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Abstract The Eocene-Oligocene transition (EOT) marked a rapid global cooling event, often considered as the beginning of the
modern icehouse world. Influenced by various factors, including tectonic activity and paleogeographic settings, the terrestrial
records indicate a diverse response of fauna and vegetation to this global event. We examined nine macrofossil assemblages from
seven fossil localities on the southeastern margin of the Tibetan Plateau and from the mid-latitudinal Europe ranging from the
latest Bartonian and Priabonian (37.71-33.9 Ma) to the Rupelian (33.9-27.82 Ma). Our aims were to trace and compare the
vegetation history of both regions in the late Eocene and early Oligocene. The results show that both regions experienced
changes in vegetation composition in response to climate change, characterized by a decrease in the percentages of broad-leaved
evergreen elements and distinctive changes in general vegetation types. A general change in the overall vegetation type from
subtropical broad-leaved evergreen forests in the late Eocene to temperate broad-leaved mixed deciduous evergreen forests, or
mixed mesophytic forests, in the early Oligocene is recognized in both regions. The results indicate a clear change in leaf
architecture, leaf margin states, and secondary venation types in the mid-latitudinal Europe, while the results from the south-
eastern margin of the Tibetan Plateau show a distinct reduction in leaf size. Our data suggest that both global and regional factors
played key roles in shaping the vegetation in the two regions.
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1. Introduction

The Eocene-Oligocene transition (EOT) is one of the most
important climatic transitions associated with global cooling
during the Cenozoic, the onset of continental Antarctic gla-
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ciation and massive global sea-level drop (Zachos et al.,
2001; Coxall et al., 2005; Pagani et al., 2011; Westerhold et
al., 2020; Hutchinson et al., 2021). Introduced by Coxall and
Pearson (2007) as a “phase of accelerated climate and biotic
change”, the EOT began before the Eocene-Oligocene
boundary (33.9 Ma; Cohen et al., 2013) and lasted about
790 ka. Hutchinson et al. (2021) proposed a revised and
updated the EOT timeframe. Thereafter, the base of the EOT
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(hereafter called onset) was fixed by the tropical marine
nannofossil extinction event at about 34.44 Ma. The top of
the EOT (hereafter called offset) was fixed by a marked
increase of 6'°O at about 33.65 Ma. It is proposed that the
onset of the EOT is mainly associated with a pronounced
cooling of ocean water, while the offset is primarily re-
presented by a massive ice growth accompanied by a drop in
sea level (Hutchinson et al., 2021). The latter caused sig-
nificant paleogeographic changes in Eurasia, which was a
major factor in the evolutionary step in the history of
mammals called “Grand Coupure” (e.g., Hooker et al.,
2004). The same paleogeographic changes might be the main
reason for the presence of floristic migration routes across
Eurasia in the early Oligocene (e.g., Akhmetiev et al., 2009).
The decline of global atmospheric CO, (Beerling and Royer,
2011; Sheldon et al., 2012; Anagnostou et al., 2016; Els-
worth et al., 2017), strengthening of changes in the Antarctic
circumpolar current, opening of the Southern Ocean gate-
ways (Tasman Seaway and Drake Passage) and orbital var-
iations (Egan et al., 2013; Scher et al., 2015; Coxall et al.,
2018; Tardif et al., 2021) may be driving factors of that
climate transition (Coxall and Pearson, 2007). The EOT has
been extensively studied and described from marine and
terrestrial sediments (Zachos et al., 1996; Liu et al., 2009;
Pearson et al., 2009; Coxall et al., 2018; Wade et al., 2020;
Toumoulin et al., 2022). However, the magnitude and impact
of regional climate change on paleoecosystems during this
transition showed considerable variation, which influenced
by factors such as tectonic activity and paleogeographic
configurations (Chamberlain et al., 2012; Hren et al., 2013;
Kocsis et al., 2014; Kargaranbafghi and Neubauer, 2018;
Ding et al., 2022; Xie et al., 2022; Zheng et al., 2022).
Terrestrial records show a rather heterogeneous response of
fauna and vegetation to the global cooling (Kocsis et al.,
2014; Pound and Salzmann, 2017). Indeed, while climate-
related vegetation changes have been reported from many
regions, certain locations show little to no discernible impact
of global developments on regional and local climate and
flora (Herman et al., 2017; Pound and Salzmann, 2017; Tosal
et al., 2018).

For example, due to the growth of the Tibetan Plateau, a
remarkable transition from dry to wet climate before the
EOT was reported from the southeastern margin (Sorrel et
al., 2017; Fang et al., 2021; Zheng et al., 2022). But, the
onset of widespread aridification before the EOT was in-
ferred in the Xining Basin which is located at the north-
eastern margin of the Tibetan Plateau (Dupont-Nivet et al.,
2007, 2008; Barbolini et al., 2020). Therefore, more studies
are needed to reveal the detailed mechanisms of terrestrial
ecosystem responding to global changes during the EOT
(Page et al., 2019).

The present study aims to describe changes in regional
vegetation during the EOT in two geographically distant

Sci China Earth Sci

September (2024) Vol.67 No.g9

regions within Eurasia. These two regions provide succes-
sions of fossil floras from the Priabonian to the Rupelian that
also cover the vegetation history before and after the EOT
(Figure 1). In the first region, namely the southeastern
margin of the Tibetan Plateau, which was strongly influenced
by tectonic activities in the Cenozoic, a significant north-
south elevational gradient was already established before the
early Oligocene (Hoke, 2018; Su et al., 2019; Xiong et al.,
2020; Wu et al., 2022). Modern plant diversity in that region
had already occurred before the EOT (Su et al., 2019). In
contrast, selected sites from the mid-latitudinal Europe were
located in the lowland coastal plains of the palaco-North Sea
and in the nearby low-elevation volcanic-shaped hinterlands
(Kvacek and Teodoridis, 2011; Standke et al., 2010; Kunz-
mann, 2012; Kunzmann and Walther, 2012). These sites are
mostly affected by global sea level and temperature change,
and relatively less affected by regional geological processes
(Kvacek et al., 2014; Kunzmann et al., 2019). These two
regions in Eurasia responded to global EOT processed in-
dependently and represent the regional histories of a lower
latitude high-altitude montane zone and a mid-latitude low-
altitude coastal zone. Furthermore, European Paleogene
floras were similar to modern broad-leaved evergreen forests
and mixed mesophytic forest from East and Southeast Asia
(Teodoridis et al., 2012) making the present comparison
feasible and plausible.

2. Materials and methods

2.1 Materials

Four assemblages of macrofossils from three localities were
selected from the southeastern margin of the Tibetan Plateau.
The formations at these sites were considered to be of
Miocene in age based on regional lithostratigraphic com-
parison and various fossils (Writing Group of Cenozoic Plant
of China, 1978). In recent years, the age of the three sites has
been revised using radiometric dating, and all have been
shown to be of Paleogene in age (Gourbet et al., 2017;
Linnemann et al., 2018; Su et al., 2019). The fossil-bearing
section at Liihe is composed of mudstone with several coaly
layers and volcanic ash, the estimated age of the flora around
33+]1 Ma (Linnemann et al., 2018). The regional vegetation
reconstructed from pollen record and macrofossils indicates
a deciduous broad-leaved forest mixed with evergreen
broad-leaved elements (Tang et al., 2020; Wu et al., 2022).
The age range of the Markam-1 site (upper Lawula Forma-
tion, 33.4+0.5 Ma) is associated with the EOT offset, while
the estimated age of the Markam-3 site (lower Lawula For-
mation, 34.6+0.8 Ma) is associated with the EOT onset (Su et
al., 2019). A recent study using a different isotope system for
dating suggested that the Lawula Formation could be middle
to the late Eocene in age (Zhao et al., 2023). The age dis-
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Figure 1 Locations of selected fossil sites. (a) Map of the study regions; the red rectangles refer to the mid-latitudinal Europe and the southeastern margin
of the Tibetan Plateau, respectively; (b) enlargement of study areas in the mid-latitudinal Europe; (c) enlargement of study areas in the southeastern margin of
the Tibetan Plateau. 1, Profen-Siid 3u; 2, Haselbach; 3, Ku¢lin; 4, Seifhennersdorf; 5, Markam; 6, Jianchuan; 7, Liihe.

crepancy between the two studies may be inherent in the
dating methods. Herein, we followed the age concept of Su et
al. (2019) whose results provided the details of the back-
ground data for our fossils. The plant assemblage from the
late Eocene layer was dominated by Fagaceae and Betula-
ceae, but the dominate families changed to Rosaceae and
Salicaceae in the early Oligocene (Deng et al., 2020). Cen-
ozoic sedimentary rocks in the Jianchuan Basin consist of six
formations, the coal-bearing Shuanghe Formation (35.9+0.9
Ma) yielding abundant plant fossils and providing a pre-EOT
assemblage (Gourbet et al., 2017). Macrofossils indicated
that the flora of Shuanghe was dominated by Fagaceae and
Lauraceae, and the paleovegetation was a subtropical broad-
leaved evergreen forest (Writing Group of Cenozoic Plant of
China, 1978; Ge and Li, 1999) (Appendix Table S1, https://
link.springer.com). Palynological records revealed more
ferns and deciduous broadleaved components compared to
the macrofossil assemblage (Wu et al., 2018).

Five fossil assemblages from four localities were selected
to represent the vegetation history of the mid-latitudinal
Europe. The Seifhennersdorf site is clearly younger than the

EOT (Bellon et al., 1998), while the Haselbach HC assem-
blage is assumed to represent a time shortly after the EOT as
a so-called “post Grand Coupure” flora (Akhmetiev et al.,
2009). Three assemblages (Profen-Siid 3u, Kuclin, and Ha-
selbach 2-3mi) are older than the EOT (Teodoridis and
Kvacek, 2015; Moraweck et al., 2019). Kuclin, located in
North Bohemia, Czech Republic, represents a subtropical
zonal vegetation of a volcanic-shaped hinterland (Kvacek
and Teodoridis, 2011), while the eastern German Seifhen-
nersdorf assemblage represents a warm-temperate mixture of
evergreen and deciduous vegetation from the same hinter-
land (Walther and Kvaéek, 2007; Miiller et al., 2023). Pro-
fen-Siid 3u and two Haselbach assemblages from the central
German Weisselster area in the Leipzig Embayment mostly
show an intrazonal aspect of coastal lowland riparian vege-
tation (Moraweck et al., 2015; Teodoridis and Kvacek, 2015;
Kunzmann et al., 2019; Moraweck et al., 2019). For Profen-
Sitid 3u and Haselbach 2-3mi broad-leaved evergreen sub-
tropical forests have been described (Mai and Walther,
2000). These assemblages originate from the Bruckdorf
Member of the Borna Formation (Standke et al., 2010). The
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Haselbach HC assemblage originates from the Grobers
Member of the Bohlen Formation (Standke et al., 2010) and
is derived from a warm-temperate mixed mesophytic (ever-
green/deciduous) forest (Kunzmann and Walther, 2007;
Kunzmann and Walther, 2012) (Appendix Table S2). Com-
prehensive palynological data indicating the evolutionary
history of the regional vegetation in central and east Ger-
many are available (Krutzsch, 2011). In general, the paly-
nological floras are assembled to complexes referring to an
elaborated biostratigraphic spore-pollen zonation for this
area. Krutzsch (2011) stated that the general vegetation
history observed from palynological assemblages coincides
with the results from the macrofloristic assemblages. The
early-middle Priabonian Paleogene Spore-Pollen zone 18
corresponds to the subtropical evergreen broadleaved forest
and the zone 20 A marks the earliest Oligocene with tem-
perate mixed deciduous evergreen forest (Krutzsch, 2011).
Zone 19, referred to late Priabonian age, is insufficiently
known to date (Krutzsch, 2011). However, there are no
compilations of microfloras available for the specific mac-
rofloristic sites treated herein.

2.2 Methods

Since the study period covers a relatively long timeframe,
taxonomic classification at the genus level is more suitable
for studying the diversity of fossil floras (Cleal et al., 2021).
Lists of fossil taxa (Appendix Table S1 and S2) of the fossil
assemblages were compiled from the most recent publica-
tions (Table 1). Gymnosperm taxa are arranged according to
the system proposed by Christenhusz et al. (2011) and the
angiosperm classification follows the classification of the
Angiosperm Phylogeny Group (APG) IV (APG, 2016).
The Integrated Plant Record (IPR) vegetation analysis, a
semi-quantitative method for evaluating the main zonal ve-
getation types based on the plant fossil record, was applied
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(Kova-Eder and Kvacek, 2007; Teodoridis et al., 2011a).
According to the IPR, the zonal and azonal plant elements
are assigned to thirteen taxonomic-physiognomic groups,
including the conifer component (CONIFER), the broad-
leaved evergreen component (BLE), the broad-leaved de-
ciduous component (BLD), the sclerophyllous component
(SCL), the legume-like component (LEG), the zonal palm
component (ZONPALM), the arborescent fern component
(ARBFERN), the dry herbaceous component (DRY HERB),
the mesophytic herbaceous component (MESO HERB), the
azonal woody component (AZW), the azonal non-woody
component (AZNW), the aquatic component (AQUA), and
the elements with uncertain taxonomic-physiognomic affi-
nity (PROBLEMATIC TAXA). Every taxon is assigned to
the above components based on the fossil record and their
closest living relatives. If a taxon is doubtfully assigned to
one component, it is given a subdivided value in the re-
spective components.

Based on the percentage of each group in a given fossil
assemblage, IPR distinguishes six types of vegetation,
namely broad-leaved deciduous forests (BLDF), mixed
mesophytic forests (MMF), broad-leaved evergreen forests
(BLEF), subhumid sclerophyllous forests (ShSF), xeric open
woodlands (open woodland), and xeric grasslands or steppe
(xeric grassland). In addition, ecotones between BLEF and
MMF, and ecotones between BLDF and MMF were ad-
ditionally defined (Teodoridis et al., 2011a, 2011b).

Taxonomic Similarity Drudges and Result-Mixes Drudges
(Teodoridis et al., 2020) were applied to statistically de-
termine close modern vegetation proxies for the selected
fossil plant assemblages. As there is insufficient evidence of
zonal herbs at the sites, only Drudge 1 could be applied
(Teodoridis et al., 2020). The IPR results for Haselbach HC,
Seifhennersdorf, Profen-Siid 3u, Haselbach 2-3mi, and Ku-
¢lin, have already been published by Teodoridis and Kvacek
(2015). Although the Markam and Liihe score sheets are

Table 1 Selected the late Eocene and the early Oligocene study sites and assemblages

. . Age range Dating Depositional
Epoch Region Site/assemblage (Ma) methods environment Reference
Seifhennersdorf 30.7+0.7 K-Ar Fresh water lake and Walther and Kvacek, 2007
The mid-latitudinal Europe swamp
Early Haselbach HC Unknown Biostratigraphy =~ Riparian coastal plain ~ Kunzmann and Walther, 2012
Oligocene
The southeastern margin of Liihe 33+1/32+1 U-Pb Fresh water lake Linnemann et al., 2018
the Tibetan Plateau Markam-1 33.4+0.5 AL Ar Floodplain Su et al., 2019
The mid-latitudinal Europe  Profen-Siid 3u 35.8-354 Biostratigraphy ~ Riparian coastal plain Moraweck et al., 2019
Haselbach 2-3mi 36.7-36.4  Biostratigraphy  Riparian coastal plain Moraweck et al., 2019
Late Kuélin 383409  Owatigmaphical o water lake  Kvacek and Teodoridis, 2011
Eocene comparing
40, 39
The southeastern margin of Markam-3 34.6+0.8 Ar/” Ar Fresh water lake Su et al., 2019
the Tibetan Plateau Jianchuan ~35.9+0.9 U-Pb Swamp Gourbet et al., 2017
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already included in the online database (www.iprdatabase.
eu), the ages of these two sites have been updated and more
fossil species have been reported from assemblages in recent
years (Su et al., 2019; Deng et al., 2020; Wu et al., 2022).
Therefore, new analyses are conducted for these two sites.
The floristic assemblage of Jianchuan was analyzed for the
first time (Appendix Table S3).

Leaf architectural characters show plant adaptation to en-
vironmental conditions (Sack and Scoffoni, 2013; McElwain
et al., 2016; Li et al., 2022). Trait Combination Type (TCT)
approach for fossil dicot leaves (Roth-Nebelsick et al.,
2017), a semi-quantitative tool for describing the morpho-
logical “fingerprints” of entire leaf assemblages, was used to
characterize the basic leaf physiognomic variability of fossil
assemblages. Roth-Nebelsick et al. (2017) distinguished 16
Trait Combination Types (TCT) based on the combination of
four-leaf architectural character sets. These sets are as fol-
lows: leaf lobed or unlobed, leaf margin toothed or un-
toothed, primary vein pattern pinnate or palmate, and
secondary venation looped or non-looped.

The TCT results of the Kuclin and Seithennersdorf as-
semblages were taken from Roth-Nebelsick et al. (2017).
The TCT results of the Profen-Siid LC assemblage (Kunz-
mann et al., 2019) are used as a substitute for the Profen-Siid
3u assemblage. Both assemblages come from two close lo-
cations in the same lithostratigraphic unit. The substitution
was necessary because the fragmented preservation of the
fossil leaves in the Profen-Siid 3u assemblage prevents the
application of the TCT approach. Accordingly, the Ha-
selbach HC assemblage was replaced by unpublished as-
semblage data from the Schleenhain HC sampling site that
comes from the same lithostratigraphic layer. For the Mar-
kam and Liihe assemblages from the southeastern margin of
the Tibetan Plateau, representative subsamples of 10% of the
leaves of the entire material were randomly selected. Due to
the small number of leaf specimens (30 pieces) in the Jian-
chuan assemblage, all specimens were included in the ana-
lysis.

Paleoclimate parameters derived from the Climate-Leaf
Analysis Multivariate Program (CLAMP) for the two re-
gions have been published (Moraweck et al., 2019; Su et al.,
2019; Wu et al., 2022). We compiled the published paleo-
climate parameters and calculated the mean annual tem-
perature range (MATR) value. Because at least 20 leaf
morphotypes are required from a fossil assemblage to reveal
reliable results. Therefore, the method is not applicable to the
Profen-Siid 3u and Jianchuan assemblages. For Profen-Siid
3u, the values for the nearby Schleenhain 3u assemblage
(same lithostratigraphic layer) published by Moraweck et al.
(2019) are used. Regarding the TCT analysis, the CLAMP
values of Schleenhain HC by Moraweck et al. (2019) are
used as a substitute for the Haselbach HC assemblage. In
total, 11 climate variables are calculated by CLAMP, from
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which the six most important variables are selected, namely
mean annual temperature (MAT), warm month mean tem-
perature (WMMT), cold month mean temperature (CMMT),
mean growing season precipitation (GSP), precipitation in
the three consecutive wettest months (3-WET), and pre-
cipitation in the three consecutive driest months (3-DRY).
The WMMT value minus the CMMT value is used to esti-
mate the MATR.

3. Results

3.1 Taxonomic diversity

16 families and 32 (fossil-)genera are reported from the late
Eocene floras on the southeastern margin of the Tibetan
Plateau (Appendix Table S1). Lauraceae, Rosacacae, and
Fagaceae are the most diverse broad-leaved components, i.e.,
each family is recorded with four (fossil-)genera (Figure 2).
In the early Oligocene, diversity increased to 21 families and
43 (fossil-)genera. Rosacacae and Betulaceae diversity in-
creased to five and four genera in the early Oligocene, re-
spectively, but Lauraceae diversity decreased from four to
two (fossil-)genera. Fagaceae diversity remained stable with
four genera, but the evergreen genus Lithocarpus dis-
appeared and the deciduous genus Castanea appeared (Fig-
ure 2).

Taxonomic diversity in the mid-latitudinal Europe was
generally about twice as high as in the southeastern margin
of the Tibetan Plateau. However, the region experienced a
slight decline in plant diversity across the EOT (Figure 2),
from 55 families and 91 (fossil-)genera in the late Eocene to
50 families and 87 (fossil-)genera in the early Oligocene
(Appendix Table S2). Some families that are recorded with
only one or two genera such as Araceae, Rutaceae, and
Rhamnaceae disappeared after the EOT. The diversity within
some evergreen families such as Theaceae, was also reduced
(Appendix Table S2). Lauraceae and Malvaceae are the most
diverse families in the mid-latitudinal Europe in the late
Eocene, each with five (fossil-)genera. The diversity of both
families shows a slight decrease in the early Oligocene. At
the same time, Rosaceae diversity increased notably from
one genus to five genera. Nyssaceaec and Betulaceae, not
recorded from the late Eocene, are abundant with four genera
each in the early Oligocene.

3.2 Abundance of evergreen components

Late Eocene floras show a higher percentage of BLE ele-
ments than early Oligocene floras in both regions (Figure 3).
The coastal lowland floras of Haselbach 2-3mi and Profen-
Siid 3u accounted for more than 75% of the BLE elements.
However, BLE elements in the approximately coeval hin-
terland flora of Kuclin accounted for 40.7%, which is less
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Figure 2 Number of (fossil-)genera of selected dominant families in fossil floras from the southeastern margin of the Tibetan Plateau and the mid-
latitudinal Europe. For detailed information on (fossil-)genera and (fossil-)species, see Appendix Table S1 and S2.
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Figure 3 Percentages of zonal woody taxonomic-physiognomic components.

than in Jianchuan and Markam-3. ZONPALM has been re-
ported from all assemblages in the mid-latitudinal Europe,
while no palms have been recorded in assemblages from the
southeastern margin of the Tibetan Plateau. The early Oli-
gocene Markam-1 flora shows a high percentage of SCL and
LEG and the lowest percentage of BLE elements. Based on

the relative percentages of zonal woody components, all the
late Eocene floras represent BLEF in this study. The flora of
the early Oligocene Haselbach HC site is also BLEF, but the
composition of the Seithennersdorf flora is similar to both
BLEF and MMF (ecotone). The southeastern margin of the
Tibetan Plateau experienced a more significant change with
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two early Oligocene assemblages interpreted as ecotone
between the BLD and MMF and xeric open woodlands, re-
spectively (Table 2).

The most similar extant vegetation units inferred by the
Similarity Drudge 1 tool are located in East Asia (Table 2).
Vegetation type inferred by similarity drudge and floristic
composition are different in some assemblages, such as
Haselbach HC, Liihe, Kuélin, and Markam-3. Both similarity
drudge and floristic composition show a change in vegeta-
tion type at the EOT.

3.3 TCT frequency patterns

In all locations, the proportions of unlobed leaves are much
higher than those of lobed leaves. TCT “P” is the only lobed
leaf type at Markam-3, Liihe, and Seifhennersdorf (Figures 4
and 5). Kuclin differs in that it has four lobed types (TCT “I”,
“J”, “0”, and “P”) but only accounted for 0.2% respectively.
In all assemblages, except Kuclin, only one (Seifthenners-
dorf, Markam, Liihe, Jianchuan) or two (Schleenhain HC,
Profen-Siid LC) TCTs predominate, together accounting for
65% or more of the TCT diversity for the assemblage. In
Kuglin, TCTs “A”, “B”, “C”, “E” and “F” are almost equally
represented (Figure 6). The diversity of TCT ranges from
three TCTs for Jianchuan to 12 TCTs for Kuclin (Figures 6
and 7). Riparian and floodplain assemblages dominated by
intrazonal elements have lower TCT diversity (three or four
TCTs) than assemblages from fresh water lake environments
dominated by zonal elements. The latter reveal more than six
TCTs (Seithennersdorf, Liihe, Kuc¢lin). The floras with the
most diverse leaf architectural types are the Seithennersdorf
and Kuclin assemblages from the volcanic-shaped hinterland
sites with eight and 12 TCTs, respectively.

Predominant TCTs often differ between the late Eocene

Table 2 Similarity Drudge 1 results for study sites”
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and the early Oligocene assemblages. TCTs “F” (unlobed,
toothed margin, pinnate 1° venation and non-looped sec-
ondaries) and “E” (unlobed, toothed margin, pinnate 1° ve-
nation and looped secondaries) dominate in all assemblages
of the early Oligocene and in the late Eocene Markam-3. In
the late Eocene Profen-Siid LC and Jianchuan assemblages,
TCTs “A” and “B” (unlobed, entire-margined leaves with
pinnate 1° venation) account for 85.2% and 72% of the total
TCT diversities, respectively. The proportion of unlobed
entire-margined leaves (TCTs “A”—“D”) decreased sub-
stantially from the late Eocene to the early Oligocene. In
contrast, the stratigraphy-related patterns for unlobed,
toothed leaves (TCTs “E”—“H”) differ and do not indicate a
general increase from the late Eocene to the early Oligocene
because TCTs “E” and “F” are already abundant in the Ku-
¢lin assemblage. Among the lobed leaf types, TCT “P” in-
creased substantially from the late Eocene to the early
Oligocene.

3.4 Paleoclimate

A comparison of the published climate parameters leads to
the following data. The MAT for the late Eocene sites is
higher than that from the early Oligocene (Table 3) in both
studied regions. At the Markam site, MAT decreased from
17.842.3°C to 16.4+2.3°C. The decrease at the Schleenhain
site was more pronounced, from 19.7+2.1°C to 14.2+1.3°C.
The WMMT for the two Markam sites (28.0+2.8°C) re-
mained unchanged from the late Eocene to the early Oligo-
cene and is similar to the value for the early Oligocene Liihe
site (27.242.8°C). The WMMT decreased slightly from the
late Eocene to the early Oligocene in the mid-latitudinal
Europe. On the contrary, this study region has experienced a
dramatic change in CMMT. The CMMT for the Haselbach 2-

Sites Vegetation code Modern vegetation

Vegetation type

Total difference

Similarity drudge Floristic composition

Haselbach HC China 03 Mount Emei
Seithennersdorf China 67 Eastern Guizhou
Markam-1 China 13 Meri Snow Mountain
Liihe China 67 Eastern Guizhou
Profen-Siid 3u China 22 Longqi Mountain
Haselbach 2-3mi Japan 11 Yamakushima Island
Kuclin China 03 Mount Emei
Markam-3 China 03 Mount Emei
Jianchuan China 36 Guizhou

722 MMF BLEF

60.3 BLDF MMF/BLEF
425 ShSF Open woodlands
57.6 BLDF Ecotone
82.1 BLEF BLEF

71.6 BLEF BLEF

95.6 MMF BLEF

47.7 MMF BLEF

42.8 BLEF BLEF

a) Only the best-fitted results for each site were presented. MMF, mixed mesophytic forests; BLDF, broad-leaved deciduous forests; BLEF, broad-leaved
evergreen forests; ShSF, subhumid sclerophyllous forests; Open woodland, xeric open woodlands.
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Seifhennersdorf

Figure 4 Selected taxa of the mid-latitudinal Europe and attribution to Trait Combination Types (TCTs) sensu Roth-Nebelsick et al. (2017). (a) Laur-
ophyllum acutimontanum (TCT “A”); (b) Diospyros sp. (TCT “B”); (¢) Daphnogene cinnamomifolia (TCT “C”); (d) Rosa lignitum (TCT “E”); (e) Betula
alboides (TCT “F”); (f) Cercidiphyllym crenatum (TCT “H”); (g) Acer pseudomonspessulanum (TCT “K”); (h) Tilia gigantea (TCT “L”); (i) Acer
angustilobum (TCT “P”); (j) Dicotylophyllum arcinerve (TCT “A”); (k) Laurophyllum sp. (TCT “B”); (1) Parasteinhauera fischkandelii (TCT “E”); (m)
Sloanea nimrodi (TCT “F”); (n) Laurophyllum pseudoprinceps (TCT “A”); (o) Dicotylophyllum sp. (TCT “B”); (p) Daphnogene cinnamomifolia (TCT “C”),
(q) Platanus neptuni (TCT “E”); (r) Carpinus grandis (TCT “F”); (s) Populusgermamica (TCT “H”); (t) Ampelopsis hibschii (TCT “J”); (u) Acer
haselbachense (TCT “P”); (v) Byttneriopsis sp. (TCT “A”); (w) Leguminosites sp. (TCT “B”); (x) Daphnogene sp. (TCT “C”); (y) Ampelopsis sp. (TCT
“D”); (z) Platanus neptuni (TCT “E”); (aa) Sloanea sp. (TCT “F”); (ab) Ziziphus bilinica (TCT “H”); (ac) Ampelopsis sp. (TCT “J”); (ad) Dicotylophyllum

sp. (TCT “O” or “P”).

3mi site is 10.843.4°C in the late Eocene and 3.64+2.6°C in
the early Oligocene site Schleenhain HC (substitute site for
Haselbach HC). In the hinterland, the CMMT for the late
Eocene Kuclin site is 8.1+2.6°C, but the value for the early
Oligocene  Seithennersdorf is  substantially lower
(—1.6£2.6°C). MATR increased from the late Eocene to the
early Oligocene in all assemblages. In the late Eocene, the
average MATR was 17°C, while the value increased to 24°C
in the early Oligocene. The MATR change of Markam as-
semble is 1.6°C, which is lower than for other assembles.
GSP values for sites on the southeastern margin of the Ti-
betan Plateau and in the mid-latitudinal Europe decreased
from the late Eocene to the early Oligocene. In the late Eo-
cene, the mean GSP for the four sites is 1932 mm and it
decreased to 1239 mm in the early Oligocene.

4. Discussion

4.1 Changes in vegetation types across the EOT

In most circumstances, mountainous terrain and low-latitude
areas are important factors for higher biodiversity (Rahbek et
al., 2019). Due to the Eocene greenhouse conditions, the
climate in the mid-latitudinal Europe has been subtropical
and sometimes even paratropical in the early Eocene (Kva-
¢ek and Teodoridis, 2011; Moraweck et al., 2015) that cer-
tainly triggered overall plant diversity. Moreover, we discuss
diversity at the genus level but many divergence events
within genera occurring in the southeast margin of the Ti-
betan Plateau happened during the Neogene (Yu et al., 2017;
Chen et al., 2018). Therefore, the mid-latitudinal Europe
showed higher generic plant diversity than the southeastern
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Lihe

Figure 5 Selected taxa of the southeastern margin of the Tibetan Plateau and attribution to Trait Combination Types (TCTs) sensu Roth-Nebelsick et al.
(2017). (a) Morphotype LH-1 (TCT “A”); (b) morphotype LH-2 (TCT “B”); (¢) Cinnamomum sp. (TCT “C”); (d) Idesia sp. (TCT “E”); (e) Carpinus sp.
(TCT “F”); (f) Quercus sp. (TCT “F”); (g) Acer sp., (TCT “P”). (h) Salix sp. (TCT “A”); (i) Cotoneaster sp. (TCT “C”); (j) Spiraea sp. (TCT “E”); (k) Rosa
sp. (TCT “F”); (1) morphotype JC-1 (TCT “A”); (m) morphotype JC-2 (TCT “E”); (n) morphotype JC-3 (TCT “A”); (0) Quercus cf. presenescens (TCT “A”);
(p) Lindera sp. (TCT “C”); (q) Populus sp. (TCT “E”); (r) Betula sp. (TCT “F”); (s) Quercus tibetensis (TCT “F”); (t) Acer sp. (TCT “P”).

Table 3 Paleoclimate estimates derived using the Climate Leaf Analysis Multivariate Program (CLAMP)a)

Epoch Site MAT (°C) W(lf,/lcl\;[ T C?fg)[T NEOAJ)R GSP (mm) 3-WET (mm) 3-DRY (mm) References
Seifhennersdorf ~ 10.0+1.3  22.9+1.7 —1.6£2.6 24.5£2.6 849.4+497 559.2+239 140.4£104 Moraweck et al., 2019
Early Schleenhain HC ~ 142+1.3  25.0+1.7  3.6£2.6  21.442.6  654.5+497 4457239 76.4+104  Moraweck et al., 2019
Oligocene Liihe 149423 272428 18436 25443.6 1748.5:606  804.3+358 2324495 Wu et al., 2022
Markam-1 164423  28.0+2.8 32436 24.8+3.6 1704.0£606  768.0+358 196.0+95 Su et al., 2019
Schleenhain 3u  19.7£2.1 26325  13.6£3.4 12.7+#34  1902.5+317 9174229 172.0459  Moraweck et al., 2019
Late Haselbach 2-3 mi  17.9+2.1  25.5+2.5 10.8+3.4 147434  2403.1+317  1226.6+229  187.7+59 Moraweck et al., 2019
Eocene Kuélin 16.81.3  26.1=1.7  8.1£2.6  18.0£2.6 1267.0+497  638.0+239  142.0+104 Moraweck et al., 2019
Markam-3 17.842.3  28.0+2.8  4.8+3.6  23243.6 2157.04606  957.0+358 313.0£95 Su et al., 2019

a) MAT, WMMT, CMMT, GSP, 3-WET, and 3-DRY were compiled from the listed references, while MATR values were calculated in this study. MAT,
mean annual temperature; WMMT, warm month mean temperature; CMMT, cold month mean temperature; MATR, mean annual temperature range; GSP,
mean growing season precipitation; 3-WET, precipitation during the three consecutive wettest months; X3- DRY, precipitation during the three consecutive

driest months.

margin of the Tibetan Plateau, although preservation and
taphonomic biases and the status of scientific processing of

the fossil floras might have influenced the biodiversity data
as well.
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Figure 6 Results of TCT analysis for the early Oligocene assemblages (a) and late Eocene assemblages (b). Frequency values for Liihe, Schleenhain HC
(replacement for Haselbach HC), Markam and Jianchuan are from this study; values for Seifthennersdorf are from Miiller et al. (2023) and values for Kuclin
and Profen-Siid LC (replacement for Profen-Siid 3u) are from Kunzmann et al. (2019).

Both in the southeastern margin of the Tibetan Plateau and
in the mid-latitudinal Europe, paleovegetation responded to
paleoclimate change across the EOT. Assemblages from the
southeastern margin of the Tibetan Plateau show an increase
in plant diversity, while the mid-latitudinal European as-
semblages show a slight decrease (Figure 2). In both regions,
the diversity of temperate deciduous taxa (e.g., Betulaceae
and Rosaceae) increased in number of genera, while the di-
versity of evergreen taxa (e.g., Lauraceae) decreased. The
trend of reduced proportions of BLE elements and increased
proportions of BLD elements across the EOT known from

previous studies (e.g., Teodoridis and Kvacek, 2015) was
again recognized in this study (Figure 3). It is expressed by a
general change in the overall type of vegetation from BLEF
in the late Eocene to BLDF or MMF in the early Oligocene
(Table 2). This transition is more gradual than occurring as a
single significant step in both regions as the ecotone between
BLEF and MMF is reconstructed for several assemblages, e.
g., Seifhennersdorf and Liihe. Nevertheless, it should be
noted that between these two regions there is marked het-
erogeneity in taxonomic diversity and overall leaf archi-
tectural “fingerprints”. The late Eocene and early Oligocene
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floras of the mid-latitudinal Europe are compared with the
modern BLEF of subtropical China and Japan, rather than
with the modern floras of Europe and North America (Table
2). Genera endemic to East Asia such as Cephalotaxus,
Cercidiphyllum, Craigia, Fortunearia and fossils-genera
without close systematic connections with the present Eur-
opean flora such as Eotrigonobalanus, Rhodomyrtophyllum
and Daphnogene were found (Moraweck et al., 2019).
BLE elements show the highest percentages of the pre-
dominantly intrazonal paleovegetation from the coastal
lowland of the mid-latitudinal Europe in the late Eocene, and
the proportion decreased towards the early Oligocene.
However, this trend had already started in the hinterland in
volcanic-shaped landscapes in the latest Eocene, as evi-
denced by the flora of Roudniky, Czech Republic (Kvacek et
al., 2014). Thus, the relative decrease in BLE eclements
across the EOT is lower in the hinterland assemblages that
mainly represent zonal paleovegetation. The paleoclimate of
the mid-latitudinal Europe transformed from subtropical-
humid to warm-temperate humid regimes (Kvacek et al.,
2014), which resulted in the decline of subtropical evergreen
plant species in favor of temperate deciduous elements that
immigrated mainly from Asia to the mid-latitudinal Europe
after the closure of the central Asian Turgai Strait (Akhme-
tiev et al., 2009). Due to the lack of a coeval flora for
Roudniky directly in the coastal lowland plains, it remains
unknown whether the immigration of temperate elements
reached the coastal plains in the latest Eocene. Nonetheless,
it seems that the immigration of temperate elements into the
hinterland vegetation had already started before the Grand
Coupure in the mid-latitudinal Europe and that the beginning
probably coincides with the onset of the EOT ca. 34.44 Ma
(Hutchinson et al., 2021). The Haselbach HC flora, the ear-
liest Oligocene flora known so far from the coastal lowland,
was previously interpreted as a post-Grand Coupure flora
(Akhmetiev et al., 2009) meaning a post-EOT flora accord-
ing to the concept of Hutchinson et al. (2021). However,
according to the regional biostratigraphic concept, the Ha-
selbach HC sediment bed contains the first occurrence of the
palynomorph Boehlensispollis hohlii that marks the begin-
ning of the Oligocene in central and eastern Germany (pa-
lynomoph zone 20) (Krutzsch, 2011). It means that the
Haselbach HC flora could indeed be placed within the EOT
but there is no better precise age estimate for evidence. All-
in-all, the macrofloristic data implicate a beginning of ve-
getation change in the mid-latitudinal Europe from sub-
tropical BLEF to warm-temperate MMF within the EOT and
before the Grand Coupure. On the contrary, the flora of the
southeastern margin of Tibetan Plateau is similar to the
modern vegetation in the surrounding area since the late
Eocene (Table 2). Most of the reported (fossil-)genera have
their closest living relatives distributed in or near the region
of fossil sites. The floristic modernization of this region
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before the early Oligocene (Su et al., 2019; Wu et al., 2022),
numerous modern genera appeared in the Paleogene, in-
cluding the constructive genera of modern evergreen
broadleaved forests, such as Quercus sect. Cyclobalanopsis.

Regarding the northeastern Tibetan Plateau, steppe-desert
has existed in the Xining Basin since at least Eocene (Bar-
bolini et al., 2020). Significant decreased in abundance and
diversity of the dominant Nitrariaceae-Ephedraceae shrubs
while both abundance and diversity of conifer pollen sig-
nificantly increased across the EOT (Dupont-Nivet et al.,
2008; Barbolini et al., 2020). Although a high percentage of
BLD elements appeared in the early Oligocene (30.8 Ma) of
the Qaidam Basin in northeastern Tibetan Plateau (Song et
al., 2020), the diversity of other species decreased (Wang et
al., 2017; Song et al., 2020).

4.2 Changes to leaf architectural “fingerprints” across
the EOT

Assemblages from lacustrine or swamp environments show
more TCTs than assemblages from riparian or floodplain
paleoenvironments (Figure 7). Kuc¢lin and Seifhennersdorf,
both representatives from lacustrine sedimentary pa-
leoenvironments in the volcanic-shaped hinterland, show the
most diverse distribution pattern (“fingerprint”) of TCT.
These TCT diversities correspond to high taxonomic diver-
sities in the two assemblages (Figure 6). Although the
Jianchuan assemblage also originates from a swamp en-
vironment, poor fossil preservation likely resulted in fewer
taxa and TCTs identified.

The lobed and palmate veined leaves show greater leaf
area and the lowest values for leaf mass per area in all TCTs
which means a rapidly pay back the low investment put into
them (Roth-Nebelsick et al., 2017). The increase in TCT “P”
(Figure 6) may indicate an adaptation to increasing of tem-
perature seasonality in the early Oligocene. Another re-
markable change occurred in the leaf margin and secondary
venation. The proportion of TCT “A” (untoothed, looped
secondaries) decreased, while the proportion of TCT “F”
(toothed, non-looped) increased simultaneously (Figure 6).
Compared to toothed leaves with non-looped secondaries,
entire-margined leaves with looped secondaries may indicate
a leaf type that is better protected against water stress (Roth-
Nebelsick et al., 2017). Thus, taxa with looped secondaries
appear to be particularly common in modern subtropical/
tropical evergreen vegetation, while the toothed non-looped
leaf type is predominant in temperate vegetation (Walls,
2011). In modern flora, TCT “A” leaves are more common in
evergreen species, while TCT “F” leaves are more common
in deciduous species (Su et al., 2010; Royer et al., 2012; Li et
al., 2016; Miiller et al., 2023). The change in leaf architecture
across the EOT recognized from our study assemblages
corresponds with the decrease in BLE elements and the in-
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crease in BLD elements.

The two assemblages of the Markam site show a different
adaptation strategy of leaf architecture across the EOT. The
TCT “fingerprint” remains almost unchanged except for the
disappearance of TCT “P” in the Markam-1 assemblage al-
though the dominant families have changed. The late Eocene
Markam-3 assemblage shows a high percentage of TCT “F”
and a low percentage of TCT “A” which is more similar to
that of the early Oligocene flora rather than to that of the late
Eocene flora (Figure 6). As already mentioned above, the
vegetation type of the Roudniky assemblage from the mid-
latitudinal Europe also shows an already close relationship in
leaf composition and architecture with the early Oligocene
flora of that region (Kvacek et al., 2014).

In summary, the dominant leaf architectural types in the
mid-latitudinal European assemblages change from TCT
“A” to TCT “F” (Figure 6). This transition corresponds to a
decrease in evergreen elements and an increase in temperate
elements, as well as a transition from predominantly BLEF
to predominantly MMF in this region. The history of the
presence of specific leaf architectural types in the assem-
blages on the southeastern margin of the Tibetan Plateau is
more complicated. The Jianchuan assemblage was domi-
nated by TCT “A” (Figure 6) which is similar to con-
temporary sites in the mid-latitudinal Europe. However, TCT
“F” dominated the Markam assemblages since the late Eo-
cene and a distinct reduction in leaf size was observed be-
tween Markam-3 and Markam-1 assemblages (Su et al.,
2019). Therefore, it can be assumed that the paleovegetation
at the Markam site adapted to paleoenvironmental changes
across the EOT through a change in leaf size rather than a
change in leaf margin type and secondary venation type. This
is because small leaves, which produce less wind-induced
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Differences in leaf architectural type diversity (TCT) in riparian/flood plain and lake/swamp sedimentary environments.

drag forces and require lower mechanical resistance, are
more likely to be favored at higher altitudes (Pan et al.,
2013). A strategy of changing leaf size could be the response
to the rapidly rising landscape in this region.

4.3 Drivers of changes in floristic heterogeneity

GSP decreased across the EOT in both studied regions (Table
3). The GSP was reduced to 80% and rainfall seasonality
increased in Markam (Su et al., 2019). Rainfall seasonality
existed in the Liihe area during the early Oligocene but was
not as significant as in present-days (Wu et al., 2022).
However, the mid-latitudinal Europe showed a decrease in
rainfall seasonality. The decrease of GSP in coastal low land
was higher than that in the hinterland (Table 3). MAT de-
creased from the late Eocene to the early Oligocene in both
studied regions (Table 3) as well, which is consistent with a
global cooling trend. Pronounced cooling in winter leading
to increased temperature seasonality has already been re-
ported in parts of the Northern Hemisphere (Kvacek et al.,
2014; Toumoulin et al., 2022). The increase in seasonality
and most of the global heterogeneity in the MATR was
caused by global sea-level decrease in the earliest Oligocene
(Miller et al., 2008; Houben et al., 2012; Toumoulin et al.,
2022). However, sea level rose in the mid-latitudinal Europe
and reached its highest in the mid-early Oligocene (Kunz-
mann, 2012). Changes in MATR in this region are associated
with decreases in CMMT (Table 3). Since the Eocene
greenhouse conditions, the climate in the mid-latitudinal
Europe has been subtropical and sometimes even para-
tropical (Moraweck et al., 2015). When the paleoclimate
changed to a warm temperate climate, the mean annual
temperature range increased (Kvacek et al., 2014).
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In addition to the impact of global cooling, the south-
eastern margin of the Tibetan Plateau experienced dramatic
regional geological processes. Southeastern Tibetan Plateau
rapidly uplifted during the Eocene (Xiong et al., 2020; He et
al., 2022) and reached high altitude at least since the early
Oligocene (Hoke, 2018; Su et al., 2019; Wu et al., 2022;
Zhou et al., 2023). The Markam Basin, located on the SE
margin of the Tibetan Plateau, already reached ~3 km of
paleoelevation in the latest Eocene (~34 Ma) and was close
to its present height during the EOT (3.9 km) (Su et al.,
2019). Therefore, the flora of Markam-3 hints at the pro-
nounced immigration of temperate floristic elements before
the EOT, which makes this flora already similar to early
Oligocene flora.

However, CLAMP data indicate a rather large standard
error, i.e., a range of 4.6°C of the MAT values. Calculating
using the Coexistence Approach revealed less meaningful
results than CLAMP, e.g., MAT of Markam-3 was 7.2—17.6°C
and MAT of Markam-1 was 5.4—15.3°C (Deng et al., 2020).
Thus, Coexistence Approach results cannot contribute to re-
solve the question why the temperature decline in the high-
elevation area was seemingly low across EOT. However,
based on this minor temperature decline the dominant leaf
architectural types, i.e., TCT, remained the same at Markam,
but leaves became smaller adapting to higher altitudes and a
drier paleoenvironment (Scoffoni et al., 2011; Pan et al.,
2013). On the contrary, the paleoelevation of the late Eocene
Jianchuan flora (Shuanghe Formation) was slightly lower
than the modern elevation range (Wu et al., 2018) and the
MAT shows a warmer paleoclimate than today (Sun et al.,
2011; Wu et al., 2018). In addition, the sedimentary faces of
the Shuanghe Formation indicate semi-humid to humid pa-
leoclimatic conditions (Sorrel et al., 2017; Zheng et al., 2022).
The warm and humid paleoclimate and relatively lower pa-
leoaltitude led to a higher percentage of BLE elements in the
Jianchuan flora compared to the Markam-3 flora. In parti-
cular, the late Eocene Jianchuan assemblage was dominated
by Lauraceae and Fagaceae (Writing Group of Cenozoic
Plant of China, 1978) and untoothed leaf types.

Sea-level changes in the mid-latitudinal Europe and the
uplift of the Tibetan Plateau have led to changes in paleo-
vegetation and leaf architecture in these two regions. The
degree of change is less pronounced in the hinterland com-
pared to the coastal lowland plains. On the southeastern
margin of the Tibetan Plateau, vegetation changes decreased
with distance from the plateau. All these above reflects the
complexity of factors that shape biodiversity in different
regions around the world.

5. Conclusions

Paleogene floras in both the mid-latitudinal Europe and the
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southeastern margin of the Tibetan Plateau resembled mod-
ern evergreen broad-leaf forests in East Asia. While per-
centages of BLE elements decreased and general vegetation
types changed in both the southeastern margin of the Tibetan
Plateau and the mid-latitudinal Europe during the EOT. The
simultaneous increase in the percentage of deciduous taxa,
i.e., plants that form “low cost” leaves (economically called a
fast return strategy), is interpreted as an adaptation to the
increasing temperature seasonality towards the early Oligo-
cene. Global cooling at the EOT led to a decrease in MAT
and an increase in MATR at the southeastern margin of the
Tibetan Plateau and in the mid-latitudinal Europe. Sea-level
changes in the mid-latitudinal Europe and the uplift of the
Tibetan Plateau have led to heterogeneous responses in pa-
leovegetation and leaf architecture in these two regions.
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