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Late Miocene Eurasia was inhabited by antelopes (including 
Hippotragini), giraffes, horses (extinct genus Hipparion and 
other Equinae), rhinoceroses, elephants and mastodons, pigs, 

hyenas, cats and many other mammals1–5. Among the best-known 
localities with this type of fauna is a site near the village of Pikermi 
not far from Athens, Greece, which has led to the name ‘Pikermian’ 
palaeobiome for the late Miocene chronofauna that extended from 
the Balkans to Afghanistan2,4,6–8. Especially important for the recon-
struction of Pikermian biomes have been teeth, which are thought 
to offer a quasi-quantitative proxy for environmental aridity because 
height and enamel abrasion reflect food hardness and water con-
tent9. Hypsodonty has been quantified by mean hypsodonty values 
based on a site’s average height-to-length ratio of the second (upper 
or lower) molar of Artiodactyla, Perissodactyla, Proboscidea and 
Primates. Mean hypsodonty scores in combination with genus-level 
faunal comparisons between late Miocene faunas from a region 
spanning from Greece south to Lower Nawata in Kenya, Africa, and 
east to Baode in Shanxi Province (near Inner Mongolia), China, led 
to the reconstruction of a single cohesive Old-World savannah pal-
aeobiome of which the modern African savannah fauna is the sur-
viving branch10. Earlier palaeozoologists had instead reconstructed 
the Eurasian Pikermian biome as sclerophyllous Mediterranean-
type woodland, with trees, chaparral and herbaceous undergrowth, 
but no continuous grass layer5–7,11.

Here we use the plant fossil record to test the hypothesis of a single 
cohesive biome, that is, a predominant vegetation type controlled by 
the environment and climate that extended from Mongolia to East 
Africa and at its peak covered much of the Old World10. Regarding 
the relevant time range, we follow Kaya et al.10 who consider the 
Pikermian as the interval spanning the latest middle Miocene to 
the early Pliocene (12–5 Ma, million years ago) divided into the 

eight European Neogene fossil mammal (MN) biochronologic units 
MN7 +  8, MN9, MN10, MN11, MN12, MN13 and MN14. For com-
parison, we included 4 Ma-old Pliocene occurrences from northeast 
Africa. Our study is based on fossil woods, fruits, leaves, spores and 
plant silica bodies, each taxon’s biogeographic affinity, and climate-
related vegetation reconstruction based on the modern preferences 
of the lineage to which a fossil belongs. We apply Raup–Crick simi-
larity analysis12,13 to facilitate direct comparison with genus-level 
faunistic studies that have used this approach4,10.

Results and discussion
The plant fossil record of Pikermian sites. We analysed macrofos-
sils, pollen and spores from 1,602 fossil occurrences from 45 sites 
in Greece, Bulgaria and Turkey, which provided us with 39 floras 
(Tables 1 and 2; Supplementary Tables 1 and 2) and 1,480 records 
for the Raup–Crick similarity analysis12,13; 88 macrofossil records 
from six sites in northeast Africa; and 154 microfossil records from 
eight sites in China, covering European Neogene mammal units 
MN7 +  8 to MN14, Serravallian (middle Miocene) to mid-Zanclean 
(early Pliocene), 13.8–4.2 Ma14,15. We also inferred palaeo-environ-
ments from the modern ecological requirements of the relevant 
genera and from pollen signatures expressed in abundances of par-
ticular taxa. A summary of the vegetation types inferred for western 
Eurasia (Greece to East Anatolia) is given in Fig. 1 and Tables 1 and 
2 (also Supplementary Tables 1 and 2), with a cartoon illustrating 
abundant plant genera and formations in Supplementary Fig. 1. 
The similarity of these sites to each other and to coeval sites in East 
Africa and northeast Asia through time is quantified in Figs. 2 and 3, 
Supplementary Tables 2 and 3, and Supplementary Fig. 3. No more 
than five genera were shared between East African and Eurasian or 
Asian assemblages between MN7 +  8 to 14 (13.8–4.2 Ma), although 
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Africa became slightly more similar to the other regions by 6–4 Ma 
(Figs. 2 and 3; Supplementary Table 3).

We find that western Eurasia was continuously covered by the 
biomes ENF and mixed forests sensu Woodward et al.16 or temper-
ate broadleaf and mixed forests (TBMF) sensu Olson et al.17 (Fig. 1, 
black colour in the pie diagrams: montane conifer forest and mesic 
forest). The importance of needle trees is underscored by 15% of 
the 1,602 fossil records belonging to 17 conifer genera endemic to 
the Northern Hemisphere and by subsets of these genera found at 
> 90% of the western Eurasian sites. Similarly, 17% of the Chinese 
records belong to conifers, of which Pinus is found at all nine inves-
tigated East Asian sites, and Picea (seven sites) and Abies (five 
sites) at more than half of them covering all three main time slices 
(14–9 Ma, 9–5 Ma, 5–4 Ma; Supplementary Table 3).

Forests with (tropical) subtropical tree taxa (Taxodioideae, 
Engelhardioideae, Lauraceae, Sapotaceae) and taxa extending into 
the temperate zone (Cathaya, Cedrus, Fagaceae) characterized the 
Greek islands Chios, Crete, Gavdos and Samos at circa 13–9 Ma, 

and similar forests grew at the sites Muğla-Çatakbağyaka and Yeni 
Eskihisar (MN7 +  8, 13.8–11.2 Ma; Supplementary Tables 1 and 2) 
in Central Anatolia. Younger (MN9 and MN10, 11.2–8.7 Ma) floras 
in Central Anatolia are less diverse, but still contain abundant mesic 
forest elements. The pollen assemblage of Sivas-Karaözü is domi-
nated by Asteraceae, with Fagaceae, Betulaceae and Pinaceae occur-
ring more sparsely. Forest-dominated vegetation under a humid 
warm temperate climate (Köppen Cf/Cw climates; Table 2) has also 
been documented for more northern Pikermian sites (MN7 +  8 to 
10, 13.8–8.7 Ma), including Bulgaria, the Czech Republic, France, 
Hungary, Italy, Poland, Romania and the Vienna Basin18–21. As in 
older (MN6, 14.8–13.8 Ma) floras of the eastern Mediterranean (for 
example, ref. 22), the herbs probably grew along streams, lake shores 
and rocky outcrops, or were part of the understorey of these for-
ests. Coeval sites in the Ukrainian Plain (Volhynian and Bessarabian 
assemblages, MN7 +  8, 13.8–11.2 Ma) had mixed mesophytic forests 
and, north of the modern Black Sea, steppe vegetation dominated 
by herbaceous Amaranthaceae–Chenopodioideae20,23.

Table 1 | vegetation of the western eurasian palynoflora sites

Site age Palaeo-environmental characterization

MF, DF eNF eNF gen. S Poac. amaranth. Artemisia asteraceae

GR01 MN7–8 MF ~30 3 n.i. n.i. n.i. n.i.

GR01 MN7–8 MF ~40 5 0–10 ~5 to < 40 0 to < 5 0 to < 5

TR01 MN7–8 MF ~25 5 ~5 < 5 < 5 0 (–20)

TR02 MN7–8 MF ~30 4 0 n.i. 0 n.i.

TR03 MN9 DF? n.i. 1 n.i. n.i. n.i. n.i.

TR04 MN9 +  10 MF 90 4 0 0 0 < 5

GR04 MN9–10 MF 20–30 5 ~5 (10) n.i. n.i. n.i.

GR05 MN10 MF ~20 6 0–10 0–15 < 1 < 5

TR05 MN10 ~5 1 S ~5 < 5 < 1 ~85

GR07 MN10–11 MF ~20 7 SF? < 5 5–15 < 5 0

TR06 MN10–11 ~30 2 S 0–10 20 to > 40 10 to > 20 10–30

BG01 MN10–12 MF 10–40 6 ~5 (20) < < 5–10 < 1 < 1–5

GR08 MN11 MF n.i. 7 n.i. n.i. n.i. n.i.

TR07 MN11 +  12 MF 90 4 ~5 < 15 0 < 5

GR04 MN11–12 MF 10 to < 40 4–5 ~5 (35) n.i. n.i. n.i.

TR08 MN11–12 2 1 S 0–2 15–20 0 ~10

GR09 MN12 DF 5–20 7 > 8 < 2 0–1 < 1–5

TR09 MN12 DF ~40 4 SF? 0–15 5–30 0–5 < < 10

TR10 MN12 ~35 3 S n.i. n.i. < 5 n.i.

TR11 MN12 < 20 2 S n.i. n.i. < 5 n.i.

TR12 MN12–13 0 to < 10 3 S 5–40 20 to > 60 < 1 < < 5 to < 15

GR11 MN13 MF 50–70 7 < 10 < 10 < 1 0

GR12 MN13 MF ~20 6 SF? < 10 ~15 < 1 0

TR13 MN13 < 5(–20) 4 GS ~35 < 15 < 1 < < 10

TR14 MN13 DF ~55 6 ~5 < 10 < 10 0

TR15 MN13 90 5 SF? 5–10 < 5 < 5 < 10

TR16 MN13–14 30–40 5 S/SF 10 to < 20 ~20 < 1 < < 10

TR17 MN14 DF > 20 to > 70 5 SF? < 5 < 5–15 0 20–70

TR18 MN14 90 5 SF? 5–10 < 5 < 5 < 10

TR19 MN14 5 to > 10 4 ? 20 (40) < 5 to < 15 0 < 5

MF, DF, mesic or dry forest; ENF, percentage of conifers in pollen diagrams representing the evergreen needleleaf forest biome of ref. 16; ENF gen., number of evergreen conifer genera in pollen assemblages; 
S, steppe elements—dominating or codominating the pollen diagrams (S, steppe; SF, steppe forest with Pinaceae; GS, grass steppe); Poac., percentage of Poaceae in pollen diagrams; Amaranth., 
percentage of Amaranthaceae in pollen diagrams; Artemisia, percentage of Artemisia in pollen diagrams; Asteraceae, percentage of Asteraceae in pollen diagrams; n.i., not indicated. Ranges of pollen 
percentages indicate fluctuations in a palynological section; percentage values in brackets indicate single peaks in abundance.
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Between 9 and 6 Ma (MN10 +  11 to MN13), there were marked 
environmental changes. The first Artemisia steppe appeared in 
Central Anatolia (MN10 +  11, circa 9 Ma; Cappadocia, Turkey), 
with abundant Amaranthaceae (Chenopodioideae) and Asteraceae, 
and rarer Poaceae (grassland biome of Woodward et al.16; tem-
perate grasslands, savannahs and shrublands biome of Olson et 
al.17). Western Turkey was covered by a steppe forest with typical 
Northern Hemisphere woody genera, such as Acer, Carpinus, Carya, 
Castanea, Cathaya, Juglans, Liquidambar, Parrotia, Pterocarya, 
Quercus, Tsuga, Ulmus and Zelkova. We find no evidence of the 
Mediterranean-type (Köppen Cs climate; Table 2) sclerophylly 
stressed in some Pikermian reconstructions6,24. Instead, the sclero-
phyllous species of Quercus found in Samos, Crete and southwest 
Anatolia show the morphology of Himalayan members of sect. 
Ilex and indicate (summer-)humid climate (Köppen Cf/Cw cli-
mates25,26). The vegetation of Crete, Samos, the Greek mainland and 
South Bulgaria continued to be dominated by mesic forests with 
Fagaceae, Pinaceae and Lauraceae, and this remained the case for 
mainland Greece and Italy into the Pliocene27. The west–east dif-
ferentiation recorded here roughly corresponds to the change from 
‘forest faunas’ to ‘steppe faunas’ inferred by Kurtén28.

The angiosperms and gymnosperms at the northeast Asian sites 
from 7.2–5.3 Ma (Messinian) are essentially the same as those in 
coeval Central Anatolian sites (see high Raup–Crick similarity in 
Fig. 3 and Supplementary Fig. 3), except that Asian sites also have 
high levels of Artemisia, Chenopodioideae and Tamaricaceae, point-
ing to a steppe grassland biome and an arid climate (Köppen BSk 
climate; Table 2), as also inferred by Fig. 5 in Kaya et al.10. Records 
of xeric grasslands are known only from the Russian Plain, begin-
ning from the late–middle Miocene29. The Mongolian steppe biome 
seems to have existed for at least 20 million years30 and may have 
originated with the aridification caused by the westward Paratethys 
retreat, dated to between 47 and 37 Ma, which reduced the moisture 
load of westerlies blowing into the Asian continental interior31.

Western Eurasian sites contain little grass pollen, and grass pollen 
peaks > 20% occur in only four palynofloras (Table 1). Isotope analy-
ses of palaeosols from Samos, Pikermi, Rhodes and the lower Axios 
Valley in Macedonia and of fossil mammal teeth from Samos and 
from Paşalar in northwest Turkey also imply a restricted extent of 
C3 grasses and an absence of C4 grasses32. Nevertheless, C4 grasses, 
including Panicoideae, have been reported from at least one locality 
in Central Anatolia (7.1 ±  0.1 Ma33), and sites in Bulgaria and Greece 
(MN12+ 13, 7.6–4.8 Ma34,35). They are also documented from early–
middle Miocene (20–10 Ma) localities in southwestern Europe36,37 
and classic Pikermian localities from northern China (less than 30% 
of the vegetation consumed by gazelles and Hipparion grazers38,  
but up to 76% in Inner Mongolian herbivore diets after 7.5 Ma39). 

On the Iranian Plateau, C4 grasslands were present by 8.2 Ma40, in 
Indo–Pakistan by 8 Ma and in East Africa by 10 Ma40–43.

In sum, the plant fossil record reveals forest biomes in Miocene 
sites relevant to the late Miocene fauna, namely TBMF (correspond-
ing to deciduous broadleaf forests and mixed forests of Woodward 
et al.16); temperate coniferous forests (corresponding to ENF) and 
temperate grasslands, savannahs and shrublands (corresponding to 
woody savannahs and grassland biomes16,17; see Methods for details 
of assignments), with the western and eastern Asian sites sharing 
around 75% of the genera among contemporaneous assemblages 
(Figs. 2 and 3).

Conclusions
The contrasting views obtained from zoological versus botanical 
proxies used to reconstruct Old-World biomes in the late Miocene 
highlight the difficulty of inferring past organismal communities. 
As per the original definition of the concept, a biome ‘is fundamen-
tally controlled by the habitat and exhibits a corresponding develop-
ment and structure’44, p. 120. Biomes are initially characterized by 
plant life forms but include animals whose morphological, physi-
ological and behavioural traits are adapted to the plant communities 
in which they live45. Among the world’s most important biomes in 
terms of spatial extent are grasslands and savannahs, which together 
may comprise about 40% of the Earth’s unfrozen land surface46. 
Savannahs are mixed tree–grass systems, with a more or less con-
tinuous grass understorey, and ‘wooded savannahs’ may have tree 
cover of up to 80%16,47, depending on fire frequency and grazing, 
which can yield mosaics of savannah and forest in ecotone regions. 
Savannahs may be further categorized into temperate C3 grass-
lands (steppes, prairies) and subtropical/tropical savannahs with C4 
grasses17,47–51. Some savannah definitions include a low mean annual 
precipitation and a high mean annual temperature52. This variation 
in the definition of what constitutes a savannah makes it extremely 
difficult to infer past savannah biomes.

A further difficulty in inferring past organismal communities is 
that the flora and fauna of any area is the result of the fluctuating 
and fortuitous immigration of plants and animals in an equally fluc-
tuating and variable environment53–55. Spatial communities, such 
as biomes, are therefore epiphenomena, and their components are 
not all co-evolved or co-adapted to the extent that a few suffice to 
predict the remaining species’ traits or the conditions of the envi-
ronment. For a reliable reconstruction, both animal and plant traits 
are required, along with soil types, isotope composition and other 
proxies. Mean hypsodonty as a measure of aridity has never been 
tested and does not reliably indicate the presence of grassland per 
se10,32,56,57. Plant micro- and macrofossils, by contrast, readily differ-
entiate extensive C3 or C4 grasslands, needleleaf forests, evergreen 

Table 2 | environments and climates inferred from the plant fossil record for the Pikermian, Baodean and Nawatian chronofaunas, 
that is, the Old-World savannah palaeobiome of Kaya et al.10

Köppen climate typea Terrestrial biomesb represented by fossil plant assemblages

Western eurasia Northeast asia east africa

Cf, Cw, Df, Dw Temperate broadleaf and mixed forest Temperate broadleaf and mixed forest

Cf, Df, Dw Temperate conifer forest Temperate conifer forest

Cf, Df (western Eurasia), 
BSk (northeast Asia)

Temperate grasslands, savannahs and 
shrublands

Temperate grasslands, savannahs and 
shrublands

A Tropical and subtropical moist 
broadleaf forest

BSh Tropical and subtropical grasslands, 
savannahs and shrublands

Cwb, Cfb Montane grasslands and shrublands

Temperate forest biomes are well-represented in western Eurasia (see Fig. 1), while temperate grasslands/steppes predominate in northeast Asia. aRef. 69. bRef. 17.
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broadleaf forests and deciduous forests, and therefore they can help 
directly discern past vegetation. The plant fossil record analysed here 
shows that the Pikermian chronofauna lived in different biomes, 
including mixed coniferous broadleaved forests, mesophytic forests 
and more herb-rich lakeside/riverine associations (in agreement 
with refs 18,19), Asian steppes and some C3- or C4-dominated grass-
lands. More research is needed to resolve the geographic extent of 
C4 grasslands relevant to Pikermian animals. Another open ques-
tion is the role of interlocking vegetation mosaics that permitted 
co-occurring animals to feed on diverse sets of plants (more diverse 
than today). Clearly, however, plant fossil data do not support an 
interpretation of modern African savannahs as a surviving branch 
of a single cohesive Old-World savannah palaeobiome.

Methods
Inference of vegetation types and biomes. We investigated macrofossils, pollen 
and spores from 1,602 fossil occurrences from 45 sites in Greece, Bulgaria and 
Turkey; 88 macrofossil records from two sedimentary basins in East Africa; and 
154 microfossil records from eight sites in Mongolia and China, covering European 
Neogene Mammal units MN7 +  8 to MN14, that is, 13.8–4.2 Ma (Serravallian 
to mid-Zanclean). Of our floristic assemblages, 15 western Eurasian localities 
correspond to the climax of the Pikermi fauna between 8 and 7 Ma. For the 
9–6 Ma time slice when the Pikermian fauna stretched as far west as present-day 
Spain and France, north to the Ukraine, Kazakhstan and Mongolia, and east to 
China10 we have > 25 western Eurasian localities. We compiled taxon lists based on 
macrofossils (foliage, fruits and seeds) and pollen and spores; see Supplementary 
Tables 1–3. The revised fossil-taxon records were assigned to one or more modern 
vegetation types based on the modern occurrence of taxa (clades) related to the 
fossil taxon. The following vegetation types were scored: R: riparian, swamp forest, 
including aquatic plants (Supplementary Fig. 1a,c). MF: mesic forests. Most taxa 
assigned to this vegetation unit are typical members of the TBMF biome according 
to Olson et al.17 and World Wide Fund for Nature (WWF)58. The most typical trees 
of this biome in the Northern Hemisphere are Fagaceae, Betulaceae, Acer and the 
Pinaceae (Supplementary Fig. 1a). The rich conifer component represents the ENF 
biome of Woodward et al.16. DF: dry forests. Taxa assigned to this vegetation unit 
are members of the TBMF17,58 and (partly) the shrubland biome16. It also includes 
some members of genera typical of mesic forests that adapted to edaphically 
drier conditions (for example, certain types of Acer and Quercus, Ulmus, Zelkova, 
Supplementary Fig. 1b,c). Very few woody taxa are found exclusively in dry forests 
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and shrublands (for example, Cistus, Ephedra). M: open areas not dominated by 
grasses (‘meadows’ in a very broad sense). This vegetation unit denotes open areas 
that are inhabited by both grasses and non-grass herbaceous plants. Included 
here are plants growing in bogs, wet meadows, on rocky substrates, Artemisia 
steppe, steppe dominated by Amaranthaceae, and disturbed areas among others 
(Supplementary Fig. 1b). G: grassland and woody grassland. This vegetation unit 
refers to open landscapes with a grass-dominated ground layer. This includes 
both temperate grasslands59,60 (Supplementary Fig. 1c) and tropical grasslands 
(savannah47,49). M and G correspond to the temperate grasslands, savannahs and 
shrublands biome of Olson et al.17 and to the savannah and grassland biomes of 
Woodward et al.16 Taxa occurring in tropical African savannahs are marked with 
an asterisk (Supplementary Table 2). Taxa occurring in more than one vegetation 
type were scored 0.5, 0.333 etc. for each of two or more vegetation types.

Taphonomy. The plant fossil data used to infer palaeo-environments represent 
different organs of plants. Taken alone, most of these datasets can be biased towards 
particular environments, life forms and aspects of the vegetation. For example,  
the carpological record (fruit and seed remains) commonly overrepresents the 
vegetation surrounding a lake and underrepresents the vegetation from the 
hinterland (regional). In contrast, leaf floras commonly represent both the local  
and regional vegetation but strongly underrepresent the herbaceous component  
of the flora. Leaf size, frequency and leaf texture can be used to discern local 
vegetation from hinterland vegetation26. Plant silica reflect the diversity of grasses  
but may underestimate the contribution of other plants to the vegetation61. 
Palynofloras (dispersed spores and pollen) represent both local and regional 
vegetation and cover woody and herbaceous plants. Wind-pollinated plants are 
overrepresented whereas insect-pollinated plants are underrepresented. Including 
information from modern pollen rain and abundancies of different pollen types, 
palynofloras provide a highly accurate picture of past vegetation types (for example, 
ref. 62). For example, modern pollen rain studies across Anatolia63 showed that local 
peaks of Asteraceae pollen might represent the temporary exposure of a lakeshore, 
while peaks of Artemisia might indicate early forms of Anatolian steppe.

Pollen signatures. Pollen diagrams reflect local and regional vegetation and can 
be used to discriminate between TBMF, northern temperate steppe and steppe 
forest, and tropical African savannahs. Pollen signatures indicative of TBMF 
include moderate to high amounts of Pinaceae, Acer, Betulaceae, Fagaceae 
and Juglandaceae, which are among the most characteristic elements of TBMF 
according to WWF58. In addition, taxa from the Northern Hemispheric ENF 
biome of Woodward et al.16 are strongly represented in TBMF (Table 1). Pollen 
diagrams indicating northern temperate steppes and steppe forest have high 
values of Artemisia, Amaranthaceae–Chenopodioideae, Asteraceae and Poaceae 
(temperate grasslands, savannahs and shrubland biome of Olson et al.17) and 
relatively low values of TBMF elements. Pine pollen can reach moderately high 
values. Pollen signatures of tropical savannahs, by contrast, include > 40% to > 80% 
Poaceae and Cyperaceae pollen, along with pollen of mainly (Afro)tropical genera 
in low amounts63,64 (Table 2). As a rule, they do not include any of the TBMF taxa 
mentioned above. Using these criteria, pollen floras are tagged as mainly reflecting 
MF, DF, SF, S and GS based on comparison to modern vegetation types or potential 
vegetation in the eastern Mediterranean region59,65,66. Northeast Asian steppe has 
a similar pollen signature as western Eurasian steppe and steppe forest, but the 
TBMF component is much less prominent67.

Phytoliths (plant silica bodies). Strömberg et al.68 analysed plant silica bodies 
from late Miocene sites in Anatolia. They recognized the following four groups: 

AQ (wetland plants and aquatics); FI TOT (forest indicator, FI, taxa) comprising 
palms and other FI (basal angiosperms and eudicots, conifers, ferns etc.); NDG 
(non-diagnostic phytoliths of ‘grasses’, other monocots and conifers (6–14% in 
samples EM15 to EM28)); NDO (undetermined phytoliths (30–50% in samples 
EM15 to EM28)). They further subdivided Poaceae phytoliths (grass short 
silica cells) into CH TOT (closed habitat grasses, that is, basal Poaceae grade 
and Bambusoideae, Erhartoideae); POOID-D (diagnostic Pooideae); POOID-
ND (non-diagnostic Pooideae); PACCAD TOT (Panicoideae, Chloridoideae); 
PACCAD general (indetermined PACCAD); and OTHG (other grasses, 
unknown Poaceae). Combining their four groups and Poaceae subdivisions, 
Strömberg et al. devised seven categories: (1) palms, (2) other FI, (3) CH TOT, (4) 
POOID-D +  POOID-ND (termed: Pooid open habitat grasses), (5) Chloridoid, (6) 
Panicoid +  PACCAD general and (7) non-diagnostic phytoliths outside Poaceae 
(phytolith classes ‘NDG’, ‘NDO’). In our study (Supplementary Fig. 2b), the AQ 
group was coded as WL (wetlands); FI TOT as NG (non-grass component), NDO 
and NDG as ?; CH TOT as BE (Bambusoideae, Erhartoideae clades); POOID-D as 
Po (unambiguous Pooideae); PACCAD TOT as PC (Panicoideae, Chloridoideae); 
and POOID-ND and OTHG as ?P (undetermined Poaceae).

Statistical similarity. We used the Raup–Crick similarity index12,13 to quantify 
genus-level floristic resemblance between localities, relying on an implementation 
of the index in the Community Ecology Package (‘vegan’) in R (https://cran.r-
project.org/package= vegan). The index assumes that taxa are distributed randomly 
in space and time and that species lists are made up from the taxa that happen 
to fall in certain areas and in certain stratigraphic intervals. An average expected 
similarity (‘k’) and the expected variation in this number is predictable from the 
numbers of taxa, areas and stratigraphic intervals involved. The expected ‘k’ and 
its probable variation constitute the appropriate null hypothesis for assessing 
organismal (taxonomic) similarity. When dealing with assemblages from different 
continents, one would expect to be able to reject the null hypothesis most of 
the time; when dealing with assemblages from the same formation in a local 
area, one would expect not to reject the null hypothesis and to conclude that 
the compositional differences are the result of chance differences in sampling. 
The index has the advantage that distributional data are weighted on the basis of 
frequency so that widespread taxa do not have a disproportionate influence on 
similarity, and there is therefore no need to discard taxa on the a priori grounds 
that they are too widespread or too localized. Problems arise where one of the 
assemblages is very small. Two localities had only six taxa identified at least to the 
genus level, all others had more than six. To compute Raup–Crick similarities12,13 
over time between continents, we did pair-wise comparisons between each African 
or Asian locality and every European locality (Fig. 3a,b) and between each African 
locality and every Asian locality (Fig. 3c) from the same time period (14–10 Ma, 
9–6 Ma, 5–4 Ma). Thus, when comparing African to European sites between 
4–5 Ma, all European sites between 4–5 Ma were chosen as reference; when 
comparing sites between 6–9 Ma, all sites between 6–9 Ma were the reference; when 
comparing sites between 10–14 Ma, all sites between 10–14 Ma were the reference. 
Each dot represents the comparison between two localities, with dot colours 
indicating the biome type of the respective reference site according to Fig. 1  
(green, forest; olive, steppe forest; yellow, steppe; red, grass steppe). For temporal 
interpolation, local polynomial regression fitting (loess) with the second-degree 
polynomial and 0.75 degree of smoothing was used (same parameters as in  
Kaya et al.10 to facilitate direct comparison with their Supplementary Fig. 3).  
To create maps showing Raup–Crick genus-level floristic similarities, Pikermi at 
7 Ma was used as reference site (Fig. 2). Inverse distance-weighting was used to 
interpolate between sampling points.
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Data collection We compiled taxon lists based on macrofossils (foliage, fruits, and seeds) and pollen and spores; see Supplementary Tables 1–3. In all, we 
investigated macrofossils, pollen, and spores from 1602 fossil occurrences from 45 sites in Greece, Bulgaria and Turkey; 88 macrofossil 
records from two sedimentary basins in East Africa; and 154 macrofossil records from eight sites in Mongolia and China, covering 
European Neogene Mammal units MN7+8 to MN14, that is, 13.8–4.2 Ma (Serravallian to mid-Zanclean). 

Data analysis We used the Raup-Crick similarity index (Raup and Crick, 1979; Chase et al., 2011) to quantify genus-level floristic resemblance between 
localities, relying on an implementation of the index in the Community Ecology Package (‘vegan’) in R (https://cran.r-project.org/
package=vegan). 
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Study description Based on terrestrial mammal fossils, late Miocene vegetation in Eurasia and East Africa has been reconstructed as a single cohesive 
biome of which modern African savannahs are the surviving remnant. Here, we test this reconstruction using plant fossils spanning 
14–4 Ma from sites in Greece, Bulgaria, Turkey, the Tian Shan Mountains and Baode County in China, and East Africa. The Western 
Eurasian sites had a continuous forest cover of deciduous or evergreen angiosperms and gymnosperms, with 15% of 1602 fossil 
occurrences representing conifers, which are present at all but one of the sites. Raup-Crick analyses reveal high floristic similarity 
between coeval Western and Eastern Eurasian sites, and low similarity between Eurasian and African sites. At least four distinct 
biomes are represented. 

Research sample We compiled taxon lists based on macrofossils (foliage, fruits, and seeds) and pollen and spores; see Supplementary Tables 1–3. In 
all, we investigated macrofossils, pollen, and spores from 1602 fossil occurrences from 45 sites in Greece, Bulgaria and Turkey; 88 
macrofossil records from two sedimentary basins in East Africa; and 154 macrofossil records from eight sites in Mongolia and China, 
covering European Neogene Mammal units MN7+8 to MN14, that is, 13.8–4.2 Ma (Serravallian to mid-Zanclean). We used the Raup-
Crick similarity index (Raup and Crick, 1979; Chase et al., 2011) to quantify genus-level floristic resemblance between localities, 
relying on an implementation of the index in the Community Ecology Package (‘vegan’) in R (https://cran.r-project.org/
package=vegan). 

Sampling strategy Please see under "Research sample"

Data collection Please see under "Research sample"

Timing and spatial scale 1602 fossil occurrences from 45 sites in Greece, Bulgaria and Turkey; 88 macrofossil records from two sedimentary basins in East 
Africa; and 154 macrofossil records from eight sites in Mongolia and China, covering European Neogene Mammal units MN7+8 to 
MN14, that is, 13.8–4.2 Ma (Serravallian to mid-Zanclean). 

Data exclusions No data were excluded.

Reproducibility Using the data in our Supplementary Tables 1-3 and the Raup-Crick statistical test for similarity, our results are reproducible. 

Randomization The Raup-Crick index assumes that taxa are distributed randomly in space and time and that species lists are made up from the taxa 
that happen to fall in certain areas and in certain stratigraphic intervals. The randomization is done automatically in the R package 
the implements the test.

Blinding Not applicable

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
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Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Unique biological materials
Policy information about availability of materials

Obtaining unique materials The fossils studied by the first author are deposited in public collections; some are unique.

Palaeontology
Specimen provenance 1602 fossil occurrences from 45 sites in Greece, Bulgaria and Turkey; 88 macrofossil records from two sedimentary basins in East 

Africa

Specimen deposition In the museums listed in supplementary tables 1-3, including those mentioned in the references cited under those tables.

Dating methods The fossils were dated by the authors of the references cited under our supplemantary ables 1-3.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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