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Modern vegetation proxies reflect Palaeogene and
Neogene vegetation evolution and climate change
in Europe, Turkey, and Armenia

Johanna Kovar-Eder, Petr Mazouch, Vasilis Teodoridis, Anita Roth-Nebelsick,
Christopher Traiser, and Janina Wypich

ABSTRACT

Recently two tools, Drudge 1 and 2, were introduced to more easily assess mod-
ern vegetation proxies for the fossil record. They are based on three similarities: the
Integrated Plant Record (IPR) Similarity assessing the similarity between fossil assem-
blages and modern vegetation based on the proportion of major zonal angiosperm
components; the Taxonomic Similarity (TS) reflecting the similarity based on the coinci-
dence of genera among the fossil record and modern vegetation; and the combination
of both similarities (Results Mix). In this paper, we apply Drudge 1 and 2 to 54 fossil
plant assemblages from Europe, Turkey, and Armenia covering the time span from the
early Eocene to the Pleistocene. For every fossil plant assemblage, a set of 25 proxies
(modern vegetation units) is derived by the Drudges, reflecting its physiognomy and
floristic composition. The results for all fossil plant assemblages feature the overall
vegetation evolution and climate change in Europe, Turkey, and Armenia providing
deeper insight into the relationships of the fossil record to the modern Asian and Euro-
pean vegetation. This study strives to provide an improved understanding of the Palae-
ogene/Neogene vegetation evolution in Europe and Asia beyond the community of
specialists. Our results can help model future scenarios. They also improve our under-
standing of how climate change may affect vegetation and more broadly ecosystems
as a whole.
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INTRODUCTION

Vegetation is a key indicator for understanding
Earth’s evolution and climate change. The natural
distribution as well as physiognomy of major vege-
tation types/formations is linked to climate, while
aspects of climate can be influenced by the vegeta-
tion cover. Moreover, vegetation and its floristic
composition are basic traits of any terrestrial eco-
system. Finally, flora and vegetation, and fauna are
closely related and variously dependent on each
other within one ecosystem. Accordingly, the
assessment of the flora and vegetation along with
their evolution over time is crucial for our under-
standing of general ecosystem evolution.

In Europe, the Palaeogene and Neogene
plant record (both macro- and micro-fossils) is
extremely rich and comparatively well studied
within a stratigraphically well-defined framework.
This offers an excellent baseline for assessing veg-
etation and (palaeo) climate evolution. For non-
specialists in plant sciences, however, it is a major
challenge to understand the differences both in
composition and ecological properties of different
vegetation types. This paper aims to bridge this
gap by assessing modern European and East
Asian vegetation types that resemble assemblages
in the European fossil record based on their physi-
ognomic and taxonomic character (modern prox-
ies).

In contrast to attempts for (palaeo) climate
reconstruction and modelling, approaches to
assess former large-scale vegetation are rare. The
Integrated Plant Record (IPR) vegetation analysis
is designed to assess major types of deep-time
vegetation based on leaf physiognomy and the
autecology of the fossil taxa of plant taphoco-
enoses, including a full range of plant organ
assemblages (Kovar-Eder and Kvacek, 2003,
2007; Kovar-Eder et al., 2008). The concept of Ute-
scher et al. (2007) applies plant functional types of
trees to this end, but differs in substantial aspects
from IPR vegetation analysis. It includes climatic
parameters in the scoring groups, ignores herba-
ceous plants, and it does not differentiate between
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zonal and azonal elements. Other approaches to
assess former vegetation focus more on regional
aspects (Bouchal et al., 2018) or are restricted to
the fossil record of specific plant organs such as
the diaspore record (Martinetto and Vassio, 2010).

The IPR vegetation analysis was tested on
modern vegetation assemblages from China and
Japan (Teodoridis et al., 2011, 2012). Most
recently, two mathematical tools (Drudge 1 and
Drudge 2) were introduced to more easily deter-
mine modern vegetation proxies (Teodoridis et al.,
2020). Modern proxies are important because they
facilitate our understanding of past vegetation
properties. Drudge 1 and Drudge 2 are based on
the IPR vegetation analysis, which was extended
for the “Taxonomic Similarity” (TS) at the genus
level. Moreover, the reference dataset of modern
vegetation in Teodoridis et al. (2020) was consider-
ably extended, including the vegetation from
Europe and the Caucasus (Bohn et al., 2004) as
well as from China (following Wang, 1961). Finally,
in that paper Drudge 1 and 2 were tested on six
fossil floras from Central Europe ranging from the
late Eocene to the late Pliocene.

Here we present the comprehensive applica-
tion of Drudge 1 and 2 to 54 fossil floras from
Europe, Turkey, and Armenia ranging from the
early Eocene to the Pleistocene. This more pre-
cisely renders both the floristic and the vegetation
evolution in this region by modern proxies. We fur-
ther demonstrate that the modern proxies identified
by this methodology reflect overall climate change.

MATERIAL

Fifty-four assemblages of fossil plant remains
(including leaf, carpological, and pollen record)
from Europe, Turkey, and Armenia and ranging
from the early Eocene to Pleistocene were anal-
ysed by the IPR vegetation analysis, and then
Drudges 1 and 2 (Teodoridis et al., 2020) were
applied (Figure 1, Table 1, Appendix 1). Nine of the
assemblages comprise leaf, carpological, and pol-
len records, eight include leaves and carpological
material, nine leaves and pollen, one fruit and pol-
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FIGURE 1. Geographic sketch showing the location of the plant-bearing sites. For locality numbers see Table 1.

len, 16 are leaf assemblages, and 11 are fruit
assemblages. In selecting the assemblages, we
considered the following criteria: diversity of taxa,
reasonable taxonomic resolution, relevance for
regional coverage, and stratigraphic control. The
number of taxa per assemblage varied between 32
(Horni BFiza) and 204 (Wackersdorf), the mean
was 101 taxa. The number of zonal taxa, which is
the relevant parameter for applying the IPR vegeta-
tion analysis and the Drudges (see section Meth-
ods), varied from 16 (Nordhausen) to 151
(Arjuzanx) (mean: 68 zonal taxa).

METHODS

Integrated Plant Record (IPR) Vegetation
Analysis

The IPR vegetation analysis is a semi-quanti-
tative method that assesses major zonal vegeta-
tion types in deep time based on the fossil plant
record — including the leaf, carpological, and pollen
records (Kovar-Eder and Kvacek, 2003, 2007,
Kovar-Eder et al., 2008). This approach is based
on leaf physiognomy and the autecology of most
similar living relatives. The proportions of major

zonal angiosperm components are decisive for the
assignment to a vegetation type. These major
zonal angiosperm components are broad-leaved
deciduous (BLD), broad-leaved evergreen (BLE),
sclerophyllous (SCL), legume-like (LEG), dry herbs
(DRY HERB), and mesophytic herbs (MESO
HERB). The concept was evaluated by applying
this approach to the modern vegetation in East
Asia and was then adapted by Teodoridis et al.
(2011). Since the plausibility of the results
increases with the number of zonal taxa, the origi-
nal minimum threshold of at least 10 zonal taxa
was later raised to 15 (Kovar-Eder and Teodoridis,
2018).

Drudge 1 and 2

The objectives of the newly introduced tools,
Drudges 1 and 2 (Teodoridis et al., 2020, 2021),
are two-fold: (1) to facilitate the application of the
IPR vegetation analysis, (2) to automatically
assess proxies from the reference data set of mod-
ern vegetation units. They do this based on the
similarity of the proportions of the major zonal
angiosperms and the coincidence of the floristic
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TABLE 1. Fossil plant assemblages from Europe and Asia Minor (hereafter “test set of fossil assemblages”) covering
the period from the early Eocene to the Pleistocene, their ages, fossil record, and references. Country abbreviations.
GB, Great Britain; DE, Germany; CZ, Czech Republic; AT, Austria; HU, Hungary; PL, Poland; FR, France; TY, Turkey;

GR, Greece; IT, Italy; AM, Armenia.
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GB  Hampshire 1 Collinson (1983) early 56-49 fruits
Basin Eocene
GB London Clay 2 Collinson (1983) early 56-49 fruits
Eocene
DE Messel 3 N 49°56' Collinson et al. early middle lower Europ. leaves, fruits
E 8°44' (2012), Sturm Eocene Geiselian Vertebrate zone
(1971), Wilde MP 11
(1989), Wilde et al.
(2005)
DE Geiseltal 4 N51°1828" Mai(1976), Wilde  middle leaves, fruits
E 11°52'09"  (1995), Kahlert and Eocene
Riiffle (2007)
DE Profen- 5 N51°7'32.45" Fischer (1991), Mai late middle leaves, fruits
Scheiplitz E 12°12'56.56" and Walther (2000) Eocene
CZ Staré Sedlo 6 N 50°10'54.39" Knobloch et al. late Eocene Priabonian ? leaves, pollen Staré Sedlo s.I.
E 12° 43'11.37" (1996), Teodoridis (morphotaxa)
etal. (2012)
DE Fldrsheim 7 N 50°01' Kvacek (2004) early Rupelian Nannoplankton leaves
E 08°26' Oligocene zone NP23
° DE Rauenberg 8 N49°16'04"  Kovar-Eder (2016) early Rupelian Nannoplankton leaves
=3 E 8°42'13" Oligocene zone NP23
o DE Seifhennersdorf 9 N 50°56'7.02" WaltherandKvagek early Rupelian 30.44 £ 1.25 leaves
© E 14°36'26.99" (2007) Oligocene
$ AT Linz Ebelsberg 10 N 48°18' Kovar (1982) early Aquitanian lowermost app. 21.6-23 leaves
(_'c) Fm. E 14°17’ Miocene upper Egerian,
S nannoplankton
c zone NN1
Q
g AT  Oberdorf 1 N 47°04' Kovar-Eder et al. early upper Ottnangian/ leaves, fruits
= E 15°07' (2001) Miocene Burdigalian Karpatian
HU Mecsek Mts. 12 N 46°14' Hably (2020) late early upper Karpatian 16.82+ 0.65 leaves
E 18°17" Miocene Burdigalian K/Ar date
from
fossiliferous
Komlé
claymarl
DE  Wackersdorf 13 N 49° 18'50.96" Knobloch and early Burdigalian Karpatian 14.5-17.3 leaves, fruits
E 12°10'39.46" Kvacek (1976), Miocene
Gregor (1978),
Ginther and
Gregor (1993)
CZ Horni Bfiza 14 N 49°50'28.79" Némejc et al. middle Serrevallian upper Badenian 11.6-13.8 leaves, fruits
E 13°21'28.56" (2003) Miocene / lower
Sarmatian
DE Randeck Maar 15 N 48°34'08"  Riiffle (1963), late early/  upper Neogene leaves, fruits,
E 9°30'77" Rasser et al. (2013) early middle Burdigalian/ Mammal zone pollen
Miocene Langhian MN 5
AT  Parschlug 16 N 47°28'50.7" Kovar-Eder et al. early/middle uppermost Karpatian/lower ? leaves
E 15°17'15.3" (2004) Miocene Burdigalian/  Badenian
lowermost
Langhian
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TABLE 1 (continued).
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PL  Wieliczka 17 N 9°5922" tancucka- middle Langhian middle mainly fruits
E 20°3'58" Srodoniowa (1984), Miocene Badenian,
tancucka- Wieliczian
Srodoniowa and
Zastawniak (1997)
PL  Gdow Bay 18 N 49°54'26"  Lancucka- middle Langhian middle fruits
E 20°11'55" Srodoniowa (1966) Miocene Badenian,
Wieliczian
PL  Staré Gliwice 19 N 50°17' Szafer (1961) middle Serravallian lower fruits
E 18°40’ Miocene Sarmatian,
Buhlovian
PL  Holy Cross Mts. 20 N 50°33'0" Zastawniak (1980) middle Serravallian lower leaves Mtyny,
E 20°43'24" Miocene Sarmatian Stawiany
HU Erddbénye 21 N 48°16'5.59" Kovats 1856a, late middle middle leaves Barnamaj,
E 21°21'22.00" 1956b, Miocene Sarmatian Kévago-oldal,
Andreanszky Tallya
(1959) Erdei and
Hir (2002)
FR  Arjuzanx 22 N44°0048" Kvacek etal. (2011) late middle/ Floral leaves
W 0°51"16" early late Assemblage
Miocene Diren
AT  Mataschen 23 N46°54' Kovar-Eder and late lower Pannonian A/B leaves, fruit,
° E 15°57' Hably (2006) Miocene Tortonian pollen
8 AT  Lohnsburg 24 N 48°08'42"  Kovar-Eder (1988) late lower lower leaves, pollen incl.
|_|3_| E 13°2423" Miocene Tortonian Pannonian, GrofRenreith,
® Neogene Schneegattern
€ Mammal zone
3 MN 9
% CZ Postorna- 25 N48°45'5.17" Knobloch (1969) late Messinian Pontian, former  7.2-11.6  leaves
c Moravska Nova E 16°52'1.47" Miocene Pannonian F
] Ves
3
=< PL Sosnica 26 N 51°01'58.7" Goeppert (1855), late Tortonian - ? leaves, fruits,
E 16°47'00.3" Stachurska et al. Miocene Messinian pollen
(1973), Walther and
Zastawniak (1991),
Zastawniak and
Walther (1998),
Collinson et al.
(2001), Kohlman-
Adamska et al.
(2004); Manchester
and Zastawniak
(2007)
PL  Ruszéow 27 N 51°24'02" Hummel (1983), late leaves, fruits,
E 15°10'59"  Hummel (1991), Miocene pollen
Dyor et al. (1998)
FR  Sessenheim 28 N 48°48' Gilnter and Gregor Pliocene fruits
E 7°59' (1989), Teodoridis
et al. (2009)
FR  Auenheim 29 N 48°48'44" Kvacek et al. Pliocene leaves, fruits
E 8°00'38" (2008), Teodoridis
et al. (2009)
CZ Tachov Graben 30 N49°45'1.18" Buzek etal. (1985), Pliocene Zanclean Brunssumian 2.6-45 leaves, fruits,
E 12°46'53.52" Stuchlik (1982); pollen
Teodoridis et al.
(2017)
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TABLE 1 (continued).
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DE Kaltensundheim 31 N 50°36'21.643", Mai and Walther late Piacenzian Reuverian 34 fruits
E 10°09'22.740" (1988) Pliocene
CZ Vildstejn Fm. 32 N 50°09'19.74", Buzek et al. (1985), late Piacenzian Reuverian ?2.6-4.5 leaves, fruits, Vonsov Mb.
Pluto Clay E 12°22'43.99" Stuchlik (1982); Pliocene pollen
Teodoridis et al.
(2017)
CZ Vildstejn Fm., 33 N 50°09'19.74", Buzek et al. (1985), Pliocene Piacenzian Reuverian ?2.6-4.5 fruits, pollen  Nova Ves Mb.
Nero Clay E 12°22'43.99" Stuchlik (1982);
Teodoridis et al.
(2017)
DE Gerstungen 34 N 50°57'49.799" Mai and Walther Pliocene, ? fruits
° E 10°04'5.099" (1988) early, ? late
Q.
© DE Kranichfeld 35 N 50°51'25.596" Mai and Walther late Piacenzian Reuverian fruits
@ E 11°12'11.499" (1988) Pliocene
% DE Berga 36 N 51°27'21.355" Mai and Walther late Piacenzian Reuverian 2.5 leaves, fruits
8 E 11°0'30.913" (1988) Pliocene
2 Cz \Vildstejn Fm., 37 N 50°09'19.74" , Buzek et al. (1985), Pleistocene Piacenzian Reuverian 1.5-2.6 leaves, fruits, Nova Ves Mb.
2 lignite beds E 12°22'43.99" Stuchlik (1982); pollen
8 Teodoridis et al.
2 (2017)
= DE Rippersroda 38 N 50°46'14.94" Mai and Walther late Reuverian Tiglian C 1.5-2.6 fruits
E 50°38'29.13" (1988) Pliocene/
Pleistocene
CZ Vildétejn Fm., 39 N 50°09'19.74" Buzek et al. (1985), Pleistocene Praetiglian 1.5-2.6 (leaves, Nova Ves Mb.
upper beds E 12°22'43.99" Stuchlik (1982); fruits), pollen
Teodoridis et al.
(2017)
DE Nordhausen 40 N 51°29'51.47" Mai and Walther latest uppermost 1.65 fruits
E 10°47'50.59" (1988) Pliocene/ Pliocene to
Pleistocene Tiglian A
DE Klinger beds 41 N 51°45'38"  Striegler (2008) Pleistocene Eem leaves
E 14°20'03" Interglacial
TY  Gilvem 42 N40°28'11"  Denketal. (2017) early Burdigalian Neogene 20-18 leaves
E 32°39'02" Miocene Mammal Zone
MN3
GR Kymi 43 N 38°38' Velitzelos et al. early 13 leaves
5 E 24°06' (2002) Miocene
é TY Yatagan Basin 44 N 37°35' Glner et al. (2017) middle upper leaves
© E 28°14’ Miocene Langhian/
£ lower
2 Serravallian
: GR Pitsidia 45 N 34°59'43.99" Zidianakis et al. late lower-upper leaves
8 E 24°45'0.03" 2015, 2016, 2020) Miocene Tortonian
>
'-'_CJ IT Mt. Tondo 46 N 44°17' Teodoridis et al. late Messinian appr. 5.7  mainly leaves Vena del
5 E 11°35' (2015) Miocene Gesso Fm.
o
DT Tossignano 47 N 44°17' Teodoridis et al. late Messinian appr. 5.7  leaves, pollen Vena del
E 11°35’ (2015) Miocene Gesso Fm.
IT Ca’'Viettone 48 N 45°19', Bertoldi and Pliocene upper leaves,
E 7°36' Martinetto (1995) Zanclean pollen, fruits
(probably)
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AM  Shamb 1b+A1 49 N 39°28'03"  Bruch and early Calabrian 1.298 leaves, pollen
E 46°09'00"  Gabrielyan (2002), Pleistocene
Bruch et al.
(unpublished)
AM  Shamb 1f+B1 50 N 39°28'03"  Bruch and early Calabrian 1.275 leaves, pollen
E 46°09'00"  Gabrielyan (2002), Pleistocene
Bruch et al.
‘g (unpublished)
S AM Darbas 2/d 51 N 39°26'24"  Bruch and early Calabrian 1.0715 leaves, pollen
-% E 46°07'20"  Gabrielyan (2002), Pleistocene
< Bruch et al.
g (unpublished)
Q2 AM Uyts-2/a + 52 N 39°31' Bruch and early Calabrian 1.0715 leaves, pollen
g Uts-2 PZ23 E 46°03' Gabrielyan (2002), Pleistocene
[Im| Bruch et al.
% (unpublished)
c% AM  Darbas-2/f + 53 N 39°26'24"  Bruch and early Calabrian 1.030 leaves, pollen
Drb-2 PZ6 E 46°07'20"  Gabrielyan (2002), Pleistocene
Bruch et al.
(unpublished)
AM  Tolors 2 54 N 39°27'38"  Bruch and early Calabrian 0.998 leaves, pollen
E 46°02'46"  Gabrielyan (2002), Pleistocene

Bruch et al.
(unpublished)

composition between a given fossil assemblage
and modern vegetation units.

Drudges 1 and 2 display the closeness of the
fossil and modern plant assemblages based on
their proportions of key zonal components and the
parameter Taxonomic Similarity (TS) based on
cluster analysis (Ward’s method, Euclidian dis-
tance). Drudge 1 is designed to extract the highest
level of correspondence of the proportions of zonal
woody angiosperms in the fossil assemblage and
the taxon correspondence at the generic level
(TS). Drudge 2 was developed to better distinguish
more open vegetation types from closed ones. It
works on the same principle as Drudge 1 but
includes the zonal herb components (DRY HERB
and MESO HERB). It determines the highest level
of correspondence in the proportions of the zonal
woody key components (BLD, BLE, SCL+LEG) of
all zonal components (CONIFER, BLD, BLE,
SCL+LEG, ZONAL PALM, ARBFERN, DRY HERB,
and MESO HERB).

Since the publication of Teodoridis et al.
(2020) some minor corrections have been made
and the most recent versions of these
tools (Drudge 1 _505_corr 20200510,

Drudge 2 505 corr_20200510) are provided here

in Appendices 2 and 3. Furthermore, an online
application is offered by Teodoridis et al. (2021).
The results in this study are modern vegetation
proxies for every single fossil plant assemblage by
applying Drudges 1 and 2 (Table 2). They list the
five best fitted results of the IPR Similarity, the Tax-
onomic Similarity (TS), and the Results Mix (here-
after “similarity approaches”). These results were
plotted on a spreadsheet which constitutes the
matrix of all the graphs presented here (Appendix
4). The fossil assemblages (x-axis) are plotted
against the dataset of modern vegetation units (y-
axis). The different working sheets yield the results
of the individual similarity approaches (IPR Similar-
ities, TS, Results Mix based on Drudge 1 and 2)
and the summary of these results (hereafter “over-
all scores”) in the worknig sheet "Overall scores
Drudge 1+2". The number of all proxies for all 54
assemblages in every similarity approach (IPR
Similarity, TS, Results Mix of both Drudges) is 270
(54x5). Note that TS is counted only once because
it is identical in Drudges 1 and 2. In the overall
score all proxies from the different similarity
approaches are summarised, i.e., for every site 25
proxies (five from each similarity approach).
Hence, the number of all proxies for all sites and all

7
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TABLE 2. Results of applying the Drudges 1 and 2 on the test set of fossil assemblages. Listed are the five best fitted
results for every site/assemblage for the IPR Similarity, Taxonomic Similarity (TS), and Results Mix (hereafter “similarity
approaches”) for both Drudges. For every individual site, 25 proxies are listed (five for each of the similarity
approaches). Note that TS is counted only once because it is identical for Drudge 1 and 2. The number for all proxies
for every similarity approach is 270 (54x5). The number of all proxies for all sites and all similarity approaches is 1350

(54x5x5).
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3 |S8%s| § |S8%s| % |S8%s| 3 |S8%m| % |Segm| % |Seis
s |S58R| 2 |S358R| 2 [S5&f| 2 |S58Qf| 2 |S58f| 2 |S5ER
Drudge 1
Site/results Hampshire Basin London Clay Messel Geiseltal Profen-Scheiplitz Staré Sedlo
1 | China 17 3.0 China 17 3.2 Japan 07 21 Japan 07 6.2 Japan 13 4.0 Japan 08 4.0
2 | China 89 43 China 34 4.4 Japan 08 6.6 China 18 7.3 Japan 12 41 D032 53
ReSSiLr:’:t”Sa;ig,DR 3 D032 4.7 China 32 4.5 China 34 6.8 China 34 9.6 China 16 4.5 China 89 5.4
4 | China 32 4.9 D032 5.8 D032 6.9 China 19 11.0 Japan 11 4.8 Japan 07 7.2
5 | China 34 6.5 Japan 07 6.7 China 17 8.6 Japan 08 1.4 China 22 5.7 China 17 8.0
1 |Japan 06| 18.3% |Japan 06| 13.5% |China17| 7.5% |[China57| 17.9% |China17| 23.7% |(China34| 5.7%
Results - 2 | China 77 18.3% [China 57| 12.7% |Japan 14| 6.8% |China61| 14.9% |China21| 21.1% |China38| 5.0%
Taxonor_nic 3 | Japan 01 17.2% |[China77| 12.7% |China57| 6.2% |China38| 13.4% |Japan 11| 21.1% |China 13| 5.0%
Similarity 71 apan 02| 17.2% |Japan 01| 12.7% |Japan01] 62% |China58| 134% |Japan12| 21.1% |China 14| 5.0%
5 |China57| 17.2% |Japan02| 12.7% |Japan02| 6.2% |[China60| 11.9% [China38| 21.1% |Japan01| 5.0%
1 | China 17 85.0 China 17 89.7 China 17 92.9 China 34 90.1 Japan 12 791 China 34 94.8
2 | China 32 88.3 |China 32 91.4 |Japan 08| 954 China 32 90.5 |Japan 11 791 China 36| 96.9
Results - Mix | 3 | China 01 89.8 China 01 91.6 Japan 14 96.0 China 33 91.8 China 21 79.8 China 89 97.3
4 | China 36 90.9 China 36 93.1 China 19 96.8 China 17 91.9 Japan 10 81.8 China 30 97.6
5 | China 33 91.0 China 33 93.3 China 33 96.9 China 36 93.4 China 20 81.9 China 32 97.7
Drudge 2
Site/results Hampshire Basin London Clay Messel Geiseltal Profen-Scheiplitz Staré Sedlo
1 | China 32 4.8 China 34 3.3 China 34 8.6 China 30 7.8 China 20 10.3 China 89 12.8
2 | China 34 6.4 China 32 4.3 China 19 1.4 China 19 13.3 China 16 12.9 China 30 12.8
Ressilr:,:tifa-ritlsR 3 | China 36 10.5 China 33 121 China 32 12.4 China 33 13.5 China 21 141 China 36 17.4
4 | China 01 12.7 China 01 12.2 China 33 124 China 34 14.8 China 22 15.0 China 17 17.5
5 | China 19 15.9 China 19 12.7 China 30 13.5 China 21 16.1 China 31 15.0 China 34 17.5
1 |Japan 06| 18.3% [Japan 06| 13.5% |[China17| 7.5% |China57| 17.9% |China17| 23.7% |China34| 5.7%
Results - 2 | China 77 18.3% |[China57| 12.7% |Japan14| 6.8% |China61| 14.9% |[China21| 21.1% |China38| 5.0%
Talxo_nor_nic 3 |Japan 01 17.2% |[China77| 12.7% |China57| 6.2% |China38| 13.4% |Japan11| 21.1% |China13| 5.0%
Similarity T apan 02| 17.2% |Japan 01| 12.7% |Japan 01| 62% |China58| 134% |Japan12| 21.1% |China 14| 50%
5 | China 57 17.2% |Japan 02| 12.7% |Japan02| 6.2% |[China60| 11.9% |China38| 21.1% [Japan 01 5.0%
1 | China 32 88.3 China 32 914 China 17 95.7 China 34 90.8 China 21 80.2 China 34 95.9
2 | China 01 90.2 China 01 92.1 China 19 96.6 China 32 91.5 Japan 12 82.1 China 30 96.6
Results - Mix | 3 | China 17 90.3 China 33 92.9 China 33 96.7 China 33 92.0 Japan 11 82.2 China 38 97.7
4 | China 33 90.7 |China36| 93.0 |China 21 97.6 |China38| 923 |China20| 822 [China36| 98.0
5 | China 36 90.9 China 17 94.4 China 34 97.6 China 17 93.3 China 31 82.9 China 89 98.0




PALAEO-ELECTRONICA.ORG

TABLE 2 (continued).

z z z z z z
5 8 5 8 5 S 5 S 5 k: 5 s
© © © © © ©
e |25eS| & |€5eS| @ |2peS| § [2peS| ¥ (2pef| ¥ [Swes
> SO EY > C O EE > SO EE > SO EYE > © O E¥ > S O Ey
c Ecoig c ESo3 c Ecois c Ecois c Ecox c Ecox
] 22c?’S ] 22c?S 3 22c?S 3 2 2c?S & o2c?S & o2c?S
§ |Se2Bs| 2 |SeBs| § |Bgim| § |EefE| 8 |SsE3m) @ jseis
= |[S5fR| = [s5fR8| S |S5fR| = [SE5ff| = |[s5fR| S [STER
Drudge 1
Site/results Florsheim Rauenberg Seifhennersdorf Linz, Iilc;:lsberg Oberdorf Mecsek Mts.
1 | China 18 6.4 J037 14.5 China 84 4.9 H001 1.6 H001 1.4 FO001 1.7
2 [ Japan 07 9.5 Japan 07 15.0 F166 4.9 C045 5.4 China 36 4.6 C008 2.8
Ressi‘rﬂ‘"sa‘riinR 3 |china19| 103 |china18| 157 | F169 51 |Japan04| 55 | C045 | 6.0 F030 3.2
4 | China 33 10.7 Japan 08 18.7 China 38 5.2 China 35 5.9 Japan 04 71 D056 4.4
5 | China 34 11.9 China 19 19.4 China 28 7.2 China 37 5.9 China 35 7.5 D042 4.9
1 [Japan05| 15.9% |[China35| 22.8% |Japan 05| 41.2% |China62| 38.7% |[China60| 31.5% |China78| 27.6%
Results 2 [China38| 15.9% |[China37| 22.8% |China57| 41.2% |Japan01| 35.5% [Japan 05| 30.0% |Japan 05| 26.3%
Taxonomic 3 [ China 77 14.3% |China34| 19.3% |China67| 41.2% |China60| 35.5% |Japan06| 26.2% [China 67| 26.3%
Similarit
MY 41 019 | 143% |China38| 17.5% |China60| 39.7% |China67| 32.3% |Japan14| 25.4% |China61| 25.0%
5 J022 14.3% FO009 17.5% |China61| 39.7% |China57| 32.3% |China57| 25.4% |China68| 23.7%
1 | China 34 88.1 China 34 83.1 China 67 60.3 China 67 72.7 China 17 76.6 H002 83.9
2 | China 33 89.5 China 33 84.8 China 56 65.0 China 32 74.0 China 36 824 China 67 83.9
Results - Mix | 3 | Japan 11 89.8 China 35 86.4 China 57 67.1 China 36 745 China 67 82.6 F156 85.7
4 | Japan 08 90.1 China 37 86.4 China 60 67.9 China 62 75.5 Japan 04 82.6 Jo17 85.8
5 [Japan 12 90.2 China 22 88.3 China 61 68.8 China 59 78.4 China 60 83.0 China 14 86.3
Drudge 2
Site/results Florsheim Rauenberg Seifhennersdorf Linz, Iit::lsberg Oberdorf Mecsek Mts.
1 | China 33 10.3 China 33 16.1 China 38 4.9 China 38 15.9 Japan 04 10.7 D042 16.2
2 | China 19 13.0 China 30 18.5 China 59 9.7 China 89 16.5 China 36 11.5 D002 20.6
RessilrJT:t“sa;itlyPR 3 | China 30 13.1 China 19 19.4 China 67 10.0 China 36 19.0 China 38 11.8 G076 234
4 | China 34 13.7 China 34 19.7 Japan 04 10.5 China 59 20.3 China 35 13.7 D045 241
5 | China 21 17.0 Japan 09 21.5 China 35 12.9 Japan 04 20.4 China 37 13.7 D064 24.3
1 |Japan 05 16% China 35| 23% |Japan 05| 41.2% |[China62| 39% |China60| 31.5% |China78| 27.6%
Results 2 | China 38 16% China 37 23% China 57| 41.2% [(Japan 01 36% |Japan 05| 30.0% [Japan 05| 26.3%
Taxonomic 3 | China 77 14% China 34 19% China 67| 41.2% |China 60 36% |Japan 06| 26.2% |China67| 26.3%
Similarit
mianty a4l o019 14% |China38| 18% |China60| 39.7% |China67| 32% |Japan14| 25.4% |China61| 25.0%
5 J022 14% FO009 18% China61| 39.7% |[China 57 32% China 57| 25.4% |[China 68| 23.7%
1 | China 34 88.4 China 34 83.1 China 67 59.7 China 67 72.7 China 17 78.4 China 67 81.1
2 | China 33 89.5 China 33 84.0 China 57 65.0 China 62 72.9 China 60 80.4 Jo17 85.9
Results - Mix | 3 | China 36 90.3 China 35 85.4 China 56 65.3 China 32 76.4 China 67 81.7 China 59 86.6
4 | Japan 11 904 |China37| 854 |China60| 66.0 |China36| 76.6 |[China33| 82.8 G056 87.9
5 |Japan 12 90.5 |China30| 87.9 |China58| 68.0 |China59| 76.9 [Japan04| 83.0 D052 89.3




KOVAR-EDER ET AL.: VEGETATION EVOLUTION AND CLIMATE CHANGE

TABLE 2 (continued).

z z z z z z
8 8 8 8 8 8 8 8 8 8 8 8
c ES oS c ESC o c ESC o c ESox £ ESox £ ESox
S |286s| ¢ |288s| & |285s| & |S38s| € |Sigs| £ |fggs
§ |553F| 2 |BSAB| 2 |3cRE| f [ss3F| 8 |BSEB| 2 |s£iE
Drudge 1
Site/results Wackersdorf Horni Bfiza Randeck Maar Parschlug Wieliczka Gdoéw Bay
1 | Japan 04 2.2 F139 3.2 F026 3.1 G043 2.2 F169 1.8 F107 2.5
2 C045 2.6 F137 3.3 D030 4.2 F098 2.6 Japan 15 4.5 F117 3.6
Ressi“m't”sa'rigR 3| F1e3 36 |china13] 39 DO11 47 K022 27 |china3s] 51 |apano2| 37
4 HO001 4.0 D064 4.1 D056 5.0 G074 3.4 China 84 5.7 China 79 3.8
5 | China 35 5.1 F084 5.0 K009 5.4 K015 4.0 C042 6.5 F157 4.2
1 |Japan 06 | 31.0% |[China57| 46.4% [China57| 23.8% |China68| 32.8% |Japan 06| 39.2% |Japan05| 37.5%
Results - 2 |Japan 05| 29.1% |[China 67| 42.9% |Japan05| 21.4% |China81| 31.3% |Japan 05| 37.7% |China60| 32.5%
Ta_xonomic 3 [China57 | 27.8% |China68| 39.3% |[China56| 21.4% |Japan05| 29.7% |China 57| 36.2% |China68| 30.0%
Similarity China 60| 27.8% |China78| 39.3% |China68| 20.2% |Japan 06| 29.7% |China60| 33.1% |China81| 30.0%
5 [ China67 | 24.7% |China60| 39.3% |[China32| 20.2% |China60| 29.7% |China61| 29.2% |Japan 01| 30.0%
1 | China 67 78.7 China 57 61.7 China 35 86.5 China 13 79.2 China 57 72.9 Japan 05 62.8
2 | China 36 81.0 China 67 62.7 China 37 86.5 D052 79.3 China 67 73.5 China 60 68.0
Results - Mix | 3 | China 17 82.3 China 60 67.8 China 56 87.2 G072 80.2 China 60 75.2 Japan 01 70.9
4 | China 35 83.1 China 56 69.4 China 67 87.3 Japan 01 80.8 Japan 05 76.3 China 68 71.9
5 | China 37 83.1 Japan 01 70.3 China 32 88.6 C046 82.0 China 58 77.2 China 81 72.2
Drudge 2
Site/results Wackersdorf Horni Bfiza Randeck Maar Parschlug Wieliczka Gdow Bay
1 | China 38 5.5 China 87 18.0 D042 13.3 G032 171 China 38 5.2 G017 10.7
2 | Japan 04 6.1 China 65 18.9 G076 17.7 G071 21.5 China 59 11.0 G018 11
ReSSiumltiISa-rigR 3 | China 35 7.4 FO75 20.4 D002 18.3 D064 22.5 Japan 04 12.5 F171 12.8
4 | China 37 7.4 China 63 20.6 D064 19.9 D042 24.2 China 67 14.4 FO75 12.8
5 | China 36 10.1 China 59 20.9 China 38 20.2 G030 24.3 China 35 15.2 G056 13.6
1 |Japan 06| 31.0% |[China 57| 46.4% |China57| 23.8% |China68| 32.8% |Japan 06| 39.2% |Japan 05| 37.5%
Results - 2 |Japan 05| 29.1% |[China67| 42.9% |Japan05| 21.4% |China81| 31.3% |Japan 05| 37.7% |China60| 32.5%
Ta'xolnor_nic 3 [China57 | 27.8% |China68| 39.3% |[China56| 21.4% |Japan05| 29.7% |China57| 36.2% |China68| 30.0%
Similarity I China 60| 27.8% |China78| 39.3% |China68| 20.2% |Japan 06| 29.7% |China60| 33.1% |China81| 30.0%
5 | China 61 27.8% |China 60| 39.3% |China 32| 20.2% |China60| 29.7% |[China61| 29.2% |Japan 01| 30.0%
1 | China 67 7.7 China 57 58.9 China 67 85.9 China 68 81.2 China 57 71.2 Japan 05 69.7
2 | China 60 80.8 China 67 61.0 China 35 87.0 China 38 81.6 China 67 73.0 China 68 71.9
Results - Mix | 3 | China 36 81.0 China 60 65.3 China 37 87.0 China 81 82.5 China 60 73.6 China 81 71.9
4 | China 57 81.2 China 78 67.1 China 57 87.4 China 60 82.5 Japan 05 74.2 China 60 72.9
5 | China 35 83.2 China 56 68.9 China 56 88.0 China 67 83.0 China 58 75.7 China 63 75.3
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TABLE 2 (continued).

PALAEO-ELECTRONICA.ORG

z z z z z z
5 5|8 5| 8 5| 8 5| 8 E |5 5
8 |_ Eg| § |_ Es| ® |_ E8| ® |_ E3| ® |_ Es| ¥ |_ Eg
c |ESEE| c |ES5E| ¢ |ES5E| ¢ |2285%| ¢ |E28%| £ |(EgfE
2 |S5fp| 2 [S5Fp)| 2 |SEFe| 2 |S5fe| 2 [S5Ep| £ |SERe
Drudge 1
Site/results Staré Gliwice Holy Cross Mts. Erdobenye Arjuzanx Mataschen Lohnsburg
1 | Japan 01 0.7 G032 1.2 C009 0.2 D033 3.8 C042 5.3 Japan 02 1.5
2 F054 2.5 G051 5.6 D017 1.0 Japan 17 6.8 C045 5.5 F107 1.7
R%si”m"”sa'rit'SR 3| Foes 26 L008 57 FO10 14 D030 | 7.3 |Japani17| 72 F129 3.1
4 F130 2.6 K016 71 FO11 1.4 Japan 18 8.9 HOO01 8.5 Japan 05 3.4
5 F131 2.7 J009 71 D035 15 D061 9.3 F169 9.2 F113 3.6
1 |Japan 06| 48.5% |[China68| 37.5% |China57| 50.0% [(Japan 05| 28.4% |Japan01| 25.6% |China60| 60.0%
Results - 2 |Japan 05| 46.6% |[China81| 35.0% |China60| 48.2% [|Japan 06| 28.4% |Japan 06| 24.8% |China67| 58.6%
Ta_xopomic 3 [China68| 43.7% D052 35.0% |China61| 46.4% |[China60| 28.4% |China60| 24.1% |[China61| 57.1%
Similarity China 81| 43.7% |Japan 05| 32.5% |China68| 464% |China57| 27.2% |China68| 21.1% |China68| 55.7%
5 [Japan 01| 40.8% |China61| 32.5% |China78| 46.4% |China61| 26.0% |[China81| 21.1% |Japan 06| 54.3%
1 | Japan 05 55.5 D052 75.0 Japan 01 60.0 China 67 80.2 China 36 85.0 China 60 41.3
2 | Japan 06 56.1 H002 77.7 China 57 65.1 China 36 80.7 Japan 17 85.3 China 61 43.8
Results - Mix | 3 | Japan 01 59.2 Co13 78.8 |China60| 66.3 |China38| 84.1 China38| 85.5 |[China68| 46.4
4 | China 68 62.3 F033 79.5 HO002 66.7 |Japan17| 84.9 |China67| 85.6 [Japan06| 46.7
5 | China 81 62.9 F139 80.0 Japan 03 66.8 China 60 85.1 China 32 86.0 China 57 48.1
Drudge 2
Site/results Staré Gliwice Holy Cross Mts. Erdébenye Arjuzanx Mataschen Lohnsburg
1 FO75 10.5 G032 1.1 G032 155 China 38 13.0 China 89 15.2 China 79 5.3
2 | China 87 10.6 G071 27.2 G071 19.8 Japan 04 17.5 China 17 19.0 China 63 6.1
Ressiumlt”sa;itISR 3 F171 11.6 J009 30.6 D064 21.5 China 36 18.1 D002 20.0 China 62 9.7
4 G017 14.6 G036 30.8 G036 21.9 China 37 19.6 China 38 20.1 China 57 111
5 G036 14.9 G051 31.8 FO75 21.9 China 35 19.6 F169 20.9 China 60 11.3
1 |Japan 06| 48.5% |[China68| 37.5% |China57| 50.0% [(Japan 05| 28.4% |Japan01| 25.6% |China60| 60.0%
Results - 2 |Japan 05| 46.6% |[China81| 35.0% |China60| 48.2% [(Japan 06| 28.4% |Japan 06| 24.8% |China67| 58.6%
Ta_xolnor.nic 3 | China68| 43.7% D052 35.0% |China61| 46.4% |China60| 28.4% |[China60| 24.1% |China61| 57.1%
Similarity 1 China 81| 43.7% |Japan 05| 32.5% |China68| 464% |China57| 27.2% |China68| 21.1% |China 68| 55.7%
5 |Japan 01| 40.8% |China61| 32.5% |China78| 46.4% |[China61| 26.0% |China81| 21.1% |Japan 06| 54.3%
1 |Japan 05 59.8 China 68| 80.8 China 57| 62.2 China 67| 78.5 |Japan 01 84.1 China 60| 41.6
2 | China 81 60.4 D052 82.8 China 60 63.5 China 36 80.8 China 17 86.3 China 61 45.9
Results - Mix | 3 | China 68 61.0 China 81 82.9 China 67 65.8 China 60 82.1 FO033 86.7 China 67 46.4
4 | Japan 06 61.6 Japan 05 83.2 China 78 66.9 China 57 83.5 China 67 86.7 China 57 48.4
5 | China 57 66.0 D064 84.0 China 61 67.0 China 38 83.9 Japan 02 87.3 China 63 49.0
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KOVAR-EDER ET AL.: VEGETATION EVOLUTION AND CLIMATE CHANGE

TABLE 2 (continued).

z 2 2 2 2 2
S k- S kS s kS s kS s kS s ]
s _ E8| & |_ E8| & |_ E8| 8 |_ E8| 8 |_ E8| ® |_ ES8
|5 T s Q T »ns |5 c »nS |5 c nS |5 T 0SS [} T <
e |2ge5| & [2pe5| @ |Swef| ¥ |Swef| ¥ |2pef| ® |2wef
> SO Ex > SO Eyx > SO Ex > SO Ex > SO Ex > SO Ex
c Ecoi c EcoE c Ecois £ Ecgois £ ESSS £ ESS3E
5 g9c?T 5 g9c?T 5 29cT | F Qe | §F g9c3T 5 g9c3T
K €228 | B |£€2F| T |EE889F| T O|E8ST| 8 O|EfSE| 8 O |EgsE
S = = S S S
s =582 | = |S5fR8| = |=s5fR| = |=5fR| = |=5f8| = |=5Ee
Drudge 1
Site/results Postorna-'Moravska Sosnica Ruszéw Sessenheim Auenheim Tachov graben
Nova Ves
1| F143 1.0 F130 2.0 F037 0.9 |Mongolia| 3.3 F159 2.0 F157 1.4
1
Results . PR |2 | H002 13 |Japano1| 27 F157 1.2 F112 338 F113 25 F117 2.8
Similarity | 3 | F138 1.8 FO54 33 F150 18 |China56| 6.0 Fo47 26 F037 34
4 | F033 1.9 G038 3.9 F104 2.7 |China88| 6.4 |Japan05| 2.7 F123 3.7
5 | H003 3.9 F065 45 F117 2.7 F069 6.5 F083 3.2 F150 4.0
1 |Japan 06| 48.8% [Japan 06| 45.3% |China67| 33.9% [|Japan 05| 36.5% |China67| 56.0% |Japan 06| 47.2%
2 |China61| 46.3% |China68| 44.2% |Japan05| 33.1% |Japan06| 36.5% |China81| 52.0% |China81| 41.7%
Tzfgr‘:gfn o | 3 |china68| 46.3% |Japan01| 421% |JapanO06| 33.1% |Japan01| 356% |China57| 52.0% |Mongolia| 38.9%
Similarity 1
4 |China81| 43.9% |China60| 41.1% |China60| 32.3% |China57| 33.7% |China61| 52.0% |China63| 38.9%
5 |Japan01| 43.9% |[China81| 40.0% |China68| 32.3% |[China61| 33.7% |China63| 50.7% |China68| 36.1%
1 | Japan 01 58.2 Japan 01 58.0 Japan 05 67.6 Japan 01 66.1 China 81 49.7 Japan 06 54.9
2 [China61| 603 |Japan06| 59.6 |Japan01| 68.0 |China67| 67.1 |China61| 50.2 |[China63| 61.7
| 3 |china56| 60.3 |China60| 61.0 |China60| 686 |Japan05| 67.3 |China57| 50.4 |China81| 61.9
Results - Mix
4 |China62| 617 |China68| 624 |Japan06| 68.9 |China57| 67.7 |China63| 50.9 [Mongolia| 62.3
1
5 | China 57 62.3 Japan 05 65.2 China 57 70.1 China 61 67.9 Japan 05 52.1 Japan 05 64.5
Drudge 2
Site/results Postorna-'Moravska Sosnica Ruszéw Sessenheim Auenheim Tachov graben
Nova Ves
1 | China65| 16.3 FO75 10.1 G018 89 |China65| 14.0 |Japan05| 8.6 D063 10.8
2 [China87| 166 F171 10.6 G017 9.1 FO75 147 |China79| 87 D013 1.6
Ress}“m'tifa'ri:sR 3 |chinase| 167 [chinag7| 121 FO75 99 |China59| 157 |china78] 97 [chinass| 117
4 | Fo75 17.1 G018 14.4 F171 105 |China67| 16.1 [China63| 11.4 Co17 12.2
5 |China67 | 19.0 G017 14.5 F063 10.5 |China58| 17.2 |China57| 13.1 D054 12.4
1 |Japan 06| 48.8% [Japan 06| 45.3% |China67| 33.9% [|Japan 05| 36.5% |China67| 56.0% |Japan 06| 47.2%
2 |China61| 46.3% |China68| 44.2% [Japan05| 33.1% |Japan06| 36.5% |China81| 52.0% |China81| 41.7%
T';fgr‘:gfnlc 3 |China68| 46.3% |Japan01| 42.1% |Japan06| 33.1% |Japan01| 35.6% |China57| 52.0% |Mongolia| 38.9%
Similarity 1
4 |China81| 43.9% |China60| 41.1% |China60| 32.3% |China57| 33.7% |China61| 52.0% |China63| 38.9%
5 |Japan01| 43.9% |[China81| 40.0% |China68| 32.3% |[China61| 33.7% |China63| 50.7% |China68| 36.1%
1 |China62| 60.1 |China68| 604 |China81| 69.2 |China67| 683 |China57| 49.7 |Mongolia| 63.7
1
2 [China57| 614 |[China60| 63.3 |[China68| 69.5 |Japan05| 69.2 |China63| 50.6 |[China13| 65.8
Results - Mix "3 cpina 56 | 614 |Japan 06| 637 |China67| 717 |China57| 698 |China61| 507 D011 66.1
4 |China67| 615 |[China81| 637 |[China63| 731 |[China68| 712 |[China67| 51.3 [China81| 684
5 |China61| 617 |[China71| 644 |[China60| 739 [China61| 717 |Japan05| 527 [China83| 68.9
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TABLE 2 (continued).

PALAEO-ELECTRONICA.ORG

z z z z 2 z
5 s 5 s 5 s 5 s 5 s § s
5 |_ Eg| 8 |_ Es| 85 |_ Es| 5 |_ Es| E |_ Es| § |_ Eg
|5 ] [} c 0 [} T 0 Q T 0 Q c 0 Q T n
e |23eS| ® |[23e5| @ [(2weS| @ |[2weS| @ |2weS| § |[Swes
2 SO EE 2 SO Eg 2 SO EgE 2 T o EE 2 T o Ew > SO Egx
c Ecog £ ESog £ EcSog £ ESo3 £ Eco3 £ Ec o3
] ©Pcl ) 0PcB ) ©o2cT o 0o2cT o 0o2cT o 0o2cT
k-] £909T k-] £09T k-] £09T ° £09T ° £020T ° £99T®
o TE XS 0 TE X5 0 TE X5 <} TE X5 <} TE X5 <} cE X6
= =T = =TFF = =Tk = =Tk = =Tk = =Tk
Drudge 1
Site/results Kaltensundheim Vildstejn Fm., Pluto | Vildstejn Fm., Nero Gerstungen Kranichfeld Berga
Clay Clay
1 F119 0.6 China 04 1.7 F123 0.5 China 56 0.4 China 59 2.7 F123 1.3
2 | China 63 2.2 F123 4.6 F150 2.7 China 88 2.4 F146 3.5 F157 1.8
Results - IPR | 3 | China 79 3.6 China 62 4.8 F157 3.0 China 65 4.8 China 67 3.6 F150 21
Simitarty [ Chinags | 44 |Chinag| 48 F037 34 |China58] 55 |China66| 3.7 F037 25
5 | China 61 5.2 China 60 5.2 F142 3.5 Mongolia 6.3 Mongolia 5.0 F104 3.9
2 2
1 F033 45.9% [Japan 05| 29.0% |China68| 33.7% [Japan 05| 53.8% |China68| 48.6% [Japan01| 33.8%
2 | China68| 43.2% |Japan06| 28.0% |Japan 06| 30.2% [Japan06| 48.7% |Mongolia| 48.6% F033 33.8%
1
Results -
Taxonomic | 3 F024 43.2% |China68| 28.0% |China81| 29.1% |Mongolia| 43.6% F013 45.9% F035 33.8%
Similarity 1
4 [Mongolia 1| 40.5% |[China81| 27.0% |Japan05| 29.1% |Japan 01| 43.6% [Japan 05| 43.2% |China 68| 32.3%
5 FO013 40.5% FO033 26.0% FO033 27.9% |China68| 41.0% |China71| 43.2% F031 32.3%
1 | China 68 58.4 Japan 05 72.3 China 68 70.2 Japan 05 51.8 Mongolia 52.9 Japan 01 66.5
1
2 F033 61.6 |Japan06| 74.6 |Japan05| 72.0 [Mongolia| 57.1 F013 64.5 F035 66.6
1
Results - Mix "3\ 1ongolia ] 622  |China61| 753 |Japan06| 723 |Japano06| 586 D011 64.7 FO31 68.3
4 | China 81 63.9 China 68 75.7 Japan 01 73.6 Japan 01 59.7 Japan 05 65.4 F033 68.6
5 F035 64.0 Mongolia 76.4 FO033 741 China 67 62.1 China 68 66.2 China 68 71.2
1
Drudge 2
Site/results Kaltensundheim Vildstejn Fm., Pluto | Vildstejn Fm., Nero Gerstungen Kranichfeld Berga
Clay Clay
1 D041 6.9 F054 9.0 C037 5.9 China 88 1.9 D011 111 G038 5.4
2 G001 7.3 G055 9.3 F130 6.6 China 85 14.8 D013 11.8 F054 6.8
Ressi‘rﬂt"sa‘rit'yPR 3| F152 77 | Go3ss | 95 FO54 | 66 | G056 | 175 | D030 | 123 | FO16 6.9
4 D058 8.1 F069 9.6 China 83 8.4 D064 17.5 D016 13.5 F069 7.3
5 F064 8.1 C037 9.7 F045 9.0 G055 17.5 D063 13.5 FO053 7.9
1 F033 45.9% |Japan 05| 29.0% |[China68| 33.7% |Japan 05| 53.8% |China68| 48.6% [JapanO01| 33.8%
2 | China68| 43.2% |Japan06| 28.0% |Japan 06| 30.2% [Japan 06| 48.7% |Mongolia| 48.6% F033 33.8%
1
Results -
Taxonomic 3 F024 43.2% |[China68| 28.0% |China81| 29.1% [Mongolia| 43.6% FO013 45.9% F035 33.8%
Similarity 1
4 [Mongolia 1| 40.5% |[China81| 27.0% |Japan05| 29.1% |Japan 01| 43.6% [Japan 05| 43.2% |China 68| 32.3%
5 FO013 40.5% FO033 26.0% FO033 27.9% |China68| 41.0% |China71| 43.2% F031 32.3%
1 F033 56.0 China 68 75.0 China 68 70.2 Japan 05 65.1 Mongolia 55.2 F033 68.7
1
2 F024 59.2 China 81 75.5 FO033 73.9 China 85 65.8 D011 60.5 Japan 01 69.8
Results - Mix "3 Mongolia 1| 605 | F033 | 764 |Chinag1| 743 |China6s| 662 | FO13 | 61.9 |China68| 69.9
4 F035 62.9 China 71 794 Japan 01 76.0 China 81 66.4 D016 63.6 F031 70.3
5 FO13 63.0 Japan 01 79.4 D052 77.3 Japan 01 67.8 China 68 64.1 China 81 71.0
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TABLE 2 (continued).

z z z z z z
S s S s S s S k- S k- S k-
s |_ E8| & |_ ES| ® |_ E8| ® |_ E8| ® |_ E&| ® |_ ES
S |S5Ee| £ |S5&R| 2 [35fe| 2 |SERe| £ |SEEe| £ |S5Ee
Drudge 1
Site/results Vildstejr;:g;., lignite Rippersroda V:Js:te(erjr;:dn;., Nordhausen Klinger beds Giivem
1] F142 2.9 |China78| 24 F157 14 |China04| 3.0 |China78| 1.2 C008 05
2| F155 36 |China77| 26 F117 2.8  |Mongolia| 3.8 F144 4.9 F0O01 13
Results - IPR !
Similarity F069 41 |Japan06| 35 FO37 34 F142 47 F119 5.7 D056 1.9
4 Mongolia1 50 |China71| 4.3 F123 37 F123 6.0 |[China83| 58 D042 3.1
F130 5.7 F144 438 F150 40 |China65| 6.3 |Japan06| 5.9 F030 3.3
1 |Japan 06| 31.3% |China68| 57.6% [Japan06| 47.2% | F031 | 40.9% |Japan05| 75.0% [|Japan 01| 26.0%
2 [Mongolia 1 31.3% |China81| 455% [China81| 41.7% | F033 | 31.8% |China68| 75.0% |Japan 05| 26.0%
Tzf(f:g;;c 3 |China81| 29.9% |Mongolia| 42.4% [Mongolia| 38.9% | F042 | 31.8% | F043 | 68.8% |China57| 26.0%
Similarity ! !
Japan 01| 284% | F043 | 42.4% |China63| 38.9% |Japan01| 31.8% [China 13| 68.8% |Japan 06| 25.0%
China68| 28.4% |Japan 06| 42.4% |China68| 36.1% |China80| 31.8% |China71| 65.6% |China60| 24.0%
1 Mongolia1| 688 [China68| 427 |Japan06| 54.9 FO31 61.3 |Japan 05| 26.0 F007 83.9
2 |Japan01| 72.0 |[China81| 54.9 [China63| 61.7 [China80| 687 |China68| 264 |Japan17| 86.1
. 3 | Japan 06 731 Japan 06 57.7 China 81 61.9 |Japan 01 69.1 F043 35.2 |Japan 01 86.2
Results - Mix =™ Fo33 740 | Foa3 | 599 |Mongola| 623 | FO33 | 702 China71| 352 |China67| 87.1
5 |Japan 05 75.4 Mongolia 63.3 |Japan 05| 64.5 F042 70.8 China 81 35.7 China 12 87.1
1
Drudge 2
Site/results Vildstejrll):(r;;., lignite Rippersroda vli:g;;erjg:dnsl" Nordhausen Klinger beds Giivem
1| cot7 6.3 F165 8.8 D063 10.8 F022 7.0 F171 15.0 D042 16.0
2 | Do13 8.5 F029 9.2 D013 1.6 FO50 74 G017 15.2 D002 20.8
ReSsilrJr:tilsa;itlsR 3| F130 9.4 F047 9.8 |Chinass| 117 | GoO1 79 |china87| 155 | GO76 | 23.4
4 [China13| 95 D039 9.9 co17 12.2 F152 79 |[China63| 159 [China38| 2338
5| co13 9.8 F046 10.1 D054 12.4 D041 8.0 |[China8l| 162 D045 24.4
1 |Japan 06| 31.3% |[China68| 57.6% |Japan 06| 47.2% F031 40.9% |Japan 05| 75.0% |Japan 01| 26.0%
2 [Mongolia 1 31.3% |China81| 455% [China81| 41.7% | F033 | 31.8% |China68| 75.0% |Japan 05| 26.0%
T';{fj;‘gi“c 3 |China81| 29.9% Mon1golia 42.4% Mon1golia 38.9% | F042 | 318% | F043 | 68.8% [China57| 26.0%
Similarity
4 |Japan 01| 28.4% | F043 | 42.4% |China63| 38.9% |Japan01| 31.8% |China13| 68.8% |Japan 06| 25.0%
5 | China68 | 28.4% |Japan06| 42.4% [China68| 36.1% [China80| 31.8% |China71| 65.6% |China60| 24.0%
1 Mongolia1| 702 |China68| 46.6 Mon1golia 63.7 FO31 61.9 [China68| 325 [China67| 845
2 |Japan01| 739 |[China81| 555 [China13| 658 [China80| 687 |Japan05| 34.3 |China59| 855
Results - Mix F033 747 F043 58.6 DO11 66.1 F042 68.9 |China81| 38.0 |[China57| 875
China 81| 77.1 Mon‘lgolia 66.0 |China81| 684 [JapanO01| 69.3 [China71| 385 F007 87.6
5| Fo043 776 |China13| 66.0 |China83| 68.9 F024 69.7 |China63| 407 |[China58| 87.9
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TABLE 2 (continued).

s 8 s 8 s 8 s 8 s 8 s 8
e |§5g5| £ |E5sS| ¢ (BEgS| £ |§EgS| £ |§sss| £ |EgeS
R HHEE HHEE R HHER  HER T
= =Tk = =Tk = =T = =T = =T = =T
Drudge 1
Site/results Kymi Yatagan Basin Pitsidia Mt. Tondo Tossignano Ca’ Viettone
1 K027 3.1 F019 14 G066 1.2 F026 1.6 D016 0.7 C045 2.0
2 C038 4.3 China 14 14 G014 1.2 D030 1.8 F136 2.3 Co042 2.1
Ressi‘r;'t“sa'ri{sR 3| Fo23 6.9 D054 20 F002 15 DO 25 DO 29 |Japano4| 63
4 G042 7.2 G030 2.0 F008 1.5 F136 4.1 K009 3.7 China 38 6.4
5 C019 8.0 G041 3.0 F082 1.6 K009 4.6 F026 4.4 HO01 6.6
1 | China68| 27.9% |China57| 40.6% |China61| 36.4% [Japan05| 33.9% |China57| 29.9% [(Japan 06| 34.8%
Resuls - 2 | China 81 26.2% |China61| 39.1% |China62| 36.4% [Japan 06| 33.9% |China61| 29.9% [(Japan 05| 34.2%
Talxo‘nor‘nic 3 |Japan 05| 26.2% |[China67| 39.1% |China63| 34.1% |China61| 33.9% |[China67| 28.7% |Japan 01| 28.4%
Similarity T apan 06| 24.6% |China68| 37.5% |China67| 34.1% |China68| 33.9% |Japan05| 27.6% |China60| 27.1%
5 |[China32| 24.6% |China77| 35.9% |[China68| 34.1% |China57| 32.3% |Japan 06| 27.6% |China68| 26.5%
1 F009 85.6 H002 69.6 Japan 01 69.4 China 67 74.3 China 67 76.7 China 17 78.0
2 | China 38 86.0 Japan 01 711 China 62 72.7 China 56 78.0 China 56 79.4 China 67 79.1
Results - Mix | 3 D016 86.1 China 67 71.3 D052 72.7 China 36 78.6 China 13 81.4 Japan 17 79.5
4 G072 87.0 C046 71.9 China 61 73.4  |Japan 01 78.8 China36| 81.4 |Japan15| 80.8
5 FO07 87.3 China 12 72.3 China 67 73.5 F162 78.9 China 57 81.4 China 36 81.5
Drudge 2
Site/results Kymi Yatagan Basin Pitsidia Mt. Tondo Tossignano Ca’ Viettone
1 D042 17.0 G032 17.0 G032 19.7 D042 171 D042 12.4 China 38 14.4
2 D002 21.2 G071 22.8 FO75 20.0 China 38 18.3 G076 12.6 China 89 15.1
Ressitrillt“sa;igR 3 D045 22.4 FO75 241 China 87 20.2 China 59 21.3 K009 12.8 Japan 04 18.4
4 J048 23.1 D064 24.8 G036 20.7 D002 22.0 D064 13.3 D042 19.3
5 J009 241 G036 25.5 G071 20.9 D064 22.8 G041 13.8 China 59 19.5
1 | China68| 27.9% |China57| 40.6% |China61| 36.4% [Japan05| 33.9% |China57| 29.9% [(Japan 06| 34.8%
Results - 2 | China 81 26.2% |China61| 39.1% |China62| 36.4% [Japan 06| 33.9% |China61| 29.9% [(Japan 05| 34.2%
Talxo_nor_nic 3 |Japan 05| 26.2% |China67| 39.1% |[China63| 34.1% |[China61| 33.9% |China67| 28.7% |Japan 01| 28.4%
Similarity 7 Japan 06| 24.6% |China 68| 37.5% |China67| 34.1% |China68| 33.9% |Japan 05| 27.6% |China60| 27.1%
5 | China32| 24.6% |[China77| 35.9% |China68| 34.1% |China57| 32.3% [Japan 06| 27.6% |China68| 26.5%
1 | China 38 84.2 China 67 68.6 China 62 69.7 China 67 72.7 China 67 78.2 China 17 78.2
2 | Japan 03 87.2 China 57 70.2 China 63 71.0 China 62 77.0 Japan 03 79.5 China 67 79.6
Results - Mix | 3 | China 36 87.9 China 63 72.2 China 67 71.5 China 59 77.2 China 59 82.5 Japan 05 82.7
4 | China 32 89.6 China 56 73.9 China 57 72.8 China 63 77.8 China 68 82.5 China 36 83.3
5 | China 68 89.6 China 61 74.0 China 61 72.9 China 36 78.7 China 63 82.5 China 60 83.7
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TABLE 2 (continued).

> > > > > >
5 55| 5|s| 5|5 | 5|s5| 5|5 =
EHHERH HRER - RN R HRE N
Drudge 1
Site/results Shamb 1b+A1 Shamb 1f+B1 Darbas 2/d Uyts"‘l’,’;z; Uts-2 Da'bas;,zég‘” Drb-2 Tolors 2
1| Dos5 16 G028 19 G040 17 G022 0.8 F022 1.0 F035 0.4
2 | Fo90 2.0 C044 2.0 D028 2.0 G019 15 F068 11 Go18 14
ReSSiLrJT:tifa;i':SR 3| Fots 2.2 D012 2.4 G023 2.4 G020 16 D041 12 F063 17
4 | D036 2.6 G060 2.6 F153 2.8 L001 1.9 G056 13 FO31 1.8
5 |China10| 27 F092 2.8 F094 2.8 G010 2.4 F029 14 F028 1.9
1 |Japan 06| 26.5% |China71| 53.3% |China71| 65.4% |China71| 48.2% |Japan06| 54.1% |[China71| 33.3%
Resufts. | 2 |China71| 245% |China68| 50.7% |China68| 56.8% |China68| 46.5% |China81| 492% | FO13 | 31.4%
Ta_anomic 3 [Japan 05| 24.5% [|Japan 05| 49.3% |China81| 55.6% |Japan 05| 43.0% [Japan 05| 49.2% LO14 29.4%
Similarity T 0124 | 22.4% |Japan 06| 45.4% |Japan 01| 556% |China 78| 42.1% |China 68| 44.3% |China60| 27.5%
5 |China63| 224% | FO73 | 454% |Japan06| 54.3% [China81| 41.2% |China71| 44.3% |China63| 27.5%
1| Lot4 81.1 D052 57.6 |Japan01| 455 [China71| 612 [Japan06| 495 |China71| 69.5
2 | Japan 05 81.9 Japan 05 59.0 China 71 46.0 Japan 05 61.6 Japan 05 52.2 LO14 70.7
Results - Mix | 3 | F033 82.4 FO73 59.8 D052 474 |China68| 632 |China81| 56.2 D052 73.1
4 | H002 82.8 C046 60.4 FO31 48.2 D052 64.0 F043 59.3 |Japan 05| 73.1
5 |Japan 06| 82.9 F033 60.6 F032 49.2 F043 65.1 |China71| 59.8 FO13 73.4
Drudge 2
Site/results Shamb 1b+A1 Shamb 1f+B1 Darbas 2/d Uy‘s'ﬁ’;z; Uts-2 Darbas;,zéz" Drb-2 Tolors 2
1| Go40 78 GO71 6.8 G036 3.9 G058 45 |China83| 87 D053 5.9
2 | coar 8.1 G036 7.2 G008 7.8 G062 5.4 G055 9.2 D018 7.2
Ressi‘r‘T:t"Sa'rit'sR 3| G039 8.9 G060 7.9 F171 8.1 G010 5.8 G039 9.6 G004 8.4
4| Go19 9.2 G058 8.0 F052 9.2 G024 6.0 G056 10.1 C046 8.7
5 | D053 9.5 G010 8.8 Go18 9.4 G025 68 |China85| 10.2 FO18 8.8
1 |Japan 06| 26.5% [China71| 53.3% |China71| 65.4% |China71| 48.2% |Japan06| 54.1% |China71| 33.3%
Resufts. | 2 |China71| 245% |China68| 50.7% |China68| 56.8% |China68| 46.5% |China81| 492% | FO13 | 31.4%
Ta_xo_nomic 3 [Japan 05| 24.5% [|Japan 05| 49.3% |China81| 55.6% |Japan 05| 43.0% [Japan 05| 49.2% LO14 29.4%
Similarity 1 014 | 22.4% |Japan 06| 45.4% |Japan 01| 556% |China78| 42.1% |China68| 44.3% |China 60| 27.5%
5 | China63| 224% | FO73 | 454% |Japan06| 54.3% [China81| 41.2% |China71| 44.3% |China63| 27.5%
1| Lot4 785 |China71| 524 |China71| 391 |China71| 564 |China81| 58.3 L014 71.8
2 |china71| 831 |China68| 547 [China68| 47.3 [China68| 572 |China68| 60.9 FO13 72.2
Results - Mix | 3 | G056 83.6 FO73 60.7 |China81| 49.2 |[China81| 63.8 [China71| 622 D052 74.0
4 | H002 84.7 D052 60.8 G022 53.1 D052 65.6 F043 62.4 L006 75.4
5| G037 85.0 [China81| 61.1 F032 53.2 F043 66.5 |China13| 65.1 C043 75.8
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similarity approaches is 1350 (54x5x5). Figures 2
and 3 show these results summarised to vegeta-
tion types for East Asia and vegetation formations
for Europe.

In the sections Results and Discussion, num-
bers are rounded to 1 except for values < 1, which
are provided to the decimal. East Asian vegetation
types and European vegetation formations are
treated from south to north and within the respec-
tive types/formations according to their relevance
based on score results, i.e., numbers of proxies
delivered by the Drudges. East Asian vegetation
types as summarised in this study are indicated by
quotation marks (see Table 3). For Figures 2 and 3
we recommend viewing Appendix 4 because of the
interactive colour signature there. By moving the
cursor over the colour columns the designation of
the proxies and their relevance are provided for
every fossil assemblage.

Reference Set of Modern Vegetation

Summaries of modern vegetation from East
Asia and Europe are available in great detail (leg-
end Appendix 5). For Europe, the vegetation units
are assigned to vegetation formations according to
Bohn et al. (2004). The vegetation units from Asia
derive from different sources (Wang, 1961; Teodor-
idis et al., 2011) and were already summarised to
vegetation types by Teodoridis et al. (2020, table 3
there) to the extent that they served as proxies for
that study. We present a more encompassing
scheme in which all units of the reference set of
modern vegetation are assigned to vegetation
types. Vegetation types as summarised for this
study are indicated by quotation marks, e.g., “MMF
China” (Table 3).

In Teodoridis et al. (2020) the reference set of
modern vegetation included the unit China 03 (see
Teodoridis et al., 2020, app. 4, 7). With more than
630 zonal taxa, this unit was by far the most
diverse vegetation unit of the modern reference
set. Due to its unusual diversity, its discriminating
potential was very low, which was already dis-
cussed in that paper. To avoid this effect, China 03
was excluded from the reference set of modern
vegetation data in the present study (Table 3).
Therefore, the modern reference set currently
stands at 503 units.

More comprehensive consideration must be
given to the Mixed Mesophytic Forest Formation
(sensu Wang, 1961). In empirical studies of
younger Palaeogene and Neogene plant assem-
blages, it is the most often proposed modern anal-
ogy. Wang (1961) categorised the Mixed

PALAEO-ELECTRONICA.ORG

Mesophytic Forest (MMF) Formation regionally into
MMF of the Lower Yangtze Provinces (here units
China 56 to 61) and the Broad-leaved Deciduous
Forests (BLDF) of the Upper Yangtze Provinces
(China 62 to 67) (Appendix 5). According to Wang
(1961) both forest types represent deciduous
broad-leaved forests bearing the richest woody
flora of all temperate regions with a wide overlap in
genera and species, including numerous relict and
endemic taxa. Both types further resemble each
other by lacking primary constituents in the tree
level, their very rich understories, and the diversity
of conifers. Differences mentioned by Wang (1961)
refer mainly to the altitudinal distribution and there-
fore to climatic conditions. The BLDF of the Upper
Yangtze Provinces appear at higher elevations
than the MMF of the Lower Yangtze Provinces, and
the mean annual precipitation — which is usually
between 1000 to 1500 mm in the area of the MMF
Formation — reaches up to 2000 mm at higher ele-
vations. Teodoridis et al. (2020) treated BLDF of
Meili Snow Mt. jointly with the BLDF of the Upper
Yangtze Provinces (Table 3). Using Wang’s data,
the IPR vegetation analysis was performed to more
precisely characterise these forest types (Appendi-
ces 6, 7). The results indicate minor differences
between MMF Lower Yangtze Provinces and BLDF
Upper Yangtze Provinces sensu Wang (1961),
whereby the IPR vegetation analysis does not
enable a clearer distinction. Comparing the floristic
composition based on Wang (1961), the mean
number of zonal woody angiosperms is higher in
the MMF of the Lower Yangtze Provinces (62) than
in the BLDF of the Upper Yangtze Provinces (45).
At the same time, the overall number of woody
taxa in the latter (210) exceeds that of the former
(196). Both vegetation types share many species,
but 28 genera are distinctive for the MMF of the
Lower Yangtze Provinces and 34 distinguish the
BLDF of the Upper Yangtze Provinces from it.
Accordingly, the floristic composition is what distin-
guishes the two, and it is justified to treat them sep-
arately even though they cannot be distinguished
unambiguously by the IPR vegetation analysis.

To improve the focus on major vegetation
types, some types from China and Japan treated
separately by Teodoridis et al. (2020) were merged
here because major trends may remain masked if
the assessment is too small-scaled. These are:
“Broad-leaved evergreen forest, China” is fused
with “Broad-leaved evergreen forest, Honshu” to
“BLEF China, Japan” (Table 3).

The units Japan 01 to 03 and Japan 05, which
Teodoridis et al. (2020) treated as a separate vege-
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IPR Similarity Drudge 1 IPR Similarity Drudge 2 Results Mix Drudge 1 Results Mix Drudge 2
o 1 2 3 450 1 2 3 450 1 2 3 450 1 2 3 45

Hampshire Basin
London Clay

Messel

Geiseltal
Profen-Scheiplitz

Staré Sedlo

Fldrsheim

Rauenberg
Seifhennersdorf

Linz, Ebelsberg Fm.
Oberdorf

Mecsek Mts.
Wackersdorf

Horni Bfiza

Randeck Maar
Parschlug

Wieliczka

Gdow Bay

Staré Gliwice

Holy Cross Mts.
Erdobenye

Arjuzanx

Mataschen

Lohnsburg
Postorna-Moravska N.V.
Sosnica

Ruszéw

Sessenheim

Auenheim

Tachov Graben
Kaltensundheim
Vildstejn Fm., Pluto Clay
Vildstejn Fm., Nero Clay
Gerstungen
Kranichfeld

Berga

Vildstejn Fm., lignite beds
Rippersroda

Vildstejn Fm., upper beds
Nordhausen

Klinger beds

Givem

Kymi, Euboea

Yatagan Basin

Pitsidia, Crete

Mt. Tondo

Tossignano
Ca’Viettone

Shamb 1b+A1

Shamb 1f+B1

Darbas 2/d

Uyts-2/a + Uts-2 PZ23
Darbas-2/f + Drb-2 PZ6

Tolors 2
Tropical Rain forest China L Forest steppes, dry grasslands
Meili Snow Mt. high altitude SCL and BLF, China K Xerophytic coniferous forests
- BLEF China, Japan J Mediterranean sclerophyllous forests and scrub
MMF China H Hygrophilous thermophytic mixed deciduous broadleaved forests
'~ BLDF Upper Yangtze, Honshu G Thermophilous mixed deciduous broadleaved forests
- BLDF N and NE Provinces F Mesophytic broadleaved deciduous and mixed broad-leaved/conifer forests
- MCF China, Japan D Mesophytic and hygromesophytic coniferous and mixed broad-leaved-coniferous forests

C Subarctic, boreal and nemoral-montane open woodlands as well as subalpine and
oro-Mediterranean vegetation

FIGURE 2. Modern vegetation types/formations delivered as proxies by Drudges 1 and 2 for the test set of fossil
assemblages. Shown are the five best fitted results for the IPR Similarities based on Drudge 1 and Drudge 2 and for
the Results Mix based on Drudge 1 and Drudge 2. Pastel colours represent East Asian vegetation types, bright colours
European vegetation formations. For more detailed information see Appendix 4 which provides interactive colour sig-
nature (moving the cursor over the columns provides the designation of the proxies and their relevance for every fossil
assemblage).
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Taxonomic Similarity Overall scores (synthesis results Drudges 1+2)
0 1 2 3 4 50 5 10 15 20 2

v

Hampshire Basin
London Clay

Messel

Geiseltal
Profen-Scheiplitz

Staré Sedlo

Fl6rsheim

Rauenberg
Seifhennersdorf

Linz, Ebelsberg Fm.
Oberdorf

Mecsek Mts.
Wackersdorf

Horni Bfiza

Randeck Maar
Parschlug

Wieliczka

Gddéw Bay

Staré Gliwice

Holy Cross Mts.
Erdébenye

Arjuzanx

Mataschen

Lohnsburg
Postorna-Moravskda N.V.
Sosnica

Ruszéw

Sessenheim

Auenheim

Tachov Graben
Kaltensundheim
Vildstejn Fm., Pluto Clay
Vildstejn Fm., Nero Clay
Gerstungen
Kranichfeld

Berga

Vildstejn Fm., lignite beds
Rippersroda

Vildstejn Fm., upper beds
Nordhausen

Klinger beds

Glvem

Kymi, Euboea

Yatagan Basin

Pitsidia, Crete

Mt. Tondo

Tossignano
Ca’Viettone

Shamb 1b+A1

Shamb 1f+B1

Darbas 2/d

Uyts-2/a + Uts-2 PZ23
Darbas-2/f + Drb-2 PZ6

Tolors 2

Tropical Rain forest China L Forest steppes, dry grasslands
Meili Snow Mt. high altitude SCL and BLF, China K Xerophytic coniferous forests

- BLEF China, Japan J Mediterranean sclerophyllous forests and scrub
MMF China H Hygrophilous thermophytic mixed deciduous broadleaved forests
BLDF Upper Yangtze, Honshu G Thermophilous mixed deciduous broadleaved forests

- BLDF N and NE Provinces F Mesophytic broadleaved deciduous and mixed broad-leaved/conifer forests

- MCF China, Japan D Mesophytic and hygromesophytic coniferous and mixed broad-leaved-coniferous forests

C Subarctic, boreal and nemoral-montane open woodlands as well as subalpine and
oro-Mediterranean vegetation

FIGURE 3. Modern vegetation types/formations delivered as proxies by Drudges 1 and 2 for the test set of fossil
assemblages. Shown are the five best fitted results for the Taxonomic Similarity (TS) and the overall scores (synthesis
of all similarity approaches), i.e., 25 proxies for every plant assemblage. Pastel colours represent East Asian vegeta-
tion types, bright colours European vegetation formations. For more detailed information see Appendix 4 which pro-
vides interactive colour signature (moving the cursor over the columns provides the designation of the proxies and
their relevance for every fossil assemblage).
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TABLE 3. East Asian vegetation types and European vegetation formations as applied in this study.

Teodoridis et al. (2020) this paper
vegetation
units (ID vegetation units
code) vegetation types/formations (ID code) vegetation types/formations acronym
China 23-28 Tropical Rain Forests China "Tropical Rain
Forest China"
China 17, 28, Broad-leaved Evergreen Forest, China 01,15-22, Broad-leaved evergreen forest, "BLEF China,
30-38 China 29-38, Japan 04, China, Japan Japan"
Japan 04, 07, Broad-leaved Evergreen Forest, 07-14
08 Honshu, Japan
China 13,14  Meili Snow Mt. - Sclerophyllous China 11- 14 Meili Snow Mt. - Sclerophyllous and "Meili Snow Mt.
and broad-leaved forest zone broad-leaved forest zone (2580- high altitude SCL
(2580-3650 m alt) 3650 m alt) and BLF, China"
China 39-55 Grasslands and Desert China,
Mongolia
China 56-61 Mixed Mesophytic Forest of the China 02, 56-61 Mixed Mesophytic Forest, lower "MMF China"
© lower Yangtze Provinces Yangtze Provinces
% China 03 Mt. Emei evergreen or deciduous excluded (see section Reference set
L<u‘€ broad-leaved mixed forest zone of modern vegetation)
China 04, Broad-leaved Deciduous Forest, China 04-10, 62- Broad-leaved Deciduous Forest, "BLDF Upper
62-67 Upper Yangtze Provinces and Mt. 67, Japan 01- Upper Yangtze Provinces, Mt. Emei, Yangtze, Honshu"
Emei 03,05 and Honshu
Japan Broad-leaved deciduous forests
01-03,05 Shirakami Sanchi, and Mt. Fuiji
China 68-79 Broad-leaved Deciduous Forests China 68-79 Broad-leaved Deciduous Forests of "BLDF N and NE
of the Northern and Northeastern the Northern and Northeastern Provinces, China"
Provinces Provinces (China)
China 80-89 Montane Coniferous Forests, China 80-89, Montane Coniferous Forest China, "MCF China,
China, Taiwan Japan 06, 15-18 Honshu, Yakushima Japan"
Japan 06 Mt. Fuji-Upper montane and

subalpine coniferous belt, 1800-
2500 m, Vaccinium-Picea region

tation type, resemble the forests of the MMF For-
mation in China in their diversity of zonal woody
angiosperms and percentage of their BLD compo-
nent. Japan 05 further resembles those forests by
the comparably high number of conifer species.
Based on this analysis and the fact that Japan 01
to 03 and 05 are situated further north than the
MMF Formation in China, these units from Japan
were merged with the BLDF of the Upper Yangtze
Provinces (which reach higher altitudes than the
MMF Lower Yangtze Provinces) to “BLDF Upper
Yangtze Provinces, Honshu” (Table 3). Nonethe-
less, note that in Japan 01 to 03 and 05 the BLE
component is lower and the SCL+LEG component
is higher than that of the MMF Lower Yangtze
Provinces and the BLDF of the Upper Yangtze
Provinces (Appendix 7).

Finally, “Montane Coniferous Forests, China,
Taiwan” (China 80 to 89) were merged with Japan
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06 and Japan 15 to 18, which represent mountain
coniferous forests on Honshu and Yakushima
Island (Japan), to “MCF China, Japan” (Table 3,
Appendix 5).

The composition of European vegetation for-
mations is available in great detail (Bohn et al.,,
2004). The formations are split into up to 172 map-
ping units (Formation F, Appendix 5). Therefore,
the Formations C, D, F, and G were treated accord-
ing to the subdivisions in Bohn et al. (2004).

RESULTS
Applying the Drudges

The proxy sets for all similarity approaches
(IPR Similarity, Taxonomic Similarity (TS) and
Results Mix derived by both Drudges) are sum-
marised in Table 2, Figures 2, 3, and Appendix 4.
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Teodoridis et al. (2020) this paper
vegetation
units (ID vegetation units
code) vegetation types/formations (ID code) vegetation types/formations acronym
0001-0009 O - Deserts
N001-N008 N - Oroxerophytic vegetation (thorn-
cushion communities, tomillares,
mountain steppes, in part scrub)
M001-M021 M - Steppes
LO01-LO17 L - Forest steppes (Meadow steppes
alternating with nemoral deciduous
forests) and dry grasslands
alternating with dry scrub
K001-K033 K - Xerophytic coniferous forests, K001-K033 K - Xerophytic coniferous forests,
coniferous woodland and scrub coniferous woodland and scrub
J001-J053 J001-J053 J - Mediterranean sclerophyllous
forests and scrub
§ HO001-H003 H - Hygrophilous thermophytic HO001-H003 H - Hygrophilous thermophytic
USJ mixed deciduous broadleaved mixed deciduous broadleaved
forests forests
G001-G077 G - Thermophilous mixed G001-G077 G - Thermophilous mixed deciduous
deciduous broadleaved forests broadleaved forests
FO01-F172 F - Mesophytic broadleaved FO01-F172 F - Mesophytic broadleaved
deciduous and mixed broad- deciduous and mixed broadleaved/
leaved/conifer forests conifer forests
D001-D064 D - Mesophytic and D001-D064 D - Mesophytic and
hygromesophytic coniferous and hygromesophytic coniferous and
mixed broad-leaved-coniferous mixed broad-leaved-coniferous
forests forests
C001-C047 C - Subarctic, boreal and C001-C047 C - Subarctic, boreal and nemoral-

nemoral-montane open
woodlands as well as subalpine
and oro-Mediterranean vegetation

montane open woodlands as well as
subalpine and oro-Mediterranean
vegetation

Based on Drudge 1 almost 69% of the scores
there (IPR Similarity, TS, Results Mix) point
towards East Asian vegetation types and 31%
towards Europe. In Drudge 2 this relation is 73%
for East Asia and 27% for Europe. The IPR Similar-
ities of both Drudges indicate both East Asian and
European affinities (35%/65% in Drudge 1, 43%/
57% in Drudge 2). An East Asian affinity dominates
from the Eocene through early Miocene, and then
European vegetation formations become increas-
ingly important from the early Miocene onwards
(Figure 2). In contrast, the TS points mainly
towards East Asian affinity (92%) (Table 4, Figure
3). In the Results Mix of Drudge 1 and 2 the rela-
tion East Asian verse European vegetation units
are similar (81%/19% in the former, 84%/16% in
the latter). In the overall score this relation points
almost two thirds towards East Asia and one third
to Europe (67% to 33%).

The following vegetation types/formations
received at least 10% of the overall scores (Table
4); From Asia these were “BLEF in East Asia”
(19%), “MMF China” (11%), “BLDF Upper Yangtze,
Honshu” (16%), and “MCF China, Japan” (12%);
from Europe this was only Formation F (15%). At
least 5% of the overall scores were obtained by
“BLDF N and NE Provinces, China” (8%), and the
European vegetation Formations G (6%) and D
(7%). Less than 5% of the overall scores were tal-
lied for “Tropical Rain Forest China” (0.1%),“Meili
Snow Mt. high altitude SCL and BLF, China” (1%),
and the European vegetation Formations L (0.7%),
K (0.6%), J (0.7%), H (1%), and C (2%). The vege-
tation type “Tropical Rain forest China” (0.1%) and
the European vegetation Formations M to O, which
did not receive any score, are not discussed here.
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TABLE 4. Distribution of the modern East Asian and European vegetation proxies. More detailed information is avail-

able in Appendix 8.

"Meili
Snow Mt.
high
altitude "BLDF "BLDF N
"Tropical SCL and "BLEF Upper and NE "MCF

Vegetation types East RainForest BLF, China, "MMF Yangtze, Provinces, China,

Asia China" China" Japan" China" Honshu" China" Japan" Sum
Number of units 6 4 28 7 17 12 18
Number of units 1 3 26 6 11 5 14
delivered as proxies
Number of units 17% 75% 93% 86% 65% 42% 78%
delivered as proxies in
percent
Scores in the IPR 1 2 45 6 15 6 20 95
Similarity, Drudge 1
in percent 0.4% 0.7% 17% 2% 6% 2% 7% 35%
Scores in the IPR 0 1 70 12 13 3 18 117
Similarity, Drudge 2
in percent 0.0% 0.4% 26% 4% 5% 1% 7% 43%
Scores in the TS 0 3 18 54 68 49 56 248
in percent 0.0% 1.1% 7% 20% 25% 18% 21% 92%
Scores in the Results 0 5 61 35 64 17 37 219
Mix, Drudge 1
in percent 0.0% 2% 23% 13% 24% 6% 14% 81%
Scores in the Results 0 4 58 48 55 30 32 227
Mix, Drudge 2
in percent 0.0% 1.5% 21% 18% 20% 1% 12% 84%
Scores IPR Similarity, 1 10 124 95 147 72 113 562
TS, Results Mix in
Drudge 1
in percent of the overall 0.1% 0.7% 9% 7% 1% 5% 8% 42%
scores
Scores IPR Similarity, 0 8 146 114 136 82 106 592
TS, Results Mix in
Drudge 2
in percent of the overall 0.0% 0.6% 1% 8% 10% 6% 8% 44%
scores
Overall scores IPR 1 15 252 155 215 105 163 906
Similarity, TS, Results
Mix, both Drudges
in percent 0.1% 1% 19% 1% 16% 8% 12% 67%

East Asian Vegetation Types

“Meili Snow Mt. high altitude SCL and BLF,
China”. The scores of this vegetation type are dis-
tributed among three of its four units (Table 4). This
vegetation type occurs sporadically only in the sim-
ilarity approaches (IPR Similarity, Taxonomic Simi-
larity (TS), Results Mix of both Drudges), with
scores between 0.4 and almost 2%. In the overall
score it accounts for 1% (Figure 4). The scores are
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spread from the Eocene (Staré Sedlo) to the Mio-
cene (Horni Bfiza, Yatagan Basin), Pliocene
(VildStejn Fm.), and Pleistocene (Klinger beds)
across the similarity approaches (Figure 5).

“BLEF China, Japan”. This type comprises 28
vegetation units of which 93% (26) are delivered as
proxies (Table 4). Nineteen percent of the overall
scores are allotted here (Figure 4). “BLEF China,
Japan” is delivered as a proxy in the IPR Similarity
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TABLE 4 (continued).
Sum of
scores

Vegetation formations Europe L K J H G F D (o3 Europe Sum
Number of units 17 33 53 3 77 172 64 47
Number of units delivered as proxies 4 5 6 3 35 77 26 13
Number of units delivered as proxies in 24% 15% 1% 100% 45% 45% 41% 28%
percent
Scores in the IPR Similarity, Drudge 1 2 7 2 7 20 96 27 14 175 175
in percent 07% 3% 07% 3% 7% 36% 10% 5% 65% 65%
Scores in the IPR Similarity, Drudge 2 0 1 3 0 58 39 44 8 153 153
in percent 0.0% 04% 11% 00% 21% 14% 16% 3% 57% 57%
Scores in the TS 2 0 2 0 0 17 1 0 22 22
in percent 0.7% 0.0% 0.7% 0.0% 0.0% 6% 04% 0.0% 8% 8%
Scores in the Results Mix, Drudge 1 2 0 1 5 2 28 9 4 51 51
in percent 0.7% 0.0% 04% 2% 0.7% 10% 3% 1.5% 19% 19%
Scores in the Results Mix, Drudge 2 3 0 1 1 4 22 11 1 43 43
in percent 11% 0.0% 04% 04% 1.5% 8% 4% 0.4% 16% 16%
Scores IPR Similarity, TS, Results Mix in 6 7 5 12 22 141 37 18 248 248
Drudge 1
in percent of the overall scores 04% 05% 04% 09% 2% 10% 3% 1.3% 0% 18%
Scores IPR Similarity, TS, Results Mix in 5 1 6 1 62 78 56 9 218 218
Drudge 2
in percent of the overall scores 04% 0.1% 04% 01% 5% 6% 4% 0.7% 0% 16%
Overall scores IPR Similarity, TS, Results 9 8 9 13 84 202 92 27 444 444
Mix, both Drudges
in percent 0.7% 06% 07% 1% 6% 15% 7% 2% 33% 33%

and Results Mix of both Drudges (between 17 and
26%). In the TS this vegetation type is less signifi-
cant (7%). Most of the scores are allocated to the
early Eocene to early Oligocene sites of Hamp-
shire Basin to Rauenberg (Figure 5). IPR Similarity
and Results Mix of both Drudges also indicate a
relationship to “BLEF China, Japan” for the early to
early late Miocene Central European sites of Linz,
Oberdorf, Wackersdorf, Arjuzanx, and Mataschen,
but to a far lesser and decreasing extent (Figure 2).
To a minor extent, this vegetation type is also indi-
cated for the Pliocene of South Europe, especially
for Ca'Viettone. In the TS, “BLEF China, Japan” is
relevant only for some of the early Eocene sites
(Figure 3).

At the level of vegetation units, China 36
received the highest percentage (>2%), followed
by China 38 (2%), China 34 and China 17 (almost
2%), and China 32, 33, 35, and Japan 04 (at least
1%) of the overall scores (Appendix 8, sheet “BLEF
China, Japan”). China 01 appears only for the early
Eocene sites of Hampshire Basin and London

Clay. China 16 to 22, 30, 33, 34, and Japan 07-14
are relevant for the early Eocene to early Oligo-
cene, whereas China 35, 37, and Japan 04 appear
more often as proxies for early Oligocene to early
Miocene sites (Seifhennersdorf, Linz, Oberdorf,
Wackersdorf) than for Eocene ones (Appendix 9,
sheet “BLEF China, Japan”).

“MMF China”. This type includes seven units, of
which 86% (6) appear as proxies for the fossil plant
assemblages (Table 4). Eleven percent of the over-
all scores are allotted with this vegetation type.
“MMF China” is especially relevant in the TS (20%)
and the Results Mix of Drudge 2 (18%). In contrast,
it is of minor relevance in the IPR Similarities of
both Drudges (2-4%) (Table 4, Figures 2-4). In the
IPR Similarity of Drudge 1, “MMF China” is indi-
cated for Pliocene sites in Central Europe (Sessen-
heim to Kranichfeld), while its occurrence appears
scattered in the IPR Similarity derived by Drudge 2
(Figure 2). Seifhennersdorf received the highest
number of scores for “MMF China” (almost 50%,
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FIGURE 4. Representation of East Asian and European vegetation types and formations as delivered by Drudges 1
and Drudge 2 for the IPR Similarity, Taxonomic Similarity (TS), and Results Mix. See also Appendix 8.

12 of 25 scores) from the whole set of fossil sites
(Figure 5, Appendix 9, sheet “MMF China”).

Regarding individual units, China 57 and

China 60 received more than 3% of the overall
scores, followed by China 61 (> 2%) (Appendix 8,
sheet “MMF China”).
“BLDF Upper Yangtze, Honshu”. This type com-
prises 17 units, of which 11 (65%) represent prox-
ies for the fossil assemblages. Sixteen percent of
all scores are allotted to this vegetation type (Table
4). “BLDF Upper Yangtze, Honshu” is delivered
mainly by the TS (25%) and the Results Mix of both
Drudges (24% by Drudge 1 and 20% by Drudge 2),
whereas its proxies are subordinate and scattered
in the IPR Similarities (6% by Drudge 1, 5% by
Drudge 2; Table 4, Figures 2-4). In the overall
score, “BLDF Upper Yangtze, Honshu” is less rele-
vant in the Eocene to early Oligocene and in the
early Pleistocene of Armenia than in the Miocene
to Pliocene of all over Europe and Turkey (Figures
3, 5). Vegetation units from China are mainly
restricted to the period covered by the sites from
Seifhennersdorf to the oldest assemblage from
Armenia (Shamb 1b+A1) (Appendix 9, sheet
“BLDF Upper Yangtze, Honshu”).

On the level of units, Japan 05 and China 67
achieved more than 4% of the overall scores, fol-
lowed by Japan 01 (> 3%), and China 63 (nearly
2%) (Appendix 8, sheet “BLDF Upper Yangtze,
Honshu”).
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“BLDF N and NE Provinces, China”. From this
type, which is split into 12 units, five units (42%)
achieved almost 8% of the overall scores (Table 4,
Figure 4). In the TS it achieved 18% of the scores,
followed by the Results Mix of Drudge 2 (11%) and
that of Drudge 1 (6%). In the IPR Similarities this
vegetation type is least relevant (2% IPR Similarity
of Drudge 1, 1% in that of Drudge 2). For the
Eocene to early Miocene, “BLDF N and NE Prov-
inces, China” is least relevant (Figure 3 Overall
score, Figure 5). Otherwise this vegetation type
occurs in the proxy sets mainly from the Miocene
onwards. The highest number of scores were
received by the assemblages from the Plio-/Pleis-
tocene of Rippersroda and Klinger beds and the
early Pleistocene assemblages from Armenia (Fig-
ure 5).

China 68 achieved by far the highest number
of the overall scores (nearly 5%), followed by
China 71 (almost 2%) (Appendix 8, sheet “BLDF N,
NE Provinces, China”). The other units received
less than 1% in the overall scores.

“MCF China, Japan”. This type comprises 18
units of which 14 (78%) appear as proxies derived
by the Drudges (Table 4). Twelve percent of the
overall scores are allocated with this vegetation
type. The maximum score was allocated from TS
(21%), followed by that of the Results Mix derived
by Drudge 1 (14%) and that by Drudge 2 (12%). In
the IPR Similarities of both Drudges the scores
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FIGURE 5. Representation of modern East Asian vegetation types for the test set of fossil assemblages as delivered
by Drudges 1 and 2. More detailed information on units is available in Appendix 9.
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amount to 7% (Table 4, Figure 4). Proxies of “MCF
China, Japan” appear only very sporadically from
the Eocene to the late early Miocene in Central
Europe (Figure 5) but then the relevance of this
vegetation type increases during the Miocene and
is highest in the Plio-/Pleistocene of Central
Europe. Units Mongolia 1 and 2 are restricted to
assemblages of the Central European Plio-/Pleis-
tocene (Appendix 9, sheet “MCF China, Japan”).

Japan 06 and China 81 achieved 3.5% of the
overall counts, followed by Mongolia 1 (almost 2%)
(Appendix 8, sheet “MCF China, Japan”). All other
units received only up to 0.5% of the overall
scores.

European Vegetation Formations

European vegetation formations are deliv-
ered as proxies mainly by the IPR Similarities of
both Drudges and to a minor extent by the Results
Mix of both Drudges (Figures 2, 4). In the TS the
scores are almost entirely restricted to the Plio-/
Pleistocene of Central Europe and to a minor
extent to the early Pleistocene assemblages of
Armenia (Figure 3). Due to the higher numbers of
units in the European Formations C to G compared
to East Asian vegetation types, the scores appear
more scattered and their numbers per unit are usu-
ally lower for the European vegetation formations.

Formations L, K, J, and H achieved between
0.6% and 1% of the overall scores (Table 4, Figure
4). Formation L is largely restricted to the Pleisto-
cene of Armenia (Figure 3, Overall score). For For-
mation K the scores are restricted to the IPR
Similarity mainly of Drudge 1, to the middle Mio-
cene of Central Europe (Randeck Maar, Parschlug,
Holy Cross Mts.) and to the Miocene of Southern
Europe (Kymi, Mt. Tondo, Tossignano) (Figure 2).
Proxies of vegetation Formation H are scattered in
the IPR Similarity of Drudge 1 and in the Results
Mix of both Drudges (Figures 2, 6). Sporadically,
HOO01 is delivered for assemblages from the Mio-
cene in Central Europe and the Pliocene in the
Mediterranean, with higher proportions of broad-
leaved evergreen taxa (Linz, Ebelsberg Fm., Ober-
dorf, Wackersdorf, Mataschen), while H002 is
delivered for some early to middle Miocene assem-
blages and occasionally for the Mediterranean Mio-
cene and the Armenian Pleistocene; HO003 is
restricted to the late Miocene site PoStorna-Mora-
vska N.V. (Figure 7, Appendix 9, sheet “Formation
H”).

Formations G, F, and D received more than
5% each of the overall scores (Table 4, Figure 4)
and therefore are treated here in more detail.
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Vegetation Formation G. Formation G, consisting
of 77 units, received 6% of the overall scores. The
scores went to 35 of its units (45%) (Table 4). The
scores are mainly allocated with the IPR Similari-
ties (7% of the scores in Drudge 1, 21% in Drudge
2, Figure 4). In the IPR Similarity of Drudge 1, For-
mation G is more relevant for the record from the
Mediterranean and Armenia than for other regions
(Figure 2, Appendix 4, sheet “IPR Similarity
Drudge 1 graph”). In the IPR Similarity of Drudge 2
it is relevant for Central European assemblages,
mostly from the late early/middle Miocene (Par-
schlug to Erdébénye) and for South Europe and
Armenia (Figure 2, Appendix 4, sheet “IPR Similar-
ity Drudge 2 graph”). In the overall score, Forma-
tion G is most relevant for the early Pleistocene of
Armenia, followed by the late early to middle Mio-
cene of Central Europe and the Mediterranean
Miocene. It is not indicated for the Eocene to the
early Miocene and is of low relevance for the late
Miocene and Plio-/Pleistocene of Central Europe
(Figures 3, 6, Appendix 4, sheet “Overall proxy
graph”).

Regarding its four subdivisions, G.2 is most
relevant (Figure 7, Appendix 9, sheet “Formation
G”), and delivered mainly for the late early/middle
Miocene of Central Europe and Turkey, and the
Armenian Pleistocene. It is followed by G.3, which
appears as a proxy not only for the aforementioned
regions but also sporadically for the (late) Pliocene
taphocoenoses in Central Europe.

On the level of individual units, G036 (subdivi-

sion G.2) received the highest percentage of the
overall scores (0.5%) followed by G017, G018
(part of G.1), G032 (G.2), G056 (G.3), and G071
(G.4) with 0.4% each (Appendix 8, sheet “Forma-
tion G”).
Vegetation Formation F. This formation, split into
172 units, received the highest number of the over-
all scores (15 %, 202) among the European vege-
tation formations (Table 4, Figure 4). The scores
went to 45% (77) of its units. In the IPR Similarity of
Drudge 1 this formation is represented by 36%, in
Drudge 2 by 14%. The percentages for the TS and
Results Mix of both Drudges are lower, ranging
between 6% (TS) and 10% (Results Mix Drudge 1).
Proxies of Formation F are not delivered for the
Eocene but are increasingly relevant in the Mio-
cene and most distinct in the Central European
Pliocene. In South Europe, Turkey, and Armenia,
Formation F is delivered more or less regularly to
some extent (Figures 3, 6, Appendix 4, sheet
“Overall proxy graph”).
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FIGURE 6. Representation of modern European vegetation formations for the test set of fossil assemblages as deliv-
ered by Drudges 1 and 2. Formation H - Hygrophilous thermophytic mixed deciduous broadleaved forests; Formation
G - Thermophilous mixed deciduous broadleaved forests; Formation F - Mesophytic broadleaved deciduous and
mixed broadleaved/conifer forests; Formation D - Mesophytic and hygromesophytic coniferous and mixed broad-
leaved-coniferous forests; Formation C - Subarctic, boreal and nemoral-montane open woodlands as well as subal-
pine and oro-Mediterranean vegetation. More detailed information on subdivisions and units is available in Appendix
9.
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FIGURE 7 (caption on next page).
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On the level of vegetation subdivisions F.1 to
F.7 (Bohn et al., 2004), F.5 received the highest
percentage of the overall scores within Formation
F (>5%), almost exclusively in the IPR Similarities
of both Drudges. F.5 is followed by F.3 and F.2 with
around 3% each (Appendix 8, sheet “Formation
F”). Forest types F.3 and F.5 are delivered rather
regularly, except for F.3, which does not appear as
a proxy for the Miocene record of the Mediterra-
nean region (Figure 7, Appendix 9 sheet “Forma-
tion F”). F.2 is delivered mainly for the Pliocene of
Central Europe and in the Armenian early Pleisto-
cene. Focussing on F.5, which itself comprises 85
units in seven forest types (F.5.1.1 to 5.2.4), almost
3% went to 5.2.3 and 4 (Figure 7, Appendix 8,
sheet “Formation F”, Appendix 9, “sheet Formation
F).

Focussing on individual units, FO33 received
by far the highest percentage of the overall scores
(1.5%), followed by F043 and F075 (0.7% each)
(Appendix 8, sheet “Formation F”).

Vegetation Formation D. Formation D (64 units)
received 7% of the overall scores (Table 4). This
value is very close to that of Formation G. The
scores are allotted to 26 of its units (41%). As in
Formations G and F, Formation D received more
scores in the IPR Similarities (10% Drudge 1, 16%
Drudge 2) than by the TS (0.4%) and by the
Results Mix (3% Drudge 1, 4% Drudge 2) (Table 4,
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Figure 4). This formation is relevant for the late
early Miocene, the Plio-/Pleistocene of Central
Europe, and the record from the Mediterranean
and Armenia (Figures 3, 6, Appendix 4, sheet
“Overall proxy graph”).

Regarding the subdivisions D.1 to D.6, D.5
received the highest number of scores (nearly 3%)
(Appendix 8, sheet “Formation D”). This forest type
includes the units D052 and D042, which received
the highest percentages of the overall scores in
this formation (D052 1%, D042 0.7%). Unit D064,
which is part of D.6, also received 0.7% of the
overall scores.

Proxies of the forest types D.4 and D.5 are
mainly delivered for some early to middle Miocene
Central European sites (Figure 7, Appendix 9,
sheet “Formation D”). For the Mediterranean and
Armenian record, the subdivisions D.1 to D.6
appear to some extent, but only forest type D.5is a
regularly appearing proxy. In the Plio-/Pleistocene,
forest type D.2 is important for Central Europe.
Vegetation Formation C. Formation C (47 units)
received only 2 % of the overall scores (Table 4).
The scores, which are allocated with 28% (13) of
its 47 units, occur mainly scattered in the IPR Simi-
larities (5% Drudge 1, 3% Drudge 2 of the scores
there) (Figure 2, Table 4). Stratigraphically the
proxies are scattered over the Miocene and Plio-
cene (Figure 6). Out of the 3 subdivisions, only

FIGURE 7 (previous page). Representation of modern European vegetation formations for the test set of fossil assem-
blages as delivered by Drudges 1 and 2 in more detail (see also Appendix 9).

Formation H: H001, Colchic lowland to submontane mixed oak forests, in black; H002, Hyrcanian lowland-colline mixed
broadleaved forests, in dark grey; HO03, Hyrcanian colline to montane oak forests, in light grey.

Formation G: G.1 - Subcontinental thermophilous (mixed) pedunculate oak and sessile oak forests, in black; G.2 - Sub-
Mediterranean-subcontinental thermophilous bitter oak and Balkan oak and mixed forests, in dark grey; G.3 - Sub-Med-
iterranean and meso-supra-Mediterranean downy oak and mixed forests, in light grey; G.4 - Iberian supra- and meso-
Mediterranean oak forests, in white.

Formation F: F.1 - Species-poor acidophilous oak and mixed oak forests, in black; F.2 - Mixed oak-ash forests, in dark
grey; F.3 - Mixed oak-hornbeam forests, in light grey; F.4 Lime-pedunculate oak forests, in white; F.5 - Beech and mixed
beech forests, hatched lower left to upper right; F.6 - Oriental beech forests and hornbeam-oriental beech forests,
hatched upper left to lower right; F.7 - Caucasian mixed hornbeam-oak forests, hatched vertically.

Formation F, F.5 - Beech and mixed beech forests: F.5.1.1 - Species-poor oligotrophic to mesotrophic beech and mixed
beech forests, lowland(-colline) types, in black; F.5.1.2 - Species-poor oligotrophic to mesotrophic beech and mixed
beech forests, colline-submontane types, in dark grey; F.5.1.3 - Species-poor oligotrophic to mesotrophic beech and
mixed beech forests, montane-altimontane types, in light grey; F.5.2.1 - Species-rich eutrophic and eu-mesotrophic
beech and mixed beech forests, colline-submontane types, in white; F.5.2.2 - Species-rich eutrophic and eu-mesotro-
phic beech and mixed beech forests, colline-submontane types, hatched lower left to upper right; F.5.2.3 and 4 - Spe-
cies-rich eutrophic and eu-mesotrophic beech and mixed beech forests, montane-altimontane types, hatched upper left
to lower right.

Formation D: D.1 - Western boreal spruce forests, in black; D.2 - Eastern boreal pine-spruce and fir-spruce forests, in
dark grey; D.3 - Hemiboreal spruce and fir-spruce forests with broad-leaved trees, in light grey; D.4 - Montane to alti-
montane, partly submontane fir and spruce forests in the nemoral zone, in white; D.5 - Boreal and hemiboreal pine for-
ests, hatched lower left to upper right; D.6 - Montane to altimontane (subalpine) pine forests in the nemoral zone;
hatched upper left to lower right.
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units of C.2 and C.3 are delivered as proxies
(Appendix 9, sheet Formation C). In the overall
scores, the maximum is 0.4% for C045 followed by
C046 (0.3%) (Appendix 8, sheet “Formation C”).

DISCUSSION

IPR Similarities, Taxonomic Similarity (TS) and
Results Mix in Comparison

For Central Europe, the IPR Similarities of
both Drudges indicate close East Asian affinities
from the early Eocene to the early Miocene (Hamp-
shire Basin to Oberdorf, Wackersdorf). These affin-
ities are more distinct in the IPR Similarity of
Drudge 2 than in that of Drudge 1 (Figure 2). Start-
ing from the early Miocene the similarities to mod-
ern European vegetation become pronounced.
This result contrasts with that of the TS, in which
East Asian vegetation proxies continue to domi-
nate from the early Eocene to the Pliocene (Figure
3). This supports the recent results of Teodoridis et
al. (2020), which were based on a stratigraphically
and regionally far less comprehensive test set of
six Central European sites covering the timespan
late Eocene to late Pliocene. The strong impact of
the vegetation types “MMF China”, “BLDF Upper
Yangtze, Honshu”, and “MCF China, Japan”, all
represented by more than 20% of the TS scores, is
related to their remarkable floristic diversity. In con-
trast, modern European vegetation is considerably
depleted as a result of the climatic stress during
the Quaternary Ice Age. This fact probably influ-
enced the TS results and accounted for the differ-
ences between the results in the IPR Similarities
and TS. The European Plio-/Pleistocene assem-
blages of Kaltensundheim, Berga, and Nordhau-
sen (Thuringia) show strong ties to the modern
flora of Europe (Formation F), while in the early
Pleistocene Armenian record, the taxonomic simi-
larity to modern East Asia still remains stronger
than to Europe (Figure 3). The Great Caucasus
mountain ranges and the proximity of the Caspian
Sea were potentially favourable for these ties.

Vegetation Evolution Reflected by Modern
Proxies

From the early Eocene to the early Oligocene
(Hampshire Basin to Rauenberg), the overall
results indicate closest similarities to East Asian
broad-leaved evergreen forests “BLEF China,
Japan” (Figure 3); this signal is the most distinctive
of all results. It is based on the highest percentages
of the BLE component of the whole data set. Com-
pared to the IPR Similarities and the Results Mix of
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both Drudges, this trend is less distinct in the Taxo-
nomic Similarity (TS), where “MMF China” and
“BLDF Upper Yangtze, Honshu” represent essen-
tial proxies (Figure 3).

Remarkably, early Eocene assemblages do
not point towards tropical vegetation, which may
support interpretations of “paratropical” rather than
tropical conditions (e.g., for Hampshire Basin, Lon-
don Clay, Messel; Collinson, 1983; Wilde et al.,
2005). However, in our reference set of modern
vegetation, representation of tropical vegetation is
currently restricted to China. We cannot exclude
that tropical vegetation in adjacent southern parts
of Asia would be more suitable for comparison with
the fossil record if they were included.

The early Oligocene assemblage of Seifhen-
nersdorf indicates a significant turnover in overall
leaf physiognomy of zonal woody angiosperms by
lower percentages of the BLE component and a
higher one of the BLD component (Appendix 1,
sheet “IPR results all fossil sites”). Especially in the
proxy set of the IPR Similarities this is reflected by
a higher variability of proxies (Figure 2). Summaris-
ing the results for Seifhennersdorf derived by both
Drudges (IPR Similarities, TS, and Results Mix)
points to the close affinities to “MMF China” and
“BLDF Upper Yangtze, Honshu” and weaker ones
to “BLEF China, Japan” (Figure 3, Overall score).
This signal clearly reflects the invasion of broad-
leaved deciduous taxa “Arctotertiary taxa” and con-
forms to the empirically retrieved results for this
site (Walther and Kvacek, 2007).

The early Oligocene plant assemblages of
Flérsheim and Rauenberg are close in age to Seif-
hennersdorf (see Table 1). The plant assemblage
from Seifhennersdorf was deposited at the north-
ern margin of the Palaeogene European continent
in maar lake sediments, probably close to the
growing site, whereas the assemblages of Flors-
heim and Rauenberg accumulated in marine sedi-
ments of the Rhine graben, when plant remains
from the southwestern margin of the European
continent were washed into the sea. At that time,
the Rhine graben formed the marine connection
between the North Sea and the Paratethys Ocean
in the south. Contrary to Seithennersdorf, the over-
all scores for Florsheim and Rauenberg clearly
point towards “BLEF China, Japan” (Figure 3). The
vegetation along the coastal regions of the Rhine
graben may have been influenced by more favour-
able climatic conditions, allowing for the growth of
highly diverse broad-leaved evergreen forests
(Kvacek, 2004, Kovar-Eder, 2016). The constraints
of the age correlation for Seifhennersdorf and the



Rhine graben sites, as well as differences in the
specific taphonomic processes, may, however,
somewhat relativise our interpretation regarding
the differences in flora, vegetation and climate.

“BLEF China, Japan” is still relevant in Central
Europe in the early Miocene (Linz, Oberdorf,
Wackersdorf) (Figure 5), but in the middle to late
Miocene its proxies are mainly restricted to a few
sites such as Arjuzanx and Mataschen, with an
overall trend of decreasing relevance. In southern
Europe, “BLEF China, Japan” appears to a vari-
able extent (Kymi, Mt. Tondo, Tossignano, CaViet-
tone); except for Ca'Viettone, however, it is less
pronounced than in the Palaeogene and Neogene
of Central Europe. The peaks of “BLEF China,
Japan” in the Neogene record reflect the so-called
“Younger Mastixioid” floras (sensu Mai, 1964),
which are interpreted to indicate warm and humid
climatic oscillations or relict vegetation in favour-
able habitats. For these assemblages, modern
European vegetation proxies appear to be less rel-
evant.

For the Palaeogene, prevailing proxies of the
“BLEF China, Japan” are BLEF of Longgi Mt.
(China 16 to 22), Broad-leaved Evergreen Sclero-
phyllous Forests Taiwan, Fujian, and Guangxi
(China 30, 33, 34), and BLEF on Honshu (Shi-
royama, Nara) and Yakushima (Japan 07 to 14)
(Appendix 9, sheet “BLEF China, Japan”). These
proxies are characterised by the lowest proportions
of the BLD component and the highest ones of the
BLE component among all modern proxies
(Appendix 6, sheet “Asia”). For the Palaeogene
and Neogene, the shared proxies of “BLEF China,
Japan” are mainly Broad-leaved Evergreen Sclero-
phyllous Forests in the Maritime Provinces Guang-
dong and Southern Hunan (China 32, 35), and in
the Southeastern Provinces (Guizhou, Northern
Guangxi) and Yunnan (China 36 to 38). For the late
early and middle Miocene and Pliocene record,
however, the proxies are mainly restricted to
Broad-leaved Evergreen Sclerophyllous Forest
Southern Hunan, the Southeastern Provinces and
Yunnan (China 35 to 38), which are distinguished
by higher percentages of the BLD component and
lower ones of the BLE component (Appendix 6,
sheet “Asia”). BLEF Mt. Fuji (Japan 04) is relevant
for Neogene assemblages with elevated propor-
tions of the BLE component such as Linz, Ober-
dorf, Wackersdorf, Wieliczka, Arjuzanx, and
Ca'Viettone. These results clearly indicate that the
“Older” and “Younger Mastixioid” floras (sensu Mai,
1964) are distinct from each other not only based
on their floristic composition but also their leaf
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physiognomy, and these differences are reflected
by the modern proxies. The youngest site of the
Central European assemblages included here with
considerable relationship to the vegetation type
“BLEF China, Japan” is the early late Miocene
assemblage of Mataschen.

In Central Europe, “MMF China” and “BLDF
Upper Yangtze, Honshu” represent relevant prox-
ies from the middle Oligocene (Seifhennersdorf) to
the Pliocene (Sessenheim, Auenheim) (Figure 5).
Their high taxonomic diversity — including relict
taxa with affinities to the fossil record in Europe
and Asia Minor — accounts for the strong taxo-
nomic similarity. “MMF China” (especially China
57, 60 and 61) is most relevant for the early Oligo-
cene (Seifhennersdorf) and the early Miocene to
Pliocene of Europe (Linz, Ebelsberg Fm. to Auen-
heim) and the Mediterranean and Asia Minor
(Givem to Tossignano) (Appendix 9, sheet “MMF
China”). China 57, 60 and 61 represent the MMF in
the mountain regions of the adjacent provinces
Zhejang (Tientai Shan), Anhui and Jiangxi (Lu
Shan). These forests include between 73 and 113
zonal woody taxa, of which 84 to 86% are assigned
to the BLD component and 14 to almost 16% to the
BLE component (Appendix 6, sheet “Asia”). In the
Plio-/Pleistocene of Europe, Turkey, and Armenia,
“MMF China” drastically loses its relevance.

Within “BLDF Upper Yangtze, Honshu”, Shi-
rakami Sanchi - Broad-leaved Deciduous Forest,
Lindera membranacea-Fagus crenata community
(Japan 01) and Mt. Fuji - Broad-leaved Deciduous
Forest - Fagus crenata region (Japan 05) are
important proxies especially for the middle Mio-
cene and Plio-/Pleistocene of Central Europe
(Appendix 9, sheet “BLDF Upper Yangtze, Hon-
shu”). Both are important communities of the
broad-leaved deciduous forest region. Shirakami
Sanchi is situated in northwestern Honshu by the
Sea of Japan, which is characterised by a precipi-
tation maximum in winter. This climate enables
some low-growing evergreen taxa to survive,
accounting for a slightly elevated proportion of the
BLE component in the IPR vegetation analysis
(Appendix 6, sheet “Asia”). Mt. Fuji is located at the
Pacific side of Honshu. Both units are character-
ised by high numbers of zonal woody angiosperms
(> 80) as is the Broad-leaved Deciduous Forest
(Eastern Guizhou) (China 67). This latter unit
which is an important proxy for the European and
Turkish Miocene and the Mediterranean Pliocene
is part of the Deciduous Broad-leaved Forest of the
Upper Yangtze Provinces (sensu Wang, 1961). It
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includes 15 conifer species and relict taxa as Cun-
ninghamia and Ginkgo.

In the Plio-/Pleistocene, “BLDF N and NE
Provinces” and “MCF China, Japan” gain increas-
ing importance as proxies, whereas the relevance
of “BLDF of the Upper Yangtze, Honshu”
decreases (Figures 3, 5). This trend is mainly
based on closer taxonomic relationship on the
genus level to “BLDF N and NE Provinces” and
“MCF China, Japan” than to “BLDF of the Upper
Yangtze, Honshu”. Within “MCF China, Japan”
Montane Coniferous Forest - Picea obovata-Abies
sibirica Forest (Mongolia 1) and Montane Conifer-
ous Forest - Mixed Hardwoods (Mongolia 2) are
delivered proxies only for the Plio-/Pleistocene of
Central Europe (Appendix 9, sheet “MCF China,
Japan”).

In the late Miocene to early Pliocene of Cen-
tral Europe (Lohnsburg to Auenheim), the overall
affinities to modern vegetation of East Asia is
higher than that to modern European vegetation. In
the later Plio-/Pleistocene (assemblages of the
Vild$tejn Fm. and from Thuringia), proxies of Euro-
pean vegetation gain increasing relevance (Figure
3; see next section).

The fossil record of South Europe, Turkey,
and Armenia is far less continuous than that from
Central Europe, making general trends difficult to
assess. For South Europe the composition of the
overall scores is comparable to those of some mid-
dle Miocene sites in Central Europe, including the
European Formations G, H, J, and K (Figure 3).
East Asian affinity is higher in the Mio-/Pliocene
record of South Europe and Turkey than in the
Armenian early Pleistocene. For CaViettone,
“BLEF China, Japan” is the most relevant among
all assemblages from the Mediterranean. The com-
position of its overall score is reminiscent of some
Central European assemblages of the Younger
Mastixioid type, e.g., Wackersdorf.

European Vegetation Formations

European vegetation proxies are delivered
increasingly from the early Miocene onwards.
Except for the floras with higher proportions of the
BLE component (some of them assigned to the
“Younger Mastixioid floras”, sensu Mai, 1964), the
late early and middle Miocene Central European
assemblages (Mecsek Mts., Randeck Maar, Par-
schlug, Holy Cross Mts., Erdébénye) are distin-
guished by distinctly increased numbers of
European vegetation proxies. These sporadically
also include vegetation Formations J - Mediterra-
nean sclerophyllous forests and scrub, K - Xero-
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phytic coniferous forests, coniferous woodland and
scrub, and even L - Forest steppes and dry grass-
lands alternating with dry scrub (Holy Cross Mts.).
This pattern is very different from preceding and
later periods and is related to physiognomic
changes reflected in the IPR similarities. It sup-
ports the results of Kovar-Eder and Teodoridis
(2018) for the late early to middle Miocene floras of
the wider Paratethys surroundings. Those authors
concluded climatic conditions had increased sea-
sonality in precipitation compared to earlier and
later periods (see also section Modern Vegetation
Proxies Reflecting Climate Change).

Formation H - Hygrophilous thermophytic
mixed deciduous broadleaved forests, occur in the
Caucasus region. Unit HO01, Colchic mixed oak
forests, appears as a proxy for Miocene Central
European assemblages, with higher proportions of
evergreen taxa (Linz, Ebelsberg Fm., Oberdorf,
Wackersdorf, Mataschen), and for the Pliocene of
Italy (Ca'Viettone) (Figure 7). Hyrcanian forests
(HO002, H003) are delivered as proxies for early to
middle Miocene Central European assemblages
(Mecsek Mts., Holy Cross Mts., Erdobénye), for
Postorna-Moravska Nova Ves (late Miocene), and
for the middle Miocene of Turkey (Yatagan Basin)
as well as occasionally for the Armenian early
Pleistocene. The Colchic mixed oak forests (H001)
are developed at the eastern margin of the Black
Sea, while the Hyrcanian lowland to montane for-
ests (H002, HO03) are spread at the southern mar-
gin of the Caspian Sea. In both regions the climate
is evenly warm-temperate, but in the Colchic
region it is perhumid with high precipitation,
whereas the Hyrcanian region differs by seasonal
precipitation (dry summer, precipitation peak in
fall). The forests of Formation H are characterised
by high species diversity as well as by relict and
endemic taxa. They are tall-growing with a mostly
two-leveled tree layer formed by broad-leaved
deciduous oaks, elms, and limes. The shrub layer
is diverse and often forms thickets. Due to the dif-
ferent climatic situations, Colchic forests include
more evergreen taxa in the understorey than Hyr-
canian ones, e.g., Prunus laurocerasus, Rhodo-
dendron ponticum, and others (Bohn et al., 2004).
The leaf-physiognomic differentiation of the fossil
assemblages, which is expressed by the IPR Simi-
larity, is well reflected in the differentiation of prox-
ies of vegetation Formation H. The Colchic and the
Caspian forests are usually regarded as relict for-
ests of former vegetation. Surprisingly, they are not
delivered as proxies by the TS. The floristic similar-
ity of Formation H to the fossil record is therefore



clearly less than that of East Asian vegetation
types.

Formation G - Thermophilous mixed decidu-
ous broadleaved forests, delivered proxies mainly
for the late early to middle Miocene of Central
Europe and even more so for the Mediterranean
region and the Armenian early Pleistocene (Fig-
ures 3, 6). Geographically, forests of Formation G
are developed between Formation F in the north,
(forest) steppes in the southeast, and Mediterra-
nean evergreen sclerophyllous forests in the south
(Formation J). Its widest extension and highest
diversity of types are developed in the Pannonian
Basin and on the Balkan Peninsula. Deciduous to
evergreen, drought-resistant taxa (mainly oaks)
prevail in the tree layer, and drought-tolerant taxa
characterise the diverse herb layer (Bohn et al.
2004, EuroVegMap 2.06, map 13).

Proxies of the subdivisions G.2 to G.4 are rele-
vant for the Central European middle Miocene and
mainly for the Miocene record of southern Europe
and Turkey, whereas G.1 to G.3 appear to be more
relevant for the early Pleistocene record from
Armenia (Figure 7).

Subdivision G.2 - Sub-Mediterranean-subcon-
tinental thermophilous bitter oak and Balkan oak
forests are characterised by easterly bound sub-
Mediterranean oaks such as Quercus cerris. Such
forests are distributed in Italy and southeastern
Europe to Turkey (Bohn et al., 2004, map 13).
Units G032, Thracian downy oak-bitter oak forests,
and G036, Thracian mixed Balkan oak-bitter oak-
grey oak forests, which occur in the Danubian and
Eastern Balkan region, are the most important
proxies. In both, the tree layer is two- to three-sto-
ried, and in both, the understorey and herb layer
are diverse (Bohn et al., 2004).

Subdivision G.3 - Sub-Mediterranean and
meso-supra-Mediterranean downy oak forests as
well as mixed forests, are thermophilous forests
that are well distributed in more southern regions of
Europe up to the foothills of the Caucasus under
warm, winter-moist and summer-dry climate (see
Bohn et al., 2004, EuroVegMap 2.06, map 13). The
relevant proxy G056, Balkanic-Rhodopean Oriental
hornbeam-hop-hornbeam forests, are part of G.3.3
- ltalian-Balkan colline to montane hop hornbeam-
downy oak forests and mixed hop hornbeam for-
ests. These two- to three-layered, low- to medium-
growing forests have a diverse herb layer charac-
terised by thermophilous species.

From the late early Miocene onwards, proxies
of vegetation Formation F - Mesophytic broad-
leaved deciduous and mixed broadleaved/conifer
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forests are delivered for the Central European
record (Figures 3, 6). Its peaks are bound to the
Plio-/Pleistocene of Central Europe (VildStejn Fm.,
assemblages from Thuringia). Formation F rep-
resents the vegetation in more or less oceanic
European regions of the temperate zone (Bohn et
al. 2004, EuroVegMap 2.06, map 9). It is character-
ised by few deciduous tree species, namely pedun-
culate oak, hornbeam, lime, maples, ash, and
elms. European beech is limited to the west and to
submontane regions, while sessile oak and field
maple are bound to the east. Proxies of F.5 - Beech
and mixed beech forests, received the highest
score number (Figure 7) and, within these forests,
species-rich eutrophic and eu-mesotrophic beech
and mixed beech colline to altimontane forests
(F.5.2.2 to F.5.2.4), in which the tree layer is domi-
nated by beech (Appendix 9, sheet "Formation F").

For the Plio-/Pleistocene of Central Europe,
F.3 - Mixed oak-hornbeam forests are relevant
proxies (Figure 7, Appendix 9, sheet "Formation
F"). Forests of F.3 appear in lowland to lower mon-
tane temperate to submeridional regions of Central
and southeastern Europe. The tree layer is two- to
four-storied. Compared to beech forests, the tree
layer is more open, allowing for a well-developed
herb layer.

Within F.2 - Mixed oak-ash forests, F033,
Cantabrian-Euscaldian mixed oak-ash forests,
which are relevant for the Central European Plio-
cene and the Armenian Pleistocene, received by
far the highest score number within Formation F.
No other European vegetation unit received such a
value in TS. Three-fourths of these scores are
associated with the Central European Plio-/Pleisto-
cene record in TS and the Results Mix of both
Drudges (Appendix 8, sheet “Formation F”) indicat-
ing floristic relationship between the Plio-/Pleisto-
cene Central European record and this forest type.
The Cantabrian-Euscaldian mixed oak-ash forests
are restricted to the western Pyrenees along the
Bay of Biscay and the Cantabrian Mountains. They
develop under a humid-warm climate. The tree
layer is dominated mainly by pedunculate oak and
European ash associated with field maple, chest-
nut, elms, lime and others. Characteristic are
(sub)mediterranean and endemic species (Bohn et
al., 2004).

In the late early to middle Miocene and Plio-
cene Central European record as well as the Medi-
terranean and Armenia, Formation D - Mesophytic
and hygromesophytic coniferous and mixed broad-
leaved-coniferous forests, is relevant (Figures 3,
6). D.5 - Boreal and hemiboreal pine forests, deliv-
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ered the highest number of proxies (especially unit
D052 followed by D042) and unit D064 which is
part of D.6 - Montane to altimontane (subalpine)
pine forests in the nemoral zone (Appendix 8,
sheet “Formation D”). Unit D052, South Scandina-
vian pine forests on carbonate rocks, develop on
shallow and dry soil. In the open tree layer, scots
pine (Pinus sylvestris) is dominant. The drought-
resistant understorey includes thermophilous
woody elements such as juniper, Cotoneaster or
Sorbus (Bohn et al., 2004). Unit D042, North Scan-
dinavian open pine forests, is also dominated by
scots pine in the tree layer but is distinguished from
the southern type by the occurrence of Ericaceae
bog species (Bohn et al., 2004). D064, Caucasian
pine forests, occurring at higher altitudes on
extremely dry, shallow or steep sites, are charac-
terised by Pinus kochiana accompanied by birch,
spruce, fir, beech, and different oak species. The
shrub layer is polymorphous, depending on the site
conditions, including typical Caucasian and boreal
species (Bohn et al., 2004).

The relevance of Formation C - Subarctic,
boreal, and nemoral-montane open woodlands as
well as subalpine and oro-Mediterranean vegeta-
tion is low because its proxies appear scattered
through the Miocene and Pliocene, hindering a
more definitive interpretation (Figures 3, 6).

Proxies of vegetation Formation L - Forest
steppes (Meadow steppes alternating with nemoral
deciduous forests) and dry grasslands alternating
with dry scrub are generally delivered rarely as
proxies for the test set of fossil assemblages. Its
records are largely limited to the early Pleistocene
of Armenia (Figure 3).

In the context of vegetation evolution during
the Palaeogene and Neogene, Kovar-Eder et al.
(2013) demonstrated, that the proportions of fruit
dispersal syndromes (fleshy zoochorous, non-
fleshy zoochorous, and anemochorus fruits) were
correlated to forest types. In broad-leaved ever-
green forests, the values of fleshy zoochorous taxa
are high whereas anemochorous ones show low
values. However, in broad-leaved deciduous for-
ests the values of these traits are inverted. Modern
forests in China and Japan show consistent trends
(Knorr et al., 2012). Floristic composition evaluated
here by the Taxonomic Similarity (TS), leaf physi-
ognomy as assessed by the IPR vegetation analy-
sis, and fruit dispersal syndromes are traits, which
may serve as indicators of major ecosystem
changes related to climate change.
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Modern Vegetation Proxies Reflecting Climate
Change

Fossil plant assemblages yield unambiguous
signatures of past climate. This is because the
zonal flora of a region is directly related to the
macro-climate, and the regional floristic composi-
tion provides direct evidence on the vegetation
type. Numerous studies indicate that morphologi-
cal traits of fossil leaves provide information on cli-
mate, e.g., Bailey and Sinnott, 1916; Green and
Hickey, 2005; Greenwood, 2005; Roth-Nebelsick
et al., 2017; Royer, 2012; Wilf, 1997; Wolfe, 1993;
Wolfe and Spicer, 1999, and that fossil taxa
responded to climate (Roth-Nebelsick et al. 2021).
The Climate Leaf Analysis Multivariate Program
(CLAMP), which is based on morphological traits
(Wolfe, 1993; Spicer, 2007), and the Coexistence
Approach (CA), which is based on “nearest living
relatives” (more precisely most similar relatives)
(Mosbrugger and Utescher, 1997; Utescher et al.,
2014), are current approaches to reconstruct cli-
mate from the plant fossil record. These recon-
structions include mean annual temperature
(MAT), warm-month mean temperature (WMMT),
cold-month mean temperature (CMMT), and mean
annual precipitation (MAP). The year-round distri-
bution of precipitation also strongly influences the
development of major vegetation types. This
parameter is produced by CLAMP only (precipita-
tion during the three consecutive wettest/driest
months, 3-WET, 3-DRY). Summarising the climate
proxy data based on these technologies reveals
the overall cooling trend during the Palaeogene
and Neogene mainly in the MAT and CMMT (Fig-
ure 8, Appendix 10).

The sequence of modern proxy sets of the
test set of 54 fossil plant assemblages (Figure 3,
Overall score) also reflects the global trend of
decreasing temperature from the early Eocene to
the Pleistocene as delineated most recently. In this
sense, East Asian vegetation types and European
vegetation formations develop from south to north
(and from lower to higher altitudes) under climatic
conditions with decreasing MAT. Asia “BLEF
China, Japan” is characterised by the highest MAT,
whereas the lowest MAT is characteristic of “MCF
China, Japan”. In Europe the warmest MAT occurs
in the southernmost Formation J and the lowest
ones in the northernmost Formation C. Within the
frame of this study MAT, MAP, WMMT, and CMMT
have been assessed for the European vegetation
Formations F, G, and H by the European Leaf
Physiognomic Approach (ELPA) (Traiser and Mos-
brugger, 2004) (Figure 9, Appendix 11). The results
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FIGURE 8. Mean annual temperature (MAT), warm-month mean temperature (WMMT), and cold-month mean tem-
perature (CMMT) based on CLAMP and the Coexistence Approach (CA) for the fossil plant record (sources are
Kvacek et al., 2011; Teodoridis and Kvacek, 2015; Teodoridis et al., 2009, 2012, 2015, 2017). black columns: mini-
mum CA. light grey columns: maximum CA, narrow, dark grey columns: CLAMP result. For more comprehensive cli-

mate data see Appendix 10.

visualise a decrease of the temperature parame-
ters MAT, CMMT, and WMMT from Formation H to
Formation F. By trend MAP is lower in Formation G
than in Formation H.

The stratigraphical resolution of the terrestrial
plant record is usually lower than that of other
sources, especially when it derives from non-
marine deposits. Nevertheless, some important cli-
mate excursions are well reflected by the modern
vegetation proxies. The assemblages from the
Hampshire Basin and London Clay record the
period of the Early Eocene Climatic Optimum
(EECO), a distinctive period characterised by ele-
vated atmospheric CO, and very warm tempera-

tures (Zachos et al., 2001). The proxy sets of these
assemblages are the only ones in the test set of
fossil assemblages, which include China 01, Mount
Emei - Evergreen Broad-leaved Forest Zone (660—
1500 m alt.). The climate parameters in this region
(Emeishan City) indicate a very warm and humid
climate (MAT 17°C, MAP 1528 mm, WMMT 26.8°
C, CMMT 7.1°C; Teodoridis et al., 2011). The
ECCO would possibly be even more strongly
reflected by the proxies if the reference data set of
modern vegetation included tropical vegetation
from regions further south of China.

The early Oligocene cooling, which is related
to the onset of Antarctic glaciation, is reflected by
the assemblage of Seithennersdorf in which, for

the first time, the similarity is higher to proxies of
“MMF China” and “BLDF Upper Yangtze, Honshu”
than to “BLEF China, Japan”.

The Middle Miocene Climate Optimum, which
was a phase of globally warm and perhumid cli-
matic conditions, is reflected in the test set of fossil
assemblages by Oberdorf and Wackersdorf. These
assemblages indicate the closest affinities to
“BLEF China, Japan” of all the Miocene plant
assemblages included here.

The middle Miocene is further characterised
by the Middle Miocene Climatic Transition (MMCT)
around 14 Ma, which was probably modulated by
orbital forcing (Shevenell et al., 2004) and tectonic
evolution, resulting in the reorganisation of ocean
currents (Hamon et al., 2013). Isotope data indi-
cate climate cooling (Zachos et al.,, 2001) and
lower levels of atmospheric CO, (Beerling and

Royer, 2011). The signals delivered by modern
vegetation proxies for Central European plant
assemblages (Horni Bfiza, Randeck Maar, Par-
schlug, Holy Cross Mts., Erdobénye) differ mark-
edly from those of older and younger plant
assemblages. European vegetation formations are
delivered more commonly as proxies, including the
Formations G, H, J, and K, i.e., thermophilous and
mixed deciduous broad-leaved forests, hygrophi-
lous thermophytic mixed deciduous broad-leaved
forests, mediterranean sclerophyllous forests and
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FIGURE 9. Climate parameters of the modern European vegetation Formations F, G, and H based on Bohn et al.
(2004) and Traiser and Mosbrugger (2004) represented as columns spanning the minimum and maximum of the
respective data. Vegetation of Formation F tends to lower temperatures (note, however, that climate data for forma-
tions F.3 — F.1 are more complex). Vegetation of Formation G tends to lower MAP. Asterisks indicate single data
points (no climate interval was available). The data are listed in Appendix 11. Abbreviations: MAT = mean annual
temperature; WMMT = warm-month mean temperature; CMMT = cold-month mean temperature; MAP = mean

annual precipitation.

scrub, and xerophytic coniferous forests. This sig-
nal indicates more pronounced seasonality in pre-
cipitation than in preceding and later times. Lower
MAP is indicated by the representation of Forma-
tion G, especially of subdivisions G.2 and G.3 (at
lower elevations) (Figure 9, Appendix 11). The
proxies allow to infer climatic conditions at the tran-
sition between Cfa (temperate, no dry season, hot
summer)/Cfb (temperate, no dry season, warm
summer) to Cs (temperate, summer-dry) climate
sensu Koppen (Peel et al., 2007) (Kovar-Eder and
Teodoridis, 2018). Unstable precipitation, although
at the multiannual or decadal scale, was also pro-
posed based on isotope signals of an estuarine
oyster for the MMCT in Central Europe by Harz-
hauser et al. (2011). From the Yatagan Basin in
SW Turkey, the climatic interpretation of the plant
record based on leaf physiognomy (assessed by
the CLAMP analysis, biogeographic affinities of the
flora on the genus level, and “Kdppen signatures”)
resulted in a Cf (temperate, no dry season) or pos-
sibly Cw (temperate, winter-dry) climate sensu
Koéppen there (Bouchal et al., 2018).
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The isotope signatures of the mollusc fauna of
Lake Pannon indicate climate change towards
warm and perhumid conditions in the early late
Miocene around 10 Ma (Harzhauser et al., 2007).
The flora of Mataschen at the westernmost exten-
sion of Lake Pannon may be related to this humid
and warm phase. “BLEF China, Japan” appears
again to a notable extent and ultimately as proxies
in the Central European Miocene.

In the Central European record, the Plio-/
Pleistocene cooling is reflected by the increased
relevance of “MCF China, Japan” and of the Euro-
pean Formation F in the overall scores (Figures 3,
5, 6). Furthermore, European vegetation proxies at
that time gain increasing relevance compared to
the late Miocene and early Pliocene.

CONCLUSIONS

The recently introduced Drudges 1 and 2 con-
stitute automatised tools to assess modern vegeta-
tion proxies for Cenophytic plant assemblages. We
applied the Drudges to 54 assemblages of leaves,
fruits, seeds, and pollen from Europe, Turkey and



Armenia ranging from the early Eocene to the early
Pleistocene.

In the Palaeogene to the early Miocene the
similarities (IPR Similarity, TS, Results Mix) consis-
tently point towards a relationship to East Asian
modern vegetation. From the early Miocene
onwards the trends diverge, whereby the IPR Simi-
larity points towards stronger European relation-
ships than to East Asian ones, whereas TS still
indicates closer ties to the East Asian flora. The
weak representation of European vegetation prox-
ies in TS can most likely be ascribed to the pauper-
isation of the European flora caused by the climatic
oscillations during the Quaternary Ice Age.

The proxy sets for the early Eocene assem-
blages from Hampshire Basin and London Clay
signal the Early Eocene Climatic Optimum in so far
as they are the only ones including the modern
vegetation of Mount Emei - Evergreen Broad-
leaved Forest Zone (660-1500 m alt.), which is
characterised by a very warm and humid climate.

The early Eocene to early Oligocene assem-
blages, which include the so-called “Older Mastix-
ian floras” sensu Mai (1964), feature close
similarity to “BLEF China, Japan”, mainly to the
BLEF of Longgi Mt. and to Broad-leaved Sclero-
phyllous Forests Taiwan, Fujian, and Guangxi
sensu Wang (1961).

In contrast, Miocene and Pliocene assem-
blages with higher proportions of BLE taxa com-
pared to other assemblages of this period,
including the “Younger Mastixioid floras” sensu Mai
indicate proxies mainly restricted to Broad-leaved
Evergreen Sclerophyllous Forest Southern Hunan,
the Southeastern Provinces, and Yunnan sensu
Wang (1961) as well as to the BLEF of Mt. Fuiji.
Furthermore, for the “Younger Mastixioid floras” the
Colchic mixed oak forests (sensu Bohn et al.,
2004) are proxies.

Shared proxies between assemblages with
high proportions of BLE taxa from the Palaeogene
and Neogene are mainly Broad-leaved Evergreen
Sclerophyllous Forests in the Maritime Provinces
(Guangdong, Southern Hunan), in the Southeast-
ern Provinces (Guizhou, Northern Guangxi) and
Yunnan sensu Wang (1961).

For the early Oligocene site Seifhennersdorf,
most of the proxies are part of the Mixed Meso-
phytic Forest Formation sensu Wang (1961),
reflecting the early immigration of broad-leaved
deciduous taxa often called “Arctotertiary” taxa.
That immigration was likely linked to the global
Early Oligocene Cooling.
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For late early to middle Miocene assemblages
the diversity of proxies is higher, reminiscent of the
picture for the assemblages from the Miocene in
southern Europe and Turkey. For the first time the
European vegetation Formations D - Mesophytic
and hygromesophytic coniferous and mixed broad-
leaved-coniferous forests, and F - Mesophytic
broadleaved deciduous and mixed broadleaved/
conifer forests, gain importance as proxies. Forma-
tions G - Thermophilous mixed deciduous broad-
leaved forests (G.2 to G4), J - Mediterranean
sclerophyllous forests and scrub, and K - Xero-
phytic coniferous forests (sensu Bohn et al., 2004)
are more relevant than in the older and younger
Central European record and Hyrcanian forests are
delivered as proxies.

In Central Europe, proxies of the “MMF
China”, the “BLDF Upper Yangtze Provinces, Hon-
shu”, are more important for the late Miocene to
Pliocene than for most of the middle Miocene
assemblages. No proxies of the European Forma-
tions J, K, and L are delivered for the late Miocene
to Pliocene and proxies of Formation G are rare.

For the Plio-/Pleistocene assemblages of
Central Europe, proxies of the “MCF China, Japan”
and of the European vegetation Formation F -
Mesophytic broadleaved deciduous and mixed
broadleaved/conifer forests are more important
than in earlier periods, whereas “MMF China” is
least relevant. Within “MCF China, Japan”, Mon-
tane Coniferous Forest - Picea obovata-Abies sibir-
ica Forest (Mongolia 1) and Montane Coniferous
Forest - Mixed Hardwoods (Mongolia 2) are tallied
as proxies only for the Plio-/Pleistocene of Central
Europe. Within Formation F, especially F.2 - Mixed
oak-ash forests, F.3 - Mixed oak-hornbeam forests,
and F.5 - Beech and mixed beech forests, are rele-
vant. The Cantabrian-Euscaldian mixed oak-ash
forests (unit FO33, part of F.2) represent an essen-
tial proxy for the Plio-/Pleistocene Central Euro-
pean record, indicating a floristic relationship.

For the Miocene/Pliocene assemblages from
the Mediterranean, proxies of East Asian vegeta-
tion are more important than European ones. The
Armenian early Pleistocene record is distinguished
by the higher number of European versus East
Asian proxies in the overall scores. The TS, indi-
cates, however, closer relationship to East Asia
than to Europe. The Great Caucasus mountain
ranges and the proximity of the Caspian Sea were
potentially favourable for these ties. The Armenian
assemblages differ further from the Central Euro-
pean Plio-/Pleistocene by the lesser importance of
“MCF China, Japan”, by the high relevance of For-
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mation G - Thermophilous mixed deciduous broad-
leaved forests, (especially G.1 to G.3) and by some
proxies indicating Formation L - Forest steppes,
dry grasslands.

The results, i.e., the modern proxies tallied for
the fossil assemblages, reflect the overall vegeta-
tion evolution as well as the overall climate change
from the Eocene to the Pleistocene. They also sig-
nal climate oscillations as the Early Eocene Cli-
matic Optimum, the Early Oligocene Cooling, the
Middle Miocene Climatic Optimum, the Middle Mio-
cene Climatic Transition, and the climate deteriori-
ation preceding the Pleistocene Ice Age. Future
progress in stratigraphic and taxonomic resolution
of fossil plant assemblages and the application of
the Drudges will provide further differentiation of
Cenophytic zonal vegetation in Europe.

Glossary of terms

Azonal vegetation. The development of plant
communities is more strongly influenced by
edaphic conditions than by climate, e.g., wetland or
alluvial vegetation. Azonal taxa characterise azonal
vegetation.

Overall score. All scores of all proxy sets (IPR
Similarities, Results Mix of both Drudges and the
Taxonomic Similarity (TS)) for each assemblage/
site; i.e., 25 proxies (five derived by each similarity
approach). In this study the number of overall
scores is 54 according to the number of sites.
Proxy. East Asian vegetation type or European
vegetation formation or their subdivisions (units) as
delivered by Drudge 1 and 2.

Proxy set. The most closely corresponding five
modern units derived by the Drudges for the IPR
Similarities, the Results Mix of both Drudges, and
the Taxonomic Similarity (TS).

Reference dataset of modern vegetation. Mod-
ern vegetation in Europe, the Caucasus, Mongolia,
China, and Japan as categorised in Appendix 5.

Similarity approaches. IPR Similarity, Taxonomic
Similarity (TS), Results Mix of Drudge 1 and 2, i.e.,
5 approaches. Note, TS is identical in Drudge 1
and 2 and therefore is counted only once in the
overall scores.

Test set of fossil assemblages. i.e., set of 54 fos-
sil plant sites/assemblages in this study covering
the early Eocene to Pleistocene.

Vegetation formations: Major categories of zonal
vegetation in Europe as defined by Bohn et al.
(2004), Table 3.

Vegetation types. Major categories of zonal vege-
tation in East Asia as defined in Table 3.
Vegetation units: Smallest scale subdivisions of
East Asian vegetation types and European vegeta-
tion formations.

Sub-mediterranean. Transitional region between
the Mediterranean region and the broad-leaved
deciduous forest region (nemoral zone). The sum-
mer drought is less distinct than in the Mediterra-
nean region.

Zonal vegetation. Large-scale vegetation devel-
oping under mesic soil conditions (no extremes).
The given macro-climate is the determining factor
for its performance. Zonal taxa mainly are bound to
zonal vegetation.
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APPENDIX 1.

IPR scores of the 54 early Eocene to Pleistocene plant assemblages from Europe, Turkey and
Armenia (test set of fossil assemblages) included in this study. (All appendices are available in a
downloadable zipped file https://palaeo-electronica.org/content/2021/3352-vegetation-evolution-
and-climate-change.)

APPENDIX 2.

Copy and paste application of Drudge 1 including taxa, IPR scoring, and results for the early Oli-
gocene plant assemblage of Seifhennersdorf (Germany) version Drudge_1_505_cor-
r_20200510. (All appendices are available in a downloadable zipped file https://palaeo-
electronica.org/content/2021/3352-vegetation-evolution-and-climate-change.)

APPENDIX 3.

Copy and paste application of Drudge 2 including taxa, IPR scoring, and results for the early Oli-
gocene plant assemblage of Seifhennersdorf (Germany) version Drudge 2 505 cor-
r_20200510.(All appendices are available in a downloadable zipped file https://palaeo-
electronica.org/content/2021/3352-vegetation-evolution-and-climate-change.)

APPENDIX 4.

Matrix resulting from the application of Drudges 1 and 2 transferred to a spreadsheet and visual-
isation of the results with interactive colour signature. The fossil assemblages (abscissa) are
plotted against the dataset of modern vegetation types and their units (ordinate). Only those
units are included that received scores. The five best fitted results are mapped for IPR Similarity,
Taxonomic Similarity (TS), and Results Mix for both Drudges as well as the synthesis of all
results derived by both Drudges (sheet “Overall scores Drudge 1+2”). Note that TS is mapped
only once in the overall scores because it is identical for Drudge 1 and 2. Moving the cursor over
the columns provides the designation of the proxies and their relevance for every fossil assem-
blage. (All appendices are available in a downloadable zipped file https://palaeo-electronica.org/
content/2021/3352-vegetation-evolution-and-climate-change.)

APPENDIX 5.

Vegetation units from Europe and the Caucasus (Bohn et al., 2004), China and Mongolia (Wang,
1961), China and Japan (Teodoridis et al., 2011, Teodoridis et al., 2012). Linkage of ID codes
and the designation of the modern plant units (from Teodoridis et al., 2020, app. 7). (All appendi-
ces are available in a downloadable zipped file https://palaeo-electronica.org/content/2021/3352-
vegetation-evolution-and-climate-change.)

APPENDIX 6.

Results of the Integrated Plant Record (IPR) vegetation analysis for modern vegetation proxies
in East Asia and Europe showing the proportions of the major zonal woody angiosperm compo-
nents BLD (broad-leaved deciduous), BLE (broad-leaved evergreen), SCL+LEG (sclerophyllous
plus legume-like). Included are only those units that were delivered as proxies by applying the
Drudges. The complete score results of the IPR vegetation analysis are available in Teodoridis et
al. (2020, appendices 1-4). (All appendices are available in a downloadable zipped file https://
palaeo-electronica.org/content/2021/3352-vegetation-evolution-and-climate-change.)
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APPENDIX 7.

Comparison of East Asian forest types, mixed mesophytic forests (MMF), broad-leaved decidu-
ous forests (BLDF), mountain coniferous forests (MCF), regarding diversity and proportion of
major zonal woody angiosperm components based on the IPR vegetation analysis performed on
the data provided by Wang (1961). The detailed scores are available in Teodoridis et al. (2020,
appendix 4) and Teodoridis et al. (2011-2021). (All appendices are available in a downloadable
zipped file https://palaeo-electronica.org/content/2021/3352-vegetation-evolution-and-climate-
change.)

APPENDIX 8.

Relevance of modern East Asian and European vegetation types and formations as derived by
Drudge 1 and 2 in the IPR Similarities, Taxonomical Similarity (TS), and Results Mix. (All appen-
dices are available in a downloadable zipped file https://palaeo-electronica.org/content/2021/
3352-vegetation-evolution-and-climate-change.)

APPENDIX 9.

Relevance of modern East Asian and European vegetation types and formations regarding age
and region as derived by Drudge 1 and 2. (All appendices are available in a downloadable
zipped file https://palaeo-electronica.org/content/2021/3352-vegetation-evolution-and-climate-
change.)

APPENDIX 10.

Climate data for fossil sites reconstructed by CLAMP and the Coexistence Approach. (All appen-
dices are available in a downloadable zipped file https://palaeo-electronica.org/content/2021/
3352-vegetation-evolution-and-climate-change.)

APPENDIX 11.

Climatic parameters of the modern European vegetation Formations F, G, and H. Climate data
marked with an asterisk: obtained from Bohn et al. (2004). Data marked with “*” obtained from
Traiser and Mosbrugger (2004). Abbreviations: MAT = mean annual temperature; WMMT =
warm-month mean temperature; CMMT = cold-month mean temperature; MAP = mean annual
precipitation; N = North, E = East, S = South, W = West. (All appendices are available in a down-
loadable zipped file https://palaeo-electronica.org/content/2021/3352-vegetation-evolution-and-
climate-change.)
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