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A B S T R A C T   

Quantitative temperature reconstructions from the Asian monsoon region may provide insight into climate 
forcing and help develop climate models with better prognostic potential. However, highly resolved quantitative 
terrestrial temperature reconstructions of the Asian monsoon domain are scarce. Here we present the results of 
analyses of 5-methyl and 6-methyl branched glycerol dialkyl glycerol tetraethers (brGDGTs) in lacustrine sedi-
ments from Lake Chenghai in southwest China, spanning the period 15.6–7.0 cal ka BP, to test the potential of 
this microbial paleothermometer. The distribution of brGDGTs changed abruptly at the end of the Heinrich 1 
drought event, indicating that change in water level could overprint the temperature signal. Our reconstructed 
mean annual atmospheric temperature was 1–4 ◦C cooler than present and displayed a long-term warming trend 
from 14.4 to 7.0 cal ka BP. Superimposed on this overall trend, cooling events corresponding to the Older Dryas 
and Younger Dryas in the North Atlantic were recorded. The temperature reconstruction was in good agreement 
with previous brGDGT-based reconstructions and climate simulations, revealing a winter-biased and elevation- 
dependent mean annual atmospheric temperature change in southwest China. We suggest that the winter and 
summer monsoons could have played an important role in the amplification of temperature changes in high- 
altitude mountains and that there is a need for additional quantitative temperature records from low latitudes 
to help reconcile the diverging Holocene temperature trends between the different reconstructions and model 
data in the Asian monsoon region.   

1. Introduction 

The transition from a cold glaciated state to a warm interglacial 
period since the last glacial maximum (LGM, 26.5–19 cal ka BP) rep-
resents the most recent large-scale reorganization of the Earth’s climate 
system (Clark et al., 2009). The examination of natural changes in 
climate systems can improve our understanding of climate change 
mechanisms and their responses to various forces. Although great efforts 
have been made to characterize the evolution of global temperatures 
from the LGM to the present, the underlying dynamics of millennial 
abrupt climate change during deglaciation and Holocene temperature 
evolution remain unclear (Liu et al., 2014; Marcott et al., 2013; Marsicek 
et al., 2018; Osman et al., 2021; Shakun et al., 2012). For example, using 
73 marine and terrestrial records, Marcott et al. (2013) estimated global 
Holocene temperatures, showing a long-term cooling trend through the 
middle and late Holocene after the early Holocene thermal maximum. In 
contrast, model simulations suggest that the Holocene climate is 

warming because of increasing atmospheric greenhouse gas concentra-
tions and retreating continental ice sheets, termed the Holocene tem-
perature conundrum (Liu et al., 2014). In addition, the reconstructed 
Holocene temperature has a strong regional expression, with significant 
cooling limited to high latitudes and slight warming to low latitudes 
(Marcott et al., 2013). The probable causes of this spatiotemporal tem-
perature heterogeneity include seasonal biases in proxies, the under-
representation of terrestrial records in global temperature 
reconstructions, and incomplete forcing or insufficiently sensitive 
feedback of climate model simulations (Bader et al., 2020; Liu et al., 
2014; Marsicek et al., 2018). Therefore, robust knowledge of past tem-
perature evolution requires a better understanding of the discrepancies 
between individual proxy records and model data. 

Pollen, chironomids, alkenones and branched glycerol dialkyl glyc-
erol tetraethers (brGDGTs) have been widely used to reconstruct the 
terrestrial palaeotemperature since the LGM (Chen et al., 2020; Chu 
et al., 2017; Marsicek et al., 2018; Sinninghe Damsté et al., 2011; 
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Weijers et al., 2007; Zhang et al., 2017a; Zhang et al., 2019; Zhao et al., 
2021). BrGDGTs are membrane lipids produced by some bacterial spe-
cies that contain straight alkyl core chains with four or six methyl 
groups, and one or two cyclopentyl moieties formed by internal cycli-
zation involving a methyl group (Schouten et al., 2013; Sinninghe 
Damsté et al., 2011). BrGDGTs are ubiquitous in soils, peats, lacustrine 
sediments and marine sediments, and have great potential for use as 
universal paleotemperature proxies (Schouten et al., 2013; Weijers 
et al., 2007). With the development of chromatographic analysis, two 
structure isomers of the pentamethylated and hexamethylated brGDGTs 
have been identified, including one compound with a methyl group at 
position 5 and another with a methyl group at position 6 (De Jonge et al., 
2014; Russell et al., 2018). Newly developed regional and global tem-
perature calibrations based on the distributions of 5-methyl and 6- 
methyl brGDGTs may significantly improve the accuracy of past tem-
perature reconstructions (De Jonge et al., 2014; Martínez-Sosa et al., 
2021; Naafs et al., 2017; Russell et al., 2018; Zhao et al., 2021). 

Lacustrine sediments are considered as ideal paleoclimatic archives 
for preserving high-resolution and continuous sedimentary sequences. 

Several studies on quantitative temperature records extending to the 
LGM have been undertaken in southwest China, where ecosystem 
functions and biodiversity are sensitive to global climate change (Opitz 
et al., 2015; Tian et al., 2019; Zhang et al., 2022; Zhang et al., 2017a; 
Zhang et al., 2019; Zhao et al., 2021). However, the temperature re-
sponses to millennial-scale meltwater discharge and increase in atmo-
spheric CO2 have been muted. For example, chironomid-based summer 
temperatures from Lake Tiancai display a significant cooling trend 
during the Holocene, whereas brGDGT-based temperatures from 
different altitudes show a gradual warming trend (Zhang et al., 2022; 
Zhang et al., 2017a; Zhang et al., 2019; Zhao et al., 2021). In addition, 
the most recent millennial abrupt cold event, the Younger Dryas (YD), is 
not identified in all of these temperature records. Therefore, it is 
necessary to conduct new quantitative temperature records in southwest 
China to improve our understanding of temperature differences and 
potential mechanisms since the LGM. 

In this study, we present a brGDGT-based temperature record from 
Lake Chenghai in southwest China during the last deglaciation-Holocene 
transition. We focused on temperature variations when the potential 

Fig. 1. (a) Map showing the location of Lake 
Chenghai in southwest China (triangle) and 
other main sites (circles): Lake Tengchong-
qinghai (Zhao et al., 2021); Lake Tiancai 
(Feng et al., 2022; Zhang et al., 2017a, 
2019); Lake Haligu (Yao et al., 2020); Lake 
Cuoqia (Zhang et al., 2022); Lake Lugu (Zhao 
et al., 2021); Lake Naneng (Opitz et al., 
2015); Lake Wuxu (Zhang et al., 2016); Lake 
Muge (Ni et al., 2019); Dongge Cave 
(Dykoski et al., 2005). Arrows indicate the 
summer and winter monsoons in the region. 
(b) Location of the sampling sites. (c) Mean 
monthly precipitation and temperature from 
the Yongsheng meteorological station (Xiao 
et al., 2018).   

W. Sun et al.                                                                                                                                                                                                                                     



Global and Planetary Change 229 (2023) 104238

3

climate forcing rapidly changed and compared our records with the 
surrounding temperature records to investigate the effects of altitude 
and seasonality on temperature changes. We further determined the 
potential factors influencing temperature changes by linking high- and 
low-latitude processes through the Asian monsoon system. 

2. Materials and methods 

2.1. Site description 

Lake Chenghai (26◦27′–26◦38′N, 100◦38′–100◦41′E) is a tectonic lake 
located in the northwest of Yunnan Province, southwest China (Fig. 1a). 
It is believed that Lake Chenghai was linked to the Jinsha River before 
the 1690s CE, and then became completely closed. The bowl-shaped 
terrain of the lake basin involves an altitudinal gradient from moun-
tainous peaks with a maximum height of 3275 m above sea level (a.s.l.) 
to an average lake level of 1496 m a.s.l.. The lake has an area of 
approximately 77 km2 and watershed area is 318 km2 (Wu et al., 2004). 
The total stream channel length is very short, and most are intermittent; 
as a result, Lake Chenghai is naturally fed by precipitation. 

This region has a subtropical climate and is influenced by the Asian 
summer and winter monsoons. Hydroclimatic monitoring data in the 
Lake Chenghai watershed show that the recent annual mean annual 
atmospheric temperature (MAAT) is 17.6 ◦C (Chen et al., 2019). The 
average annual precipitation is approximately 700  mm, of which 
approximately 80% occurs in summer and early autumn. The vegetation 
in the catchment is classified as Yunnan Plateau evergreen broad-leaved 
and pine forest. However, the present vegetation is dominated by sparse 
woodlands, montane shrubs, and meadows owing to human activities 
(Xiao et al., 2018). 

2.2. Sampling and dating 

In the summer of 2016, an 874-cm long composite sediment core was 
retrieved using a UWITEC coring platform system with a percussion 
corer (26◦33′29.4″N, 100◦39′6.7″E). The water depth was approximately 
30.0 m. Each section of the core was split, photographed, and sectioned 
at 1-cm intervals in the laboratory. Additionally, seven surface (top 2 
cm) lacustrine sediments covering the entire lake were sampled in 2014. 
All samples were freeze-dried prior to the analysis. 

The core chronology was established using 14C dating via accelerator 
mass spectrometry (AMS) (Sun et al., 2019). Seven terrestrial plant 
macrofossil samples were dated at the Beta Analytic Radiocarbon Dating 
Laboratory in Miami, USA. All AMS 14C dates were calibrated to cal-

endar years before the present (0 BP: 1950 CE) using the IntCal13 
calibration data set (Reimer et al., 2013). Using the AMS 14C method to 
date sediments from the last deglaciation is potentially problematic 
because terrestrial plant residues are often poorly preserved in unstable 
sedimentary environments (Sun et al., 2019). Because the variations in 
the authigenic carbonate stable oxygen isotope (δ18O) of the lakes were 
dominated by variations in the isotopic composition of lake water and 
monsoon precipitation in southwest China, we further correlated the 
authigenic carbonate δ18O record of Lake Chenghai and the speleothem 
δ18O record from Dongge Cave in southwest China (Fig. S1a, Dykoski 
et al., 2005; Sun et al., 2019). Although the ages in the stalagmite δ18O 
record were within the 95% confidence interval of the original 14C age- 
depth model, the offset between the U–Th age and the original 14C age 
reached 400 years at the initiation of the YD event in the Indian summer 

monsoon region. Because the timing of the millennial-scale events was 
clearly comparable, we performed a visual correlation between the 
authigenic carbonate δ18O record of Lake Chenghai and the speleothem 
δ18O record from Dongge Cave. The uncertainties of each anchor point 
were evaluated by considering the resolution of δ18O analysis. We ob-
tained three δ18O ages to refine the AMS 14C model and study millennial 
climate change during the last deglaciation (Fig. S1b). 

2.3. Lipid extraction and analysis 

Samples for brGDGT analysis were extracted ultrasonically using a 
mixture of dichloromethane and methanol (9:1, v/v). The supernatants 
were condensed and hydrolyzed in 1 M KOH/methanol solution. The 
neutral fractions were separated into non-polar and polar fractions on a 
silica gel column using n-hexane and methanol, respectively. The polar 
fraction containing brGDGTs was concentrated and filtered through 
0.45 μm polytetrafluoroethylene syringe filters using n-hexane/ iso-
propanol (99:1 v/v). These fractions were then dried in N2 and stored at 
− 20 ◦C until further analysis. 

BrGDGTs were analyzed using an Agilent 1260 series high- 
performance liquid chromatography-atmospheric pressure chemical 
ionization-mass spectrometer (HPLC- APCI- MS) following the proced-
ure described by Yang et al. (2015) at the Institute of Tibetan Plateau 
Research, Chinese Academy of Sciences. This method allowed the sep-
aration of 5- and 6-methyl brGDGTs. The analysis was performed in 
single ion monitoring (SIM) mode via the [M + H]+ of brGDGTs (1050, 
1048, 1046, 1036, 1034, 1032, 1022, 1020, and 1018) and peak areas 
were manually integrated. Labeling of brGDGTs followed established 
protocols, with Roman numbers indicating no (I), one (II), or two (III) 
additional methyl groups at the C5 or C6 (′) position and letters indi-
cating none (a), one (b), or two (c) cyclopentane rings (Fig. S2; De Jonge 
et al., 2014). Relative abundance was calculated as the proportion of 
each brGDGT to the sum of all common 15 brGDGTs. 

2.4. Calculation of brGDGTs-based indices 

Several brGDGTs-based ratios were calculated to evaluate the 
applicability of brGDGTs for paleoenvironmental and paleoclimatic re-
constructions of Lake Chenghai. MBT index was introduced to quantify 
the fractional abundances of tetramethylated brGDGTs (Ia–Ic) relative 
to tetramethylated, pentamethylated (IIa–IIc), and hexamethylated 
(IIIa–IIIc) compounds. This was calculated according to Weijers et al. 
(2007), as follows:  

The MBT’5Me and Index1 were calculated according to De Jone et al. 
(2014): 

MBT′
5Me =

Ia + Ib + Ic
Ia + Ib + Ic + IIa + IIb + IIc + IIIa  

Index1 = log
Ia + Ib + Ic + IIa′ + IIIa′

Ic + IIa + IIc + IIIa + IIIa′ 

The isomerization ratio IR6Me proposed by Dang et al. (2016) was 
used to represent the relative abundances of the 6-methyl and 5-methyl 
isomers: 

IR6Me =
IIa′+ IIb′+ IIc′+ IIIa′+ IIIb′+ IIIc′

IIa′+ IIb′+ IIc′+ IIIa′+ IIIb′+ IIIc′+ IIa+ IIb+ IIc+ IIIa+ IIIb+ IIIc 

MBT =
Ia + Ib + Ic

Ia + Ib + Ic + IIa′ + IIb′ + IIc′ + IIIa′ + IIIb′ + IIIc′ + IIa + IIb + IIc + IIIa + IIIb + IIIc   
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We also computed the 
∑

IIIa/
∑

IIa ratio following Xiao et al. (2016): 
∑

IIIa
∑

IIa
=

IIIa + IIIa’

IIa + IIa’  

3. Results 

BrGDGTs containing one or two cyclopentyl moieties were less 

abundant than those without cyclopentyl moieties, and brGDGTs were 
dominated by the pentamethylated series (55.2%), followed by the 
tetramethylated (25.9%) and hexamethylated (18.9%) brGDGT series in 
Lake Chenghai surface lacustrine sediments (Fig. 2). 6-Methyl brGDGTs 
were abundant, ranging from 39.4% to 59.0% with a mean of 52.4%. 
Although there was no large difference in the distribution of brGDGTs 
between the surface lacustrine sediments and down-core samples, the 

Fig. 2. Histogram showing the fractional abundance of each brGDGT in the sediments of Lake Chenghai.  

Fig. 3. Variations in MBT (a), MBT’5Me (b), Index1 (c), IR6Me (d), and (IIIa+ IIIa’)/(IIa + IIa’) ratio (e) from Lake Chenghai, The box–whisker plots indicate the 
values from surface lacustrine sediments. 
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latter changed significantly at ~14.6 cal ka BP. The tetramethylated 
brGDGTs accounted for 35.2% on average in down-core sediments from 
15.6 to 14.6 cal ka BP but decreased to 20.9% from 14.4 to 7.0 cal ka BP. 
In contrast, the fractional abundance of hexamethylated brGDGTs 
accounted for 17.5% during the first period and increased to 31.6% 
during the second period. 

Indices MBT, MBT’5Me, Index1, IR6Me, and 
∑

IIIa/
∑

IIa for the surface 
lacustrine sediments had ranges of 0.24–0.30, 0.50–0.61, 0.22–0.50, 
0.56–0.77 and 0.39–0.46, respectively (Fig. 3). MBT, MBT’5Me and 
Index1 values for the down-core sediments were significantly positively 
correlated. These values were higher during 15.6–14.6 cal ka BP, with 
means of 0.35, 0.70, and 0.35, respectively. In contrast, MBT, MBT’5Me, 
and Index1 values were lower during 14.4–7.0 cal ka BP, with values of 
0.21 ± 0.03, 0.41 ± 0.03, and 0.14 ± 0.03, respectively. IR6Me ratios 
were relatively higher with a mean of 0.73 during 15.6–14.6 cal ka BP, 
while relatively stable in the range of 0.53–0.66 during 14.4–7.0 cal ka 
BP. The 

∑
IIIa/

∑
IIa ratio varied between 0.36 and 0.80 during 

15.6–14.6 cal ka BP, whereas it ranged from 0.64 to 1.62 during 
14.4–7.0 cal ka BP. 

4. Discussion 

4.1. Source and hydrological influences on brGDGT distributions 

Previous studies have shown that the comparison of brGDGT distri-
butions between lacustrine sediments and surrounding soils is an 
effective approach for identifying brGDGT sources within lacustrine 
environments (Dang et al., 2018; Martínez-Sosa et al., 2021; Russell 

et al., 2018; Sun et al., 2011). However, we did not collect the available 
surrounding soils from the catchment of Lake Chenghai, because of their 
low brGDGT concentrations. To help constrain brGDGT sources to the 
lacustrine sediments in Lake Chenghai, we compared the brGDGT dis-
tributions of Lake Chenghai sediments with previously published surface 
lacustrine sediments and mineral soils from China (Fig. 4). The ternary 
diagram shows that the brGDGT distributions of the Lake Chenghai 
sediments are comparable to those surface lacustrine sediments from 
China (Fig. 4). In contrast, the distribution of brGDGTs exhibited 
remarkable differences between lacustrine sediments and mineral soils 
from China, although the soil dataset covered a greater diversity in ge-
ography and climate (Fig. 4). In particular, lacustrine sediments had 
fewer tetramethylated and more pentamethylated brGDGTs than min-
eral soils, which is consistent with earlier reports (Sun et al., 2011; Yao 
et al., 2020; Zhao et al., 2021). The significant difference in the distri-
bution suggests that brGDGTs in Lake Chenghai might be predominantly 
derived from an in-situ source, but the possible contribution of soil 
brGDGTs can not be entirely ignored. 

The 
∑

IIIa/
∑

IIa ratio was originally developed to identify brGDGT 
sources in marine sediments, because most soils have a ratio lower than 
0.59, while most marine sediments have a ratio higher than 0.92 (Xiao 
et al., 2016). Recently, this ratio has been applied to lacustrine envi-
ronments (Cao et al., 2020; Martin et al., 2019; Zhang et al., 2022). In an 
alpine lake (Lake Cuoqia) from southwest China, the 

∑
IIIa/

∑
IIa ratio in 

sediments (1.36 ± 0.49) was much higher than that in catchment soils 
(0.22 ± 0.13), suggesting a substantial in-situ production of brGDGTs 
(Zhang et al., 2022). However, the Lake Chenghai sediments were 
characterized by a wide range of 

∑
IIIa/

∑
IIa ratios (0.36–1.62), 

Fig. 4. Ternary diagram of the relative abundance of the tetramethylated, pentamethylated, and hexamethylated brGDGTs from surface and down-core sediments in 
Lake Chenghai, Chinese soils (De Jonge et al., 2014; Dearing Crampton-Flood et al., 2020; Ding, 2015; Lei et al., 2016; Wang et al., 2016; Xiao, 2015), and surface 
lacustrine sediments (Dang, 2018; Kou, 2022; Li, 2017; Wang, 2021; Yao, 2020; Zhao, 2021). 
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indicating a contribution of soil brGDGTs that could be variable through 
time. The lower 

∑
IIIa/

∑
IIa ratios occurred during 15.6–14.6 cal ka BP, 

corresponding well with the extreme low lake level recorded by the 
authigenic carbonate δ18O (Sun et al., 2019). A possible reason for this is 
that less vegetation cover and exposure of the soil surface led to a sig-
nificant contribution from the soil brGDGTs during the dry period. 
Similarly, changes in vegetation cover of climatic and/or anthropogenic 
origins in recent decades have increased soil erosion in the catchment 
and contributed to a significantly higher proportion of soil brGDGTs. 
However, we observed that low 

∑
IIIa/

∑
IIa ratios in the surface 

lacustrine sediments from East Asia, East Africa and other tropical re-
gions (Dang et al., 2018; Russell et al., 2018; Zhao et al., 2023). 
Therefore, the 

∑
IIIa/

∑
IIa ratio seemed to be not a suitable proxy to 

distinguish the brGDGT sources in Lake Chenghai sediments. 
Another possible explanation for the significant changes in the 

brGDGT distributions in the sediments of Lake Chenghai is the rapid lake 
expansion at ~14.6 cal ka BP (Sun et al., 2019). Previous studies have 
shown that water depth and dissolved oxygen are important variables 
that influence brGDGT-producing bacterial communities and produc-
tivity in lacustrine environments (Russell et al., 2018; Stefanescu et al., 
2021; Weber et al., 2018; Wu et al., 2021; Yao et al., 2020). Russell et al. 
(2018) found significant correlations between the brGDGT distribution 
and water depth in East African lakes; however, the influence on the 
brGDGT distribution might be masked by the large temperature gradient 
and correlations among environmental variables. The fractional 

abundance of IIIa in suspended particulate matter was much higher in 
the deeper anoxic hypolimnion than in the shallower oxic epilimnion, as 
observed in volcanic lakes in northeast China and Lake Lugano in Europe 
(Weber et al., 2018; Yao et al., 2020). Stefanescu et al. (2021) found that 
shallow lakes in North America, with water depths below 3 m, exhibited 
higher fractional abundances of tetramethylated brGDGTs. Addition-
ally, bacteria producing 5-methyl brGDGTs preferentially live in anoxic 
environments, whereas bacteria producing 6-methyl brGDGTs prefer-
entially thriving in oxic conditions (Weber et al., 2018; Wu et al., 2021). 
The rapid decrease in IR6Me ratios at approximately 14.6 cal ka BP was 
generally consistent with an increase in the lake level. Therefore, greater 
lake depth resulting from the strengthening of the summer monsoon 
would change the brGDGT-producing bacterial communities, which 
should be considered when discussing paleotemperature 
reconstructions. 

4.2. Calibration selection and temperature reconstruction 

BrGDGTs have been regarded as potential temperature indicators in 
various lacustrine environments, and numerous calibrations have been 
developed at both the regional and global scales (Dang et al., 2018; 
Martínez-Sosa et al., 2021; Russell et al., 2018; Stefanescu et al., 2021; 
Zhao et al., 2023; Zhao et al., 2021). Russell et al. (2018) initially 
established paleotemperature calibrations based on the separate quan-
tification of 5- and 6-methyl brGDGTs in an East African lake dataset. 

Fig. 5. Comparison of temperature reconstructed 
using different calibrations: using the lacustrine 
MBT’5ME calibration by (a) Martínez-Sosa et al. 
(2021): MAAT = (MBT’5Me - 0.075)/ 0.03, and (b) 
Zhao et al. (2023): MAAT = 26.49× MBT’5Me + 0.2, 
respectively; (c) using the Index1 calibration by Zhao 
et al. (2021): MAAT = 19.11 the Index12.2. The 
box–whisker plots indicate the values from surface 
lacustrine sediments. Error bars represent the 1-sigma 
uncertainty based on the root square mean error of 
the calibrations, and dash lines represent the modern 
mean annual temperature. The Heinrich 1 (H1) and 
Younger Dryas (YD) are indicated by the horizontal 
shading.   
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Martínez-Sosa et al. (2021) and Zhao et al., (2023) found that the global 
MBT’5Me-temperature calibrations for lacustrine sediments were 
generally consistent with that for East African lakes. Considering the 
similar climatic backgrounds of East Africa and southwest China, Zhao 
et al. (2021) combined nine lakes, including Lake Chenghai in southwest 
China, and proposed a revised calibration for tropical and subtropical 
lakes. In this study, we tested three temperature calibrations for Lake 
Chenghai sediments because of their better statistical results and more 
extensive sampling sites. 

Using the global MBT’5Me-based calibration of Martínez-Sosa et al. 
(2021), the reconstructed warm season temperatures varied between 
14.2 and 17.8 ◦C, with a mean of 16.1 ◦C (Fig. 5). Because the monthly 
atmospheric temperature does not drop below 0 ◦C in the low altitudes 
in southwest China, the results matched well with the instrumental 
MAAT (17.6 ◦C). The new global calibration of Zhao et al., (2023) 
resulted in relatively low temperature estimates (15.0 ± 0.9 ◦C). This 
difference might be due to the incorporation of more tropical lakes with 
different water chemistries than in the previous study. Application of the 
Zhao et al. (2021) Index1-based calibration showed that MAAT varied 
between 16.5 and 21.8 ◦C, with a mean of 20.0 ◦C, slightly higher than 
the instrumental MAAT (Fig. 5). These results further support the 
dominant contribution of brGDGTs originating from in-situ production 
within the modern lake system of Lake Chenghai, and demonstrate the 
potential of previously published lacustrine calibrations to Lake Chen-
ghai downcore sediments. 

The three temperature calibrations at Lake Chenghai produced 
similar temperature changes during the deglaciation and early Holo-
cene, which were characterized by a high temperature period during 
15.6–14.6 cal ka BP (Fig. 5). The reconstructed temperature with global 
MBT’5Me-temperature calibrations then decreased by an unrealistic 
7–9 ◦C, while the Index1-based temperature decreased by approxi-
mately 3 ◦C. During 14.4–7.0 cal ka BP, the MBT’5ME-based MAAT 
values were more variable than those based on Index1, although all 
series exhibited a consistent warming trend. As discussed above, the 
bacteria producing 5-methyl brGDGTs were more abundant under 
anaerobic conditions; thus, changes in the water level could significantly 
affect MBT’5Me and, in turn, overprint the temperature signal. In 
contrast, Index1-based reconstruction may produce more accurate 
temperature estimates for Lake Chenghai. Two cold reversals were 
detected in the Index1-based MAAT during the deglacial period, corre-
sponding well to the Older Dryas (OD) cold event and the YD period of 
the Greenland ice core records within age uncertainty (Fig. 6, Rasmus-
sen et al., 2014). This suggests that the temperature of Lake Chenghai is 
sensitive to global deglacial climate change. Furthermore, the onset of 
the Holocene was indicated by a rise in the Index1-based MAAT, and the 
reconstructed MAAT during the early Holocene (11.5–7.0 cal ka BP) was 
~2.5 ◦C cooler than modern temperature. 

4.3. Regional comparison and temperature seasonality 

The reconstructed MAAT from Lake Chenghai indicated moderate 
cooling at the beginning of the YD event, punctuating the overall 
warming of the last deglaciation (Fig. 6). YD cooling has been identified 
in a growing number of lacustrine records from southwest China, with 
different magnitude of temperature change (Opitz et al., 2015; Tian 
et al., 2019; Xiao et al., 2014; Zhang et al., 2022; Zhang et al., 2019; 
Zhao et al., 2021). For example, a high-resolution pollen record from 
Lake Haligu suggested that the temperature was unstable during the YD 
period in the Hengduan Mountains, reconstructing a decrease of 4.8 ◦C 
in the MAAT (Yao et al., 2020). Pollen record from Lake Naleng sug-
gested that MAAT decreased from − 2.2 to − 5 ◦C during the period 
13.0–11.5 cal ka BP, to 2 ◦C colder than the temperature during the 
initial deglaciation (Opitz et al., 2015). However, chironomid fossils 
from Lake Tiancai showed a slight YD event from the perspective of 
summer temperatures (Fig. 6e, Zhang et al., 2019). Similarly, brGDGT- 
derived temperatures from Lake Cuoqia only recorded a transitory 

cooling of ~0.5 ◦C during 12.2–11.5 cal ka BP, due to the lacustrine 
brGDGT distributions being potentially biased towards the mean tem-
perature of months above freezing at high altitudes (Zhang et al., 2022). 
Furthermore, existing sea-surface temperature records from the north-
ern Indian Ocean indicated a brief cooling episode during the YD event 
(Govil and Divakar Naidu, 2011; Mohtadi et al., 2016; Rashid et al., 
2007; Tierney et al., 2015). In contrast to the well-documented YD, the 
centennial OD cool event was less stressed in southwest China and 
adjacent regions. Several stalagmite δ18O records from this region are 
characterized by higher δ18O during the OD (Fig. 6f, Dykoski et al., 
2005; Sinha et al., 2005). The similar pattern of variation between the 
brGDGT-based temperature and stalagmite δ18O values suggests that 
both the temperature and precipitation in the Indian summer monsoon 
region are closely linked to the North Atlantic climate. Nevertheless, 
these lines of evidence suggest that temperature changes during the late 
deglaciation were coherent in the Northern Hemisphere. 

The relatively lower early Holocene MAAT compared to present from 
Lake Chenghai can be supported by brGDGT records from adjacent lakes 
Tengchongqinghai, Lugu, Tiancai and Cuoqia (Fig. 6b–d, Feng et al., 
2022; Zhang et al., 2022; Zhao et al., 2021). However, previous studies 
based on chironomids and pollen records have mainly assumed that the 
early Holocene climate was warmer in southwest China (Chen et al., 
2020; Jiang et al., 2019; Shen et al., 2006; Zhang et al., 2017a). Holo-
cene summer temperatures reconstructed using chironomid fossils from 
Lake Tiancai indicate that a temperature maximum occurred at 9–5 cal 
ka BP and a general cooling trend towards the present (Zhang et al., 
2017a). Chen et al. (2020) recently stacked summer temperatures and 
MAAT reconstructions based on 29 pollen records on the Qinghai- 
Tibetan Plateau, which generally showed similar Holocene cooling 
patterns with only minor differences in timing and amplitude. Differ-
ences in the proxy-based temperature reconstruction largely depended 
on the length of the growing season. Specifically, chironomids have been 
used to reconstruct summer temperature changes at mid-high latitudes 
and/or high altitudes, as these environmental factors play a critical role 
in adult emergence during the chironomid life cycle (Heiri et al., 2011; 
Zhang et al., 2017b). A similar case can be applied to pollen records in 
southwest China, where the sensitivity of plant responses to summer 
temperatures depends on the integrated effects of maximum warmth, 
growing-season length, and precipitation changes influenced by the 
Indian summer monsoon (Chen et al., 2014; Marsicek et al., 2018). In 
contrast, pollen records from both Lake Wuxu and Lake Muge in the 
southeastern margin of the Qinghai-Tibetan Plateau showed that the 
cold-tolerant Betula reached a maximum in the vertical vegetation belt 
during the early Holocene, suggesting that the relatively cooler early 
Holocene might have been the result of colder winter in southwest China 
(Ni et al., 2019; Zhang et al., 2016). 

The assessment of spatial variations in temperature across different 
altitudes is useful for evaluating the amplification of elevation and 
seasonal biases in proxy-based temperature reconstruction (Chu et al., 
2017; Marsicek et al., 2018; Yan et al., 2021; Zhang et al., 2022). In this 
study, the relationship between seasonal temperature anomalies and 
elevation in southwest China during the late deglaciation-Holocene 
transition was primarily examined by comparing the brGDGT-based 
MAAT from Lake Chenghai (1496 m), Lake Tengchongqinghai (1885 
m, Zhao et al., 2021), Lake Lugu (2685 m, Zhao et al., 2021) and Lake 
Tiancai (3898 m, Feng et al., 2022), and a high-resolution chironomid- 
based summer temperature from Lake Tiancai (Zhang et al., 2017a; 
Zhang et al., 2019). As expected, the MAAT changes during the transi-
tion in the high mountainous regions were larger than those in the low 
basins (Fig. 6). The warming rate of MAAT was 0.17 ◦C kyr− 1 around 
Lake Chenghai, 0.10 ◦C kyr− 1 around Lake Tengchongqinghai, 0.26 ◦C 
kyr− 1 around Lake Lugu and 0.33 ◦C kyr− 1 around Lake Tiancai (Fig. 6). 
Even considering the large geographic distances between these records, 
the more sensitive temperature change at higher elevations on a long- 
term scale is consistent with results from tropical high altitude moun-
tains (Barrows et al., 2011; Loomis et al., 2017). Furthermore, much 
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Fig. 6. BrGDGT-based MAAT reconstructions from southwest 
China of varying elevations: (a) Lake Chenghai; (b) Lake 
Tengchongqinghai (Zhao et al., 2021); (c) Lake Lugu (Zhao 
et al., 2021); (d) Lake Tiancai (Feng et al., 2022). The tem-
perature records are compared to summer temperature based 
on chironomid fossils from Lake Tiancai (e, Zhang, 2017a, 
2019); the stalagmite δ18O record from Dongge Cave (f, 
Dykoski et al., 2005) and the δ18O record from Greenland (g, 
Rasmussen et al., 2014). The older Dryas (OD) and Younger 
Dryas (YD) are indicated by the horizontal shading.   
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higher rates of warming in chironomid-based summer temperatures 
were found around Lake Tiancai (0.36 ◦C kyr− 1, Zhang et al., 2017a; 
Zhang et al., 2019). It must be noted that while the site-specific brGDGT- 
temperature calibration applied to Lake Tiancai represents MAAT, other 
calibrations are biased towards ice-free seasons (Feng et al., 2022). 
Therefore, the large differences can only be partially attributed to the 
proxy calibration methods. 

4.4. Potential forcing mechanisms of temperature variability and 
implication 

The synchronous brGDGT-derived MAAT record from Lake Chenghai 
with temperature variability in mid- and high-latitudes in the Northern 
Hemisphere suggests that increased CO2 concentrations and an inter-
hemispheric redistribution of heat were the primary climate forcing 
during the last deglaciation-Holocene transition (Fig. 7d, Clark et al., 
2012; Shakun et al., 2012). Superimposed on the long-term warming 
trend, the two cold spells, known as the OD and YD events, are probably 
linked to variations in meltwater discharge to the North Atlantic 
(Stanford et al., 2006). The resumption of the Atlantic meridional 
overturning circulation (AMOC) transported a massive amount of 
oceanic heat to high northern latitudes at the onset of the Bølling-Allerød 
warming period, leading to the most rapid deglacial reduction of con-
tinental ice sheets and sea-level rise, meltwater pulse 1a (MWP 1a) at 
~14.1 cal ka BP (Bard et al., 1996; Lambeck et al., 2014; McManus et al., 
2004). The suppression of AMOC was not recorded by the 231Pa/230Th 
record from the subtropical North Atlantic, potentially because of the 
migration of the deep-water formation north of the Greenland-Iceland- 
Scotland ridge (Fig. 7e, McManus et al., 2004). Conversely, iceberg 
discharge during the YD, although small enough to remain undetectable 
in the sea-level record, might have caused a pronounced collapse of 
deep-water formations (Fig. 7e, McManus et al., 2004). The slowdown in 
deep-water formation reduces meridional northward heat transport, 
resulting in the abrupt cooling of the North Atlantic and the surrounding 
Eurasian continent through the migration of the Intertropical Conver-
gence Zone (ITCZ), Hadley circulation, and westerly jet stream (Chu 
et al., 2017; Clark et al., 2012; Sun et al., 2012; Zhang et al., 2017a). 

The Asian monsoon is the most active and powerful circulation 
system in the Northern Hemisphere and plays an important role in 
regulating climate variability through the exchange of water vapor and 
energy between low and high latitudes (Clark et al., 2012). It is well 
recognized that the winter monsoon is mainly controlled by ice volume 
(Sun et al., 2012). The expansion of the sea ice extent over the North 
Atlantic during the YD event favors the expansion of the Siberian High 
pressure and intensifies the winter monsoon in the lower troposphere 
(Chu et al., 2017; Wen et al., 2016). Modern instrumental observations 
and historical records indicate that stronger winter monsoons in 
southern China are often accompanied by extremely cold winters and 
heavy snowfall (Zheng et al., 2012). Although long-term continuous 
high-resolution winter monsoon and snowfall records are limited to the 
study region, t supporting diatom evidence from Lake Yunlong suggests 
that heavy snowfall was prolonged during the YD on the southeastern 
Tibetan Plateau (Wang et al., 2018). As a result, we speculate that YD 
cooling was amplified in the high-altitude mountains of southwest China 
due to snow-albedo feedback during the cold seasons (Pepin et al., 2015; 
Yan et al., 2021). In addition, the southward migration of the inter-
tropical convergence zone weakens the summer monsoon, leading to a 
reduction in monsoon flow in the Indian Ocean and summer cooling in 
southwest China (Zhang et al., 2019). Therefore, the OD and YD cooling 
in southwest China are mainly attributed to the combined opposite re-
sponses of the winter and summer monsoons to North Atlantic melt-
water forcing. 

It has been suggested that the early Holocene MAAT lower than 
present in southwest China is linked to strong seasonality dominated by 
very cold winters (Feng et al., 2022; Zhang et al., 2022). Changes in 
Holocene winter temperatures in the northern high latitudes were 
influenced by winter insolation, atmospheric greenhouse gases, and ice- 
sheet extent (Fig. 7c and d, Baker et al., 2017; Meyer et al., 2015). Lower 
winter insolation, lower atmospheric CO2, and remnant high-latitude 
continental ice-sheets may have resulted in relatively cold winter tem-
peratures and strengthened the Siberian High in the northern high lat-
itudes during the early Holocene (Baker et al., 2017; Marsicek et al., 
2018; Meyer et al., 2015). Likewise, model simulations suggested that 
the early Holocene winter monsoon was the strongest over the past 21 ka 

Fig. 7. Comparison of the brGDGT-based MAAT record from Lake Chenghai (a) 
with potential forcing factors. (b) Summer and (c) winter insolation curve for 
30 ◦C (Laskar et al., 2004); (d) Atmospheric CO2 concentration from the EPICA 
Dome C ice core, Antarctica (Monnin et al., 2004); (e) 231Pa/230Th record of 
North Atlantic, a proxy for AMOC (McManus et al., 2004); (f) and (g) Modelled 
summer and winter monsoon in East Asia response included forcings of CO2, 
solar insolation, meltwater flux and ice sheets using the transient simulations 
(Wen et al., 2016). The older Dryas (OD) and Younger Dryas (YD) are indicated 
by the horizontal shading. 
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and brought relatively cold air masses to China (Fig. 7g, Wen et al., 
2016). For example, the MAAT based on soil isoprenoid tetraethers from 
Tianshan Mountains was ~10 ◦C colder than the present (Duan et al., 
2022). However, the summer monsoon also reached its maximum dur-
ing the early Holocene, resulting from a peak in summer insolation in the 
Northern Hemisphere (Fig. 7f, Wen et al., 2016; Zhang et al., 2017a). 
Sensitive warming in summer during the deglaciation-Holocene transi-
tion in southwest China was also likely controlled by atmospheric water 
vapor content (Zhang et al., 2019). The higher atmospheric humidity 
would result in a slight shoaling of the temperature lapse rate towards 
moist adiabat in the lower troposphere during the early Holocene. In 
tropical Africa, the decrease in temperature lapse rate from 6.7 ◦C km− 1 

during the last glacial maximum to 5.8 ◦C km− 1 in the Holocene led to a 
2–3 ◦C warming in the high altitudes (Loomis et al., 2017). This line of 
evidence suggests that a slight modification in the temperature lapse 
rate would accelerate summer warming around Lake Tiancai. Therefore, 
the divergent influence of the winter and summer monsoons reduced 
MAAT variations during the early Holocene. 

Furthermore, our new MAAT record supports the ability of models 
such as the Community Climate System Model 3 to capture global 
annual mean warming during the Holocene but contradicts the general 
cooling trend in the global marine and terrestrial temperature stack 
(Kaufman et al., 2020; Liu et al., 2014; Marcott et al., 2013; Osman et al., 
2021). This discrepancy can be partly attributed to the seasonality of the 
proxy records and the uneven geographical distribution of the Holocene 
temperature database (Marsicek et al., 2018; Osman et al., 2021). For 
example, global Holocene cooling in the temperature stacks of Marcott 
et al. (2013) was largely due to a few temperature records from the 
North Atlantic and was opposed by warming at low latitudes. Recently, 
Marsicek et al. (2018) reconstructed a long-term Holocene warming 
trend in North America and Europe that persisted until around the past 
two millennia based on pollen records. However, without the compre-
hensive consideration of brGDGT sources, limnological conditions, and 
species compositions, brGDGT-based reconstructions using different 
calibrations might either underestimate or overestimate the amplitude 
of temperature changes (Weber et al., 2018). In addition, feedback 
mechanisms such as clouds and atmospheric dust still require evaluation 
in current climate models (Bader et al., 2020). Therefore, new, detailed 
paleoclimate records and additional climate simulations are required to 
further understand the mechanisms and climate-forcing responses on 
various temporal and spatial scales. 

5. Conclusions 

In this study, brGDGT record from Lake Chenghai, southwest China, 
during the late deglaciation and early Holocene were investigated. The 
main source of brGDGTs was in-situ production and the distribution at 
~14.6 cal ka BP corresponds to the rapid increase in lake level. An ac-
curate and reliable MAAT record spanning the period 14.4–7.0 cal ka BP 
was obtained using a regional lacustrine calibration. The quantitative 
MAAT record displays a long-term warming trend during the late 
deglaciation-Holocene transition with a rate of 0.17 ◦C kyr− 1. Super-
imposed on this overall trend, cooling events corresponding to the OD 
and YD in the North Atlantic were registered in the Lake Chenghai re-
cord. The temperature reconstruction was in good agreement with 
previous brGDGT-based reconstructions, revealing a winter-biased and 
elevation-dependent MAAT change in southwest China. In addition to 
climate forcing such as solar insolation, greenhouse gases and meltwater 
discharge to the North Atlantic, we propose that winter and summer 
monsoons could have amplified temperature changes in high-altitude 
mountains through feedback from snow albedo and latent heat 
release. Our study supports the explanation for the Holocene tempera-
ture conundrum, which results from seasonal bias in proxy re-
constructions and the scarcity of proxy records in large parts of low 
latitudes. 
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