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Abstract

The atmospheric levels of CO», a greenhouse gas, are closely related to global change,
and investigation of historical CO; levels can help to achieve a better understanding of
the global climate change in the deep past. The present global warming is ascribed to
increasing levels of atmospheric CO> caused by human activity since the industrial
revolution. Therefore, knowledge of the role of atmospheric CO; in climate changes
during the Cenozoic, when climate shifted from icehouse to greenhouse condition, will
help to understand our future climate. To date, various methods and proxies have been
proposed in paleo-CO; reconstruction. Among them, the stomatal parameters I used here,
including stomatal index and stomatal density of fossil leaves, are considered as reliable
terrestrial proxies to estimate paleo-CO> concentration, which have been supported by
physiological and functional studies.

At first, I reconstructed the Paleogene atmospheric CO> concentrations based on the
stomatal index of fossil Metasequoia needles. During the Paleogene, the Earth
experienced a global greenhouse climate, which was much warmer and more humid than
the present. However, unlike for the late Cenozoic, atmospheric CO: reconstructions for
the Paleogene are still inconsistent. Thus, I reconstructed the levels of atmospheric CO>
in the early Paleocene, the middle Paleocene and the middle Eocene based on the stomatal
index of fossil Metasequoia needles collected from four fossil sites in Canada and Japan.
I found the atmospheric CO> levels during the early and middle Paleocene to be similar
to that of the present, and up to twice the present atmospheric CO; level was found during
the middle Eocene. Our estimated atmospheric CO2 level supports the hypotheses that the
climate changes during the Paleogene cannot be explained merely by atmospheric CO>
variations, which suggests that atmospheric CO2 might not have always played a critical
role in climate change during these ancient epochs and therefore cannot be a direct
analogy for the current global warming.

Unlike the early Cenozoic, the correlation between CO» and temperature during the



late Cenozoic has been demonstrated based on different studies. However, limited
evidence has been provided by simultaneous investigation of both paleo-temperature and
palaco-CO; using the same fossil assemblage. Here, based on the stomatal analyses of
Quercus gilva from a leaf bed in the Pleistocene Sayama Formation in central Japan, I
estimated the palaco-CO> values in an interglacial stage (MIS 57 or 55) at 359+25 ppmv,
which is generally higher than the previously reported data from middle early Pleistocene.
To understand the climate under this high CO> level, I also calculated the mean annual
temperature based on the same leaf assemblage using the leaf margin analysis approach.
The calculated mean annual temperature was 11.0 °C, suggesting a relatively warm
climate during the interglacial stage. Our results revealed a warm environment under high
COz> level during the early Pleistocene, which demonstrates the vital role of CO» in
controlling the Early Pleistocene interglacial temperature.

Stomatal analysis of fossil leaves also can be used in estimating the altitudinal transportation
range of fossil leaves before their burial, but this kind of study has not been practiced before. The
altitudinal range can be clarified by the range of stomatal frequency constituting of a fossil leaf
assemblage in that leaf from the highest altitude exhibits the highest stomatal frequency under the
lowest atmospheric CO; pressure. I detected leaf transport based on stomatal parameter
variation of 30 fossilized Fagus crenata leaves from the Sayama Formation. Considering
the stomatal index variation of fossil Fagus crenata leaves, the paleo-CO; variation in a
warm period of the Pleistocene was estimated as ca. 345-390 ppmv. Based on this paleo-
CO, variation, the altitudinal transportation range of the Early Pleistocene fossil Fagus
crenata leaves was estimated at over 1000 m. I presume that leaves of Fagus crenata in
the fossil assemblage possibly had come from a wide range of altitudes near the fossil site
during the Early Pleistocene. This provides an example of altitudinal transportation of
plants before their deposition, which suggests a consideration when reconstructing the
palaeovegetation and palaeoclimate from fossil assemblages.

Meanwhile, differences of the stomatal parameter variation range among the fossil

assemblages from different horizons at a fossil locality indicate the temporal changes of



altitudinal distribution limit of the species. Thus, I proposed a new method to detect
changes of altitudinal distribution limit of a plant species based on the stomatal analysis
of fossilized leaves. I used the Holocene fossil leaves of Fagus crenata, a dominant
deciduous tree in the cool temperate zone, from different horizons in a peat bog in Mt.
Kurikoma, North Japan. Results of paleo-CO: concentration reconstructed from the
stomatal analysis indicated paleo-CO; of the fossil locality was more variable and higher
than the ice core records. This result is possibly influenced by the oceanic CO, uptake
that increased with the strengthening of Tsushima warm current during the Middle
Holocene. The stomatal index variation range of fossil Fagus crenata leaves in the Middle
Holocene was higher than that of the modern population at a given altitude, indicating
transportation of leaves from an altitude higher than the site of fossil deposition. A
decreasing trend of the stomatal index variation range between ca. 5000 and ca. 2500 cal
BP can possibly be attributed to the downward shift of distribution limit of Fagus crenata
from an altitude higher than or similar to the present limit to area surrounding the fossil
deposition site with climatic deterioration, which is correlated with decreasing East Asian

Summer Monsoon intensity and a cooling event around 4000 cal BP.

Keywords

Cenozoic, global warming, leaf margin analysis, paleo-altitude, paleo-CO,, palaco-temperature,

stomatal analysis, taphonomy
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1 Background

1.1 Major methods of paleo-CO; reconstruction

Atmospheric carbon dioxide (CO»), as a primary greenhouse gas in the atmosphere,
is considered responsible for the current global warming (Houghton et al., 2001; Royer
et al., 2004; Fletcher et al., 2008; Stocker et al., 2013). However, atmospheric CO;
concentration is predicted to increase continuously after reaching levels of 400 ppmv
(parts per million by volume) in 2013 (Meinshausen et al., 2011; Masson-Delmotte et al.,
2013). To estimate the impact of different CO; concentrations on global environmental
systems and achieve solutions for the present global climate change, a better
understanding of the correlations between the paleo-atmospheric CO> concentration
(paleo-CO») and the ancient climate becomes crucial.

Three major approaches have been used to obtain the paleo-CO- values: composition
measurements of air trapped in ice cores (Monnin et al., 2001), geochemical modeling
(Berner 1994 and 2006; Berner and Kothavala, 2001) and various proxies recorded in the
sediments (reviewed in Beerling et al., 2011). Ice core analysis, considered as the most
reliable method, can measure paleo-CO; directly but is only applicable to the ages after
0.8 Ma in that the heat from underground bedrock can melt the deepest and oldest ice
(Monnin et al., 2001). Geochemical modeling using chemical thermodynamics or/and
chemical kinetics to analyze the chemical reactions that affect geologic system can
reconstruct paleo-CO; for long geological time scales, but it is difficult to improve the
precision of CO: reconstruction at time scales less than 5 Ma and to distinguish from
warming caused by other greenhouse gases such as methane (Berner, 1994; Berner and
Kothavala, 2001; Berner, 2006). Several CO» proxies were involved to estimate paleo-
COz, and they are classified into marine and terrestrial proxies. Marine proxies are
represented by carbon isotopes from phytoplankton (Freeman and Hayes, 1992; Stott,

1992; Pagani, 1999; Pagani et al., 1999; Pagani et al., 2005) and boron isotopes from
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marine calcium carbonate (Pearson and Palmer, 2000; Pearson et al., 2009), which have
provided high resolution CO, data over a continuous time range, although most of these
CO> data are concentrated in the late Cenozoic. Terrestrial proxies include carbon isotopes
of paleosols, the texture of nahcolite (Lowenstein and Demicco, 2006), carbon isotopes
from liverwort fossils (Fletcher et al., 2008), and stomata on the fossil leaves of vascular
plants (Kiirschner et al., 2001; Smith et al., 2010; Doria et al., 2011; Maxbauer et al., 2014;
Wang et al., 2015; Wang et al., 2018a; Wang et al., 2018b), which have been widely used
for CO, estimation over the entire Cenozoic. However, these CO; results exhibit
inconsistencies of a large magnitude for the same geological times (Beerling and Royer,
2011), which means that the crosschecking of CO. data using different proxies is

necessary to reduce the associated uncertainties.

1.2 Stomatal analysis of fossil leaves

Stomatal-based atmospheric paleo-CO: reconstruction depends on the correlation
between the stomatal frequency of terrestrial vascular plant leaves and atmospheric CO>
level. This method was proposed by Woodward (1987), who found a negative correlation
between the stomatal frequency of leaves and atmospheric CO; concentration for the first
time. He studied herbarium specimens of eight temperate species collected in the past 200
years, and found a reduction of the stomatal density by an average of 40% due to an
increase of 60 ppm in atmospheric CO2 concentration caused by human activities. Then
Woodward and Bazzaz (1988) reported that the stomatal frequency also responses to
changes in atmospheric CO, partial pressure along altitude. The stomatal frequency
includes stomatal density (SD) and stomatal index (SI) (Salisbury, 1928): SD refers to the
number of stomata contained in unit area (mm?), while SI is the proportion of stomata to
the total number of epidermal cells. Generally, SI is considered as more accurate than SD,
because it can compensate the effects of leaf expansion during growth, thus independent

of environmental parameters such as temperature, atmospheric humidity and soil
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moisture supply (Beerling, 1999).

However, not all plant species present a correlation between stomatal frequencies and
atmospheric CO> level. C3 and C4 plants have different responses to atmospheric CO>
level due to different photosynthetic characteristics (Royer, 2001; Raven and Ramsden,
1988). Cz plants absorb CO> and fix it in sponge tissue and palisade tissue, and the CO>
concentration in the plant cells always maintains a ratio of about 70% of the atmospheric
CO: concentration, so the CO, concentration in the plant cells will follow the external
atmosphere CO> concentration changes (Beerling and Woodward, 1996; Ehleringer and
Cerling, 1995; Polley et al., 1993). Therefore, the stomata of Cs plants are very sensitive
to changes in atmospheric CO2 concentration. C4 plants accumulate the absorbed COz in
the vascular sheath, and the endothelium surrounding the vascular sheath prevents CO>
from penetrating outward, and can accumulate in the vascular sheath to 1000-2000 ppm
(Lambers et al., 1998), so the atmospheric CO2 concentration changes has little effect on
Cs plants, and their stomatal frequency are insensitive to atmospheric CO concentration
variation (Raven and Ramsden,1988).

The negative correlation between stomatal frequency and atmospheric CO: level was
confirmed by using modern materials and applied it to paleo-CO> reconstruction from
fossil leaves of various taxa which include Ginkgo (Retallack, 2001; Beerling and Royer,
2002; Royer, 2003; Retallack, 2009; Smith et al., 2010), Metasequoia (Royer et al., 2001b;
Doria et al., 2011; Maxbauer et al., 2014; Wang et al., 2015), Gordonia (Kiirschner et al.,
2001), Lauraceae (McElwain, 1998) Betula (Wagner et al., 2002; Wagner et al., 1999)
and Salix (Rundgren and Beerling, 1999). These researches demonstrated that
relationship between stomatal frequency and atmospheric CO» level is highly species
specific. However, plant fossils from the Paleogene might include extinct species and
more or less different morphologically from modern taxa.Thus, relict plants such as
Ginkgo and Metasequoia, which have not changed their morphology for a long term since
the Mesozoic, have been considered as ideal materials to reconstruct long-term paleo-

CO; history through the Cenozoic (Retallack, 2001, 2009; Beerling and Royer, 2002;
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Royer, 2003; Smith et al., 2010; Royer et al., 2001b; Doria et al., 2011; Maxbauer et al.,
2014; Wang et al., 2015). Fossil Ginkgo leaves were used for paleo-CO; reconstruction
during the Paleogene but data from Metasequoia is limited in spite of its common
occurrence from the Northern Hemisphere (Lepage, 2005). This study aims to compare
the Paleogene Metasequoia-based CO; results with prior published investigations of
stomatal and the other proxy-based data, especially Ginkgo-based ones, and discuss the
relationship between CO» changes and temperature variation during this period to provide
fundamental data for understanding our future climate change.

This species specificity indicates that the relationship between stomatal frequency
and atmospheric COz level need to be built based on each living species or nearest living
relatives of fossils. Three kinds of method to obtain the relationships has been conducted:
(1) use of herbarium specimens collected in different ages because the atmospheric CO2
concentration has gradually increased from 280 ppm to 400 ppm in the past 150 years
(McElwain, 1995); (2) use modern samples collected along the altitude gradient, because
the CO; partial pressure decreases along atmospheric pressure decrease altitude; (3) use
experimental data of plants that grow in climate chambers under different CO; level air
conditions while other environmental factors are controlled. In this study, I used
herbarium of different ages and modern samples collected along altitude to build the
relationship between CO- level and stomatal frequency of Fagus crenata and Quercus
gilva to apply it to paleo-CO: reconstruction.

As mentioned above, stomatal analysis of fossil leaves is assumed to be a reliable
method for paleo-CO; reconstruction. However, paleoaltitude of the living environment
of fossil leaves, which is a factor affecting its accuracy, is occasionally ignored. However,
paleo-COz reconstruction is conducted based on an assumption the mother tree of the
fossil leaves lived in lowlands close to sea-level. An example is paleo-CO; data based on
the stomatal frequency of Quercus guyavifolia (late Pliocene, south-western China) lower
than data estimated from other species, which may due to the paleoaltitude of the habitat

of'the fossil leaves (Hu et al., 2015), where atmospheric CO: is lower. Since reconstructed
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CO; level are usually considered as sea-level CO2, when applying stomatal method, it is
necessary to choose species that live in lowland. Thus, paleo-CO- reconstructed based on
the most thermophilous taxon among the fossil assemblage components will be more
reliable as these species are believed to inhabit only the lowermost altitude that close to
sea-level.

In this study, I found that fossil leaves of Fagus crenata from same assemblage
demonstrates a variation of stomatal frequency larger than that observed in its modern
population at the same altitude. This means that leaves from high altitude under low CO>
level with high stomatal frequency were transported to the fossil locality. Based on the
variation of stomatal frequency, we can calculate the difference of CO: level. At a fixed
temperature, the decrease in CO> level with altitude is predictable (McElwain 2004), thus
altitude difference between transported leaves and not transported leaves can be estimated,
which can be used as an indicator of paleoaltitude. Considering present available
paleoaltitude proxies are limited to hydrogen and oxygen isotopes, air bubbles in basalts
and temperature or enthalpy lapse rates with altitude using paleobotanical methods, this

new application of stomatal analysis will help a lot in paleoenvironment reconstruction.

1.3 Structure and purpose of this study

This study is consisted by four sub-studies that related to stomatal analysis of fossil
leaves, which can be divided into two parts: (1) reconstruction of paleo-CO; level of the
Cenozoic and analysis its relationship with paleo-temperature; (2) calculation of the
variation of stomatal parameters as an indicator of the altitudinal distribution area of a
plant species.

In the first part, I used stomatal analysis of Metasequoia needles to reconstruct the
CO; during the Paleocene and Eocene of the early and middle Paleogene. The Earth
experienced a significantly warm and humid environment comparable to the present

global warming during these periods. Since terrestrial records of CO; are still limited
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during this period, our research will supply evidences to clarify the Paleogene CO
changes, and help reveal the relationship between atmospheric CO, and temperature. |
also reconstructed paleo-CO> level of a interglacial stage in the Pleistocene when
conspicuous glacial-interglacial climate changes repeated on a 41-ka cycle. This cycle
has been assumed to be coupled with atmospheric CO> changes, as demonstrated by the
Middle and Late Pleistocene ice core records from the Antarctic. However, limited
evidence has been provided by relationships between paleo-CO; and paleo-temperature.
For this purpose, simultaneous investigation of both paleo-temperature and palaeo-CO;
by using fossil leaves from the same fossil assemblage is necessary. Thus, I used fossil
leaves belonging to an early Pleistocene interglacial stage in the Sayama Formation,
central Japan to verify that CO; played a critical role in adjusting the Pleistocene glacial-
interglacial cycle.

While most of researches of paleo-CO» reconstruction have been conducted for
materials from the lowland to reconstruct sea-level CO; , a potential of altimetry using
stomatal parameter has been proposed (Kouwenberg et al., 2007; McElwain, 2004).
However, no one has practiced this method into fossil materials. In the second part, I
reconstructed the altitudinal transportation of Fagus crenata leaves before burial based
on stomatal analysis of the fossil leaves in the Early Pleistocene of the Sayama Formation.
The detected altitudinal transportation can reveal the distribution range of a plant species in
ancient times, and can be a potential paleoaltitude indicator, which is possible to reveal tectonic
development in the past.

For another Holocene fossil locality in Mt. Kurikoma, I calculated the stomatal
parameter variation range of fossil Fagus crenata leaves from fossil assemblages between
ca. 5000 and ca. 2500 cal BP as an indicator of the temporal changes of altitudinal
distribution limit of the species. Although the distribution change of Fagus crenata forests
has been investigated using pollen analysis (Kito and Takimoto, 1999; Tsukada, 1982),
its altitudinal changes have been difficult to detect based on airborne pollen. Based on the

stomatal analysis of these fossil leaves, I evaluated the variation trend of the altitudinal
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distribution range of Fagus crenata, and discussed the climate factors that constrained the
altitudinal distribution of Fagus crenata during the Middle to Late Holocene. Altitudinal
distribution change of plants under climate change in ancient times can help predict the

reaction of plants to climate change in the near future.
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2 Basic application of stomatal analysis: reconstruction of sea-

level paleo-CO; under different paleo-temperature

2.1 The Paleogene CO, level reconstructed based on fossil Metasequoia

needles

2.1.1 Introduction

During the Paleocene and Eocene, grouped as the Paleogene, the Earth experienced
a significantly warm and humid environment, and references for the comparison of
greenhouse climates are available from the Paleogene (Bowen et al., 2004; Hansen et al.,
2008; Beerling and Royer, 2011). The changes in COz level during the Paleogene have
been reconstructed via geochemical modeling (Berner, 1994; Berner and Kothavala, 2001;
Berner, 2006) and via various proxies (Beerling and Royer, 2011). Plant taxa, such as
Ginkgo (Retallack, 2001, 2009; Beerling and Royer, 2002; Royer, 2003; Smith et al.,
2010), Metasequoia (Royer et al., 2001b; Doria et al., 2011; Maxbauer et al., 2014; Wang
et al., 2015), Gordonia (Kirschner et al., 2001), and Lauraceae (McElwain, 1998) have
been investigated to estimate paleo-CO- level during the Paleogene, but compared to the
late part of the Cenozoic, stomatal-based CO> data are still limited for the Paleogene.

In this subsection, I conducted stomatal analysis of fossil Metasequoia needles
collected from Japan and Canada to estimate CO> levels in the early and middle Paleocene
and middle Eocene, during which the stomatal-based CO, data are still limited.
Metasequoia Miki ex Hu et Cheng is a representative plant with evolutionary stasis since
the middle Cretaceous. The fossil Metasequoia species are generally considered
conspecific with the modern species M. glyptostroboides, based on morphological and
biochemical analyses with its inferred physiology and ecology (LePage et al., 2005). The
relationship between SI of modern Metasequoia leaves and CO> level has been

summarized using associated data under experimentally controlled conditions (Royer et
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al., 2001b), and the results have been applied to paleo-CO> estimation for different ages
(Royer et al., 2001b; Doria et al., 2011; Maxbauer et al., 2014; Wang et al., 2015). The
extensive and frequent occurrence of Metasequoia fossils in time and space (LePage et
al., 2005) enables the production of a detailed CO; curve comparable with temperature
curve throughout the Paleogene without the noise derived from using different kinds of
proxies. However, the Paleogene CO; reconstruction based on Metasequoia needles
(Doria et al., 2011; Maxbauer et al., 2014) is still limited compared with Ginkgo leaves.
To certify the availability of Metasequoia fossils for the Paleogene CO> reconstruction, I
compared the results with prior published investigations of stomatal and the other proxy-
based data, and discuss the relationship between CO, changes and temperature variation
during the period to provide fundamental data for understanding our future climate

change.

2.1.2 Materials and methods

2.1.2.1 Fossil locality and geological settings

The well-preserved fossil Metasequoia needles used in this study were collected from
localities including early Paleocene and middle Eocene strata in northern Japan and the
middle Paleocene and middle Eocene strata in arctic Canada (Figure 2.1-1Fig. 2.1-1).
Associated ages, geological settings and other information concerning the collected fossil
Metasequoia needles can be found in published reports (Tanai, 1979, 1990; Ricketts and
Stephenson, 1994; Yang et al., 2005; Hasegawa et al., 2009; Maxbauer et al., 2014;
Horiuchi and Uemura, 2017) and are summarized in Table 2.1-1. Voucher specimens are

housed in the Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences.
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Figure 2.1-1 Geological settings (A and B) of fossil Metasequoia needles (C-F). C:
Minato Formation, Kuji City, Japan (early Paleocene); D: Bibai Formation, Bibai City,
Japan (middle Eocene); E: Iceberg Bay Formation, Ellesmere Island, Canada (middle
Paleocene); F Buchanan Lake Formation, Axel Heiberg Island, Canada (middle Eocene).

Bar=1 cm.
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Table 2.1-1 Information of Metasequoia samples used for reconstructing CO; level.

Fossil site Geologic setting Epoch (Age) Dating method Latitude Longitude Reference
Minato, Kuji city, Iwate Minato Formation, Noda early Paleocene Fission track L
) 40°07'30"N  141°50'15"E  Horiuchi et al., 2017
Prefecture, Japan Group, (64.3-62.5 Ma) dating
Iceberg Bay, Stenkul Fiord, middle . . Ricketts and
. . Stratigraphic
Ellesmere Island, Canadian Iceberg Bay Formation, Paleocene (ca. rud 77°20'58"N  83°26'08"W Stephenson, 1994;
stu
Arctic Archipelago 60 Ma) Y Yang et al., 2005

Buchanan Lake, Axel Heiberg

) i Upper Coal Member of the middle Eocene Stratigraphic 79°54'55.8"  89°01'26.8"
Island, Canadian Arctic

Maxbauer et al., 2014

. Buchanan Lake Formation, (47.9-37.8 Ma) study N W
Archipelago
Bibai, Bibai City, central Bibai Formation, Ishikari middle Eocene Fission track 43°15' N 141°50' E Tanai, 1979, 1990;
Hokkaido,Japan Group, (41-40 Ma) dating Hasegawa et al., 2009
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2.1.2.2 Cuticle preparation

The fossil needles were treated with 10%—-25% hydrochloric acid (HCI) for 2 hours,
40% hydrofluoric acid (HF) for 12 hours, and 10%—25% HCI for at least 1 hour to remove
the adhering sediments. After the materials were rinsed with distilled water, the middle
third of the needles was cut for cuticle preparation. The needle fragments were macerated
with a 3%—-5% sodium hypochlorite (NaClO) solution to remove any remnants of leaf
tissue other than the cuticular membrane based on the nature of the leaves. After rinsing
with distilled water, the cuticular membranes were stained with 1% safranin O and
mounted in glycerol for observation and photographing under the transmitted light
microscope (Zeiss Axio Imager A2 with Zeiss AxioCam MRc camera), or directly

mounted on aluminum stubs for SEM imagery (Zeiss EVO LS10).

2.1.2.3 Stomatal index and the calculation of paleo-CO>

Image J (1.43n, Wayne Rasband, http://rsb.info.nih.gov/ij/) was used to count the

number of stomatal complexes (stomatal pore with bounding guard cells) and epidermal
cells from photos of cuticular membranes taken with light or electron microscopes (Figure
2.1-2). The field-of-view for stomatal analysis is over 0.03 mm? for all images. SI was

calculated using Equation 2.1-1 (Salisbury, 1928).

stomatal number

SI =

epidermal cell number+stomatal number

Equation 2.1-1
The nonlinear inverse relationship between the SI of Metasequoia and CO> levels

(Equation 2.1-2)was taken from Royer et al. (2001b).

SI-6.672
0.003883xSI1-0.02897

[COZ]atm =

Equation 2.1-2
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2.1.3 Results

The SI and calculated CO; from the prepared cuticular membranes are listed in Table
2.1-2. Our data show that CO> was 308423 ppmv at ca. 63.4 Ma in the early Paleocene,
and 37027 ppmv at ca. 60 Ma in the middle Paleocene. In the middle Eocene, CO-
increased to over 473121 ppmv at 47.9-37.8 Ma, based on materials from the Iceberg
Bay Formation. The materials from the Bibai Formation (middle Eocene) show the lowest
SI among all Metasequoia fossils used in this research, indicating a high CO» of 7064321
ppmv at 41-40 Ma.

Figure 2.1-2 Microphotographs of lower cuticles of Metasequoia needles from A: Iceberg

Bay Formation, Ellesmere Island, Canada (middle Paleocene), B: Minato Formation, Kuji
City, Japan (early Paleocene), C: Buchanan Lake Formation, Axel Heiberg Island, Canada
(middle Eocene), and D: Bibai Formation, Bibai City, Japan (middle Eocene). The white
arrows indicate stomata. (C) was obtained by SEM while all the others were obtained by

light microscopy. Bar = 50 pm.
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Table 2.1-2 SI of fossil Metasequoia needles and the corresponding CO; estimates.

Number of
Fossil site Epoch Age (Ma) fossil needles ST (%) CO; (ppmv)
(no.)
Minato late Paleocene 64.3-62.5 10 12.08+1.60 308+23
middle
Ellesmere Island ca. 60 9 9.35+0.41 37027
Paleocene
Axel Heiberg .

middle Eocene 47.9-37.8 12 8.87+1.06 473+121

Island
Bibai middle Eocene 41-40 9 8.2140.63 706321

2.1.4 Discussion

2.1.4.1 CO; level during the Paleocene

Only Ginkgo leaves have been used as yet for stomatal index-based CO:
reconstruction for the Paleocene, and the data have provided a continuous record of
variations in CO; between ca. 54 Ma and ca. 65 Ma (Royer et al., 2001b; Beerling and
Royer, 2002; Royer, 2003; Beerling et al., 2009). However, the stomatal CO; record
between 64 Ma and 59 Ma was based only on one datum at 61.5 Ma (Royer, 2003). The
fossil Ginkgo leaves indicate that CO2 was at 330470 ppmv during 65-64 Ma, after
which it dropped to 317 ppmv at 61 Ma and then increased again to 530-570 ppmv at 59
Ma (Royer, 2003). Subsequently, Ginkgo-based CO> varied mainly between 300 ppmv
and 500 ppmv with a peak of 667 ppmv at 55.8 Ma at the Paleocene—Eocene boundary
(Royer et al., 2001a; Beerling et al., 2009). The two Metasequoia-based CO> level results
in this paper, 308 ppmv at ca. 63 Ma and 370 ppmv at ca. 60 Ma, are the oldest CO> level
data based on the stomatal analysis of Metasequoia needles to date. Our data, with small
error ranges, completes the sequence of Ginkgo-based CO; records with the drop in CO>
values at 63 Ma; and also support the increasing trends in CO» found between 61 Ma and

58.5 Ma, as demonstrated in the Ginkgo-based CO; records (Royer, 2003) (Figure 2.1-3).
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Figure 2.1-3 Atmospheric CO; history in the Paleogene, reconstructed by GEOCARB III

(grey shade) (Berner and Kothavala, 2001) and different proxies. Including previously
published stomatal analyses of Metasequoia (Doria et al., 2011; Maxbauer et al., 2014),
Ginkgo (Retallack, 2001; Beerling and Royer, 2002; Royer, 2003; Beerling et al., 2009;
Retallack, 2009; Smith et al., 2010), and other species (McElwain, 1998; Kiirschner et al.,
2001; Greenwood et al., 2003), liverworts (Fletcher et al., 2008), and analysis of paleosols
(Koch et al., 1992; Sinha and Stott, 1994; Ekart et al., 1999; Royer et al., 2001a; Nordt et

al., 2002;), phytoplankton (Freeman and Hayes, 1992; Stott, 1992; Pagani, 1999; Pagani
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et al., 1999; Pagani et al., 2005), and boron isotopes (Pearson and Palmer, 2000; Pearson
et al., 2009). Deep-sea temperatures (Zachos et al., 2001) are shown in the upper panel.
The error bars represent the reported uncertainties. The horizontal dashed line indicates

the present-day atmospheric CO> level (400 ppmv).

Proxies other than stomatal parameters for CO» reconstruction during the Paleocene
have been derived from alternative terrestrial proxies, including the carbon isotopes of
paleosols or liverworts, and marine proxies such as the boron isotopes from marine
calcium carbonate or carbon isotopes from phytoplankton (Figure 2.1-3). Paleosol-based
CO; was estimated as ca. 400 ppmv in the earliest Paleocene (Nordt et al., 2002) and 100—
800 ppmv in the late Paleocene and early Eocene, which exhibits wide variations as
compared to other proxies (Sinha and Stott, 1994; Royer et al., 2001b). In addition, the
isotope analysis of liverworts indicated a CO2 of 583 ppmv at ca. 58.4 Ma, which is
consistent with the Ginkgo-based data. However, CO; reconstruction based on marine
boron isotopes in the late Paleocene and the early Eocene (Pearson and Palmer, 2000)
exhibits significantly higher values (> 2000 ppmv) than the data from terrestrial proxies
(Sinha and Stott, 1994; Royer et al., 2001b; Royer, 2003), along with considerable
fluctuations. However, this boron isotope method is based on the assumption that the
boron isotopic composition of the ocean remains at nearly constant levels throughout time,
without changes due to biological processes or differences in temperature, which has not
been proved for the Paleocene (Royer et al., 2001a).

Contrary to the current view that global warming is associated with the CO; levels,
the paleotemperature during the Paleocene was much higher than what it is today,
according to marine isotope data (Zachos et al., 2001). The early and middle Paleocene
fossil floras also indicate a higher temperature than that today at mid and high latitudes,
according to their physiognomic characters and the fact that the Nearest Living Relatives
of these species are also distributed in areas with warmer temperatures (Spicer and Parrish,

1990). The appearance of crocodilians during the Paleocene (Markwick, 1998) in the
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United States is further proof of a warm environment. Considering the evidence for a
warm climate during the early and middle Paleocene, if our stomatal CO, reconstruction
is correct, factors besides CO: are necessary to explain the global warmth during this
period. The lower Paleocene CO; of this study indicates that the warm climate in the early
and middle Paleocene is not comparable to the present global warming because the effect
from CO> on the increasing global temperature was less apparent than it is in the present.
Although the Paleocene—Eocene Thermal Maximum (PETM) has been confirmed to be
associated with the release of methane (Dickens et al., 1997; Higgins and Schrag, 2006;
Pancost et al., 2007; Winguth et al., 2010), our CO; data is from an earlier period. Thus,
instead of methane, factors like paleogeography, enhanced meridional heat transport, and
high latitude vegetation feedbacks may help to explain this warm period (Royer et al.,
2001b).

2.1.4.2 Higher COz level than today during the middle Eocene

The Earth during the middle Eocene also experienced a long-term period of global
warmth, with higher temperatures than those of today, and a decreasing trend in
temperature after the early Eocene climatic optimum (Hansen et al., 2008; Bohaty et al.,
2009; Wolfe et al., 2017). The stomatal data from this period generally exhibits CO>
values higher than the present level CO2 (ca. 400 ppmv), although the data are limited
compared with that from the Paleocene. High levels of CO2 were represented in Ginkgo
fossils, which indicated CO: levels of 907 ppmv at ca. 47.3 Ma (Retallack, 2009).
Stomatal analysis of fossil Gordonia (KUrschner et al., 2001) and Lauraceous (McElwain,
1998) leaves present a CO; level of 500-800 ppmv during 44.5-42.9 Ma. Our CO: level
data (4732121 ppmv) at 47.9-37.8 Ma in the middle Eocene is lower than that found in
these published studies. At the same fossil locality in Axel Heiberg Island, fossil
Metasequoia needles have previously been used in CO; estimations by stomatal analysis
(471 ppmv) and carbon isotope analysis based on the plant gas-exchange model (441

ppmv) (Maxbauer et al., 2014). The consistency between their results and the present
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study indicates that fossil Metasequoia leaves are reliable for use in CO; estimation, and
the CO» levels presented by this taxon do not vary among researchers or according to
differences in methods.

Other stomatal data from the middle Eocene found in this study estimated CO> levels
0of 706+321 ppmv at 41-40 Ma, which is higher than the CO» estimation 0f47.9-37.8 Ma.
However, this value is within the range of values estimated by the stomatal analysis of
Metasequoia needles from ten fossil-bearing layers in a fossil locality in northwestern
Canada, which indicated a series of CO» data from ca. 1000 ppmv to ca. 400 ppmv at 38.4
Ma, with a decreasing trend.

Compared with the Paleocene CO; data, middle Eocene CO; estimated both by
stomatal and the other proxies vary over a short time-span. The boron isotope data
documented changes in CO, from ca. 400 ppmv at ca. 43 Ma to over 1000 ppmv at 39
Ma (Pearson and Palmer, 2000), although boron-based CO, data from the middle Eocene
generally give lower values than those found in the early Eocene, which vary between
400 ppmv and 2500 ppmv (Pearson and Palmer, 2000). Meanwhile, the CO based on the
isotope analysis of phytoplankton also indicated a fluctuation in CO2 values between ca.
1200 and ca. 650 ppmv during the period from 44 Ma to 40 Ma, although the precision
of this method decreases when COxz rises to above 750 ppmv (Kump and Arthur, 1999;
Royer et al., 2001a).

Different proxies indicate higher CO> levels during the middle Eocene, but the
relationship between CO: and global warming in this age has not been clarified due to the
inconsistent results of CO,. Plant fossils have recorded a warm climate during the Eocene
as well, for example, the northern limit for distribution of a frost intolerant palm was 20°
latitude further north than it is currently in North America (Greenwood and Wing, 1995).
Multiple climate proxies also demonstrate an Arctic environment with winter
temperatures at or just above freezing and summer temperatures of > 20 °C during the
early-middle Eocene (Eberle and Greenwood, 2012). During this warm period, a decrease

in temperature since the middle Eocene was detected in marine oxygen isotopes (Zachos
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et al., 2001), which cannot be explained by the CO, variation based on stomatal or other
proxy data. Thus, other factors, such as complex feedbacks initiated by tectonic
alterations to the ocean basins (Shellito et al., 2009), increased polar stratospheric clouds
(Sloan and Pollard, 1998), and increased latent heat transport (Ufnar et al., 2004) may be
complementary warming mechanisms besides CO level increases. However, our
understanding of the climate change mechanisms during this greenhouse period is still far

from clear.

2.1.4.3 Advantages of fossil Metasequoia needles in paleo-CO» estimation

Metasequoia fossils have been reported in more than 500 localities in the Northern
Hemisphere, belonging to various ages from the Cretaceous to the Pleistocene (LePage
et al., 2005). This very wide and frequent occurrence of Metasequoia fossils in time and
space allows the production of an evolutionary curve in CO; throughout the whole
Cenozoic from use of these fossil needles alone, without the noise derived from using
different kinds of proxies. Although several Metasequoia-based CO; records from the
Cenozoic have been published to date (Royer et al., 2001b; Doria et al., 2011; Maxbauer
et al., 2014; Wang et al., 2015), the Metasequoia-based CO; data from the Paleogene are
still insufficient compared with data from Ginkgo. This may be ascribed to its fragile
cuticle as compared to Ginkgo. However, development of fluorescence microscopes, laser
scan microscopes and electron scanning microscopes enables much easier observation of
such delicate cuticles.

This research demonstrated that the mechanisms that caused the Paleogene climate
change were significantly complex, and that variations in CO» played a less important
role than today. Thus, studies concerning climate changes during the Neogene and
Quaternary will be more helpful for a better understanding of the present mechanisms
leading to global warming. Fossil Metasequoia needles from the late Cenozoic are very
abundant, especially in Japan, and other materials with continuous and high-resolution

stratigraphic settings are available for investigation (LePage et al., 2005). Leaf margin
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analysis and stomatal analysis of a Japanese fossil assemblage has implied a coupled
relationship between CO; and temperature during the Quaternary (Wang et al., 2018b).
Compared with the species that were distributed over a wide range of altitudes, such as
Fagus, Quercus and Ginkgo, Metasequoia is generally limited to floodplains at low
altitudes, which can avoid errors in CO> estimation caused by the transportation of leaves
from higher altitudes before fossilization (Wang et al., 2018a). Since the stomatal index
can record rapid CO changes occurring within 100 years (Royer, 2001), Metasequoia
fossil needles have the potential to provide more detailed information in CO. evolutionary

history during the Cenozoic.
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2.2 Warm climate under high CO: level in the early Pleistocene based

on the Sayama Formation in central Japan

2.2.1 Introduction

From the latest Pliocene, the climate regime in the Northern Hemisphere changed
from warm, ice-free conditions to give rise to an icehouse Earth (Mudelsee and Raymo,
2005; Rohling et al., 2014). The early Pleistocene was characterized by conspicuous
glacial-interglacial climate changes on a 41-ka cycle, accompanied by the development
of ice sheets in the Northern Hemisphere (Lisiecki and Raymo, 2005). The climatic
deterioration during the glacial stages influenced the distribution and composition of
terrestrial flora at mid-latitudes in the Northern Hemisphere (van der Hammen et al.,
1971; Popescu et al., 2010; Martinetto et al., 2017), and promoted the expansion of boreal
vegetation into the lowland areas of central Japan (Momohara, 2016; Yamakawa et al.,
2017). However, the warm and oceanic environments during these interglacial stages
reappeared in the early Pleistocene, which is apparent from a fossil leaf assemblage of ca.
1.6 Ma in the Sayama Formation on the Pacific side of central Japan (Ito et al., 2017).
This warm environment sustained the populations of thermophilous plants and exotic
elements that had earlier gone extinct in the other areas of central Japan. Glacial-
interglacial cycles are coupled with atmospheric CO> changes, as demonstrated by the
Middle and Late Pleistocene ice core records from the Antarctic (Jouzel et al., 2007; Liithi
et al., 2008). As increases in the atmospheric CO; are also related to present climate
changes (Stocker et al., 2013), palaco-CO> reconstruction of the Pleistocene interglacial
stages may provide us a better understanding of present global change. However, palaeo-
CO» and palaeo-temperature in the early Pleistocene have been chiefly reconstructed for
marine environments (Hansen et al., 2008; Honisch et al., 2009; Seki et al., 2010; Tripati
et al., 2011), and terrestrial records of this period are scarce compared with those in the

middle and late Pleistocene, for which ice core data are available.
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This study aims to estimate both palaeo-temperature and palaeo-CO; based on a leaf
fossil assemblage, belonging to an early Pleistocene interglacial stage (MIS 57 or 55), in
the Sayama Formation, central Japan (Ito et al. 2017). I applied SD analysis to fossilized
leaves of Quercus gilva, which has the highest temperature requirement among the
components of the studied fossil assemblage. In addition, I quantitatively reconstructed
the palaco-temperature based on LMA, to investigate the relationship between palaeo-

CO> and palaeo-temperature in this interglacial interval.

2.2.2 Geological setting

The fossil sampling site (35°46'33"N, 139°22'43"E, 130 m a.s.l.; Figure 2.2-1) is an
outcrop of the Sayama Formation exposed in the riverbed of the Osawa River in the
Sayama Hills, western Tokyo (Saitama Research Group and Kanto Quaternary Research
Group, 1970; Nirei and Takegoshi, 2007). The formation is distributed along the western
margin of the Kazusa Group sedimentary basin that consists of continuous sedimentation
of deep-to-shallow sea deposits in Chiba Prefecture between 2.4 and 0.5 Ma (Ito and
Katsura, 1992). The leaf fossil bed is embedded in a 3-m thick fluvial silt overlain by a
7-m thick marine sediment layer. The horizon of the assemblage is 16 m above the
Sayama-garasushitu tephra bed (SYG) and 13 m below the Sayama-gomashio tephra bed
(SGO) (Ito et al., 2017). The SYG tephra is correlated with the Tsuike Ash, which is
situated between the peaks of MIS 57 and 58 in the Uonuma Group in the Niigata
Prefecture (Momohara et al., 2017). The SGO tephra is correlated with the Ob4b-1 tephra
that is above the Omn-SK110 tephra (Suzuki et al., 2016), which is correlated with the
peak of MIS 54 (Nozaki et al., 2014). Thus, the age of the Sayama fossil leaf bed is
constrained to ca. 1.65-1.55 Ma, between MIS 58 and MIS 54 (Sakai and Kurokawa,
2002; Muramatsu, 2008; Suzuki et al., 2011; Momohara et al., 2017).
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Figure 2.2-1 Map showing the sampling sites for modern leaves (square) and herbarium
specimen (square and circle) together with the Sayama Formation (triangle). The original
map was downloaded from the Consortium for Spatial Information (CGIAR-CSI;

http://www.cgiar-csi.org/).

2.2.3 Materials and methods

2.2.3.1 Palaeo-COz reconstruction

As the relationship between stomatal density and palaco-CO: is species-specific even
within a single family (Royer, 2001; Kiirschner et al., 2008), it is necessary to select a
suitable species among the components of a fossil leaf assemblage as a proxy for sea-
level palaco-CO,. Among the components of the leaf fossil assemblage, Quercus gilva
has the highest temperature requirements (Ito et al., 2017). Quercus gilva is an evergreen
broad-leaved tree that is a major component of warm-temperate evergreen broad-leaf
forests in southern China (Flora of China Editorial Committee, 1994) and southwestern
Japan (Koike, 1989). I considered that the distribution of Quercus gilva is limited to the
lowermost altitude, and that the palaco-CO, based on its stomatal density reflects sea-
level palaeo-COx.

As sun and shade leaves generally exhibit different responses to CO; gradient
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(Kiirschner et al., 1996; Royer et al., 2001b; McElwain, 2004; Kouwenberg et al., 2007),
they should be examined separately to establish the correlation between stomatal density
and CO». However, the lower and interior position of shade leaves in canopy decreases
their chances of wind dispersal to places of fossilization (KUrschner et al., 1996), and
their thinner mesophyll and cuticles are susceptible to bacterial degradation (Roth and
Dilcher, 1978; Spicer, 1981). Thus, the percentage of shade leaves is generally limited in
fossil assemblages (Kiirschner, 1997; Hu et al., 2015), and I used only sun leaves in this
study.

To distinguish the sun and shade leaves, the epidermal anticlinal wall pattern is
considered a useful parameter (Watson, 1942; Kirschner, 1997; Wang et al., 2018), but
due to the poor preservation condition of our sample fossil materials, it was not possible
to determine the epidermal anticlinal wall pattern. However, most of the Quercus gilva
leaves in this fossil assemblage have coriaceous and thick lamina and are believed to be
sun leaves, which are distinguishable from the shade leaves, with thin and light-colored

lamina.

2.2.3.2 Stomatal analysis of the extant materials

For palaeo-CO; estimation, I needed to construct a relationship between stomatal
density (SD) of Quercus gilva and atmospheric COz level, based on modern materials and
herbarium specimens that were collected when atmospheric CO; level was lower than
that in the present. Sun leaves of Quercus gilva were collected from five trees each at 200
m, 400 m, 518 m, and 590 m a.s.l. in Aya, the southern part of the Miyazaki Prefecture,
south Japan (Figure 2.2-1). All the leaves were collected from the surface of sunny sides
of the canopies. Ten sun leaves from each of the five trees were collected for stomatal
analysis (Poole, 1999; Beerling and Royer, 2002). In addition, herbarium specimens
collected between AD 1961 and 1996, which are stored in the Herbarium of Graduate
School of Horticulture, Chiba University (MTDO), were examined. [ used five sun leaves

from each herbarium specimen for cuticle observation.
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For each extant leaf, I first removed the hair on the lower epidermis by washing it in
water. Then, I applied a clear nail polish on the lower epidermal surface of the area
between two adjacent secondary veins along the mid-vein in the center of the lamina.
After air drying the nail polish, I removed it from the leaf to get the cast of the lower
epidermal surface. I then enclosed it using glycerin on a glass slide and observed it under
a transmitted light microscope connected to a digital camera. Thirty cuticular fields from

each tree or each herbarium specimen were photographed for SD calculation.

2.2.3.3 Calibration curves between SD and CO>
I estimated the calibration curves between the SD of Quercus gilva and CO: based

on the extant samples. I calculated the CO> of each sampling spots based on Equation 2.2-1

(Jones, 2013):

RXT
MAXg

H=—In (Z—j X
Equation 2.2-1

pl: CO; (Pa) at sea level
p2: CO; (Pa) at the sampling spot
R: gas constant (8.3144 Pa m® mol' K ™)
T: average mean annual temperature (K) between the sampling spot and sea level
MA: molecular weight of air (0.028964 kg mol™!)
g: acceleration due to gravity (9.8 m s%)
H: elevation (m) of the sampling spot

Accurate T data of each sampling spot were calculated based on National Land
Numerical Information (http://nlftp.mlit.go.jp/ksj/) for extant materials and “Mesh 2000
Climatic Values in Japan” (JMA, 2002) for herbarium materials, respectively. The
datasets are composed of 1 km mesh data of average altitudes and corresponding monthly
mean temperatures based on data from ca. 1000 meteorological stations in Japan between
1980-2010 and 1971-2000, respectively. Temperatures at the altitude of the sampling

spots were calculated by linear regression of datasets at different altitudes in and around
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the site. Using these T values along with altitude, past and present sea-level CO» record
(p1) (CO2 Now website, https://www.COx.earth/), and other parameters in Equation 2.2-1,
CO2 (p2) of each spot could be calculated. Next, the calibration curve between stomatal

frequencies and CO» for Quercus gilva was constructed using SigmaPlot v.12.5.

2.2.3.4 Palaeo-CO; calculation

For cuticle analysis, I used five fossilized Quercus gilva leaves that are stored in the
Graduate School of Horticulture, Chiba University (Ito et al., 2017). I first treated them
with 20% HCI for about 6 h to remove calcareous materials, and then washed them until
they were neutralized. I enclosed each leaf in glycerin on a glass slide, with the lower
epidermis facing up, and observed the same portion that I observed for extant materials
under a fluorescence microscope (Nikon Optiphot-2) linked to a digital camera. Five
cuticular fields (0.08 mm?) were photographed for each fossil leaf and the number of
stomata in the field was counted to calculate the stomatal density (SD, the number of
stomata per mm? of leaf). Stomatal index (SI) is not available because of the preservation
of the fossilized leaves. Using the stomatal density of our fossil materials in the

established correlation, I estimated the sea-level palaeco-CO; of the Sayama Formation.

2.2.3.5 Palaco-temperature reconstruction

From the Sayama Formation leaf bed, 39 woody angiosperm species identified by Ito
et al. (2017) were used for LMA (Table 2.2-1). I classified them into entire- and toothed-
margin leaves, and then calculated the percentage of species with entire margin leaves to
estimate the mean annual temperature (MAT). I classified lobed leaves without serration
and spinose leaves as entire margin leaves. Different negative correlations between the
percentage of entire margin leaf species in woody dicot flora and MAT have been
estimated for different regions (Wolfe, 1979; Wilf, 1997; Jacobs, 1999; Gregory-
Wodzicki, 2000; Greenwood et al., 2004; Spicer et al., 2004; Traiser et al., 2005; Su et al.,

2010), and here, I used the equation for East Asia (Wolfe, 1979) because its sampling area
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covers the entire area of Honshu, Japan. The standard error (SE) of estimated MAT was
calculated following Miller et al. (2006).

MAT(°C) = 1.141 + 30.6xp
Equation 2.2-2

n

SE=b><\/[1+(p(n—1)p(1—p)] x 21-P)
Equation 2.2-3

p: proportion of woody dicot species with entire leaves
b: slope of the equation; here, 30.6
¢: over dispersion factor, with a value of 0.052 from Miller et al. (2006);

n: total number of woody dicot species among the flora
2.2.4 Results

2.2.4.1 Palaeo-CO; reconstruction
Based on the cuticular images of the extant materials (Figure 2.2-2), I calculated their
SD data, which showed a significant negative linear relationship (p<0.0001) with
estimated COz at each of the sampling sites (Figure 2.2-3).
The average SD value of fossilized Quercus gilva leaves was 669.5+42.1 mm™.
Plugging this value into the SD-CO; relationship based on extant materials, palaco-CO-

was estimated as 36.41+2.58 pa (359£25 ppmv).
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Figure 2.2-2 Cuticular images of modern (A) and fossil (B) Quercus gilva. Stomata are

marked by red dots, and arrows indicate hair bases. Error bar = 50 pm.
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Figure 2.2-3 Relationship between CO; and stomatal density based on the extant sun

leaves of Quercus gilva (error bar = 10).

2.2.4.2 Palaeo-temperature reconstruction
Among the 39 dicots (Figure 2.2-4 and Table 2.2-1), 12 species have entire leaf
margin (scored as 1), while the leaves of Fagus japonica include both toothed and entire
margins (scored as 0.5). Thus, the percentage of species with entire leaf margins (P) was
calculated as 32%. The calculated MAT based on the East Asian equation (Equation 2.2-2)

was 11.0 °C and the SE was +2.67 °C (Equation 2.2-3).
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Figure 2.2-4 Leaf margins of fossil leaves for leaf margin analysis (LMA) from the
Sayama Formation. 1. Salix subfragilis Andersson; 2. Salix sieboldiana Blume; 3. Salix
gilgiana Seemen; 4. Carpinus laxiflora (Siebold et Zucc.) Blume; 5. Carpinus tschonoskii
Maxim.; 6. Alnus cf. japonica (Thunb.) Steud.; 7. Ostrya cf. japonica Sarg.; 8. Betula
grossa Siebold et Zucc.; 9. Fagus crenata Blume; 10. Fagus japonica Maxim.; 11. Fagus
stuxbergi (Nathorst) Tanai; 12. Quercus serrata Murray; 13. Quercus sect. Prinus sp.; 14.
Quercus acutissima Carruth.; 15. Quercus gliva Blume; 16. Zelkova serrata (Thunb.)
Makino; 17. Celtis sinensis Pers.; 18.Ulmus davidiana Planch.var. japonica (Rehder)
Nakai; 19. Lindera umbellata Thunb.; 20. Cinnamomum camphora (L.) J.Presl; 21.
Cinnamomum tenuifolium (Makino) Sugim. ex H. Hara; 22. Cercidiphyllum cf.
Jjaponicum Siebold et Zucc. ex Hoffm. et Schult.; 23. Liquidambar formosana Hance; 24.
Sorbus cf. commixta Hedl.; 25. Rosa cf. multiflora Thunb.; 26. Albizia kalkora (Roxb.)
Prain; 27. Wisteria floribunda (Willd.) DC.; 28. Lespedeza cyrtobotrya Miq.; 29. Cercis
chinensis Bunge; 30. Leguminosae (Fabaceae) spp; 31. Acer pictum Thunb.; 32. Acer
diabolicum Blume ex K.Koch; 33. Acer palmatum Thunb.; 34. Aesculus turbinata Blume;
35. Tilia sp.; 36. Lagerstroemia indica L.; 37. Ericaceae sp.; 38. Fraxinus japonica Blume

ex K. Koch; 39. Smilax china L..
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Table 2.2-1 List of dicotyledonous fossil species in the Sayama Formation (Ito et al.,

2017).

Family Fossil species Score for LMA

[e)

Salicaceae Salix gilgiana Seemen
S. sieboldiana Blume
S. subfragilis Andersson
Betulaceae Alnus cf. japonica (Thunb.) Steud.
Betula grossa Siebold et Zucc.
Carpinus laxiflora (Siebold et Zucc.) Blume
C. tschonoskii Maxim.

Ostrya cf. japonica Sarg.

S O O O o o o O

Fagaceae Fagus crenata Blume

o
n

F japonica Maxim.

F. stuxbergi (Nathorst) Tanai
Quercus acutissima Carruth.
Q. serrata Murray

Q. sect. Prinus sp.

Q. gliva Blume

S O O o o O

Ulmaceae Celtis sinensis Pers.
Ulmus davidiana Planch.var. japonica (Rehder)
Nakai
Zelkova serrata (Thunb.) Makino

Lauraceae Cinnamomum camphora (L.) J.Presl

(=]

C. tenuifolium (Makino) Sugim. ex H. Hara
Lindera umbellata Thunb.

e T =)

Cercidiphyllum cf. japonicum Siebold et Zucc.ex
Hoffm. et Schult.

Hamamelidaceae  Liguidambar formosana Hance

(=]

Cercidiphyllaceae

Rosaceae Sorbus cf. commixta Hedl.
Rosa cf. multiflora Thunb.
Leguminosae Albizia kalkora (Roxb.) Prain
Cercis chinensis Bunge
Lespedeza cyrtobotrya Miq.
Wisteria floribunda (Willd.) DC.
Leguminosae (Fabaceace) spp.
Aceraceae Acer diabolicum Blume ex K.Koch

A. palmatum Thunb.

_ O O e e e e e O O O

A. pictum Thunb.
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Hippocastanaceae
Tiliaceae
Lythraceae
Ericaceae
Oleaceae
Liliaceae

Aesculus turbinata Blume

Tilia sp.

Lagerstroemia indica L.

Ericaceae sp.

Fraxinus japonica Blume ex K. Koch

Smilax china L.

_ O e m O O
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2.2.5 Discussion

2.2.5.1 Relationships between stomatal density and CO»

The negative correlation of SD values of the extant leaves with CO; (Figure 2.2-3)
indicate the sensitivity of the leaves to CO> change. SD is generally believed to be less
reliable for palaeo-CO; reconstruction than the stomatal index (SI), which is calculated
as the number of stomata divided by the number of epidermal cells. Compared with SI,
SD generally exhibits a lower correlation coefficient with CO> (Bai et al., 2015; Hu et al.,
2015), possibly owing to the changes induced by leaf expansion, which is susceptible to
other environmental factors (Salisbury, 1928; Woodward, 1987; Kiirschner et al., 1996;
Kiirschner, 1997; Kouwenberg et al., 2007). However, the high correlation coefficient
(r’=0.65) obtained in this study demonstrates the reliability of using SD in atmospheric

COz> reconstruction based on Quercus gilva leaves.
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Figure 2.2-5 (A) Palaeo-CO; data derived from different proxies since 5 Ma. (B) Mean

annual temperature (MAT) curve based on the Early Pleistocene Uonuma Group
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(Momohara et al., 2017) compared with the §'*0 record (Lisiecki and Raymo, 2005).
The orange broken line indicates the palaco-temperature reconstructed from the Sayama

leaf bed.

Besides Quercus gilva, which was used in this study, Fagus crenata leaves from the
same fossil assemblage have been used to reconstruct palaco-CO- in our previous study
(Wang et al., 2018). Based on the SD of Fagus crenata, sea-level palaco-CO> was
estimated at more than 36.41+2.58 pa (359+25 ppmv) (Wang et al., 2018), consistent with
the data based on the SD of Quercus gilva obtained in this study, i.e., 36.41 pa (359 ppmv).
However, the sea-level palaeo-COz based on the SI of Fagus crenata was estimated at
more than 39.60 pa (391 ppmv) (Wang et al., 2018), higher than the estimated palaco-
CO; value obtained in this study.

The cross-checking of palaco-CO; data from two species confirms that the sea-level
palaeo-CO; (over 359 ppmv) in the study area was higher than most of the previous results
obtained based on marine materials during the early Pleistocene (Figure 2.2-5). Boron
and alkenone data of foraminifera from the Ocean Drilling Program site 999A indicated
a CO; concentration of around 277 ppmv between 1.5 and 1.65 Ma (Seki et al., 2010).
Palaeo-CO; data based on B/Ca data (Tripati et al., 2011) and 3''B (Hénisch et al., 2009)
vary between 200-300 ppmv during 1.5-1.7 Ma. A similar high CO; level of ca. 360
ppmv was recorded by B/Ca (Tripati et al., 2011) at around 1.44 Ma: an age that is a little
younger than the age of our data. Although the Pleistocene CO» results derived from
different proxies are relatively consistent with each other compared with the records in
the Neogene, most of the results still vary from ca. 190 ppmv to ca. 360 ppmv (Beerling
and Royer, 2011).

Compared with the published CO; data based on stomatal method applied to the last
5 Ma (Van Der Burgh et al., 1993; Kiirschner et al., 1996; Retallack, 2009; Wang et al.,
2015), I can see a stable CO> level at around 350 ppmv between 3—4 Ma, corresponding

to the middle Pliocene warming (Dowsett et al., 1996; Haywood et al., 2016).
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Subsequently, decreased palaeo-CO» levels of around 300 ppmv were recorded for the
latest Pliocene cooling phase between 2.8 and 2.5 Ma, except for some extraordinary data
showing more than 500 ppmv at 2.6 Ma (Bai et al., 2015), which may be affected by the
abnormal emission of CO» from wetlands. In addition, high-resolution CO, data based on
ice core analysis indicates a noticeable difference in CO: level between glacial and
interglacial stages during the Pliocene: 180 ppmv in the glacials and 280-300 ppmv in
the interglacials (Jouzel et al., 2007; Liithi et al., 2008). Early Pleistocene CO» levels
varied between ca. 280-360 ppmyv, and a record of ca. 360 ppmv in 1.9 Ma (Kiirschner et
al., 1996) indicates a similar high CO» level to our data.
2.2.5.2 Relationships between palaco-CO; and palacotemperature

Consistent with this relatively high CO; level recorded, the palaeo-temperature
reconstructed on the basis of LMA was also high. Momohara et al. (2017) reconstructed
the palaecotemperature for the same timebased on the coldest limiting temperature of
thermophilous taxon using plant megafossil assemblages of the Uonuma Group, central
Japan (Figure 2.2-5, B). The MAT of interglacials peak in MIS 57 (11.0 °C) and MIS 55
(10.6 °C) (Momohara et al., 2017), which is almost equivalent to our contemporaneous
palaeo-temperature data. The assemblage composition of the Sayama leaf bed is
characterized by evergreen broad-leaved trees including Actinodaphne, Cinnamomum,
and Quercus subgen. Cyclobalanopsis (Ito et al., 2017). Based on the study in 3.1,
stomatal analysis of fossilized Fagus crenata leaves from the same assemblage clarified
that altitudinal transportation of leaves before burial was greater than 1000 m. This
altitudinal transportation caused a mixture of different climate elements in the Sayama
Formation: cool-temperate elements such as Betula glossa, Cercidiphyllum japonicum,
and Aesculus turbidata; warm-temperate elements such as Ginkgo biloba, Cercis
chinensis, Liquidambar formosana, and Cunninghamia lanceolata var. konishii; and
subtropical elements such as Quercus gilva, Cinnamomum yabunikkei, Albizzia kalkora,
and Lagerstroemia indica (Ito et al., 2017). Because cool temperate elements from higher

altitude tend to be serrated, LMA based on a leaf assemblage that includes high altitude
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plants will produce a cooler MAT result. Based on our palaco-temperature and palaeo-
COy results, the fossil assemblage undoubtedly indicates a warm, interglacial
environment, which is also confirmed by the position of the leaf bed just below the marine
transgressive horizon (Ito et al., 2017). Thus, our results indicate a warm climate under
high COz level during an interglacial stage of the early Pleistocene.

Many studies have documented a coupled relationship between CO; and temperature
during the Pleistocene. Atmospheric CO; level change based on fossil Metasequoia
needles from Japan exhibits a similar decreasing trend with palaeo-temperature since
the late Miocene to early Pleistocene (Wang et al., 2015). Research on Antarctic ice cores
has also demonstrated a positive relationship between palaco-CO> and palaco-
temperature (Jouzel et al., 2007; Liithi et al., 2008) during the Middle and Late
Pleistocene. Evidences from other geological times also shows that atmospheric CO»
levels have played an important role in global climate change (Petit et al., 1999; Bijl
et al., 2010; Pagani et al., 2011). Our research provides evidence to support the
coupling of high palaeo-CO, and high palaeo-temperature episodes during the early
Pleistocene, based on a terrestrial plant assemblage. However, it is important to carry
out stomatal studies together with palaeo-temperature reconstruction for other
interglacial stages as well, which could help to reveal the role of atmospheric CO: in

relation to global temperature changes in the early Pleistocene.
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3 Extended application of stomatal analysis: reconstruction of

altitudinal transportation range of leaves before fossilization

3.1 An example of the Early Pleistocene Fagus leaf fossils from the

Sayama Formation, central Japan

3.1.1 Introduction

The transportation of plant organs before their burial (Astorga et al., 2016; Steart et
al., 2006) is an important process in the formation of fossil assemblage. It can affect the
composition of fossil flora, which complicates the reconstruction of paleoclimates and
paleovegetation. To increase the resolution of quantitative paleoclimate analysis
(Mosbrugger and Utescher, 1997; Spicer et al., 2009; Su et al., 2010; Wilf, 1997), a better
understanding of plant transportation in ancient times become necessary.

Transportation of plant organs has been recognized in modern sedimentation of leaf,
fruit/seed, and pollen assemblages by comparison with the positions of their mother plants.
Investigations of the taphonomical process of modern subfossil leaf assemblages from
their source forests often indicate significant differences in their composition, which are
caused mainly by wind/water-aided transportation (Astorga et al., 2016; Ozaki, 1969).
Water currents transport fruits and seeds into the areas far from their mother plants (Gee,
2005; Sims and Cassara, 2009; Vassio and Martinetto, 2012), while winged seeds are
transferred for an extended distance by wind (Zheng et al., 2004). Pollen transportation
has been studied for a long time, in relation to the pollen source area and sedimentary
basin size. The pollen assemblage commonly includes pollen that is transported between
2 and 100 km away (Prentice, 1985; Prentice et al., 1987; Sugita, 1994); Pinaceae pollen
is transported for more than 500 km (Dyakowska, 1947; Szczepanek et al., 2017).

Assemblages in ancient times also exhibit evidence of the long-distance transportation

of plant organs. Holocene leaf fossil assemblages in the crevasse-splay deposits in an
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Alabama delta show that most of the plant remains cannot be assigned to the local flora
and were transported long distances from the plant communities growing on the upper
delta plains (Gastaldo et al., 1987). The possibility of plant transportation from a higher
altitude is presumed from the composition of Cenozoic fossil floras with a mixture of
subtropical evergreen trees (e.g., Cyclobalanopsis, Actinodaphne, Cinnamomum) and
cool temperate and/or subarctic trees (e.g., Abies, Picea, and Betula), which inhabit
different climate conditions (e.g. Huzioka, 1963). The altitudinal transportation might be
estimated from the temperature difference between the distribution limits of the most
thermophilous and the most cold-loving elements in assemblage components (e.g.,
Momohara et al., 2017). However, the altitudinal limit of plant distribution is decided by
plural temperature parameters, along with the other environmental factors, such as
precipitation, wind, snow depth, and geology (Cantén et al., 2004; Ozaki, 1969;
Takahashi, 1962; Wolfe, 1993; Woodward and Williams, 1987). Therefore, proxy
changing at a constant rate along altitude is necessary to estimate the altitudinal
transportation of plant organs.

To clarify the altitudinal transportation of a leaf, I considered the stomatal frequency
variation of leaves of one species as a possible proxy of the CO> level decreasing with
altitude. The stomatal frequency of fossil leaves has been used as a proxy of paleo-CO»
for a long time (e.g. Bai et al., 2015; Hu et al., 2015; Wang et al., 2015; Royer, 2003;
Beerling and Royer, 2002; Rundgren and Beerling, 1999; Kiirschner, 1997), while many
reports suggest the potential of altimetry by using stomatal frequency that is sensitive to
the CO> change with altitude (Kouwenberg et al., 2007; McElwain, 2004). If one species
of fossil leaves in an assemblage demonstrates a variation of stomatal frequency larger
than that observed in its modern population at the same altitude, I can estimate the
altitudinal transportation range of leaves based on the predictable decrease in CO, with
altitude.

In this research, I studied the altitudinal change of stomatal frequency in modern

Fagus crenata leaves to clarify the altitudinal transportation of leaves from a Lower
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Pleistocene Sayama Formation fossil assemblage. The detected altitudinal transportation
can be used to explain the co-existence of elements that have different climatic

requirements in the fossil assemblage (Ito et al., 2017).

3.1.2 Materials

3.1.2.1 Modern materials

Fagus crenata is a dominant element of the cool temperature forest in Japan and is
distributed in a wide altitudinal range between ca. 600 and 2000 m a.s.l. in central Japan
(Takahashi, 1962). For the present study, the extant, mature leaves of Fagus crenata were
collected from 120 individuals at different elevations ranging from 250 to 1980 m a.s.l.
in eight localities. In most of the localities, five individuals were collected at an altitudinal
interval of 100 m (Figure 3.1-1). As sun and shade leaves have different stomatal
frequencies (Kouwenberg et al., 2007; Kiirschner et al., 1996; McElwain, 2004; Royer et
al.,2001), I collected sun and shade leaves from different portions of the trees. Sun leaves
were collected from the surface in the top or southern side of the canopy, while shade
leaves were collected from the shoots under the canopy. To represent the stomatal
frequency within one individual tree (Beerling and Royer, 2002; Poole, 1999), ten sun
leaves were collected from each tree. To observe the differences between sun and shade
leaves, ten shade leaves were collected from 17 randomly selected trees at the eight

localities where the sun leaves were collected.
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Figure 3.1-1 Map showing the sampling sites for extant and fossil leaves of Fagus crenata.
(A) Altitude information of modern sampling sites from eight localities. (B) Eight
localities where extant leaves of Fagus crenata were collected (circles) and one fossil site
of the Lower Pleistocene Sayama Formation in Sayama Hill where fossil leaves of Fagus
crenata were collected (square). The original map was downloaded from Consortium for

Spatial Information (CGIAR-CSI; http://www.cgiar-csi.org/).

3.1.2.2 Fossil materials
I selected 30 fossil leaves of Fagus crenata from the same leaf fossil bed with the
fossil Quercus gilva leaves I used in section 2.1 from the Lower Pleistocene (Calabrian)
Sayama Formation in the Sayama Hills, western Tokyo (Figure 3.1-1), which has been
introduced in 2.2.2. The age of these fossil leaves is constrained to between 1.55 and 1.65
Ma. All the Fagus crenata tossil leaves were collected within the thickness of 10 cm in

the sediment showing rapid and continuous fluvial sedimentation. Thus I considered that
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our fossil materials came from the same age.

3.1.3 Method

3.1.3.1 Cuticular photography

I treated the fossil leaves of Fagus crenata (Figure 3.1-2) with 20% HCI for about six
hours to remove calcareous matters. Then, the leaves were washed until they became
neutral. For each leaf, I cut a small piece roughly along the midvein and two adjacent,
secondary veins in the central part of the leaf. I then moved the piece onto a glass slide
with the lower epidermis facing up and enclosed it with glycerin. I observed the slide
under a confocal laser microscope (Zeiss LSM510) linked to a Zeiss camera (AxioCam
HRc). Five cuticular fields (0.086 mm?) were photographed of each fossil leaf under
fluorescence (DAPI).

I chose mature, extant leaves of Fagus crenata for cuticular photography and cut a
small piece for each leaf in the same manner as for the cuticular examination of fossil
leaves. I macerated the cut pieces of leaves using a 1:1 solution of 36% CH3COOH and
30% H20> for approximately 6 hours. After washing them with water, I made slides
following the same method used for the fossil leaves and then observed the slides under
a fluorescence microscope (Zeiss Axioplan 2). Three cuticle fields from each leaf were
captured by a Zeiss AxioCam camera linked to the microscope. The size of each image

was 0.038 mm?.

3.1.3.2 Sorting of sun and shade leaves in the fossil assemblage
According to former studies, the stomatal frequency of sun leaves is commonly higher
than shade leaves (Kiirschner, 1997; Kouwenberg et al., 2007; Lake et al., 2002). Because
the difference of stomatal frequency between sun and shade leaves significantly affects
COz reconstruction, it is necessary to distinguish sun and shade leaves in the fossil leaf

samples. Previous studies proved that the undulation of epidermal cells can be used to
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distinguish sun and shade leaves (Kiirschner, 1997; Metcalfe and Chalk, 1979).
Undulation index (UI) (Kiirschner, 1997; Metcalfe and Chalk, 1979) is used to describe
the pattern of anticlinal walls of epidermal cells as follows:

===

" Co ’Ae
2XTIX [—
I

Equation 3.1-1

UI (dimensionless) represents the undulation index, while Ce (um) the circumference of
the cell, Co (um) the circumference of the circle with the same area as the cell, and Ae
(um?) the area of the cell. The Ul is the ratio of the measured epidermal cell circumference
and the circumference of a standard geometrical object, a circle with the same area as the
cell (Kiirschner, 1997). For both sun and shade leaves, 17 trees of different altitudes from
the eight sampling sites, ten leaves for each tree, and one cell representative of each leaf
were examined. A total of 340 cells were measured to calculate Ul by using the software

package “ZEN lite” to clarify the difference between sun and shade morphotypes.

3.1.3.3 Stomatal frequency calculation
For both extant and fossil leaves, stomatal density and stomatal index were calculated
based on the captured cuticular images. Stomatal density (SD) is the number of stomata
per mm? on the leaf surface, and stomatal index (SI) is the proportion of stomata to the
total number of epidermal cells (Salisbury, 1928) (Equation 2.1-1 in 2.1.2.3). Stomatal
and epidermal cells were counted using the software package “ZEN lite” based on the
cuticular images. For modern samples, the SD and SI for each tree were calculated as the

mean of 30 counts per tree.

3.1.3.4 Calibration curves between stomatal frequency and CO»
To build the correlation between stomatal frequency of Fagus crenata and CO», the
CO; of each sampling spot was calculated by using Equation 2.2-1 in 2.2.3.3 (Jones, 1992).

To get the accurate T data of each site, relationships between altitude and temperature of
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each modern sampling locality are necessary. Based on 1 km mesh climate data (1980 to
2010) from National Land Numerical Information (http://nlftp.mlit.go.jp/ksj/,), I built
relationships between altitude and temperature of different modern sites. Based on these
relationships, the mean annual temperature of sea level and of the different spots of eight
sites can be calculated. The CO: (p2) of each spot can be calculated by applying these T

results, altitude, present CO> (pl) (41.4 pa, see https:// www.COs.earth/), and other

parameters into Equation 2.2-1. The calculated atmospheric CO> was believed to reflect the
true atmospheric pCO; in the field (McElwain, 2004). Then, calibration curves between
stomatal frequencies and pCO; for Fagus crenata can be constructed based on extant

samples by SigmaPlot v.12.5.

3.1.3.5 Paleo-CO and vertical transportation of fossils
The stomatal frequency of the fossil materials was analyzed and applied to the
calibration curves prepared using the extant field materials to estimate paleo-CO;
variation range. The estimated paleo-CO; variation range along with the paleotemperature
derived from LMA (284 K, unpublished data) will be applied into Equation 2.2-1 in 2.2.3.3
to estimate the paleoaltitude difference (H), which is the vertical transportation distance

of fossil leaves.

3.1.4 Results

3.1.4.1 Criterion for separating sun and shade leaves
For modern Fagus crenata leaves, the anticlinal walls of epidermal cells in sun leaves
are straight to slightly curved, and those in shade leaves are characterized by a U-shaped
undulation with shallow to deep amplitude (Figure 3.1-2Fig. 3.1-2). Our results indicate
that shade leaves have a higher undulation index than sun leaves. Shade leaves have a Ul
of over 0.9, while sun leaves have a Ul of below 0.7, and both leaf types share a Ul of

0.7-0.9 as a transitional zone (Figure 3.1-3). Most of our fossil leaves yielded a UI lower
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than 0.7, indicating the dominance of sun leaves. Since shade leaves occur rarely in the
fossil assemblage and mixed use both of sun and shade leaves causes a large error in
estimating paleo-CO., I excluded shade leaves from this research. I chose fossil leaves
with a Ul less than 0.7 for stomatal frequency analysis to compare with modern sun leaves.
Fossil leaves with a Ul of more than 0.7 and those without obscure anticlinal walls were
excluded. Finally, thirty fossil sun leaves were used for detecting stomatal frequency

variation.

Leaf Sun type Shade type

Fossilized

Extant

Figure 3.1-2 Leaves (bar = 1 cm) and cuticular images (bar = 0.05 mm) of extant and

fossil Fagus crenata
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Figure 3.1-3 Ul results of modern sun and shade leaves of Fagus crenata.

3.1.4.2 Temperature calculation of different sampling sites for modern materials
The relationships between temperature and altitude of each modern sampling sites
(»<0.0001) are shown in Figure 3.1-4. The CO> of each sampling sites can be calculated

from the altitude information of the sampling sites (Figure 3.1-1) from different localities.
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Figure 3.1-4 Relationship between temperature and altitude of eight sites for extant

materials

3.1.4.3 Relationship between stomatal frequency and CO>
I plotted the average value with standard deviation of stomatal frequency from each
modern tree at the CO; value of its sampling site and then drew the linear regression
curves for three (average, maximum, and minimum) values of stomatal frequency,

respectively (Figure 3.1-5;Table 3.1-1). All of the curves showed a significant negative

linear relationship (p < 0.0001).
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Table 3.1-1 Relationships between CO; and various stomatal frequency based on extant

sun leaves of Fagus crenata

Equation No. 12

Max SI=-0.61xCO2+ 33.76 Equation 3.1-2 0.53

SI | Average SI=-0.61xCO>+ 30.89 Equation 3.1-3 0.62
Min SI=-0.55xCOy+ 28.10 Equation 3.1-4 0.57

Max SD =-24.05xCO2+ 1214.46 Equation 3.1-5 0.39

SD | Average SD =-23.21xC02+1134.79 Equation 3.1-6 0.46
Min SD =-21.45xCO,+ 1027.427) Equation 3.1-7 0.45

16

- 500

SD (mm?)

Sl (%)

T T T T T T T T

32 34 36 38 40 32 34 36 38 40 42

CO, Concentration (pa) CO, Concentration (pa)
Figure 3.1-5 Relationships between CO» and various stomatal frequencies based on extant
sun leaves of Fagus crenata (Error bar = 1c). Upper solid line: maximum stomata

frequency; dash line: average stomata frequency; lower solid line: minimum stomata

frequency.
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3.1.4.4 Stomatal frequency of fossil leaves
The calculated SI of fossil leaves varies from 7.12% to 12.41%, with an average of
8.20%, and the calculated SD of fossil leaves varies from 234.9 mm™ to 448.84 mm?,

with an average of 251.7 mm (Figure 3.1-6, Table 3.1-1).
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Figure 3.1-6 SI and SD of fossilized Fagus crenata from the Sayama Formation along

with their frequency distribution histogram (error bar = 10)

3.1.4.5 Reconstructed paleo-CO> and altitudinal transportation range of fossil

materials
I inserted the maximum stomatal frequency values of our fossil materials into Equation

3.1-2 and Equation 3.1-5 (Table 3.1-1) and the minimum stomatal frequency values of our
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fossil materials into Equation 3.1-4 and Equation 3.1-7 for CO; variation range estimation. I
did not use Equation 3 and 6 because they were derived from the average values of ten
leaves of each individual while our fossil data were based on a single leaf. Applying the
maximum and minimum values into Equation 2.2-1 in 2.2.3.3 and 6 may cause an
overestimation of CO; variation range because the minimum and maximum values may
deviate from the average level. Thus, I used Equation 3.1-2, Equation 3.1-4, Equation
3.1-5,Equation 3.1-7 in this research to estimate CO; variation range. CO: partial pressure
was translated to CO» concentration (ppmv) using Equation 3.1-8 (Kiirschner et al., 2008)
as follows.
COz concentration (ppmv) = (COz partial pressure/101325) x 10°
Equation 3.1-8
Based on the stomatal data of our fossil materials, the CO; range was calculated as
35.00-39.60 pa (345-390 ppmv) based on SI data and 31.83-36.95 pa (314-364 ppmv)
based on SD data. Applying the results of CO> variation range along with other
parameters into Equation 2.2-1, the range of altitudinal transportation was calculated as

1028 m and 1234 m, for SI and SD data respectively.

3.1.5 Discussion

3.1.5.1 Sun leaf versus shade leaf

As aforementioned, distinguishing sun leaves from shade leaves is necessary when
using stomatal frequency as the proxy for paleo-CO, estimation (Hu et al., 2015;
Kiirschner, 1997). Epidermal anticlinal wall pattern is an important key characteristic that
can be used to distinguish sun and shade leaves (Dilcher, 1974; Kiirschner, 1997). Our
observations on modern leaves indicated that the anticlinal walls of epidermal cells in sun
leaves were straight to slightly curved while those in shade leaves had a U-shaped
undulation of shallow to deep amplitude (Figure 3.1-2). These features are consistent with

previous results based on Quercus (Hu et al., 2015; Kiirschner, 1997). By using Ul as the
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indicator of leaf type, most of our fossil materials have been classified as sun leaves. Such
dominance of sun leaves in a fossil assemblage has also been observed in a former study
of fossilized oak leaves (Kiirschner et al., 1996), which showed only 10% of the fossilized
leaves represent distinct shade leaves. This dominance of sun leaves may be caused by
two advantages of sun leaves in the process of forming leaf assemblages. First, the
selective transport by wind favors the preservation of sun leaves, while shade leaves tend
to be trapped within the trunk space of the forest diminishing their dispersal and chances
for fossilization. Second, the thicker mesophyll and cuticle in sun leaves delay their

bacterial degradation (Roth and Dilcher, 1978; Spicer, 1981).

3.1.5.2 Relationships between stomatal frequency and CO»

To calculate the CO; level, I need to establish a relationship between stomatal
frequency and CO: of the nearest living relative of a fossil taxon (Beerling and Royer,
2011; Royer, 2003). As our studied fossil leaves show a close similarity of morphology
and venation architecture with modern Fagus crenata (Ito et al., 2017), modern stomatal
frequency data is applied to our fossil leaves. Our results indicated that the leaf stomatal
frequency of Fagus crenata responds sensitively to the CO» gradient (Figure 3.1-5),
which exhibits a linear relationship between stomatal frequency and CO; (Royer, 2003;
Rundgren and Beerling, 1999; Woodward and Williams, 1987).

In this study, both SI and SD of Fagus crenata showed a negative relationship with
CO; change, which is consist with the results derived from the seedlings grown study of
Fagus crenata at different CO; levels (Hirano et al.).However, the lower correlation
coefficient (1) of the SD-CO relationship (Figure 3.1-5) indicated it might be affected
by the other factors. The lower r> may ascribe dependence of SD on the size and/or
spacing of epidermal cells during leaf expansion, which is affected by water stress,
temperature, and irradiance level, as well as air humidity, while SI is less affected by
environmental factors other than atmospheric CO; (Kiirschner, 1997; Kouwenberg et al.,

2007; Kiirschner et al., 1996; Salisbury, 1928; Woodward and Williams, 1987). For this

61



reason, the paleo-CO» derived from SI is more promising (Hu et al., 2015; Kouwenberg
et al., 2007). However, if SI cannot be measured due to the poor quality of the fossil
cuticle and the inability to recognize the epidermal cells clearly, the paleo-CO;

reconstructed from SD data will also be instructive (Kouwenberg et al., 2007).

3.1.5.3 Paleo-CO; during the Early Pleistocene

The variation ranges of SI and SD for our fossil leaves are 7.1-12.4% and 234.9-
448.8 mm™, respectively. Because such large ranges are not observed in our modern leaf
samples collected from the same CO; level (Figure 3.1-7), I can presume that the fossil
leaf assemblage includes leaves which developed under different CO; levels. The
maximum COz level reconstructed from our fossil leaves does not always represent sea-
level CO», this is because it is uncertain whether the lowermost distribution of Fagus
crenata was at the altitude of fossil deposition and situated in the sedimentary basin along
the coast. Thus, the past sea-level CO: is assumed to be almost the same or higher than

the CO» reconstructed from our fossil leaves.
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Our paleo-CO; result is higher than most of the previous ones reconstructed by
different methods for the same age (Figure 3.1-7). Boron and Alkenone data of
foraminifera from ODP site 999A indicates stable CO, around 277 ppmv during 1.5 to
1.65 Ma, while the results from ODP site 1241A are around 433 ppmv (Seki et al., 2010),
which is comparable to our data. However, because of the position of site 1241 A within
the upwelling cell of the eastern equatorial Pacific, the high values at site 1241A relative

to Site 999A was ascribed to a contribution of upwelled deeper water with higher aqueous
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CO: (Seki et al., 2010). The paleo-CO; based on B/Ca data (Tripati et al., 2011) and §''B
(Honisch et al., 2009) varies between 200-300 ppmv during 1.5-1.7 Ma.

The stomatal index of oak leaves (Kiirschner et al., 1996) yields a CO> level of 358
ppmv at 1.8-2.0 Ma, while the Metasequoia leaves at around 1.85 Ma and 0.95 Ma from
Japan indicate a 280 ppmv level similar to the preindustrial level (Wang et al., 2015).
Comparing to these published studies, CO» data of this research may indicate a relatively
high CO; level during a transient period in the Early Pleistocene. The position of the fossil
leaf bed below a marine bed suggests a marine transgression and rich evergreen
broadleaved tree elements in the leaf assemblage together indicate an interglacial
environment. Thus, our high CO: result during 1.66-1.54 Ma can be correlated with the
transient interglacial phases namely MIS 57, MIS 55, or MIS 53 recorded by the marine
3'%0 (Lisiecki and Raymo, 2005) (Figure 3.1-5).

3.1.5.4 Vertical transportation of fossil leaves

The paleo-CO; variation estimated from the fossil leaves indicated altitudinal
transportation of 1028 m based on SI data and 1234 m based on SD data. The distribution
of modern Fagus crenata leaves along the riverbed of a mountain in central Japan
demonstrated their altitudinal transportation from the areas at least 600 m higher than the
place of deposition (Ozaki, 1969). Our results showed a larger altitudinal transportation
range than this record, which may have been controlled by factors such as steep slope and
strong current beneficial to the altitudinal transport of plant organs (Steart et al., 2006;
Teodoridis et al., 2017). Figure 3.1-6 showed that the SI distribution of the fossilized
leaves has a peak around 8.0% to 9.0%, which skews to the lower altitude than the median
(9.21%). This difference may indicate that the fossil assemblage consisted mainly of the
leaves from trees near the place of fossil deposition, whereas a small sample of leaves
was transported from a higher altitude. However, the distribution of SD from fossilized
Fagus crenata did not show as clear a regularity as SI distribution, and some samples

with lower SI value (around 10%) indicated a higher SD value (350-400 mm?) (Figure
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3.1-6). This difference suggests fossilized SD data may be affected by the other factors,
which is consistent with the lower r* of the SD-COz relationship derived from modern
materials (Figure 3.1-5).

Fossil taxa which occurred together with Fagus crenata represent different climate
types, including cool-temperate elements such as Betula glossa, Cercidiphyllum
Jjaponicum, and Aesculus turbidata; warm-temperate elements such as Ginkgo biloba,
Cercis chinensis, Liquidambar formosana and Cunninghamia lanceolata var. konishii;
and subtropical elements such as Quercus gilva, Cinnamomum yabunikkei, Albizzia
kalkora, and Lagerstroemia indica (Ito et al., 2017). This mixture of different elements in
the fossil assemblage indicates they may have originated from different altitudes with
different temperatures. Moreover, pollen grains recognized from the same sedimentary
layer include abundant Picea (Nirei and Takegoshi, 2007), which is distributed over 1000
m a.s.l. in central Japan (Takahashi, 1962), suggesting its transportation from a higher
altitude to the basin.

Based on our results of leaf transportation, during the Early Pleistocene, the
paleoaltitude of the Kanto Mountains, which provided sediments into the Sayama
Formation, was over 1000 m a.s.l. According to previously published studies, mountain
ranges with 2,000 to 3,200 m peaks in central Japan, e.g., the Echigo Mountains (Kazaoka,
1986) and the Hida Mountains (Oikawa, 2003), began to uplift during the late Pliocene,
while the Akaishi and the Kiso Mountains began to uplift in the late Early Pleistocene
(Suganuma et al., 2003). The pebble-cobble layers frequently interfingered in the Sayama
Formation (Ueki and Sakai, 2007) indicate the Kanto Mountains at the west of Sayama
Hill continued to uplift during the Late Pliocene and Early Pleistocene. All of these
studies support the assumption that a mountain higher than 1000 m a.s.l. existed along
the sedimentary basin, and that some elements in the Sayama Formation fossil
assemblage has experienced altitudinal transportation. Research on the process of
mountain uplift have been based mainly on lithological changes in the surrounding

sedimentary basin and the dating of minerals within the mountain body. Because the
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altitudinal change of mountain was difficult to detect, our results demonstrate the
potential availability of stomatal evidence as an altimeter to clarify the process of

mountain uplift.

3.1.5.5 Implications for paleoclimate interpretation

Paleoclimate has been reconstructed through fossil flora based on an assumption in
that all the taxa composing the fossil flora had coexisted at the same altitude (Mosbrugger
and Utescher, 1997; Spicer et al., 2009; Wilf, 1997; Wing and Greenwood, 1993).
However, our study certified that a fossil assemblage includes taxa that might be
transported downwards from much different altitudes. Those taxa from the higher
elevation obviously represent a cooler climate than the others.

This phenomenon has been realized in paleovegetation reconstructions based on
pollen assemblages with nearly indistinguishable local and regional pollen (Prentice,
1985; Prentice et al., 1987; Sugita, 1994). However, plant macrofossil assemblages have
commonly been believed to be relatively autochthonous, so the possibility of long-
distance transportation was ignored (Cappers, 1993; Ferguson, 1995). This belief can
sometimes cause problems when applying the coexistence approach (Mosbrugger and
Utescher, 1997) for paleoclimate reconstruction. In this approach, taxa with climatic
requirement ranges exceeding the coexistence interval of most assemblage components
were excluded from paleoclimatic reconstruction as “outliers” (Jacques et al., 2011;
Mosbrugger and Utescher, 1997). These outliers are ascribed to misidentification,
inaccuracy of modern climate references, and/or the change of distribution (e.g., relicts)
through geological time (Mosbrugger and Utescher, 1997). Results of our research
suggest that such cold-loving outliers were possibly transported from higher altitudes than
the altitudinal range of coexistence of the other assemblage components. Meanwhile,
thermophilous outliers with their colder limit of distribution at a warmer condition than
the coexistence range are often excluded from the paleotemperature reconstruction.

However, these outliers should indicate a more accurate paleotemperature at altitude near
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the place of fossil deposition than the area of coexistence range, which changes depending
on the components transported from a higher altitude. Leaf margin analysis can also be
affected by the altitudinal transportation of leaves because toothed species are more
common in higher altitudes (Momohara, 1997). Results may be affected in both
paleotemperature reconstruction and paleo-CO; reconstruction. Paleo-CO; data based on
the stomatal frequency of Quercus guyavifolia (late Pliocene, south-western China) were
lower than the data estimated from other proxies, which can be explained by the high
paleoaltitude of the living environment of fossil leaves (Hu et al., 2015). With this data in
mind, Momohara et al. (2017) have reconstructed the paleotemperature based on the most
thermophilous taxon among the fossil assemblage components, which are believed to
inhabit only the lowermost altitude near the site of fossil deposition and can avoid the
effect of transportation from a higher elevation. Therefore, further efforts for crosscheck
by the stomatal frequency of plural taxa are necessary to understand the effect from leaf
transportation and achieve more accurate and reliable estimations of temperature

gradients in the altitudinal range of habitats of fossil assemblage components.

3.2 Middle and Late Holocene altitudinal distribution limit changes of

Fagus crenata forest indicated by stomatal evidence

3.2.1 Introduction

The influence of present climate changes on forest ecosystems is a major public
concern (Canziani, 2001; Walker et al., 1999). Numerous studies suggested the migration
of major canopy tree species to northern and/or higher altitude areas under the present
climate scenarios (Altman et al., 2018; Coops et al., 2016; Huntley et al., 1995; Sykes et
al., 1996; Uchijima, 1992). Sensitivity of plant distribution to millennium-scale climatic

fluctuations of the Holocene has been demonstrated by the reconstruction of timberline
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fluctuations (Avnaim-Katav et al., 2019; Bakker et al., 2017; Feurdean et al., 2016;
Kearney and Luckman, 1983; Marsicek et al., 2018; Mayewski et al., 2004; Tinner and
Kaltenrieder, 2005). Among the Holocene climate stages, the mid-Holocene is well
known for a climate warmer than the present, which can provide evidence of plant
distribution changes as an analog in the near-future climate conditions with the present
global warming. Sensitivity of plant distribution to millennium-scale climatic fluctuations
of the Holocene has been demonstrated by the reconstruction of timberline fluctuations
(Avnaim-Katav et al., 2019; Bakker et al., 2017; Feurdean et al., 2016; Kearney and
Luckman, 1983; Marsicek et al., 2018; Mayewski et al., 2004; Tinner and Kaltenrieder,
2005). Among the Holocene climate stages, the mid-Holocene is well known for a climate
warmer than the present, which can provide evidence of plant distribution changes as an
analog in the near-future climate conditions with the present global warming.

In this study, I conducted an initial attempt at detecting the change of altitudinal
distribution limit of Fagus crenata forest in a fossil locality during the Middle to Late
Holocene, using stomatal analysis. This can help understand the response of Fagus
crenata to climate fluctuations. Although the distribution change of Fagus crenata forests
has been investigated using pollen analysis (Kito and Takimoto, 1999; Tsukada, 1982),
its altitudinal changes have been difficult to detect based on airborne pollen, even
comparing data at different altitudes (Morita and Fujiki, 1997). Thus, 1 collected
fossilized Fagus crenata leaves from different horizons of a Holocene fossil locality in
northern Japan, located near the upper distribution limit of modern Fagus crenata in the
region. Based on stomatal analysis of these fossil leaves, I reconstructed atmospheric
paleo-CO; concentration and evaluated variation trend of the altitudinal distribution range
of Fagus crenata. According to the results, I discussed the climate factors that constrained

the altitudinal distribution of Fagus crenata during the Middle to Late Holocene.
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3.2.2 Materials and methods

3.2.2.1 Geological setting

Mt. Kurikoma (1627 m a.s.l.) is a volcanic mountain in the central part of the Ou
Mountains in the northern Honshu Island, Japan, where the major volcanic activities
ceased at ca. 0.1 Ma (Fujinawa et al., 2001). Mountain zone between ca. 300 and 1300 m
a.s.l. in Mt. Kurikoma is occupied by a broadleaved deciduous forest dominated by Fagus
crenata, while higher altitudes, between ca. 1300 m a.s.l. to the top of the mountain are
occupied by subalpine shrubs dominated by Quercus crispula and Menziesia
multifloraare. Fagus crenata is distributed up to 1367 m a.s.l. in northwestern ridge of
Mt. Magusadake, a west peak of Mt. Kurikoma (Wang et al., 2018a). Our fossil locality
(38°58'25.9"N, 140°45'18.2"E, 1080 m a.s.l) is an outcrop of peaty sediment,
approximately 5 m in thickness, which has deposited in a peat bog on the northwestern
slope of Mt. Kurikoma (Figure 3.2-1). The profile of the peaty sediments comprises
mainly undecomposed bryophyte (Drepanocladus fluitans) (Wakamatsu and Kiguchi,
2006), occasionally including silt, and sandy peaty silt layers, which are dominant in the
upper part of the profile. Three tephra layers are included in the profile, and the uppermost
one is To-a tephra dated as AD 915 (Figure 3.2-2) (Wakamatsu and Kiguchi, 2006).
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Figure 3.2-1 Geographical position of the sampling site in Mt. Kurikoma, northern Japan.
Shaded area in the map shows the distribution area of Fagus crenata forest around our
fossil site (Report of Vegetation Survey on National Basic Survey on Natural
Environment; http://www.biodic.go.jp/). The map is adapted from Geospatial Information

Authority of Japan (http://gis.biodic.go.jp/webgis/index.html).
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Figure 3.2-2 Geological profile of the sampling site in Mt. Kurikoma, northern Japan.

3.2.2.2 Fossil Fagus crenata leaves and age dating
The fossil leaves of Fagus crenata were taken from 29 horizons (LO1 — L29 inFigure
3.2-2). From each horizon, a block of approximately 50x30 cm? with a thickness between
5 and 10 cm was taken, in which 50-150 fossil Fagus crenata leaves were included.
Fossils from the upper part of the profile were not used for this study because it was not

possible to obtain well-preserved fossil leaves. The fossil Fagus crenata leaves from LO1,
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L11, L15, L17, L23 and L29 were dated by accelerator mass spectrometry (AMS) in the
Laboratory of Radiocarbon Dating (The University Museum, The University of Tokyo),
and calibrated by using the OxCAL4.2 calibration program (Ramsey, 2009) and IntCal13

Radiocarbon Age Calibration Curves (Reimer et al., 2013).

3.2.2.3 Cuticular observation

The collected fossil leaves were washed clean by water. For each leaf, I cut a small
piece roughly between two secondary veins in the central part of the leaf, and then sealed
it with water, with the lower epidermis facing up. For each fossil leaf, five cuticular fields
(0.086 mm?) were photographed under a fluorescence microscope (DAPI).

For paleo-CO; reconstruction, it is necessary to distinguish between the sun leaves
and shade leaves in the fossil leaf samples as they present different SI values under the
same CO level (Kiirschner et al., 2008; Wang et al., 2018a). Sun leaves of Fagus crenata
are generally dominant in fossil assemblages and can be distinguished easily from the
shade leaves based on its less developed undulation of anticlinal walls and noncircular
shape of epidermal cells (Wang et al., 2018a). Undulation index (UI, Metcalfe and Chalk,
1979) is used to measure curvature of cell wall and roundness of cell (Equation 3.1-1 in
3.1.3.2). Base on the results of section 3.1.4.1, the UI of modern shade leaves of Fagus
crenata 1s over 0.7 (Wang et al., 2018a), I identified fossil leaves with Ul below 0.7 as
sun type leaves. I selected 17-53 sun type leaves from each layer according to the
availability of materials for the stomatal analysis (Table 3.2-1).

Based on the captured cuticular images, the software package “ZEN lite” was used
to determine the number of epidermal cells and stomatal complexes (stomatal pore with
guard cells) (Equation 2.1-1 in 2.1.2.3). SD was not included in this study because it is

more susceptible to other climate factors in addition to CO; concentration.

3.2.2.4 SI Variation range of modern Fagus crenata leaves

To estimate the altitudinal range of Fagus trees that have provided leaves into fossil
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assemblage of each horizon, I calculated variation ranges of the SI values of modern
Fagus crenata sun leaves when leaves from higher altitudes are included. I used SI data
based on the study of Wang et al. (2018a) where modern Fagus crenata leaves were
collected from 14 sites at each ca. 100 m altitudinal interval between 300 and 1400 m
a.s.l. in Mt. Kurikoma. The SI variation range that was formed via a combination of SI
data from a range of altitudinally different sites provides analogue of fossil leaf
assemblage including leaves transported from higher altitude areas. I then established a
regression line between the altitudinal range and the corresponding SI range of modern
leaves along with prediction interval bands and 95% confidence interval by SigmaPlot
(version 14.0), to estimate past altitudinal distribution ranges of Fagus crenata based on

SI variation ranges in fossil leaf assemblage.

3.2.2.5 Paleo-CO; concentration estimation
The stomatal frequency of the fossil materials was analyzed and applied to the
published calibration curves (Equation 3.2-1) to calculate the paleo-CO; partial pressure
(pa) (Wang et al., 2018a), and translated to CO2 concentration (ppmv) using Equation
3.1-8 (Kiirschner et al., 2008) as follows.

CO, (pa)=50.64-1.64xSI  2=0.62  p<0.001
Equation 3.2-1

3.2.3 Results
3.2.3.1 Chronology of the sample layers
Based on age modeling, the median date of our materials was estimated to be between

5298 cal BP and 2530 cal BP, a time span ranging from the late Middle to the early Late
Holocene (Figure 3.2-3, Table 3.2-1).
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Figure 3.2-3 Time—depth curve based on calibrated ages of fossil Fagus crenata leaves
(solid line) dated by accelerator mass spectrometry (AMS) and tephra (To-a). The shaded
area in the curve indicates 1o (68% confidence ranges) of calibrated ages. Triangles

indicate horizons of fossil leaves dated by AMS.

3.2.3.2 SI variation of modern sun leaves by combining data from different
altitudinal ranges

The SI variation of modern Fagus crenata leaves at each site is between 3.2% and

5.2%, with an average of 4.1%. I can deduce the possibility of leaf transportation from a

higher altitude when the SI variation of a fossil leaf assemblage excess is over 4.1%. The

regression line between altitudinal range and the corresponding SI range of modern Fagus

crenata sun leaves is expressed as follows (Figure 3.2-4):
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Figure 3.2-4 SI variation range of modern Fagus crenata sun leaves mixed from
different altitudinal range with liner regression line (black solid line), prediction interval

bands (red dash line) and 95% confidence interval (blue dash line).

SI variation range= 0.0042xaltitudinal range+4.49  p<0.0001 r*= 0.72
Equation 3.2-2

The upper and lower boundaries of prediction interval (Figure 3.2-4) are expressed

as follows:

SI variation range= 0.0042xaltitudinal range+5.99
Equation 3.2-3

SI variation range= 0.0042xaltitudinal range+2.98
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Equation 3.2-4

3.2.3.3 SI data of fossil leaves and paleo-CO; reconstruction

Figure 3.2-5 Leaves and cuticular images of fossil Fagus crenata. (A) Cleaned fossil leaf,
the incised part is for cuticle observation; (B) Cuticular image of a shade type fossil leaf;

(C) Cuticular image of a sun type fossil leaf.
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Figure 3.2-6 Frequency of SI data of fossil Fagus crenata leaves from each layer.
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Figure 3.2-7 Turkey boxplot of the SI results of fossil Fagus crenata leaves along with

the corresponding paleo-CO; estimations of each layer. Open circle and asterisk indicate

mild and extreme outliers, respectively.

Sl values were distributed in the range 7.25-14.59, and the distribution of each
assemblage was skewed to the higher SI range than the median (Figure 3.2-6). The
average Sl of each layer fluctuated between 9.11 (L18) and 11.29 (L09), which is
equivalent of the reconstructed paleo-CO: level between 317 and 352 ppmv (Figure 3.2-7,
Table 3.2-1). SI data of L20 (4142-4092 cal BP), L18 (4339-4257 cal BP), L13 (5638-
4612 cal BP) showed significantly low values (p<0.05) than most of the other horizons,
indicating higher CO: level. Clearer fluctuation of reconstructed paleo-CO> level is
recorded between 4700-4000 cal BP than before and after this period.

The variation ranges of Sl data of each layer ranged between 2.15 % (L13) and 6.51 %
(LO2) (Figure 3.2-8, C; Table 3.2-1), which is equivalent to the altitudinal transportation
ranges from limited to 480 m based on Equation 3.2-2 and from limited to 800 m based on
Equation 3.2-3 and Equation 3.2-4. The Sl variation range fluctuated visibly and was
frequently in excess of 6 % before ca 3800 cal BP; it also exhibited a decreasing trend
form older to younger ages (p<0.01). The Sl variation range of each layer was not
influenced significantly by sample size (p=0.12) and was significantly correlated with the

maximum values of SI (p<0.001).
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Table 3.2-1 Mean, Minimum and Maximum values of SI and SD results of each sample layer along with the corresponding CO>

estimation
Sl (%) Sl-based CO; (ppmv) Altitudinal
L transportation
Altitudinal
Age i range (m)
. transportation
Layer Position Agerange rang Sample o based on
. . Variation ) (m) based on .
number (cm) (calyrBP) e size(n) Mean*tc Min Max Mean*+c Min Max . Equation
range Equation
(yn) 3.2-3 and
3.2-2 )
Equation
3.2-4
L29 310-320 2592-2468 124 18 10.5940.92 9.30 12.34 3.04 328+15 300 349 Limited** <13
L28 290-300 2848-2718 130 23 10.3140.60 9.28 13.00 3.72 333+0 312 349 Limited <176
L27 260-270 3253-3097 156 16 10.924.91 9.32 12.69 3.37 32315 294 349 Limited <92
L26 245-250 3459-3389 70 25 9.45#.75 820 11.77 3.57 34742 320 367 Limited <140
L25 230-240 3662-3526 136 43 9.58#).98 791 1244 4.53 34546 316 372 10 <370
L24 220-230 3795-3661 134 42 9.56+.10 7.55 12.03 4.48 34548 305 378 Limited <358
L23 210-220 3903-3795 108 35 10.19H.47 7.25 13.40 6.15 33524 288 383 395 37-759
L22 200-210 4008-3902 106 24 10.1240.93 840 13.71 5.31 3365 304 364 195 <557
L21 190-200 4091-4007 84 27 10.7540.84 934 12.72 3.38 32614 294 348 Limited <94
L20 180-190 4142-4090 52 32 9.39#+.14 738 1242 5.04 348+19 312 380 130 <492
L19 170-180 4181-4141 40 35 10.25#.02 8.55 12.37 3.82 3346 300 361 Limited <200
L18 137-150 4339-4257 82 18 9.11H442 729 1222 4.93 352+#23 302 382 105 <466
L17 130-137 4382-4338 44 17 11.114.57 9.03 14.11 5.08 320825 271 353 140 <502
L16 120-130 4519-4381 138 28 1039429 841 12.48 4.07 332821 298 364 Limited <260
L15 115-120 4588-4518 70 53 9.93#.02 8.08 1293 4.85 339#H7 297 369 86 <447
L14 110-115 4613-4587 26 51 10.21H4.22 742 1347 6.05 335820 288 380 371 13-743
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L13
L12
L11
L10
L09
LO8
L07
L06
LO05
L04
L03
L02
LO1

105-110

100-105

90-100
80-85
75-80
70-75
60-66
52-60
45-52
35-45
30-35
25-30
10-15

4638-4612
4669-4637
4732-4668
4805-4767
4838-4804
4871-4837
4940-4892
5005-4939
5046-5004
5119-5045
5147-5119
5195-5147
5310-5286

26
32
64
38
34
34
48
66
42
74
28
48
24

26
23
29
24
25
30
26
24
29
28
26
30
28

9.1940.36

10.5840.69
11.17#.65
10.94+1.09
11.29#.22
10.62+1.05
10.62+1.13
10.55+.15
9.98+1.06

10.794.09
9.9840.93

10.28+.57
10.91+.57

7.49
9.66
8.60
9.07
9.04
8.41
8.38
9.10
8.23
8.70
8.20
7.95
8.27

9.64

14.10
14.59
13.59
13.86
13.09
14.44
13.12
14.54
13.26
12.91
14.46
14.20

2.15
4.44
5.99
4.52
4.82
4.68
6.06
4.02
6.31
4.56
4.71
6.51
5.93

35146
329+1
31927
323+18
317420
328+7
328+18
329+9
338+7
325+18
338+15
33325
323425

343
302
264
280
275
288
291
294
296
294
314
265
270

365
343
360
353
353
364
364
352
367
359
367
371
364

Limited
Limited
357
7
79
45
374
Limited
433
17
52
480
343

Limited
<349
<720
<368
<440
<406
16-737
<248
74-797
<377
<413
121-844
<705

* Qutliers in Figure 3.2-5 are excluded in mean value calculation

** Altitudinal range is limited to be detected by Equation 3.2-2, Equation 3.2-3 Or Equation 3.2-4
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3.2.4 Discussion

3.2.4.1 Holocene atmospheric CO> concentration changes based on stomatal data

The CO; data from Mt. Kurikoma exhibit higher and more fluctuated values than the
atmospheric CO> concentration data from ice cores in Greenland and Antarctic
(Indermiihle et al., 1999; Leuenberger et al., 1992; Monnin et al., 2001) (Figure 3.2-8, b),
which are considered to be the most reliable and precise reconstruction of atmospheric
paleo-CO,. Although the ice core records are accepted widely as a stable CO>
concentration at a level lower than the pre-industrial level throughout the Holocene, the
stomatal-based CO. data generally indicate more fluctuated and/or higher CO;
concentration. For example, Betula pubescens and B. pendula from Denmark (Wagner et
al., 2002) and northeastern Netherlands (Wagner et al., 1999) indicate fluctuating CO>
patterns during the Early and Middle Holocene and the values are generally 20-60 ppmv
higher than CO; records from the Antarctic Taylor Dome ice core (Indermiihle et al.,
1999). SI of Dryas integrifolia, Picea mariana, Picea glauca and Larix laricina from
Atlantic Canada also indicate a fluctuated CO. level between 230 and 320 ppmv just
before the Younger Dryas stadial (10400-11500 cal BP), and excess 300 ppmv after the
stadial (Mcelwain et al., 2002), which is about 30-40 ppmv higher than CO;
measurements in the Dome Concordia core (Monnin et al., 2001). Whereas, a CO» curve
for the last 9000 cal BP based on Salix herbacea leaves (Rundgren and Beerling, 1999)
from northern Sweden (999 m) exhibits a generally similar CO: level with that of ice-
core (Indermiihle et al., 1999), but it records variation of more than 50 ppmv within
several hundred years. A curve based on Tsuga heterophytta from North America (1311
m a.s.l.) (Kouwenberg et al., 2005) also indicates a fluctuant CO> trend for AD 800—-2000,
with peaks of up to 50-80 ppmv higher than that of Antarctic Taylor Dome ice cores
(Indermiihle et al., 1999). Not only stomatal parameters of fossil plants, but carbon

isotope of south American fossil mosses and sedges also indicate a CO> peak of ca. 320
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ppmv at ca. 4000 cal BP (Figge and White, 1995), which is not recorded in ice cores.

Compared with flat ice core CO> curves, remarkable correlations are revealed
between the stomatal-based CO; concentration and paleo-temperature based on various
kinds of proxies. The Early Holocene CO; variation trend based on Betula leaves is in
harmony with North Atlantic sea-surface temperatures (Wagner et al., 1999) and §'%0
profile for the Younger Dryas-Holocene transition in the Greenland GISP2 ice core
(Grootes et al., 1993; Stuiver et al., 1995). Dryas integrifolia, Picea mariana, Picea
glauca, and Larix laricina from Atlantic Canada share a similar variation trend with the
summer surface-water temperatures reconstructed from chironomid remains of the same
fossil site in the lake (Levesque et al., 1994). Tsuga-based CO; data also present a clear
covariation between CO> and global temperature, particularly concerning the timing of
the warm periods and the CO; maxima at ca. AD 950 and AD 1300 (Mann and Jones,
2003). These correlations between stomatal-based CO> and temperature imply that a
number of short-term CO> fluctuations recorded by using the stomatal methods cannot be
detected in ice cores. The stability of ice core CO2 value is explained by gradual trapping
of air into bubbles within ice of low accumulation rates which induces an averaged ice
core CO; concentration relative to the actual temporal variations (Trudinger et al., 2003).
According to Neftel et al. (1988), CO; fluctuation in ice core with a duration of less than
twice the bubble enclosure time cannot be detected.

This CO> data visibly fluctuate before 4000 cal BP (L21-L01), especially between
4700 and 4000 cal BP (L15-L21) (Figure 3.2-8, B). Fluctuation is generally consistent
with alkenone-based sea surface temperature (SST) of Mutsu Bay situated at ca. 300 km
north of Mt. Kurikoma, which was higher than the present temperature (22 <€) in the
Middle and Early Late Holocene (Figure 3.2-8, A) (Kawahata et al., 2009). The SST of
Mutsu Bay is determined mainly by the intensity of the Tsugaru Warm Current, a branch
of the Tsushima Warm Current (Kawahata et al., 2009). SST changes the solubility of
COz in ocean making it, for example, approximately two times more soluble in the cold

surface waters in polar regions than in the warm surface waters near the equator
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(Houghton, 2007). In addition, a higher SST decreases surface water density and
stabilizes the water column without mixing surface and deeper waters, which also
prevents oceanic uptake of atmospheric CO> (Houghton, 2007). In this study, the high
CO2 levels at L0O5, L13, L18 and L 20 are correlated with the peaks of SST records (Figure
3.2-8). Thus, the CO: level changes in our fossil site are possibly related to the shift in
oceanic CO> uptake capacity affected by the strength of Tsushima Warm Current in the
Sea of Japan.

Local volcanic CO; gas emission is another factor that may also affect CO> results
from Mt. Kurikoma. Although the last major volcanic activities ceased at ca. 0.1 Ma
(Fujinawa et al., 2001), further volcanic activity, such as phreatic eruptions and
earthquakes were documented (Disaster Prevention Office of Iwate Prefectural
Government, 2008), and emission of volcanic volatiles, including CO., may have
occurred after the main period of volcanism in Mt. Kurikoma. According to Figure 2,
there are three tephra layers in the profile between L1 and L29, corresponding to three
minor eruption. Among the tephra layers, the middle one at 160 cm from the base of the
outcrop (4339-4257 cal BP) is the thickest one, which indicated eruption that was the
largest and/or nearest to the fossil locality. L18, a layer within a tuffaceous sediment
adjacent to this tephra, includes leaves showing the lowest SI and the highest CO- values.
This record may have been affected by local volcanic CO> emission besides oceanic CO2
uptake capacity controlled by SST. Another conspicuous peak with the lowest SI variation
range at L13 indicates possibility of local CO> emission event in spite of absence of tephra.
van Hoof et al. (2008) also found that changes in CO> radiative forcing based on stomatal
analysis of Quercus robur (English oak) from the Netherlands are of a magnitude similar
to variations of volcanic activity. We suppose oceanic CO; uptake capacity affected by
SST and volcanic CO2 emission together contributed to the higher CO; record in this
study than ice-core records. The occurrence of local volcanic actives can be evidenced by

CO» records.
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Figure 3.2-8 Stomatal analysis of Fagus crenata compared with previously published
climate data. (A) Alkenone-base sea surface temperature (SST) of Mutsu Bay (Kawahata
et al., 2009); (B) Average CO> concentration curve of this study (Error bar = 1o, shade
indicates the range between the maximum and the minimum in our data), along with ice-
core records from Dome C (Monnin et al., 2001) transferred on AICC2012 chronology

(Veres et al., 2013) and Taylor Dome (Indermiihle et al., 1999); (C) Changes of the SI

84



variation range with respective altitudinal transportation range of each layer based on
Equation 3.2-2 with a dash line showing the decreasing trend; (D) §'%0 data from Dongge
Cave, China (Wang et al., 2005), showing intensity of East Asian Summer Monsoon
(EASM); (E) §'®0 data from Fukugaguchi Cave, Japan (Sone et al., 2013), indicating

intensity of East Asian Winter Monsoon (EAWM).

3.2.4.2 Upper distribution limit changes of Fagus population

Our Sl results exhibit large CO. variation ranges (Figure 3.2-8, C), compared with
previously published stomatal-based CO, data in which the SI variation was often
ascribed to the individual difference within a population at a given altitude (e.g. Hu et al.,
2015; Royer et al., 2001; Wang et al., 2018b; Wang et al., 2015). Meanwhile, the
altitudinal transportation of leaves before fossilization also causes a more considerable SI
variation than that observed in a modern population at an altitude (Wang et al., 2018a).
Transportation of plant organs from higher altitudes is a common phenomenon in
mountainous areas and the macrofossil assemblages are composed of a mixture of plants
from a wide altitudinal range (Huzioka, 1963; Vassio and Martinetto, 2012). The
altitudinal transportation of modern Fagus crenata leaves is reported as more than 600 m
along the river of a mountain in central Japan (Ozaki, 1969). In addition, based on the SI
variation of fossil Fagus crenata leaves from the lower Pleistocene Sayama Formation in
central Japan, an even larger altitudinal transportation range of more than 1000 m was
estimated (Wang et al., 2018a). Fossil leaf assemblages of several horizons in our fossil
site exhibit SI variation ranges are larger than those observed in a modern population at
the same altitude. In addition, SI distribution in the most horizons skews to the value
lower than the median (Figure 3.2-6), and almost all of outliers of SI values constituted
the highest part of the SI ranges (Figure 3.2-7). These features indicate that the leaves

from higher altitude areas under lower atmospheric CO; conditions flew down into the
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fossil site and mixed with the leaf assemblages from population surrounding the fossil
deposition site.

The fluctuated and higher SI variation range before 4600 cal BP (Figure 3.2-8)
indicates frequent inflows of leaves from higher altitudes before fossilization. An
exception is the assemblage of L13 which implied a leaf assemblage originated only from
the forest surrounding the fossil deposition site by a high SI and lowest SI variation range.
Based on the SI variation of fossil leaves before 3,800 cal BP, the transportation ranges
of the fossil leaves before fossilization were estimated as several hundreds to limited
(Table 3.2-1), which indicates a possibility that altitudinal distribution limit of Fagus
population was situated at an altitude higher than the present limit at 1367 m a.s.l. (Figure
3.2-1).

Meanwhile, the continuous low-level SI variation in assemblages from L26 to L29
demonstrates a ceasing of Fagus crenata leaves inflow from altitude higher than the forest
surrounding the fossil deposition site since 3500 cal BP. However, the generally
decreasing trend of SI variation range from the base to top of the profile cannot be
explained by the decrease of fluvial activity to transport leaves from higher altitudes as
the coarsening upward sedimentary facies of the profile indicates increasing fluvial
activity to younger assemblages (Figure 3.2-2). The lower part of bryophyte peat with
little inorganic materials indicates a lacustrine environment with low fluvial inflow, while
the sandy and silty sediments including assemblages upper than L25 exhibit supply of
inorganic materials from upper reaches of the river by increased fluvial activity. SI
variation decrease despite active fluvial activity possibly demonstrates downfall of

distribution limit of Fagus crenata to the altitude around the fossil deposition site.

3.2.4.3 Climate factors controlling the altitudinal distribution of Fagus crenata
Among the factors controlling the distribution limit of a species, climate plays a
significant role (Austin and Van Niel, 2011; Hamann and Wang, 2006; Hara, 2010;

Pearson and Dawson, 2003), while biotic factors such as species interactions, and seed
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dispersal are also crucial to determining the distribution of species (Hampe, 2004; Hara,
2010; Pearson and Dawson, 2003; Svenning et al., 2008). However, the fossil
assemblages in our study including the presence of very few leaves except for Fagus
crenata indicate that the influence of the competition with other species (Bradshaw et al.,
2010) is assumed to be limited in the forest around the study site. The decreasing Sl
variation trend follows the declining curve of the Mutsu Bay SST (Kawahata et al., 2009)
and East Asian Summer Monsoon intensity (Wang et al., 2005), which demonstrates that
downward shift of altitudinal distribution limit of Fagus crenata is ascribed to climatic
deterioration, which was represented by cooler and dryer summers. From this viewpoint,
the low values of the Sl variation range between 4300 and 4100 cal BP are associated
with the cooling events at the Middle and Late Holocene boundary, which have been
shown in East Asian Summer Monsoon curve (Figure 3.2-8), coral reef oxygen isotope
record in Ryukyu Islands of Japan (Abram et al., 2001), loess-paleosol sequence in China
(Huang et al., 2010), lacustrine isotope record from southern Sweden (Jessen et al., 2005)
and ice core records from Greenland (Johnsen et al., 2001).

The intensity of winter monsoon may have also influenced altitudinal distribution of
Fagus crenata because the combination of stronger winter monsoon and warmer sea
surface temperature in the Sea of Japan produced heavier snow conditions, which
promoted the regeneration and spread of Fagus crenata (Fujita, 1987; Fukushima et al.,
1995; Hara, 2010; Homma, 1997; Homma et al., 1999). Modern Fagus crenata is more
dominant in forests and more widespread in areas under lower temperature conditions in
the heavy snow region facing the Sea of Japan than the Pacific side of Japan (Fujita, 1987;
Fukushima et al., 1995). This phenomenon is ascribed to the tolerance of Fagus crenata
to snow pressure, which prevents the growth of the other tree species (Hara, 2010). In
addition, the thick snow cover can reduce the chance for rodents finding seeds in winter
(Homma et al., 1999), and also reduce the water stress on Fagus crenata in winter and
spring. Stalagmite oxygen isotope record from Fukugaguchi Cave, Itoigawa, ca. 400 km

southwest of our study site, provided proxy of winter precipitation, snowfall, during the

87



Holocene (Figure 3.2-8) (Sone et al., 2013), and the declining trend of snowfall from 5300
cal BP to 4500 cal BP is consistent with the decreasing Sl variation range of Fagus
crenata leaves in our study site. However, this coupling was broken since 4500 cal BP,
which may imply the altitudinal distribution limit of Fagus crenata was more strongly
constrained by mean annual temperature and summer precipitation than winter

precipitation during the Late Holocene.
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4 Main findings of this study

During the Paleogene, the Earth experienced a significantly warm and humid
environment, which is referred as a greenhouse climate (Bowen et al., 2004; Hansen et
al., 2008; Beerling and Royer, 2011). Stomatal analysis of fossil leaves, as a popular
method for paleo-CO> reconstruction, however, have provided limited data for the
Paleogene. This study provided four new stomatal-based CO» data for this period using
fossil Metasequoia needles to fill this gap. The extensive and frequent occurrence of
Metasequoia fossils in time and space (LePage et al., 2005) make it an ideal material for
long-term CO» reconstruction, but Metasequoia-based CO; data for the early Cenozoic
are rare. This study makes it possible to depict a detailed CO> curve throughout the
Cenozoic by combining with former published late Cenozoic Metasequoia-based CO-
data. This CO2 evolution curve is based on one species by using same methods, thus can
avoid the noise derived from using different kinds of proxies. Besides, this study also
includes the oldest COz level data based on the stomatal analysis of Metasequoia needles
to date.

Stomatal-based CO; data have been compared with paleo-temperature reconstructed
from marine oxygen isotope, which might show some deviation from terrestrial
temperature at the place where fossil leaves have grown. Thus, for an Early Pleistocene
fossil locality, I estimated both palaeo-temperature and palaeo-CO; using fossil leaves
from a fossil assemblage, which was the first trial toprovide a direct comparison between
terrestrial CO; and temperature. The palaeo-CO; was estimated to have been at a higher
level than previously reported, and the according mean annual paleo-temperature was
almost equivalent to the contemporaneous data from the Uonuma Group, central Japan,
which is an interglacial warm period during the Pleistocene. This result indicates a warm
climate under high CO> level in an interglacial stage of the early Pleistocene,
demonstrating the vital role of CO: level in controlling the early Pleistocene interglacial

temperature.
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The altitudinal transportation of plant organs before their burial (Gastaldo et al., 2016;
Steart et al., 2006) is an important process in the formation of fossil assemblage, which
cannot be ignored in reconstruction of paleoenvironment. Although transportation of
fossil pollen and fruits/seeds has been studied by many researches, researches of leaf
transportation before fossilization is limited. This study estimated the altitudinal
transportation range of Fagus crenata leaves before fossilization for the first time, and
indicated that the altitudinal transportation range of leaves before burial is large enough
to affect the accuracy of paleo-environment reconstruction by paleobotany method, such
as leaf morphology-based paleoclimate data and stomal-based paleo-CO, data. On the
other hand, this research indicates that estimated leaf transportation range before
fossilization can be a potential indicator of paleoaltitude, and can reflect altitudinal
distribution range of a species, which are important in understanding the floral and
geomorphological evolution in ancient times. On this basis, for a Holocene fossil locality
in Mt. Kurikoma, based on the stomatal analysis of fossil Fagus crenata leaves from fossil
assemblages between ca. 5000 and ca. 2500 cal BP, I reconstructed the temporal changes
of its altitudinal distribution limit, this is the first result in that stomata analysis of fossil
leaves is contributed on reconstruction of altitudinal changes of plant distribution, which

provided a new method in detecting plant reaction to climate change in ancient times.
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5 Conclusions

In this study, based on the fossil Metasequoia needles, I reconstructed CO» for four
time periods during the early and middle Paleocene and middle Eocene. In the early and
middle Paleocene (63—60 Ma), CO> was estimated at 300400 ppmv, which is a little
lower than the present level. During the middle Eocene, CO; was estimated at 473 ppmv
in 47.5-41.3 Ma and 706 ppmv in 41-40 Ma. The CO; values estimated by stomatal index
from fossil Metasequoia leaves are consistent with those based on Ginkgo, which
demonstrates the excellence of Metasequoia for use as a proxy to demonstrate paleo-CO»
levels, along with its common and frequent occurrence through the whole Cenozoic.
During the Paleogene, climate change under the thermal environment cannot merely be
explained by variations in CO; other factors, such as paleogeography, high latitude
vegetation feedbacks, increased polar stratospheric clouds, and increased latent heat
transport, may be complementary warming mechanisms. This means that CO; played a
less crucial role in these ancient epochs.

However, unlike the early Cenozoic, CO: level played a vital role in controlling the
late Cenozoic temperature based on our study on the Sayama Formation, central Japan.
I reconstructed the palaco-CO> and palaeo-temperature during an interglacial stage in
MIS 57 or 55 (1.66—1.55 Ma), based on a leaf bed in the Sayama Formation. According
to the stomatal density exhibited by leaves of Quercus gilva, the palaeo-CO> was
estimated to have been 36.41+2.58 pa (359+25 ppmv), which is at a higher level than
previously reported. Based on the leaf margin analysis of woody dicots in the fossil
assemblage, the mean annual temperature was estimated at 11.0 °C, which is almost
equivalent to the contemporaneous data from the Uonuma Group, central Japan. This
result indicates a warm climate under high COz level in an interglacial stage of the early
Pleistocene, demonstrating the vital role of COz level in controlling the early Pleistocene
interglacial temperature.

I also conducted an initial attempt at detecting leaf transportation before fossilization
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by using SI variation of fossil Fagus crenata from the late Early Pleistocene Sayama
Formation. Although Cenozoic plant fossil records can imply the possibility of altitudinal
transportation from higher altitude before fossilization by the mixture of elements from
different climate zones within one fossil assemblage, there is a shortage of direct evidence
for this hypothesis. In paleoclimates and paleovegetation reconstruction work, cool
elements transported from higher altitudes will cause an underestimated result. The first
step to eliminate this disturbance is to quantitatively estimate the transport range of plant
organs before fossilization and check if this transport range is large enough to hinder
paleoenvironment reconstruction. Our data showed an altitudinal transportation range of
over 1000 m, which is large enough to affect the accuracy of paleoclimates and
paleovegetation reconstruction. However, as transportation efficiency is different among
various organs of different species, more detailed studies of many species, both fossil and
modern, is required to minimize the effect of this taphonomic bias on paleoenvironment
reconstruction.

For another fossil locality in Mt. Kurikoma that also include fossil leaves of Fagus
crenata from 29 deposition layers, differences of the SI variation range among the fossil
assemblages from different horizons indicate the temporal changes of altitudinal
distribution limit of the species. The Holocene paleo-CO- estimated from Fagus crenate
in this study showed a higher and more fluctuant record than the ice core record, which
may have been affected by the strength of Tsushima warm current. Thus, paleo-CO; data
from this research should be considered as a regional level data rather than global. Large
variation of SI data from one deposition layer was detected as a proxy for the altitudinal
distribution range of Fagus crenata. 1 found that from ca. 5000 to ca. 2500 cal BP, the
upper limit of Fagus crenata distribution moved down from the altitude similar to or
higher than the present to the areas surrounding the fossil site under climate deterioration
with a cooling event happened at ca. 4000 cal BP and drier growing seasons caused by
the decrease of East Asian Summer Monsoon. This study demonstrates the potential of

stomata analysis of fossil leaves for detecting the altitudinal distribution of species, which
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can help provide a better understanding of forest evolution under climate change in the

past.
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