope (87Sr/86Sr)

34



43

44

45

46

47

48

49

50

51
52

53

54

55

56

57

58

59

60

61

62

63

geochronology and calcareous nannofossils. Journal of African Earth Sciences 89, 42-49
(2014).

Katoh, S. et al. New geological and palaeontological age constraint for the gorilla—human
lineage split. Nature 530, 215-218 (2016).

Suwa, G. et al. Newly discovered cercopithecid, equid and other mammalian fossils from the
Chorora Formation, Ethiopia. Anthropological Science, 150206 (2015).

Bibi, F. in Sands of Time: Late Miocene Fossils from the Baynunah Formation, U.A.E.
Vertebrate Palaeobiology and Palaeanthropology Series (ed Brian Kraatz Faysal Bibi, Mark
Beech, and Andrew Hill) Ch. 19, (Springer, in press).

Peppe, D., Evans, D., Beech, M., Hill, A. & Bibi, F. in Sands of Time: Late Miocene Fossils from
the Baynunah Formation, U.A.E. Vertebrate Palaeobiology and Palaeanthropology Series (ed
Brian Kraatz Faysal Bibi, Mark Beech, and Andrew Hill) (Springer, in press).

Okayama, K., Mochizuki, N., Wada, Y. & Otofuji, Y.-i. Low absolute paleointensity during Late
Miocene Noma excursion of the Earth’s magnetic field. Physics of the Earth and Planetary
Interiors 287, 10-20 (2019).

Gradstein, F. M., Ogg, J. G., Schmitz, M. B. & Ogg, G. M. The geologic time scale 2012.
(Elsevier, 2012).

Deino, A. L. & Ambrose, S. H. 40Ar/39Ar dating of the Lemudong’o late Miocene fossil
assemblages, southern Kenya Rift. Kirtlandia 56, 65-71 (2007).

Sawada, Y. et al. The age of Orrorin tugenensis, an early hominid from the Tugen Hills, Kenya.
Comptes Rendus Palevol 1, 293-303 (2002).

Sawada, Y. et al. in Human origins and environmental backgrounds 71-96 (Springer, 2006).
Brunet, M. Chad: discovery of a vertebrate fauna close to the Mio-Pliocene boundary. Journal
of Vertebrate Paleontology 20, 205-209 (2000).

WoldeGabriel, G. et al. Geology and palaeontology of the late Miocene Middle Awash valley,
Afar rift, Ethiopia. Nature 412, 175-178 (2001).

Brown, F. H., Shuey, R. & Croes, M. Magnetostratigraphy of the Shungura and Usno
Formations, southwestern Ethiopia: new data and comprehensive reanalysis. Geophysical
Journal International 54, 519-538 (1978).

Kidane, T., Brown, F. H. & Kidney, C. Magnetostratigraphy of the fossil-rich Shungura
Formation, southwest Ethiopia. Journal of African Earth Sciences 97, 207-223 (2014).
Harmand, S. et al. 3.3-million-year-old stone tools from Lomekwi 3, West Turkana, Kenya.
Nature 521, 310-315 (2015).

Brown, F. H. & Mcdougall, I. Geochronology of the Turkana depression of northern Kenya
and southern Ethiopia. Evolutionary Anthropology: Issues, News, and Reviews 20, 217-227
(2011).

Campisano, C. J. & Feibel, C. S. Depositional environments and stratigraphic summary of the
Pliocene Hadar formation at Hadar, Afar depression, Ethiopia. The geology of early humans in
the Horn of Africa 446, 179-201 (2008).

Brunet, M., Beauvilain, A., Geraads, D., Guy, F. & Kasser, M. Tchad: un nouveau site a
Hominidés Pliocene. Comptes rendus de I'Académie des sciences. Série 2. Sciences de la terre
et des planetes 324, 341-345 (1997).

Geraads, D. Pliocene Rhinocerotidae (Mammalia) from Hadar and Dikika (Lower Awash,
Ethiopia), and a revision of the origin of modern African rhinos. Journal of Vertebrate
Paleontology 25, 451-461 (2005).

Cooke, H. Plio-Pleistocene Suidae in relation to African hominid deposits. L'Environments des
Hominides au Plio-Pleistocene. Masson, Paris, 101-117 (1985).

Reed, K. E. Paleoecological patterns at the Hadar hominin site, Afar regional state, Ethiopia.
Journal of Human Evolution 54, 743-768 (2008).

Thomas, H. La faune miocéne de la formation Agha Jari du Jebel Hamrin (Irak). (1980).

35



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

Thomas, H., Sen, S., Maseh Behnam, H. & Ligabue, G. New discoveries of vertebrate fossils in
the «Bakhtiari formation», Injana area, Hemrin South, Iraq. (1981).

Jassim, S. Z. & Goff, J. C. Geology of Irag. (DOLIN, sro, distributed by Geological Society of
London, 2006).

Brunet, M. & Heintz, E. Interpretation paleoecologique et relations biogeographiques de la
faune de vertebrees du Miocene Superieur D'Injana, Irak. Palaeogeography,
palaeoclimatology, palaeoecology 44, 283-293 (1983).

Lihoreau, F. et al. Anatomical revision of the genus Merycopotamus (Artiodactyla;
Anthracotheriidae): its significance for Late Miocene mammal dispersal in Asia.
Palaeontology 50, 503-524 (2007).

Barry, J. C. et al. Faunal and environmental change in the late Miocene Siwaliks of northern
Pakistan. Paleobiology 28, 1-71 (2002).

Bouvrain, G. & Thomas, H. Une antilope a chevilles spiralées: Prostrepsiceros zitteli
(Bovidae). Miocéne supérieur du Jebel Hamrin en Irak. Geobios 25, 525-533 (1992).

Heintz, E. & Sen, S. Un nouveau giraffide du Miocene superieur d'lrak: Injanatherium hazimi
ng, n.sp. (1981).

Geraads, D. & Spassov, N. Rhinocerotidae (Mammalia) from the late Miocene of Bulgaria.
Palaeontographica: Beitrdge zur Naturgeschichte der Vorzeit. Abt. A, Palaeozoologie,
Stratigraphie 287, 99-122 (2009).

Bohme, M. et al. Messinian age and savannah environment of the possible hominin
Graecopithecus from Europe. PloS one 12 (2017).

Spassov, N., Geraads, D., Hristova, L. & Markov, G. N. The late Miocene mammal fauna from
Gorna Sushitsa, southwestern Bulgaria, and the early/middle Turolian transition. Neues
Jahrbuch fiir Geologie und Paldontologie-Abhandlungen 291, 317-350 (2019).

Bohme, M., Van Baak, C. G., Prieto, J., Winklhofer, M. & Spassov, N. Late Miocene
stratigraphy, palaeoclimate and evolution of the Sandanski Basin (Bulgaria) and the
chronology of the Pikermian faunal changes. Global and planetary change 170, 1-19 (2018).
Pandolfi, L. & Rook, L. The latest miocene Rhinocerotidae from Sahabi (Libya). Comptes
Rendus Palevol 18, 442-448 (2019).

Khan, A. M., Akhtar, M., Khan, M. & Shaheen, A. New fossil remains of Brachypotherium
perimense from the Chinji and Nagri formations of Pakistan. The Journal of Animal and Plant
Sciences 22, 347-352 (2012).

Sanders, W. J. Oldest record of Stegodon (Mammalia: Proboscidea). Journal of Vertebrate
Paleontology 19, 793-797 (1999).

Sanders, W., Gheerbrant, E., Harris, J., Saegusa, H. & Delmer, C.  (Univ Calif Press, Berkeley,
CA, 2010).

Saegusa, H., Thasod, Y. & Ratanasthien, B. Notes on Asian stegodontids. Quaternary
International 126, 31-48 (2005).

Kingston, J. D., Jacobs, B. F., Hill, A. & Deino, A. Stratigraphy, age and environments of the
late Miocene Mpesida Beds, Tugen Hills, Kenya. Journal of Human Evolution 42, 95-116
(2002).

Pickford, M., Morales, J. & Soria, D. Fossil camels from the Upper Miocene of Europe:
implications for biogeography and faunal change. Geobios 28, 641-650 (1995).

Patnaik, R. Indian Neogene Siwalik mammalian biostratigraphy: an overview. Fossil Mammals
of Asia: Neogene Biostratigraphy and Chronology. Columbia University Press, New York, 423-
444 (2013).

Spassov, N. et al. A hominid tooth from Bulgaria: the last pre-human hominid of continental
Europe. Journal of human evolution 62, 138-145 (2012).

Konidaris, G. E. & Roussiakis, S. J. The first record of Anancus (Mammalia, Proboscidea) in the
late Miocene of Greece and reappraisal of the primitive anancines from Europe. Journal of
Vertebrate Paleontology 38, e1534118 (2018).

36



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

Tassy, P. Nouveaux Elephantoidea (Mammalia) dans le Miocéne du Kenya. Essai de
réévaluation systématique. (1986).

Markov, G. The Turolian proboscideans (Mammalia) of Europe: preliminary observations.
Historia naturalis bulgarica 19, 153-178 (2008).

Van Weers, D. A taxonomic revision of the Pleistocene Hystrix (Hystricidae, Rodentia) from
Eurasia with notes on the evolution of the family. Contributions to Zoology 74, 301-312
(2005).

Sen, S. & Purabrishemi, Z. First porcupine fossils (Mammalia, Rodentia) from the late
Miocene of NW Iran, with notes on late Miocene—Pliocene dispersal of porcupines.
Paldontologische Zeitschrift 84, 239-248 (2010).

Winkler, A., Denys, C. & Avery, D. Cenozoic mammals of Africa. 17. Rodentia. (2010).
Geraads, D., Spassov, N., Hristova, L., Markov, G. N. & Tzankov, T. Upper Miocene mammals
from Strumyani, South-Western Bulgaria. Geodiversitas 33, 451-484 (2011).

Flynn, L. J. et al. The L eporid D atum: a late M iocene biotic marker. Mammal Review 44,
164-176 (2014).

Cermak, S., Angelone, C. & Sinitsa, M. V. New Late Miocene Alilepus (Lagomorpha,
Mammalia) from Eastern Europe--a new light on the evolution of the earliest Old World
Leporinae. Bulletin of geosciences 90 (2015).

Winkler, A. J., Flynn, L. J. & Tomida, Y. Fossil lagomorphs from the Potwar Plateau, northern
Pakistan. Palaeontologia Electronica 14, 1-16 (2011).

Lopez-Martinez, N., Likius, A., Mackaye, H. T., Vignaud, P. & Brunet, M. A new lagomorph
from the Late Miocene of Chad (Central Africa). (2007).

Thomas, H. & Petter, G. Révision de la faune de mammiferes du Miocéne supérieurde
Menacer (ex-Marceau), Algérie: Discussion sur |I'age du gisement. Geobios 19, 357-373
(1986).

Werdelin, L. & Peigne, S.  (Berkeley: University of California Press, 2010).

Montoya, P., Alcal3, L. & Morales, J. Indarctos (Ursidae, Mammalia) from the Spanish
Turolian (Upper Miocene). (Nationaal Natuurhistorisch Museum, 2001).

Baryshnikov, G. & Tleuberdina, P. Late Miocene Indarctos (Carnivora: Ursidae) from the
Karabulak Formation of the Kalmakpai river (Zaisan Depression, Eastern Kazakhstan). Tpydei
3o00n02u4eckozo uHcmumyma PAH 321, 3-9 (2017).

Barry, J. C. et al. The Neogene Siwaliks of the Potwar Plateau, Pakistan. Fossil Mammals of
Asia: Neogene Biostratigraphy and Chronology. Columbia University Press, New York, 373-
399 (2013).

Deng, T., Qiu, Z. & Wang, B. in Fossil Mammals of Asia: Neogene Biostratigraphy and
Chronology ( New York ..., 2013).

Ogino, S., Egi, N. & Takai, M. New species of Agriotherium (Mammalia, Carnivora) from the
late Miocene to early Pliocene of central Myanmar. Journal of Asian Earth Sciences 42, 408-
414 (2011).

Jiangzuo, Q. & Flynn, J. J. A new species of Agriotherium from North America, and
implications for understanding transformations in the metaconid-entoconid complex of
bears. Journal of Mammalian Evolution, 1-13 (2019).

Abella, J. Paleodiversity of the Superfamily Ursoidea (Carnivora, Mammalia) in the Spanish
Neogene, related to environmental changes. Journal of Iberian Geology 40, 11-18 (2014).
Howell, F. Preliminary observations on Carnivora from the Sahabi formation (Libya). Neogene
paleontology and geology of Sahabi, 153-181 (1987).

Haile-Selassie, Y. & Howell, F. Carnivora. Ardipithecus kadabba. Late Miocene Evidence from
the Middles Awash, Ethiopia. University of California Press, Berkeley, 237-276 (2009).
Morales, J., Pickford, M. & Soria, D. Carnivores from the late Miocene and basal Pliocene of
the Tugen Hills, Kenya. Revista de la Sociedad Geoldgica de Espafia 18, 39-61 (2005).

37



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Hendey, Q. B. Agriotherium (Mammalia, Ursidae) from Langebaanweg, South Africa, and
relationships of the genus. (1980).

Tedford, R. H., Wang, X. & Taylor, B. E. Phylogenetic systematics of the North American fossil
caninae (Carnivora: Canidae). Bulletin of the American Museum of Natural History 2009, 1-
218 (2009).

Lucenti, S. B. & Madurell-Malapeira, J. Unraveling the fossil record of foxes: An updated
review on the Plio-Pleistocene Vulpes spp. from Europe. Quaternary Science Reviews 236,
106296 (2020).

de Bonis, L. et al. The oldest African fox (Vulpes riffautae n. sp., Canidae, Carnivora)
recovered in late Miocene deposits of the Djurab desert, Chad. Naturwissenschaften 94, 575
(2007).

Harrison, J. A. Review of the Extinct Wolverine, Plesiogulo (Carnivora: Mustelidae), from
North America. Smithsonian Contributions to Paleobiology (1981).

Sotnikova, M. Extinct wolverine from the former USSR: review of the genus. Lutreola 6
(1995).

Koufos, G. The Neogene mammal localities of Greece: faunas, chronology and
biostratigraphy. Hellenic Journal of Geosciences 41, 183-214 (2006).

Grohe, C. in Sands of Time: Late Miocene Fossils from the Baynunah Formation, U.A.E.
Vertebrate Palaeobiology and Palaeanthropology Series (ed Brian Kraatz Faysal Bibi, Mark
Beech, and Andrew Hill) Ch. 11, (Springer, in press).

Haile-Selassie, Y., Hlusko, L. J. & Howell, F. C. A new species of Plesiogulo (Mustelidae:
Carnivora) from the Late Miocene of Africa. Palaeontologia Africana 40, 85-88 (2004).
WoldeGabriel, G., Hart, W., Renne, P., Haile-Selassie, Y. & White, T. Stratigraphy of the Adu-
Asa formation. Ardipithecus kadabba: Late Miocene evidence from the Middle Awash,
Ethiopia, 27-61 (2009).

Spassov, N. et al. The late Miocene mammal faunas of the Republic of Macedonia (FYROM).
Palaeontographica A 311, 1-85 (2018).

Werdelin, L. Mio-Pliocene Carnivora from Lothagam, Kenya. Lothagam: The Dawn of
Humanity in Eastern Africa. Columbia University Press, New York, 261-328 (2003).
Semenov, Y. Taxonomical reappraisal of “ictitheres”(Mammalia, Carnivora) from the Late
Miocene of Kenya. Comptes Rendus Palevol 7, 529-539 (2008).

de Bonis, L. et al. Hyaenictitherium minimum, a new ictithere (Mammalia, Carnivora,
Hyaenidae) from the late Miocene of Toros-Menalla, Chad. Comptes Rendus Palevol 4, 671-
679 (2005).

Kurtén, B. & Werdelin, L. A review of the genus Chasmaporthetes Hay, 1921 (Carnivora,
Hyaenidae). Journal of Vertebrate Paleontology 8, 46-66 (1988).

Werdelin, L. & Solounias, N. The Hyaenidae: taxonomy, systematics and evolution. Fossils
and strata 30, 1-104 (1991).

de Bonis, L. et al. First occurrence of the ‘hunting hyena’Chasmaporthetes in the Late
Miocene fossil bearing localities of Toros Menalla, Chad (Africa). Bulletin de la Société
géologique de France 178, 317-326 (2007).

Brunet, M. & White, T. D. Deux nouvelles especes de Suini (Mammalia, Suidae) du continent
africain (Ethiopie; Tchad). Comptes Rendus de I'Académie des Sciences-Series lIA-Earth and
Planetary Science 332, 51-57 (2001).

Bishop, L. & Hill, A. Fossil Suidae from the Baynunah Formation, Emirate of Abu Dhabi,
United Arab Emirates. Fossil vertebrates of Arabia, with emphasis on the late Miocene
faunas, geology, and palaeoenvironments of the Emirate of Abu Dhabi, United Arab Emirates.
Yale University Press, New Haven, 254-270 (1999).

Harris, J., Solounias, N. & Geraads, D. in Cenozoic Mammals of Africa (ed L. Werdelin & W. J.
Sanders) (University of Califomia Press, 2010).

38



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

Marra, A. C., Solounias, N., Carone, G. & Rook, L. Palaesogeographic significance of the giraffid
remains (Mammalia, Arctiodactyla) from Cessaniti (Late Miocene, Southern Italy). Geobios
44, 189-197 (2011).

Marra, A. C. et al. Stratigraphic and chronologic framework of the upper Miocene Cessaniti
succession (Vibo Valentia, Calabria, Italy). Rivista Italiana di Paleontologia e Stratigrafia 123
(2017).

Likius, A., Vignaud, P. & Brunet, M. Une nouvelle espéce du genre Bohlinia (Mammalia,
Giraffidae) du Miocene supérieur de Toros-Menalla, Tchad. Comptes Rendus Palevol 6, 211-
220 (2007).

Haile-Selassie, Y. Late Miocene Mammalian Fauna from the Middle Awash Valley, Ethiopia. V.
of 425 pp, Ph. D. thesis, Department of Integrative Biology. University of California ..., (2001).
Haile-Selassie, Y., White, T., Bernor, R., Rook, L. & Vrba, E. Biochronology, faunal turnover,
and evolution. Ardipithecus kakabba—Ilate miocene evidence from the Middle Awash,
Ethiopia. University of California Press, Berkeley, 565-583 (2009).

Mitchell, G. & Skinner, J. On the origin, evolution and phylogeny of giraffes Giraffa
camelopardalis. Transactions of the Royal Society of South Africa 58, 51-73 (2003).

Geraads, D. Giraffidae (Mammalia) de la fin du Néogéne de la République de Macédoine
(ARYM). Geodiversitas 31, 893-908 (2009).

Geraads, D., Spassov, N. & Kovachev, D. Giraffidae (Artiodactyla, Mammalia) from the Late
Miocene of Kalimantsi and Hadjidimovo, Southwestern Bulgaria. Geologica Balcanica 35, 11-
18 (2005).

Khan, M. A., Akhtar, M. & Irum, A. Bramatherium (Artiodactyla, Ruminantia, Giraffidae) from
the middle Siwaliks of Hasnot, Pakistan: biostratigraphy and palaeoecology. Turkish Journal
of Earth Sciences 23, 308-320 (2014).

Roman, F. & Solignac, M. Découverte d'un gisement de Mammiféres pontiens a Douaria
(Tunisie septentrionale). Comptes-Rendus de I'Académie des Sciences de Paris 199, 1649-
1659 (1934).

Harris, J. Lothagam giraffids. Lothagam: The Dawn of Humanity in Eastern Africa. Columbia
University Press, New York, 523-530 (2003).

Likius, A. Les grands ongulés du Mio-Pliocéne du Tchad (Rhinocerotidae, Giraffidae,
Camelidae): systématique, implications paléobiogéographiques et paléoenvironnementales,
Poitiers, (2002).

Geraads, D., Reed, K. & Bobe, R. Pliocene Giraffidae (Mammalia) from the Hadar Formation
of Hadar and Ledi-Geraru, Lower Awash, Ethiopia. Journal of Vertebrate Paleontology 33,
470-481 (2013).

Colombero, S. et al. The upper Messinian assemblages of fossil vertebrate remains of
Verduno (NW Italy): Another brick for a latest Miocene bridge across the Mediterranean.
Neues Jahrbuch fiir Geologie und Palédontologie-Abhandlungen 272, 287-324 (2014).
Geraads, D. Biogeographic relationships of Pliocene and Pleistocene North-western African
mammals. Quaternary International 212, 159-168 (2010).

Bibi, F. Mio-Pliocene faunal exchanges and African biogeography: the record of fossil bovids.
PLoS One 6 (2011).

Spassov, N. & Geraads, D. Tragoportax PILGRIM, 1937 and Miotragocerus STROMER, 1928
(Mammalia, Bovidae) from the Turolian of Hadjidimovo, Bulgaria, and a revision of the late
Miocene Mediterranean Boselaphini. Geodiversitas 26, 339-370 (2004).

Thomas, H. Miotragocerus cyrenaicus sp. nov.(Bovidae, Artiodactyla, Mammalia) du Miocene
supérieur de Sahabi (Libye) et ses rapports avec les autres Miotragocerus. Geobios 12, 267-
281 (1979).

Bibi, F. Mio-Pliocene faunal exchanges and African biogeography: the record of fossil bovids.
PLoS One 6, 16688 (2011).

39



146

147

148

149

150

151

152

153

154

155
156

157

158

159

160

161

162

163

164

165

166

167

168

Geraads, D. A reassessment of the Bovidae (Mammalia) from the Nawata Formation of
Lothagam, Kenya, and the late Miocene diversification of the family in Africa. Journal of
Systematic Palaeontology 17, 169-182 (2019).

Haile-Selassie, Y., Vrba, E. & Bibi, F. Bovidae. Ardipithecus kadabba: Late Miocene Evidence
from the Middle Awash, Ethiopia. University of California Press, Berkeley, 277-330 (2009).
Gentry, A., Bovidae, L. W. & Sanders, W. in Cenozoic mammals of Africa (ed Sanders W)
Werdelin L) (University of California Press, Berkeley, 2010).

Pilgrim, G. E. The fossil bovidae of India. (na, 1939).

Gentry, A. W. Fossil Pecorans from the Baynunah Formation, Emirate of Abu Dhabi, United
Arab Emirates. Fossil Vertebrates of Arabia. Yale University Press, New Haven, 290-316
(1999).

Bouvrain, G. & De Bonis, L. Ruminants (Mammalia, Artiodactyla: Tragulidae, Cervidae,
Bovidae) des gisements du Miocéne supérieur (Turolien) de Dytiko (Grece). Annales de
Paléontologie 93, 121-147 (2007).

Vrba, E. S., Bibi, F. & Costa, A. G. First Asian record of a late Pleistocene reduncine
(Artiodactyla, Bovidae, Reduncini), Sivacobus sankaliai, sp. nov., from Gopnath (Miliolite
Formation) Gujarat, India, and a revision of the Asian genus Sivacobus Pilgrim, 1939. Journal
of Vertebrate Paleontology 35, €943399 (2015).

Gentry, A. W. The fossil Bovidae of the Baringo area, Kenya. Geological Society, London,
Special Publications 6, 293-308 (1978).

Gentry, A. W. in Neogene Paleontology of the Manonga Valley, Tanzania 107-135
(Springer, 1997).

Thomas, H. in Proceedings of the 8th Panafrican congress of Prehistory, Nairobi. 82-91.
Lehmann, U. & Thomas, H. Fossil Bovidae (Mammalia) from the Mio-Pliocene of Sahabi,
Libya. Neogene paleontology and geology of Sahabi, 323-335 (1987).

Harris, J. Bovidae from the Lothagam succession. Lothagam: The Dawn of Humanity in
Eastern Africa. Columbia University Press, New York, 531-579 (2003).

Geraads, D. et al. New Hippotragini (Bovidae, Mammalia) from the late Miocene of Toros-
Menalla (Chad). Journal of Vertebrate Paleontology 28, 231-242 (2008).

Geraads, D., El Boughabi, S. & Zouhri, S. A new caprin bovid (Mammalia) from the late
Miocene of Morocco. Palaeontologia africana (2012).

Geraads, D. et al. Bovidae (Mammalia) from the lower Pliocene of Chad. Journal of
Vertebrate Paleontology 29, 923-933 (2009).

Thomas, H. Les bovidae (Artiodactyla: Mammalia) du miocene du sous-continent indien, de la
peninsule arabique et de I'afrique: Biostratigraphie, biogeographie et ecologie.
Palaeogeography, Palaeoclimatology, Palaeoecology 45, 251-299 (1984).

Bibi, F. Origin, paleoecology, and paleobiogeography of early Bovini. Palaeogeography,
Palaeoclimatology, Palaeoecology 248, 60-72 (2007).

Tedford, R. H. & Zhanxiang, Q. A new canid genus from the Pliocene of Yushe, Shanxi
Province. Vertebrata Pal Asiatica 34, 27-40 (1996).

Sotnikova, M. & Rook, L. Dispersal of the Canini (Mammalia, Canidae: Caninae) across Eurasia
during the late Miocene to early Pleistocene. Quaternary International 212, 86-97 (2010).
Gibert, L. et al. Evidence for an African-lberian mammal dispersal during the pre-evaporitic
Messinian. Geology 41, 691-694 (2013).

Howell, F. C. & Garcia, N. Carnivora (Mammalia) from Lemudong’o (Late Miocene: Narok
District, Kenya). Kirtlandia 56, 121-139 (2007).

Spassov, N. & Rook, L. Eucyon marinae sp. nov.(Mammalia, Carnivora) a new canid species
from the Pliocene of Mongolia, with a review of forms referable to the genus. Rivista Italiana
di Paleontologia e Stratigrafia 112, 123 (2006).

Gaudry, A. Note sur les carnassiers fossiles de Pikermi (Gréce). (L. Martinet, 1861).

40



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

Vinuesa, V. et al. A new skull of Hyaenictis Gaudry, 1861 (Carnivora, Hyaenidae) shows
incipient adaptations to durophagy. Journal of mammalian evolution 24, 207-219 (2017).
Werdelin, L., Turner, A. & Solounias, N. Studies of fossil hyaenids: the genera Hyaenictis
Gaudry and Chasmaporthetes Hay, with a reconsideration of the Hyaenidae of
Langebaanweg, South Africa. Zoological Journal of the Linnean Society 111, 197-217 (1994).
Spassov, N. & Geraads, D. A new felid from the late Miocene of the Balkans and the contents
of the genus Metailurus Zdansky, 1924 (Carnivora, Felidae). Journal of Mammalian Evolution
22, 45-56 (2015).

Petter, G. Carnivores Pleistocenes du Ravin d'Olduvai (Tanzanie). Fossil Vertebrates in Africa
3 (1973).

Roussiakis, S. J. Metailurus major Zdansky, 1924 (Carnivora, Mammalia) from the classical
locality of Pikermi (Attica, Greece). Annales de paleontologie 87, 119-132 (2001).

Geraads, D., Tsoukala, E. & Spassov, N. A skull of Ancylotherium (Chalicotheriidae,
Mammalia) from the late Miocene of Thermopigi (Serres, N. Greece) and the relationships of
the genus. Journal of Vertebrate Paleontology 27, 461-466 (2007).

Coombs, M. & Cote, S. in Cenozoic Mammals of Africa  659-667 (University of California
Press Berkeley, 2010).

Geraads, D., Alemseged, Z. & Bellon, H. The late Miocene mammalian fauna of Chorora,
Awash basin, Ethiopia: systematics, biochronology and 40K-40Ar ages of the associated
volcanics. Tertiary Research 21, 113-122 (2002).

Giaourtsakis, I. X. Late Neogene Rhinocerotidae of Greece: distribution, diversity and
stratigraphical range. Deinsea 10, 235-254 (2003).

Koufos, G. D. Late Miocene mammal events and biostratigraphy in the Eastern
Mediterranean. Deinsea 10, 343-372 (2003).

Giaourtsakis, I. X. The Late Miocene Mammal Faunas of the Mytilinii Basin, Samos Island,
Greece: New Collection. 9. Rhinocerotidae. Beitrdge zur Paléontologie 31, 157-187 (2009).
Geraads, D. Perissodactyla (Rhinocerotidae and Equidae) from Kanapoi. Journal of human
evolution 140, 102373 (2020).

Pandolfi, L., Marra, A. C., Carone, G., Maiorino, L. & Rook, L. A new rhinocerotid (Mammalia,
Rhinocerotidae) from the latest Miocene of Southern Italy. Historical biology, 1-15 (2019).
Khavesson, J. Tertiary Camels from the oriental hemisphere. Tr. Palaeontol. Inst. Akademiya
Nauk SSSR, Moscou (en Russe) 47, 100-162 (1954).

Vasilyan, D., Zazhigin, V. S. & Bohme, M. Neogene amphibians and reptiles (Caudata, Anura,
Gekkota, Lacertilia, and Testudines) from the south of western Siberia, Russia, and
northeastern Kazakhstan. PeerJ 5, €3025 (2017).

Titov, V. V. & Logvynenko, V. N. Early Paracamelus (Mammalia, Tylopoda) in Eastern Europe.
Acta Zoologica Cracoviensia-Series A: Vertebrata 49, 163-178 (2006).

Krijgsman, W., Stoica, M., Vasiliev, I. & Popov, V. Rise and fall of the Paratethys Sea during
the Messinian Salinity Crisis. Earth and Planetary Science Letters 290, 183-191 (2010).

Likius, A., Brunet, M., Geraads, D. & Vignaud, P. Le plus vieux Camelidae (Mammalia,
Artiodactyla) d’Afrique: limite Mio-Pliocene, Tchad. Bulletin de la Société géologique de
France (2003).

Geraads, D., Didier, G., Barr, W. A., Reed, D. & Laurin, M. The fossil record of camelids
demonstrates a late divergence between Bactrian camel and dromedary. Acta
Palaeontologica Polonica 65, 251-260 (2020).

Kostopoulos, D. S. The late Miocene mammal faunas of the Mytilinii basin, Samos Island,
Greece: new collection. 14. Bovidae. Beitrdge zur Paldontologie 31, 345-389 (2009).

Koufos, G. D., Kostopoulos, D. S. & Merceron, G. The late miocene mammal faunas of the
Mytilinii Basin, Samos Island, Greece: new collection. 17. Palaeoecology-Palaeobiogeography.
Beitréige zur Palédontologie 31, 409-430 (2009).

41



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207
208

209

210

211

Werdelin, L. & Lewis, M. E. A revision of the genus Dinofelis (Mammalia, Felidae). Zoological
Journal of the Linnean Society 132, 147-258 (2001).

Werdelin, L. & Lewis, M. E. A contextual review of the Carnivora of Kanapoi. Journal of
Human Evolution 140, 102334 (2020).

Averianov, A. O. & Baryshnikov, G. F. Dinofelis sp.(Carnivora, Felidae) from the late Pliocene
locality Etulia in Moldavia. Neues Jahrbuch fiir Geologie und Paldontologie-Monatshefte, 531-
540 (1999).

Sotnikova, M., Baigusheva, V. & Titov, V. Carnivores of the Khapry faunal assemblage and
their stratigraphic implications. Stratigraphy and Geological Correlation 10, 375-390 (2002).
Sotnikova, M. New data on the Pliocene carnivore fauna of Odessa Catacombs. Pp.: 199-202.
Problems of Stratigraphy of the Phanerozoic of Ukraine. Inst. of Geol. Sciences, Kiev (2004).
Antén, M., Salesa, M., Galobart, A. & Tseng, Z. The Plio-Pleistocene scimitar-toothed felid
genus Homotherium Fabrini, 1890 (Machairodontinae, Homotherini): diversity,
palaeogeography and taxonomic implications. Quaternary Science Reviews 96, 259-268
(2014).

Sotnikova, M. & Titov, V. Carnivora of the Tamanian faunal unit (the Azov Sea area).
Quaternary International 201, 43-52 (2009).

Vangengeim, E., Sotnikova, M. & Vislobokova, I. Large Ruscinian Mammalia in the territory of
the former Soviet Union. Stratigraphy and Geological Correlation 6, 368-382 (1998).
Sotnikova, M. in 6th Meeting of the european association of vertebrate palaeontologists. 85-
87.

Vangengeim, E., Pevzner, M. & Tesakov, A. Ruscinian and Lower Villafranchian: age of
boundaries and position in magnetochronological scale. Stratigraphy and Geological
Correlation 13, 530-546 (2005).

Lacombat, F. et al. New data on the Early Villafranchian fauna from Vialette (Haute-Loire,
France) based on the collection of the Crozatier Museum (Le Puy-en-Velay, Haute-Loire,
France). Quaternary International 179, 64-71 (2008).

Nomade, S. et al. 40Ar/39Ar constraints on some French landmark Late Pliocene to Early
Pleistocene large mammalian paleofaunas: Paleoenvironmental and paleoecological
implications. Quaternary Geochronology 21, 2-15 (2014).

Werdelin, L. & Lewis, M. E. Carnivora from the South Turkwel hominid site, northern Kenya.
Journal of Paleontology 74, 1173-1180 (2000).

Ward, C. et al. South Turkwel: a new Pliocene hominid site in Kenya. Journal of Human
Evolution 36, 69-95 (1999).

Morales, J. A., E. Carnivoros de Venta del Moro (Valencia). Trabajos Nedgeno Cuaternario 5,
31-74 (1976).

Montoya, P., Morales, J. & Abella, J. Eucyon debonisi n. sp., a new Canidae (Mammalia,
Carnivora) from the latest Miocene of Venta del Moro (Valencia, Spain). Geodiversitas 31,
709-722 (2009).

Tedford, R. H. & Qiu, Z. Pliocene Nyctereutes (Carnivora: Canidae) from Yushe, Shanxi, with
comments on Chinese fossil raccoon-dogs. Vertebrata PalAsiatica 29, 176-189 (1991).

Tao, D. Chinese Neogene mammal biochronology. Vertebrata PalAsiatica 44, 143-163 (2006).
Lucenti, S., Rook, L. & Morales, J. Nyctereutes (Mammalia, Carnivora, Canidae) from Layna
and the Eurasian raccoon-dogs: an updated revision. (2018).

Geraads, D. Plio-Pleistocene Carnivora of northwestern Africa: A short review. Comptes
Rendus Palevol 7, 591-599 (2008).

Werdelin, L. & Dehghani, R. in Paleontology and geology of Laetoli: Human evolution in
context 189-232 (Springer, 2011).

Geraads, D., Alemseged, Z., Bobe, R. & Reed, D. Nyctereutes lockwoodi, n. sp., a new canid
(Carnivora: Mammalia) from the middle Pliocene of Dikika, Lower Awash, Ethiopia. Journal of
Vertebrate Paleontology 30, 981-987 (2010).

42



212

213

214

215

216

217

218

219
220

221

222

223
224

225

226

227

228

229

230

231
232

233

234

Turner, A. The evolution of the guild of larger terrestrial carnivores during the Plio-
Pleistocene in Africa. Geobios 23, 349-368 (1990).

Turner, A. & Antén, M. The giant hyaena, Pachycrocuta brevirostris (Mammalia, Carnivora,
Hyaenidae). Geobios 29, 455-468 (1996).

Turner, A., Anton, M. & Werdelin, L. Taxonomy and evolutionary patterns in the fossil
Hyaenidae of Europe. Geobios 41, 677-687 (2008).

Spassov, N. The Plio-Pleistocene vertebrate fauna in South-Eastern Europe and the
megafaunal migratory waves from the east to Europe. Revue de Paléobiologie 22, 197-229
(2003).

Werdelin, L. Pachycrocuta (hyaenids) from the Pliocene of east Africa. Paldontologische
Zeitschrift 73, 157-165 (1999).

White, T. D., Howell, F. C. & Gilbert, H. The earliest Metridiochoerus (Artiodactyla: Suidae)
from the Usno Formation, Ethiopia. Transactions of the Royal Society of South Africa 61, 75-
79 (2006).

Harris, J. M. & White, T. D. Evolution of the Plio-Pleistocene African Suidae. Transactions of
the American Philosophical Society 69, 1-128 (1979).

van der Made, J. in Humana (Museo De La Evolucion, 2014).

Hooijer, D. A. An early Pleistocene mammalian fauna from Bethlehem. (British Museum
(Natural History), 1958).

Rabinovich, R. & Lister, A. M. The earliest elephants out of Africa: Taxonomy and taphonomy
of proboscidean remains from Bethlehem. Quaternary International 445, 23-42 (2017).
Bar-Yosef, O. & Belmaker, M. Early and Middle Pleistocene faunal and hominins dispersals
through Southwestern Asia. Quaternary Science Reviews 30, 1318-1337 (2011).
Martinez-Navarro, B. in Out of Africal 207-224 (Springer, 2010).

Belmaker, M. Criteria for identifying the African origin of early Pleistocene mammalian fauna
in Eurasia. Comptes Rendus Palevol 17, 262-275 (2018).

Vrba, E. S. On the connections between paleoclimate and evolution. Paleoclimate and
evolution, with emphasis on human origins (1995).

Vrba, E. S. & Gatesy, J. New antelope fossils from Awash, Ethiopia, and phylogenetic analysis
of Hippotragini (Bovidae, Mammalia). (1994).

Gentry, A. A fossil Budorcas (Mammalia, Bovidae) from Africa. Paleoecology and Palaeo-
environments of Late Cenozoic Mammals, 571-587 (1996).

Bibi, F., Vrba, E. & Fack, F. A new African fossil caprin and a combined molecular and
morphological bayesian phylogenetic analysis of caprini (Mammalia: Bovidae). Journal of
Evolutionary Biology 25, 1843-1854 (2012).

Hussain, T., Van Den Bergh, G., Steensma, K., De Visser, J. & De Vos, J. in Proceedings of the
Koninklijke Nederlandse Akademie van Wetenschappen (1990). 65-80.

Dennell, R., Coard, R. & Turner, A. The biostratigraphy and magnetic polarity zonation of the
Pabbi Hills, northern Pakistan: an upper Siwalik (Pinjor stage) upper Pliocene—Lower
Pleistocene fluvial sequence. Palaeogeography, Palaeoclimatology, Palaeoecology 234, 168-
185 (2006).

Patnaik, R. & Nanda, A. C. in Out of Africa | 129-143 (Springer, 2010).

Barry, J. C,, Lindsay, E. & Jacobs, L. A biostratigraphic zonation of the middle and upper
Siwaliks of the Potwar Plateau of northern Pakistan. Palaeogeography, Palaeoclimatology,
Palaeoecology 37, 95-130 (1982).

Flynn, L. J. et al. The siwaliks and neogene evolutionary biology in South Asia. Fossil
Mammals of Asia: Neogene Biostratigraphy and Chronology. Columbia University Press, New
York, 353-372 (2013).

Markov, G. N. Mammuthus rumanus, early mammoths, and migration out of Africa: some
interrelated problems. Quaternary International 276, 23-26 (2012).

43



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

Andreescuy, |. et al. New developments in the upper pliocene—pleistocene stratigraphic units
of the dacian basin (eastern paratethys), Romania. Quaternary international 284, 15-29
(2013).

Alexeeva, L., Andreescu, I., Bandrabur, T., Cepaliga, A. & Ghenea, C. Correlation of the
Pliocene and Lower Pleistocene deposits in the Dacic and Euxinic Basins. Anuarul Institutului
de geologie si geofizicd 59, 143-152 (1983).

Radulesco, C. & Samson, P. Review of the Villafranchian s.s. faunas of Romania. //
Quaternario 8, 377-382 (1995).

Lister, A. & van Essen, H. in 18th International Senckenberg Conference (25—30 April 2004,
Weimar, Germany). Conference. 154.

Markov, G. & Spassov, N. Primitive mammoths from Northeast Bulgaria in the context of the
earliest mammoth migrations in Europe. Advances in Vertebrate Paleontology ‘Hen to Panta’.
Romanian Academy Institute of Speleology ‘Emil Racovita’, Bucharest, 53-58 (2003).
Nikiforova, K., Alexandrova, L., Troubikhin, V. & Tchepalyga, A. (Gheologhiceskii Institut.
Akademia Nauka SSSR. Moskva, 1986).

Petculescu, A., Stiuc3, E., Radulescu, C. & Samson, P.-M. Pliocene large mammals of Romania.
Coloquios de Paleontologia, 549-558 (2003).

Van Baak, C. G., Mandic, O., Lazar, I., Stoica, M. & Krijgsman, W. The Slanicul de Buzau
section, a unit stratotype for the Romanian stage of the Dacian Basin (Plio-Pleistocene,
Eastern Paratethys). Palaeogeography, palaeoclimatology, palaeoecology 440, 594-613
(2015).

Bruijn, H. d. The Ruscinian rodent succession in Southern Spain and its implications for the
biostratigraphic correlation of Europe and North Africa. Senckenbergiana lethaea 55, 435-
443 (1974).

Jaeger, J., Michaux, J. & Thaler, L. Presence d'un rongeur muride noveau, Paraethomys
miocaenicus nov. sp. dans le Turolien supereur du Maroc et d'Espagne. Implications
paleogeographiques. C.R. Acad. Sc., Paris 280, (ser. D), 1673-1676 (1975).

Azzaroli, A. & Guazzone, G. Terrestrial mammals and land connections in the Mediterranean
before and during the Messinian. Palaeogeography, Palaeoclimatology, Palaeoecology 29,
155-167 (1979).

Jaeger, J.-J. & Hartenberger, J. Diversification and extinction patterns among Neogene
perimediterranean mammals. Philosophical Transactions of the Royal Society of London. B,
Biological Sciences 325, 401-420 (1989).

Agusti, J., Garcés, M. & Krijgsman, W. Evidence for African—lberian exchanges during the
Messinian in the Spanish mammalian record. Palaeogeography, Palaeoclimatology,
Palaeoecology 238, 5-14 (2006).

Garcia-Alix, A. et al. Updating the Europe—Africa small mammal exchange during the late
Messinian. Journal of Biogeography 43, 1336-1348 (2016).

van der Schee, M. et al. New age constraints on the western Betic intramontane basins: A
late Tortonian closure of the Guadalhorce Corridor? Terra Nova 30, 325-332 (2018).
Krijgsman, W. et al. The Gibraltar corridor: Watergate of the Messinian salinity crisis. Marine
Geology 403, 238-246 (2018).

Alba, D. M. et al. First joint record of Mesopithecus and cf. Macaca in the Miocene of Europe.
Journal of Human Evolution 67, 1-18 (2014).

Castanfios, P., Murelaga, X., Arrizabalaga, A. & Iriarte, M.-J. First evidence of Macaca sylvanus
(Primates, Cercopithecidae) from the Late Pleistocene of Lezetxiki Il cave (Basque Country,
Spain). Journal of Human Evolution 60, 816 (2011).

Heizmann, E. P. & Begun, D. R. The oldest Eurasian hominoid. Journal of human evolution 41,
463-481 (2001).

44



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

Bohme, M., Aziz, H. A., Prieto, J., Bachtadse, V. & Schweigert, G. Bio-magnetostratigraphy
and environment of the oldest Eurasian hominoid from the Early Miocene of Engelswies
(Germany). Journal of human evolution 61, 332-339 (2011).

Begun, D. R., Nargolwalla, M. C. & Kordos, L. European Miocene hominids and the origin of
the African ape and human clade. Evolutionary Anthropology: Issues, News, and Reviews 21,
10-23 (2012).

Ward, S., Duren, D. & Hartwig, W. The Primate Fossil Record. (2002).

Ward, S., Brown, B., Hill, A., Kelley, J. & Downs, W. Equatorius: a new hominoid genus from
the middle Miocene of Kenya. Science 285, 1382-1386 (1999).

Kelley, J., Andrews, P. & Alpagut, B. A new hominoid species from the middle Miocene site of
Pasalar, Turkey. Journal of Human Evolution 54, 455-479 (2008).

Ishidal, H., Kunimatsu, Y., Nakatsukasa, M. & Nakano, Y. New hominoid genus from the
Middle Miocene of Nachola, Kenya. Anthropological Science 107, 189-191 (1999).

Begun, D., Henke, W. & Tattersall, |. in Handbook of Paleoanthropology (ed Winfried Henke
& lan Tattersall) Ch. 32-3, 1261-1332 (Springer Berlin Heidelberg, 2015).

Alba, D. M. Fossil apes from the vallés-penedés basin. Evolutionary Anthropology: Issues,
News, and Reviews 21, 254-269 (2012).

Kelley, J. in The primate fossil record (ed WC Hartwig) (Cambridge University Press
Cambridge, 2002).

Fuss, J., Spassov, N., Begun, D. R. & Béhme, M. Potential hominin affinities of Graecopithecus
from the Late Miocene of Europe. PloS one 12, e0177127 (2017).

Begun, D. R. et al. Hominin origins: New evidence from the eastern Mediterranean. American
Journal of Physical Anthropology 168, 15-15 (2019).

Bohme, M. et al. A new Miocene ape and locomotion in the ancestor of great apes and
humans. Nature 575, 489-493 (2019).

Bohme, M., Spassov, N., DeSilva, J. M. & Begun, D. R. Reply to: Reevaluating bipedalism in
Danuvius. Nature 586, E4-E5 (2020).

Williams, S. A,, Prang, T. C., Meyer, M. R., Russo, G. A. & Shapiro, L. J. Reevaluating
bipedalism in Danuvius. Nature 586, E1-E3 (2020).

Benoit, J. & Thackeray, F. J. A cladistic analysis of Graecopithecus. South African Journal of
Science 113, 1-2 (2017).

Fuss, J., Spassov, N., Bbhme, M. & Begun, D. R. Response to Benoit and Thackeray (2017):'A
cladistic analysis of Graecopithecus'. South African Journal of Science 114, 1-2 (2018).
Solounias, N., Plavcan, J., Quade, J. & Witmer, L. in The evolution of Neogene terrestrial
ecosystems in Europe (ed L. Rook J. Agusti, P. Andrews) Ch. 22, 436-453 (Cambridge
University Press, 1999).

Spassov, N. The Turolian Megafauna of West Bulgaria and the character of the Late Miocene"
Pikermian biome". BOLLETTINO-SOCIETA PALEONTOLOGICA ITALIANA 41, 69-82 (2002).

de Bonis, L., Brunet, M., Heintz, E. & Sen, S. La province Greco-irano-afgane et la repartition
des faunes mammaliennes au Miocene superieur. Paleontologia i Evolucio, 103-112 (1992).
Barry, J. in Palaeoclimate and Evolution with emphasis on human origens (ed Vrba et al)
115-134 (1995).

Van Couvering, J. A. & Delson, E. African Land Mammal Ages. Journal of Vertebrate
Paleontology 40, e1803340 (2020).

Haywood, A., Sellwood, B. & Valdes, P. Regional warming: Pliocene (3 Ma) paleoclimate of
Europe and the Mediterranean. Geology 28, 1063-1066 (2000).

Salzmann, U. et al. Climate and environment of a Pliocene warm world. Palaeogeography,
Palaeoclimatology, Palaeoecology 309, 1-8 (2011).

45



