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ARTICLE INFO ABSTRACT

Keywords: Millennial-scale environment and climate changes in the East Asian summer monsoon margin during the last

Dali Lake deglaciation are reconstructed by systematic studies on the characteristic of sedimentary organic matter from

Sed{mentary organic matter Dali Lake in northern China. Concurrent increases in the TOC and TN concentrations indicate increases in

g‘_‘”m“mem terrestrial organic matter and nutrient inputs to the lake and a development of terrestrial vegetation and
imate

phytoplankton productivity related to increases in regional temperature and precipitation. C/N ratios reflect
changes in the proportions of terrestrial and aquatic organic matter. Decreases in both 8'3C,,, and §'°N values
indicate increases in the isotopically lighter, terrestrial carbon and nitrogen inputs to the lake, due to increases in
surface runoffs; while a sharp decrease in the 8'°N value implies a significant weakening in the biological
activities of nitrifying and amonifying bacteria, due to abrupt decrease in the water temperature. The
geochemical data indicate that regional temperature and precipitation exhibited increasing trends from
15,000 to 12,350 cal yr BP; temperature decreased abruptly at 12,350 cal yr BP and then maintained a low
level from 12,350 to 11,400 cal yr BP, precipitation decreased to a relatively low level from 12,350 to
11,400 cal yr BP; and both temperature and precipitation returned to increase after 11,400 cal yr BP. The
climate change in the Dali Lake region during the last deglaciation corresponds, within age uncertainties, to the
Bolling-Allergd (BA) warm phase and Younger Dryas (YD) cold reversal occurring over northern high latitudes.
However, the gradual and mild increasing trends of regional temperature and precipitation during the BA warm
period contrasts with the general cooling trend in northern high latitude temperature, implying a dominant
influence from increases in the Northern Hemisphere summer insolation; while the slight decreases in regional
precipitation relative to the rapid and significant decreases in northern high latitude temperature during the YD
cold period may have resulted from local moisture recycling or from an insensitive response of hydrology and
ecology to the regional precipitation change.

East Asian summer monsoon
Last deglaciation

1. Introduction deglaciation (Grootes et al., 1993; Stuiver and Grootes, 2000; North
Greenland Ice Core Project members, 2004; Rasmussen et al., 2006),

The last deglaciation is of special interest because this period and these climate fluctuations are suggested to have global impacts
represents the youngest transition from glacial to interglacial stages based on the evidence from both geological records from north-west
and it encompasses several distinct stages of significant climate changes Europe (Brooks and Birks, 2001), central North America (Yu and

such as the last glacial maximum (LGM), Heinrich stadial 1 (H1), Eicher, 1998), Orca Basin in the northern Gulf of Mexico (Flower
Bolling-Allergd (BA) warm phase and Younger Dryas (YD) cold reversal et al., 2004) and the Asian monsoon region (Wang et al., 2001; Yuan
over northern high latitudes (Heinrich, 1988; Dansgaard et al., 1993; et al., 2004; Dykoski et al., 2005; An et al., 2012; Park et al., 2014;
Bond et al., 1997). Greenland ice cores have provided the high- Russell et al., 2014; Chen et al., 2015) and from numerical models
resolution records of these marked climate fluctuations during the last (COHMAP Members, 1988; Liu et al., 2009; Sun et al., 2012). In the
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Asian monsoonal region, however, geological records exhibit promi-
nent differences in the nature of these climate fluctuations (Yancheva
et al., 2007; Liu et al., 2008; Hong et al., 2010; Stebich et al., 2011;
Huang et al., 2012; Qiang et al., 2013; Zhou et al., 2016). For example,
the palynological record of a sediment core from Qinghai Crater Lake in
Yunnan Province in southwestern China implied a dry climate during
the BA warm period and a wet climate during the YD cold period (Yang
et al., 2016), while the total organic carbon (TOC) and CaCO5 records
from Qinghai Lake on the northeastern Tibetan Plateau (Shen et al.,
2005; An et al., 2012) and the magnetic records from Gonghai Lake
(Chen et al., 2013) in northern China suggested a wet climate during
the BA warm period and a dry climate during the YD cold period. In
addition, the oxygen isotopic record of stalagmite from Palawan
indicated more gradual changes of the YD cold reversal in the tropical
Pacific than in the northern high latitudes (Partin et al., 2015), while
the pollen record from Suigetsu Lake in Japan suggested rapid changes
of the YD cold reversal (Nakagawa et al., 2003). Therefore more
independent proxy records from the Asian monsoon region are needed
to provide additional insight into the characteristic of regional climate
change during the last deglaciation and its possible driving mechan-
isms.

Several lakes are located in the East Asian summer monsoon (EASM)
margin and are considered as ideal natural archives of past changes in
the EASM precipitation (Xiao et al., 2004, 2008; Wen et al., 2010; Zhai
et al., 2011; Zhang et al., 2012; Chen et al., 2015; Fan et al., 2016,
2017). The organic matter accumulated in lake sediments can be used
to reflect changes in terrestrial vegetation development in the lake
catchment, aquatic plant productivity within the lake, and hydrological
conditions in the lake basin; thus constitutes a source of information
about variations in the regional environment and climate during the
geological past (Meyers and Teranes, 2001; Lamb et al, 2004;
Herzschuh et al., 2005; Shen et al., 2005; Parplies et al., 2008; Zhu
et al., 2008; Selvaraj et al., 2012).

Dali Lake is the second largest lake in Inner Mongolia in the EASM
margin (Fig. 1). The lake water is alkaline (Fan et al., 2016) and
consists mainly of planktonic algae with scarce emergent and sub-
merged macrophytes (Li, 1993; Wang and Dou, 1998). In the lake
catchment C; plants dominate the terrestrial vegetation (Wang et al.,
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Fig. 1. Map of Dali Lake (from http://maps.google.com) showing the location of the
DLO04 sediment core (cross). The bathymetric survey of the lake was conducted in June
2002 using a FE-606 Furuno Echo Sounder (contours in m). The inset map shows the core
locations of Dali Lake (DL) (43°15’ N, 116°36’ E), Moon Lake (M) (47°30’ N, 120°52’ E),
Gonghai Lake (GH) (38°54’ N, 112°14’ E) and Hulu Cave (HL) (32°30" N, 119°10” E) in
China (solid circles) and the modern northern limit of the East Asian summer monsoon
defined by the 400-mm isohyet of mean annual precipitation (Xiao et al., 2004; An et al.,
2012).
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2003). These data imply that carbon and nitrogen signatures of
sedimentary organic matter from Dali Lake would provide clear insights
into the past environment and climate changes in the region. In the
present study, we present high-resolution (~ 50 yr) records of TOC and
TN concentrations, C/N ratios, §'°C,,; and 8'°N values of organic
matter in a sediment core from Dali Lake. The main aim of the study is
to use the dataset to reconstruct the environment and climate changes
in the EASM margin during the last deglaciation and improve our
understanding of the underlying driving mechanisms.

2. Regional setting

Dali Lake (43°13'-43°23’ N, 116°29’-116°45’ E) is located in the
northern margin of the E-W-extending Hulandaga Desert Land, 70 km
west of Hexigten Banner, Inner Mongolia (Fig. 1), in an inland fault-
depression basin that was formed in the Pliocene to Pleistocene (Li,
1993). The lake has an area of 238 km?, a maximum water depth of
11 m, an elevation of 1226 m above sea level (Fig. 1), and is hydro-
logically closed. Hills surround the lake to the north and west, and
lacustrine plains are present along the eastern shore. Two permanent
rivers, the Gongger and Salin Rivers, enter the lake from the northeast
and two intermittent streams, the Holai and Liangzi Rivers, enter from
the southwest (Fig. 1); however, there are no outflowing rivers. The
Gongger River, the major inflow, rises in the southern terminal part of
the Great Hinggan Mountains, where the elevation reaches 2029 m, and
has a drainage area of 783 km? and a total channel length of 120 km
(Li, 1993). Hydrological observations indicate that the discharge of the
Gongger River is as large during spring floods in April as during
summer floods in July, because of significant melt water runoff from
the snow/ice packs covering the mountains (Li, 1993).

Dali Lake sits at the transition from semi-humid to semi-arid areas of
the middle temperate zone. The climate of the region is controlled by
the East Asian monsoon (An, 2000; Xiao et al., 2004). In region, mean
annual temperature is 3.2 °C with a July average of 20.4°C and a
January average of —16.6 °C (Fig. 2). Mean annual precipitation is
383 mm, and ~70% of the annual precipitation falls from June to
August (Fig. 2). Mean annual evaporation reaches 1632 mm, which is
more than 4 times the annual precipitation (Fig. 2). Dali Lake has a pH
of 9.5, a salinity of 7.4 g/L and an alkalinity of 4.9 CaCO3 g/L (Fan
et al., 2016).

The modern natural vegetation of the Dali Lake basin is categorized
as middle temperate steppe and is dominated by grasses (Compilatory
Commission of Vegetation of China, 1980; Li, 1993). In the Hulandaga
Desert Land, low-growing xerophilous plants including Polygonum
divaricatum, Agriophyllum squarrosum and Artemisia desterorum are
present, together with the shrubs Salix gordeivii, Ulmus pumila and
Caragana sinica. Herbs including Stipa grandis, Leymus chinensis and
Cleistogenes squarrosa are developed in the northern and western hilly
lands and on the eastern lacustrine plains. Forests consisting of Larix
gmelinii, Pinus tabuliformis, Betula platyphylla, Populus davidiana and
Quercus mongolica are distributed on the western slopes of the Great
Hinggan Mountains, where the Gongger River rises, together with
shrubs and herbs growing beneath the canopy.

Dali Lake has a secchi depth of ca. 1 m in the nearshore zone and
1.5m in the offshore zone. Aquatic plants living in the lake consist
mainly of planktonic algae with scarce vascular plants (Li, 1993; Wang
and Dou, 1998). Planktonic algae include Microcystis salina, Lyngbya
contorta and Anabaenopsis muelleri of the Cyanophyta, and Surirella
peisohispant, Amphiprora paludo and Cyclotella meneghiniana of the
Bacillariophyta. Potamogetonaceae, including Potamogeton crispus and
Potamogeton pectinatus, are the dominant aquatic vascular plants; they
are generally confined to the areas of the river mouth where the water
depth is less than 1.5 m.
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Fig. 2. Mean monthly temperature, mean monthly precipitation and mean monthly evaporation in the Dali Lake region. Data are the average of observations from 1981 to 2010 at
Hexigten Banner Meteorological Station, 70 km east of Dali Lake (unpublished data courtesy of Inner Mongolia Meteorological Bureau).

3. Materials and methods
3.1. Sediment sampling and lithology

Sediment coring was conducted at a water depth of 10.8 m in the
depocenter of Dali Lake in February 2004, when the lake surface was
frozen (Fig. 1), using a TOHO drilling system (Model D1-B) (Toho
Chikakoki Co., Ltd., Japan). Incremental sediment cores were extracted
to a total depth of 11.83 m beneath the lake floor and were designated
DL04 (43°15.68" N, 116°36.26” E) (Fig. 1). The cores were collected in
polyethylene tubes using a piston corer of the drilling system, and
sediment recovery was close to 100%.

The sedimentary organic carbon and nitrogen data from the upper
8.5 m of the DL04 core have been published in Fan et al. (2017) and the
11.25-11.83 m is lack of organic matter (TOC concentrations are less
than 0.5%). In order to link with the previous work in Fan et al. (2017),
the 7.7-11.25 m is used for the present study (Fig. 3). The sediments
consist of blackish-grey to greenish-grey, massive silt, and can be
divided into four main sedimentary units (Fig. 3), as follows:
1125-985 cm blackish-grey massive silt with greenish-grey bands at
depths of 1125-1113 cm; 985-875cm greyish-black massive silt;
875-789 cm blackish-grey massive silt; 789-770 cm greenish-grey
massive silt with occasional blackish-grey bands. There is no indication
of any sedimentary hiatuses based on lithology.

3.2. Chronology

Eight bulk samples from the 7.7 to 11.5 m of the DL04 core were
radiocarbon dated using an Accelerator Mass Spectrometry (AMS)
system (Compact-AMS, NEC Pelletron) at the Paleo Labo Co., Ltd.
(Japan) (Table 1). Organic matter (~2 mg C) was extracted from each
sample and dated following the method described by Nakamura et al.
(2000). The 'C dates of all the samples from the 7.7 to 11.5 m of the
DL04 core were determined using a half-life of 5568 yr (Godwin, 1962).

The original radiocarbon dates are cited from Liu et al. (2016) in
this study. The carbon reservoir effects are corrected using the method
described in Fan et al. (2017). The reservoir-corrected ages are then
converted to calibrated ages using the OxCal4.2 radiocarbon age
calibration program (Bronk Ramsey and Lee, 2013) with IntCall3
calibration data (Reimer et al., 2013). The age-depth model is created
by linear interpolation between radiocarbon-dated horizons using the
mean values of 20 ranges of calibrated ages. In general, the
7.7-11.25 m of the DLO4 core covers the age from 15,000 to 10,000 ca-
lyr BP (Fig. 3; Table 2). The sedimentation rates of ca. 50-120 cm/kyr
and sampling intervals of 2-5 cm provide potential temporal resolu-

tions of ca. 30-80 yr for the sedimentary organic carbon and nitrogen
data from the 7.7 to 11.25 m of the core.

3.3. Analyses of TOC and TN concentrations

The data of TOC and TN concentrations from the 7.7 to 8.5 m of the
DLO04 core are cited from Fan et al. (2017). The 8.5-11.25 m of the core
are sampled at 2-5-cm intervals for measurements of TOC and TN
concentrations (n = 67). TOC concentrations are determined with an
Elementar High TOC II analyzer. Samples are ground into powder finer
than 85 pum and dried at 110 °C for 24 h. Each sample is separately
weighed to ~300 mg and ~ 30 mg for analyses of total carbon (TC) and
total inorganic carbon (TIC), respectively. In order to completely
convert carbon to CO,, samples for TC analysis are fully combusted
at 1150 °C; whereas samples for TIC analysis are reacted in excess 9%
HCl. A reference soil sample, GBW07402, is separated into four
weighed portions with two portions for TC and another two for TIC
and routinely analyzed in parallel with the samples each day. All of the
TC and TIC values are normalized to GBW07402, the certified TC and
TIC values of which are 0.75% and 0.26%, respectively. The High TOC
II yields the TC and TIC concentrations of a sample with a relative error
of <1%. The TOC value is the difference between the TC and TIC
concentrations.

TN concentrations are determined with a Yanaco CHN Corder MT-5
analyzer. Samples are ground to a powder finer than 61 um and dried at
40 °C for 24 h. Each sample of 50 mg of dried sediment is fully
combusted at 450 °C for 5 min to completely convert nitrogen to NOy,
and the resulting NOy is then reduced to N, by copper. A reference
Antipyrine sample (SMA-SP-9), is separated into three weighed portions
and routinely analyzed after every thirty sample measurements. All of
the TN values are normalized to SMA-SP-9, the certified TN value of
which is 14.88%. The relative analytical error of the TN concentration
of a sample is less than 0.3%.

TOC/TN (C/N) is expressed as an atomic ratio calculated using a
ratio of 1.17 between the atomic and mass ratios (Meyers, 1994; Lamb
et al., 2006).

3.4. Analyses of organic carbon and nitrogen isotopic composition

The data of 813C0rg and 8'°N values from the 7.7 to 8.5 m of the
DLO04 core are cited from Fan et al. (2017). The 8.5-11.25 m of the core
is sampled at 2-5-cm intervals for measurements of organic carbon and
nitrogen isotopic composition (n = 67). Carbon and nitrogen isotopic
composition are determined with a Delta V Plus mass spectrometer
equipped with a Thermo Flash EA 1112 element analyzer and a ConFlo
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Fig. 3. (A) Photograph of the 7.11-11.83 m of the DL04 core. The 1st section is the interval 711-806 cm, and the 5th section is the interval 1113-1183 cm. (B) Lithology of the
7.7-11.5 m of the DLO04 core. (C) Age-depth model for the 7.7-11.5 m of the DL04 core. Solid circles represent the mean values of 20 ranges of calibrated ages of reservoir-corrected

radiocarbon dates.

III system. Samples are ground to a powder finer than 61 pm and
pretreated with 1 M HCI for 24 h to remove carbonates, and then rinsed
and dried at 40 °C for 24 h. Each sample of 10-15 mg of dried sediment
is fully combusted in the Thermo Flash EA 1112 element analyzer at
960 °C for 1-2 min to generate CO, for measurements of *3C/*C ratios.
For measurements of *>N/**N ratios, each sample of 15-20 mg of dried
sediment is fully combusted at 960 °C for 1-2 min to generate NOy, and
the resulting NO, is then reduced to N, by copper at 680 °C. A blank
sample, a reference sample (Glycine) and a duplicate sample are
routinely analyzed after every five sample measurements. 813C0,g and
815N are expressed in parts per thousand (%o), relative to VPDB and
atmospheric nitrogen, respectively. All of the 813C°rg and 8'°N values
are normalized according to the blank sample and Glycine; the certified
813C°rg and 8'°N values of Glycine are —33.3%o and 10.0%o, respec-
tively. The precision is better than 0.1%o for 8'>Cq,¢ and 0.2%o for §'°N.

3.5. Numerical analyses
Cluster analysis (CONISS, Grimm, 1987) is used to statistically

Table 1

Table 2

Coefficients of determination and P values for the linear correlations between the organic
carbon and nitrogen proxies for each stage of the DL04 core from 15,000 to 10,000 cal yr
BP. See Fig. 5 for plots of the organic carbon and nitrogen proxies.

Stage No. of TN vs. TOC 8"3Corg vs. C/N 8N vs. 8'%Corg
samples

1 26 0.77, positive, 0 0.03, positive,
P < 0.01 P > 0.05

2 20 0.14, positive, 0 0.03, positive,
P > 0.05 P > 0.05

3 48 0.70, positive, 0.09, positive, 0.29, positive,
P < 0.01 P < 0.05 P < 0.01

divide the zonation of the time series of TOC and TN concentrations, C/
N ratio and 813C0rg and 8'°N values for the DL04 core from 15,000 to
10,000 cal yr BP. All the raw data of organic geochemical proxies are
normalized, and then CONISS is conducted on the normalized data.
CONISS is based on the total sum of squares (Grimm, 1987).

AMS radiocarbon dates of samples from the 7.7 to 11.5 m of the DL04 core. The original radiocarbon dates are cited from Liu et al. (2016).

Laboratory number®  Depth interval (cm) Dating material ~ 8'3C (%o) 14C age (**C yr BP) Corrected *C age (**C yr BP) Calibrated '*C age (20) (cal yr BP)

PLD-12470 799-798 Organic matter —31.56 9969 + 32 9497 + 39 10,869-10,654
PLD-12472 849-848 Organic matter —30.84 10,464 + 37 9992 + 44 11,640-11,267
PLD-12474 899-898 Organic matter —27.92 10,715 * 34 10,243 = 41 12,141-11,805
PLD-12477 950-949 Organic matter —31.40 11,050 = 35 10,578 = 42 12,670-12,515
PLD-12478 999-998 Organic matter —31.97 11,630 = 38 11,158 * 44 13,117-12,898
PLD-12480 1049-1048 Organic matter —30.63 12,158 + 37 11,686 = 44 13,585-13,431
PLD-12483 1100-1099 Organic matter —27.39 12,876 * 42 12,404 = 48 14,818-14,164
PLD-13857 1150-1149 Organic matter —27.78 13,436 = 39 12,964 = 45 15,713-15,290

2 PLD: Paleo Labo Dating, laboratory code of Paleo Labo Co., Ltd., Japan.
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Fig. 4. Time series of total organic carbon (TOC) and total nitrogen (TN) concentrations, atomic TOC/TN (C/N) ratio and organic carbon (8'°C,) and nitrogen (8'°N) isotopic
composition for the DL04 core from 15,000 to 10,000 cal yr BP. The original radiocarbon dates are cited from Liu et al. (2016). The radiocarbon data of each sample is derived from the
carbon reservoir-corrected age—depth model. Cluster analysis (CONISS) is based on the total sum of squares (Grimm, 1987). Horizontal solid lines indicate the major stages of changes in
TOC and TN concentrations, C/N ratio, and 813Cm.g and 8'°N values. The organic geochemical data from 11,000 to 10,000 cal yr BP are cited from Fan et al. (2017). The relative
proportions of allochthonous (Allo) and autochthonous (Auto) organic matter in the Dali Lake sediments are estimated on the assumption of an average C/N value of 22 for allochthonous
organic matter and 8 for autochthonous organic matter, based on the two-end members model (Ishiwatari et al., 2005, 2009; Fan et al., 2017).

4. Results

TOC and TN concentrations, C/N ratio, and 813C0rg and 8'°N values
are plotted against calibrated age in Fig. 4. TOC and TN concentrations
vary from 0.47% to 5.12% and 0.03% to 0.41%, respectively, yielding a
range of 5.89-24.8 for C/N ratio. §'3C,,, values range from — 28.66%o
to —24.99%o, and 8'°N values from —1.97%o to 5.15%o. The time
series of TOC and TN concentrations, C/N ratio, and 813Corg and 8'°N
values from 15,000 to 10,000 cal yr BP can be divided into six stages,
e.g., 15,000-14,400, 14,400-13,350, 13,350-12,350, 12,350-11,400,
11,400-10,800 and 10,800-10,000 cal yr BP, based on the stratigra-
phically constrained cluster analysis (CONISS, Grimm, 1987) (Fig. 4).
Considering the similar increasing trends of TOC and TN concentrations
and the similar decreasing trends of 813C°rg and 8'°N values from
15,000 to 12,350 cal yr BP, and the generally increasing trends of TOC
and TN concentrations, C/N ratio, and §'3C,, and 8'°N values from
11,400 to 10,000 cal yr BP, the data of these five geochemical proxies
from 15,000 to 10,000 cal yr BP are divided into three major stages in
this study, e.g., 15,000-12,350, 12,350-11,400 and 11,400-10,000 ca-
lyr BP (Fig. 4).

4.1. Stage 3 (1125-930 cm, 15,000-12,350 cal yr BP)

Both TOC and TN concentrations exhibit increasing trends during
this stage. TOC concentrations gradually increase from 0.7% to 1.9%
from 15,000 to 12,800 cal yr BP with a peak value of 2% at 13,830 ca-
lyr BP, and then decrease to a relatively low level with an average of
1.5% from 12,800 to 12,350 cal yr BP; TN concentrations gradually
increase from 0.03% to 0.13% from 15,000 to 12,400 cal yr BP, and
then slightly decrease to 0.11% at 12,350 cal yr BP. C/N ratios maintain
the highest values with an average of 21.99 from 15,000 to 14,650 ca-
1 yr BP, decrease rapidly from 22.13 to 8.87 from 14,650 to 14,400 ca-
1yr BP, and then exhibit an increasing trend and increase from 8.87 to
13.43 from 14,400 to 12,380 cal yr BP with a peak value of 18.26 at
13,910 cal yr BP. Both 813C0rg and 8'°N values display decreasing
trends during this stage. §'°C,, values gradually decrease from
—24.99%0 to —27.31%o from 15,000 to 12,350 cal yr BP with a trough
value of —28.66%o at 12,930 cal yr BP; 8'°N values gradually decrease
from 4.85%o to 2.4%o from 15,000 to 12,420 cal yr BP with two trough

139

values of 3.21%o and 2.76%o at 14,030 and 12,930 cal yr BP, respec-
tively, and then decrease abruptly to 0.04%o at 12,350 cal yr BP.

4.2. Stage 2 (930-845 cm, 12,350-11,400 cal yr BP)

During this stage, TOC and TN concentrations maintain low levels of
averages of 1.5% and 0.12%, respectively. C/N ratios increase to a high
level of an average of 15.72 with two peak values of 19.88 at
12,350 cal yr BP and 24.8 at 11,560 cal yr BP. 813COrg values maintain
an average of —27.01%o. 8'°N values maintain a low level and
gradually increase from 0.04%o to 0.46%o with a peak value of
2.01%o at 11,970 cal yr BP.

4.3. Stage 1 (845-770 cm, 11,400-10,000 cal yr BP)

TOC and TN concentrations, C/N ratios and 813C0rg and 8'°N values
all display increasing trends during this stage. TOC and TN concentra-
tions increase from 1.5% and 0.15% to 4.7% and 0.41%, respectively.
C/N ratios exhibit much lower values than the preceding stage, but
increase from 9.9 to 13.5 with fluctuations during this stage. 8'°Corq
values gradually increase from —27.1%o to —26.47%o0 with a peak
value of —25.78%o at 11,040 cal yr BP. 8*°N values slightly increase
from 0.46%o to 1.61%o with a trough value of —1.74%o at 10,840 cal yr
BP.

5. Discussion

5.1. Paleoenvironmental implications of the organic carbon and nitrogen
proxies

5.1.1. TOC and TN concentrations and C/N ratios

TOC and TN concentrations of the Dali Lake sediments exhibit a
good correlation (R%2 = 0.80, P < 0.01) from 15,000 to 10,000 cal yr
BP (Fig. 4), indicating that TN comes mainly from the sedimentary
organic matter (Talbot and Johannessen, 1992; Talbot and Lerdal,
2000; Talbot, 2001; Selvaraj et al., 2012). The relatively poorer
correlation between TOC and TN concentrations in each stage (Fig. 5;
Table 2) may have resulted from various proportions of autochthonous
organic matter to the lake sediments (Fig. 4), because TN is mainly



J. Fan et al.

Journal of Asian Earth Sciences 140 (2017) 135-146

0.5 —24 6
A B C o ®
o °9%%
o O o [0}
0.4 -25| o o © | & &5 5%
R o o o © 4 %0 o ng ]&°
— a [e]
—~ 03fF £ 261 o 8 op © O = o ¥ o0 °
o\o \;, [m] B @ o °\\, ° %
~ 5 o % BO m = 2 A
F 02 £ 2 DB:@“% o A 18 MS;ED
2+ 2 27+ Q w0 8
© o [8 o RS ° = u]
o [e¢) o
a (g (ZDA
01F -28 ® o © 0 A
o DA%:I AFSJD
o AA o
1 1 1 _ 1 /| 1 ]
% s % 10 15 20 25 229 28 27 26 25 24
CIN ratio §13C g (%o)

oStage 3 4 Stage 2 O Stage 1

Fig. 5. Biplots of organic carbon and nitrogen proxies for the DL04 core from 15,000 to 10,000 cal yr BP. (A) TN vs. TOC. (B) 813Cmg vs. C/N. (C) 8'°N vs. 813Corg. See Table 2 for

coefficients of determination and P values for the linear correlations for each stage.

aquatic origin (Meyers, 1990; Talbot and Johannessen, 1992) while
TOC represents organic matter from both terrestrial inputs and aquatic
production (Meyers, 1994; Lamb et al., 2006; An et al., 2012). Previous
studies suggested that organic matter from soils in the Dali Lake
catchment could be ignored because it made only a minor contribution
to the lake sediments (Fan et al., 2017). In addition, there should be
little influence from submerged macrophytes on the sedimentary
organic matter in Dali Lake because 813C0,g values of the DL04 core
from 15,000 to 10,000 cal yr BP (with a maximum of —24.99%o) are
much lower than those of submerged macrophytes in alkaline lakes
(with an average of —16%o) (Zhang et al., 2004; Aichner et al., 2010,
2012; Qiang et al., 2013). The contribution of emergent macrophytes
which might exist in the shallow parts of the lake to the sedimentary
organic matter should also be very small, because the water of Dali Lake
is alkaline and brackish (Fan et al., 2016) which should be unfavorable
for the growth of these macrophytes. Modern observations indicate that
aquatic vascular plants are scarce in the Dali Lake and they are
generally confined to the areas of the river mouth (Li, 1993; Wang
and Dou, 1998). These data provide support for the above inference.
However, emergent macrophytes that existed on land near the lake
might have contributed, to some extent, to the sedimentary organic
matter in Dali Lake. Emergent macrophytes have C/N ratios and §'°C
values close to those of terrestrial C; plants (Meyers and Lallier-Verges,
1999), therefore the organic matter from emergent macrophytes that
grew on land near the lake could be regarded as the allochthonous
organic matter (Meyers and Lallier-Verges, 1999).

Therefore the organic matter in the Dali Lake sediments should
come mainly from terrestrial plants and aquatic phytoplankton. C/N
ratios can be used to determine the relative contributions of auto-
chthonous and allochthonous organic matter in lake sediments because
lacustrine algae are absence of cellulose but rich in protein, therefore
organic matter from lacustrine algae commonly have C/N ratios
between 4 and 10, while terrestrial organic matter from vascular plants
are mainly composed of lignin and cellulose which are nitrogen poor,
therefore organic matter from terrestrial plants have relatively high C/
N ratios of more than 20 (Meyers, 1990, 1994; Talbot and Johannessen,
1992; Lamb et al., 2006), and degradation and diagenesis of the organic
matter have little influence on the trends of changes in C/N ratios
(Lamb et al., 2004; Russell et al., 2009). In this study, the two-end
members model (Ishiwatari et al., 2005, 2009; Fan et al., 2017) is used
and the relative proportions of allochthonous (Allo) and autochthonous
(Auto) organic matter in the Dali Lake sediments (Fig. 4) are estimated
on the assumption of an average C/N value of 22 for allochthonous
organic matter from modern terrestrial plants in the lake catchment and
8 for autochthonous organic matter (Fan et al., 2017). The two-end
members model is expressed as follows:
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/Ny = 22 P+ 8(1—P)

where C/N,., represents the measured atomic C/N values of organic
matter from Dali Lake sediments; P and (1 — P) represent the propor-
tions of allochthonous and autochthonous organic matter in the lake
sediments, respectively.

It is worth mentioning that the two-end members model is favorable
for the identification of the reciprocal relationship between the
proportions of allochthonous and autochthonous organic matter in
the lake sediments (Fig. 4) and thus for the interpretation of the isotopic
data, however, it cannot be used to identify the changes in the absolute
amount of allochthonous and autochthonous organic matter because
both terrestrial vegetation, terrestrial inputs and aquatic productivity
may concurrent increase (Fig. 4) when the regional temperature and
precipitation increase (An et al., 2012).

5.1.2. §"C,y

The poor correlation between 8'°Coy values and C/N ratios of
organic matter from the Dali Lake sediments (Fig. 5; Table 2) implies
that 813C0rg values could be influenced by changes in both the relative
proportions of terrestrial and aquatic components and the primary
isotopic signature of one and/or both. Terrestrial plants are mainly
divided into two groups, C3 and C,4 plants, according to the carbon
fixation pathways during the process of photosynthesis (O’Leary, 1988;
Farquhar et al., 1989). Almost all trees and cold-season grasses/sedges
use the C; pathway, and they have an average 8'3C value of —27%o;
whereas warm-season grasses/sedges use the C, pathway, and they
have an average 8'3C value of —14%o (O’Leary, 1988; Farquhar et al.,
1989). The influence from terrestrial C, plants should be excluded
because 8'3C,q values of the DL04 core from 15,000 to 10,000 cal yr BP
are much lower than those of terrestrial C4 plants (Fig. 4).

Aquatic phytoplankton in freshwater lakes has 8*>C values generally
between —32%o and —26%o (Meyers, 1994), which are close to those
of Cs plants, while in alkaline lakes phytoplankton have §'°C values
much higher than those of terrestrial C; plants because of their
bicarbonate metabolism (Oana and Deevey, 1960; O’Leary, 1988;
Farquhar et al., 1989; Zhang et al., 2004; Aichner et al., 2010; Qiang
et al., 2013). In the Dali Lake catchment, terrestrial C; plants have an
average 8'3C value of —27.1%o (Wang et al., 2003), which is much
lower than those of aquatic phytoplankton due to the alkaline water of
the lake (Fan et al., 2016, 2017). Therefore when surface runoffs
strengthen due to increases in the regional precipitation, increases in
the isotopically lighter, terrestrial organic matter input to the lake
would decrease the 8'3C,yy values of sedimentary organic matter. In
addition, concurrent increases in the isotopically lighter, riverine
dissolved inorganic carbon (DIC) input to the lake would decrease the
813C values of the lake’s DIC pool and thus of the aquatic organic
matter. While concomitant increases in the nutrients input to the lake
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Table 3
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An overview of variations in the hydrology and ecology of the Dali Lake basin and changes in the regional temperature and precipitation during the last deglaciation.

Stage  Age interval (cal yr BP)  Terrestrial vegetation and terrestrial Aquatic phytoplankton Regional temperature and precipitation
inputs

1 11,400-10,000 Both terrestrial vegetation and Returned to increase Both temperature and precipitation returned to increase
terrestrial inputs returned to increase

2 12,350-11,400 Terrestrial inputs decreased to a Declined to a relatively low  Temperature decreased significantly at the beginning of this stage, and
relatively low level status then maintained a low level; precipitation decreased to a relatively low

level
3 15,000-12,350 Both terrestrial vegetation and Gradually increased Both temperature and precipitation gradually increased

terrestrial inputs gradually increased

may continuously increase the primary productivity of the aquatic
phytoplankton, which would in turn increase the §'3C values of aquatic
organic matter due to progressive enrichment in the '3C of the lake’s
DIC pool caused by preferential assimilation of '>CO, by the aquatic
phytoplankton (Talbot and Johannessen, 1992; Talbot and Lerdal,
2000).

On the contrary, when regional precipitation decreases signifi-
cantly, terrestrial C3 plants may also have relatively high §'3C values
due to decreases in the isotopic fractionation during the photosynthesis
(Wang et al., 2003; Liu et al., 2005). In addition, when large falls in the
lake level occur due to significant decreases in the regional precipita-
tion, the limited dissolved CO, concentration in the lake water would
force aquatic phytoplankton to assimilate more HCO3 ™~ from the lake
water (Calder and Parker, 1973; Pardue et al., 1976; Smith and Walker,
1980; Lucas, 1983), which would produce organic matter significantly
enriched in '3C because HCO;™ has 8'3C values 7-11%o higher than
dissolved CO, (Mook et al., 1974). Nevertheless, it is noteworthy that
relatively rapid mixing of lake waters during the period of low lake
level would promote the injection of dissolved oxygen into the bottom
water. This process could facilitate the degradation of deposited organic
matter, leading to releases of isotopically-lighter carbon into the lake
water and thus to decreases in the 8'3C values of aquatic plants and the
resulting organic matter (Leng and Marshall, 2004).

5.1.3. §"N

8'°N values of organic matter in lake sediments can be used to
indicate changes in the primary isotopic signature of aquatic organic
matter because organic nitrogen in lake sediments is mainly aquatic
origin (Meyers, 1990; Talbot and Johannessen, 1992; Fan et al., 2017).
The poor correlation between §'3C,,; and 8'°N values of organic matter
from the Dali Lake sediments (Fig. 5; Table 2) may indicate that the
response of the lake’s dissolved inorganic nitrogen (DIN) pool to the
physicochemical change in the lake water is also very complicated.
Lacustrine algae preferentially assimilate *N from the DIN pool of the
lake during the photosynthesis. When primary productivity increases
due to increases in the nutrients input to the lake, 8'°N values of
aquatic organic matter will gradually increase due to progressive
enrichment in the N of the lake’s DIN pool (Wada and Hattori,
1978; Francois et al., 1996). Decreases in 8'°N values may reflect
increases in the input of soil nitrogen into the lake’s DIN pool due to
increases in the regional precipitation, because soil nitrogen comes
initially from atmospheric nitrogen through the fixation of nitrogen-
fixing bacteria, atmospherically deposited N and terrestrial plant
residues which have 8'°N values close to 0%o (Peters et al., 1978;
Peterson and Howarth, 1987; Meyers, 1997, 2003; Talbot, 2001),
therefore soil nitrogen should have 8'°N values much lower than those
of the lakes’ DIN pool (Fan et al., 2017). On the contrary, when lake
level significantly falls due to large decreases in the regional precipita-
tion, the lake’s DIN pool may be significantly enriched in *®N, as both
nitrification in aerobic environments (Talbot and Johannessen, 1992;
Talbot and Leaerdal, 2000) and ammonia volatilization in alkaline waters
(Collister and Hayes, 1991; Talbot and Johannessen, 1992) may occur,
and result in significantly high 8'°N values of the aquatic organic

matter (as high as 18%o). In addition, cold environment (< 4 °C) could
limit the activities of both nitrifying bacteria (Schindlbacher et al.,
2004; Horvath et al.,, 2010) and amonifying bacteria (Cloete and
Kritzinger, 1985), which would result in sharp decreases in the 8'°N
values of sedimentary organic matter (Sun et al., 2016). Denitrification
should have insignificant influence on the 8'°N value of the lake’s DIN
pool during the last deglaciation because Dali Lake has a maximum
depth of only 11 m at present (Talbot, 2001).

It is also noteworthy that possible limitation of nitrogen in the lake’s
DIN pool due to high phytoplankton productivity may force blue-green
algae to dominate the phytoplankton owing to their capacity of fixing
atmospheric nitrogen (Hecky and Kling, 1981, 1987). Shifts in the
nitrogen metabolism of the dominant phytoplankton in the lake will
cause a sharp decrease in the §'°N values of the organic matter (Arthur
et al., 1983).

5.2. Environment and climate changes in the Dali Lake region during the
last deglaciation

The time series of TOC and TN concentrations, C/N ratio, and
8"3Corg and 8'°N values of sedimentary organic matter from the DL04
core can potentially be used to reconstruct the history of variations in
the hydrology (surface runoff/fluvial erosion and the lake level) and
ecology (terrestrial vegetation development and aquatic phytoplankton
productivity) of the lake basin and thus of the climate change in the
region during the last deglaciation (Fig. 4; Table 3).

From 15,000 to 12,350 cal yr BP, both TOC and TN concentrations
exhibit increasing trends, suggesting that terrestrial vegetation and
terrestrial organic matter input displayed increasing trends, and
terrestrial nutrient input gradually increased which resulted in contin-
uous increases in the phytoplankton productivity (Hakanson and
Jansson, 1983; Talbot and Laerdal, 2000; Cohen, 2003). The interrup-
tions of increases in the TOC concentrations from 12,800 to 12,350 ca-
1 yr BP may be related to weaker fluvial erosion due to the development
of terrestrial vegetation during the preceding period (Fig. 4). These data
imply that regional temperature and precipitation may exhibit increas-
ing trends during this period (An et al., 2012). C/N ratios maintain the
highest values with an average close to 22 from 15,000 to 14,650 cal yr
BP, denoting that there was little contribution of aquatic organic matter
to the lake sediments during this period (Fig. 4). Therefore the highest
813Ccrg values from 15,000 to 14,650 cal yr BP may indicate that
terrestrial Cy plants had high 8§'3C,,, values that may be related to
dry climate in the region (Wang et al., 2003; Liu et al., 2005). C/N
ratios decrease rapidly from 22.13 to 8.87 from 14,650 to 14,400 cal yr
BP, indicating that aquatic organic matter quickly replaced the
terrestrial organic matter to dominate the sedimentary organic matter
(Fig. 4). Subsequently C/N ratios display an increasing trend with an
average of 13.52 from 14,400 to 12,350 cal yr BP, which imply a
superimposed influence of both terrestrial inputs and aquatic produc-
tion on the isotopic characteristics of the sedimentary organic matter in
the Dali Lake. Therefore the decreasing trend of 813C0rg values from
14,650 to 12,350 cal yr BP may be related to the **C enrichment of the
lake’s DIC pool and thus the decreases in §'°C values of aquatic organic
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matter as a result of large inputs of isotopically-lighter, riverine DIC to
the lake (Talbot and Johannessen, 1992; Talbot and Lardal, 2000). The
decreases in 813C0rg values may also reflect the contribution of
isotopically-lighter, terrestrial organic matter to the lake sediments,
due to increases in the regional precipitation (Wang et al., 2003; Liu
et al., 2005). The remarkable low 813C0rg values correspond to the
significantly high TOC concentrations from 13,000 to 12,800 cal yr BP
(Fig. 4), supporting the above inference. The positive correlation
between 813COrg and 8'°N values from 15,000 to 12,350 cal yr BP
(Fig. 5; Table 2) indicate that the decreasing trend of §'°N values may
be related to the increases in the isotopically-lighter, soil nitrogen input
to the lake that led to the N enrichment of the lake’s DIN pool (Talbot
and Johannessen, 1992; Talbot and Lerdal, 2000), due to increases in
the surface runoffs. It is notable that 8'°N values decrease abruptly to
0.04%o0 at 12,350 cal yr BP (Fig. 4). In theory, the lake’s DIN pool
should be enriched in >N and the 8'°N values of the lake’s DIN pool
should be much higher than 0%o, due to nitrification and/or ammonia
volatilization in the lake water (Collister and Hayes, 1991; Talbot and
Johannessen, 1992; Talbot and Lardal, 2000). Therefore it is most
likely that water temperature in the Dali Lake largely and rapidly
decreased, resulting in limited activities of both nitrifying bacteria
(Schindlbacher et al., 2004; Horvath et al., 2010) and amonifying
bacteria (Cloete and Kritzinger, 1985). Significant weakening in the
biological activities involving nitrogen cycling in the lake would lead to
abrupt decreases in the 8'°N values of the lake’s DIN pool (Talbot and
Johannessen, 1992; Talbot and Lardal, 2000; Sun et al., 2016). The
effects of both isotopically-lighter nitrogen input to the lake and
nitrogen fixation by blue-green algae on the 8'°N values of the aquatic
organic matter can be excluded because both TOC and TN concentra-
tions do not exhibit such significant changes as 8'°N values (Fig. 4).

From 12,350 to 11,400 calyr BP, TOC and TN concentrations
maintained a relatively low level, indicating that phytoplankton
productivity decreased to a low status which may be resulted from
the decreases in the terrestrial inputs or the water temperature or both
(Hakanson and Jansson, 1983; Talbot and Lardal, 2000; Cohen, 2003).
C/N ratios increase to a high level of an average of 15.7, suggesting that
the proportion of terrestrial organic matter was nearly equal to that of
aquatic organic matter (Fig. 4). 813C0rg values increase to an average of
—27%o which is slightly higher than the average §'3C value of modern
terrestrial C3 plants (—27.1%o) in the lake catchment (Wang et al.,
2003). These data imply that regional precipitation may have decreased
to a relatively low level during this period, which gave rise to decreases
in the isotopic fractionation of terrestrial C; plants during the photo-
synthesis (Wang et al., 2003; Liu et al., 2005), thereby leading to
increases in the 8'3C values of both terrestrial organic matter and
riverine DIC, and concurrent increases in the 8'3C values of the lake’s
DIC pool and aquatic organic matter. 8'°N maintain low values of an
average of —0.34%o during this period (Fig. 4), implying that the lake
water should be still very cold that limited the activities of nitrifying
and amonifying bacteria (Cloete and Kritzinger, 1985; Schindlbacher
et al.,, 2004; Horvath et al., 2010), which would result in weak
nitrification and ammonia volatilization that gave rise to relatively
low 8'°N values of the lake’s DIN pool and the organic matter.

From 11,400 to 10,000 cal yr BP, TOC and TN concentrations return
to increase, suggesting that terrestrial vegetation returned to develop,
terrestrial organic matter and nutrient inputs to the lake increased, and
phytoplankton productivity significantly increased, due to increases in
the regional temperature and precipitation. C/N ratios exhibit much
lower values than the preceding period while increase from 9.9 to 13.5
during this period, indicating that aquatic organic matter dominated
the sedimentary organic matter while the proportion of terrestrial
organic matter gradually increased (Fig. 4). 813C0rg values displayed an
increasing trend during this period with maximum values correspond-
ing to the peak values of TN concentrations from 11,100 to 10,900 ca-
lyr BP (Fig. 4). These data indicate that increases in the §'3C,, values
may be determined by the increases in the phytoplankton productivity.
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The progressive '>C enrichment of the lake’s DIC pool caused by
increased primary productivity overwhelmed the 2C input from
terrestrial isotopically-lighter, organic matter and riverine DIC. 8!°N
values maintain a low level of an average of 0.33%o which is slightly
higher than the preceding period (Fig. 4). The relatively low 8'°N
values may indicate an insensitive response of biological activities
involving nitrogen cycling in the lake to the regional environment and
climate changes or a possible temperature threshold for the recovery of
these bacteria (Cloete and Kritzinger, 1985; Schindlbacher et al., 2004;
Horvéth et al., 2010). Slight increases in the 8§'°N values relative to the
preceding period may have resulted from the increases in the phyto-
plankton productivity (Wada and Hattori, 1978; Francois et al., 1996;
Wu et al., 2007; Xu et al., 2016).

5.3. Possible causes of environment and climate changes in the Dali Lake
region during the last deglaciation

The geochemical data of TOC and TN concentrations, C/N ratio, and
8"3Corg and 8'°N values of sedimentary organic matter from the DL04
core indicate that regional temperature and precipitation generally
exhibited an increasing trend from 15,000 to 12,350 cal yr BP; tem-
perature decreased abruptly at 12,350 cal yr BP and then maintained a
low level from 12,350 to 11,400 cal yr BP, precipitation decreased to a
relatively low level from 12,350 to 11,400 calyr BP; and both
temperature and precipitation returned to increase from 11,400 to
10,000 cal yr BP (Figs. 4 and 6; Table 3). Recent studies on the
environmental magnetism of the DL0O4 core indicated that pseudo-
single domain magnetites were the main magnetic carriers from 15,000
to 12,350 cal yr BP; high concentrations of these relatively coarse
magnetic minerals reflected by high values of SIRM and low values of
Xarm/SIRM (Fig. 6) suggest a warm and wet climate during this period
(Liu et al., 2016). From 12,350 to 11,400 cal yr BP, the concentrations
of magnetic minerals decreased and the magnetic grain size became
finer, which was interpreted as less fluvial and runoff transportation
due to decreases in the regional precipitation (Liu et al., 2016) (Fig. 6).
Increases in the concentrations of magnetic minerals after 11,400 cal yr
BP imply an ameliorating regional climate (Liu et al., 2016) (Fig. 6).
The regional climate change indicated by the environmental magnetism
generally coincides with the geochemical record from sedimentary
organic matter of the DL0O4 core (Fig. 6).

Previous studies on the 8'®0 record of Greenland ice (NGRIP)
indicated that several marked temperature fluctuations, such as BA
warm phase and YD cold reversal, occurred over northern high latitudes
during the last deglaciation (Rasmussen et al., 2006) (Fig. 6). These
climate fluctuations have also been reflected in the regional climate
change in East Asia. For example, increases in the TOC concentrations
and decreases in the '3C,,, values of sedimentary organic matter from
Moon Lake (47°30” N, 120°52’ E) indicated increases in the isotopically
lighter, terrestrial organic matter input to the lake, which was related to
the increases in regional temperature and precipitation (or effective
moisture) in the modern EASM margin during the BA warm period (Liu
et al.,, 2010) (Fig. 1); while decreases in the TOC concentrations and
increases in the '3C,,, values suggested decreases in regional tempera-
ture and precipitation during the YD cold period (Liu et al., 2010). The
interpretations of the data of TOC concentrations and 13COrg values in
Liu et al. (2010) were supported by the changes in regional humidity
reconstructed from pollen assemblages from the same lake published by
Wu et al. (2016) (Fig. 6). In addition, the regional precipitation
reconstructed from pollen assemblages from Gonghai Lake (38°54’ N,
112°14’ E) in the modern EASM margin (Chen et al., 2015) and the
EASM intensity indicated by the 880 record of stalagmite from Hulu
Cave (32°30’ N, 119°10’ E) (Wang et al., 2001) increased during the BA
warm period and decreased during the YD cold period (Figs. 1 and 6).
The regional climate change reflected by the geochemical data of
sedimentary organic matter from Dali Lake is consistent with these
records in the Asian monsoonal region (Wang et al., 2001; Liu et al.,
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Fig. 6. Correlations of TOC and TN concentrations and 8'°N values of sedimentary organic matter from the DLO4 core from 15,000 to 10,000 cal yr BP with SIRM and ¥ agrm/SIRM from
the same sediment core (Liu et al., 2016); with humidity and mean annual precipitation (MAP) in the modern East Asian summer monsoon margin reconstructed from pollen assemblages
of sediment cores from Moon Lake (Wu et al., 2016) and Gonghai Lake (Chen et al., 2015), respectively; and with 8'®0 records of stalagmite from Hulu Cave (Wang et al., 2001) and
Greenland ice from NGRIP (Rasmussen et al., 2006), respectively. BA is the abbreviation for Bglling-Allergd and YD is for Younger Dryas.

2010; Chen et al., 2015; Wu et al., 2016) (Figs. 1 and 6) and generally
corresponds, within age uncertainties, to the BA warm phase, YD cold
reversal and the early Holocene climate amelioration (Fig. 6).

Dali Lake is located in the northern margin of the EASM, and the
climate in the region is mainly controlled by the EASM intensity (An,
2000; Xiao et al., 2004). The warm and humid climate in the region is
closely related to the strengthening of the EASM (An, 2000). Northern
Hemisphere summer insolation (NHSI) changes have been suggested as
an important factor forcing variations in the EASM intensity and
monsoonal precipitation on orbital timescales (An, 2000). Regional
temperature and precipitation reflected by the data of TOC and TN
concentrations from Dali Lake as well as regional humidity and mean
annual precipitation (MAP) reconstructed from pollen assemblages
from Moon Lake (Wu et al., 2016) and Gonghai Lake (Chen et al.,
2015), respectively, and EASM intensity indicated by the §'80 record of
stalagmite from Hulu Cave (Wang et al., 2001) exhibited an increasing
trend similar to the gradual increases in the NHSI (Laskar et al., 2004)
but different from the gradual decreases in the northern high latitude
temperature reflected by the 8'0 record of Greenland ice (Rasmussen
et al., 2006) during the BA warm period (Fig. 6), supporting that the
increasing trend of monsoonal precipitation during the BA warm period
was driven dominantly by insolation changes. The gradual temperature
decrease in the northern high latitudes may have had a relatively
limited impact on the monsoonal system, or did not overwhelm the
effect of orbital forcing on the strengthening of EASM intensity during
the BA warm period. The opposite trends of NHSI and northern high
latitude temperature during the BA warm period may explain the
relatively smaller magnitude of monsoonal precipitation increase in the
Dali Lake region (Fig. 6), or the slight increases in the monsoonal
precipitation in East Asia inlands during the BA warm period (Figs. 1
and 6) may reflect a climate threshold (Liu et al., 2014) related to the
long distance from source areas of monsoonal moisture to the Asian
interior due to relatively lower levels of the East China Seas (Li et al.,
2014).

North Atlantic cooling was suggested as a key factor for the
weakening in the EASM intensity during the YD cold period, through
its influence on the changes in Atlantic Meridional Overturning
Circulation (AMOC) and Intertropical Convergence Zone (ITCZ) (Ma
et al., 2012). It is plausible that changes in the AMOC and ITCZ would
have a great impact on the regional climate in low latitude coastal areas
(Wang et al., 2001; Nakagawa et al., 2003; Partin et al., 2015).
However, Dali Lake is located in the Asia inlands (Fig. 1), far from
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the ITCZ areas. Therefore a mechanism involving atmosphere’s dy-
namic changes was considered to be the linkage between northern high
latitude cooling and EASM weakening in the middle latitudes (Fan
et al., 2016). It is notable that regional temperature decreased rapidly
and significantly recorded by the abrupt decreases in the 8'°N values of
the DLO4 core during the transition from BA warm phase to YD cold
reversal (Fig. 6). If this temperature signal was true, then the immediate
response of temperature in the Dali Lake region to the cooling over
northern high latitudes would be identified, which might support the
atmosphere’s dynamic propagation (Fan et al., 2016). While compared
with temperature changes in the northern high latitudes, regional
precipitation reflected by the data of TOC and TN concentrations from
Dali Lake decreased gradually rather than abruptly at the beginning of
the YD cold period and decreased in a much smaller magnitude
throughout this period (Fig. 6), which may have resulted from local
moisture recycling due to thermal warming at the end of preceding
period or from an insensitive response of hydrology and ecology to the
regional precipitation change. Persistent moisture transportation from
monsoonal source areas to the Asian interior due to NHSI increase
should not be considered as a mechanism for the gradual and mild
decreases in the regional precipitation during the YD cold period, if
frigid airflow indeed prevailed in the Dali Lake region.

Different characteristics and mechanisms regarding regional pre-
cipitation changes in East Asia during the YD cold period have been
reported recently (Hong et al., 2010; Stebich et al., 2011; Huang et al.,
2012; Park et al., 2014; Chen et al., 2015; Yang et al., 2016). For
example, the lipid-based paleohydrological record of a sediment core
from Dajiuhu peatland indicated an increased precipitation in the
middle reaches of the Yangtze River, in response to the regional
influence of the western Pacific subtropical high on the residence time
of the Meiyu rainband (Huang et al., 2012); the cellulose 8'3C record of
a sediment core from Hani peatland also suggested an increased
precipitation in Northeast China, in response to the northward move-
ment of the western Pacific subtropical high (Hong et al., 2010).
However, the geochemical records of sedimentary organic matter from
Dali Lake and Moon Lake (Liu et al., 2010), the pollen records from
Moon Lake (Wu et al., 2016) and Gonghai Lake (Chen et al., 2015), and
the stalagmite 880 record from Hulu Cave (Wang et al., 2001) all
suggest a decreased precipitation or EASM intensity during the YD cold
period, which should be dominantly driven by the northern high
latitude cooling (Rasmussen et al., 2006) (Fig. 6).
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6. Conclusions

Systematic studies on the characteristic of sedimentary organic
matter from Dali Lake provide a detailed record of environment and
climate changes in the modern EASM margin during the last deglacia-
tion. Concomitant increases in the TOC and TN concentrations indicate
increases in terrestrial organic matter and nutrient inputs to the lake
and a development of terrestrial vegetation and phytoplankton produc-
tivity, due to increases in the regional temperature and precipitation.
C/N ratios reflect changes in the proportions of terrestrial and aquatic
organic matter in the Dali Lake sediments. Concurrent decreases in the
8"3Corg and 8"°N values generally indicate increases in the isotopically
lighter, terrestrial organic matter, riverine DIC and soil nitrogen inputs
to the lake, due to increases in surface runoffs; while a sharp decrease in
the 8!°N value implies a significant weakening in the biological
activities involving nitrogen cycling in the lake, due to abrupt decrease
in the water temperature. The geochemical data indicate that regional
temperature and precipitation increased gradually from 15,000 to
12,350 cal yr BP; temperature decreased abruptly at 12,350 cal yr BP
and then maintained a low level from 12,350 to 11,400 cal yr BP,
precipitation decreased to a relatively low level from 12,350 to
11,400 cal yr BP; and both temperature and precipitation returned to
increase after 11,400 cal yr BP. The climate change in the Dali Lake
region during the last deglaciation corresponds, within age uncertain-
ties, to the BA warm phase and YD cold reversal in the northern high
latitudes. However, the gradual and mild increasing trend of regional
temperature and precipitation during the BA warm period contrasts
with the general cooling trend in northern high latitude temperature,
implying a dominant influence from increases in the NHSI; while the
slight decreases in regional precipitation relative to the rapid and
significant decreases in northern high latitude temperature during the
YD cold period may have resulted from local moisture recycling or from
an insensitive response of hydrology and ecology to the regional
precipitation change.
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