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Situated at the border between the Southeast Asian continent and the northwestern Pacific, Taiwan's climate is
primarily influenced by the East Asian Summer Monsoon (EASM) and episodic tropical cyclones formed in the
western Pacific. The lake sediments in Taiwan thus potentially archive the information of typhoon events and
past monsoon variability. A high-resolution multi-proxy (total carbon, mass accumulation rate of total carbon,
weight percent of wood fragments, δ13C of the organic carbon, magnetic susceptibility, chemical weathering
index) and well-dated lacustrine record from Dongyuan Lake (22°10′N, 120°50′E; 360 m above sea level) in
southern Taiwan was used to reconstruct centennial to millennial timescale EASM oscillations specifically for
the transition from the last deglaciation to the Early Holocene (17–9 ka BP). The temporal patterns of proxies
on both timescales in our records broadly agree with those in the Greenland ice core, which shows enhanced
EASMduring the warm period andweakenedmonsoon during the cold period. Different from northern high-lat-
itude climates, we found two phases in theMystery Interval, opposite Bølling–Allerød (BA) trendwithmaximum
monsoonal rainfall in theAllerød period andmore gradual transition to Younger Dryas event in our record. Likely,
other climate forcings beyond the North Atlantic climate jointly modulated the EASM. Changes of sea surface
temperature in the western tropical Pacific also might have exerted synergistic control on EASM precipitation
in Taiwan on the centennial timescale during the last deglaciation. In addition, several high sedimentation events
accompanied by significant amounts of wood fragments were observed and coincide with the paleo-record of
mass wasting events identified on various downstream floodplains in Taiwan. Since mass wasting processes
were rainfall-driven and threshold-triggered, such coherence possibly indicated an intensification of typhoon
activity during the early Holocene. More high-resolution lacustrine records are required to decipher the hydro-
logical variation and climate dynamics that were co-influenced by the Intertropical Convergence Zone (ITCZ)
and typhoon activity in Southeast Asia.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
High resolution
East Asian summer monsoon
Last deglaciation
Southern Taiwan
1. Introduction

The East Asian Monsoon (EAM) is an important component of the
global climate system and plays a significant role in global hydrologic
and energy cycles. The evolution of the EAM is a principal and direct fac-
tor that has influenced the past environment in East Asia, particularly
the amount and distribution of precipitation on both local and regional
scales that directly determines the prosperity of livelihood of tens of
thousands of people who live in monsoonal regions in East Asia
(An, 2000). A full understanding of the EAM variability in the past and
its forcingmechanisms is vital to accurately predict its future evolution.

The history of the EAM has been explored since the early 1990s
(An, 2000 and references therein). The precise timing and structure of
East Asian Summer Monsoon (EASM) variability in different timescales
have been well established by Chinese stalagmite records over the past
decade (Cai et al., 2006; Cheng et al., 2006, 2009, 2012; Dykoski et al.,
2005; Liu et al., 2008, 2013; Ma et al., 2012; Wang et al., 2001, 2005,
2008; Yang et al., 2010; Yuan et al., 2004). The East Asian monsoon is
characterized by orbitally controlled cycles, punctuated by millennial
and sub-millennial timescale events and synchronous with northern
high latitude climate variation (e.g., Cheng et al., 2006; Liu et al., 2013;
Ma et al., 2012; Wang et al., 2001, 2008). The climate variability during
the last deglaciation (Termination I) is one of the most intriguing areas
of paleoclimate research due to a serial abrupt climatic fluctuations
including millennial scale events such as the “Mystery Interval” (MI,
17.5–14.5 ka BP, Denton et al., 2006), Bølling-Allerød Interstadial (BA,
14.5–12.9 ka BP) and Younger Dryas Stadial (12.9–11.7 ka BP) and
sub-millennial scale events (i.e., Older Dryas, OD; Intra-Allerød Cold
Period, IACP), which may advance our understanding of earlier abrupt
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climate change (Genty et al., 2006) and help us to assess future environ-
mental changes under modern global warming. The consistency in
the timing and duration of the millennial and sub-millennial scale
events during the last deglaciation as observed in Chinese Speleothem
records and Greenland temperature records provides evidence for a
teleconnection between the EASM system and the climate in northern
high latitudes (Dykoski et al., 2005; Ma et al., 2012; Wang et al., 2001;
Wang et al., 2005; Yang et al., 2010).

However, the climatic interpretation, particularly the moisture
sources, of stalagmite records still remains debatable (Maher and
Thompson, 2012; Pausata et al., 2011). Recently, the variation of δ18O
in Chinese stalagmite records was proposed to reflect “a mean state of
summer monsoon intensity or integrated moisture transport rather
than local precipitation” (Cheng et al., 2012). A recent model study
further corroborated this view (Liu et al., 2014). Although the authors
suggested that the stalagmite δ18O records in China do represent the in-
tensity of EASM, these records do not seem to be related to the rainfall
changes in southeastern China (Liu et al., 2014). Nevertheless, high-
resolution and well-dated records of the EASM prior to the Holocene
are almost exclusively from Chinese stalagmite studies. In addition,
the correlation between EASMprecipitation and the sea surface temper-
ature in the tropical Pacific in the past remains ambiguous, although
several reports have suggested the variation of sea surface temperature
(SST) in the western tropical Pacific also might have important impacts
on the EASM (Cai et al., 2010; Selvaraj et al., 2007, 2011; Zhong et al.,
2015). Thus, more independent high-resolution natural archives, espe-
cially for the low latitude regions, are urgently needed to fully under-
stand the EASM variability, particularly the magnitude, frequency and
forcing mechanisms of the EASM during the last deglaciation.

Taiwan Island is located off the southeastern coast ofmainland China
and sits along the front edgeof the East Asianmonsoon range; therefore,
it is geographically suitable for exploring past monsoon variability
through its natural archives such as lake sediment and peat deposits
(Lee et al., 2010, 2014; Li et al., 2013; Liew et al., 2006a, 2006b, 2014;
Selvaraj et al., 2007, 2011, 2012; Wang et al., 2014, 2015; Yang et al.,
2011, 2014). The climate of Taiwan is mainly influenced by the East
Asian monsoon system superimposed by episodic tropical cyclones
(typhoons). On average, 3–4 typhoons make landfall during late sum-
mer and early fall every year (Chen and Chen, 2003). The total rainfall
of Taiwan is very high (3300 mm) and tropical cyclones account for as
high as 47.5% of the total (Chen et al., 2010). In addition to typhoon
rain, a strong seasonality can be observed with warm and wet seasons
during the boreal summer (May–September) and relatively cool and
dry seasons during the winter (October–April). Because of typhoon-
induced high precipitation (and thus high erosion and sedimentation
rates) and strong tectonic activities, Taiwan Island has the world's
largest physical weathering rate (Kao and Milliman, 2008; Li, 1976);
therefore, the lacustrine sediment records in Taiwan are generally
younger than the last glacial period except for a few longer records
(e.g., Liew et al., 2006a; Yang et al., 2011). The ~14.5-m-long core
TYP-B retrieved from Dongyuan Lake in southern Taiwan fortunately
covered the last 21 ka. Previously, palynological records and sedimenta-
ry organic matter have been published in low temporal resolution to
infer vegetation change and monsoonal rainfall evolution (Lee and
Liew, 2010; Yang et al., 2011). Due to their relatively lower sampling
resolution, the fine structures andmechanisms of the climate oscillation
variability during the last deglaciation and Early Holocene have not
been revealed and discussed. In this study, we present a multi-proxy
record (total carbon, mass accumulation rate of total carbon, weight
percent of wood fragments, δ13C of the organic carbon, magnetic sus-
ceptibility and chemical weathering index) with high sampling resolu-
tion for the period of the last deglaciation from Dongyuan Lake in
southern Taiwan. The fine structures of climate oscillation variability
are thus reconstructed, which facilitates a comparison with other re-
cords from mainland China and the North Atlantic region to examine
different climatic responses at centennial to millennial scale.
2. Geographical setting and modern climate

Dongyuan Lake (22°10′N, 120°50′E; 360m above sea level), is locat-
ed along the northern edge of a hilly basin in southern Taiwan, near the
head waters of Mudan River (Fig. 1). At present, the lake has a surface
area of 2 × 104 m2. The lake level is less than 2 m and the drainage
area covers approximately 94 × 104 m2 and ranges from 360 m to
500 m a.s.l. The surrounding catchment of Dongyuan Lake is covered
by lowland subtropical evergreen forest (Lee and Liew, 2010). Accord-
ing to instrumental records from a nearby meteorological station, the
contemporary average monthly air temperatures in the study area
vary between 20.7 °C and 28.4 °C with an annual mean temperature
of 25.1 °C (Fig. 1C). The annual precipitation is greater than 2000 mm,
and approximately 90% of the precipitation occurs during the summer
when southwesterly monsoon prevails and typhoons frequently
pass. Over half of the summer rainfall comes from tropical typhoons
which commonly bring intensive rainfall (N100 mm/d) for a few days
(see spiky daily rainfall in Fig. 1D).

3. Sampling and methods

Core TYP-B was retrieved from the center of Dongyuan Lake in
2004. Yang et al. (2011) previously used 16 AMS 14C dates on organic
materials of wood and plant debris to establish the chronology of the
entire core (14.5 m). For this study, we focused on the middle part of
this core from8.5 to 13.2m,which is comparable to the last deglaciation
and the Early Holocene.We added 12 radiocarbon dates for this specific
period to obtain a better age model. To obtain higher temporal resolu-
tion analyses, we subsampled at 1-cm intervals so that a total of 460
sub-samples were obtained from this segment with an average tempo-
ral resolution of approximately 16 calendar years, which is adequate to
reveal multi-decadal to centennial scale variations in paleoclimate.

For total carbon analysis, an aliquot of freeze-dried, ground bulk sed-
iments was analyzed with a HORIBAmodel EMIA-220 V C/S analyzer at
1350 °C. Note that, there is a certain amount of wood debris present in
some sections of this core, thus, we picked out and weighed these
wood debris before themeasurements. Here, we analyzed the total car-
bon content instead of organic carbon as a paleoclimate proxy because
the concentrations of TOC and TC were highly correlated (Fig. 2, r2 =
0.97, n=95). On the other hand, independent analysis on clayminerals
revealed that the core contained only a trace amount of carbonate (Yang
et al., 2011). Thus, we use TC hereafter in this study.

Magnetic susceptibility (MS) was measured with a Bartington MS2
Susceptibility System mounted on an ASC auto-tracking rail. Samples
were also taken at 1-cm intervals.

The isotopic compositions of organic carbon were measured at
2–5 cm intervals by using an elemental analyzer (EA2100 Carlo Erba)
coupled with a Thermo Finnigan Deltaplus Advantage isotope ratio
mass spectrometer (IRMS), as detailed in Kao et al. (2006, 2008). All
the isotopic values are presented in standard δ-notation in per mil
(‰) with respect to Pee Dee Belemnite (PDB) carbon. The reproducibil-
ity of the carbon isotope measurements is better than 0.2‰.

Major elements (Al, Na, Ca and K) were taken at 5-cm intervals
and analyzed by using an ICP-OES (Optima 3200DV, Perkin-Elmer™
Instruments, Waltham, Massachusetts, United States) to assess the
state of chemical weathering. The total digestion method has been re-
ported byHsu et al. (2003). Themajor element contentswere converted
into their stoichiometric oxides for further calculation.

The total sediment accumulation rate (SAR) andmass accumulation
rate (MAR-TC) of total carbon were calculated by using the following
formula:

SAR g cm−2yr−1� � ¼ DBD g cm−3� � � LSR cm yr−1� � ð1Þ

MAR‐TC g cm−2yr−1� � ¼ SAR � TC %ð Þ ð2Þ



Fig. 1. Location and climatic data of the study area. (A) Asian monsoon region (modified from Selvaraj et al., 2012); (B) location of Dongyuan Lake (DYL) in Taiwan; (C) thirty-year mean
monthly climatic records and (D) ten-year daily rainfall record from the Hengchun meteorological station nearDongyuan Lake (http://www.cwb.gov.tw/).

Fig. 2. Biplot of the total carbon content and against total organic carbon. The total organic
carbon was reported by Yang et al. (2011).
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where DBD is the sediment dry bulk density and LSR is the linear
sedimentation rate.

The chemical index of alteration (CIA) was calculated as in Nesbitt
and Young (1982):

CIA ¼ 100 � Al2O3= Al2O3 þNa2Oþ CaO þ K2Oð Þ ð3Þ

4. Results

4.1. Chronology and sedimentation rate

Table 1 shows the 16 radiocarbon dates including 4 dates previously
used in Yang et al. (2011). Calibrated age ranges were converted by
using the updated online calibration program Calib 702 (http://calib.
qub.ac.uk/calib/, Reimer et al., 2013). Since there was a lack of plant
debris in the section between 1010 cm and 1130 cm, two dates
were assigned according to the bulk sediment at 1060 and 1097 cm.
However, these two dates represent older ages relative to nearby
dates on plant debris. The inverse ages indicated that the organic carbon
associated with mineral soils may contain fossil/pre-aged organics,
which has been commonly observed in suspended matter in Taiwan
rivers (Hilton et al., 2011; Kao and Liu, 1996, 1997; Kao et al., 2014)
and even in the Okinawa Trough, which receive sediments from
Taiwan (Kao et al., 2008). Another two inverse dates on plant debris
at 1180 cm and 1219 cm might be reworked wood. Excluding these 4
dates in the age–depth model shown in Fig. 3A, the chronology can
be established by linear interpolation between each adjacent pair of cal-
endar ages. The sedimentation rate during the investigated period was
highly variable, ranging from ~0.2 mm/yr to ~2 mm/yr (Fig. 3B).

http://calib.qub.ac.uk/calib/
http://calib.qub.ac.uk/calib/
http://www.cwb.gov.tw


Table 1
Radiocarbon dates for the period of investigation on TYP-B from Dongyuan Lake. Dates
from previous study (Yang et al., 2011) are indicated by italics.

Depth
(cm)

Dating
material

14C age
(yr BP)

δ13C
(‰)

2σ age range
(yr cal BP)a

Lab. Codec

868.5 Plant debris 8260 ± 35 −28.3 9228 ± 103 NZA29500
946 Plant debris 8627 ± 45 −30.3 9607 ± 78 NZA 33047
980 Plant debris 9229 ± 35 −22.4 10,386.5 ± 117.5 NZA29434
1010 Plant debris 9338 ± 35 −26.3 10,573.5 ± 89.5 NZA29438
1060b TOC 10,690 ± 40 −28.4 12,645.5 ± 70 Beta—351,778
1097b TOC 11,770 ± 60 −30 13,601.5 ± 135 Beta—351,779
1133.5 Plant debris 10,384 ± 40 −28.4 12,238 ± 175 NZA29498
1141 Plant debris 10,700 ± 55 – 12,646.5 ± 74.5 WhOI OS-71,106
1153 Plant debris 11,014 ± 40 −31.8 12,874 ± 129 NZA30471
1170 Plant debris 11,400 ± 50 – 13,233.5 ± 117.5 WhOI OS-71,106
1180b Plant debris 11,941 ± 45 −29.3 13,831.5 ± 135.5 NZA29501
1217 Plant debris 11,716 ± 55 −30.1 13,540 ± 104 NZA33049
1219b Plant debris 11,890 ± 46 −30.5 13,677 ± 108 NZA29503
1240 Plant debris 11,866 ± 55 −28.3 13,669.5 ± 112.5 NZA33050
1276 Plant debris 12,682 ± 45 −27.7 15,073 ± 204 NZA29497
1307 Plant debris 13,468 ± 50 −27.7 16,211.5 ± 203.5 NZA29499

a All dates were calibrated with the Intcal13 dataset (Reimer et al., 2013).
b Dates not used in the age-depth model (see in text).
c Radiocarbon dating wasmeasured at the Institute of Geological and Nuclear Sciences,

New Zealand, Beta Analytic Inc. and Woods Hole Oceanographic Institution, USA.

Fig. 3. Age–depth model (A) and sedimentation rate (B) for the investigated period of the
core TYP-B.

41X. Ding et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 450 (2016) 38–49
Three distinct high sedimentation periods were 13.7–13.3 ka BP, 10.6–
10.4 ka BP (1.5–1.8 mm/yr) and after 9.4 ka BP (~2 mm/yr). Such high
sedimentation leads to high temporal resolution that a 1 cm sample
may represent an integral of ~5 years to ~40 years, which is adequate
to reveal centennial- and millennial- scale EASM variations.

4.2. Variations in lithology and multi-proxies

Fig. 4 shows the depth profile of multi-proxies (TC, TC-MAR, wood
content, δ13Corg, MS, CIA, and Al2O3 content) measured in this study
alongwith the lithology. The lithology of the core TYP-B exhibit alterna-
tions of layers of light gray or brown-gray muds and dark mud or inter-
bedded mud. Generally, the lighter-colored mud layers coincided with
low TC content, while the darker sections contained visible plant debris
and higher TC content (Fig. 4). Themost prominent feature of our record
was the high-frequency and large-magnitude TC content and TC-MAR.
Since TC and TC-MAR varied over 2 orders of magnitude, we applied
log scale to reveal their fine variation structure (Fig. 4). In general, all
the proxies coherently documented the occurrence of a series of abrupt
climate changes during the investigated period (Fig. 4). The TC contents
greatly fluctuated and varied between 0.35% and 19.25%, which reflects
the instability of the climate in southern Taiwan during the last deglaci-
ation. The temporal variation pattern of TC-MAR resembles that of TC. It
should be noted that many plant remains occurred at depth of 1320–
1310, 1230–1120, 100–980 and 880–860 cm. The δ13C values fluctuated
between−29.5‰ and−15.5‰. Duringmost of the investigated period,
the δ13C exhibited depleted values (−29.5‰ to −26.5‰) and a light
peak was evident occurred at the depth of 1100 cm (Fig. 4). The MS
values generally varied opposite to the TC content. The CIA showed nar-
row but high values ranged between 82 and 85, which are comparable
to alpine lake sediments as previously reported by Selvaraj and Chen
(2006). The variation in Al2O3 content ranged from 12 to 20, which
generally agrees with the MS record (Fig. 4).

5. Discussion

5.1. Significance and applications of the environmental proxies

The total organic carbon content in marine and lake sediments and
loess/soil has been widely used as a proxy for the amount of precipita-
tion (Meyers et al., 2006; Selvaraj et al., 2011; Xiao et al., 2006; Yang
et al., 2011; Zhou et al., 2004). Higher TOC contents may infer larger in-
puts of eroded soil that is accompanied by plant debris due to enhanced
monsoon intensity and vice versa. Thus we use the TC as a proxy for the
EASM variability in this study. On the other hand, the mass accumula-
tion rate of total organic carbon was suggested as a better measure of
the delivery and preservation of organic matter than the TOC content
(Meyers, 2003; Meyers and Lallier-Vergès, 1999). Accordingly, we also
calculate the mass accumulation rate of TC for comparison.

In lake sediments, the δ13C of organic carbon (δ13Corg) has been
widely used to study the past vegetation and climate evolution (Li
et al., 2013; Selvaraj et al., 2012; Xue et al., 2014; Zhang et al., 2011).
Terrestrial plants that use the C3 and C4 pathways of photosynthesis
have δ13C values that range from −14‰ to −10‰ and from −30‰
to −22‰, respectively (O'Leary, 1981; Farquhar et al., 1989). It should
be pointed out that the fossil organic carbon sourced from sedimentary
bedrocks, which is commonly observed in the rivers and lakes in
Taiwan, exhibits relatively constant δ13C (−25‰, Hilton et al., 2010;
Kao et al., 2014; Selvaraj et al., 2012). The autochthonous particulate or-
ganic matter in the surface water of Dongyuan Lake wasmostly charac-
terized by very negative δ13C values (generally depleted than −29‰,
Yang et al., 2011). However, the labile organics produced by algae can
hardly be preserved due to the shallow depth of Dongyuan Lake and
the strong vertical mixing of the lake water column, which is forced
by frequent tropical cyclone and winter monsoon winds. According to
the similarity in δ13Corg between C3 vegetation and lacustrine organics,



Fig. 4. Depth profile of multi-proxy data and lithology of sediment core from the Dongyuan Lake: (A) TC content; (B) mass accumulation rate of TC; (C) wood content; (D) δ13C of the
organic carbon; (E) magnetic susceptibility; (F) chemical index of alteration and (G) Al2O3 content. Note that the axis of MS, CIA and Al2O3 are reversed. Radiocarbon dates were also
present with arrows.
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we do not exclude the existence of autochthonous organics; however,
the intimate and positive correlations among the amount of wood frag-
ment, TC (or TOC) and published C/N ratios suggested that themajority
of preserved organics were from allochthonous organics. Similar fea-
tures have been observed in shallow lakes in Taiwan (e.g., Selvaraj
et al., 2012). In this case, we suggest that the positive shift in δ13Corg in
the sediments from Dongyuan Lake was mainly influenced by C4 plants
from the catchment rather than autochthonous source.

On the other hand, the CIA defined by Nesbitt and Young (1982),
was used to reconstruct the paleoclimate in drainage basins. CIA has
been successfully applied as a measure of the chemical weathering sta-
tus of a catchment. In Taiwan, however, active tectonics and typhoon
events play important roles in regulating the local physical and chemical
weathering processes (Goldsmith et al., 2008; Shao et al., 2012). The
chemical weathering in Taiwan is relatively restricted because of the
relatively short residence time of weathered soil due to frequent ty-
phoon and storm-triggered erosion and even landslides on hillslopes
(Selvaraj and Chen, 2006; Shao et al., 2012). As we know, vegetation
cover exerts major control on soil erosion in mountainous watersheds
in various climate zones and even in arid climate regions, such as the
Loess Plateau (Zheng, 2006; Zhou et al., 2008). Higher vegetation
cover may retain organics on the soil surface to prevent soil erosion;
therefore, a longer soil residence time can be achieved. However, rain-
fall in Taiwan is episodic. The episodic rainfall results in luxurious vege-
tation in Taiwan, in themeantime,which createsmore chances for gully
rather than sheet erosion. The deeper soil and bedrock contain lower
CIA values, which becomes more important during high precipitation
periods instead due to gully erosion. This explains why the lower CIA
is accompanied by a higher amount of organic debris in our record
(Fig. 4).

The MS in lake sediments is often used as an indicator of catchment
erosion and the transport and subsequent burial of clastic materials into
lakes (Park et al., 2014; Selvaraj et al., 2007). Similarly, the Al2O3 content
represents the intensity of detrital input into a lake catchment (Park
et al., 2010, 2014). According to previous applications, high MS and
Al2O3 values reflect increased erosion and deposition of minerogenic
sediments under conditions of less vegetation cover and/or organic
layer. In our case, the effect of organic dilution on the MS and Al2O3
content was evident; however, the amplitudes of the variation in both
the MS and Al2O3 content (42% and 12%) were much smaller that the
variability in organic contents (over 2 orders of magnitude), which pre-
clude the sole control of organic input. Thus, the higher MS and Al2O3

values should indicate relatively intensified sheet erosion due to less
vegetation cover caused by decreased precipitation during cool/dry
periods and vice versa.

Another parameter, the wood fragment content, was proposed as a
heavy rainfall index in this study. Thewood fragment content has rarely
been reported in the literature. Heavy rainfall (probably from tropical
typhoons) and intensive wind might manipulate forest ecosystems.
For example, typhoons determine the mean tree height in forests of
northern Taiwan and severe winds can blow off huge amounts of leaves
(Lin et al., 2010). Meanwhile, large amounts of particulate organic
carbon (e.g., wood fragments and leaves), even tree trunks, can be
transported to lakes and oceans by rivers during typhoons(Hilton
et al., 2008; West et al., 2011; Liu et al., 2012). In that case, wood frag-
ments might reflect the rainfall intensity to some extent. Thus, we pick-
ed out and quantified visible wood fragment to infer the intensity of
heavy rains.

5.2. The evolution of the EASM during the last deglaciation and the Early
Holocene

The variations in the EASM evolution registered in our record during
the last deglaciation broadly agreed with millennial and sub-millennial
timescale events that were recorded in high-resolution ice core, stalag-
mites and marine sediment records from the Northern Hemisphere
(Fig. 5). The consistency indirectly demonstrates that our record faith-
fully tracked the EASMduring the last deglaciation and that the strength
of EASM in the study area is controlled by common forcings. The climate
anomalies in the North Atlantic region have previously been proposed
to be responsible for most of the variability in the EASM on millennial
timescales via changes in the Atlantic Meridional Overturning Circula-
tion (AMOC) and migration of the annual mean position of the Inter-
tropical Convergence Zone (ITCZ) (Cheng et al., 2012). However, some
subtle but significant discrepancies in millennial-scale events between
Asian monsoon and Greenland temperature records have been



Fig. 5.Comparison ofDongyuan Lake recordswith other selectedproxy records fromNorthernHemisphere: (A)NGRIP δ18O record (Andersen et al., 2006); (B) sediment reflectance record
from Cariaco Basin, Venezuela (Deplazes et al., 2013); (C) stalagmite δ18O record from Hulu Cave stalagmite (black, Wang et al., 2001) and Dongge Cave (grey, Dykoski et al., 2005) and
(D–G) proxies from Dongyuan Lake, same as in Fig. 4 (this study). EH is Early Holocene, YD is Younger Dryas, BA is Bølling-Allerød, HS1 is Heinrich Stadial 1, PBO is Preboreal Oscillation,
IACP is intra-Allerød cold period, OD is Older Dryas. Gray bars highlight the weak EASM intervals. Triangles represent the radiocarbon dates.
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observed such as the mid-MI transition, BA trend and BA–YD transition
(Liu et al., 2008; Liu et al., 2013; Ma et al., 2012; Shakun et al., 2007;
Shen et al., 2010; Zhang et al., 2014), which probably indicates that
other dynamics or regional scale processes are involved. Details of
these events are discussed below.

5.2.1. During the Mystery Interval (17–14.7 ka BP)
The so-calledMystery Interval (Heinrich stadial 1) had been defined

by Denton et al. (2006) based on many mutually contradictory charac-
teristics across the globe (Denton et al., 2006; Broecker and Putnam,
2012; Zhang et al., 2014). During the Mystery Interval, prolonged cold
conditions prevailed over the North Atlantic region associated with a
collapse of the Atlantic Meridional Overturning Circulation (AMOC)
(McManus et al., 2004), resultingin large meltwater discharge into the
North Atlantic (Cheng et al., 2009). The reduction of AMOC, accordingly,
decreased the northward transportation of heat from low latitudes and
increased sea ice coverage at northern high latitudes (Cheng et al.,
2009). Meanwhile, the westerly wind belts shifted southward, and the
atmospheric CO2 concentrations and temperature in the Antarctic
increased (Anderson et al., 2009; Jouzel et al., 2007). In this case, the
mean position of the ITCZ shifted to the south and weakened the
EASM. An analogous scenario to the Mystery Interval was also visible
in earlier ice age terminations (Broecker et al., 2010; Cheng et al.,
2009), which suggests the key role of monsoon systems in increasing
atmospheric CO2 concentrations and global warming during ice age
terminations.

According to the variability of parameters in our record, theMystery
Interval can be separated into two phases (Fig. 5). During the early
Mystery Interval (17–16.1 ka BP), the higher TC and greater amounts
of plant debris suggest a climate with relatively high precipitation
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intensity. The depleted δ13C values (−26.5‰–28.4‰) reflect the C3

plant dominance in the catchment, while the lower values of MS,
Al2O3 content and CIA (Figs. 4 and 5) indicate reduced erosion due
to thick vegetation cover. While during the second half of MI (16.1–
14.7), the TC significantly decreased,whichmight reflect decreased pre-
cipitation relative to the early MI. Higher MS and Al2O3 content might
suggest an increase in mineral erosion due to sparse vegetation cover.
The gradual increase in δ13C values may indicate more contribution
from C4 plants (Fig. 5). All parameters in the later MI indicated a
decreasing precipitation.

Precisely dated stalagmite records from central and eastern China
revealed an abrupt weakening in the EASM at 16.1 ka (Fig. 5; Wang
et al., 2001; Zhang et al., 2014). Meanwhile, an abrupt strengthening
of the Indo-Australian summer monsoon (IASM) in the southern hemi-
sphere was observed from the Ball Gown Cave in tropical Australia
(Denniston et al., 2013). Such synchronous climatic shifts might indi-
cate the southward migration of the ITCZ at 16.1 ka BP. Moreover, a
major expansion of Lake Estancia in New Mexico in western U.S. oc-
curred at 16.1 ka BP (i.e., Big Dry to Big Wet transition, Broecker and
Putnam, 2012). Broecker and Putnam (2012) have suggested that this
transition appears to be a part of a global hydrological reorganization.
This abrupt shift of ITCZ, in fact, is directly related to the iceberg dis-
charge maximum that was recorded in the North Atlantic (Stern and
Lisiecki, 2013); however, the temperatures in Greenland did not cool
further since the AMOC was already in the stadial mode during the
first half of the MI (Zhang et al., 2014). That is why there was no
corresponding shift in Greenland's δ18O records (Fig. 5). Apparently,
the two-phase transition in the EASM might not be simply explained
by a stand-alone oceanic mechanism (Zhang et al., 2014).

A further southward displacement of the ITCZ and polar jet stream
might be responsible for the significant transition during the mid-
Mystery Interval (Zhang et al., 2014). In general, the polar jet steam
shifts southward accompanying the ITCZ during boreal cold periods.
The southward shift in the polar jet streammightmodulate the position
of thewinter storm track and result in higher annual precipitation in the
southwestern U.S. (Asmerom et al., 2010). This hypothesis was also
supported by the reflectance value in the Cariaco Basin record, which
shows the lowest value at 16.2 ka and indicates the most pronounced
southward migration of the ITCZ (Fig. 5, Deplazes et al., 2013).

5.2.2. During the BA (14.7–12.7 ka BP)
Our records showdramatic oscillation during the BA,which suggests

the instability of the paleoclimate in southern Taiwan. Similar fluctua-
tions were also reported in other Asian monsoon regions (Hong et al.,
2014; Park et al., 2014; Park and Park, 2015; Zhong et al., 2010). Numer-
ous studies have reported that the BA was interrupted by several
centennial-scale cold stadials including the OD and IACP. Stalagmite re-
cords also revealed the presence of these centennial-scale oscillations in
the East Asian region during the BA (Fig.5, Dykoski et al., 2005; Wang
et al., 2001). However, few studies show clear correlation between la-
custrine records in Taiwan and temperature oscillation in Greenland
and stalagmite data. Our records are likely correlated with the Green-
land temperature and cave records during these short-term stadials
with larger amplitudes.

We observed a rapid depletion in δ13C at the beginning of the BA,
which was attributable to the increase in organic input from C3 plants
due to climate amelioration. Meanwhile, the gradual decrease in MS,
CIA and Al2O3 content may imply a reduction in erosion due to in-
creased vegetation cover on the catchment. The above four parameters
respondedmore timely during the transition into the BA, but the carbon
related parameters (TC, TC-MAR and wood content) and sedimentation
rate revealed a delayed response with a dramatic increase at 13.7 ka BP
(Figs. 4 and 5).

In fact, not only the delayed response in our record butmany serious
inconsistencies in climatic trends have also been observed between the
Greenland ice core record and stalagmite EASM records, although both
fluctuated synchronously. In Fig. 5, we can clearly see a decreasing
trend in Greenland's temperature after the very first jump while there
was an increasing trend in EASM records throughout the BA. This dis-
crepancy was attributed to the northern high latitudes climate, which
had a limited effect on climate change at low latitudes during the BA.
Similar discrepancies were also observed during earlier interstadials
(Shakun et al., 2007; Shen et al., 2010). Thus, other forcing mechanisms
such as Southern Hemisphere cooling (Antarctic cold reversal) or in-
creasing Northern Hemisphere summer insolation, have been proposed
to reconcile the inconsistency during the BA (Ma et al., 2012; Shakun
et al., 2007; Shen et al., 2010). In any case, the intrinsic mechanism for
the decoupling between tropical climatic records and North Atlantic cli-
mate records during the BAor earlier BA-like interstadialsmight require
further exploration. Nevertheless, a variety of Asian monsoon proxy
records compiled by Hong et al. (2014) suggested that the maximum
rainfall or effective moisture in the Asian monsoon area did not occur
during the Bølling but during the Allerød period.

The sharp decrease in TC and TC-MAR during the OD and IACP
suggest decreased terrestrial organic matter input (Fig. 5). Slightly
increased δ13C and MS imply the proliferation of C4 vegetation and
decreased vegetation cover on the catchment due to environment dete-
rioration (Fig. 5). The good correlation of these centennial-scale climate
reversals between our records and Greenland's temperature further
support the teleconnection between the North Atlantic and the low
latitude East Asian region during the last deglaciation.

Note that, the variations of δ13C, MS, CIA and Al2O3 content were
more consistent with Greenland's temperature, but the carbon con-
tent-associated parameterswere not.We speculate that the carbon con-
tent was determined by relative intensity of supply and decomposition.
Since the supply of wood debris reflects more events with torrential
rain and intensive wind, which are mainly associated with typhoon
frequency and intensity; therefore, the observed wood fragment peaks
were likely caused by frequent typhoon events.

5.2.3. During the YD (12.7–11.5 ka BP)
Although the triggering mechanism is still controversial, the

Younger Dryas event is the most well studied millennial-scale cold
stadial during the last glacial period (Broecker et al., 2010). During the
YD, the temperature over central Greenland dropped to full glacial con-
ditions, about 15 °C lower than today (Severinghaus et al., 1998). This
cooling had a profound impact on climate systems beyond theNorth At-
lantic regions (Clark et al., 2002; Shakun and Carlson, 2010). Stalagmite
records over China show a significantly weakened EASM during the YD
event starting at 12.9 ka BP (Dykoski et al., 2005; Liu et al., 2013; Ma
et al., 2012; Wang et al., 2001).

In our records, again, the MS responded instantly (Fig. 5), whereas
the TC and δ13C exhibited a delayed response to the YD event, which
shows dramatic change at 12.2 ka BP (Fig.5). The decreased TC since
12.2 ka BP suggests decreased terrestrial organic matter input due to
lower rainfall intensity. Enriched δ13C (N −24‰ and up to −15‰),
which is higher than the δ13C of rock (−25‰), indicate that the sedi-
mentary organic matter was mainly sourced from C4 plants, although
only in trace amounts. The extremely low TC contents (0.3%–0.8%) sug-
gest that the organic decomposition during this periodwasmuch great-
er than the supply. The unprecedentedly low C/N (b5, lower than the
Redfield ratio for phytoplankton; Yang et al., 2011) also indicates a
relatively complete organic decomposition with large portions of clay-
fixed N in the remains (Zheng et al., 2015). During the same interval,
the pollen records from Dongyuan Lake exhibit greater abundance of
Artemisia (Lee et al., 2010). Since many Artemisia species use the C4

pathway of photosynthesis and are usually abundant in arid or semiarid
habitats (Jia et al., 2015), the pollen data further support a dry condi-
tions during the late YD in southern Taiwan.

Interestingly, differing from the Greenland temperature records,
the annually laminated stalagmite records from Qingtian Cave in
central China show a gradual decrease in EASM during the early YD
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(12.9–12.3 ka; Liu et al., 2013) instead of a rapid drop. This gentle de-
creasing trend is generally in agreement with other Asian monsoon re-
cords (Ma et al., 2012; Park et al., 2014; Shakun et al., 2007; Sinha et al.,
2005; Yang et al., 2010). The inconsistency in the decreasing rate might
suggest that other forcing mechanisms outside the North Atlantic re-
gion, such as an interference of the Southern Hemisphere climate via
cross-equatorial air flow (Liu et al., 2008) or northward expanding
low latitudinal warm currents (Park et al., 2014), modulated the EASM
during the YD. The highly fluctuating TC and TC-MAR during the early
YD likely illustrate that the feature of YD in mid-low latitudes, such as
in Taiwan, was more like a gradual transition, which then resulted in
prolonged vegetation type.

5.2.4. During the early Holocene (11.5–9 ka BP)
An abrupt decrease in oxygen isotope values at 11.6 ka marked the

end of the YD in the stalagmite records (Fig. 5). Our records exhibit
slight but significant increases in TC, TC-MAR and decrease in MS and
δ13C, which indicate an amelioration (towards wet conditions) of the
climate. However, immediately after the end of the YD, all the proxies
showed a distinct climate deterioration (towards dry conditions), prob-
ably corresponding to the PBO (11.4–10.7 ka BP). A dramatic decline in
monsoon activity during the PBO was not clearly observed in Chinese
stalagmites (Fig. 5, Dykoski et al., 2005; Wang et al., 2001). From
Fig. 5, we can see dramatic increases in sedimentation rate, TC, MAR-
TC as well as concurrent amount of wood debris during 10.7–10.3 ka
BP and after 9.4 ka BP. These parameter peaks indicate either a signifi-
cantly increased denudation rate of the lake catchment induced by
heavy precipitation, or engulfment of trees by elevating lake water
level due to frequent and intense episodic typhoons (Selvaraj et al.,
2011; Yang et al., 2011). Again, the lower MS, CIA, and δ13C indicate a
drastic reduction in detrital input to the lake due to thick vegetation
(Figs. 4 and 5).

The climate deterioration during 10.3–9.4 ka BP has rarely been
reported. It is difficult to give a reliable mechanism for such a dramatic
climate deterioration in tropical Taiwan with copious precipitation
result from the EASM and tropical cyclones during the Early Holocene.
It happens that a dry event was observed 9.7–9.2 ka BP in the peat
sequence from Toushe Basin in central Taiwan (Li et al., 2013; Liew
et al., 2006b). This dry climatic reversal has also been reported in several
published records from Asian monsoon region within the age uncer-
tainty. For example, Chabangborn and Wohlfarth (2014) suggested
that the mainland of Southeast Asia, which is also deeply influenced
by tropical cyclones, experienced a warmer/dry climate between 10
and 9 ka BP after a cool/wet climatic conditions between 10.5 and
10 ka BP. Furthermore, Cook et al. (2013) suggested an unstable catch-
ment environment and dry climate from 10.7 to 10.1 ka BP. Additional-
ly, several studies from the Tibetan Plateau also suggested that a dry
reversal occurred around 10 ka BP (An et al., 2012; Bird et al., 2014;
Mischke and Zhang, 2010; Sun et al., 2015). According to the most
recent report by Sun et al. (2015), we suggested that the dry reversal
in the Asian summer monsoon at around 10 ka BP might be correlated
with abrupt cooling in the North Atlantic, which is characterized by an
ice-rafted debris event at 10.3 ka BP (Bond et al., 2001).

To our knowledge, the abrupt intensification of the EASM at 9.4 ka
has not been seriously distinguished in any stalagmite records. By con-
trast, this intensification was highlighted in lacustrine and pollen re-
cords. For example, Jia et al. (2015) reported a marked enhancement
of the EASM thatwas recorded inHuguangyanMaar Lake from southern
China at 9.2 ka. Based on pollen assemblages, Zhao et al. (2009) indicat-
ed that environmental moisture during the first two millennia during
the Holocene remained relatively low and reached a maximum until
9.5 ka BP. The broad consistency of these records suggest that a pro-
nounced intensification of EASM did occur at 9.4 ka. Note that this
time period coincides with the flooding of the Sunda shelf (~9.5 ka,
Linsley et al., 2010). Although the intrinsic correlation between these
two events remains unclear, the flooding of the Sunda shelf during the
Meltwater Pulse-1C (MWP-1C) reopened the semi-enclosed South
China Sea (Linsley et al., 2010). The significant expansion of tropical
water on the Sunda shelf probably helped to enhance the EASM (Jia
et al., 2015).

The distinctive temporal evolution of EASM rainfall in our record
during the Early Holocene suggests that the monsoonal rainfall
on Taiwan Island was controlled by more complex dynamics. The
decoupling between our record and northern high latitudes during the
last deglaciation since the Holocene suggests a dampened influence of
North Atlantic climate variability on the EASM due to decreasing sea
ice cover and enhanced influence from tropical region. Similar transition
had been observed in IASM system (Denniston et al., 2013). The hydro-
logical variation and dynamics of the EASM rainfall in Taiwan deserve
further studies in the future.

5.3. Possible links to the western tropical Pacific

Ocean–atmospheric interactions in the tropical Pacific have a strong
influence on the export of heat and water vapor to high latitudes and
therefore exert a significant control on global climate change (Lea,
2000). However, the role of forcing from the western tropical Pacific
on the EASM in the past remained unclear due to a lack of high-
resolution climate records in the Asia-Oceania region (Selvaraj et al.,
2011). Cai et al. (2010) suggested that the variations of the SST in the
western tropical Pacific might impactsummer monsoon precipitation
changes in central China and northern China since it affects the North-
western Pacific High. Based on multiple proxies in sediment core from
the subalpine Retreat Lake in northeastern Taiwan, Selvaraj et al.
(2011) found a link between weakened EASM and the SST in the tropi-
cal Pacific. The authors suggested that the centennial-scale reorganiza-
tions in the tropical Pacific climate dynamics may have played an
important role in the instability of EASM during the late Holocene. Re-
cently, a study of Lake Huguangyan in southern China revealed an
arid–wet–arid pattern in the EASM during the Holocene (Jia et al.,
2015) that was in-phase with the hydrological variability in tropical
Australia and anti-phase with that in the outer-tropical Andes. The au-
thors attributed the variation pattern to the changes in the thermal
state of the tropical Pacific. Nevertheless, documents of the links
between the rainfall amount of the EASM and the variation of SST in
the tropical Pacific during the last deglaciation remain limited.

Here, we compare our proxieswith one of the highest resolution SST
records from the western tropical Pacific (Rosenthal et al., 2003)
(Fig. 6). Due to more complex forcing mechanisms on the EASM and
multiple controls on organic carbon burial, the general pattern was dif-
ferent. Nevertheless, we found a serial centennial-scale distinct wet
events (two exceptions at 14 ka and 10.5 ka) were in concert with dis-
tinct warm events in the western tropical Pacific (Fig. 6), which indi-
cates an inherent connection between the western tropical Pacific SST
and the variations of precipitation in Sothern Taiwan. The enhancement
of themonsoon convection resulting from increased SST in the western
tropical Pacific likely increased themeridional heat transport from trop-
ical to high latitudes. Modern meteorological data support this notion:
high SST in the western tropical Pacific intensifies the upper-level con-
vection from the Philippines to the Sino-India Peninsula via the South
China Sea. Such intensification would force the subtropical high to
move northward over East Asia and consequently shift the monsoon
front and rain band northward (Huang et al., 2004). However, this is
not a one-way process. Although the SST of the western tropical Pacific
can influence the East Asian Monsoon climate, the monsoon climate
might have feedbacks on the SST in the western tropical Pacific Ocean
through altering the sea surface latent heat fluxes (Wang et al., 2003).
Because of complicated oceanic–atmospheric interactions, we cannot
conclude a causal relationship between the EASM precipitation and
the SST of the western tropical Pacific though the centennial-scale in-
herent connection was observed. Additionally, the SST peak in western
tropical Pacific at 14 ka BP has no counterpart in our record.Meanwhile,



Fig. 6. Comparison of Dongyuan Lake records (A: TC, B: TC-MAR) with Mg/Ca-based SST records fromwestern tropical Pacific (Rosenthal et al., 2003). Correlation of the distinct events is
shown by the dashed line.
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an extraordinary TC peak in our record at 10.5 ka BP was occurring at
the plateau of SST in the western Pacific. More high-resolution records
and robust tests are needed to confirm the relationship between the
SST inwestern tropical Pacific and the EASMprecipitation at the centen-
nial timescale. Nevertheless, our study sheds light on the fact that the
SST in thewestern tropical Pacific might play an important role inmod-
ulating the variation of the EASM.

5.4. Comparison with mass-wasting records from Taiwan

Since the content of wood fragment reflects typhoon impact, we
compared our paleoclimatic datawith the knownmass-wasting records
during the last deglaciation and the Early Holocene compiled by Hsieh
et al. (2014) (Fig. 7). Large fan-terraces deposited after massive land-
slides or debris flow events have been noted in both southwestern
and eastern Taiwan during the Early Holocene (Hsieh et al., 2011,
2012, 2014; Hsieh and Chyi, 2010). Mass-wasting events could be trig-
gered by large earthquakes or heavy rainfall (Hsieh et al., 2014). It is
not easy to decipher the forcing between earthquakes and climate
data yet. Although different catchments have distinctmass-wasting his-
tories, someof the recordedmass-wasting events among catchments do
appear to have occurred synchronously (Fig.7; Hsieh et al., 2014). The
coincidence of the ages of the terraces constructed among different
landforms prefer climatic than seismic forcing for the genesis of these
mass-wasting records (Hsieh et al., 2014). Although a clear relationship
between the mass-wasting sequences and our climatic records is diffi-
cult tofind (Fig. 7),we notice that the largestmass-wasting activities re-
corded among these catchments occurred during 11.3–10.0 ka BP and
9.4–8.7 ka BP, which appeared correspondingly as the high sedimenta-
tion rate, TC andwood debris during 10.7–10.3 ka BP and after 9.4 ka BP
in our record (Fig. 7). Kao et al. (2008) also reported an enhanced supply
of fossil organic carbon from Taiwan to the Okinawa Trough during the
same periods. An extremely high sedimentation rate (~1.7 m/ka) was
observed around 10.5 ka BP in the southern Okinawa Trough (Kao
et al., 2008), which received sediments largely sourced from Taiwan.
The synchronicity among independent observations from terraces,
lake and marine sediments might suggest climatic conditions such as
prolonged heavy rainfall due to increased frequency and/or intensity
of tropical cyclones. These two peaks in our records and the greatest
mass activities at the maximum insolation and the SST plateau in the
western tropical Pacific (Linsley et al., 2010; Stott et al., 2004).
Webster et al. (2005) reported that both the frequency and intensity
of typhoons increase when tropical ocean SSTs increase. It is likely
that the highest solar insolation andwestern tropical Pacific SSTs during
the Early Holocene led to more frequent and more intense typhoons.

6. Conclusions

A 5- to 40-year resolution multi-proxy lacustrine record from
Taiwan in southeast Asia provided detailed information of the EASM in-
tensity during the last deglaciation and Early Holocene (17–9 ka BP).
We compare this high-resolution recordwith stalagmite and ice core re-
cords from the Northern Hemisphere, specifically for millennial and
centennial timescale climate events. Although the oscillation of the
EASM intensity from our record generally coincided with the variation
of North Atlantic climate atmillennial scales, some subtle but significant
discrepancies between our record and the Greenland ice core record
(i.e., mid-MI transition, the BA trendwithmaximummonsoonal rainfall
and the more gradual Allerød–YD transition in EASM intensity) sug-
gested that the EASM intensity was influenced by a combination
of AMOC variation and other forcing mechanisms (i.e., Southern
Hemisphere climate, low-latitude warm current). A possible linkage



Fig. 7. Comparison of paleoclimatic data in this study with ancient mass-wasting records in Taiwan. The upper panel shows the available radiocarbon dates derived from mass-wasting
sequences compiled by Hsieh et al. (2014). Bars represent 1σ calibrated ranges or their combinations where more than one set of data are available. The numbers (N1) of the dates are
shown above the bars. The lower panel shows the climatic proxies from Dongyuan Lake in this study.
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between EASM and SST in western tropical Pacific at the centennial
timescale was observed, which suggests that the reorganizations in
tropical Pacific climate dynamic might have impacted on EASM precip-
itation in Taiwan. In addition,we foundpronounced high sedimentation
events accompanied by an amount of wood fragment burial in the lake
sediments during the EarlyHolocene,whichwere synchronouswith the
largestmass-wasting records in river channels fromTaiwan and deposi-
tion peaks in the southern Okinawa Trough. The synchronicity among
lacustrine, river channel and marine deposits probably indicated that
heavy rainfall from tropical cyclones had prevailed during these periods.
These observations call for further studies about the dynamics of EASM
rainfall in Southeast Asia that co-influenced by the EASM and typhoon
activities.
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