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Precipitation in Japan is strongly affected by the East Asian monsoon system, resulting in wet summer
conditions and relatively dry winter conditions. Few paleo-monsoon records exist from northeastern
Asia, especially records showing decadal- to centennial-scale variability. Here we present a molecular
hydrogen isotope (dD) record from Lake Kaiike, a small coastal lake in southwest Japan, to provide insight
into monsoonal precipitation over the past two millennia. The dD record of friedelin, a terrestrial higher
plant lipid, reveals three major shifts in precipitation: a decline from >�185‰ to <�190‰ at
1700 cal yr BP suggests a change to wetter conditions; values between �187.5‰ and �180‰ from 1480
to 800 cal yr BP indicate reduced precipitation; and a decline to below �195‰ after 800 cal yr BP reflects
moist conditions during the Little Ice Age. These results highlight variability in the intensity of the East
Asian Summer Monsoon occurring on decadal to centennial time scales. El Ni~no-like conditions are likely
responsible for periods of high monsoon intensity, but comparison with other records in the region
(northeast China and Japan) shows that contradicting patterns also exist, and so explaining these rainfall
patterns is not straightforward.

© 2016 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Precipitation in large parts of Asia is strongly influenced by
monsoonal winds. Offshore winds during winter result in relatively
cool and dry conditions on land, while summers are warm and wet
due to the prevailing inland winds (Lau and Li, 1984; Wang and Lin,
2002). The Asian monsoon systems can be divided into two sub-
systems based on their differentwater sources andwind directions:
the Indian and East Asian monsoon (Yihui and Chan, 2005). The
East Asian Summer Monsoon (EASM) affects the eastern part of
Asia, starting in mid-May in the south over the Philippines and
southern China and then traveling northwards reaching northern
China, South Korea, and Japan between June and late July (Wang
and Lin, 2002; Yihui and Chan, 2005).
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Inter-annual variability in the intensity of the EASM is related to
various factors, including sea-surface temperature (SST) (Chang
et al., 2000), snow cover on the Tibetan Plateau (Yanai et al.,
1992), and changes in atmospheric circulation such as the Arctic
Oscillation (Gong and Ho, 2003). Variability in the intensity of the
East Asian Summer Monsoon has also been associated with the El
Ni~no Southern Oscillation (ENSO) (Wang et al., 2001; Wu and
Wang, 2002). ENSO variability not only affects the intensity of the
summer monsoon but also influences the number of tropical cy-
clones or typhoons that make landfall in certain areas. During El
Ni~no events, typhoons tend to curve towards the north and make
landfall in Japan and South Korea, rather than in China (Wang and
Chan, 2002; Elsner and Liu, 2003).

Only a few paleo-precipitation reconstructions exist from
northeastern Asia, including Japan, South Korea, and northern
China. Such reconstructions are important because the climate of
the area is highly dynamic, and small changes in the location of high
and low pressure cells can strongly influence rainfall patterns.
ed.
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Yamada et al. (2010) reconstructed monsoon intensity for the last
two millennia in the northeast of Japan and found centennial-scale
climate fluctuations that can possibly be linked with known warm
and cold periods in China and Europe (e.g., the Little Ice Age). Longer
precipitation records exist from northern China. Hong et al. (2001)
reconstructed precipitation based on plant d13C values in north-
eastern China for the past 6000 yr, and found eight periods of severe
drought that can be linked with global events. Wen et al. (2010)
studied Holocene precipitation changes based on pollen data from
a lake in northeastern China and also found several shifts in pre-
cipitation and temperature occurring during the past 11,000 yr.

Woodruff et al. (2009) studied sediments from two small coastal
lakes (Lake Namakoike and Lake Kaiike) in the southwest of Japan,
which exist of laminated organic mud interbedded with coarse-
grained units with elevated Sr levels. Typhoon landfall events
may cause breaches in the barrier that separates the lakes from the
sea, allowing Sr-rich marine material to enter the lakes (Woodruff
et al., 2009). Therefore, the Sr record was interpreted to represent
typhoon landfall events, and Woodruff et al. (2009) found that
periods of barrier breaching coincide with an increase in El Ni~no
frequency thus showing the importance of ENSO variability on
typhoon landfall events. Especially between 36,000 and
2500 cal yr BP, elevated Sr levels coincide with increased El Ni~no
frequency (Woodruff et al., 2009).

By reconstructing past changes in precipitation in the same area,
it is potentially possible to study paleo-monsoon intensity and link
this with ENSO variability and typhoon activity. In particular,
changes occurring on centennial or decadal time scales are of in-
terest as long-term trends in ENSO variability operate on these time
scales, while there is still is the potential for individual typhoon
events to be recognized.

In this study we present biomarker lipid data from Lake Kaiike
to reconstruct past environmental conditions and precipitation
patterns for the past 2000 yr. The laminated sediments of Lake
Kaiike (Woodruff et al., 2009) indicate low oxygen conditions
during sedimentation and hence good preservation of organic
matter, which makes the site ideal for the analysis of organic
geochemical proxies. We reconstructed past changes in precipita-
tion using hydrogen isotope ratios of terrestrial higher plant lipids.
In the tropics and subtropics, lower dD values of precipitation are
generally related to higher amounts of precipitation due to the so-
called “amount effect” (Dansgaard, 1964). Leaf waxes are, under the
right conditions, able to capture the hydrogen signature of pre-
cipitation (Sachse et al., 2006; Liu and Yang, 2008), although
evapotranspiration and biosynthetic fractionation result in a sub-
stantial offset between lipid and rainwater dD values (Sachse et al.,
2004, 2006, 2012). Thus, a hydrogen isotope record based on
terrestrial plant waxes from Lake Kaiike sediments could poten-
tially be used to reconstruct past changes in summer precipitation
in Japan. Such changes can subsequently be linked to larger scale
processes like the East Asian Summer Monsoon intensity and ENSO
variability.

Setting

Lake Kaiike is a small coastal lake on the northern shore of
Kamikoshiki Island in the south of Japan (Fig. 1). The lake has a
maximumdepth of about 12m, a surface area of 0.15 km2 and a small
drainage basin of only three times the size of the lake itself
(Matsuyama, 1977). The lake is separated from the sea by a long
gravel bar and from the adjacent Lake Namakoike by a stone bank
(Fig. 1). Limited water exchange occurs between the sea and Lake
Kaiike due to seepage of saltwater through the gravel bar
(Matsuyama, 1977), and between the two lakes through a narrow
connection in the stone bank. Currently, the lake is permanently
oi.org/10.1016/j.yqres.2016.07.005 Published online by Cambridge University Press
stratified, with oligotrophic and oxic fresh surface waters and saline
deeper waters (Matsuyama, 1977). Productivity in the water column
is highest near the chemocline, at approximately 5mwater depth, by
chemolithotrophic and photoautotrophic (sulfur) bacteria, such as
purple sulfur bacteria, green sulfur bacteria, and cyanobacteria
(Nakajima et al., 2003). Lake Kaiike has a characteristic temperature
profile with highest values between 4 and 6 m depth, and lower
temperatures in surface (0e4 m) and deeper (6e12 m) parts
(Matsuyama, 1977; Yamaguchi et al., 2010). This unusual tempera-
ture profile has been explainedbyadsorptionof heat by themicrobial
population near the chemocline (Yamaguchi et al., 2010) and trap-
ping of heat due to a lack of water circulation (Matsuyama, 1977).

Materials and methods

Material

A 240-cm-long sediment core (KAI-L2-2) was collected from the
deepest part of Lake Kaiike (Fig. 1) using a gravity corer system in
2001. The core was divided into sections and subsequently stored
frozen. After thawing, core sections were split longitudinally and
visually described. A total of 22 samples, each 1 cm wide, were
collected at approximately 10-cm intervals. The sediment in Sec-
tion 1 was unconsolidated, such that less material was available for
analysis. Thus, the uppermost 7 cm of the core was analyzed as a
single unit. Samples were subsequently freeze-dried and stored
frozen until the analyses were conducted.

Chronology

Previously, Woodruff et al. (2009) established an age model for
the sediments of Lake Kaiike in their work on a parallel core that
was also collected from the deepest part of the lake. That core,
with a total length of almost 4 m, spans the past 4000 yr. Woodruff
et al's. (2009) core was correlated to our core using distinct
marker beds consisting of lighter colored, bioturbated sediments.
To validate the applicability of the age model from Woodruff et al.
(2009) for our core, a bivalve recovered from a depth of 227 cm
was 14C dated. This age was converted into calibrated years before
present (cal yr BP) using the marine calibration curve in the Calib
7.1 program (Stuiver et al., 2015) resulting in an age of
2196 cal yr BP. A marine origin for the bivalve was assumed
because it likely lived in situ in the lake sediments, and bottom
water in the lake derives from seawater (Matsuyama, 1977). The
data were fitted with a second order polynomial model: age (yr
BP) ¼ (8.0 � 10�3 � depth2) þ (7.5 � depth) � 51.0. Our core is
shorter than the Woodruff et al. (2009) core, spanning the past
2000 yr.

Total carbon content

To remove carbonates, 7.5 ml of 1 M HCl was added to about
0.3 g of freeze-dried and homogenized sediments. After shaking for
4 h, the acid was removed and 7.5 ml of 1 M HCl was added, after
which the samples were shaken for 12 h. After removal of the acid,
the sediments were washed with demineralized water and subse-
quently dried. Total organic carbon (TOC) was determined on the
carbonate free residue using a NCS analyzer (Fison Instrument
NA1500). Weight percentages of organic carbon were calculated
relative to total sediment weight before carbonate removal.

Biomarker extraction, identification and quantification

Between 3 and 10 g of freeze dried sediments were repeatedly
(5�) extracted using a mixture of dichloromethane (DCM) and
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Figure 1. Maps showing: (A) the locations mentioned in this paper (Fig. 5), including 1 ¼ Lake Kaiike and Lake Namakoike, 2 ¼ Hani peatbog, 3 ¼ Jinchuan peatbog, 4 ¼ Hulun Lake,
5 ¼ Lake San-no-megata, and 6 ¼ Lake Aoki. (B) The location of Lake Kaiike and Lake Namakoike on Kamikoshiki Island. (C) Bathymetry of Lake Kaiike; black dot shows the core
location, and contour intervals indicate depth in m. Figure adapted from Yamaguchi et al. (2010).
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methanol (MeOH) (2:1) in an ultrasonic bath for 5 min. Extracts
were combined and solvents were evaporated under a nitrogen
stream until they were nearly dry. Elemental sulfur was removed
using HCl-activated copper and traces of water were removed with
a small NaSO4 column. For analysis of “total lipids” (TLs), an aliquot
of the extract was derivatized using diazomethane to convert fatty
acids into methyl esters, after which the extracts were cleaned over
a small silica column using ethyl acetate as an eluent. To derivatize
alcohols into trimethylsilyl (TMS) ethers, 25 ml pyridine and 25 ml
BSTFA (N,O-bis(trimethylsilyl) trifluoroacetamide) were added to
approximately 2 mg of sample. The sample was then heated in an
oven at 60�C for 20 min and subsequently dissolved in ethyl ace-
tate. A known amount of the internal standard (squalane) was
added to allow for quantification of the biomarkers. The remainder
of the extract was separated into fractions with different polarity
using a small Pasteur pipette filled with activated Al2O3 and eluted
with 1) hexane, 2) DCM, and 3) DCM:MeOH (v/v 1:1), resulting in
hydrocarbon, ketone, and polar fractions, respectively. Ketone
fractions were further purified for compound-specific isotope
analysis using a small (dimension approximately 5 mm � 4 cm)
column packed with Agþ-impregnated silica. Elution with DCM
resulted in a fraction containing friedelin, while elution of the
column with ethyl acetate resulted in a fraction containing unsat-
urated ketones.
rg/10.1016/j.yqres.2016.07.005 Published online by Cambridge University Press
TL and other fractions were analyzed by gas chromatography
(GC) using an HP gas chromatograph fitted with a CP-Sil 5CB fused
silica capillary column (30 m, 0.32 mm i.d.) and a flame ionization
detector (FID). Samples were injected on-column, with helium as
carrier gas set at constant pressure (100 kPa). The oven tempera-
ture increased from 70�C up to 130�C by heating with 20�C per min,
then up to 320�C by heating with 4�C per min, and then kept at this
temperature for 20 min. Mass spectrometry was performed using a
GCeMS (ThermoFinnigan Trace GCMS) with the same type of col-
umn and oven program as used for the GC, but using constant flow
of the carrier gas. Compounds were identified based on retention
times and mass spectra.

Long chain n-alkanes, present in the hydrocarbon fractions,
were used to calculate average chain length (ACL) and carbon
preference index (CPI).

ACL ¼ ð½C25�*25þ ½C27�*27þ ½C29�*29þ ½C31�*31þ ½C33�*33Þ
ð½C25� þ ½C27� þ ½C29� þ ½C31� þ ½C33�Þ

(1)

CPI ¼ 0:5*
�ð½C25� þ ½C27� þ ½C29� þ ½C31� þ ½C33�Þ
ð½C24� þ ½C26� þ ½C28� þ ½C30� þ ½C32�Þ

þ ð½C25� þ ½C27� þ ½C29� þ ½C31� þ ½C33�Þ
ð½C26� þ ½C28� þ ½C30� þ ½C32� þ ½C34�Þ

�
(2)
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Stable hydrogen isotopic composition of friedelin

Stable hydrogen isotope ratios of friedelin were measured on a
GC-IRMS (Delta plus XP), by injection of the friedelin fraction using
the same method and program as for the GC, but using a constant
flow instead of constant pressure. The H3

þ factor was determined
every day and was always below 5.5. Schimmelmann Mixture A (a
mixture of even numbered C16eC30 n-alkanes with dD values
of �42.7e256.4‰, purchased from A. Schimmelmann, Biogeo-
chemical Laboratories, Indiana University) was run at the start of
each sequence (and repeated during the day in case of long se-
quences) and used to calibrate the measured sample values against
VSMOW. Squalane (also from Schimmelmann) with a known dD
composition was co-injected as internal standard to monitor per-
formance. Hydrogen isotope ratios (dD) were normalized to the
VSMOW scale. Samples were measured at least in duplicate and
only well resolved peaks with a high intensity (>500 mV) were
integrated. The standard deviation per sample was always <3.5‰.
Results

Chronology

The available age controls (data from Woodruff et al., 2009), a
14C-dated shell, and the core top were combined into one age
model (Fig. 2). Sedimentation rates increase from 0.9 mmyr�1 near
the base of the core, up to 1.3 mm yr�1 in the core top. 210Pb ana-
lyses reported for surface sediment of lake Kaiike by Kotani et al.
(2001) indicate still higher modern sedimentation rates of around
2.3 mm yr�1. Sedimentation rates in the upper part of the core are
likely higher because the sediments are unconsolidated, whereas
the sediments become more and more compacted with prolonged
burial.
TOC content

The total organic carbon (TOC) content varies between 1.8 and
8.5 wt% (Fig. 3A). Lower TOC content (<5%) was found in three
intervals: >1970 cal yr BP, 1400e1000 cal yr BP, and
400e40 cal yr BP.
Figure 2. Age model for Lake Kaiike based on the combined data from Woodruff et al.
(2009) (black error bars) and this study (gray dots).

oi.org/10.1016/j.yqres.2016.07.005 Published online by Cambridge University Press
Lipid biomarkers

Friedelin is an abundant lipid throughout the record, with
concentrations generally ranging between 0.1 and 2.2 mg g�1 TOC
(Fig. 3B). At ca.1635 and 910 cal yr BP friedelin concentrations show
peak values of 5.1 and 12.6 mg g�1 TOC, respectively. At ca.
1110 cal yr BP and at the top of the record, concentrations of frie-
delin were below the detection limit. The records of long-chain n-
alkanes (C25eC33) (Fig. 3C) and n-alcohols (Fig. 3D) show compa-
rable concentration patterns as friedelin, although absolute values
are lower: maximum concentrations are 2.5 and 3 mg g�1 TOC for
n-alkanes and n-alcohols, respectively. The ACL of n-alkanes in the
Lake Kaiike sedimentary record varies between 29.3 and 30.3
(Fig. 3E), and the CPI varies between 3 and 9 (Fig. 3F). Both records
show a trend towards lower values in recent sediments.

Concentrations of tetrahymanol reached as high as 4.5 mg g�1

TOC (Fig. 3G) but were low (<0.5 mg g�1 TOC) in sediments older
than 1700 cal yr BP, between 1420 and 1100 cal yr BP, and around
40 cal yr BP. Dinosterol concentrations reached 1.8 mg g�1 TOC
(Fig. 3H) and were low in the same intervals as noted for tetrahy-
manol. C37 and C38 alkenones were detected at relatively low
concentrations (<0.1 mg g�1 TOC) in only a few sediment depths
(2090, 1970, and 1310 cal yr BP) (Fig. 3I).

Hydrogen isotopes

The total range of the hydrogen isotope values of friedelin is ca.
25‰, with an average of �188‰ (Fig. 5A). Values are higher than
average (�174.0 to �184.6‰) between 2090 and 1700 cal yr BP,
lower than average (�190.9 to �192.6‰) between 1700 and
1480 cal yr BP, higher than average (�180.8 to�187.4‰) from 1480
to 800 cal yr BP, and again below average (195.5 to �198.8‰) from
800 cal yr BP onwards. In the uppermost sediments (i.e., the last
360 yr) friedelin concentrations were too low to obtain reliable dD
values.

Discussion

Potential sources of biomarkers present in the lake record

The total organic carbon (TOC) content in the studied sediments
varies between 2 and 8.5% (Fig. 3A), indicating excellent preserva-
tion of organic matter throughout the record. Long-chain n-alkanes
and n-alcohols derive from the leaf waxes of higher plants (Eglinton
and Hamilton, 1967). Dust, transported from arid regions in central
Asia during the winter monsoon, could provide a potential source
of these leaf waxes (Yokoyama et al., 2006). However, Lim et al.
(2005) reconstructed dust transport in Northeast Asia for the past
6500 yr and found low eolian quartz fluxes for the past 2000 yr.
Furthermore, centennial-scale fluctuations in the dust flux (Lim
et al., 2005) show no correlation with the abundance pattern of
terrestrial leaf waxes in the Lake Kaiike sediments (Fig. 3). There-
fore, the input of wind-transported n-alkanes is likely negligible
compared to the production by local vegetation. Chikaraishi et al.
(2012) showed that long-chain n-alkanes are also abundant in
various insects and organisms in the soil, with chain lengths
comparable to plant-derived n-alkanes. Insects could, therefore, be
a potential alternative source for n-alkanes in the Lake Kaiike
sediments.

Pentacyclic triterpenoids, such as friedelin, are also common
components of the leaves of terrestrial higher plants (Volkman,
2005). Friedelin has been detected in leaves, but also in bark and
stem tissue of a variety of different terrestrial higher plants
(Chandler and Hooper, 1979); it is not specific to certain plant
families (Sainsbury,1970). The high amounts of friedelin in the Lake
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Figure 3. Organic geochemical data from the Lake Kaiike sediment core. A) Total organic carbon (TOC) content in wt%, B) friedelin concentration, C) n-alkanes concentration, D) n-
alcohols concentration, E) ACL (average chain length) of n-alkanes, F) CPI ¼ carbon preference index of n-alkanes, G) tetrahymanol concentration and H) dinosterol concentration
and I) alkenone concentration. The lithological column (left) shows dark, laminated, and organic-rich intervals (black) and bioturbated intervals with lower TOC content (gray).

Figure 4. Monthly average precipitation (1961e1976) (gray line) and associated
hydrogen isotope ratios (dashed line) for Pohang, South Korea (data from IAEA/WMO,
The GNIP Database) and average monthly precipitation rates for Kagoshima, Japan
(1883e2015) (black line) (Lawrimore et al., 2011).
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Kaiike sediments, therefore, most likely derive from higher plants
fringing the lake. Decreasing concentrations of friedelin at the top
of the record may result from a change or reduction in vegetation
cover surrounding the lake. A gradual trend towards lower CPI and
ACL values during the past two millennia was observed (Fig. 3E, F).
This pattern is likely also a local expression of vegetation change
near Lake Kaiike, but it is not observed in any of the other proxies.

In addition to terrestrially derived lipids, lipids from aquatic
sources were also detected in the sediments. Tetrahymanol is
produced by ciliates (Sinninghe Damst�e et al., 1995) and certain
anaerobic eukaryotes (Takishita et al., 2012) in hypoxic environ-
ments and is, therefore, indicative of water column stratification.
Dinosterol, which is produced bymany dinoflagellate species (Alam
et al., 1979; Boon et al., 1979) and in small amounts also by diatoms
rg/10.1016/j.yqres.2016.07.005 Published online by Cambridge University Press
(Volkman et al., 1993), was found throughout the sedimentary re-
cord (Fig. 3I). Low amounts of C37 and C38 alkenones were also
detected within the intervals that represent ventilated conditions
of the lake (see below). Alkenones are produced by Prymnesio-
phyceae (Marlowe et al., 1984), including open marine
coccolithophore-species like Emiliania huxleyi and Gephyrocapsa
oceanica (Volkman et al., 1980; Marlowe et al., 1990), and coastal
haptophytes (Rontani et al., 2004). Alkenones are also known to
occur in freshwater (Zink et al., 2001) and hypersaline environ-
ments (Lopez et al., 2005). The different depositional environments
can be reflected in the relative distribution of the different types of
alkenones. However, due to the low abundance of alkenones in the
Lake Kaiike sediments, the various methyl and ethyl alkenones
could not be distinguished.
Water column stratification and ventilation

The Lake Kaiike core shows several phases with sediments
characterized by a lighter color, a lower TOC content, and in-
dications for bioturbation (Fig. 3A; gray intervals). At present, Lake
Kaiike experiences strong, year-round density stratification
(Matsuyama, 1977) with a fresh surface-water layer and more sa-
line deeper waters. Lower TOC contents in the past probably indi-
cate that the water column was (at least periodically) ventilated.
Indeed, tetrahymanol, an indicator for stratification of the water
column (Sinninghe Damst�e et al., 1995), shows low concentrations
in sediments >1970 cal yr BP and in the period between 1310 and
1000 cal yr BP, thus supporting the inferred changes in water col-
umn ventilation. Alkenones were only detected in the intervals
with a low TOC content. The environmental conditions that allowed
for alkenone production in the lake thus seem related to the same
episodes resulting in water-column ventilation. This interpretation
is consistent with the alkenones being produced by marine coc-
colithophores, since water column mixing would result in higher
surface water salinities. Irrespective of dinosterol being derived
from either dinoflagellates or diatoms, its presence throughout the
sediment column indicates that the organisms were adapted to live
in stratified water column conditions with fluctuating salinity in

https://doi.org/10.1016/j.yqres.2016.07.005


Figure 5. Comparison of Lake Kaiike (dD friedelin) and other regional records. (A) dD friedelin of Lake Kaiike (this study, error bars indicate the standard deviation based on
duplicate measurements); d13C records of peat cellulose (B) in the Hani peatbog (northern China) (Hong et al., 2005) and (C) in the Jinchuan peatbog (northern China) (Hong et al.,
2001); (D) deviation in TOC contents (%) from a mean value of 5.8 in Lake Aoki, central Japan (Adhikari et al., 2002); (E) reconstructed temperatures, and (F) reconstructed pre-
cipitation from northeastern China after (Wen et al., 2010); (G) sulfur content (weight percentage) of sediments from Lake San-no-megata (northeastern Japan) (Yamada et al.,
2010); (H) Sr abundance in Lake Kaiike and Lake Namakoike (Southwest Japan) (higher Sr abundances are indicative of marine inputs, indicating increased typhoon activity
(Woodruff et al., 2009)). All locations can be found in Fig. 1. Blue horizontal bars indicate relatively wet intervals based on the hydrogen isotope record of Lake Kaiike. Panels (F) and
(G) show opposite shifts in precipitation during the Little Ice Age (LIA) compared to panels (A), (B) and (C). The lithological column (left) shows dark, laminated, and organic-rich
intervals (black) and bioturbated intervals with lower TOC content (gray). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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the surface waters. Although the TOC content is also reduced be-
tween 370 and 40 cal yr BP, tetrahymanol is also present in this
interval, indicating that the lake was at least periodically stratified.

As there are no indications for substantial sea-level fluctuations
over the past 2000 yr in this region (Nagaoka et al., 1996; Yokoyama
et al., 1996), water column stratification/ventilationmust have been
related to other local environmental changes. Breaches in the gravel
bar that separates the lake from the marine environment provide
one explanation. Higher Sr concentrations in certain intervals in
Lake Kaiike and the neighboring Lake Namakoike were previously
interpreted by Woodruff et al. (2009) to represent past breaches in
the gravel bar, allowing Sr-rich marine material to enter the lakes
(Fig. 5H). These breaches could be the result of an increase in
typhoon activity on Kamikoshiki Island (Woodruff et al., 2009).
However, higher Sr concentrations at Lake Namakoike only partly
coincide with the intervals characterized by low TOC contents,
while at Lake Kaiike, there appears to be no or very little changes in
Sr concentrations over the past 2000 yr (Woodruff et al., 2009).
Perhaps higher Sr concentrations in the lake sediments do not
(only) result from breaches in the barrier, but possibly also result
from overwash of Sr-rich marine sediment (e.g., shell material)
during typhoon landfall events. Since such a scenario does not
require breaches in the gravel bar, the water column would have
remained stratified following typhoon events. Moreover, the large
amount of precipitation associated with typhoon landfall events
might even have enhanced stratification rather than causing water
column turnover. Similarly, periods of enhanced drought might
have resulted in water column ventilation due to thinning of the
fresh-water surface layer.
oi.org/10.1016/j.yqres.2016.07.005 Published online by Cambridge University Press
Past precipitation patterns

In the sediments of Lake Kaiike, n-alkane concentrations were
relatively low, while friedelin was abundant in most of the sedi-
mentary record. Therefore, hydrogen isotope ratios were deter-
mined for friedelin. Unlike n-alkanes, the relation between dD
values of friedelin and rainwater has not been calibrated for present
day conditions. However, friedelin is expected to derive from a
similar higher terrestrial plant source (Chandler and Hooper, 1979),
and therefore we assume a relation to precipitation isotope
composition similar to that of n-alkanes. Hydrogen isotope ratios of
modern precipitation are close to �30‰ during the winter months
(December, January, and February), then gradually decrease and
reach minimum values of around �60‰ during the peak of the
summer monsoon in June and July (Fig. 4). Evapotranspiration
leaves thewater enriched in heavy isotopes relative to precipitation
(Rozanski et al., 2001; Sachse et al., 2006). Biosynthetic fraction-
ation accounts for the largest shift in the isotopic composition, and
depletes the signal as recorded in the organic molecules (Sachse
et al., 2004). Fractionation is also different for the different
photosynthetic pathways (Bi et al., 2005; Liu et al., 2006; Sachse
et al., 2012), and even under similar environmental conditions
differences in fractionation may occur between different plants
(Hou et al., 2007). Since the exact source of friedelin in the Lake
Kaiike sediments is unknown, and little is known about the vege-
tation cover surrounding the lake, the observed changes in dD
values may possibly be explained by changes in friedelin sources
rather than changing precipitation patterns. Such a change in
terrestrial higher plant cover in the surrounding of Lake Kaiike

https://doi.org/10.1016/j.yqres.2016.07.005
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would most likely also affect concentrations of leaf wax-derived
lipids. Shifts in dD values of friedelin are, however, not accompa-
nied by changes in the concentration of friedelin and/or long chain
n-alkanes and n-alcohols, or in ACL and CPI (Fig. 3). Hence, rather
than vegetation changes, the shifts in dD values most likely result
from changes in dD values of source water, with more negative
values corresponding to higher amounts of rainfall (Dansgaard,
1964).

A shift in friedelin dD values towards lower values after
1970 cal yr BP indicates a change from relatively dry to wetter
conditions. Friedelin subsequently shows less negative values be-
tween 1420 and 910 cal yr BP, indicating reduced moisture, after
which there is a shift to wetter conditions. Thus, the two intervals
with enhanced water column ventilation, before 1970 cal yr BP and
between 1310 and 1000 cal yr BP, occur during periods also char-
acterized by relatively dry conditions. Decreased precipitation and
consequently thinning of the fresh water surface layer may thus
have facilitated water column ventilation.

Late Holocene climate in Northeast Asia

The precipitation reconstruction from Lake Kaiike shows two
relatively wet phases (Fig. 5), the most recent of which coincides
with the Little Ice Age, a pronounced cool phase that appears to
have had its strongest impacts in the high northern latitudes (Mann
et al., 2009), but also resulted in cooling across large parts of Asia
(e.g., Adhikari et al., 2002; Wen et al., 2010). The atmospheric
conditions during this cool phase resulted in an intensification of
the hydrological cycle and increased precipitation rates in parts of
China (e.g., Hong et al., 2001, 2005; Chen et al., 2006), as well as in
Southwest Japan (this study).

Hong et al. (2005) found that changes in the intensity of the East
Asian and Indian monsoon occur with an ENSO-like pattern, both
on an orbital time scale and superimposed centennial to millennial
scales. A link between ENSO and East Asian Summer Monsoon in-
tensity can be explained by colder conditions in the west-central
Pacific during El Ni~no events and the development of a high pres-
sure cell (anticyclone) over this area during summer, which in-
tensifies the monsoonal winds and hence moisture transport from
the Pacific to the Asian continent (Wang et al., 2000). During the
two phases of more intense rainfall in Southwest Japan during the
late Holocene, climate in Northeast China was also more humid
(Fig. 5B, C); Hong et al. (2005) linked these phases to the prevalence
of El Ni~no-like conditions in the Pacific. Interestingly, precipitation
reconstructions from further north in Japan (Yamada et al., 2010)
and China (Wen et al., 2010) show opposite changes, with relatively
dry conditions during the Little Ice Age (Fig. 5F, G). These con-
trasting rainfall patterns within a relatively small region (Japan and
Northeast China) demonstrate the complexity of atmospheric cir-
culation in this region, which is not only influenced by ENSO
variability, but also by other atmospheric circulation patterns. For
example the West Pacific Oscillation can cause local differences in
precipitation patterns in northeast Asia (e.g., Aizen et al., 2001).
High-resolution reconstructions of the hydrological cycle are
needed to better constrain past changes in the East Asian monsoon
in this highly dynamic area to predict how future climate change
might affect local monsoon intensities.

Conclusions

Amolecular dD record of sediments from Lake Kaiike shows two
relatively wet intervals occurred during the past 2000 yr. The
sediments of the lake alternate between laminated and bioturbated
intervals. Anoxic bottomwaters are caused by salinity stratification
of the lake, due to a freshwater layer on top of saline deep waters.
rg/10.1016/j.yqres.2016.07.005 Published online by Cambridge University Press
Possibly, lower precipitation rates resulted in thinning of the
freshwater surface layer and eventually in water column mixing.
Our dD record shows that precipitation increased between 1640
and 1490 cal yr BP and between 720 and 370 yr BP, of which the last
period corresponds with the Little Ice Age. These results are
consistent with other climate reconstructions from China and Japan
and likely result from El Ni~no-like oscillations in the coupled
oceaneatmosphere system. The sensitivity of Northeast Asia to
decadal to centennial-scale shifts in atmospheric circulation is
confirmed when comparing the results from southwestern Japan
with records from northeastern Japan and northeast China. Espe-
cially during the Little Ice Age, the northern part of Japan becomes
drier while farther south the precipitation rates increase. Such
regional differences can result from climate oscillations like the
Western Pacific Oscillation. However, more high-resolution records
of northwest Asia are needed to better understand the effect of
climate oscillations and the East Asian Summer Monsoon on the
different regions in this area.
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