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Abstract

Long Chain alkenones (LCAs) are a class of C37—Ca2 unsaturated ketones
synthesized by a specific group of haptophyte algae (Isochrysidales). In the open ocean,
both in vitro experiments and ocean observational analysis indicated there is a linear
relationship between the alkenone unsaturation ratio and sea surface temperature (SST).
Therefore, LCAs in marine sediment cores have been widely used as a quantitative
paleo-SST proxy since the 1990s. In this doctorate dissertation, after summarizing the
development history of alkenone paleothermometry (Chapter I), I first present
applicational studies of this method to coastal shallow-sea sediments to understand the
relationship between climate change and human civilization flourished in coastal East
Asia (Chapter II). Next, I present proxy developments on alkenone paleothermometry
for further advances in the field, in particular for enabling applications to on-land
geological sections and lake sediments (Chapter III). Finally, I proposed the potential

for further development of LCAs as a reliable paleothermometer (Chapter V).

In Chapter II, I reconstructed paleoclimate changes during the Holocene to
investigate the influence of climatic events on the human histories in coastal East Asia.
The coastal marine sediment cores are useful to reconstruct the paleoclimate because of
the strong correlations of SST with atmospheric temperature (AT) in the shallow coastal
area. In the first part, I investigate the estuary region of the Yangtze River (China), the
oldest Neolithic civilization, well-known for paddy rice cultivation that flourished
during the mid-Holocene (ca. 5500-2200 BCE). However, although it is known that this

Neolithic civilization collapsed at around 4.2 ka BP, the reason behind the collapse



remains controversial. Sedimentary cores (MD06-3039 and 3040) collected from the
inner shelf of the East China Sea, off the southeast coast of China, provide an excellent
insight into estimating the regional paleoenvironment since ca. 5500 BCE. We analyzed
the alkenone unsaturation ratios and our data indicated abrupt cold episodes (i.e., 3—4°C
drop in SST) occurred frequently in the Yangtze delta region during 2600—1900 BCE.
These episodes could have been related to the global climatic transition called the “4.2
ka event”, when the dynamic of the East Asian monsoon might have been altered. These
cold episodes could be sufficiently severe to damage rice cultivation and constitute a
plausible explanation for the demise of the Yangtze Neolithic civilization. In the second
part, I investigate the offshore of Tokyo area, central Japan, to enrich our understanding
of climate change in East Asia and its impact on Japanese civilizations during the
Holocene. Previous studies already reported paleo-SST records measured on midden
shells along the coast of Tokyo Bay. However, continuous, high time-resolution and
quantitative paleotemperature records were still lacking. A piston core was retrieved
from Tokyo Bay from which 22 mollusk shells were extracted. An age model for the
core, determined via accelerator mass spectroscopy (AMS) “C dating of the shells and a
scoria layer from the Hoei eruption (1707 CE), showed that the sediment core recovered
the period from ca. 2400 BCE to the present. We analyzed the alkenone unsaturation
ratios to reconstruct the variations in the SST. The SST during the Meghalayan was
generally warmer than the present exhibiting a declining trend, which roughly matches
with the orbital-forcing changes in summer insolation and with the millennial-scale
southward shift of the subarctic front in the northeastern Pacific Ocean. The largest cold
period, which occurred ca. 2300 BCE and had a minimum temperature of 19.5 °C,

interrupted the warm conditions. This cold period may correspond to the 4.2 ka event.
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Our results also revealed that several cold periods occurred, which may have been
caused by decreases in solar activity or large volcanic eruptions. Particularly, large
decadal to centennial-scale cold periods were observed ca. 440 BCE and 100CE during
the Yayoi era, which might be related to the occurrence of the large civil war and the
decrease in the Jomon population, respectively. The coldest period after the
establishment of a governmental centralized system was recorded ca. 1050 SE, which
may have been caused by the combination of a strong EI-Nifio mode and reduced solar
activity. These climate change events may eventually lead to major shifts in Japanese

social systems.

In Chapter III of the doctorate dissertation, I reported my works about the
developments of LCAs as a paleotemperature proxy. I applied alkenone
paleothermometer to previously unstudied geological materials, i.e., a terrestrial outcrop
and lacustrine sediment. I detected that LCAs and the other biomarkers are preserved in
the rock outcrop of the Kazusa Group exposed in central Japan, the most continuous
sedimentary succession in the world, covering almost the entire Pleistocene. The
alkenone unsaturation ratios and n-alkane-based proxies appeared to reflect the glacial-
interglacial changes in the SST and terrestrial climate, respectively. LCAs-based paleo-
SSTs during 1.1-1.0 Ma were significantly higher than present-day SSTs in the same
area, as supported by foraminiferal Mg/Ca-based SSTs, and thus possibly reflects a
direct intrusion of the warm Kuroshio Current. Applying these biomarkers, which might
be circumstantially preserved owing to their immunity to high temperature and
consolidation stress during burial and uplift, we expect that the Kazusa Group should

reveal detailed oceanic and atmospheric changes of the Kuroshio region.
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I also discovered LCAs in sediment from the brackish Lake Takahoko, in
northern Japan. Identifying the lacustrine haptophyte species that produce LCAs is
essential for LCAs-based paleotemperature reconstruction because the haptophytes
inhibiting lakes are largely diversified and have different temperature calibrations. The
identity of LCA-producing species in Lake Takahoko was investigated using 18S
ribosomal DNA and organic geochemical analysis. Two distinct genetic groups, termed
as Tak-A and Tak-B, were identified within the Group II haptophyte phylotype. Tak-A
was closely related to Hap-A, which was obtained from Lake George, USA; and Tak-B
was identified as Isochrysis galbana. Hap-A and Isochrysis galbana have similar
temperature calibrations because they are closely related species. Therefore, Tak-A and
Tak-B were expected to share similar calibrations and the changes of their relative
abundances in the lake should not significantly disturb the paleotemperature
reconstructions. The alkenone temperature recorded in the surface sediment corresponds
to the lake temperature observed in early to late summer. This is likely related to the
haptophyte bloom season in Lake Takahoko. Considering the haptophyte bloom season,
Lake Takahoko may be a viable location for reconstructing an LCAs-based

paleotemperature record.
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I-1. The importance of quantitative paleotemperature reconstructions

Currently, global warming and increasing natural disasters related to the high
atmospheric CO> concentration have become world problems. How will climate
changes affect our societies? Studies on causal analysis of historical human civilizations
collapses as well as recent conflicts revealed that climate change can seriously damage
human civilizations (e.g., Kelley et al., 2015; McConnell et al., 2020). Therefore, we
human beings need to know the controlling mechanisms climate changes and assess the
future climate change with its possible impacts on our society. For that, the unique way
to do it is to understand the mechanism of past climate changes.

Especially, quantitative and high-time resolution paleoenvironmental data are
needed to put recent global warming trends into the context of natural climate
variability (IPCC Assessment Report, 2014). The climate of the Holocene (11.5 ka BP
to the present) is relatively warm and stable compared to those of the last glacial period,
which has promoted the human settlement and the growth and development of modern
societies (Grove et al., 2015). However, there is some evidence that the Holocene
climate includes some episodic variations and there are regional disparities in the
amplitude of these climatic variations as well as in their synchronicity (Mayewski et al.,
2004; Wanner et al., 2008). Therefore, it is very important to analyze a wide area with
widely distributed sites and to obtain high-time resolution paleoenvironmental data to
avoid risks of extrapolation. It is also necessary to improve our systematic knowledge
about the Holocene climate variability, which must be controlled by multiple factors.

Sea surface temperature (SST) and air temperature (AT) are two of the

most important factors that control global atmosphere and ocean
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circulations (Stocker et al., 2013). Temperature changes will cause global- to regional-
scale climate changes, which have large influence on the primary industries
such as agriculture, forestry, and fisheries (Kirilenko et al., 2007; Lobell and Burke,
2008; Sumaila et al., 2011; Hatfield et al., 2011). In order to reconstruct long,
continuous, and quantitative paleotemperature records, paleoceanographers and
paleoclimatologists have developed many types of proxies applicable for marine and
lake sediments. The requirements for a reliable paleotemperature proxy are that 1) it has
been confirmed at the laboratory level to work under ideal conditions; 2) it is clear what
season and range of temperature it reflects; 3) it can reproduce the current observed
temperatures, and 4) it hardly changes due to diagenesis. Many kinds of

paleothermometers have been developed and each has its advantages and disadvantages.

I-2. Paleotemperature proxies

In this chapter, I represent the major quantitative paleotemperature (SST and/or
AT) proxies with their advantages and weakness that are widely applicable to sediment
cores. The ratio of magnesium to calcium (Mg/Ca) of surface-dwelling planktonic
foraminifera is the most established paleo-SST indicator (Niirnberg et al., 1996). Mg
forms the most important solid solution with calcite, and Mg substitutes directly for Ca
in the foraminiferal calcite structure during foraminifera shell precipitation (Branson et
al. 2013). Culture experiments indicate that Mg/Ca ratios of planktonic foraminifera
increase at a higher temperature. This effect can be explained by the substitution of
Mg?* into calcite associated with a change in enthalpy or heat of reaction, which is

sensitive to temperature (Rosenthal et al. 1997). The sensitivity of Mg/Ca ratio to
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temperature depends on the species, which can be explained by a biologically
mediated precipitation process. To date, a lot of species-specific culture calibrations
have been developed, and the reproductivity of these formulas has been confirmed by
sediment trap calibration and core-top calibrations (Lea et al., 1999; Elderfield and
Ganssen, 2000; Anand and Elderfield, 2003; Tierney et al., 2019). The long residual
time of Mg and Ca guarantee the availability of this paleothermometer as far back as
approximately 15 Ma (Broecker, 2013). However, the post-depositional dissolutions
and contaminations by adherent sediments, organic matter, and Fe-Mn oxides on the
shell can influence the analysis of trace element concentrations in the foraminifera
shells. Therefore, the paleotemperature estimates should be obtained with proper

cleaning methods (Barker et al., 2003).

Reef-building corals living in the surface ocean can provide high-time resolution
(weeks to a month) paleo-SST records based on the geochemical records (Str/Ca,
Mg/Ca, and U/Ca) in coral skeletons (Beck et al., 1992; Min et al., 1995; Watanabe et
al., 2001). Massive corals (e.g., Porites spp) are especially useful to reconstruct
seasonal-scale SST variations, which enable to know monthly- to annual-scale
environmental changes such as the El-Nifio Southern Oscillation and Indian Ocean
Dipole (Watanabe et al., 2011; Watanabe et al., 2019). Based on the culture
experiments, Mg/Ca and U/Ca are considered to be biased by the skeletal growth rate,
and ambient pH, respectively (Inoue et al., 2007, 2011). However, Sr/Ca has been
widely accepted and used as a paleo-SST proxy (Hayashi et al., 2013). Monthly-scale
analysis for modern corals enables to make rigorous calibration between the Sr/Ca and

the current measured SSTs, which enhances the reliability of the temperature
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calibrations (e.g., Kajita et al., 2017). The weakness of this method is that it can be
applied to assess paleo-SST changes only in subtropical to tropical regions where corals
live. It is difficult to obtain long-term records because Porites spp. lives for only
approximately 400 years at the maximum (DeLong et al., 2014; Kawakubo et al., 2019).
Therefore, the coral records recovered from sediments cores are usually fragmented,

only provide snapshots of the target periods (e.g., Felis et al., 2014; Asami et al., 2020).

Ocean environments, including sea surface temperature, affect the spatial
distribution of marine microfossils. Therefore, the relationship between modern
environmental factors and these faunas can be used to reconstruct past environmental
conditions. This statistical approach referred to as “transfer functions”, and the
assemblages of planktonic foraminifera and radiolarians have been developed for SST
indicators since the 1970s (Nigrini, 1970; Imbre and Kipp, 1971; Climap Project
Members, 1976). Transfer function methods are essentially based on the assemblage
data from the modern datasets; therefore, its application to, for example, down-core
analysis, is largely limited to 1) regional-scale, 2) well-preserved microfossils, and 3)
the relatively recent (usually younger than Quaternary) samples (Schiebel and
Hemleben, 2017). Species selected for transfer function differ upon regions because
regionalities of key species of each microfossils group, thus geographical coverage of
modern dataset should be selected carefully (e.g., Matsuzaki and Itaki, 2017). The
selected species dissolution and extinction in down core samples can affect the results;
therefore, statistical analysis of the data consisting of several steps are needed when
applying transfer functions to the old era (e.g., Miocene: Matsuzaki et al., 2019, 2020).

The additional weakness of transfer function model is that they are based on several
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assumptions; 1) the relationship between fossil species and environmental factor is
linear through time, 2) modern observation enclose all the necessary information to
explain the fossil data, and 3) changes in fossil fauna is controlled by only

environmental parameters, SST in instance.

Few indicators can restore the ambient paleotemperature from the lake sediment
cores. Pollen data is nearly the only applicable proxy for quantitative temperature
reconstruction. Nakagawa et al. (2002) has reconstructed the paleo-AT changes over the
past 40 ka using the pollen record from sediment core retrieved in Lake Mikata, central
Japan. It relied on the modern analogue technique established by the statistical
correlation between the distributions of vegetation types and surface pollen
assemblages covering the whole of Japan. Although this method is considered to be
applicable for the other lakes with similar vegetation around (e.g., Nakagawa et al.,
2005; 2008), those quality is highly dependent on the current reference pollen dataset.
For example, to properly reconstruct the AT in glacial periods when the flora was
significantly different from the present, it is necessary to extend the modern reference
dataset to the colder regions of the Russian Far East (Tarasov et al., 2011). When
restoring the climate of Hokkaido island northern Japan, the dataset covering the whole
Japan is not appropriate for paleo-AT reconstructions. To limit the reference sites in
cold conifer dominant regions are necessary to reduce the error (Leipe et al., 2013).
Therefore, the pollen-based paleothermometer was not a versatile method that can be

applied uniformly to various periods and regions.
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Until a few years ago, the relative abundance of isoprenoid Glycerol Dialkyl
Glycerol Tetraether (GDGT) lipids in marine and lake sediments had often been used
for paleotemperature reconstructions (Castafieda and Schouten, 2011; Schouten et al.,
2013). The core top calibrations between the TEX3s (tetraether index of tetraethers
consisting of 86 carbons) indexes and SSTs have been established (Schouten et al.,
2002; Kim et al., 2010). Although some studies proposed the lacustrine TEXges
calibrations using several data from medium to large lakes (Powers et al., 2010; Tierney
et al., 2010). However, there are a lot of lakes where the single TEXg¢-based
temperature calibrations cannot be applied (Blaga et al., 2009; Powers et al., 2010),
probably because of the intrusion of allochthonous GDGTs. The fateful flaw in TEXss
paleothermometer is that the synthesizers of GDGTs have not been identified. GTGTs
are long thought to be biosynthesized by Thaumarchaeota; however, recent analysis of
environmental samples has shown that their structural diversity and sources are much
wider than those predicted and that they occur ubiquitously in a wide range of
environments including deep sea water and soils (Weijers et al., 2006; Schouten et al.,
2013). Due to the ambiguous origin of isoprenoid GDGTs, it is ambiguous to discuss

accurately TEXgs-based temperature paleoceanographic and paleoclimatic meaning.

I-3. Long Chain alkenones as a proxy for paleo-SST

In this thesis, I focused on the Long Chain Alkenones (LCAs) biolipids, a class of
C35—Cas2 unsaturated ketones, that are synthesized by a very restricted group of
haptophyte algae (Isochrysidales) living in surface euphotic waters (Fig. I-1). It has

been confirmed that cellular alkenone composition is directly correlated with
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haptophyte species and their growth temperature (Marlowe et al., 1984b; Brassell et al.,
1986; Brassell, 1993). Formulae for alkenone indices used in this thesis are shown in
Table I-1.

Since the 1980s, C37—C39 LCAs have been widely detected from marine
sediments (Volkman et al., 1980a; Marlowe et al.1984a). It was confirmed that they
were produced by universal marine haptophyte species, Emiliania huxleyi and
Gephyrocapsa oceanica (Family Noélaerhabdaceae; coccolith-bearing taxa) (Volkman
et al., 1980b; Marlowe et al., 1984b). The good proportional correlation between Csz7
alkenone unsaturation ratios (UI3<7 and UI3<7'; each definition is shown in Table I-1) and
water temperatures was confirmed by numerous culture experiments for both species
(Prahl and Wakeham, 1987; Prahl et al., 1988; Volkman et al., 1995; Conte et al., 1995;
Sawada et al., 1996) (Fig. I-2). In marine settings, UI3<7 is more often used than UI3<7
because of the better correlation of Us; with temperature than that of U%; (Prahl et al.,
1988). The culture calibrations between UI3<7 and temperature presented in these studies
differed each other, even though some of them used the same strain, which might be due
to the differences in cell physiological state and growth phase of haptophytes in each
chemostat (Conte et al., 1995; Herbert, 2006). Among these culture calibrations, the
following conversion formula (1) proposed by Prahl et al. (1988) is very good
agreement with the global core top calibration (2) between UX; in surface marine

sediments and in-situ SSTs (Muller et al., 1988).

UK =0.034T+0.039 (R?=0.994)

US =0.033T+0.044 (R?>=10.958)
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The good agreement between the culture and in-situ calibrations increases the
reliability of UY; as an SST proxy, which may be due to the low genetic diversity of
Noélaerhabdaceae family species in marine settings (Bendif et al., 2014, 2015). There is
an error of approximately 1.5 °C (+ 1o) between the temperatures restored by equation
(4) from surface sediments and the actual SSTs, but the difference is due to the
seasonality of alkenone production and the difference in blooming water depth (Conte et
al., 2006). LCAs are likely less decomposed than other lipids, and even if it is
decomposed, the degree of unsaturation hardly changes because of the decomposition
rates of diunsaturated Cs7 alkenone (Cs7:2) and triunsaturated Cs7 alkenone (C37:3), which
are almost equal (Prahl et al., 1989). Therefore, U, recorded in marine sediment cores
have been widely used as one of the most quantitative well-established proxies for
paleo- SST (e.g., Liuetal., 2018; McGregor et al., 2018). LCAs could be detected in a
wide range of marine sediments, including coastal shallow seas and deep seas over the

carbonate compensation depth where planktonic foraminifera are rarely preserved (e.g.

Conte et al., 20006).

I-4. Development of the LCAs-based proxies for on-land geological settings

The success of the LCAs-based SST proxy is largely due to their high resistance to
degradation. The unusual trans-bond configuration of the carbon-carbon double bounds
in LCAs should be an important factor in their resistance to early diagenesis (Rechka
and Maxwell, 1988), as many bacteria lack in the enzymes required to break down such
type of double bond (Brassell, 1983). Today, LCAs have been detected from marine

sediments as old as ca. 120 Ma (Farrimond et al., 1986; Brassell et al., 2004), and thus
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indicated their high stability in marine sedimentary deposits. Although the LCAs
distributions in Cretaceous sediments are completely different from those of modern
marine sediments, LCAs recorded in the sediments younger than the Eocene are very
similar to those of the present, and reasonable paleotemperatures comparable with
foraminiferal Mg/Ca-paleotemperatures can be calculated using the temperature
calibration applicable to modern settings (Miiller et al., 1997; McClymont et al., 2005).
Although LCAs are more stable than many other lipid classes, they can be
decomposed under the oxidative and/or high temperature conditions. The concentrations
of LCAs in marine sediments usually decrease with an increasing burial depth
(Simoneit et al., 1994), because of large losses in post-depositional diagenesis (Prahl et
al., 1989). In hydrous pyrolysis experiments, LCAs are decomposed rapidly when they
are exposed to temperatures above 120°C at short-time scale (several hours)
(Rabinowitz et al., 2017). According to field observations of the sediments deposited
around the hydrothermal, LCAs seemed to disappear after a long-time (hundreds of
years) exposure to environments of 20—-80 °C (Simoneit et al., 1994). Therefore, LCAs
are often completely decomposed in the subaerially exposed sedimentary rocks
subjected to diagenesis during the burial and/or uplift processes (e.g., Sampei et al.,
2003). However, many studies have previously confirmed that the concomitant changes
of UY; and U%; values with LCAs degradations are minor (Prahl et al., 1989, 2003;
Hoefs et al., 1998) due to the similar tolerance to diagenesis of di-, tri-, and tetra
unsaturated Csz7 alkenones. Therefore, alkenone paleothermometry, if LCAs are

preserved, has the potential to be available in subaerially exposed sedimentary rocks.
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I-5. Development of the LCAs-based proxies for lacustrine settings

LCAs are also detected in some specific lake sediments (Cranwell, 1985). The
relative abundances of LCAs in lake sediments are completely different from those in
marine sediments, by being abundant in C37.4 alkenones (Volkman et al., 1988, Li et al.,
1996, Wang and Zheng 1998, Thiel et al., 1997). Amplicon sequencing-based detection
revealed that LCAs in brackish lakes are mainly biosynthesized by Isochrysidaceae
family of haptophytes, which are genetically diversified compared to Noélaerhabdaceae
family of haptophytes (Theroux et al., 2010). It also revealed the existence of another
clade of haptophytes that differs from Isochrysidaceae and Noélaerhabdaceae at the
family level. They were often called “Greenland haptophyte” or “Group I haptophyte”,
because they were first discovered in the lakes of Greenland (Anderson and Leng, 2004;
D’Andrea et al., 2016). Greenland haptophytes are detected in freshwater to oligohaline
lakes; however, no studies have succeeded in isolating their strains.

In the 2000s, the linear relationships between U%; in surface lake sediment and
ATs were observed in some locations (Zink et al., 2001; Chu et al., 2005), which
suggested that lake alkenones could also be used as an AT paleothermometer (Fig. I-2).
In the 2010s, several Isochrysidaceae family of haptophytes were isolated from brackish
environments and confirmed that their UY; and their growth temperatures were highly

correlated (Fig. I-2). Unlike the Noélaerhabdaceae family of haptophytes, Us; often

correlates with temperature better than UI3<7 To date, several US;-T calibrations based on
culture experiments have been published for three species, Ruttnera lamellosa,
Isochrysis galbana, and Tisochrysis lutea (Theroux et al., 2013, Nakamura et al., 2014,

2016, Zheng et al., 2016, Araie et al., 2018), which completely differ from those of the
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Noélaerhabdaceae family of haptophytes. The large diversities observed among their
UX-T calibrations might reflect genetic differences because closely related species at
genus level generally share the similar equations (Fig. 1-3).

These achievements in culture experiments suggest that different conversion
formulas must be applied to each lake depending on the inhabiting haptophyte species.
However, Isochrysidaceae family of haptophytes are very small (<10um) and are rarely
dominant in lakes, making it difficult to isolate the strains. It is also difficult to
morphologically distinguish the species because they do not form characteristic
carbonate shells like Noélaerhabdaceae family of haptophytes (Theroux et al., 2010).

The relative distribution of LCAs (chemical taxonomic features) can be used for
estimating those potential synthesizers in the environment (Table I-2). Greenland
(Group I) haptophytes have the conserved alkenone characteristics, synthesizing C37 and
Csg tri-unsaturated isomers. Based on the culture experiments, it has been confirmed
that Noé€laerhabdaceae family of haptophytes contain both Csgg: and Csgme, while the
Isochrysidaceae family of haptophytes does not have Cigme (Marlowe et al., 1984b;
Rontani et al., 2004; Longo et al., 2016; Nakamura et al., 2016). The relative contents of
Cs7.4 and Cyo also differ at the genus to family level (Table I-2). Although these
characteristics are useful for revealing family-level diversity of haptophytes in coastal
area and marginal lakes (e.g., Kaiser et al., 2019; Salacup et al., 2019), it is necessary at
least genus level to determine the selection of US,-T calibrations applicable for lakes
inhabited by the Isochrysidaceae family of haptophytes. Since the technology of
environmental DNA analysis using the Next-generation sequencer has recently

improved, it becomes possible to estimate inhabiting species of haptophytes even if the
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strains cannot be isolated (e.g., Theroux et al., 2010), which can help in the selection of
conversion formula applicable for the lake sediments.

Based on these recent achievements on the genetic diversity of haptophytes, our
interpretations for the classical alkenone based SST reconstructions in marine settings
should be partly revised. In marginal seas with high freshwater supply, the contributions
of Greenland haptophytes and Isochrysidaceae family of haptophytes to total alkenone
production cannot be ignored (e.g., Salacup et al., 2019). For example, it was confirmed
that those haptophytes inhabit a significant amount in Baltic sea especially in the low-
salt environment in the inner part of the bay (Kaiser et al., 2019), which should be the
cause of the uncorrelation between US; and in situ SSTs (Blanz et al., 2005). The
contribution of Greenland haptophytes and family Isochrysidaceae of haptophyts are
estimated from the abundance of C37.4 and Css.4, which is rarely synthesized from the
family Noélaerhabdaceae of haptopytes living in the environment above 15 degrees
(Prahl et al., 1988). Unreasonable temperatures are often calculated from marine
sediments where a significant amount of C37.4 is detected in marine sediments, such as
Okhotsk sea and Japan Sea during the last glacial maximum (Seki et al., 2004; Fujine et
al., 2006; Lee et al., 2008). We should carefully consider the applicable temperature
calibration for such marine sediments, taking into account the possible variability of

haptophyte species.
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I-6. The Aims of the doctorate dissertation

The doctoral research has two purposes; one is to reconstruct the paleoclimate
changes in coastal areas of East Asia during the Holocene and reveal their impacts on
the evolution of human civilizations. I aimed to provide higher time resolution and a
more quantitative paleotemperature record compared to previous studies using
terrestrial archives. Those results are presented in Chapter II. Chapter II-A focused on
the Yangtze delta area, where the relationship between the evolution of the Neolithic
Yangtze civilizations and climate change has long been debated (Kajita et al., 2018). In
Chapter II-B, I studied the sedimentary core recovered from Tokyo Bay for
reconstructing local paleotemperature record and compared it with the climate changes
previously suggested by historical documents for understand how climate changes
affected the human civilization of Japan (Kajita et al., 2020b).

The other purpose is to expand the suitability of alkenone paleothermometry to on
land section and lakes sediments. LCAs are often selectively preserved in sediments
relative to other planktonic lipids because the molecular chains are very long and the
intervals between double bonds are extended. Despite its tolerance to diagenesis, LCAs-
based proxies have rarely been applied to subaerially exposed sedimentary rocks for
paleotemperature studies. In Chapter III-A, I report that I discovered that multiple
biomarkers, including LCAs, are contained in the outcrops of the Kazusa Groups
exposed in central Japan. I carefully examined the signals of these biomarkers and
investigated their availability for paleoenvironmental studies (Kajita et al., under

review).
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The culture-based temperature calibrations for LCAs biosynthesized by
Isochrysidaceae haptophytes settings have been established since the 2010s. However,
the methods of applying alkenone paleothermometry to the lacustrine sediments are not
well established because the number of LCAs containing lake sediments is extremely
limited. In Chapter III-B, I discovered that estuarine lake Takahoko, northern Japan,
contained LCAs. Combining the environmental-DNA technique, I investigated how the

LCA-based paleotemperature reconstruction can suit to this lake (Kajita et al., 2020a).
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Fig. I-1 Chemical structures, abbreviated notations, and chemical names of selected

LCAs mentions in this thesis.

26



0o | (@) 7) 0s | © (i)
08 | (€ 08 |
07 F 07
0.6 06
&;0.5 x 05
0.4 04 | G
03 | 03 | il
02 @ 02 | 3
01 b (o) 01 [
0 — x 0
0 5 10 15 20 25 30 0 5 10 15 20 25
1 1
09 |(B) ) @ og | (d)
08 | ® 08 |
07 | 07 |
06 06 |
05 | 05 |
04 | 04 |
03 |
02
04 |
01}
,02 L
03 }
04 |
05 }
06 }
o7
-0.8
09 |

4] 5 10 15 Cl20 25 30
Temperature (°C

0 5 10 15 20 25
Temperature (°C)

30

Culture calibrations ((a) and (b))

(1) E. huxleyi (Prahl and Volkman, 1987; Prahl et al., 1988)
(2) I. galbana Sc2 (Araie et al., 2018)

(3) I. galbana Sh1 (Araie etal., 2018)

(4) I. galbana Dm2 (Araie et al., 2018)

(5) I. galbana CCMP1323 (Versteegh et al., 2001)

(6) I. galbana (P. paradoxa) CCMP715 (Theroux et al., 2013)
(7) T. lutea CCMP463 (Nakamura et al., 2016)

(8) T lutea NIES2590 (Nakamura et al., 2016)

(9) R. lamellosa LG strain (Zheng et al., 2016)

(10) R. lamellosa CCMP1307 (Nakamura et al., 2014)

In situ calibrations ((c) and (d))

Using data from multiple lakes
(i) Chinese lakes (Chu et al., 2005)
(ii) Germany-Austria lakes (Zink et al., 2001)

Using seasonal observation data
(iii) Lake Vikvatnet, Norway (D'Andrea et al., 2016)
(iv) Lake Toolik, Alaska (Longo et al., 2016)
(v) Lake BrayaSeo, Greenland (D'Andrea et al., 2011)
(vi) Lake George, USA (Toney et al., 2012)

Fig. I-2 (a) UI3<7'-T and (b) US-T conversion formula derived from the culture

experiment of haptophytes under the controlled temperatures summarized in Kajita and

Nakamura (2020). (¢) UI3<}-T and (d) US-T in situ temperature calibrations.
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Fig. I-3 Maximum likelihood tree of strains in Isochrysidales and 4 strains in

Coccolithales based on DNA sequences using 28S rRNA gene. The values on each note

are bootstrap percentage. GenBank accession numbers follows all species names.
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Table I-1

Formulae for alkenone indices used in this doctorate dissertation. Shorthand notation is

carbon number: number of double bounds. Me = methyl ketone, Et = ethyl ketone, LCA

= long chain alkenones.

Index Equation Reference
([C37:2Me]'[C37:4Me]) /
U, Brassell et al., 1986
([C37:2Me]H[C37:3Me ][ C37:4Mme])
UI3<7 [C37:2 Me] / ([C37:2 Me]H[C37:3 Me]) Prahl and Wakeham, 1987
C37/Css >C37LCA/ZC3sLCA Rosell-Mele et al., 1994
C3sEt/C3sMe ([C38:2E:]H[C38:3Et]) / ([C38:2me ] H[C38:3Mme]) Conte et al., 1998
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Table I-2

Chemotaxonomic characteristics and calibration equations of alkenone-producing
haptophyte species summarized in Kajita and Nakamura, 2020. A: Absence, P:
Presence, -: Not reported in the paper, §: data of environmental samples (uncultured
haptophytes) , 1: depends on strains (absent or minor amount), ¥ 2: minor amount

(<2%), % 3: relatively low correlation of determination (R2<0.5), 3¢4: in-situ calibration

of Toolik lake.
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Family

Calibration formula

Calibration formula

Cultured

Genus Species Cs74 |C3sMt| Cao |Cs73b K K temperature References
(Clade) (U37-T) (U37-T) °C)
(Group I)" - - P|lP|A|P . UK =0.021T-0.68* - Longo ;f)"l‘g 2016;
I galbana Sc2 UK=0.017T-0.11 | U5=0.039T-0.70 5~25 Araie et al., 2018
I. galbana Shl UK=0.014T-0.073 | U%=0.049T-0.93 5~26 Araie et al., 2018
Isochrysis 1. galbana Dm2 p | A |pe| A |U$=0.0066+0.0005 | US,=0.028T-0.63 | 5~27 Araie et al., 2018
I. galbana CCMP1323 UK'3,=0.0093T-0.041 - 7~22  [Versteegh et al., 2001
Isochrysida- K _ -
ceae I galbana CCMP715 Us7 O'OOQT 0.0071 UX.=0.0226-0.5149| 5~24 | Theroux etal., 2013
Group II ,
(Group 11 . | T lutea CCMP463 o | s U%=0.053T-0.63 | U%=0.053T-0.63 | 15~35 [Nakamuraetal., 2016
Tisochrysis A | P*| P A < X
T. lutea NIES2590 U37=0.044T-0.41 | U3%=0.044T-0.41 15~35 |Nakamura et al., 2016
o R. lamellosa LG strain N U5=0.014T-0.07 | U%=0.059T-1.20 | 5~25 Zheng et al., 2016
utinera i
R. lamellosa CCMP1307 U%=0.0035T+0.051 | U5,=0.045T-1.025 | 4~20  |[Nakamura etal., 2014
E. huxleyi 55a UX=0.034T+0.039 | U%=0.04T+0.11 8~25 Prahl et al., 1988
Noélae- |Gephrocapsa|  E. phyxieyi EH2 » UK=0.063T-0.762 - 10~20 | Sawada et al., 1996
rhabdaceae and _ AXL| P A A <
(Group IT) | Emiliania G. ocenaica JB02 U37=0.049T-0.52 - 11.1~29 | Volkman et al., 1995
G. oceanica GO1 UI3<7'=0.044T—0.204 - 15~28 Sawada et al., 1997




Chapter II

Quantitative and high time resolution alkenone
paleotemperature reconstructions during the Holocene:
relationship between the climate change and human history

in East Asia

Chapter II-A

Extraordinary cold episodes during the mid-Holocene in the
Yangtze delta:

interruption of the earliest rice cultivating civilization
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II-A-1. Introduction

The Holocene, an epoch of the late Quaternary period is known for its warm
and stable climate and millennial-scale climatic perturbations (Bond et al., 2001;
Mayewski et al., 2004). Currently, global warming and climate-related disasters
related to the increase in atmospheric CO2 concentration are of great concern (IPCC
Assessment Report, 2014). Recently, investigations of Holocene climatic variability
and its socioeconomic impacts have received increasing attention with regard to the
prediction of future climatic change and the evaluation of its impact on human
society. However, despite much effort, knowledge of the climatic and environmental
systems that affect the Earth’s surface on local and regional scales, their spatial
patterns, and the causal factors behind them remain incomplete.

It has been found that environmental and climatic changes have influenced the
rise and fall of human civilizations (Cullen et al., 2000; deMenocal et al., 2001;
Stanley et al., 2003; Staubwasser et al., 2003; Haug et al., 2003; Wu and Liu, 2004;
Kawahata et al., 2009, 2017a). In the downstream area of the Yangtze River,
Neolithic developments began around 7.0 cal. kyr BP. Yangtze Neolithic
civilizations were based on paddy rice cultivation, whereas millet or wheat featured
predominantly in most other Neolithic civilizations around the world (Chang, 1986).
The Hemudu site, which was first excavated in 1973-1974, is considered one of the
birthplaces of rice cultivation because of the discovery of enormous quantities of rice
hulls dated at 6.0-7.0 cal. kyr BP. Yangtze Neolithic civilizations, which developed
remarkably based on paddy rice, fisheries, and livestock domestication, collapsed

abruptly at around 4.2 cal. kyr BP, after which there followed a period of about 300
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years without a trace of human settlement (e.g. Stanley et al., 1999; Itzstein-Davey et
al., 2007a, b) (for details, see Section 3, “Archaeological information”).

The change in climate known as the 4.2 ka event, which is estimated to have
occurred at around 2500-2000 BCE, has been proposed as one of the several large
regional-/global-scale climatic events during the Holocene (Walker et al., 2012), and
was ratified as the boundary of the mid-Holocene (Northgrippian) and late-Holocene
(Meghalayan) by the International Commission on Stratigraphy in July 2018. The 4.2
ka event was accompanied by the weakening of monsoon systems and brought
severe cold and dry episodes over large sections of the Eurasian Continent (e.g.,
Chen et al., 1999; Xiao et al., 2004; Wang et al., 2005; Drysdale et al., 2006;
Berkelhammer et al., 2012; Nakamura et al., 2016), which has been cited as a
plausible explanation for the collapse of ancient major civilizations in Egypt, the
Indus Valley, and Mesopotamia (Cullen et al., 2000, Stanley et al., 2003,
Staubwasser et al., 2003). In China, several archaeological sites located in the middle
of the Yellow River basin were abandoned at around 2000 BCE because of reduced
agricultural productivity due to dry events (Wu et al., 2004; An et al., 2005). In
addition, sudden abandonment of a settlement at the Sannai-Maruyama site in
northern Japan (Fig. IIA-1a) was reported, following 1,700 years of reasonable
prosperity, which was attributed to a rapid decrease in atmospheric temperature (AT)
by 2.0 °C at around 2200 BCE (Kawahata et al., 2009). As rice is one of the most
important staple foods in present day Asia, it is important to reveal the response of
rice cultivating cultures to climate change. The paleoclimatic patterns of the Yangtze
delta have been reconstructed based on qualitative environmental parameters, such as

pollen assemblages and grain size analyses of terrestrial or lacustrine sediments.
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However, the details concerning the climate around the time of the 4.2 ka event
remain controversial (Liu et al., 1992; Stanley et al., 1999; Yu et al., 2000; Chen et
al., 2005; Itzstein-Davey et al., 2007a, b; Atahan et al., 2007; Li et al., 2010; Zong et
al., 2011; Innes et al., 2014; Wang et al., 2017; Wang et al., 2018).

In this study, in order to evaluate the effect of the environment on the human
activity of the Yangtze Neolithic civilizations, I collected coastal marine sediments
from near the Yangtze delta, which present a continuous record of both marine and
terrestrial environments in their sedimentary sequence. It was particularly
advantageous to be able to estimate terrestrial AT quantitatively based on the high
positive correlation between monthly mean SSTs and ATs in summer in the coastal
region (Kawahata et al., 2009, 2017a, 2017b). The purpose of this study was to
reconstruct paleo-SSTs (or paleo-ATs) quantitatively to permit discussion on the
possible effects on human activity of climatic/environmental change, especially at

around the time of the 4.2 ka event.
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II-A-2. Study areas and materials

1I-4-2.1. East China Sea

The East China Sea (ECS) is located to the east of China and extends to the
Okinawa Trough, covering an area of approximately 1,450,000 km? (Fig. IIA-1a).
The depth of the water in the ECS is mostly <200 m (Fig. I[IA-1b). Therefore, most
of today’s sea floor of the ECS had dried up in the last glacial maximum period due
to lower sea levels (Lambeck et al., 2014). The Yangtze and Yellow rivers, two of
the largest rivers in China, lower the salinity of the ECS to <34.0 (Zweng et al.,
2013). As the sea level has been raised close to its present level since 6.5-7.5 kyr BP
(Lambeck et al., 2014), the ECS continental shelf has been continuously
accumulating the silty clays and silty-clayey sands derived from both the Yangtze

and Yellow rivers (Liu et al., 2007).

1I-A-2.2. The Yangtze River

The Yangtze River is one of the largest rivers in the world. Its length and the
area of its drainage basin are 6,300 km and 1.8 x 10% km?, respectively. The mean
water discharge of the Yangtze River is ~30,000 m?® s ' with a mean suspended-
sediment concentration of 540 mg L™! (Milliman, 1985). About 70% of the annual
discharge and 87% of the annual sediment load occur during the flood season (May—
October) because the drainage basin is affected strongly by the East Asian Summer
Monsoon (EASM). Most sediment derived from the Yangtze River is deposited in
and around the estuarine area, developing the delta region, while the remainder is

transported into the ECS.
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Today’s Yangtze delta formed after the mid-Holocene sea level high stand
(HHS) at around 7.5 kyr BP (Hori et al., 2002). The delta topography is extremely
flat with an elevation of only 0—5 m above mean sea level. In the southern part of the
Yangtze delta, a large freshwater lake (Lake Taihu) covers an area of 2,250 km? with
a mean depth of 2 m. The climate of the Yangtze River drainage is characterized as a
subtropical monsoon climate (Tada and Murray, 2016). Today, mixed deciduous and
evergreen forests are typical of the vegetation within the region. Climate information
for the area around Shanghai, located in the northern part of the Yangtze delta, can
be accessed from the China Meteorological Administration
(http://www.cma.gov.cn/en2014/) and Japan Meteorological Agency
(http://www.data.jma.go.jp/gmd/cpd/monitor/index.html). The mean annual AT is
17.1 °C. The region is influenced primarily by the Subtropical High in summer with
a maximum AT of 28.6 °C and by the Siberian High in winter with a minimum AT
of 4.8 °C. The mean annual precipitation is 1,157 mm yr '. Summer and winter
rainfall account for 54% and 18% of the annual total, respectively. In particular, the
EASM plays an important role in flood damage, from which the Yangtze delta region

has suffered many times.

1I-4-2.3. Oceanographic setting

The ECS Coastal Current (ECSCC) carries freshwater from the Yangtze River
with suspended particles southward along the coast, creating an inner shelf mud belt
(Fig. ITA-1b). The inner shelf mud belt extends ~800 km from the Yangtze River
estuary southward to the Taiwan Strait (Liu et al., 2007). Conversely, the warm and

saline Taiwan Warm Current flows northward along the 50 m depth contour line.
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The Taiwan Warm Current is one of the branches of the Kuroshio Current (KC),
which flows northward along the continental shelf break (Fig. IIA-1a).

Based on SST data available at 27°52°30”N, 121°22°30”E from 2005 to 2016
from the Advanced Very High Resolution Radiometer (Reymonds et al., 2007), the
annual mean SST is 21.1 °C, with maximum and minimum SSTs of 28.0 °C
(August) and 13.4 °C (February), respectively. The AT data collected on Daichin
Island (28°29°N, 121°55’E) near the core site (Fig. [IA-1b) showed maximum and
minimum values of 28.3 °C (August) and 7.1 °C (January), respectively. The
monthly mean AT is closely correlated with the monthly mean SST ([AT] =-10.8 +
1.35 x [SST]; 2 = 0.90, p < 0.001), which allowed us to reconstruct the AT
quantitatively from the SST. The coastal environment is highly correlated with SST
because the heat capacity of seawater is much larger than that of the atmosphere. Sea
surface salinity measurements at 27°30°N, 121°30’E are also available from 2005 to
2012 from the World Ocean Atlas Select 2013 (Zweng et al., 2013). Monthly mean
sea surface salinity has a minimum value of 33.2 in April, maximum value of 34.3 in
January, and an annual mean value of 33.8. The decrease during summer is caused

by increased freshwater discharge from the Yangtze River.

1I-4-2.4. Cores MD06-3040 and -3039

Two giant piston cores (MD06-3040 and MD06-3039: depths 19.39 m and
8.11 m, respectively) were recovered at approximately the same location in the inner
shelf mud belt at a water depth of 47 m (MD063040: 27°43°36”N, 121°46°’88”E;
MDO06-3039: 27°43°36”N, 121°46°91”’E; Fig. I1A-1) during the IMAGES MD155-

Marco Polo cruise (Zheng et al., 2010; Wang et al., 2014). Both cores primarily
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consist of sediment derived from the Yangtze River, comprising yellow to olive-gray
homogeneous muddy sediment with sporadic thin sandy layers.

Core MD06-3040 can be divided into three lithological units based on visual
observation and grain size variation (Zheng et al., 2010; Wang et al., 2014) (Fig. IIA-
2). Unit A (0.00-15.86 m) is principally composed of yellow to dark-gray medium
silt (1063 um) interbedded with fine sand layers. Grain size variation is relatively
constant except for minor disconformities between 3.00-3.18 and 3.20-3.23 m. The
top 1-2 cm of Unit A was lost due to disturbances on the seafloor during the coring
process. Unit B (15.86—18.30 m) consists of dark-gray medium silt interbedded with
fine sand. Wavy and lenticular bedding are typical of the depositional structures, and
many bivalve shell fragments are scattered within the beds. Unit C (18.30-19.39 m)
is mainly composed of dark-gray coarse silt interbedded with thin layers of coarse
sand and it is rich in bivalve shell fragments. An age model for the cores has been
determined in previous studies (Zheng et al., 2010; Wang et al., 2014) (for details,
see Table IIA-1). They established that core MD06-3040 was continuously deposited
and could provide a continuous environmental record back to 10.4 cal. kyr BP. The
concentrations of major elements (Al, Ca, Fe, Mg, Na, K, Mn, P, and Ti) and trace
elements (Li, Sc, Rb, Y, Zr, Ba, Th, U, Nb, Hf, and rare earth elements) of core
MDO06-3040 have already been analyzed using inductively coupled plasma-atomic
emission spectrometry (ICP-AES) and inductively coupled plasma-mass
spectrometry (ICP-MS) at Tongji University, China (Shao, 2012; Yang et al., 2015;
Bi et al., 2017). The results of clay mineral analysis of core MD06-3040 using X-ray

diffraction (XRD) were also published in Fang et al. (2018).
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II-A-3. Archaeological information

For better discussion on the relation between the natural environment and
human activity, I provide a brief outline of the archaeological information pertaining
to the Yangtze delta region. Thanks to the benefits offered by the fertile soil and the
freshwater of Lake Taihu and the Yangtze River, the Yangtze delta region has a long
history of human settlement, including numerous sites of Neolithic cultures.
Hundreds of sites of Neolithic cultures have been found in the Yangtze delta region,
which can be categorized into three stages: Majiabang/Hemudu (ca. 5500-3900
BCE), Songze (ca. 3900-3200 BCE), and Liangzhu (ca. 3200-2200 BCE) (Stanley et
al., 1999; Chen et al., 2005; Zhang et al., 2005; Itzstein-Davey et al., 2007a, b).
Kuahugiao, Tianluoshan, and Hemudu archaeological sites indicate that the
Majiabang/Hemudu prospered around the Hangzhou Bay, and show evidence of the
earliest paddy rice cultivation (e.g., Zong et al., 2007; Zheng et al., 2009; Fuller et
al., 2009; Liu et al., 2016). The villagers survived by farming, hunting, fishing, and
gathering. Many types of animal bone have also been found, including those of
domesticated animals. The fauna indicated riverine and lacustrine plains and an
environment that was more humid than today. Some artifacts of wood, bone, and
bamboo, such as arrowheads, needles, and knives, have been recovered (Chang,
1986). The Songze was a development from the Majiabang, which was characterized
by social stratification, ceramic technology, and decorative sophistication. Stone
implements became more common and bone artifacts were used less than during the
time of the Majiabang. Stonework became thinner and neater, and the shape and

function of pottery diversified (Chang, 1986). The Songze was followed by the
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Liangzhu, which was well developed both technologically and socially. Artifacts
from the Liangzhu occupation, such as semilunar knives with holes, sickles, and
something similar to a grain-pounding apparatus, have provided evidence of
advanced rice cultivation. This culture also had diverse and sophisticated jade
articles and advanced architectural technology (Chang, 1986; Liu et al., 2017).
The Liangzhu terminated mysteriously around 2200 BCE, after which time
there followed a period of about 300 years without a trace of human settlement (the
so-called “cultural interruption”) until the beginning of the Bronze Age, Maquiao
culture (1900-1200 BCE). The number of Neolithic cultural sites and population
dramatically decreased during this period (Chen et al., 2005) (Fig. IIA-4g). The
origin of the Maquiao culture might not have been related to the Liangzhu people
because the Maquiao materials were less sophisticated than those of the Liangzhu
(Stanley et al., 1999). At the time of the cultural interruption, other Neolithic
settlements located around the upper reaches of the Yangtze River were also

abandoned, e.g., the Shijiahe and the Longmagucheng Baodun (Yasuda et al., 2004).
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II-A-4. Methods

1I-4-4.1. Age determination

The age model for both sediment cores has already been constructed based on
nine AMS '*C dates of bivalve shells: five from core MD06-3040 and four from core
MD06-3039 (Zheng et al., 2010; Wang et al., 2014). Stratigraphic correlation
between the two cores was achieved by comparing magnetic susceptibility records,
which allowed us to associate the stratigraphic depth of core MD06-3039 to that of
core MD06-3040 (Zheng et al., 2010; Wang et al., 2014). To evaluate the
chronological model for core MD06-3040 more accurately, I analyzed an additional
four well-preserved shells from core MD06-3040 using *C-accelerator mass
spectrometry at Paleo-Labo Co., Ltd. All '*C age results were calibrated to calendar
years using OxCal ver. 4.2.4 software (Ramsey et al., 2013) with the Marine 13
dataset (Reimer et al., 2013), which includes a constant average global reservoir age

of 400 yr.

1I-A-4.2. Alkenone analysis

Sediment samples were dried and crushed into a fine powder for organic
matter analysis. The lipids contained in the powdered sediment (approximately 5 g)
of each sample were extracted by sonication with dichloromethane/methanol (70:30,
v/v) and then saponified with 0.5 mol L™! KOH in MeOH. The saponified sample
was then extracted with n-hexane to obtain the neutral components (Ohkouchi et al.,
2005). The neutral lipids were separated into four subfractions by silica gel column

chromatography. The N-1 fraction (hydrocarbons) was extracted with n-
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hexane/dichloromethane (95:5, v/v), and the N-2 fraction (ketones, esters, and
aldehydes) was collected with n-hexane/dichloromethane (4:6, v/v). Then, the N-2
fraction was introduced into a gas chromatograph with a flame ionization detector
(GC-FID) equipped with a VF-5ms fused silica capillary column (30 m x 0.25 mm
internal diameter, Agilent) at the Japan Agency for Marine-Earth Science and
Technology. The oven temperature was programmed as follows: maintained at 40 °C
for 2 min, raised to 120 °C at 30°C min ', raised to 300 °C at 6 °C min"!, and
maintained at 300 °C for 20 min. Several procedural blanks, which were analyzed

parallelly to the same analysis, showed no C37 alkenone contamination.

It has been confirmed that the alkenone unsaturation index U?}, defined as
[C37:2)/([C37:2] + [C37:3]) ([C37:2] and [C37:3] indicates the relative abundance of di-
unsaturated C37 alkenone and tri-unsaturated Csz7 alkenone, respectively) and
recovered from marine sediments are highly correlated with SST (Brassell et al.,
1986; Prahl et al., 1988; Muller et al., 1998; Herbert et al., 2001; Conte et al., 2006).
In this study, I applied the following relationship, which has been widely applied for

the alkenone paleo-SST reconstructions in the ECS (e.g., Xing et al., 2013; Yuan et

al., 2018), and was proposed by Tao et al. (2012) based on the U§7 data collected
from 30 sediment samples covering most of the southern Yellow Sea (YS) near the

core site.

Annual mean SST (°C) = (Ué% +0.350)/0.059

(R=0.912; 16 =0.41°C; n = 30)
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The analytical errors for Ug}-SST and alkenone content were +0.3% (+10) and

+20.1% (+10) based on 12 replicated analyses.

1I-4-4.3. Measurement of organic carbon and nitrogen content

I measured the content (wt.%) of total organic carbon (TOC) and total nitrogen
(TN) using a Flash 2000 CHNS elemental analyzer at the Geological Survey of Japan
(National Institute of Advanced Industrial Science and Technology) using analytical
methods similar to those of Maeda et al. (2002). For TOC determination, 1 M HCI
was added to approximately 20 mg of powdered sediment until all CaCO3 was

dissolved. The analytical error was within +1% based on seven replicated analyses.

1I-A-4.4. Identification of coccolithophores

Samples of sediment at depths of 9, 424, 709, 723, 843, and 1,193 cm were
prepared as smear slides for examination of calcareous nannofossils at x1500
magnification under a cross-polarized light microscope. At least 300 coccoliths were
counted in each sample, and the species were identified using a scanning electron
microscope. The classification of Gephyrocapsa spp. coccoliths followed that of

Bollman et al. (1998).
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II-A-5. Results

1I-4-5.1. Radiocarbon dating and depositional environment

The calendar age—depth profile based on the AMS !“C dates shows that core
MD06-3040 provides a continuous record from the present day to 10.4 cal. kyr BP
(Fig. IIA-2; Table IIA-1). The mean sedimentation rate was approximately 2.0 x 10°
cm kyr . The sedimentation rate of Units B and C was 1.1 x 10?> cm kyr !, i.e., lower
than that of Unit A. The boundary between Units A and B (15.86 m) corresponds to
the age 7.5 cal. kyr BP, when the postglacial rise of sea level decelerated (Liu et al.,
2004; Lambeck et al., 2014). The relatively low sedimentation rate and fluctuating
grain size of Units B and C could be attributed to a reduction of the sediment supply
and an unstable sedimentary environment during the formation of a transgressive
systems tract before the HHS. The relatively homogeneous grain size of Unit A
indicates that water circulation and the sedimentary environment were similar
throughout this time, which is consistent with the stable marine conditions at the core

site after the HHS (Fig. I1A-3h).

1I-4-5.2. Alkenone SST

C37 methyl alkenones (C37:2 and C37:3) and Csg methyl and ethyl alkenones
(Cs8:2Me, C38:3Me, C38:2E1, and Csg:35¢) were found in core MD06-3040. Total alkenone
content ranged from 1.41 to 213 ng g ! (average: 51.4 ng g ). The entire alkenone

record of core MD06-3040 can be classified into three periods (I, II, and III) based
on the characteristics of the Ug}-SST variations (Fig. IIA-3a). From 3.8 cal. kyr BP

to the present day (Period 1), the Ug%-SST values were relatively high and constant
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(20.9-22.5 °C), except for during a short period of decline from 1700 to 1850 CE.

From 2600 to 1900 BCE (Period II), the U§7 values dropped remarkably and

fluctuated considerably (17.9-21.9 °C). From 6800 to 2600 BCE (Period III), the
U§7 values were relatively high and moderately stable (20.3-22.4 °C). All of the

U§7 data are shown in Table ITA-2.

1I-A4-5.3. Organic carbon and nitrogen content

TOC and TN constituted 0.39-0.59 wt.% (average: 0.50 wt.%) and 0.045—
0.090 wt.% (average: 0.072 wt.%) of the sediments, respectively (Fig. I[IA-3d, e).
Both values increased continuously from 9.0 cal. kyr BP to the present day, being
noticeably low in Unit B and highest at the top of Unit A. The C/N ratios ranged
from 6.2 to 8.8 (average: 7.0); they were moderate in Unit A and increased
conspicuously in Unit B (Fig. I[IA-3f). C/N ratios can be used to distinguish the
source of organic matter. Typical marine phytoplankton organic matter has a C/N
ratio of 67, whereas the C/N ratio of terrestrial organic matter is >12 (Meyers et al.,
1994). The C/N ratios in this study indicated that most organic matter was of marine
origin after the sea level stabilized at around 5500 BCE, whereas there was greater
contribution from terrestrial organic matter before the HHS. All of the data are

shown in Table IIA-3.

1I-4-5.4. Coccolith assemblages
Coccoliths were recognized in six sediment samples from core MD06-3040
(Fig. TA-3g). Gephyrocapsa oceanica, Emiliania huxleyi, Helicosphaera carteri,

and Calcidiscus leptoporus were identified in each sediment sample. Some
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Noélaerhabdaceae coccoliths that could not be identified at the species level due to
partial dissolution were classified as Noélaerhabdaceae gen. et sp. indet. The
coccolith assemblages of all the observed samples were dominated by G. oceanica,
which represented 70%—-80% of the total; E. huxleyi accounted for 5%—10%, and
the relative abundances of the other minor species represented <5%. These
characteristics of coccolith assemblages of core MD06-3040 are consistent with the
results of Tanaka (2003) and Yang et al. (2004), who reported the coccolith fluxes

and species assemblages at the shelf edge of the ECS.
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II-A-6. Discussion

1I-4-6.1. Assessment of alkenone SST time series record
As described above, I obtained remarkably low Ug}-SSTs in Period II, which
is unique as a Holocene climate change record. Before discussing the results for SST

fluctuations, I need to establish the reliability of the Ug}-SST reconstruction for this

corc€.

1I-4-6.1.1. Effects of alkenone production depth and season

The U§7 value can sometimes be disturbed by changes in alkenone production
depth (e.g. Ohkouchi et al., 1999). However, U§7 variations of core MD06-3040
might not reflect the change of habitat depth of alkenone producers because the depth
around the coring site is only 40—50 m and the annual mean water temperature
variation in the water column is less than 1 °C according to the World Ocean Atlas
2013 (Locarnini et al., 2013). As discussed by Chapman et al. (1996) and Dowsett et

al. (2011), the shift in the season of maximal coccolith production could also produce
Ug}-SST’s anomalies. Although it is difficult to rule out such potential anomalies, I

have no evidence to suggest they are important for the remarkably low Ug%-SSTs in
Period II because no changes in nutrient supply, primary productivity, freshwater
flux, and sediment source were suggested by the TOC, TN, C/N ratio (Fig. I[IA-4d—
e), clay mineral assemblage (Fang et al., 2018), and other major and trace element

concentrations (Shao, 2012; Yang et al., 2015; Bi et al., 2017) in the relevant part of

core MD06-3040. The U§7 values represent annual mean SST based on several core-
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top sediment U§7 data points in the ECS and southern Y'S, where the marine
environmental factors, including nutrient supply, salinity, and temperature, are

significantly diversified (Tao et al., 2012; Kim et al., 2015). Therefore, I believe that

the U§7 values of core MD06-3040 would most closely reflect annual mean SSTs.

1I-4-6.1.2. Effects of haptophyte species

G. oceanica and E. huxleyi, known as coccolith-bearing taxa belonging to the
family Noélaerhabdaceae, are distributed in the oceans around the world (Volkman
et al., 1980; Marlowe et al., 1984). C37 and Csg alkenones produced in the ocean are

derived mainly from these two species. However, there are other haptophytes that

also produce alkenones with much lower U§7 values than those of G. oceanica and
E. huxleyi. Some of the haptophytes belonging to family Isochrysidaceae, such as
Isochrysis galbana and Ruttnera lamellose (revised from Chrysotila lamellosa;
Andersen et al., 2014), form no coccoliths and live in low-salinity seawater or saline
lakes (Versteegh et al., 2001; Sun et al., 2007; Nakamura et al., 2014; Araie et al.,

2018). These species have been considered minor contributors in marine settings.

However, I evaluate their contributions to U§7 in the sediments because our study
site is close to the mouth of the Yangtze River. The relative contributions of the
alkenone producers among these two types of haptophytes were generally evaluated
based on the C37/Css ratio or the absence/presence of C37.4 and Csgme (Marlowe et al.,
1984; Chu et al., 2005). Based on culture experiments, the C37/Css ratio of G.
oceanica and E. huxleyi was found to range between 0.4 and 2.5, whereas the ratios
of 1. galbana and R. lamellosa were relatively high, i.e., 1.5-9.2 and 5.5-15.0,

respectively (Marlowe et al., 1984; Conte et al., 1998). C37.4 was detected from 1.
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galbana and R. lamellosa regardless of growing temperature, but not from G.
oceanica and E. huxleyi cultured at a water temperature of 15 °C or higher.
Conversely, Csgme was detected only from G. oceanica and E. huxleyi and not from /.
galbana and R. lamellosa (Marlowe et al., 1984; Conte et al., 1998). The C37/Css
ratio in core MD06-3040 ranged from 0.07 to 1.60 with a mean value of 0.65 (Fig.
ITA-3b), most of which corresponded to that of G. oceanica and E. huxleyi. Csgme
was found in all analyzed samples of the core with Cigme/CssE: values of 0.06—0.59
(average: 0.27) (Fig. I1A-3¢) and C37.4 was not detected at all. Moreover, I observed
sediments under a microscope and detected abundant G. oceanica and E. huxleyi

from the core. Their relative abundance in the observed samples showed little variety

(Fig. ITA-3g). Thus, I can determine that our U§7 results were unaffected by

haptophyte species change.

1I-4-6.1.3. Effects of salinity

Some previous studies pointed out that U§7 is not a good proxy for SST under
low—salinity environments at high latitudes, such as the Nordic Sea, North Atlantic,

and Baltic Sea (Rosell-Mel¢, 1998; Blanz et al., 2005). Reasons for the disturbed

U§7 —SST relationships in low-salinity areas have been offered that they reflect the
contributions of a different type of alkenone produced by family Isochrysidaceae
haptophytes, as [ mentioned in the previous chapter, or that they reflect changes in

the alkenone biosynthesis due to low-salinity stress (Schulz et al., 2000). Whatever

the cause, the abundance of C37.4 could be used to identify situations in which U§7 is
not a reliable paleothermometer (Rosell-Melé, 1998). Here, I could not detect any

C37.4 alkenones from all parts of the core, which indicated that the influence of low
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salinity is limited for the Ug}-SST of core MD06-3040. It also suggests only a small

effect from salinity variations on Ug}-SST in southern Y'S, where salinity changes
between 28.0-34.0 psu (Tao et al., 2012). Moreover, the salinity around the core site,

mainly controlled by the Yangtze River discharge, seemed not to decrease in Period
IT (e.g., Kubota et al., 2015). Therefore, our U§7 drops in Period II could not reflect

the low-salinity effects on alkenone production.

1I-4-6.1.4. Effects of re-deposition

Affected by both the large rivers and the Pacific Ocean, the surface sediments
in the ECS, which were mainly deposited after the deglaciation, exhibit successively
different values of mean grain size, TOC content, and C/N ratio from the coast to the
Okinawa Trough (Zhu et al., 2011; Bao et al., 2016). In addition to the continuous
change in the *C age of shells, the absence of significant changes in these values in
Period II suggests that continuous marine biological production and deposition
occurred at the core site (Figs. IIA-2, ITA-3d-f).

Strengthening of the cold ECSCC could have transported alkenone produced

in the cold YS to the core site, which might have resulted in the U§7 drop. However,
several other studies on sedimentation rate, grain size, and clay mineral analysis of
sedimentary cores, collected from the inner shelf mud belt, have indicated that the
ECSCC weakened at around 2000 BCE (Chen et al., 2017), which is opposite the
trend in our SST record. Moreover, the sediment provenance analysis based on the
clay mineral assemblage of core MD06-3040 revealed that most of the terrigenous

sediment originated from the Yangtze River, and there were no significant changes in

the sediment provenance in Period II (Fang et al., 2018). Therefore, our U§7 drops in
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Period II could not reflect re-suspension or re-transportation of sediments from the
old, glacial materials deposited near the Okinawa Trough or sediments from the

relatively cold YS.

1I-4-6.2. SST fluctuation

The surface sediments of core MD06-3040 produced a Ug}-SST of 22.1°C,
comparable with the observed modern annual mean SST (21.1°C) near the core site
(27°52°30”N, 121°22°30”E). Therefore, this conversion formula proposed by Tao et

al. (2012) was considered suitable to allow us to estimate reliable paleotemperatures.

1I-4-6.2.1. Little Ice Age

The short-term SST drop (0.6—1.0 °C) during 1700—-1850 BCE, could
correspond to the Little Ice Age (LIA). The LIA, which corresponds with Bond
Event 0, was a 1-2 °C cold event in the Northern Hemisphere caused by several
volcanic eruptions and a lowering of solar activity (IPCC Assessment Report, 2014).
The LIA has been recorded in several proxies such as tree rings, ice cores, and lake
sediments, in East Asia (Yang et al., 2002; Mann et al., 2009; Cook et al., 2013).
Evidence of this event has been confirmed by general climatic information extracted
from Chinese historical documents that reported the occurrence of several severe
cold and dry periods during this time (Wang et al., 1992). The characteristic of our
SST records from 1000 BCE to the present day resembles previous AT
reconstructions (Wang et al., 1992; Yang et al., 2002; Mann et al., 2009; Cook et al.,

2013), which validates the reliability of our record as a temperature proxy.
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1I-4-6.2.2. Extraordinary cold episodes during the mid-Holocene

Several large drops of SST during Period II (by 3—4 °C) were the most
prominent feature evident in our results. The similar Ug}-SST decrease could also be

found from core MD06-3039 (Zhou et al., in prep.). Our Ug}-SST fluctuations are

quite unique compared to other SST records reconstructed from the ECS. However

their timing and magnitude is not consistent to our Ug}-SST records, SST drops
during the same period (around 2000 BCE) have been noted previously from shallow
marine proxies by alkenone SSTs and the pollen assemblage in Mutsu Bay, northern
Japan (Kawahata et al., 2009), alkenone SSTs in cores B3 and ZY?2 in the southern
YS (Wang et al., 2011; Zhao et al., 2014), and the Sr/Ca ratio in fossil corals from
Kikai Island in the eastern ECS (Kajita et al., 2017). In contrast, several cores
recovered from the central part of the ECS, where SSTs were strongly controlled by

the YSWC and the KC, never recorded the cooling event during the same period

(e.g., Yuan et al., 2018). This suggests that our Ug}-SST records were strongly
affected by terrestrial climate or coastal upwelling because of its coastal location,
while other SST records from the open sea could reflect regional ocean currents.

In spite of some uncertainties in age estimations, the frequent and abrupt SST
drops should have occurred around 2600 —1900 BCE, which could be associated with
the global climatic episode called the 4.2 ka event. This event has been reported in
several regions in China. In southeast China, both the Subtropical High over the
northwestern Pacific Ocean and the East Asian monsoon play important roles in the
modern regional climate. Several terrestrial monsoon records obtained in southern—
central China, such as speleothems, lake levels, and sediment cores, have indicated a

weakened EASM and abrupt drying and cooling shifts in southeast China during the
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same period (An et al., 2000; Chen et al., 2005; Wang et al., 2005; Ma et al., 2009;
Innes et al., 2014) (Fig. [IA-4b). In addition, various climatic proxies from arid and
semiarid areas of northern and western China are sensitively influenced by variations
in the EASM. A southward shift of the summer position of Intertropical Convergence
Zone (ITCZ) around 2200 BCE was reported, which resulted in an abrupt transition
of the climate from wet to dry (Wu et al., 2004; Xiao et al., 2004; Ji et al., 2005; Wen
et al., 2010) (Fig. [IA-4c). The EASM is controlled by the path of the westerly jet
(WJ) over eastern Asia (e.g., Tada et al., 2017). Nagashima et al. (2013) suggested
that the limit of the seasonal northward progression of the WJ was shifted southward
at around 2200 BCE because the contribution of dust from the Mongolian Gobi
Desert relative to that from the Taklimakan Desert in the Japan Sea sediments, which
can be used as a proxy for millennial-scale changes of the WJ path, show broad
maxima at around 2200 BCE. (Fig. IIA-4d). This suggests that the southward shift of
the WJ position could have resulted in the decrease in EASM moisture and heat
energy transportation from the tropical Pacific Ocean to southeast China.

In addition to the modulation of EASM, the KC is also known to have varied
around 24000-2000 BCE (the so-called Pulleniatina Minimum Event) (Ujiié et al.,
2003). KC accounts for considerable heat flux from the Western Pacific Warm Pool
to East Asia and exerts a significant impact on the climate of East Asia and its
marginal seas (Tada and Murray, 2016). The abundance of the planktonic
foraminifera Pulleniatina obliquiloculata, which is typically found in the KC area,
has been reported to have decreased abruptly in collected sediment cores from the
Okinawa Trough around 2200 BCE, indicating that the surface transport of the KC

was reduced (Ujiié et al., 2003; Xiang et al., 2007) (Fig. [IA-4e).
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As discussed by Hu and Wang (2016), coastal upwelling, with relatively low
SST is commonly observed in East Asian marginal seas. Enhanced upwelling
increases primary productivity and consequently the supply of organic materials to
seafloor (Wei et al., 2008; Yang et al., 2013). The interannual variation of coastal
upwelling along the Zhejiang coast is controlled by the variation in the wind stress
and the coastal currents (Hu and Wang, 2016). Enhanced coastal upwelling in the
core site, which could be caused by the modulation in monsoonal wind and KC
might possibly accelerate the decline of SSTs during Period II. However, I have no
evidence to suggest they are important because the amount of TOC and TN in the
sediment were not change at all during the period (Fig. ITA-3d, e). There is no change
in major/trace elements concentrations such as Mn, V, Co, Ni, Cu, Zn, Ba and U,
which are related to ocean circulation and biogeochemical cycling (Shen, 2012MS;
Yang et al., 2015; Bi et al., 2017).

Recent studies have suggested that the 4.2 ka event might also have been
related to one of the widespread cold episodes forced by variations in solar output,
called “Bond Events,” during which the subpolar and subtropical surface waters of
the Atlantic Ocean were cooled (Fig. [TA-4f) (Bond et al., 2001). During the
Holocene, China experienced millennial-scale climatic events, some of which could
have been temporally correlated with Bond Events (e.g., Hong et al., 2005).
Therefore, the 4.2 ka event, which corresponds with Bond Event 3, could possibly
have been controlled by a similar forcing agent. However, the forcing mechanisms
that markedly expanded the 4.2 ka event remain controversial; a weakened East
Asian monsoon and a modulation of the KC might have amplified the decrease of

temperature in the core site.
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1I-4-6.3. Holocene environmental change in the Yangtze delta and generalized
features of its influence on human civilization

Many studies of sediment cores collected from the Yangtze delta have
recorded high occurrence of phytoliths from the family Gramineae, which indicated
that paddy rice cultivation was flourishing widely since around 5500 BCE (Yasuda et
al., 2004; Chen et al., 2005; Itzstein-Davey et al., 2007b). The moderate EASM
precipitation and relatively warm climate in the Yangtze delta region prior to 2200
BCE (Ji et al., 2005) would have been suitable for the development of rice
cultivation. As described in Section 2.3, “Oceanographic setting”, ATs in the coastal
region are highly correlated with present-day SSTs at the core site. I believe this
relationship has been satisfied after the HHS, because neither the sea level nor the
distance between the core site and the coast have changed. Our finding of frequent
and abrupt cold episodes around 2600—-1900 BCE could reflect a large cold event
experienced in the Yangtze delta region that was at least more severe than the LIA.
The frequent and abrupt changes to a cold climate during Period II could have been
responsible for the decline of rice cultivation because AT is a parameter that is
critical for rice yield (Sugihara et al., 1991). In modern society, catastrophic damage
to rice cultivation due to cold weather is not uncommon despite improvements both
to the varieties of rice grown and the irrigation systems used. For example, the
Mount Pinatubo eruption in 1991, the largest such event during the 20" century,
released 20 million tons of sulfur dioxide into the stratosphere, which caused global
ATs to drop temporarily in 1992—-1993 by about 0.4 °C (Self et al., 1993). In Japan,
the poorest rice crop obtained during 1950-2000 AD occurred in 1993. In northern

Japan, paddy rice production was reduced to 56% of the average because of the cool
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summer AT anomaly of ~3.5 °C (Japan Meteorological Agency Publictions). The

U§7 records in this study showed multiple abrupt drops of SST of 2-3 °C (concurrent
AT drop could be estimated as 3—5 °C), during Period II, which could have been
sufficient to have considerable negative impact on rice cultivation.

The relationship between the cultural interruption and climate change has been
discussed in many studies, e.g., based on pollen records of terrestrial borehole cores
or lake sediment cores from the Yangtze delta region (e.g. Stanley et al., 1999; Yu et
al., 2000; Chen et al., 2005; Zhang et al., 2005; Tao et al., 2006; Davey et al., 2007b;
Zong et al., 2011; Innes et al., 2014; Wang et al., 2017; Wang et al., 2018). However,
there is no consensus on this topic because it is very difficult to reconstruct short-
term abrupt climate changes using terrestrial borehole cores with possibly
discontinuous deposition. Some studies have indicated that the climate became dry
and cold in the lower reaches of the Yangtze River from 2200 to 1600 BCE (Yasuda
et al., 2004; Chen et al., 2005; Tao et al., 2006; Innes et al., 2014), consistent with
our alkenone records. However, Stanley et al. (1999) indicated the climate became
warmer and wetter during this period, based on the relatively high proportions of
evergreen tree pollen contained within the cores. Yu et al. (2000) speculated that a
flood-induced expansion of Lake Taihu was partly responsible for the cultural
interruption. Zhang et al. (2005) and Wang et al. (2018) insisted that coastal flooding
due to sea-level rise and typhoon events were major causes of vulnerability of the
Yangtze delta. However, Itzstein-Davey et al. (2007b) and Zong et al. (2011)
reported that there were no severe floods or abrupt climate changes during this period
and social causes might be more important than environmental changes. The well-

dated, continuous, and high-resolution quantitative SST (or AT) records of this study
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suggest the frequent and abrupt cold episodes could explain the changes in regional
vegetation, decline of rice cultivation, and eventual collapse of the Yangtze Neolithic
civilizations. Although I cannot provide a precise and quantitative mechanism
regarding the linkage between environmental change and the fate of the Yangtze
Neolithic civilizations, our research does provide important information for
elucidating the relationship between climate change and the outcome of rice

cultivating cultures.
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Fig. ITIA-1

(a) Map of the Yangtze delta region and surrounding areas, including the western
North Pacific Ocean, East China Sea, Yellow Sea, South China Sea, and Japan Sea.
Some locations of the sites of the geological records described in the other figures
are shown. The arrows represent the paths of the Kuroshio Current (KC), the
Tsushima Current (TC), the Taiwan Warm Current (TWC), and the Yellow Sea
Warm Current (YSWC).

(b) Locations of the site of cores MD06-3040 and MD06-3039 and some of the
major Yangtze delta archaeological sites (open squares). The dotted arrow and the
gray shaded area represent the East China Sea Coastal Current (ECSCC) and the
approximate location of the inner shelf mud belt, respectively. Bathymetric isolines
are at 100-m depth intervals. The figures were generated using Generic Mapping

Tools (Wessel and Smith, 1998).
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Core depth versus radiocarbon ages (Cal. yr BP) of shells and mean grain size (Wang

et al., 2014) of core MS06-3040.
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Fig. IIA-3

Time series records of (a) U§7 index and alkenone temperature (black squares) and
age control points (open squares), (b) C37/Csg alkenone ratio, (c) C3sme/C3sit alkenone
ratio, (d) TOC content, (¢) TN content, (f) C/N ratio and (g) relative abundance of

coccoliths. The sea level curve of the ECS (Liu et al., 2004) are also shown (h).
62



Cultural type D,,.S;:,";zar?; L l ‘ﬁ‘IMauabm‘

Period [ |
By = v
T 2 fpalns o, Aty ?‘ \ -'\ (Al g
= afF “'1 A il 4 ~ 18—
17 H] E l il =)
73 =
& A 16 =
& 1f l h 15 <
2 18l i
= 1
17 . .
6 .
lrevwml maj MMpe riod (B) Strong

W‘NIM EASMprTEcrpHahnn

MM*W‘*”“WF‘ &

=

2

Strong

* \wv| Precipitation
\

|
Wl 4! Weak

Precipitation (mmyr)
(Wen et al., 2010)
8

]
3

L eversal (D) North

South

NN .
s Ba
T

ESR intensity
(Nagashimaet l., 2013)
-z

Abundance of
P. Obliquiloculata (%)
(Xiang et al., 2007)
w B @

Hematite-
a8 B
=
3

Neolithic cultural sites  stained grains (%0)

(Zhang et al., 2005)

(Bond et al., 2001)

- o
a B
T |

|

H

PTRE N \l k...

a 1000 2000 BOW 40m 501]2 6000 7000 8000 9000

o o

' +
2000 1000 0 1000 2000 3000 4000 5000 6000 7000
CE/BCE

Fig. [1A-4

Time series records of (a) Ug%-SSTs in core MD06-3040 and estimated ATs with age
control points shown in open squares, (b) 'O records of Dongge cave in China
(Wang et al., 2005), (c¢) The amount of precipitation reconstructed from the pollen
assemblage data recovered from lake Hulun (Wen et al., 2010). (d) ESR signal
intensity of fine silt-sized quartz particles of D-GC-6 collected from the Japan Sea
used as a proxy for the W] path (Nagashima et al., 2013), (e) The timing of the PME
observed in core E0Q7 (solid line) and core A7 (dotted line), drilled from the Okinawa
Trough (Xiang et al., 2007), (f) hematite-stained grains ratio of core VM29-191
collected from North Atlantic indicating drift ice event (Bond et al., 2001), and (g)
number of cultural sites found in the Yangtze River delta region (Zhang et al., 2005).
The change in the culture type flourished in the Yangtze delta is also shown in the

upper column.
63



Table I1A-1

Depths and results of radiocarbon dating of cores MD06-3040 and MD06-3039.

Depth in Depth in CO? Zgn;g;nal Calibrated age (Marinel3)
MD06-3039 | MDO06-3040 (yr BP) (Cal yr BP)
(cm) (cm) Intercept Range
61-62 58020 220 148-271
140-141 (154-155) 627+21 275 255-293
210-211 (231-232) 1217%22 752 716-783
298-299 1765%30 1309 1277-1338
509-510 3490=*25 3375 3339-3410
723-724 3917£25 3896 3850-3940
1151-1152 499234 5351 5294-5396
1363-1364 5788+41 6211 6179-6262
1457-1458 6120%23 6551 6505-6600
1611-1612 7205%36 7666 7616-7704
1912-1913 9479133 10324 10251-10369
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Table [T1A-2
Summary of alkenone data from core MD06-3040.

Depth (cm) Age (Cal. yr BP) U§7
5 9.0 0.955
17 30.4 0.954
25 44.8 0.931
37 66.2 0.958
41 73.4 0.965
45 80.6 0.938
49 87.7 0.955
53 94.9 0.941
61 109.2 0.882
65 116.4 0.958
73 130.7 0.957
81 145.0 0.974
85 152.2 0.925
89 159.3 0.942
93 166.5 0.943
97 173.6 0.950

109 195.1 0.907
113 202.3 0.966
117 209.4 0.954
121 216.6 0.947
125 223.8 0.939
129 230.9 0.950
133 238.1 0.946
141 252.4 0.954
149 266.7 0.898
157 293.6 0.954
161 318.4 0.950
165 343.1 0.931
169 367.9 0.939
173 392.7 0.949
177 417.5 0.958
181 442.3 0.949
185 467.0 0.938
189 491.8 0.942
197 541.4 0.942
201 566.2 0.979
213 640.5 0.929
217 665.3 0.949
225 714.8 0.949
229 739.6 0.953
233 768.6 0.948
237 801.9 0.938
241 835.1 0.939
245 868.4 0.953
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249
261
265
269
273
277
281
289
293
301
305
317
321
325
329
333
337
341
345
349
353
357
369
373
377
381
389
393
397
401
405
417
421
425
429
433
437
441
445
457
461
465
469
473
477
481
485
489
493

901.6
1001.4
1034.7
1067.9
1101.2
1134.4
1167.7
1234.2
1267.4
1338.4
1377.5
1495.0
1534.2
1573.4
1612.5
1651.7
1690.9
1730.0
1769.2
1808.4
1847.5
1886.7
2004.2
2043.4
2082.5
2121.7
2200.0
2239.2
2278.4
2317.5
2356.7
2474.2
25134
25525
2591.7
2630.9
2670.0
2709.2
2748.4
2865.8
2905.0
2944.2
2983.3
3022.5
3061.7
3100.8
3140.0
3179.2
3218.3

0.963
0.965
0.951
0.941
0.955
0.969
0.961
0.963
0.967
0.947
0.965
0.938
0.962
0.960
0.947
0.956
0.955
0.943
0.945
0.943
0.935
0.943
0.956
0.929
0.928
0.952
0.946
0.912
0.934
0.945
0.941
0.947
0.930
0.955
0.934
0.946
0.933
0.935
0.925
0.933
0.926
0.926
0.943
0.940
0.956
0.945
0.943
0.933
0.892
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501
517
521
525
529
533
537
541
557
561
577
593
609
625
637
657
673
697
705
709
737
745
761
777
793
809
825
829
837
841
845
857
873
889
905
917
921
961
969
985
1009
1033
1041
1057
1081
1097
1113
1129
1153

3296.7
3394.5
3404.2
3414.0
3423.7
34334
3443.2
3452.9
3491.9
3501.6
3540.6
3579.5
3618.5
3657.4
3686.6
37353
3774.3
3832.7
3852.2
3861.9
3943.6
3970.8
4025.2
4079.6
4134.0
4188.4
4242.7
4256.3
4283.5
4297.1
4310.7
4351.5
4405.9
4460.3
4514.7
4555.5
4569.1
4705.1
47323
4786.7
4868.3
4949.8
4977.0
5031.4
5113.0
5167.4
5221.8
5276.2
5359.1

0.968
0.916
0.945
0.933
0.939
0.943
0.947
0.939
0.922
0.931
0.957
0.953
0.959
0.871
0.871
0.865
0.893
0.791
0.780
0.895
0.922
0.915
0.940
0.850
0.906
0.836
0.837
0.705
0.793
0.760
0.718
0.852
0.913
0.923
0.904
0.730
0.742
0.920
0.861
0.888
0.941
0.960
0.848
0.940
0.973
0.952
0.947
0.909
0.930

67




1169
1185
1193
1213
1217
1225
1233
1265
1273
1281
1305
1321
1329
1337
1345
1353
1385
1409
1425
1457
1473
1505
1521
1537
1545
1561
1577
1609
1657
1673

5424.0
5488.9
55214
5602.5
5618.7
5651.2
5683.6
5813.5
5845.9
5878.4
5975.7
6040.6
6073.1
6105.5
6138.0
6170.4
6290.6
6377.4
6435.3
6551.0
6666.8
6898.5
7014.4
7130.2
7188.1
7304.0
7419.8
7651.5
8072.4
8213.7

0.915
0.949
0.871
0.872
0.863
0.941
0.947
0.935
0.915
0.944
0.916
0.959
0.958
0.957
0.936
0.936
0.962
0.944
0.888
0.967
0.935
0.909
0.923
0.934
0.893
0.924
0.965
0.940
0.905
0.898
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Table IIA-3

Summary of organic carbon and nitrogen data from core MD06-3040.

Depth Age TN TOC

(cm) (cal. yr BP) (wt. %) (wt. %) C/N
65 116.4 0.082 0.525 640
85 1522 0.093 0.593 6.37
125 2238 0.087 0.582 667
141 252.4 0.082 0.560 6.85
165 343.1 0.081 0.536 6.63
181 4423 0.084 0.560 6.68
201 566.2 0.081 0.529 6.53
21 690.1 0.083 0.527 6.35
245 868.4 0.087 0.563 645
285 1200.9 0.078 0.509 6.55
325 1573.4 0.085 0.532 6.26
369 2004.2 0.078 0.514 6.56
405 2356.7 0.070 0.486 6.97
445 27484 0.080 0.517 6.49
485 3140.0 0.076 0.511 6.69
525 34140 0.075 0.506 6.78
541 3452.9 0.079 0.517 6.52
561 3501.6 0.074 0.531 713
577 3540.6 0.078 0.514 6.63
609 3618.5 0.070 0.500 717
625 3657.4 0.072 0.494 6.82
657 37353 0.077 0.495 6.45
639 38132 0.083 0.508 6.13
713 38717 0.081 0.519 6.44
737 3943.6 0.077 0.499 6.48
761 4025.2 0.083 0.519 6.28
785 4106.8 0.075 0.483 643
809 4188.4 0.079 0.513 6.49
825 #0427 0.077 0.496 645
841 4297.1 0.074 0.508 6.88
865 4378.7 0.069 0.481 6.97
881 4433.1 0.079 0.504 6.3
897 4487.5 0.080 0.503 6.29
921 4569.1 0.066 0.439 6.64
961 4705.1 0.088 0.520 593
985 4786.7 0.068 0.451 6.66
1009 4368.3 0.076 0.498 6.58
1017 4895.5 0.071 0.467 661
1041 4977.0 0.079 0.511 647
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1065
1081
1097
1113
1145
1169
1185
1201
1249
1281
1321
1361
1409
1441
1481
1521
1561
1609
1641
1673
1721

5058.6
5113.0
5167.4
5221.8
5330.6
5424.0
5488.9
5553.8
5748.5
5878.4
6040.6
6202.9
6377.4
6493.1
6724.8
7014.4
7304.0
7651.5
7931.0
8213.7
8637.7

0.081
0.080
0.080
0.075
0.081
0.089
0.073
0.076
0.076
0.077
0.072
0.071
0.071
0.076
0.072
0.073
0.066
0.064
0.058
0.054
0.050

0.512
0.509
0.498
0.486
0.507
0.553
0.496
0.483
0.492
0.500
0.475
0.467
0.464
0.500
0.475
0.478
0.468
0.440
0.412
0.408
0.394

6.33
6.34
6.22
6.52
6.24
6.18
6.80
6.34
6.44
6.46
6.60
6.59
6.57
6.57
6.63
6.59
7.14
6.84
7.08
7.58
7.87
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Chapter II-B

High time-resolution alkenone paleotemperature variations
in Tokyo Bay during the Meghalayan: implications for cold

climates and social unrest in Japan
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II-B-1. Introduction

The early Holocene is generally characterized by a warm climate in the
Northern Hemisphere due to the higher summer insolation as compared with that at
present (Wanner et al., 2015). However, previous studies have revealed that
numerous cold periods existed during the Holocene, which may have been induced
by the modulation of solar forcing, volcanic activity, and land-ocean-atmosphere
thermal interactions (Mayewski et al., 2004; Wanner et al., 2008). In particular, a
distinct change in the climate, known as the “4.2 ka BP event,” marking the
boundary between the Northgrippian and Meghalayan, has attracted attention as one
of the semi-global scale climatic events during the Holocene (Walker et al., 2018).
However, the magnitude and range of this event’s influence remain controversial
because its signature rarely occurs in ice cores and deep-sea sediment records. This
event’s controlling mechanisms are also unclear because there appears to have been
no changes in the factors known to control the global climate system ca. 4.2 ka BP,
such as solar activity, volcanic activity, and the concentration of greenhouse gases
(Wanner et al., 2015).

I must increase our understanding of modern climatic variability and its
socioeconomic impacts as a function of increasing greenhouse gas concentrations.
An improved understanding of the paleoclimate during the Meghalayan is
particularly important to distinguish the effects of anthropogenic climate change and
natural climate variability, which is necessary to facilitate accurate predictions of
future climate change. Numerous efforts have been made to collect proxy data to

reconstruct the paleoclimate during the Meghalayan at both global and regional
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scales. Studies have shown that, even after the 4.2 ka BP event, there were variations
in the Meghalayan climate in the Northern Hemisphere, producing climate epochs,
such as the Roman Warm Period (RWP), Dark Ages Cold Period (DACP), Medieval
Warm Period (MWP), and Little Ice Age (LIA) (Ji et al., 2005; Mann et al., 2009;
Cook et al., 2013; Helama et al., 2017). Most of these periods, however, have been
identified with proxy records recovered from Europe. Thus, the spatial extent,
magnitude, and length of these events are not uniform throughout the globe (IPCC
ARS5). Many processes are involved in both the external drivers and internal
variability within the climate and carbon cycles, rendering the Holocene climate
spatially diverse (Wanner et al., 2008).

Previous studies have also focused on the links between the paleoclimate and
human civilizations during the Holocene. Recent studies, as well as Chapter II-A of
this doctorate dissertation, have suggested that 4.2 ka BP climate change has
influenced the vicissitudes of ancient human civilizations, flourished in Egypt, India,
Mesopotamia, and China (Carolin et al., 2019; Ran and Chen, 2019; Sun et al., 2019;
Watanabe et al., 2019). Even in the relatively sophisticated societies of medieval to
early-modern times, statistical analyses suggest that changes in the temperature
affected human settlements via social factors, such as decreased agricultural
production, economic downturn, and ongoing wars (Zhang et al., 2010; Zhang et al.,
2011; Yin et al., 2016). These studies have pointed out that abrupt changes in the
climate, particularly extended cold events, had a significant influence on human
civilizations. Therefore, high time-resolution quantitative regional paleoclimate
records with reliable dating are important when discussing the cause(s) of the rise

and fall of human civilizations in the past.
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This study focused on changes in the paleotemperature of Tokyo Bay, located
at the center of the Kanto area in central Japan. A better understanding of the
paleoclimate of the Kanto area is fundamental to our understanding of the East Asian
climate system because it is controlled by internal climate systems, such as the
Kuroshio current, East Asian monsoon, and El-Nifio Southern Oscillation (ENSO).
The Kanto area is also important for Japanese history because it was the most
populated area in Japan during the mid-Jomon to early-Yayoi era (i.e., ca. 3000-500
BCE), during which people survived by hunting, fishing, gathering, and primitive
agriculture (Kito, 2000; Habu, 2004; Crema et al., 2016). As systems of centralized
governance developed, Kanto area became a key area because several governments,
controlled by warlords (Samurai) were established and/or prospered there (for further
details, see section 11-B-2.3.).

In previous studies, the paleotemperature in the Kanto area was reconstructed
based on fossil evidence, such as shells and corals distributed along the coast of
Tokyo Bay (Matsushima, 1979). A number of shell mounds are distributed along the
coast, which have provided important information on the culture, lifestyle, and
environment of earlier civilizations. However, these records only provide
discontinuous and qualitative data. Sakaguchi (1983) analyzed long-term climatic
fluctuations in the Ozegahara peatland in the northern part of the Kanto area using
pollen analyses of peat borehole cores. Although this study provided a significant
leap forward to our understanding, the study points out certain limitations related to
continuity and proxy interpretation compared to studies using marine sediment cores.
In recent years, marine sediment cores collected from shallow bays have attracted

attention as paleotemperature archives for the coastal area because they offer
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deposits more continuously than terrestrial borehole cores and coastal climate is, to a
large extent, driven by coastal sea surface temperature (e.g., Cho and Lee, 2012;
Salacup et al., 2019). In this study, I used a well-dated marine sediment core
recovered from the central part of Tokyo Bay, which provide continuous and
quantitative alkenone paleotemperature data, to elucidate decadal to centennial-scale
temperature changes in the Kanto area, their controlling mechanisms, and their

possible influences on historical transitions in Japan.
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II-B -2. Study area and materials

1I-B-2.1. Tokyo Bay

Tokyo Bay is a shallow bay (average depth of 38 m) with an area of 1380 km?
and a water volume of 621 m?, located in the central part of Japan (T. IIB-1a). Its
seafloor is relatively flat and the inner part of the bay is composed of silty mud
(Matsumoto, 1982). The water depth at the mouth of Tokyo Bay is shallow
(approximately 50 m), limiting seawater exchange with the Pacific Ocean and
creating a calm depositional basin (Fig. IIB-1b). Based on sea surface temperature
(SST) data available at 35°22°30”N, 139°52°30”E from the Advanced Very High
Resolution Radiometer (Reynolds et al., 2007), the annual mean SST from 2008 CE
to 2012 CE was 19.2 °C, with maximum and minimum SSTs of 25.9 °C (July or
August) and 12.6 °C (January or February), respectively. The mean annual air
temperature recorded in Tokyo from 2008 CE to 2012 CE was 16.6 °C, with
maximum and minimum values of 27.7 °C (August) and 6.1 °C (January),
respectively (Japan Meteorological Agency:
https://www.data.jma.go.jp/obd/stats/etrn/index.php). There is a good correlation
between the monthly air temperatures and SSTs (r*> = 0.81, p < 0.001) because Tokyo
Bay is shallow and semi-closed; hence, it experiences little intrusion from the main
flow of the Kuroshio Current (Japan Agency for Marine-Earth Science and
Technology: http://www.jamstec.go.jp/aplinfo/kowatch/?cat=40). A stronger
correlation between the air and sea surface temperatures was observed during the

summer. Mean monthly sea surface salinity has a minimum value of 29 in the
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summer and a maximum value of 33 in the winter (Japan Coast Guard:

https://www1.kaiho.mlit.go.jp/KAN3/kaikyo.htm).

1I-B-2.2. Core KT12-06-2B

Piston core KT12-06-2B (8.99 m in length) was recovered from the central
part of Tokyo Bay (35°30°N, 139°53’E) at a water depth of 24 m during the
TANSEI-MARU KT12-06 cruise (Fig. [IB-1b). Core KT12-06-2B primarily consists
of gray homogeneous muddy sediments with sporadic scoria or pumice layers. An
especially thick scoria layer was observed between depths of 22 and 28 cm from the
core surface. Based on observations of the continuous section of the core using X-ray
computed tomography (CT), there was no distinguishable substantial change in the
sedimentary facies, except for the interbedded the thick scoria layer. Sub-samples of
the core were taken at 2 cm intervals and preserved in dark conditions below 4 °C

prior to geochemical analysis.

1I-B-2.3. The history of the Kanto area, Japan

A summary of the history of the Kanto area surrounding Tokyo Bay is
presented below. The native Japanese, known as the Jomon people, flourished after
the last glacial period. The Jomon era (before ca. 10000—500 BCE) corresponded to
the Mesolithic to Neolithic phases. The economy of this period was generally based
on hunting and gathering (Matsui and Kanehara, 2006). The Jomon people lived in
pit dwellings and used pottery (Habu, 2004). From 1000 BCE to 500 BCE,
immigrants moved from eastern China to western Japan, introducing the paddy rice

cultivation method (Hall, 1993). This period, characterized by paddy rice cultivation,
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settlement, and improvements to pottery and copperware, is known as the Yayoi era.
The total population increased to approximately 590,000 ca. 250 CE supported by
highly productive farming (Kito, 2000). From the start of the Yayoi era, small city-
states were developed and war became common.

Near 300 CE, several small city-states competed for power with each other.
They gradually became integrated and a small nation, known as “Yamato,” was
established. Following this, a centralized imperial court developed, which governed
the entirety of Japan throughout the Asuka (592-710 CE), Nara (710-794 CE), and
Heian (794-1185 CE) eras (Hall, 1993). In the middle of the Heian period, the
imperial court became unstable, resulting in a coup executed by the regional warlords
(Samurai). The first Samurai administration was established in Kamakura in the
Kanto area (known as the Kamakura shogunate governed by the Minamoto and Hojo
families; 1185-1333 CE), replaced by the Ashikaga shogunate (1336-1573 CE)
governed by the Ashikaga family. Conflicts among many of the Samurai families
continued until the beginning of the Edo era (1603 CE) when Japan began to be
governed by the Tokugawa family. At this time, Tokyo was established as the

modern capital city of Japan (Hall, 1993).
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II-B -3. Methods

1I-B-3.1. Age determination

Twenty-two molluscan shells, identified as Acila divaricata and Nassarius
variegata, which live on the muddy bottom surface of shallow seas (T. Sasaki,
personal comm.), were extracted from the sediment core. After the shells were
washed to remove sediment residues, they were dated via radiocarbon accelerator
mass spectroscopy (AMS) at the Atmosphere and Ocean Research Institute and the
Micro Analysis Laboratory of the University of Tokyo (Yokoyama et al., 2019). The
shell samples were placed in vacuum test tubes, which were evacuated using a needle
valve attached to a vacuum line system. The tubes were then placed in a heat block
(80 °C) and phosphoric acid was introduced through an airtight cylinder. When the
samples had completely dissolved, the tubes were removed from the heat block. The
product CO» was passed through a vacuum line and cryogenically transferred into a
graphitization reactor via a series of cryogenic traps used to purify the gas. Graphite
was formed on iron powder in a hydrogen atmosphere heated to 630 °C. The graphite
was pressed into target holders and analyzed via AMS.

All '*C age results were calibrated to calendar years using the OxCal ver. 4.2.4
software (Ramsey and Lee, 2013) with the Marine 13 dataset (Reimer et al., 2013). A
regional specific reservoir correction (AR) of 60 + 31 years was used, as reported by
Komori et al. (2017).

The relatively thick scoria layer observed between depths of 22 and 28 cm in
the core was observed via CT imaging (Fig. [IB-2a). Widely distributed, thick scoria

layers in cores collected near the surface throughout Tokyo Bay have been identified

79



as volcanic products of the Hoei eruption in 1707 (Matsumoto, 1983; Sano et al.,
2011). Therefore, I interpret this scoria layer to have originated from the Hoei

eruption.

1I-B-3.2. Alkenone analysis

The sediment samples were dried and crushed into a fine powder for organic
matter analysis. The lipid content of each powdered sediment sample (approximately
2.5 g) was extracted by sonication using a mixed solvent of
dichloromethane/methanol (70:30, v/v) and then saponified with 0.5 mol L™! of KOH
in MeOH. The saponified samples were then extracted with n-hexane to obtain the
neutral components (Ohkouchi et al., 2005). The neutral lipids were separated into
four subfractions via silica gel column chromatography. The N-1 fraction
(hydrocarbons) was extracted using n-hexane/dichloromethane (95:5, v/v). The N-2
fraction (ketones, esters, and aldehydes) was collected using n-
hexane/dichloromethane (4:6, v/v). Subsequently, the N-2 fraction was introduced
into a gas chromatograph with a flame ionization detector (GC-FID) equipped with a
HP-5ms fused silica capillary column (60 m/0.25 mm internal diameter, Agilent) at
the Japan Agency for Marine-Earth Science and Technology. The oven temperature
was programmed as follows: maintained at 60 °C for 1 min, raised to 200 °C at
20 °C/min, raised to 310 °C at 15 °C/min, and maintained at 310 °C for 40 min
(Harada et al., 2003). The retention times of the alkenones were confirmed by
analyzing the alkenones extracted from the cultured strain of Gephyrocapsa
oceanica, and suspended particle matter in Lake Ichinomegata, where Group I type

alkenones with di-, tri-, and tetra- unsaturated C37 and Csg alkenones were previously
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detected (Longo et al., 2018). Several procedural blanks, which were analyzed

parallel to the sample analysis, showed no C37 alkenone contamination.
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II-B-4. Results

1I-B-4.1. Radiocarbon dating

Core KT12-06-2B provided continuous environmental records for the previous
4400 years, as represented by the calendar age-depth profiles (Fig. IIB-2b, Table IIB-
1). A strong positive correlation was obtained when the radiocarbon ages of the
molluscan shells were plotted against depth (12 = 0.98), which suggests that stable
sedimentation occurred consistently at the core site. The average sedimentation rate
was 1.95 m kyr™!, which was remarkably higher than that of the cores retrieved from
the open ocean off the coast of the Kanto area (Oba and Maruyama, 2004). I
constructed the age model for the core using a P sequence deposition model
(Ramsey, 2008), which was implemented in the computer program OxCal. Assuming
that the age of the surface sediment is 2012 CE, when the core was recovered, the
bottom of the Hoei scoria layer was deposited in 1703 CE, which is similar to the

correct age of 1707 CE. This confirms that the age model is reasonably accurate.

1I-B-4.2. Alkenone SST

The alkenone unsaturation index UI3<7', defined as [C372]/([C37:2] + [C37:3]),
where [C372] and [C37:3] indicates the relative abundance of di-unsaturated Cs;
alkenone and tri-unsaturated Csz7 alkenone, respectively, can be recovered from
marine sediments. This index has been confirmed to be highly correlated with the
SST (Brassell et al., 1986; Miiller et al., 1998; Prahl et al., 1988). A global core top
calibration between the UI3<7 and SST has been widely used for temperature

calculations in the open oceans (Miiller et al., 1998). This relationship, however, can
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slightly vary in certain marginal seas (e.g., Tao et al., 2012); the variation may be
caused by multiple factors, including genotypic diversities in alkenones that produce
haptophytes (Yamamoto et al., 2000) and nutrient conditions of the seas (Herbert,
2001). Based on the polarizing microscope and scanning electron microscope (SEM)
observations, most coccoliths collected from core KT12-06-2B belong to the family
Noélaerhabdaceae. Several coccoliths could not be identified at the species level
because of diagenesis. Of those that could be identified, G. oceanica was the most
abundant. Unfortunately, an in-situ calibration in Tokyo Bay has not been established
yet; therefore, the following relationship was applied to this core based on culture
experiments of G. oceanica GO isolated from Mutsu Bay, which is near Tokyo Bay

and has a similar marine environment (Sawada et al., 1996):

SST (°C) = (UY; + 0.204)/0.044

(r?=0.951, n=11, Standard deviation of residues = 0.62 °C)

The analytical error for UI3<7'-SST was 0.05 °C (£ 1o) based on 11 replicated analyses.
I analyzed down core variability of UI3<7 to generate a decadal to centennial-

scale UI3<7'-SST records covering the last 4400 years (Figs. [IB-3a and 1IB-4a; Table

IIB-2). The UI3<7'-SST in the core top sediment (approximately upper 2 cm) was

21.3 °C, which is similar enough to the current observed mean annual SST of

19.2 °C. The time series record of UI3<7'-SST showed high temperatures of 22-25 °C

in the early Meghalayan, which then gradually decreased to the present with several

decadal to centennial-scale extensive cold periods at ca. 1050 (£80) CE (20.5 °C), 50

(x108) CE (20.3 °C), 440 (x84) BCE (20.0 °C), and 2300 (x66) BCE (19.5 °C).
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II-B -5. Discussion

1I-B-5.1. Assessment of alkenone SST time series records

Before discussing the temperature variation results, I must establish the
reliability of the U%;-SST reconstruction. Alkenones produced in the ocean mainly
derive from G. oceanica and Emiliania huxleyi (Group III haptophytes), which are
genetically related to each other (Bendif et al., 2014, 2015). However, haptophytes of
different genera living in fresh or brackish lacustrine environments, such as certain
Group II haptophytes (e.g., Isochrysis galbana and Ruttnera lamellosa), and
uncultured Group I haptophytes also produce alkenones with significantly lower UI3<7
values than those of G. oceanica and E. huxleyi (Nakamura et al., 2014; Longo et al.,
2016; Araie et al., 2018). The relative contributions to alkenones produced by these
three haptophyte types can be roughly evaluated based on the alkenone fingerprints,
1.e., the absence or presence of C37.4 and C3sMe, as well as the C37/Css ratio
(Marlowe et al., 1984; Chu et al., 2005; Kaiser et al., 2019; Salacup et al., 2019).
According to the culture experiments, substantial amounts of C37.4 have been
detected from /. galbana, R. lamellosa, and Group I haptophytes regardless of
growing temperature. This signature, however, is absent in G. oceanica and E.
huxleyi cultured at water temperatures above 15 °C (Prahl et al., 1988). In contrast,
CssMe has only been detected in G. oceanica and E. huxleyi, but never for I. galbana
and R. lamellosa (Marlowe et al., 1984). The C37/Csgratios recorded in the brackish
lacustrine environment are typically over 1.8, whereas those in marine settings are

approximately 1.0 (Salacup et al., 2019 and references therein). Group I and Group II

haptophytes have been considered to be minor contributors to UI3<7 values in ocean
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settings except for extremely low salinity (<7) environments such as the inner Baltic
Sea (Bendle et al., 2005; Kaiser et al., 2019). As observed in the case of Chesapeake
and Narragansett bays which have lower salinities than Tokyo Bay, the alkenone
fingerprints recorded in the sediment are similar to those produced by Group 11
haptophytes and the contributions of Group I and Group II haptophytes are
considered to be small. In those bays salinity ranges 10-30, and U, values well
reflect local SST fluctuations (Mercer et al., 2005; Salacup et al., 2019).

In this study, the C37/Csg ratio ranges between 0.45 and 1.47, which is nearly
comparable with the ratios for the cultured strains of Group III haptophytes (Fig. IIB-
3b) (Conte et al., 1998). I carefully verified that the C3sMe occurs in all analyzed
samples and that C37.4 was never detected, which suggests that Group I and II
haptophytes contributed little to total alkenone production throughout the 4400 years
(Fig. IIB-3c¢). Therefore, G. oceanica abundantly observed in the sediment (Fig. IIB-
3d) was the predominant producer of alkenones in the core, and changes in this

alkenone producer did not significantly influence UI3<7 Although the weak negative

correlation between C37/Csg ratio and UI3<7 (r?=0.43) suggests that physiological
conditions of haptophytes may be altered as temperature fluctuates, it does not deny
the reliability of UI3<7 as temperature proxy (Conte et al., 1998; Ono et al., 2009).
The UI3<7'-SST values in the open ocean can sometimes be disturbed by changes
in the alkenone production depth (Ohkouchi et al., 1999). However, changes in the
alkenone production depth are likely small in our study because the water depth
surrounding the coring site was only 24 m, with vertical water temperature
differences of 2 °C or less, except for June and July when weak stratification occurs
(Hattori, 1983). At present, the mouth of Tokyo Bay between the Miura and Boso
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peninsulas is narrow (10 km in width) and shallow (50 m in depth), which indicates
that the inner part of the bay maintains a semi-closed condition (Fig. IIB-1b). The
depth of the core site changed little during the Meghalayan because changes in the
global sea level that were related to the ice volume were negligible (Lambeck et al.,
2014) and the vertical crustal movement caused by recent earthquakes was small (<1
m) in the inner part of the bay (Shishikura et al., 2007). Only 1-3 m of vertical
changes in the coastline were suggested by the terrestrial borehole cores and the
locations of shell mounds along the coast of the inner Tokyo Bay (Tanabe, 2019)
(Fig. IB-2c¢).

The coast of Japan has often been damaged by large tsunamis about 5—-15 m
high (e.g., the Genroku (1703 CE), Hoei (1707 CE), Ansei Tokai (1854 CE), Taisho
Kanto (1923 CE) and Tohoku (2011 CE) earthquakes), but only tidal level changes
of approximately 1-2 m have been observed inside Tokyo Bay, which is protected by
Boso and Miura peninsulas (e.g., Hatori, 1984, 2006; Sasaki et al., 2012; Muragishi
et al., 2015). The immunity to large tsunami damage in the inner areas of Tokyo Bay
is also supported by model studies (Shibayama et al., 2013) and reflected in the
Japanese official government hazard map. Despite the frequent occurrence of large-
scale earthquake tsunamis in the last few hundred years, the tephra layer deposited
by the Hoei eruption (1703 CE) is well-preserved in the core (Fig. [IB-2a) as well as
the other short cores recovered in Tokyo Bay (Matsumoto, 1983). Therefore,

stratigraphic disturbances are expected to have been small, which guarantees the

accuracy of the UI3<7'-SST time-series records.
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1I-B -5.2. General trend of temperature change

The climate of the coastal area of the Pacific side of Japan is affected by the
warm Kuroshio and cold Oyashio currents (Fig. [IB-1a). These currents meet each
other off the northeast coast of the Kanto area to form the subarctic front with the
most pronounced latitudinal gradients of SST in the North Pacific (Kida et al., 2016).
The temperature in this area is susceptible to global changes in atmospheric and
oceanic circulations (e.g., Suganuma et al., 2018; Haneda et al., 2019) because the
latitudinal position of the subarctic front is controlled by the changes in the
distribution of atmospheric pressure systems, including the behavior of the ENSO,
the monsoon intensity, and the position of westerly jets, which are associated with
the insolation variability in the Northern Hemisphere (Yamamoto et al., 2004; Oba et
al., 2006; Isono et al., 2009). The reconstructed temperatures in Tokyo bay were
generally higher than those in the present, exhibiting a declining trend over the long
term, which roughly matches the changes in the orbital-forcing summer insolation
throughout the northern hemisphere (Fig. [IB-4a and 4b) (Laskar et al., 2004). This
trend is also consistent with the millennial scale 2—3 °C temperature decrease during
the mid- to late-Holocene recorded in the core from the Boso peninsula, thus
indicating the southern displacement of the subarctic front between the Kuroshio and
Oyashio currents in the western Pacific (Yamamoto et al., 2004; Oba et al., 2006).
Our decadal to centennial-scale temperature records provide new evidence of several
interruptions of the warm condition, which have been labeled as C1-C9 during the
last 4400 years (Fig. [IB-4a). Here, C1, C3, C4, and C6 were particularly extended

cold periods. The timings of these cold periods were generally coincident with
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minimums in solar activity (Fig. [IB-4¢) and/or large volcanic eruptions, except for
the coldest event, C1 (Fig. [IB-4d) (Solanki et al., 2004; Sigl et al., 2015).

As described in numerous previous studies, one single process did not cause
the Holocene cooling events (Wanner et al., 2008). Among the many external and
internal drivers of Holocene climate variability, total solar irradiance (TSI) has been
identified as one of the ultimate controlling factors (Bond et al., 2001). TSI
variability during the Holocene, generally linked to the evolution of dark and bright
magnetic features on the solar surface (sunspot number), has been quantitatively
reconstructed from natural variations in cosmogenic isotope concentrations with the
use of physics-based models (Solanki et al., 2004; Usoskin et al., 2007; Steinhilber et
al., 2009; Vieira et al., 2011). The 11-year TSI variations between the sunspot
maximum and minimum is 0.17-0.20 (W m™2), which can induce less than 0.1 K
variations in the Earth’s surface temperature based on the simple heat capacity
calculation (Lean et al., 2005; Frohlich, 2006). However, as many regional
paleotemperature records, including our study, have indicated, climate variation
during the Holocene was significantly larger than that predicted from this
calculation, as well as being different in each region (Gray et al., 2010). Although the
detailed mechanism has not been completely elucidated, recent studies have
suggested that particularly large variations in ultraviolet irradiance play an important
role in amplifying the surface temperature changes via mechanisms in thermal
changes of the stratosphere (Meehl et al., 2009; Ineson et al., 2011, 2015).

Volcanic eruptions can also cause regional-to-global scale cold events due to
surface aerosol injections into the stratosphere that shield the Earth’s surface from

incoming solar radiation (Robock, 2000). The timing of large volcanic eruptions
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during the Holocene can be estimated based on the amount of sulfate aerosol
contained in ice cores (Wanner et al., 2008; Sigl et al., 2015). The climate impact
potential of each volcanic eruption is not directly related to its magnitude. Without
well-defined models that include detailed information on a given past eruption, I
cannot quantitatively define the magnitude of temperature reduction that may have
occurred due to a specific eruption (Gao et al., 2008). Nevertheless, previous studies
have proposed that the general effects of volcanic eruptions can endure for more than
a decade via ocean-atmosphere interactions, such as the ENSO and/or monsoon
systems (Emile-Geay et al., 2008; Anchukaitis et al., 2010).

Although it is difficult to attribute precise and detailed mechanisms to episodes
of climate variability, I present the possible causes of the observed temperature
variations in Tokyo Bay. This study provides information that can help us understand
climate change throughout East Asia and the northeastern Pacific Ocean, and its
possible influence on the vicissitudes of human civilizations in the Kanto area,

central Japan.

1I-B-5.3. Climate in the late Jomon era

Temperatures from ca. 2400 BCE to 900 BCE were generally 1-2 °C higher
than those at present, except for the large cold period ca. 2350-2250 BCE (C1). The
relatively warm climate during the mid- to late-Holocene is consistent with the
results of previous paleoclimate studies based on paleofaunal characteristics of
coastal areas near Tokyo bay. In shell mounds dated to between 2000 and 3000 BCE,
species that inhabit relatively warm seas, such as Anomalocardia squamosa,

Meropesta nicobarica, Cerithium coralium, Nassarius bellulus, and Guamanian
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nerite, have been identified, indicating that the SST at this time was warmer than the
present by 1-2 °C (Matsushima, 1979; 2006). Fossil corals dated to between 2000
and 4500 BCE, recovered from raised terraces in Tateyama, also suggest that the
SST was approximately 2 °C higher during this period (Nakata et al., 1980). Pollen
data from the Oze Plateau have also revealed generally warm conditions (Sakaguchi,
1983).

The notable cold minimum period (C1) may correspond to the 4.2 ka BP event.
Numerous proxies from areas throughout the globe indicate cooler or drier changes
in the climate during this period, which might have an influence on the collapse of
ancient civilizations that flourished in the world (Walker et al., 2012). In Japan, the
largest Jomon archeological site flourished along the coast of Mutsu Bay also
collapsed around that period under the cold climate (Kawahata et al., 2009;
Kawahata, 2019). Previous studies have suggested that the Indian and Asian summer
monsoons weakened around this period due to dominantly dry conditions, which are
recorded in a number of lakes located in northwestern China, near the limit of the
monsoon front (Mehrotra et al., 2019). This interpretation is also supported by high-
resolution stalagmite 3'%0 records from Eurasia, which are a reliable proxy for the
summer monsoon (Wang et al., 2005; Berkelhammer et al., 2012) (Fig. IIB-4e). The
retreat of the summer monsoon, which transports heat energy from the equatorial
Pacific to the continents, should have played an important role in climate cooling
throughout East Asia, including Tokyo Bay.

Although a few cases of rapid SST decrease have been reported from deep-sea
sediments in East Asia, several paleo-SST datasets from coastal shallow sea areas

record decreases in the temperature (Yellow Sea (Wang et al., 2011); East China Sea
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(Chapter II-A of this doctorate dissertation). These studies were based on the
alkenone temperature proxy, which quantitatively reflects the changes in the
paleotemperature of the surface layer of the sea. Our study provides the first direct
evidence of a sharp temperature drop that is likely connected to the 4.2 ka BP event

in Japan, which may lead to an improved understanding of this event in East Asia.

1I-B-5.4 Climate in the Yayoi era

Temperatures from ca. 900 BCE to 300 CE fluctuated centennially, including
substantial drops in the temperature ca. 800 BCE (C2), 440 BCE (C3), and 100 CE
(C4). The C2 and C3 events can be attributed to the long term weakening of solar
activity ca. 800 and 450 BCE, i.e., periods that are sometimes referred to as the
Greek and Homeric minimums, respectively (Solanki et al., 2004; van Geel et al.,
2004; Usoskin et al., 2007; Steinhilber et al., 2012). These cold periods did not occur
regionally, but rather over a wide area in the mid to high latitudes (Mayewski et al.,
2004). Martin-Puertas et al. (2012) proposed that atmospheric circulation patterns
shifted during the solar minimum, which may have amplified climate cooling in the
mid-latitudes. A large volcanic eruption that occurred ca. 426 BCE may also have
accelerated the C3 event (Sigl et al., 2015). In East Asia, a relatively cold climate
caused by a weakening of the summer monsoon or intensification of the winter
monsoon has been widely reported using multiple proxies (Yamamoto, 1980; Wang
et al., 2011). Therefore, I conclude that the cold periods observed in our data from
Tokyo Bay were caused by similar mechanisms.

Despite the C4 cold period not corresponding to a solar minimum, previous

studies from Japan based on pollen data and historical documents have suggested
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that low temperatures prevailed during this period (Yamamoto, 1980; Sakaguchi,
1983; Yoshino, 2007). Although the cause of this cold climate is still controversial,
several large volcanic eruptions, such as Mt. Taupo in the 2™ century CE, may be
strong candidates (Wilson et al., 1985; Nogami et al., 2014; Sigl et al., 2015). This
cold period can also be observed in China, which has profound significance in that it
aligns with an important social crisis in Japan. The large period of civil unrest,
known as “Wakoku-Tairan,” occurred at the end of the Yayoi era, which led to the
establishment of the centralization era. The “Book of Later Han,” a Chinese
historical document, recorded that the Japanese people suffered from abnormal
climate and famines in the 2" century CE (Kobashi, 2017). Our temperature records
indicate that the C4 cold period is comparable to this description. The “History of the
Three Kingdoms,” a Chinese historical document, recorded a cold climate in China
during the same period (Yamamoto et al.,1980), as well as based on compiled pollen
data recovered from central to northern China (Li et al., 2017). Chinese society also
experienced unrest during the cold climate, with large-scale famines and peasant
uprisings that resulted in a decrease in population and the decline of the Later Han
dynasty (Zhang et al., 2010; Yin et al., 2016).

The temperature after C4 was relatively high compared to that at present,
which may have been caused by a relatively high solar activity and the absence of
major volcanic eruptions during this period (Wanner et al., 2015). The moderate
climate, known as the RWP, occurred during this period in the northern hemisphere

(Desprat et al., 2003; Patterson et al., 2010; Wang et al., 2012).

92



1I-B-5.5. Climate in the Centralization era

A particularly high time-resolution analysis (conducted approximately every
18 years on average) was performed after ca. 300 CE to compare the temperature
variability in Tokyo Bay with other high time-resolution paleoclimate and Japanese
historical records. The U%;-SSTs recorded in the sediment core derived from
Hiroshima Bay (western Japan) show similar fluctuations during this period, which
suggests that these temperature changes were common in Japan (Kawahata et al.,
2017) (Fig IIB-5). After the RWP, the temperature suddenly dropped (C5). The
timing of C5 matches that of a global cooling event known as the DACP (Helama et
al., 2017), which may be linked to the North Atlantic ice rafting event that occurred
at ca. 600 CE (Bond et al., 2001). Recently, a collection of quantitatively
reconstructed temperature records from tree-ring widths measured in the
mountainous areas of Russia and European Alps illustrated a particularly large cold
period dated to between 536 and 660 CE, known as the “Late Antique Little Ice Age
(LALIA)” (Biintgen et al., 2016) (Fig. IIB-4f). Other studies have compiled multiple
types of global proxy data to propose that the northern hemisphere became cold
around the C5 event (Ljungqvist, 2010; Marcott et al., 2013), initiating the so-called
“migration period,” during which widespread invasions occurred from the north to
the south of Europe (Wanner et al., 2015). This cold climate is also recorded in
pollen data from the Oze Plateau, which supports our records (Sakaguchi, 1983).
Global cooling at this time may have been caused by large volcanic eruptions in 536,
540, and 547 CE (Sigl et al., 2015), which were likely sustained by the ocean and
sea-ice feedback (Biintgen et al., 2016; Helama et al., 2017). The timing of the C5

event corresponds to the Kohun and Asuka era in Japan, during which numerous
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wars among locals occurred, leading to the establishment of a centralized system
(Hall et al., 1993).

Four small cold periods were observed between 1000 and 1700 CE (C6—C9).
Although it is difficult to distinguish one event from the other due to error in the “C
age model, these cold periods may reflect periods of low solar activity, i.e., the Oort
(1010-1080 CE), Wolf (1280-1340 CE), Sporer (1420-1550 CE), and Maunder
(1645—-1715 CE) minimums (Bard and Raisbeck, 2000; Solanki et al., 2004; Usoskin
et al., 2007; Steinhilber et al., 2012) (Fig. IIB-4c). These relatively cold periods,
referred to as the LIA, have also been reported by several previous studies in East
Asia (Raymond and Phillip, 1993; Esper et al., 2002; Kawakubo et al., 2017), which
suggests that solar activity played an important role in climate change in East Asia,
including Tokyo Bay. Several local volcanic eruptions, such as Fuji (1707 CE; Hoei
eruption) and Asama (1783 CE), may also have contributed to the amplification of
the cold climate.

The lowest temperature during the centralization period occurred around ca.
1050 CE. This cold period can be verified based on Japanese historical documents
(cherry blossom phenological data) from in and around the ancient capital city of
Kyoto, which suggests that spring temperatures in the 11" century CE were lower by
2°C than spring temperatures in the relatively warm 10" century CE (Aono and
Saito, 2010). Therefore, this cooling shift appears to have commonly occurred
throughout Japan. Temperatures in the northern hemisphere are generally considered
to have recovered after LALIA during the MWP (ca. 950-1100 CE). However,
according to the IPCC ARS, the MWP was not synchronous throughout the globe

with an undefined period. Therefore, I assumed that the MWP in Japan did not
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correspond to that in other areas. Although it is difficult to specify the exact causes,
the possible mechanism of the cooling in Japan may have been a more active El-
Nifio mode, which has been reported by several proxy-based reconstructions (Yan et
al., 2011) (Fig. [IB-4g). Under modern conditions, during an El-Nifio episode, the
westerly jet stream shifts to the south, the Pacific High weakens, and the Okhotsk
High is enhanced, which generally results in a cold and cloudy/rainy summer in
Japan (Kobayashi et al., 2015). The initial stages of the imperial court period (the
Nara to early Heian era) likely experienced a warm climate. However, after the
climate cooled in the middle of the Heian era (C6), famines and revolts began to
occur frequently. This unrest resulted in the expansion of the role of Samurai
families in Japan, finally leading to a transition from an aristocratic society to a
feudalistic Samurai society (the Kamakura era and following periods) (Hall, 1993).
Although I cannot provide a precise and quantitative mechanism explaining
the link(s) between climate change and Japanese history, certain cold periods
identified in our UI3<7'-SST data appear to correspond well with periods of social
turbulence. In modern society, the negative impacts of abnormal weather are
becoming an increasingly urgent topic of debate. Our study provides important
information that improves our awareness of the potential social impacts of a future

climate crisis.
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(a) Map of the western North Pacific, including the Kanto area (dashed square) of
Japan. The bold arrows represent the paths of the Kuroshio and Oyashio currents. (b)
Map of the Kanto area, central Japan (dashed square in Fig. IIB-1a). The sampling
location of core KT12-06-2B (35°30°N, 139°53’E) is shown by the solid square.
Current water depths are defined by the thin lines. Sites mentioned in the text are
also shown. These figures were generated using the Generic Mapping Tools software

(Wessel and Smith, 1998).
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(a) CT image and (b) depth versus radiocarbon age (calibrated in years before

present) of core KT12-06-2B. The gray colored area represents 1o errors. The open
triangle represents the 6-cm-thick scoria layer produced by the Hoei eruption. (c¢) The

local relative change in sea level observed along the coast of the inner Tokyo Bay

(Tanabe et al., 2019).
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Time series records of (a) UI3<7 and (b) C37/Css ratios. The '*C age controlling points

and timing of the Hoei eruption are denoted by open circles and triangles,

respectively. The typical alkenone chromatogram at the numbered analytical points

(solid triangles) and SEM picture of G. oceanica contained in the sediment are

shown in (c) and (d), respectively.
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Time series records of (a) US;-SST, (b) summer insolation at 25°N (Laskar et al.,
2004), (c) sunspot numbers estimated from atmospheric radiocarbon levels (Solanki
et al., 2004), (d) global volcanic forcing (GVF) depicted by sulfate concentrations in
ice cores from Greenland and Antarctica (Sigl et al., 2015), (e) §'%0 records of
Dongge cave as a proxy for the summer monsoon (Wang et al., 2005), (f) Eurasian
summer temperature variability reconstructed from tree ring width chronologies
(Biintgen et al., 2016), and (g) SOI proxy from sedimentary cores sampled from the
tropical Pacific (Yan et al., 2011). The green and gray colored bars represent the

relatively cold periods.
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Time series of US;-SST during the last 1,500 years in (a) Tokyo and (b) Hiroshima
bays. The upper row shows each historical period and the broad categories of social
systems at that time in Japan. The relatively cold periods (C5—C9) in Tokyo Bay are
also shown. The age controlling points are represented with an open triangle (the

Hoei scoria layer) and circles (14C age of shells) with 16 error.
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Table IIB-1. Depth and radiocarbon-derived dates of the molluscan shells retrieved
from core KT12-06-2B. The range of calendar ages defines a 68.2% confidence

interval.

Sample name Lab. no. Depth AMS C age Calibrated age (Marinel3)
Range Mean
(cm) (yr BP) (Cal. yr BP) (Cal. yr BP)
KT12St2B-36 YAUT-042602 36 774 + 25 307-406 361
KT12St2B-2-64 MTC-16496 64 1079 £ 95 519-776 603
KT12St2B-3-14 MTC-16497 111 1440 + 93 814-1040 930
KT12St2B-3-24 MTC-16498 121 1473 + 93 854-1080 967
KT12St2B-3-68 MTC-16500 165 1559 +£93 951-1161 1056
KT12St2B-4-20 MTC-16502 217 1752 +97 1141-1351 1242
KT12St2B-4-26 MTC-16503 223 1776 £ 93 1170-1369 1269
KT12St2B-4-36 MTC-16504 233 1815 +98 1200-1411 1315
KT12St2B-4-68 MTC-16505 265 1917 £ 99 13021513 1420
KT12St2B-5-42 MTC-16506 339 2080 + 95 1467-1715 1591
KT12St2B-6-14 MTC-16507 412 2454 + 96 18912147 2036
KT12St2B-6-44  YAUT-042603 442 2610 £29 2170-2290 2219
KT12St2B-6-80 MTC-16508 478 2674 + 96 2145-2425 2307
KT12St2B-7-24  YAUT-042604 523 2819+ 33 23802572 2493
KT12St2B-7-52 MTC-16509 551 2976 + 99 2518-2791 2658
KT12St2B-8-21 MTC-16510 626 3235+96 2843-3107 2985
KT12St2B-8-40  YAUT-042606 640 3371 £31 3077-3219 3152
KT12St2B-8-80  YAUT-042609 680 3738 + 30 3534-3661 3588
KT12St2B-8-96 MTC-16511 696 3873 £94 3626-3888 3766
KTI12St2B-9-30  YAUT-042611 730 3926 + 31 3757-3899 3826
KT12St2B-9-80  YAUT-042612 780 4186 + 31 4104-4255 4188
KTI12St2B-10-44  YAUT-042613 844 4286 + 32 4263-4398 4320
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Table IIB-2

Summary of alkenone data from core KT12-06-2B.

Depth (cm)  Cal. yr BP U
7 23 0.749
11 80 0.772
13 109 0.753
19 194 0.743
21 223 0.742
25 251 0.728
27 251 0.736
31 280 0.751
33 308 0.757
37 365 0.761
39 382 0.768
43 416 0.755
45 432 0.747
49 466 0.744
51 483 0.736
55 516 0.729
57 533 0.729
61 566 0.739
63 583 0.735
67 611 0.744
69 623 0.744
73 645 0.723
75 657 0.728
79 680 0.722
81 691 0.738
85 714 0.738
87 725 0.736
91 748 0.737
93 759 0.740
99 794 0.744
103 816 0.736
105 828 0.748
109 851 0.750
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111
115
117
121
123
127
129
133
135
139
141
145
147
151
153
157
159
163
165
169
171
175
177
181
183
187
189
193
195
197
199
203
205
209
211
215
217

862

903

924

965

970

979

984

994

999

1008
1013
1022
1027
1037
1041
1051
1056
1065
1070
1079
1084
1093
1098
1107
1111
1121
1125
1134
1139
1144
1148
1158
1162
1171
1176
1185
1190

0.741
0.698
0.714
0.726
0.718
0.738
0.732
0.753
0.737
0.747
0.728
0.735
0.713
0.752
0.714
0.759
0.742
0.768
0.730
0.755
0.744
0.756
0.752
0.759
0.736
0.780
0.752
0.771
0.764
0.761
0.757
0.767
0.764
0.773
0.754
0.783
0.767
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221
223
227
229
233
235
239
245
253
265
277
281
285
289
307
311
325
331
335
341
347
351
365
367
371
375
377
385
387
396
398
406
408
412
422
426
432

1240
1265
1295
1310
1340
1347
1360
1380
1406
1445
1473
1482
1491
1501
1543
1552
1584
1598
1607
1628
1660
1682
1757
1768
1790
1811
1822
1866
1876
1925
1936
1979
1990
2012
2078
2105
2145

0.765
0.754
0.761
0.732
0.756
0.721
0.758
0.778
0.778
0.747
0.819
0.726
0.775
0.749
0.808
0.826
0.801
0.785
0.876
0.867
0.822
0.785
0.881
0.812
0.850
0.780
0.759
0.799
0.711
0.733
0.691
0.758
0.778
0.825
0.802
0.761
0.768

104




438
444
448
454
458
468
472
476
486
496
499
509
519
529
533
539
549
553
559
563
583
593
600
610
624
628
634
640
644
648
650
656
660
666
670
676
678

2186
2219
2231
2250
2263
2295
2307
2320
2354
2389
2399
2434
2469
2525
2553
2595
2664
2686
2709
2724
2799
2837
2863
2901
2953
2988
3071
3154
3196
3239
3260
3324
3366
3430
3473
3536
3558

0.872
0.834
0.747
0.797
0.818
0.750
0.738
0.795
0.733
0.739
0.675
0.686
0.709
0.771
0.852
0.761
0.733
0.823
0.749
0.874
0.772
0.724
0.772
0.841
0.842
0.842
0.885
0.799
0.776
0.787
0.873
0.746
0.810
0.745
0.771
0.773
0.769
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680
686
688
690
698
704
710
720
724
734
744
750
764
774
780
784
790
800
810
820
830
840
850
854
860
864
874
880

3579
3633
3651
3669
3729
3749
3769
3803
3816
3863
3931
3972
4067
4134
4175
4183
4196
4216
4237
4258
4278
4299
4318
4326
4337
4344
4363
4374

0.823
0.774
0.752
0.852
0.749
0.800
0.803
0.846
0.829
0.848
0.828
0.826
0.877
0.808
0.869
0.789
0.809
0.711
0.684
0.672
0.653
0.660
0.747
0.823
0.724
0.815
0.908
0.793
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Chapter II1

Development of alkenone paleothermometer:

applications to the outcrop and lacustrine sediment

Chapter III-A

Biomarkers in the rock outcrop of the Kazusa Group reveal

paleoenvironments of the Kuroshio region
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BI-AZEICOWTIE, SHELANIC
MEECHIT Y ED -0, JENEE
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Chapter II1-B

Genomic and geochemical identification of the long-chain
alkenone producers in the estuarine Lake Takahoko,

Japan: implications for paleotemperature reconstructions
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Chapter IV

Summary
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IV-1. Conclusion of Chapter I1-A

In the Yangtze delta area, using the sedimentary cores MD06-3040 and MDO06-
3039 collected from the coastal area of East China Sea, I obtained quantitative and
high-time resolution paleotemperature records. According to '*C ages of molluscan
shells extracted from the sediment cores, the cores recovered continuously the time
period from ca. 6000 BCE to the present.
1) Considering that the values of TOC contents, TOC/TN ratios, coccolith
assemblages and mean grain size are stable for the last 8.0 ka, I assume changes in
infer SST fluctuations. AT were estimated from SST because of the positive
correlation between both variables near the core site.
2) Despite potential chronological errors in our used depths-age model, the U%,
records suggested that frequent and abrupt cold episodes (3-4°C SST drop) occurring
between 2600 and 1900 BCE can be related to a global climatic transition called 4.2
ka event, during which East Asian monsoon regime and the KC mode was altered.
3) The Yangtze Neolithic civilization was one of the earliest rice cultivating
civilizations in the world and may have been vulnerable to AT change. Indeed, the
extraordinary cold climate in the Yangtze delta could be one of the possible reasons

for the collapse of the Yangtze Neolithic civilization around 4.2 ka.

IV-2. Conclusion of Chapter 1I-B

Sedimentary core KT12-06-2B was recovered from Tokyo Bay to reconstruct
the paleoenvironment of the Kanto area, central Japan. The chronology of the core
was determined using '*C ages of 22 molluscan shells extracted from the sediment
core, showed that the sediment core recovered continuously over the time period
from ca. 2400 BCE to the present. Regional paleotemperatures were quantitatively
estimated with the use of the UI3<7 thermometer. Our results suggest the following:

1) The temperature during the Meghalayan was generally warmer than present
exhibiting a declining trend, which roughly corresponds to changes in the summer
insolation and to the millennial-scale latitudinal shift of the subarctic front. The

largest cold episode, interrupting the relatively warm period of the late-Jomon era,

112



occurred ca. 2300 BCE, which may be related to the global climatic transition known
as the 4.2 ka event caused by a shift in the monsoonal regime.

2) The temperature during the Yayoi era recorded centennial-scale fluctuations.
Specifically, cold periods occurred ca. 440 BCE and 100 CE, which may have been
caused by solar activity minimums and/or volcanic eruptions. Severe climate during
the Wakoku-Tairan period of civil unrest in the 2" century CE, recorded in Chinese
historical documents, was detected using a climate proxy.

3) After the establishment of the centralization system of government, historical
archives indicated that warm conditions prevailed until ca. 300 CE, followed by cold
periods at ca. 500 CE. These warm and cold periods may correspond to the RWP and
LALIA (overlaps with the DACP), respectively. A temperature drop at 1050 CE has
been recorded by multiple climate proxies throughout Japan, and may have been
caused by a strong El Nifio. These cold periods appear to coincide with the timing of

social unrest and major shifts in the governmental system of Japan.

IV-3. Conclusion of Chapter I11-A

It could be the first to report that LCAs and n-alkanes were well preserved in
the rock samples from outcrop of the Kazusa Group and it is likely that
paleoenvironmental information were well- preserved as well. I investigated rock
samples from the Otadai Formation, which is exposed along the Yoro River, and

spans the time interval corresponding to the MIS 33 to 29 (ca. 1.1-1.0 Ma) . The

variations in UI3<7 and ACL of n-alkanes fit well and are synchronous with those of
the global sea-level variations; therefore my data probably reflect the changes in SST
and terrestrial environments forced by glacial-interglacial cycles, respectively. CPI of
n-alkanes, which weakly correlated with C/N ratio, might be also influenced by the
freshness of organic matter, whereas no correlations were observed between Uy,
ACL and C/N ratio. UI3<7', ACL, and CPI values in the Shoryuji section which is about
10 km far from the Yoro River section showed similar values, which suggested that
those values seemed not to be influenced by the sedimentary process in the Kazusa
forearc basin. Based on the modern calibration, during MIS 33 to 29, U;-SSTs
fluctuated from 22.8 °C to 26.6 °C. Although these temperatures were significantly
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higher than the UI3<7'-SSTS recorded in the modern sediments around the Boso
Peninsula, Mg/Ca paleotemperatures of Globigerina bulloides, which also indicated
the high SSTs, vouched the validity of U%;-SSTs in the Otadai formation. High
temperatures obtained in my study, might be related to the direct influence of the
warm Kuroshio current in the Kazusa forearc during the MIS 33 to 29. This research
demonstrated the classical biomarker-based paleoenvironmental information can be
extracted from the subaerially exposed geological samples, if preservation conditions

of biomarkers are respected.
IV-4. Conclusion of Chapter I11-B

I am the first to report the presence of LCAs produced by Group II
haptophytes in a Japanese lake, which were identified using a combination of
genomic and organic geochemical analysis. Two distinct clades of haptophyte
species (Tak-A and Tak-B) are probably responsible for the production of LCAs in
Lake Takahoko. Tak-A is a close relative of Hap-A originating from Lake George,
and Tak-B is genetically identified as Isochrysis galbana. According to the findings
of previous culture experiments for these haptophyte species, similar UY; calibrations
can be applied to Tak-A and Tak-B, which can remove the species effect and allow
the down-core paleotemperature reconstructions. The US,-SST recorded in the
surface sediment corresponds to the lake temperature in summer. Although it is
necessary to carefully consider changes in haptophyte species and bloom timing of
the past, brackish lakes having multiple Group II haptophytes may be suitable for
lake paleotemperature reconstructions. This research shows that UI3<7
paleothermometer has the potential to become a strong tool for reconstructing lake

water temperatures.
IV-5. General conclusion and future perspectives

In this doctorate dissertation, I presented both application studies and proxy
development studies about alkenone paleothermometry. LCAs-based proxy has been

one of the most established and sophisticated proxies for SST in open ocean settings.
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I focused on that LCAs are contained not only in deep-sea sediments but also coastal
shallow-sea sediments and some restricted lacustrine sediments, where other
quantitative paleotemperature proxies are mostly unavailable. I applied alkenone
paleothermometry to the coastal sediment cores and reconstructed Holocene
paleoclimate changes in coastal East Asia. I also discovered that alkenone
paleothermometer is also applicable to on-land geologic stratum and lacustrine

sediments, which shows the large potential of my method.

In Chapter II, I provided the high-time resolution and quantitative
paleotemperature records from off the Yangtze delta and Tokyo Bay and suggested
that climate changes had a large impact on Chinese and Japanese societies of the
past. The largest cold events during the mid- to late-Holocene were detected in both
sites at around 2200 BCE. Although the Global Boundary Stratotype Section and
Point (GSSP) of 4.2 ka event was set in the speleothem collected from a cave in
northern India (Berkelhammer et al., 2012; Walker et al., 2018), my results validates
that East Asia was also under the direct influence of 4.2 ka event as was suggested by
previous studies (Ran and Chen, 2019). The results of Chapter II-A had large impacts
on the ongoing debates about the reasons for the collapse of the Yangtze Neolithic
civilizations at around 2200 BCE (Sun et al., 2019; Griffiths et al., 2020). The clear
evidence of the 4.2 ka event in Japan was shown by Chapter II-B, which validates
the previous data of Sakaguchi (1983). It also detected the other decadal- to
centennial-scale climatic changes around Tokyo Bay during the Meghalayan, and
confirmed some important climatic events, which was previously assumed by the
historical studies.

Sediment cores recovered from continental shelves and inner bays usually
have high sedimentation rates; therefore, these studies can provide high-time
resolution, quantitative, and continuous paleotemperature records in coastal areas
where humans have been settled during the Holocene. Recent studies statistically
proposed that the temperature change is the primary controlling factor that
determined the fate of human society via social factors such as decreased agricultural
production, economic downturn, and war (e.g., Zhang et al., 2010; Zhang et al.,

2011). Therefore, accurate paleotemperature records in the coastal area are necessary
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to precisely understand human history, which brings us important lessons for our fate
in the climate change era.

My studies also confirmed that alkenone paleotemperature fluctuations from
off the coast of Yangtze delta and Tokyo Bay did not match except for the 4.2 ka
event. For example, the Medieval Warm Period detected off the Yangtze delta area
was not completely consistent with the paleotemperature trend in Tokyo Bay. On the
other hand, several cold periods, including Late Antique Little Ice Age (considered
to be the same event as Dark Ages Cold Period in this study), detected from the
Tokyo Bay were not seen in off the Yangtze delta area. Holocene climate changes in
the monsoonal area, which was controlled by multiple factors including solar
activity, and volcanic eruptions, varied greatly from region to region (Wanner et al.,
2008). Therefore, enriching local paleoclimatic records with high-time resolution is
necessary to reach an overall elucidation of past climate changes with their
controlling mechanisms. Although I could not conduct specific verification in this
study, it is better to evaluate the seasonal variation of LCAs production using
sediment traps and other methods to accurately interpret the U5;-SSTs recorded in
the sediments collected from inner bays where environments are often homogenous.
In my future research, I will provide more and more quantitative paleotemperature
records using coastal sediment cores with particular attention to climatology and
historically important areas. These studies will accelerate the interdisciplinary

interpretations of earth science and social science.

In Chapter III, I discovered LCAs in the Kazusa Group (Chapter II1-A) and
Lake Takahoko (Chapter I1I-B), each met the optimum conditions for alkenone
preservations allowing paleotemperature reconstructions. The stratigraphic studies in
the Kazusa Group have a long history over the past 50 years, providing detailed
chronologies based on magnetic, microfossils, and oxygen isotope stratigraphy
covering almost the entire Pleistocene. I detected that LCAs and n-alkanes are
contained and well-preserved in the rock outcrops of the Otadai Formation in the
Kazusa group, which can potentially reveal long, continuous, and high-time
resolution SST and its related terrestrial climate changes in the Kazusa forearc basin.

The environments of the Kazusa forearc basin should be deeply related to the
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evolution of the KC and EAM, biomarker records in the Kazusa Group can clarify
mechanisms causing the global climatic changes that occurred during the
Pleistocene, such as the mid-Pleistocene Transition and the geomagnetic reversal-
induced climate changes (Kitaba et al., 2013; McClymont et al., 2013).

Applications of alkenone paleothermometry to lacustrine settings have not
been well established compared to those in the open ocean because of the genetic
diversity and omnipresence of LCAs producers. My study in Lake Takahoko and
other surrounding lakes showed that the environmental-DNA analysis is useful to
identify lakes in which LCAs are present containing the information about LCAs-
producing haptophyte species, which is necessary to detect the applicable
calibrations. This method should be also applicable to the other settings; therefore,
the results of Chapter III-B can contribute to improving alkenone paleothermometry
as a rare paleotemperature proxy applicable to the lacustrine environments. In my
future research, I will take long sediment cores from Lake Takahoko that reaches the
Jomon era and reconstruct lake water temperature changes in the past. It can be direct
evidence of the terrestrial paleoclimate in Aomori Prefecture, where the particularly

prosperous Jomon cultures were flourished (Kawahata, 2019).

In more than 30 years of research history, LCAs is considered to be a very
robust paleothermometer. My doctorate dissertation showed the further potential of
this proxy. In recent years, more and more paleotemperature proxies have been
proposed and applied to paleoenvironmental studies. However, some of which are
subject to insufficient constraints in modern calibration, prevailing unreliable
knowledge. Paleoclimatologists should use the reliable proxy, whose origin is
strongly constrained and the environmental response is strictly confirmed by the
modern settings and/or ideal laboratory experimental environments. From this point
of view, LCAs have been and will continue to be one of the best proxies to reveal the

history of the Earth.
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