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Leaf trait data of two Miocene floras from eastern China
and its palaeoclimate implications

Wenlong He, Anita Roth-Nebelsick, and Bainian Sun

ABSTRACT

The study of Neogene palaeoclimate supports our understanding of effects and
consequences of current climate changes. However, many aspects and details of Mio-
cene climate development are still unclear. Fossil leaves are a valuable and rich
source of palaeoclimate proxy data. In this contribution, two Miocene leaf assemblages
from eastern China, the Toupi flora and the Shengxian flora, were studied with respect
to palaeoclimate and leaf economics. Whereas the Shengxian flora is dated to the
lower Tortonian, the Toupi flora dates to approximately the border between Burdigalian
and Langhian. For palaeoclimate, Climate Leaf Analysis Multivariate Program
(CLAMP) was applied. In addition, Leaf Mass per Area (LMA), an essential leaf trait
strongly correlated to leaf longevity, was included and was calculated morphometri-
cally. For both sites, the data indicated a principally warm and humid climate, with
Mean Annual Temperature (MAT) values between 13 and 17 °C. Also, the LMA indi-
cates evergreen vegetation for both sites, consistent with the identified fossils and
palaeoclimate. For Shengxian, however, this study concludes there was a lower tem-
perature in the cooler season. This might possibly indicate a stronger temperature sea-
sonality for this site due to slight climate cooling and East Asian monsoon
intensification from the middle to late Miocene.
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INTRODUCTION

During the Cenozoic, major climate changes
occurred, such as the PETM (Paleocene Eocene
Thermal Maximum), the Early Eocene Climate
Optimum or the Eocene/Oligocene transition with
global cooling (Zachos et al., 2001, 2008; Wester-
hold et al., 2020). Also the Miocene witnessed sub-
stantial climate fluctuations, particularly the Middle
Miocene Climatic Optimum and the Middle Mio-
cene Climate fransition with subsequent global
cooling (Steinthorsdottir et al., 2021). For instance,
previous studies have suggested that an arid
region was formed in Northwest China during the
Miocene, which might have been caused by the
intensification of the Asian monsoon (Guo et al.,
2002; Sun and Wang, 2005), further linked with the
uplift of the Tibetan Plateau (An et al., 2001).
Based on fossil plant data, however, Wang et al.
(2021) proposed that an equable subtropical cli-
mate prevailed throughout China in the Miocene.
Miao et al. (2022) suggested that Northwest China
was drier than Southeast China, a gradient per-
haps resulting from global cooling during the Mio-
cene.

Leaf traits are a rich source of climate infor-
mation. Leaf Margin Analysis (Wolfe, 1979; Wing
and Greenwood, 1993; Su et al., 2010) and the Cli-
mate Leaf Analysis Multivariate Program (CLAMP)
(Wolfe, 1993; Yang et al., 2015) are two well-estab-
lished methods for quantitative reconstruction of
climate parameters. Leaf mass per area (LMA) rep-
resents an essential parameter in leaf economics
and is strongly correlated with leaf longevity (Reich
et al., 1997; Villar and Merino, 2001; Wright et al.,
2004), thereby providing information on evergreen
vs. deciduous vegetation (Royer et al., 2007;
Royer et al., 2010; Roth-Nebelsick et al., 2017).
LMA is considered a key parameter for the ecology
and ecophysiology of modern floras (Wright et al.,
2004; Ordofiez et al., 2009; Krober et al., 2012;
Chen and Xu, 2014). Reconstructing LMA from fos-
sil leaf assemblages is possible by a morphometric
method developed by Royer et al. (2007). Since
leaf longevity depends on climate (Givnish, 2002),
a combination of both methods, palaeoclimate
reconstruction and fossil LMA data, can potentially
deepen our understanding of palaeoenvironments.

In this study, leaf-based methods were
applied to two fossil assemblages to contribute
data and information with respect to climate devel-
opment during the Miocene in eastern China. For
this, the CLAMP was used for reconstructing
palaeoclimate. For both sites, LMA was also calcu-
lated.
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MATERIALS AND METHODS
Fossil Sites and Age

The Toupi fossil flora is located at Toupi town
in Guangchang County, Jiangxi Province, eastern
China (N 26.751 and E116.192; Figure 1A). The
Toupi fossil flora was initially reported as evidence
of Neogene strata in Jiangxi Province 40 years
ago, and new fossil material has been collected
and restudied in recent years (He and Wang,
2021). Fossiliferous strata belong to the Toupi For-
mation, which comprises mainly mudstone and
shale. For the fossil-bearing sediments, pollen data
indicate an age between 17 and 14 Ma (Figure 1B;
Table 1; Sun and He, 1987; Ma et al., 2020; He and
Wang, 2021). Most of this time interval belongs to
the Miocene Climatic Optimum.

The Shengxian fossil flora is located at Zheji-
ang Province, eastern China (N 29.159 and E
121.240; Figure 1A). The fossiliferous strata
belong to Shengxian Formation, which occurs at
various sites of eastern Zhejiang, such as Jiahu
Village in Tiantai County, Daluxia Village, Huangni-
tang Village and Gaotang Village in Ninghai
County, and Xiananshan Village in Sanmen County
(Li et al., 2014). The Shengxian Formation is com-
posed of diatomite, mud shale and basalt inter-
beds, with a total of five sedimentary units. The
fossil plants are preserved in the second sedimen-
tary unit within the region (Li et al., 2014) and can
be dated to 10.5 (+0.5) Ma according to geochemi-
cal data (Ho et al., 2003; Figure 1B), thereby falling
within the cooling phase of the late Miocene,
already a time of substantial polar ice sheet forma-
tion.

Fossil Materials

At the present day, the local environment and
geographical conditions of the Toupi and Shengx-
ian fossil sites are similar, both are hilly landscapes
with elevations of 170 m and 280 m and situated at
latitudes of ca. N 27° and N 29° (Table 1). Both the
Toupi and Shengxian areas support evergreen
broad-leaved forest nowadays (Zhang et al., 2007
Figure1; Table 1). Fossil plant materials from the
Toupi Formation and the Shengxian Formation
both include leaves, fruits and seeds. In total, 216
specimens from the Toupi flora and more than
1000 specimens from the Shengxian flora were
checked for suitability for the present study. Only
fossil woody dicots were selected for this study as
the above described methods are limited to dicot
leaves. Furthermore, complete or almost complete
specimens were required for the measurements
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FIGURE 1. Fossil locations and fossil ages. A, yellow points indicate the locations of fossil floras. The numbered red
lines indicate the regional vegetation of southeastern China (background picture by GeoMapApp: geomapapp.org; the
vegetation division after Zhang et al., 2007): 1, tropical rainforest and humid rainforest; 2, subtropical evergreen
broad-leaved forest; 3, warm temperate deciduous oak forest; B, fossil ages of the Toupi flora (17 — 14 Ma) and
Shengxian flora (10.5 £ 0.5 Ma).

TABLE 1. Fossil sites information, modern ecology, palaeovegetation and selected leaf traits data of the Toupi flora and
Shengxian flora.

Toupi flora Shengxian flora References

Fossil site Chronostratigraphic late Burdigalian to Langhian Tortonian He and Wang,
information Age 17 -14 Ma 10.5 (+ 0.5)Ma 28?1 Lietal.,

Lithostratigraphic unit Toupi Formation Shengxian Formation

Biostatigraphic Spore-pollen; Miocene Plants, spore-pollen; Miocene

Facies type lake lake

Sediments diatomaceous mudstones, shales mudstones and shales
Modern Vegetation type broad-leaved evergreen broad-leaved evergreen Zhang et al.,
ecology Geography Intermaountain Basin Intermaountain Basin g?l?gy this

Elevation (m) 170 280

MAT (°C) 18.4 16.5

MAP (mm) 1518.8 1454

longitude and latitude N 26.751, E116.192 N 29.159, E 121.240
IPR Vegetation type broad-leaved evergreen subhumid sclerophyllous forest Jacques et al.
(pollen) 2011b
IPR Vegetation type broad-leaved evergreen' broad-leaved evergreen?2 He and Wang,
(macro 2021
fossil)
Leaf trait leaf size bigger smaller this study

leaf margin (no teeth %) 75 67.74

LMp 101.51 91.93

Notes: 1, macro fossils together with pollen data (see He and Wang, 2021); 2, the first author made a IPR analysis with macro fossils.
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conducted in this study. Only few specimens,
therefore, were suitable for the analysis. Various
leaves are complete or almost complete and could
be selected for measurement of leaf traits (Appen-
dices 1 and 2). Finally, 22 and 31 species/morpho-
types were identified for Toupi and Shengxian
floras, respectively, with 36 specimens of Toupi
and 68 specimens of Shengxian scored for CLAMP
analysis, while LMA data could be determined for
14 specimens of Toupi and 26 for Shengxian.

Leaf Traits Measurement

For CLAMP, the general protocol was followed
to collect the necessary leaf traits determined by
the character definitions of the CLAMP datasets
(http://clamp.ibcas.ac.cn/; Wolfe, 1993; Yang et al.,
2011). Most of the selected fossil leaves were com-
plete or almost complete in preservation, and it
was possible to reconstruct these slightly frag-
mented leaves additionally to obtain quantitative
data, such as lamina length (L), lamina width (W)
and lamina area (A) by using ImagedJ (Ferreira and
Rasband, 2012; Traiser et al., 2018; Toumoulin et
al., 2020; Figure 2; Appendices 3 and 4). For deter-
mination of LMA, leaf area and petiole width were
measured and then LMA was calculated using the
equation established by Royer et al. (2007):

Climate Leaf Analysis Multivariate Program
(CLAMP)

log(LM, )=3.070+0.382*log(PWZ/A)

To obtain leaf-based palaeoclimate data for
the Miocene Toupi and Shengxian, CLAMP was
applied (Appendices 5 and 6). The Climate Leaf
Analysis Multivariate Program (CLAMP) is a quan-
titative method to reconstruct the paleoclimate
using woody dicotyledonous leaf architecture,
including foliar characters such as margin, size,
and shape. There is ample evidence that many leaf
characters correlate with climate, and these are
included in calibration datasets to reconstruct
palaeoclimate. At present, five datasets are avail-
able for calibration (http://clamp.ibcas.ac.cn/), i.e.,
Physg3arcAZ, Physg3brcAZ, PhysgAsia1
(Jacques et al., 2011a), PhysgAsia2 (Khan et al.,
2014) and PhysgGlobal378 (Yang et al., 2015).
Among them, PhysgAsial is particularly suitable
for monsoon climate because this dataset encom-
passes 45 sites from China (Jacques et al., 2011a)
and was, therefore, used in this study. The leaf
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FIGURE 2. Example for a replenished fossil leaf. The
yellow line is the outline of the original fossil. The blue
line is the outline of replenished leaf (the leaf reconstruc-
tion was visually based on taxon specific gross morphol-
ogy, Toumoulin et al., 2020). The petiole width was
determined at the region of the insertion point (Traiser et
al., 2018); Scale bar equals 1 cm.

characters were scored with the template sheets,
followed by a table with percentage values of the
leaf characters (Appendices 5 and 6), and then the
analysis was conducted online with suitable cali-
bration (http://clamp.ibcas.ac.cn/).

RESULTS

Leaf Size

Leaf size is one of the traits used in CLAMP —
albeit as categorical data — and represents a glob-
ally informative parameter. Therefore, these results
were specifically considered here. In general, leaf



size can be approximated by leaf length (L) and
leaf width (W), and depends also on the leaf shape
(Schrader et al., 2021). In CLAMP, leaf size is
determined by the use of templates (http://
clamp.ibcas.ac.cn/).

The results indicate that the average leaf size
of the Toupi flora (2037.88 mm?2) is larger than that
of Shengxian flora (1033.35 mm?2). The difference
is statistically significant (t-test with log10-trans-
formed data, p < 0.001) and also obvious from the
CLAMP data (Figure 3). This difference between
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toothed, and three compound teeth, but no round
ones.

Leaf Mass per Area (LMA)

Based on the preserved or partly preserved
petioles of the Toupi and Shengxian fossil leaves,
together with the data for lamina area, the following
LMA values were found: 101.51 g/m2 for the Toupi
flora and 91.93 g/m? for the Shengxian flora (Table
2). In both cases, the data indicate an evergreen
vegetation type (Villar and Merino, 2001; Royer et

M Micro 1
M Micro 2
M Micro 3
B Mesophylll 1
M Mesophylll 2
M Mesophylll 3

Toupi

FIGURE 3. Distribution of the leaf size classes in the Toupi flora and Shengxian flora.

both considered sites is probably partially caused
by the circumstance, that more broad-leaved taxa,
such as Lithocarpus or Juglans, are present in the
Toupi flora compared to the Shengxian flora.

Leaf Margin

Most leaves are untoothed in both the Toupi
and the Shengxian flora with percentage values of
77.27 % and 67.74 %, respectively. Furthermore,
the toothed leaves all are regular. The Toupi flora
has five toothed taxa, with one distantly toothed,
and no round or compound teeth. Ten taxa are
toothed in the Shengxian flora, three distantly

al., 2007).
CLAMP Results

Based on the collected leaf traits data (Appen-
dices 3, 4, 5 and 6), an online CLAMP analysis with
the PhysgAsia1 calibration was conducted (http://
clamp.ibcas.ac.cn/). The results are given in Table
3 and Figure 4, which also include data from a for-
mer palaeoclimate study for comparison. Note that
CLAMP MAT results are associated with uncertan-
ties of about plus or minus 2 °C, and the other cli-
mate variables with somewhat more.

These climate parameters show warm and
humid climates for both Toupi and Shengxian
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TABLE 2. The Leaf mass per area (LMp) data of the Toupi flora and Shengxian flora.

Toupi flora Shengian flora
LMy LMp
average average
Species/Morphtypes LM, (9/m2)  (gim?) Species/Morphtypes LMa (9/m2)  (g/im?)
Alseodaphne sp. 130.96 Cinnamomum cf. Bejolghota 102.04 102.04
120.86 Machilus tiantaiense 55.66 55.66
106.22 119.35
llex sp. 118.33 llex cf. championii 85.64 85.64
135.69 127.01 llex protocornuta 142.78 142.78
Lithocarpus sp. 79.88 Lithocarpus cf. glaber 74.47 74.47
120.11
94.91 98.30
Quercus cf. franchetii 66.28 66.28 Quercus cf. franchetii 91.22 91.22
Quercus sp. 115.50 115.5 Quercus cf. chenii 86.75 86.75
Juglans acuminata 95.41 95.41 Quercus paraglauca 70.76
Garcinia sp. 100.77 100.77 76.45
Morphotype 1 103.54 103.54 68.42
Morphotype 3 87.46 87.46 117.69
Total average 101.51 94.51 85.57
Laurophyllum sp. 77.14 77.14
Betula sp. 74.26 74.26
Ulmus sp. 141.99 141.99
Zelkova ungeri 91.81
114.31 103.06
Liquidambar miosinica 78.28
72.69
70.81 73.93
Castanopsis cf. fissa 73.20 73.20
Entada phaseoloide 72.22 72.22
Buxus miosempervirens 117.05 117.05
Syringa zhejiangensis 112.08 112.08
Lonicera cf. japonica 91.32 91.32
Rhus turcomanica 86.22 86.22
Total average 91.93

floras. The lower Miocene MAT for Shengxian
(13.6 °C), when compared to Toupi (16.7 °C), is
mainly caused by a lower coldest mean month
temperature (CMMT). With respect to warmest
mean month temperature (WMMT), both sites are
almost the same. The difference between the cold-
est and warmest month temperatures (DT)
amounts to 15.5 °C for Toupi and 19.8 °C for
Shengxian.

Compared to the current climate, the palaeo-
climate of both Miocene sites is somewhat cooler.
At present day, MAT amounts to 18.5 °C for Toupi
and 16.4 °C for Shengxian (Tables 3 and 4, Figure
4). Also, the DT is higher under current conditions,
amounting to 24.1 °C for Toupi and 23 °C for
Shengxian (Table 4). Humidity values indicate a
quite humid climate which includes, however, a
season with lower precipitation. The data indicate a
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TABLE 3. The CLAMP results of the Toupi and Shengxian flora. MAT, mean annual temperature; WMMT, warm month
mean temperature; CMMT, cold month mean temperature; GROWSEAS, length of the growing season; GSP, mean
growing season precipitation; MMGSP, mean monthly growing season precipitation; X3.WET, precipitation during the
three wettest months; X3.DRY, precipitation during the three driest months; RH, relative humidity; SH, specific humidity;
ENTHAL, enthalpy.

MAT WMMT CMMT GROWSEAS GSP MMGSP X3.WET X3.DRY RH SH ENTHAL
Toupi 16.7 245 9.0 9.2 131.7 14.4 71.9 16.2 75.7 9.8 32.9
Shengxian 13.6 23.8 4.4 7.8 113.1 14.1 67.1 16.4 70.7 7.5 31.6

A

BCMMT CLAMP

B CMMT min CA

B MAT CLAMP

B MAT min CA
BWMMT CLAMP
BWMMT min CA
B CAIntervalrange

Temperature [°C]

Shengxian Toupi
B 1400
B GSP CLAMP

1200, B MAP min CA
— B X3. WET CLAMP
E 1000 M X3. DRY CLAMP
— B CA Intervalrange
8 800
=
©
B o
2
8 400+
| -
(a

200

(=}

Shengxian Toupi

FIGURE 4. Selected climate parameters of CLAMP (error bars indicate a reasonable uncertainty of plus or minus 2
°C) and previous CA analyses (Yao et al., 2011). A, the temperature of the Toupi flora and Shengxian flora; MAT,
mean annual temperature; WMMT, warm month mean temperature; CMMT, cold month mean temperature.; B, the
precipitation of the Toupi flora and Shengxian flora; GSP, growing season precipitation; MAP, mean annual precipita-
tion; X3.WET, precipitation during the three wettest months; X3.DRY, precipitation during the three driest months.
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TABLE 4. Modern climate parameters and the CLAMP and CA results of the Toupi flora and Shengxian flora. MAT,
mean annual temperature; WMMT, warm month mean temperature; CMMT, cold month mean temperature; MAP, mean
annual precipitation; GROWSEAS, length of the growing season; GSP, mean growing season precipitation; DT, differ-

ence between the coldest and warmest month temperature.

Climate Toupi Shengxian
parameter CA1 CLAMP Modern CA CLAMP Modern
MAT (°C) 15.9 (15.7 — 16.1) 16.7 18.4 15.9 (15.7 - 16.1) 13.6 16.5
WMMT (°C)  25.25(24.9 — 25.6) 245 29.5 24.6 (23.6 — 25.6) 23.8 28.4
CMMT (°C) 5.25(5.0-5.5) 9.0 6.5 5.8(3.8-7.8) 4.4 4.3
MAP (mm) 1151(1096 — 1206) 1518.8 1151 (1096 — 1206) 1454
LGS (month) 9.2 7.8
GSP (mm) 131.7 1131
DT (°C) 20.0 (19.4 — 20.6) 15.5 23 18.0 (15.8 - 21.8) 19.8 24 .1

Note: 1, the signal is the middle value, to compare with CLAMP results (see Yao et al., 2011).

somewhat lower precipitation in Shengxian com-
pared to Toupi (Figure 4; Tables 3 and 4).

DISCUSSION
Leaf Traits

The data indicate a larger leaf size for the
Toupi flora compared to the Shengxian flora. This
difference might be caused by various factors,
such as soil conditions, temperature, precipitation
and geographical conditions. Generally, leaf size is
positively correlated with temperature and water
availability (Wright et al., 2017). Also, leaf size
tends to be positively correlated with nutrient avail-
ability (McDonald et al., 2003). Palaeo-humidity
values obtained in this study are, however, quite
similar for both sites (Figure 4; Table 3). Also,
results of previous climate reconstructions based
on the Coexistence Approach (CA) indicate similar
humidity conditions for both sites (Yao et al., 2011;
Figure 4). In contrast to these previous CA studies
(which will be further considered, see below),
CLAMP data indicate stronger temperature sea-
sonality for the Shengxian flora, compared to the
Toupi flora. There are also more deciduous taxa
present in the Shengxian flora, like Betula and
Ulmus (Table 5). Possibly, the smaller leaf size of
the Shengxian flora may, therefore, be at least par-
tially caused by lower temperature, but other
unknown factors may have also been influential.

The leaf mass per area (LMA) provides signifi-
cant information with respect to leaf economics
and leaf longevity (LL) (Villar and Merino, 2001;
Wright et al., 2004; Royer et al., 2007), with an LL
of > 12 months considered as evergreen (Givnish,

2002). The average LMA of the Toupi flora, with an
LMA of 101.51 g/m2, is higher than that of the
Shengxian flora (91.93 g/m2) (Table 2). These val-
ues are typical for evergreen vegetation (Mediavilla
et al., 2008).

Further information on the vegetation of both
sites is provided by a study using the Integrated
Plant Record (IPR) analysis, indicating that the
Toupi flora represents a broad - leaved evergreen
forest, while the Shengxian flora was a subhumid
sclerophyllous forest (Jacques et al., 2011b). This
vegetation type of the Shengxian flora appears,
however, to be in contrast with the LMA results,
because a higher LMA is expected for a sclerophyl-
lous flora, compared to a broadleaved flora. The
reason might be that the IPR analyses conducted
by Jacques et al. (2011b) were based on pollen
data rather than on leaf macro fossils. In fact,
applying the IPR analysis to macro fossils of the
Shengxian flora also indicates an evergreen broad-
leaved forest vegetation. The pollen data possibly
included vegetation, which originated not directly
from the Shengxian site but from a larger catch-
ment area (due to pollen transport) and therefore
from other habitats.

Palaeoclimate

Based on plenty of fossils, the Shengxian flora
has been studied in various fields, such as plant
evolution, palaeoclimate and stratigraphy (Li et al.,
2014). Previous studies indicated appropriate sub-
tropical climate with cool winters in the Shengxian
region during late Miocene (Yao et al., 2011; Li et
al., 2014). In terms of the Toupi fossil flora, the pol-
len data and the plant composition also supported
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TABLE 5. The taxonomic composition of the Toupi flora and Shengxian flora (macro fossil in genera level); data after
Ding, 2011; He, 2019; He and Wang, 2021; Xiao et al., 2022, and this study.

Toupi flora Shengxian Flora
Pinus Pinus
Calocedrus Calocedrus
Cinnamomum Cinnamomum
Acer Acer
Castanea Castanea
Castanopsis Castanopsis
Quercus Quercus
Liquidambar Liquidambar
Lithocarpus Lithocarpus
llex llex
Carpinus Carpinus
Juglans Juglans
Lonicera Lonicera
Magnolia Magnolia
Podocarpus Potamogeton
Palaeocarya Ceratophyllum
Carya Buxus
Yua Betula
Hamamelis Ailanthus
Tripetaleia Smilax
Celastrus Actinodaphne
Cedrela Alseodaphne
Aesculus Cyclobalanopsis
Pisiscia Fagus
Dalbergia Cocculus
Berberis Cornus
Mahonia Crataegus
Morus Ficus
Fothergilla Morus
Alseodaphne Loropetalum
Phoebe Indocalamus
Garcinia Sasa
Diospyros Kalopanax

a warm and moist climate during the middle Mio-
cene (Sun and He, 1987; He and Wang, 2021).
The fossil floras of Toupi and Shengxian were
considered in previous studies on regional palaeo-
climate by using CA (Yao et al., 2011; Wang et al.,
2021). However, these CA results have indicated
almost identical MAT (15.7 - 16.1°C) for both the
Toupi flora and Shengxian flora (Yao et al., 2011;

Toupi flora Shengxian Flora

Mallotus
Myrica

Spiraea

Symplocos
Paliurus
Millettia

Ormosia

Frangula

Maackia
Dalbergia
Polygonum
Syringa
Zelkova
Ulmus
Lagerstroemia
Trapa

Abies

Cedrus
Keteleeria
Picea
Pseudolarix
Tsuga
Cunninghamia
Metasequoia
Cephalotaxus
Torreya
Machilus
Laurophyllum

Cercis

Salix

Cladrastis

Etada

Rhus
Choerospondias

Lindera

Table 4). Meanwhile, CA results indicating an
equable subtropical climate throughout China in
the Miocene (Wang et al., 2021) were questioned
by Miao et al. (2022).

The CLAMP results obtained in the present
study indicate a cooler MAT (13.6 °C) for Shengx-
ian, caused by a certain seasonality as CLAMP
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provided a lower CMMT for Shengxian compared
to Toupi (Table 4).

At the present day, a dry-cold winter and
warm-humid summer monsoon climate prevails in
eastern China, and apparently since the late Oligo-
cene (An, 2000; Sun and Wang, 2005; Wu et al.,
2022). The results of the present study may possi-
bly indicate a moderate intensification of seasonal-
ity from the middle Miocene to late Miocene, i.e,
the DT increased from 15.5 °C (Toupi) at the mid-
dle Miocene to 19.8 °C (Shengxian) at the late Mio-
cene. That would mean the East Asian monsoon
may have intensified during that time. This
assumption is partly supported by Sun and Wang
(2005) and recent data (Yang et al., 2021). Mon-
soonal development during the Miocene is, how-
ever, complex and a controversial topic. The
results of the present study are based on two fossil
leaf assemblages, and more sites should be stud-
ied to obtain information on climate development in
eastern China during the Miocene.

proxies derived by these leaf traits indicate climate
cooling during the Middle Miocene Climate transi-
tion due to higher temperature seasonality with
possible relevance for East Asian monsoon devel-
opment. The well-preserved leaves also allowed to
determine leaf mass per area data indicating ever-
green vegetation for both sites. More leaf-based
studies of palaeoenvironment and palaeoclimate
for this region are desirable.
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APPENDICES

APPENDIX 1.

Leaf fossils from Toupi flora, scale bar equals 1 cm.

A, Cinnamomum sp., TP-210; B, Alseodaphne sp., TP-102; C, Phoebe sp., TP-092; D, Garcinia sp., TP-
089; E, llex sp., TP-074; F, Liquidambar miosinica, TP-120; G, Diospyros miokaki, TP-198; H, Quercus cf.
franchetii, TP-132; |, Quercus sp., TP-139; J, Carpinus sp., TP-134; K, Quercus cf. chenii, TP-016; L, Jug-
lans acuminata, TP-091; M, Castanopsis sp., TP-171; N, Lithocarpus sp., TP-140; O, Symplocos sp., TP-
178; P, Lonicera sp., TP-115; Q, Frangula sp., TP-131; R, Juglans sp., TP-143; S, Spiraea sp., TP-123; T,
Morphotype 1, TP-166; U, Morphotype 2, TP-117; V, Morphotype 3, TP-207.
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APPENDIX 2.

Leaf fossils from Shengxian flora, scale bar = 1 cm.

A, Cinnamomum cf. begjolghota, Jhu-1-3-838; B, Machilus tiantaiense, Jhu-1-4-271; C, Laurophyllum sp.,
Jhu-1-4-1105; D, Lindera cf. elongata, Jhu-1-4-3570; E, Betula mioluminifera, Jhu-1-2-107; F, Betula sp.,
Jhu-1-4-118; G, Ulmus sp., Jhu-1-4-033; H, Carpinus chaneyi, Jhu-1-4-2366; |, Zelkova ungeri, Jhu-1-2-
247; J, llex protocornuta, Jhu-1-4-021; K, llex cf. championii, Jhu-1-3-158; L, Paliurus microcarpa, Jhu-1-4-
167; M, Liquidambar miosinica, HNT-2012-033; N, Magnolia sp., Jhu-2-2012-05; O, Quercus paraglauca,
Jhu-1-031; P, Salix masamunei, Jhu-1-4-666; Q, Quercus cf. chenii, Jhu-1-2-019; R, Quercus cf. franchetii,
Jhu-2-1-1012; S, Quercus cf. Spathulata, Jhu-1-4-211; T, Smilax tiantaiensis, Jhu-1-4-428; U, Lonicera cf.
Japonica, Jhu-1-4-020; V, Buxus miosempervirens, Jhu-1-4-453; W, Lithocarpus cf. glaber, Jhu-1-4-835; X,
Cercis huangnitangensis, HNT-2016-500; Y, Cladrastis tiantaiense, Jhu-1-4-545; Z, Entada phaseoloide,
Jhu-1-4-185; AA, Syringa zhejiangensis, Jhu-1-4-546; BB, Rhus turcomanica, Jhu-1-4-179; CC, Castanop-
sis cf. fissa, Jhu-1-2-270 DD, Choerospondias mioaxillaris, GT-14-468; EE, Castanopsis cf. argyrophylla,
Jhu-1-3-591.
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APPENDIX 3.

Leaf trait data of the Toupi flora. Appendices 3-6 are available for download at
https://palaeo-electronica.org/content/2023/3883-leaf-traits-of-miocene-floras.

APPENDIX 4.

Leaf trait data of the Shengxian flora. Appendices 3-6 are available for download at
https://palaeo-electronica.org/content/2023/3883-leaf-traits-of-miocene-floras.

APPENDIX 5.

CLAMP scores of the Toupi flora. Appendices 3-6 are available for download at
https://palaeo-electronica.org/content/2023/3883-leaf-traits-of-miocene-floras.

APPENDIX 6.

CLAMP scores of the Shengxian flora. Appendices 3-6 are available for download at
https://palaeo-electronica.org/content/2023/3883-leaf-traits-of-miocene-floras.
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