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We present an n-alkane and compound-speciﬁc carbon isotope record of the past 9 ka from the annually
laminated sedimentary sequence of Lake Xiaolongwan, northeastern China. The n-alkane distribution
suggests that Lake Xiaolongwan has undergone a shift from an oligotrophic state with low algal production and little emergent/submerged macrophytes in the early Holocene, to a eutrophic state with
high algal production and abundant emergent/submerged macrophytes since the middle Holocene. The
pattern of variation observed in the biomarker proxies ACL (the n-alkane average chain length), Paq
(aquatic macrophyte versus aquatic macrophyte and terrestrial plant ratio), and LPTP (lake productivity/
terrigenous organic production) is throughout the record similar to that of the total organic carbon. The
variation of compound-speciﬁc carbon isotopic values in the middle- and short-chain alkanes was mainly
regulated by lake productivity and the accumulating organic pool through time. In this forested region,
where the vegetation is dominated by C3 plants, the long-chain n-alkanes (C27eC31) are predominantly
derived from leaf wax lipids. The compound-speciﬁc d13C27e31 value is sensitive to effective precipitation,
and therefore represents a useful indicator of regional monsoonal precipitation. Spectral analysis on the
d13C27e31 time series reveals signiﬁcant periodicities of 87e89, 205e212, 1020e1050 and 1750e2041
years. On the centennial timescale, the quasi-periodicities around 88 and 210 years suggest a strong link
between solar activity and monsoon rainfall. The millennial monsoon cycle in northeastern China is
associated with sea surface temperature (SST) variations in two active centers of the summer monsoon,
the western Paciﬁc Subtropical High (WPSH) and the Okhotsk High. Increasing SST in the subtropical sea
may cause a northwards shift of the WPSH, which extends the monsoon rain band (Meiyu) to northeastern China, and thus increasing rainfall in that region. Meanwhile, decreasing SST in the Okhotsk Sea
may strengthen the Okhotsk high, bringing more moisture into northeastern China. We suggest that the
Paciﬁc Ocean is a main regulator for summer monsoon rainfall in northeastern China at present and at
different time scales during the Holocene.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
A number of paleoclimatic studies highlighted the importance of
cyclic climate variations because they may be intrinsic to the climate
system (Bond et al., 1997; Bianchi et al., 1999; Yu et al., 2003). If such
climatic variations are demonstrated, it would greatly improve our
understanding the climate system response to external forcings and
anthropogenic inﬂuences, and project future climate change.
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E-mail address: chuguoqiang@mail.igcas.ac.cn (G. Chu).
http://dx.doi.org/10.1016/j.quascirev.2014.08.008
0277-3791/© 2014 Elsevier Ltd. All rights reserved.

In the Holocene, one of the most distinctive cycle is the
millennial-scale climatic variation recognized in the original icerafted debris record from the North Atlantic regions, although it
is not perfectly periodic with cycles around 1470 ± 500 years
(Bond et al., 1997), and not well replicated in other independent
records of ice-rafting (Moros et al., 2004; Fisher et al., 2006;
Andrews et al., 2009). An increasing number of Holocene proxy
records have demonstrated that the millennial-scale climate
change is a global phenomenon, which is not limited to the North
Atlantic regions and the Northern Hemisphere (Yu et al., 2003;
Yuan et al., 2004; Wang et al., 2005; Darby et al., 2012;
Murakami et al., 2012), but also extends to the Southern
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Hemisphere (Holmgren et al., 2003; Rosqvist and Schuber, 2003;
Baker et al., 2005; Santos et al., 2013).
In the Asian monsoon area, evidence of cyclic monsoonal
oscillations has been mainly derived from the d18O records of
well-dated stalagmites (Dykoski et al., 2003; Yuan et al., 2004;
Wang et al., 2005; Fleitmann et al., 2007), a few lacustrine
sediment records (Schettler et al., 2006; Yu et al., 2006; An et al.,
2012) and aeolianepaleosol proﬁles (Porter and Weijian, 2006).
These observed oscillations often have been linked with the
North Atlantic climate. However, there are noticeable discrepancies in the timing and magnitude of the variations in monsoon
rainfall or effective moisture among the different climatic regions (Xiao et al., 2004; Hong et al., 2005; Schettler et al., 2006;
Chen et al., 2008; Zhang et al., 2011; Zhao and Yu, 2012). For
example, stalagmite records in central and southeastern China
(Dykoski et al., 2003; Yuan et al., 2004; Wang et al., 2005) are
characterized by a humid climate in the early Holocene, and a
gradual weakening monsoon that broadly follows the reduction
in precession-driven summer insolation in the Northern Hemisphere (Wang et al., 2005). However, in northern China lacustrine records indicate that the early Holocene was characterized
by dry conditions, whereas the late Holocene was moderately
wet under the inﬂuence of the East Asian monsoon-dominated
climate (Xiao et al., 2004; Chen et al., 2008).
In their review of global paleoclimatic archives, Wanner et al.
(2011) argued that these apparently cyclic variations were not
strictly regular, and that one single process could not explain the
complex spatiotemporal pattern observed in the Holocene. These
discrepancies may be partly due to the uncertainties in proxy
interpretation and dating. For example, while the Chinese stalagmites have been recognized as valuable paleoclimatic archives for
tracking monsoon variability in continental settings, there is an
ongoing debate as to whether the variations of stable oxygen isotopes reﬂect local monsoon rainfall, monsoon strength, the combined inﬂuence of both summer and winter climatic changes, interhemispheric temperature gradients or long-distance air mass signals (e.g., Clemens et al., 2010; Tan, 2013). More independent highresolution data are needed to verify the sensitivities of the different
proxies.
In addition to the uncertainties in proxy records, the spatial
complexity of monsoon rainfall makes it too difﬁcult to gain an
overall view of monsoon variability during the Holocene. The Asian
summer monsoon is the largest monsoon system on Earth,
including several subsystems (the Indian summer monsoon, the
western North Paciﬁc summer monsoon, the East Asian summer
monsoon, and the Northeastern summer monsoon) (Chen et al.,
1991; Ding, 1994). For example, the East Asian Summer Monsoon
(EASM) consists of the subtropical monsoon (Meiyu) and the
tropical monsoon (tropical monsoon trough), physically derived by
distinct forcing mechanisms (Ding, 1994). This complexity implies
that regional paleomonsoon rainfall might be inconsistent across
monsoon dominated Asia. More high-resolution regional climatic
data are needed to understand dynamical link between regional
response and the Paciﬁc Ocean because it is a major source of water
vapor for the Asian summer monsoon.
Here, we report an n-alkane and compound-speciﬁc carbon
isotopic record for the past 9.0 ka derived from the annually
laminated sediments of Maar Lake Xiaolongwan, northeastern
China. The aims of this study are to track monsoon variability at
centennial-to millennial-scale and to understand the dynamic
link behind the shifts in regional climate. In addition, this study
provides an opportunity to compare the organic-derived signal
from lacustrine sediments with the inorganic-derived signal
from stalagmite d18O records in the same climatic region.

2. Background
2.1. Regional setting and climatology
Our study area is located in northeastern China and is under the
inﬂuence of the East Asian monsoonal climate (Fig. 1). In summer,
subtropical monsoon rainfall (Meiyu in Chinese, Changma in
Korean and Baiu in Japanese) is mainly associated with the northward shift of the western Paciﬁc Subtropical High (WPSH) from
June to September. Meanwhile, the Okhotsk High (a semipermanent high pressure zone) forms and intensiﬁes over the Sea
of Okhotsk, brings vapor (cold and wet air, the Northeast Monsoon)
to northeastern China, contributing to increasing summer precipitation (Wang, 1992). About 60% of the mean annual precipitation of
~770 mm falls between June and August. In winter and spring, the
strong winter monsoon and westerlies create favorable conditions
for the development or intensiﬁcation of cyclones and anticyclones
resulting in heavy snow and dust storms.
Lake Xiaolongwan (42180 N, 126 210 E) is a small closed maar
lake with a maximum depth of 16 m and a surface area of 0.08 km2
(Fig. 1). The lake is ice-covered from the end of November to the
start of April. The modern vegetation in the catchment is composed
of a deciduous broadleaf-conifer mixed forest (canopy coverage
>90%) and is dominated by C3 plants (Sun et al., 2013). Historically,
this remote area has suffered little human disturbance, because it
was claimed as the birthplace of the Manchu people (the royal
family) and a sacred land by the Qing dynasty (AD 1644e1911).
Limited forest clearance occurred in the 1970s and 1980s outside
the lake catchment. In 1992, the area was established as a national
forest park, thus the regional vegetation has been well preserved.
2.2. Previous paleoclimatic studies from maar lakes
Maar lakes have been recognized as ideal sites for the preservation of paleoclimatic archives because of their close morphology,
relatively simple hydrological system, annually laminated sediment
and a number of proxy records in their sediment (Negendank and
Zolitschka, 1993; Zolitschka et al., 2000). The maar lakes in northeastern China have been the subjects of numerous studies focused
on paleoclimatic and paleoenvironmental changes (Mingram et al.,
2004; Schettler et al., 2006; Chu et al., 2008, 2009; Jiang et al.,
2008; Parplies et al., 2008; You et al., 2008; Stebich et al., 2009;
Panizzo et al., 2013; Rioual et al., 2013; Wang et al., 2013a; Xu
et al., 2014).
Previous independent radiometric dating results (137Cs, 210Pb
and AMS 14C) and monthly sediment trap data have demonstrated
the annual nature of the laminations in Lake Sihailongwan and Lake
Xiaolongwan (Mingram et al., 2004; Schettler et al., 2006; Chu
et al., 2008). Dinocyst-dominated varves have been reported in a
previous study on Lake Xiaolongwan (Chu et al., 2008). These
particular varves consist of a brown-colored dinocyst layer and
light-colored mixed layer (plant detritus, diatoms, chrysophyte
cysts, and clastics) (Chu et al., 2008). In their study, based on
geochemical proxy data (n-alkane and compound-speciﬁc carbon
isotope) and historical documents, Sun et al. (2013) veriﬁed that the
compound-speciﬁc carbon isotopes from long-chain n-alkanes
(C27eC31) are useful indicators of effective precipitation or drought
stress. They also suggested that summer monsoon rainfall in
northeastern China might have been regulated mainly by the Paciﬁc Decadal Oscillation (PDO) over the last millennium. Recently, a
high-resolution pollen record revealed 500-year climate cycles over
the past 5350 years in the Lake Xiaolongwan (Xu et al., 2014). In the
neighboring Lake Sihailongwan, a multiproxy record (biogenic silica, geochemical, sediment characteristics and pollen) suggested
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Fig. 1. Map showing the location of Lake Xiaolongwan and paleoclimatic records discussed in the text. The solid arrows indicate the dominant direction of the summer monsoon
and winter monsoon, modiﬁed from Liu (2010). Orange circles: Lake records (Lake Xiaolongwan in this study and Lake Laguna Pallcacocha) (Rodbell et al., 1999). Orange squares:
Cave records (Dongge Cave (Wang et al., 2005), Water Cave (Tan, 2007) and Nuanhe Cave (Wu et al., 2011, 2012). White circles: marine cores A7 (Sun et al., 2005) and PC-6
(Minoshima et al., 2007). Background image modiﬁed from NASA (http://visibleearth.nasa.gov). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

that summer monsoon rainfall reached minima around 6400, 4900,
3700 and 2200 yr BP (Schettler et al., 2006).

3. Materials and methods
3.1. Sediment cores and varve chronology
Overlapping sediment piston cores were raised from the lake
bottom from a water depth of 14.5 m near the center of the lake in
the early spring of 2006. The cores were split in half longitudinally,
and one half of the core was used for geochemical analyses
sampled at 1 cm interval, whilst the other half was used for
making thin sections. For the preparation of thin sections, overlapping sediment slabs of 6.5 cm in length were cut off with a
1.5 cm overlap, then shock-frozen with nitrogen, vacuum-dried
and impregnated with epoxy resin. Varves were identiﬁed and
counted from thin sections under a Leitz polarizing microscope.
The error of the varve chronology is less than 4%. Additionally, ten
radiocarbon ages were obtained from leaf and bulk sample
(Table 1).

Table 1
Radiocarbon ages from Lake Xiaolongwan.
Lab. code

Material

Depth (cm)

14

BA07706
BA07707
BA06527
BA07708
BA07709
CG-4761
BA07710
CG-4762
BA07711
Poz-42550

Bulk
Leaf
Wood
Leaf
Leaf
Bulk
Leaf
Bulk
Leaf
Leaf

20
56
101
154
165
186
219
266
280
310

400
1215
1875
2615
2880
3490
3850
4780
4840
6230

C yr BP
±
±
±
±
±
±
±
±
±
±

40
40
40
40
40
90
40
80
35
35

Cal. yr BP (median)
482
1156
1822
2749
2979
3757
4244
5507
5592
7160

3.2. Lipid and carbon isotope analysis
Lipid and carbon isotope analyses were carried out at the National Research Center of Geoanalysis, China. Aliquots of the freezedried samples were extracted with an accelerated solvent extractor
(ASE, DIONEX350) using dichloromethane at 120  C and 1500 psi
for two cycles. Total extracts were rotary evaporated under near
vacuum and separated by Solid Phase Extraction (SPE) with silica
gel solid phase. The alkanes were eluted with n-pentane. The elutant was analyzed by GC before being separated further by 5A
molecular sieving. Following Grice et al. (2008), the n-alkanes were
separated from branched/cyclic hydrocarbons using 5A molecular
sieves. The n-alkanes were trapped in a 5A molecular sieve that was
washed with cyclohexane to remove branched/cyclic hydrocarbons
and then sealed in an ASE vial (60 ml) with a mixture of cyclohexane/pentane (9:91, v/v). The vial was heated on an aluminum
block at 85  C (8 h) (Sun et al., 2013). The sample was then ﬁltered
through a Pasteur pipette plugged by cotton wool with n-pentane.
The n-alkane fraction was analyzed by GCeirMS.
GC analyses were performed using a SHIMADZU GC-2010 gas
chromatograph equipped with a DB-5MS capillary column
(30 m  0.25 mm  0.25 mm) and a ﬂame ionization detector.
Nitrogen was used as the carrier gas. The oven was programmed so
that the temperature rose 8  C/min from 80 to 320  C and then
stayed isothermal for 20 min.
Compound-speciﬁc carbon isotope analyses were performed on
a TRACE2000 gas chromatograph combined with a MAT 253 isotope
ratio mass spectrometer. The gas chromatograph was equipped with
a DB-5MS capillary column (30 m  0.25 mm  0.25 mm). The oven
temperature was set to rise 4  C/min from 80 to 320  C and then kept
isothermal for 10 min. The temperature at the combustion interface
was 960  C. Reproducibility of compound-speciﬁc carbon analyses
of individual n-alkanes (C21eC33) was better than 0.5‰. All d13C
values are the average of two or three measurements and expressed
versus the PDB standard.
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3.3. Organic carbon and total nitrogen
Freeze-dried subsamples were acidiﬁed with HCl. The concentrations of organic carbon and total nitrogen were determined using a CHNS elemental analyzer (PE2400 Series CHNS/O Analyzer).
Blank samples and a standard with known elemental composition
(acetanilide) were used for quality control. The precision of the
method was 0.5% and 1.0% for organic carbon and total nitrogen,
respectively.

4. Results
4.1. Varve chronology
Dinocyst varves are well preserved in the upper 387 cm of Lake
Xiaolongwan sedimentary sequence, but are interrupted by a 28 cm
thick slump mass between 388 and 415 cm. The varve chronology
for the upper 271 cm has been published in previous studies (Sun
et al., 2013; Xu et al., 2014). In this study, we extend the varve
sequence to the upper boundary of the slump mass. Additionally, 10
AMS 14C ages were converted to calendar ages using the atmospheric data set from the calibration program CALIB 4.03 (Stuiver
et al., 1998). Fig. 2 shows the varve chronology and AMS 14C data
versus depth for Lake Xiaolongwan (Fig. 2). Eight calibrated AMS
14
C ages are about 100e300 years older than the ages derived from
the varve chronology. Two calibrated AMS 14C ages are about 600
years older than the varve chronology. This age discrepancy may be
due to a carbon reservoir effect within the aquatic ecosystems, or be
due to sediment focusing of older marginal organic material into
the deepest part of the lake (e.g. Oldﬁeld et al., 1997; Oswald et al.,
2005). Although varve chronology can be compromised by a
number of factors, such as less distinct couplets in some varves and
counting error, the error of varve chronology in Lake Xiaolongwan

Fig. 2. Varve age and AMS

14

C dates versus sediment core depth.

is no larger than 4% as estimated by re-counting the varves three
times. In this study, we use the ages derived from the varve chronology for the mid-point of each sampling interval.
4.2. Distribution of the n-alkanes
All analyzed samples are characterized by strong odd over even
carbon number predominance (Fig. 3). Maximum contribution is
from long-chain n-alkanes (C27 and C29), as reported from many
lake sediments (Cranwell et al., 1987; Huang et al., 1999; Zhang
et al., 2006). It is a typical distribution in forested areas, usually
with a maximum at C29 or C27 (Cranwell et al., 1987; Zhang et al.,
2006). Relatively high abundances of the short- and middle-chain
n-alkanes (C21, C23 and C25) can be observed in the late Holocene
(0e4.0 ka BP) (Fig. 3A).
Fig. 4 shows the concentration of n-alkane in individual compounds in the sediment during the past 9.0 ka. The variations of
each compound in the sediment display broadly similar patterns,
characterized by a gradual increase from the early Holocene (9.0 ka)
to the middle Holocene (4.0 ka), a sharp increase around 4.0 ka, and
a slight decrease of all n-alkanes in the recent decades (Fig. 4). The
relatively high abundance in the long-chain (C27eC31), middlechain (C23eC25) and short-chain (C17eC21) n-alkanes suggests
relatively equal contributions to the sediment from forest, macrophytes and algae.
4.3. Carbon isotopic composition of n-alkanes
The isotopic values of the analyzed compound-speciﬁc carbon
are presented in Fig. 5. The long chain n-alkanes (C27eC31) have
signiﬁcantly heavier values than short-chain n-alkanes (C21) and
middle-chain n-alkanes (C23eC25). The weighted d13C values of the
long chain n-alkanes (C27eC31) range from 28.8‰ to 34.9‰,
with an average value of 30.9‰. This average value is slightly
more negative than the mean d13C in modern trees (29.0%) in the
study area (Liu et al., 2005; Parplies et al., 2008).
The stable carbon isotope values of short-chain n-alkanes (C21)
vary between 28.0‰ and 46‰, with a mean value of 41.5%

Fig. 3. Molecular distribution and carbon isotopic values in the Holocene A: The late
Holocene: (0e4.0 ka BP); B: The early Holocene: (9.0e4.0 ka BP). The bar charts show
mean values of n-alkanes (concentration expressed as mg/g dry sediment) and the lines
show the averaged carbon isotopic value of n-alkanes.
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Fig. 4. Proﬁle of n-alkanes in Lake Xiaolongwan sediment. The concentration of n-alkanes is expressed as mg/g dry sediment.

(Fig. 5). They are strongly negative compared with d13C value of
long-chain n-alkanes. The d13C21 show a signiﬁcant decreasing
trend from 9.0 ka to 4.0 ka (Fig. 5).
The d13C values of the middle-chain n-alkanes (C23eC25) vary
between 29.4‰ to 38.0‰, with an average value 33.1‰.
Similar negative values for middle-chain n-alkanes have been reported from a deep crater lake in eastern Africa but their origin was
 et al., 2011). The d13C values of
unknown (Sinninghe Damste

modern aquatic plants (e.g., Phragmites australis, mean
value ¼ 23.8‰) from nearby peatland are not so negative (Hong
et al., 2001). In Lake Xiaolongwan, emergent macrophytes can
utilize isotopically lighter carbon sources in the water for photosynthesis, and therefore could be characterized by lower d13C
values (Sun et al., 2013). Similar isotopic variations can be observed
between the macrophytes-derived and algae-derived compounds
(Fig. 5).

Fig. 5. Variations in carbon isotopic composition of individual compounds during the past 9 ka.
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5. Discussion
5.1. The distribution pattern of the n-alkanes
It has been suggested that long-chain n-alkanes (C27eC35)
originate mainly from the epicuticular waxes of higher plants,
while mid-chain n-alkanes (C23eC25) are the dominant component
of submerged aquatic macrophytes, and short-chain n-alkanes
(C17eC21) are from aquatic algae (Eglinton and Hamilton, 1967;
Cranwell et al., 1987). Although some exceptions have been re~ eda et al., 2009; Aichner et al., 2010;
ported in the literature (Castan
Rao et al., 2011), this general distribution pattern provides an
approximate scheme to interpret the relative contributions of
aquatic macrophytes, grass and terrestrial organic matter into lake
sediments.
Based on the origins of n-alkanes, several indices have been
used routinely for paleoenvironmental and paleoclimatic reconstructions. The average chain length (ACL) is the concentration
weighted mean chain length of the C27, C29, C31, and C33 n-alkanes
(Gagosian et al., 1986). In Lake Xiaolongwan, the ACL values show a
decreasing trend from 9.0 ka to 2.8 ka, and an increasing trend from
2.8 ka to the present (Fig. 6A). In general, the ACL values have been
observed
to
increase
with
increasing
temperature
(Rommerskirchen et al., 2003; Zhang et al., 2006). It could be due to
the melting points of n-alkane homologues increasing with chain
length (Rommerskirchen et al., 2003). Fig. 6A shows that the trend
in ACL broadly matches with a reduction in precession-driven July
insolation at latitude 45 N (Berger and Loutre, 1991). However,
temperature is not the only factor that regulates ACL values. Other
factors such as vegetation type and effective precipitation could
also have a signiﬁcant effect on the ACL value (Huang et al., 1999;
Zhou et al., 2010; Bush and McInerney, 2013).
The ratio (nC31 þ nC33)/(nC27 þ nC29) has been used to assess the
contribution between herbaceous vs. tree sources of organic matter
since the nC31 and nC33 alkanes tend to be dominant in grasses
while the nC27 and nC29 alkanes are dominant in trees (Cranwell
et al., 1987). However, Bush and McInerney (2013) recently

argued that both graminoids and woody angiosperms produce C29
and C31 in abundance relative to other n-alkane chain lengths, and
the ratios of these two compounds are highly variable and overlapping between these groups. Moreover, Rao et al. (2011) have
examined the variation of n-alkane chain-length abundances in
modern plants and soil samples from China, and suggested that
source vegetation types could not be simply inferred from distribution patterns of long-chain n-alkanes in soil. Therefore, this
grass/tree ratio cannot be generalized and used as a reliable proxy
for separating the contributions from grasses and woody plants.
Similarly, there is high nC31 abundance in the sediment of Lake
Xiaolongwan (Figs. 3 and 4), while modern grasses contribute very
little to the vegetation of the lake catchment. Thus, our results also
suggest that the concept that n-C31 alkane can be used to indicate
the predominance of grasses must be abandoned.
Considering the limitations of the above mentioned ratio based
on n-alkane chain lengths, we propose a new index, lake productivity/terrigenous organic production (LPTP) to estimate plant
types. This ratio, modiﬁed from the terrigenous/aquatic ratio of
hydrocarbons (Silliman et al., 1996; Meyers, 2003), is deﬁned as:

LPTP ¼ðnC17 þ nC19 þ nC21 þ nC23 þ nC25 Þ=
ðnC27 þ nC29 þ nC31 þ nC33 Þ
The idea behind this ratio is to use n-alkanes to assess how the
trophic status of the lake evolved. The principle is that the middleand short-chain n-alkanes (C17e25) represent lake productivity
(phytoplankton, macrophytes and periphyton), whereas the longchain n-alkanes (C27e33) is mainly from terrestrial plants. Generally, oligotrophic lakes (low LPTP ratio) have low algal production
and little macrophytes due to low nutrient concentration. By
contrast, nutrient-rich eutrophic and hyper-eutrophic lakes (high
LPTP ratio) have high algal production and abundant macrophytes.
The LPTP ratio in Lake Xiaolongwan sediment varies between
0.2 and 1.4 (mean value 0.7), shows an increasing trend from 9.0 ka
to 4.2 ka and high values after 4.2 ka (Fig. 6B). This suggests that
Lake Xiaolongwan trophic state changed from being oligotrophic

Fig. 6. Comparison of lipid biomarker proxies. (A) The average chain length (ACL) ACL ¼ S (i  Ci)/SCi, Ci is the abundance of n-alkane with i ranging from 23 to 33. The red dash line
shows July insolation at latitude 45 N (Berger and Loutre, 1991). (B) The lake productivity/terrigenous organic production (LPTP) index. Blue line: total nitrogen. (C) The Paq ratio;
Paq ¼ (n-C23 þ n-C25)/(n-C23 þ n-C25 þ n-C29 þ n-C31). (D) The weighted d13C21e25 values of the n-C21e25 alkanes. Blue line: total organic carbon. (E) The weighted d13C27e31 values of
the n-C27e31 alkanes. (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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with low algal production and little emergent/submerged macrophytes in the early Holocene to eutrophic, with high algal production (dinoﬂagellate bloom) and abundant emergent/submerged
macrophytes since middle Holocene. The pattern of variations of
the LPTP is broadly similar to that of total nitrogen concentration
(Fig. 6B).
Lake level ﬂuctuation could be estimated from the biomarker
index Paq (aquatic macrophyte versus aquatic macrophyte and
terrestrial plant ratio) (Ficken et al., 2000). Speciﬁcally, low Paq
values indicating a signiﬁcant input from submerged/ﬂoating
plants, and therefore indicate lake shrinkage and low precipitation
(Ficken et al., 2000; Sun et al., 2013). The changes in Paq values in
Lake Xiaolongwan sediment indicate an increasing trend in lake
level from 9.0 ka to 4.0 ka BP, and high lake level in the late Holocene (Fig. 6C).
5.2. Compound-speciﬁc carbon isotopes of the short and middlechain n-alkanes
The isotopic composition of individual compounds provides a
powerful technique to understand limnological, environmental and
climatic change in lakes. However, limnic systems are complicated
by the high diversity of plankton and macrophytes, physical and
chemical variables. Thus, care should be taken in interpreting
compound-speciﬁc carbon isotopes in a given lake and background
knowledge on its limnology is necessary.
In Lake Xiaolongwan, previous research suggested that the
strongly negative d13C21 values could be linked to a methanederived, negative d13C pool and lake overturn, which regulates
dinoﬂagellate bloom (Sun et al., 2013). The weighted values of
shortand
middle-chain
n-alkanes
(d13C21e25)
vary
between 29.3‰ and 39.7‰ during the past 9.0 ka BP (Fig. 6D).
An increasing trend of d13C21e25 can be observed from 9.0 ka to
4.0 ka BP. In the late Holocene (0e4.0 ka BP), the d13C21e25 values
are strongly negative (Fig. 6D). Generally, the d13C21e25 values in the
sediment covary with the total organic carbon (TOC) and total nitrogen. These features suggest that the accumulating organic pool
(methane source) and lake productivity through time play an
important role for compound-speciﬁc carbon isotopic values in the
middle- and short-chain alkanes.
5.3. Compound-speciﬁc carbon isotope composition of the longchain n-alkanes
It has been widely recognized that long-chain n-alkanes are a
main component of the epicuticular waxes of terrestrial plants.
Stable carbon isotopic compositions of long-chain n-alkanes
depend on multiple factors such as the d13C value of atmospheric
CO2 as a substrate of photosynthesis, the physiological responses to
environmental changes and plant types (C3, C4 and CAM plants). In
regions with C3eC4 mixed vegetation, the carbon isotopic composition of the long-chain n-alkanes has been widely used to estimate
~ eda et al., 2007;
relative contributions of C3 and C4 plants (Castan
Berke et al., 2012). This is possible due to the large isotopic difference between C3 and C4 plants.
In regions where C3 plants dominate, one deﬁnite conclusion
is that the d13C value decreases with increasing rainfall except
under extremely wet condition (Ma et al., 2012; Wang et al.,
2013b). In the case of Lake Xiaolongwan, the negligible contribution of C4 plants in the catchment vegetation simpliﬁes the
interpretation of the compound-speciﬁc carbon isotopic variation of the long-chain n-alkanes. Furthermore, a previous study
based on historical documents supports the idea that d13C27e31
could be used to estimate effective precipitation in Lake Xiaolongwan (Sun et al., 2013). Considering the Suess effect in
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terrestrial plants, the carbon isotopic values of the long chain nalkanes (C27eC31) have been corrected by using the formula
developed by Verburg (2007).
Fig. 6E shows the variations of d13C27e31 (weighted value of
nC27enC31) in the sediment in Lake Xiaolongwan over the past
9.0 ka. The variations of d13C27e31 values show distinct centennial
to millennial oscillations followed by a gradual declining trend
since the early Holocene (9.0 ka BP). A period of relative drought
occurred in the early Holocene. In the Hani peat sequence,
located at a distance of 15 km from Lake Xiaolongwan, data on
the hydrogen isotopes of plant wax n-alkanes (Seki et al., 2009),
biomarker lipid compositions (Zhou et al., 2010) and peat cellulose d13C (Zhou et al., 2010) indicated dry conditions in the
early Holocene. In western and northern China, the early Holocene drought (9.5e8.5 ka BP) has been linked to a weakening of
mid-latitude westerly winds and decreased upstream evaporation compared to the present day (Chen et al., 2008; Jin et al.,
2012).
5.4. Centennial to millennial oscillations
Wavelet power spectrum of the d13C27e31 data yields highly
signiﬁcant (>99% conﬁdence level) quasi-periodicities of
205e212; and quasi-periodicities of 87e89, 113e114, 136e137,
146e147, 1020e1050, and 1750e2041 years with a conﬁdence
level >95% (Fig. 7). On the centennial timescale, the quasiperiodicities are most likely associated with solar variability at
88, 140e150 and 210 years (Stuiver et al., 1998). The most
prominent centennial cycle is the Suess cycle (around 210 years).
This result suggests a strong link between solar activity and
monsoon rainfall in the study area. In the Asian monsoonal area,
such cycles have been observe in many paleoclimatic records
(Hong et al., 2001; Ji et al., 2005; Lim et al., 2005; Wang et al.,
2005). For example, spectral analysis of the d18O record of
Dongge Cave shows signiﬁcant peaks at 208 yr and 86 yr
(Dykoski et al., 2003). Although the mechanism behind the statistical correlations is not clear, climate model simulation suggest
that an increase in surface temperature, whether it is due to
increased solar ﬂux or increased greenhouse trapping, will increase this ﬂux divergence and hence increase precipitation (Liu
et al., 2013). The teleconnected dynamic processes such as the El
~ oeSouthern Oscillation (ENSO) and the Paciﬁc decadal oscilNin
lation (PDO) could operate a link to solar activity through
changes in the sea surface temperature pattern (Sun et al., 2013).
The quasi-periodicities of 1750e2041 years may relate to the
millennial-scale climatic oscillation recognized in a numbers of
oceanic and terrestrial sites (Bond et al., 1997; Yu et al., 2003; Isono
et al., 2009). Interestingly, the d13C27e31 time series shows an
opposite pattern of variation compared with the stalagmite oxygen
isotope record from Water cave (Tan, 2007) and Nuanhe cave (Wu
et al., 2011, 2012), about 150 km away from Lake Xiaolongwan
(Figs. 1 and 8). There is an ongoing debate regarding the interpretation of Chinese stalagmite d18O records (Clemens et al., 2010; Tan,
2013), partly due to different dominant controlling factors on d18O
values in different climatic regions. We interpret the d18O signal
from Nuanhe and Water caves as a seasonal differences in precipitation since the modern winter precipitation d18O (mean
value 20.3‰ from Dec. to Feb.) is about 11.6‰ more negative
than in the summer (mean value 8.8‰ from Jun. to Aug.) as
shown by monthly samples in the northeastern China during
2005e2006 (Liu et al., 2010). The increasing stalagmite d18O trend
from the early Holocene to the late Holocene may suggest seasonal
difference between winter and summer precipitation, an increasing
summer rainfall with heavier isotopic values or decreasing winter
precipitation with more negative d18O (Fig. 8B). Recently, a
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Fig. 7. Wavelet analysis of the d13C27e31 time series during the past 9.0 ka BP. High/low power is indicated by red/blue colors. The black line shows the 95% conﬁdence level and the
dark shaded area indicates the cone-of-inﬂuence. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

stalagmite d18O record from Fukugaguchi Cave (Japan) has been
interpreted as proxy record of winter monsoon precipitation
because of a good accordance between d18O and meteorological
winter precipitation (Sone et al., 2013).
On the millennial time scale, an anti-correlated relationship can
also be observed between the d13C27e31 values and the stalagmite
oxygen isotope records from south China (Fig. 8A), which has been
interpreted as a weakening of summer monsoon through the Holocene that broadly follows the reduction in precession-driven
summer insolation in the Northern Hemisphere (Wang et al.,
2005). It is not paradoxical because “amount effect” is signiﬁcant
at low latitudes (Dansgaard, 1964; Dykoski et al., 2003; Wang et al.,
2005; Fleitmann et al., 2007), less pronounced at high latitudes
(Dansgaard, 1964). Amount effect is the oxygen isotopic value in
precipitation is anticorrelated with the precipitation amount at low
latitudes (Dansgaard, 1964). Dansgaard (1964) also noted that
seasonal oxygen isotopic variation at high latitudes is ascribed to
the temperature effect. In northeastern China, the climate is characterized by lower rainfall and very strong seasonality. The seasonality and temperature could play an important role on the
oxygen isotopic values recorded in stalagmites in northeastern
China.

Fig. 8. Comparison of the d13C27e31 time series from Lake Xiaolongwan with Chinese
stalagmite d18O records. (A)The d13C27e31 time series (black curve), the stalagmite d18O
from Dongge cave (blue curve) (Dykoski et al., 2003). (B) The d13C27e31 time series
(black curve), the stalagmite d18O (blue curve) from Water cave (0.4e4.5 ka BP) (Tan,
2007) and Nuanhe cave (4.5e9.1 ka BP) (Wu et al., 2012). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

5.5. The Paciﬁc role on millennial monsoon cycle
In the past few years, a number of hypotheses regarding the
millennial climate cycle have been published (Bond et al., 1997;
Bianchi et al., 1999; Broecker et al., 1999; Stott et al., 2002; Oppo
et al., 2003; Turney et al., 2004). A commonly proposed mechanism
is that millennial-scale change is driven by the North Atlantic region and is transmitted via the thermohaline circulation to the
Paciﬁc and globally (Bianchi et al., 1999; Broecker et al., 1999).
However, there is no clear seesaw pattern of sea surface temperature between the North Atlantic and the north Paciﬁc during the
Holocene (Max et al., 2012).
In northeastern China, modern summer rainfall is mainly
controlled by two high pressure systems: the western Paciﬁc Subtropical High (WPSH) and the Okhotsk High. It is well known that
the WPSH is the most important component of the EASM. Recently,
several studies reported that the Okhotsk High also plays an
important role in northeastern China by directly bringing moisture
from the Okhotsk Sea to China and by regulating the position of the
subtropical monsoon stationary front (Meiyu) with Rossby wave
propagation (Wang, 1992; Ding, 1994; Zhao and Zhou, 2006; Zhou
et al., 2010). Considering the modern monsoon variability coupling
with sea surface temperature (SST) variations in the Paciﬁc Ocean
(e.g., Shen et al., 2006; Ding et al., 2010), the millennial monsoon
cycle could be also directly linked with the Paciﬁc Ocean.
It is interesting to compare the d13C27e31 values with the highresolution SST data in the north margin of the WPSH (Sun et al.,
2005) and the south margin of the Okhotsk High (Minoshima
et al., 2007) (Fig. 9A and B). At the millennial time scale, increase
summer monsoon rainfall (decrease of d13C27e31) is roughly
correlated with the SST in the subtropical region (WPSH) (Fig. 9B).
The increasing SST may be associated with the northward shift of
the WPSH, which extends the monsoon rain band (Meiyu) to
northeastern China and increase rainfall. On the other hand, the
decreasing SST in the Okhotsk Sea may strengthen the Okhotsk
high that brings more moisture into the Far East, including northern Japan and northeastern China (Kakei and Sekine, 2004)
(Fig. 9A).
On the millennial timescale, proxy data suggest that a zonal SST
gradient between the eastern and western tropical Paciﬁc could
have caused a bifurcation in the ENSO system in the middle Holo~ aelike state (strong monsoon rainfall) during the
cene, and a La Nin
early to middle Holocene (Marchitto et al., 2010; Shi et al., 2012).
This would explain the strengthening of monsoon rainfall in
southern China in the early Holocene. The modern climate in
southern China and in India is mainly governed by tropical
monsoon trough (intertropical convergence zone) (Ding, 1994),
while the climate in northeastern China may be less sensitive to the
zonal SST gradient.
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distinct centennial to millennial oscillations followed by a gradual
decline since the early Holocene. On the centennial timescale,
quasi-periodicities of 88 and 210 years in the d13C27e31 time series
suggest a strong link between solar activity and monsoon rainfall.
In view of the coupling between the modern summer monsoon
rainfall and two active atmospheric centers (the WPSH and the
Okhotsk High), we suggest that the millennial cycles in northeastern China are associated with SST variations in the Paciﬁc.
Increasing SST may be associated with the northward shift of the
WPSH, which extends the monsoon rain band (Meiyu) to northeastern China and causes an increase in rainfall. Meanwhile,
decreasing SST in the northwestern Paciﬁc may strengthen the
Okhotsk high, which brings more moisture into northeastern
China. Therefore, the Paciﬁc Ocean plays a dominant role for
monsoon rainfall in northeastern China at different timescales.
Acknowledgments

Fig. 9. Comparison of the d13C27e31 time series with SST in the north margin of WPSH
and the Okhotsk High. (A) d13C27e31 time series (blue curve), SST in the south margin of
the Okhotsk Sea (red curve) (Minoshima et al., 2007). (B) d13C27e31 time series (blue
curve), SST (A7) in the north margin of the WPSH (red curve) (Sun et al., 2005). (C) Sealevel variations (Grifﬁths et al., 2009). (D) The ENSO variability (Red color intensity)
(Rodbell et al., 1999). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

The pattern of the d13C27e31 data observed in this study indicates
a gradually increasing summer monsoon from the early Holocene
to the middle Holocene. This pattern broadly follows an increasing
ENSO activity (Rodbell et al., 1999) (Fig. 9D), and increasing sea
level through the Holocene (Grifﬁths et al., 2009) (Fig. 9C). High sea
level and sea surface area would increase the supply of moisture for
monsoon precipitation (Grifﬁths et al., 2009). However, the
mechanism behind the ENSO and EASM is not clear because of
complex space and time structures in the modern monsoon rainfall
(Lim and Kim, 2007). The fundamental driver of the SST is solar
heating, but no such cycles (1750e2041 years) have been identiﬁed
in the proxy data for solar activity (i.e. cosmogenic radionuclides
14
C and 10Be). Oceanic process can shape SST pattern from the
tropics to the polar region through the wind driven currents and
the density driven thermohaline circulation.
6. Summary
Biomarker n-alkane proxies data derived from the analysis of
the annually laminated sediments of Lake Xiaolongwan provide
evidence of limnological evolution and cyclic climatic variations
over the past 9 ka. The n-alkane distribution suggests that Lake
Xiaolongwan evolved from an oligotrophic state with low algal
production and little emergent/submerged macrophytes in the
early Holocene, to a eutrophic state with high algal production and
abundant emergent/submerged macrophytes since the middle
Holocene. The variation of compound-speciﬁc carbon isotopic
value in the middle- and short-chain alkanes was mainly regulated
by lake productivity and the accumulating organic pool through
time.
In forested area dominated by C3 plants, the long-chain n-alkanes (C27eC33) found in the lake sedimentary record are predominantly derived from leaf wax lipids originating from the forest.
The compound-speciﬁc d13C27e31 value is sensitive to effective
precipitation, and therefore represents a useful indicator of
regional monsoonal precipitation. The d13C27e31 values show
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