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A B S T R A C T   

As an important freshwater resource in the Qinghai-Tibet Plateau, glacial lakes are being immensely affected by 
global warming. Due to the lack of long-term monitoring data, the processes and driving mechanisms of the 
water ecology of these glacial lakes in a rapidly changing climate are poorly understood. This study, for the first 
time, reconstructed changes in water temperature and photosynthetic microbial communities over the past 200 
years in Lake Basomtso, a glacial lake on the southeastern Tibetan Plateau. Temperatures were reconstructed 
using a paleotemperature proxy based on branched glycerol dialkyl glycerol tetraethers (brGDGTs), the cell 
membrane lipids of some bacteria, and photosynthetic microbial communities were determined by high- 
throughput DNA sequencing. The reconstructed mean annual air temperature (MAAT) at Lake Basomtso var
ied between 6.9 and 8.3 ◦C over the past 200 years, with a rapid warming rate of 0.25 ◦C /10 yrs after 1950s. 
Carbon isotope of sediment and n-alkane analyses indicate that ≥95% of the organic matter in Lake Basomtso is 
derived from a mixture of terrestrial C3 plants and endogenous organic matter inputs, and the proportion of 
endogenous organic matter in the sediments has gradually increased since the 1960s. The sedimentary DNA 
analyses of the sediment core reveal that Chloracea is the most dominant prokaryotic photosynthetic microbial 
group (84.5%) over the past 200 years. However, the relative abundance of Cyanobacteria has increased from 
≤6.8% before the 1960s to 15.5% nowadays, suggesting that warmer temperatures favor the growth of Cya
nobacteria in glacial lakes. Among eukaryotic photosynthetic microorganisms, the Chlorophyceae have been 
gradually replaced by Dinoflagellata and Diatomacae since the 1980s, although the Chlorophyceae still had the 
highest average relative abundance overall (30–40%). The Pb isotopic composition, together with the total 
phosphorous concentration, implies that human activity exerted a minimal impact on Lake Basomtso over the 
past 200 yrs. However, the synchronous fluctuations of total organic carbon (TOC), total nitrogen (TN), and 
metal elements in sediments suggest that temperature appears to have a strong influence on nutrient input to 
Lake Basomtso by controlling glacial erosion. Global warming and the concurrent increase in glacial meltwater 
are two main factors driving changes in nutrient inputs from terrestrial sources which, in turn, increases the lake 
productivity, and changes microbial community composition. Our findings demonstrate the sensitive response of 
glacial lake ecology to global warming. It is necessary to strengthen the monitoring and research of glacial lake 
ecology on the Tibetan plateau, so as to more scientifically and accurately understand the response process and 
mechanism of the glacial lake ecosystem under global warming.   

* Corresponding authors. 
E-mail addresses: yanghuan37@cug.edu.cn (H. Yang), wangjingfu@vip.skleg.cn (J. Wang).   

1 Equal contribution. 

Contents lists available at ScienceDirect 

Water Research 

journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2023.120213 
Received 8 April 2023; Received in revised form 8 June 2023; Accepted 9 June 2023   

mailto:yanghuan37@cug.edu.cn
mailto:wangjingfu@vip.skleg.cn
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2023.120213
https://doi.org/10.1016/j.watres.2023.120213
https://doi.org/10.1016/j.watres.2023.120213
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2023.120213&domain=pdf


Water Research 242 (2023) 120213

2

1. Introduction 

The Tibetan Plateau is famously entitled the "third pole" of the world 
and the "water tower of Asia"(Immerzeel et al., 2010), with a mean 
altitude of over 4000 m above the sea level and an overall area of about 
2.5 × 106 km2. Many important rivers fed by the glacier meltwater, such 
as the Yangtze River, Yellow River, Lancang River, and Nu River all 
originate from the Tibetan Plateau (Huo et al., 2022a). The glaciers on 
the Tibetan Plateau are estimated to cover an area of about 1 × 105 km2 

and the Tibetan Plateau has more than 1065 lakes with an area >1 km2, 
among which more than 1/3 are glacial lakes (Yao et al., 2012; Tao 
et al., 2020). Glacial lakes are an important part of the freshwater re
sources of the Tibetan Plateau that play a crucial role in fueling the 
water system of the Tibetan Plateau. 

Over the last few decades, the global surface has experienced sig
nificant warming, with the warming rate of the Tibetan Plateau at 0.44 
◦C/10 yr between 1980 and 2012, which is 2.75-folds with respect to the 
global average (0.16 ◦C/10 yr) (Xu et al., 2009; Lin et al., 2017; Huo 
et al., 2022a). Climate warming can cause changes in various hydro
logical processes and biogeochemical cycles of the water system on the 
Tibetan Plateau, which will likely adversely impact its ecological 
structure, function, and resilience (McLauchlan et al., 2013; O’Beirne 
et al., 2017). Multiple lines of evidence suggest that rapid warming is 
causing significant glacier recession on the Tibetan Plateau, with the loss 
of glacier stocks in the Asian Highlands accounting for ~19% of the total 
annual global loss of glacier stocks (267 ± 16 Giga ton (Gt)) from 2000 
to 2019. This has caused a significant decline in terrestrial water 
resource reserves in the Asian Highlands (Hugonnet et al., 2021;Zhang 
et al., 2021a; Zhang et al., 2023b), and lake area increased from 38,596 
km2 to 46,831 km2 (Tao et al., 2020; Tang et al., 2023). The glacial 
recharge to lakes on the Tibetan plateau increased by 127±14.3 Gt be
tween 1976 and 2019, which is much higher than that (42.6 ± 4.9 Gt) of 
non-glacial lake water (Zhang et al., 2021b). The water quality of the 
Tibetan Plateau lake systems is currently acceptable, and ecological 
changes due to climate warming do not appear to have crossed the 
ecological threshold thus far (Wischnewski et al., 2011; Liu et al., 2021). 
However, field surveys of several lakes on the Tibetan Plateau have 
shown that climate change has caused significant impacts on lake bi
omes and ecosystems on the Tibetan Plateau through changing water 
salinity and temperature, resulting in variations of primary productivity 
and algal communities (Lin et al., 2017; Jia et al., 2022). 

The water environment of glacial lakes on the Qinghai-Tibet Plateau 
(QTP) is vital for the livelihoods of local people and to the security of 
water resources in Asia. While previous studies on the physical char
acteristics and water quality changes of lakes on the QTP have provided 
useful information, a more comprehensive understanding of the evolu
tion of the water environment and ecology in glacial lakes is a prereq
uisite for developing strategies for water resource protection. However, 
there is a paucity of studies on the long-term evolution of water quality 
and ecology in glacial lakes on the QTP over the past century. 

Glacial lakes are one of the most sensitive while fragile areas to 
climate change with less resilience (Williamson et al., 2009; Zhu et al., 
2020). For these unique attributes, glacial lake sediments are a good 
archive for documenting changes in water ecology and environment, 
which can be further used to reconstruct the long-term evolution of the 
lake water environment on the QTP. The lipid biomarker and sedi
mentary DNA (SedDNA) analyses in lake sediment cores have made it 
possible to reconstruct the long-term microbial community changes in 
lakes (Keck et al., 2020; Zhang et al., 2021b;Zhang et al., 2023a). For 
example, the evolution of the cyanobacterial community in Taihu Lake 
reconstructed by SedDNA revealed that increasing temperature and 
decreasing wind speed accounted for a gradual dominance of cyano
bacteria in Lake Taihu (Zhang et al., 2023b). Multiple lipid biomarkers 
have been used to reconstruct changes in aquatic ecosystems, hydrology, 
and methane cycling in lake Wudalianchi from Changbai Mountain, 
China, before and after a regional volcanic eruption (Yao et al., 2022). 

These new methods, combined with the analyses of geochemical in
dicators such as nutrient elements and their isotopic compositions, can 
provide novel insights into the environmental changes and community 
evolution of aquatic ecosystems. 

Herein, we employed lipid biomarkers and high-throughput DNA 
sequencing techniques to examine the evolution of the photosynthetic 
microbial community in a sediment core from Lake Basomtso, a glacial 
lake on the southeastern Tibetan Plateau. Temperature changes over the 
last 200 years were reconstructed using bacterial membrane lipids–
branched glycerol dialkyl glycerol tetraethers (brGDGTs). Correspond
ingly, the input of exogenous organic matter and elements to lake 
sediments during this period were assessed using organic geochemical 
proxies and Pb isotopic compositions. Our findings provide strong data 
support to build a theoretical foundation for the development of stra
tegies for water protection in glacial lakes on the QTP. 

2. Material and method 

2.1. Sampling 

The Lake Basomtso (30◦0′1″− 30◦2′53″N, 93◦53′37″− 94◦1′48″E; 3500 
m above the sea level) is a glacial-dammed freshwater lake located in the 
southeast of the Tibetan Plateau at the confluence of the Nyingchi 
Tanggula and the Himalayas. The lake has an area of about 26 km2, and 
a maximum depth of about 120 m with a salinity of 0.12 g/L and water 
pH of 7.2 (Li et al., 2017). Its main source of recharge is via rainfall and 
glacier meltwater (Li et al., 2016). Lake Basomtso exhibits stratification 
characteristics during winter and summer. The low temperature, 
together with the hypoxic condition caused by water stratification, are 
favorable to the long-term preservation of organic matter and DNA 
within the sediments. Two parallel sediment cores of 44 cm and 52 cm in 
length respectively, with a clear sediment-water interface, were 
collected by a gravity corer from the center of the lake at a depth of 100 
m (Fig. 1; 30◦0′59″N, 93◦55′54″E). The 52-cm sediment core was used for 
210Pb, 137Cs, elemental content, and isotopic analysis, whereas the 
44-cm sediment core was used to analyze lipids and DNA. The difference 
between the same proxies for the two sediment cores is expected to be 
minimal since we collected them at the same location. The cores were 
then split at 1 cm intervals. Sediment samples were stored in sealed 50 
mL centrifuge tubes and samples were then freeze-dried at − 80 ◦C. 

2.2. Chronology 

The sediment core was dated by excess 210Pb (210Pbex) and 137Cs, 
which were analyzed using a multi-channel γ-ray spectrometer 
(GX6020, CANBERRA, USA) at the Institute of Geochemistry, Chinese 
Academy of Sciences. The 210Pb activity was determined by γ-rays at 
46.5 keV, while the 137Cs activity was quantified by γ-rays at 662 keV. 
The 226Ra activity was monitored by γ-rays emitted by its daughter 
isotope 214Pb at 295 keV and 352 keV. Finally, the excess 210Pb activity 
concentration (210Pbex) was determined by subtracting the 226Ra-sup
ported 210Pb activity (210Pbsup) from the measured total 210Pb activity 
(Table S1). The absolute efficiency of the detector was determined using 
a calibrated source and a sediment sample of known activity, which was 
corrected for the self-absorption effect of low-energy γ rays within the 
samples. 

The absolute ages of the sediment core were calculated using a 
constant flow and constant sedimentation rate (CFCS) model (Appleby 
and Oldfield, 1978). Given that the porosity of the sediment core de
creases with depth, the cumulative mass depth (M; g cm− 2) was used 
instead of depth (cm) when calculating the sediment accumulation rates. 
The cumulative mass depth M(a) at depth a can be calculated using the 
formula (1): 

J. Ouyang et al.                                                                                                                                                                                                                                 



Water Research 242 (2023) 120213

3

M(a) =
∫a

0

ρ(z)dz (1)  

where ρ(z) is the dry bulk density of the sediment at depth z (Chen et al., 
2019). 

2.3. Determination of element concentrations and isotopic composition 

Each sediment sample was immersed in 1 M HCl for 24 h to remove 
the carbonate and rinsed with Milli Q water until a neutral pH was 
reached. An aliquot of freeze-dried sediment was wrapped into a tin 
capsule. The elemental analyzer (Elementar Vario Macro cube, Ger
many) was used for total organic carbon (TOC) and total nitrogen (TN) 
analyses. An MAT 253 stable isotope ratio mass spectrometer (Thermo 
Fisher, USA) was used for δ13Corg analysis. The δ13Corg was calculated 
relative to the Vienna Pee Dee Belemnite (VPDB) standard, and for every 
10 samples, a set of parallel samples (n = 3) was used to determine the 
reproducibility of results. Reproducibility for replicates was better than 
1%, 4%, and 0.08% for TOC, TN, and δ13Corg measurements, 
respectively. 

The sediment was ashed for 2 h at 450 ◦C and extracted with 1 M HCl 
for 16 h. The total phosphorus (TP) concentrations were then deter
mined using the molybdenum blue method, following Murphy and 
Riley (1962). 

Fifty micrograms of each sediment sample were weighed in a Teflon 
container. HNO3 and HF were then added and the sediment samples 
were digested at 180 ◦C for 36 h. After cooling back down to room 
temperature (25 ◦C), the mixture was evaporated to near dryness and 
redissolved in HNO3. The solvent was evaporated again. 2 mL of 14 M 
HNO3 and 3 mL of Milli-Q water were added to the sample and metal 
elements in the digested samples were extracted at 150 ◦C for 24 hrs. 
Samples were diluted and the major and trace element concentrations 
were determined by ICP-OES (Inductive-Coupled Plasma Optical Emis
sion Spectrometer, Vista-MPX, Varian, USA) and ICP-MS (Inductively 
Coupled Plasma Mass Spectrometer; 7700x, Agilent, USA) respectively. 
Quality control was performed with blank samples, and standard 
reference material (GBW07557). The reproducibility of duplicate sam
ples was better than 5% for all elements except Cd (< 18%). 

To determine the source of metal elements, Pb isotopic compositions 
were determined by multi-receiver ICP-MS (Nu Plasma II, Thermo Fisher 
Scientific, USA). An aliquot of sediment samples was digested with HCl 
(12 M), HNO3 (16 M), and HF(22.6 M) at 180 ◦C for 36 h. After evap
oration, the samples were then redissolved with a mixture of 2 M HCl 
and 1 M HBr (2:1, v/v). Pb was separated using an ion exchange resin 
(Dowex-1 × 8) and Thallium (Tl) was added before measurement to 
improve accuracy (Reuer et al., 2003). Except for HBr, other acids in the 

experiments were twice distilled and purified by an anionic resin 
(Dowex-1 × 8) in a Class 1000 ultra-clean room. The isotope standard 
reference material (NIST SRM 981) and three parallel samples (n = 3) 
were analyzed to monitor instrumental signal drift and mass bias. The 
results showed that the relative deviations of 208/206Pb and 206/207Pb for 
NIST-SRM 981 were both less than 0.1%, and the reproducibility of the 
208/206Pb and 206/207Pb duplicate samples was better than 0.1% and 
0.15%, respectively. 

2.4. Lipid analysis 

Lipids in the sediment samples were extracted with a mixture of 
dichloromethane (DCM) and methanol (MeOH) (9:1, v/v). The mixture 
was centrifuged, and the resulting supernatant was transferred to a flask 
containing copper for removing sulfur. The total lipid extracts (TLEs) 
were separated on a silica gel column into non-polar (alkanes) and polar 
fractions (GDGTs) by eluting with n-hexane and DCM: MeOH(1:1,v/v), 
respectively. 

The non-polar fractions were analyzed by using gas chromatography 
(GC-FID 2010, Shimadazu, Japan) equipped with a DB-5 column. Cho
lestane was used as an internal standard. The high-purity H2 gas was 
used as the carrier gas. The GC was initially operated at 70 ◦C, ramped 
up to 210 ◦C at 10 ◦C/min, and then to 300 ◦C at 3 ◦C/min. The n-alkanes 
with a carbon number ranging from C15 to C33 were quantified according 
to peak area and internal standard. 

The polar fraction was re-dissolved in 300 μL of n-hexane/iso
propanol (99:1, v/v) mixture. GDGTs were analyzed by high- 
performance liquid chromatography-atmospheric pressure chemical 
ionization-mass spectrometry (Agilent 1200 HPLC-APCI-6460A MS/ 
MS). Two Hilic silica columns (Waters, USA) in sequence were used to 
separate GDGTs and maintained at 40 ◦C throughout the analysis. The 
elution gradient was used: 82% A/18% B isocratically for the first 25 
min, 82% to 65% A for another 25 min, 65% to 0% A for the following 
30 min, and A back to 82% in 10 min, where A = n-hexane and B = n- 
hexane: isopropanol (9:1, v/v)(Hopmans et al., 2016). The protonated 
ions of GDGTs ([M + H]+) were scanned in single ion scanning mode 
(SIM) targeting mass-to-charge ratios (m/z) of 1302, 1300, 1298, 1296, 
1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018, 653 and 
744. C46 GTGTs were used as an internal standard. 

2.5. DNA analysis 

SedDNA for each sediment core sample was extracted using DNA 
isolation kits (Hangzhou Bioer Technology Co.,Ltd, China) following the 
manufacturer’s protocol. The Cat. Number of DNA isolation kit is 
BSC48L1E-G. The purity and concentration of DNA were determined 
using a Nanodrop One spectrophotometer (Thermo Fisher Scientific, 

Fig. 1. A map showing a part of the Qinghai-Tibetan Plateau (QTP; left) and the location of the core sampling site in the Lake Basomtso (red star; right).  
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MA, USA). Eukaryotic universal primers 960F (5′-GGCTTAATTTGACT
CAACRCG-3′) and NSR1438 (5′-GGGCATCACA GACCTGTTAT-3′) were 
used to amplify the highly variable V7 region of the 18S rRNA gene 
(Gast et al., 2004; Van de Peer et al., 2000), and cyanobacteria-specific 
primers CYA359-F, 5′-GGGGAATYTTCCGCAATGGG-3′, and CYA784-R, 
5′-ACTACWGGGGTATCTAATCCC-3′ were used for amplification of the 
highly variable V3-V4 region of 16S rRNA (Nübel et al., 1997). 

Polymerase Chain Reaction (PCR), containing 25 μL 2× Premix Taq 
(Takara Biotechnology, Dalian Co. Ltd., China), 1 μL of 10 μM each 
primer, and 3 μL of 20 ng/μL DNA template in a volume of 50 μL, were 
amplified by thermocycling: initial denaturation at 94 ◦C for 5 min, 
followed by 30 cycles of 30 s at 94 ◦C, 30 s at 52 ◦C, and 30 s at 72 ◦C, 
and a final extension at 72 ◦C for 10 min. The length and concentration 
of PCR products were detected by 1% agarose gel electrophoresis. The 
PCR products were purified by E.Z.N.A. ® Gel Extraction Kit (Omega, 
USA). 

Sequencing libraries were generated using NEBNext® Ultra™ II DNA 
Library Prep Kit for Illumina® (New England Biolabs, MA, USA) as per 
the manufacturer’s recommendations and index codes were added. The 
amplicons were sequenced on an Illumina Nova 6000 platform and 250 
bp paired-end reads were generated (Guangdong Magigene Biotech
nology Co., Ltd. Guangzhou, China). The sequences were trimmed and 
filtered using Qiime software (version 1.7.0). The final sequences were 
clustered at 97% similarity using usearch software as the operational 
taxonomic units (OTUs). 

2.6. Paleotemperature reconstruction 

Bacterial membrane lipids–brGDGTs are emerging tools for paleo
temperature reconstruction in lakes (Tierney et al., 2010). BrGDGTs are 
named with Roman numerals I, II, and III, which correspond to 4, 5, and 
6 methyl groups on the alkyl chains of brGDGTs, respectively; The 
lowercase a, b, and c denote 0, 1, and 2 cyclopentyl rings on the alkyl 
chains of brGDGTs, respectively. In addition, the ′ (prime) symbol is used 
to indicate the isomers with the methyl moiety at the C6 position instead 
of the C5 position (De Jonge et al., 2013). The distribution of 15 brGDGT 
compounds in global lake sediments was found to be closely related to 
mean annual air temperature (MAAT) (Martínez-Sosa et al., 2021) and 
has been widely used to infer past temperature variation (Feng et al., 
2019; Martin et al., 2020). 

To reconstruct the paleotemperature in the sediment core of Lake 
Basomtso, we first collected the instrumental mean annual air temper
ature (MAAT) data from 1961 to 2018 at the meteorological station in 
Bayi Town, which is 2992 m above sea level and 60.1 km from Lake 
Basomtso. Based on the dating results of the core, the distribution of 
brGDGTs in the top sediments of the core over the period of 1961–2018 
was used to develop a lake-specific calibration for temperature re
constructions in Lake Basomtso. Stepwise forward selection (SFS), a 
statistical method to select the brGDGT compounds that have the most 
significant correlation with temperature over the period of 1961–2018, 
was employed and a brGDGT calibration for temperature reconstruction 
was obtained: 

MAAT = 2.5 × f (IIa′) + 4.81
(
R2 = 0.79, p< 0.05

)
(2)  

where f(IIa′) is the relative abundance of IIa′ in all brGDGTs. 
Temperature before the year 1961 in the sediment core was recon

structed using this calibration. 

2.7. Vegetation type reconstruction 

The Average Carbon chain Length (ACL) and aquatic vegetation 
index (Paq) of long-chain n-alkanes (carbon chain > 21) were calculated 
respectively using the n-alkane abundance in the sediments (Ficken 
et al., 2000; Poynter et al., 1989) according to the formula as follows: 

ACL =
(∑

i * Ci

)/∑
Ci (3)  

Paq = (C23 +C25)
/
(C23 +C25 +C29 +C31) (4)  

where i denotes the carbon chain length over the range from 23 to 33 
and Ci denotes the relative abundance of n-alkanes with carbon chain 
length i. Higher ACL and lower Paq values indicate more contribution of 
terrestrial higher plants and emergent macrophytes than submerged/ 
floating plants to the organic matter pool in the lake sediment core 
(Ficken et al., 2000). 

2.8. Assessment of heavy metal pollution degree 

The enrichment factor (EF) was used to evaluate the extent of heavy 
metal contamination and the EF is calculated as follows: 

EF = (TS /RS)/(Tb /Rb) (5)  

where Ts and Tb represent targeted metal element concentrations in 
sediment samples and background, respectively; Rs and Rb represent 
reference element concentrations in sediment samples and background, 
respectively. The concentration data at the bottom of the sediment 
column core (>34 cm) was selected as the background, and the rock- 
forming element aluminum (Al) was selected as the reference element. 

3. Results and discussion 

3.1. Chrolonogy 

The 210Pbex decreases logarithmically with increasing mass depth 
and gradually converges to background values at the bottom of the 
sediment core (Fig. 2). Due to the large uncertainty of 210Pbex in the 
lower part of the sediment core, only data collected from < 22 cm depth 
were used to calculate lake sediment ages through the CFCS model 
(Appleby and Oldfield, 1978; Zhan et al., 2019). While this may lead to 
greater dating uncertainty in the lower part of the sediment core, it does 
not affect the main conclusions, because the variation of 210Pbex and 
137Cs in the sediment core was primarily found in the middle and upper 
parts of the sediment core. 

The CFCS model for 210Pbex shows an average deposition rate of 
approximately 0.15 g/(cm2⋅yr) in Lake Basomtso, and the calculated age 
based on the CFCS model shows the age of 1966 occurs at 13 cm. The 
maximum peak of 137Cs occurs at 13 cm depth, corresponding to 1963. 
The age discrepancy between the 137Cs and CFCS model is minor (3 yrs) 
and indicates that the dating results are reliable. 

3.2. Temperature variation over the last 200 yrs 

The MAAT change over the last 200 years reconstructed from 
brGDGTs in the sediment core of Lake Basomtso is shown in Fig. 3. 
Instrumental temperature data from the weather station in Bayi, a town 
near Lake Basomtso, shows that MAAT in the region increased between 
1961 and 2018 and ranged from 6.5 to 9 ◦C, with an average of 7.7 ◦C. 
The MAAT reconstructed from brGDGTs also shows an increasing trend 
during the period, with temperature variations ranging from 7.2 to 8.2 
◦C, with an average of 7.7 ◦C. Overall, the reconstructed MAAT matched 
significantly well with the instrumental data (R2 = 0.79, p < 0.05)(Fig. 
S3), indicating that the reconstructed temperature record was reliable. 

Over the past 200 years, the variation of MAAT in Lake Basomtso 
ranged from 6.9 to 8.3 ◦C (Fig. 3), with an average of 7.5 ◦C. Before 
1930, MAAT at Lake Basomtso showed no clear trend, with tempera
tures fluctuating between 7.2 and 8.1 ◦C (averaged at 7.4 ◦C). Between 
1930 and 1960, temperatures fell from 7.8 ◦C to 6.9 ◦C but then 
increased rapidly to 7.9 ◦C. Subsequently, the MAAT showed a contin
uously increasing trend, and remaining above 8 ◦C for almost 20 years. 
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Compared to global temperature trends, temperature trends at Lake 
Basomtso are more significant (Fig. 3), especially during the post-1950 
period. Global temperatures have increased by about 0.9 ◦C since 
1950. In contrast, the temperature at Lake Basomtso increased by 
around 1.2 ◦C, which is significantly higher than the global average, 
mainly due to the higher altitude of Lake Basomtso. The rate of surface 
temperature rise is usually higher on plateaus than that at lower alti
tudes, due to a combination of surface reflection, cloud radiation, sur
face water vapor, and radiative flux changes (Pepin et al., 2015; Tang 
et al., 2023). 

3.3. Temporal changes in historical primary productivity 

TOC, TN, and TP contents in Lake Basomtso sediments ranged from 
0.26 to 0.83%, 0.026 to 0.065%, and 0.063 to 0.073%, respectively 
(Fig. 4). Before 1930, TOC, TN, and TP contents showed no obvious 
change, fluctuating around 0.59%, 0.039%, and 0.069%, respectively. 
From 1930 to 1950, TOC, TN, and TP contents dropped rapidly to 
0.26%, 0.03%, and 0.063%, respectively. However, TOC, TN, and TP 

contents quickly rebounded to 0.64%, 0.05%, and 0.073%, respectively, 
from 1950 to 1960. After 1960, TOC and TN contents continued to rise, 
while TP content showed a downward trend. In general, TOC and TN 
contents exhibit similar trends to our reconstructed temperature, sug
gesting that temperature has a significant influence on organic matter 
accumulation in Lake Basomtso sediments (Figs. 3 and 4). However, TP 
content displays an opposite trend to temperature since 1960. This 
decline in TP content is likely attributed to the reduction in the phos
phorus content of catchment soils. In recent years, excessive grazing and 
climate change have contributed to the degradation of pastures on the 
Tibet Plateau (Dong et al., 2016; Ren et al., 2013), resulting in a 
reduction in the phosphorus content of the top soils. Consequently, there 
has been a decrease in the phosphorus input into the lake through sur
face runoff, which has resulted in a gradual decline in sediment TP 
contents. 

The organic carbon isotope (δ13Corg), ACL, and Paq were used to 
identify the source of organic matter. In general, photosynthetic mi
croorganisms in the lake water and higher plants in the lake catchment 
are the two main sources of organic matter in the lake sediments 

Fig. 2. 210Pbex (a) and 137Cs (b) activity-mass depth profiles and the chronology (c) in the sediment core of Lake Basomtso.  

Fig. 3. Temporal variations of the brGDGT-derived MAAT in the Lake Basomtso, the observed MAAT in Bayi station, and the NASA global temperature anomaly 
compared to the long-term average from 1951 to 1980 (https://climate.nasa.gov/vital-signs/global-temperature/). 
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(Pinckney et al., 2001). C3 plants are reported to have a lower δ13Corg, 
typically ranging from − 24‰ to − 30‰, whereas C4 plants have a 
relatively higher δ13Corg (− 10‰ to − 16‰), the δ13Corg value of organic 
matter from photosynthetic living microorganisms in the lake is close to 
that of the C3 plants (Meyers, 2003; Lu et al., 2020). Higher ACL values 
indicate a higher organic matter input from terrestrial higher plants, 
while lower ACL values indicate an increased input of endogenous 
organic matter (Li et al., 2022). Paq is an indicator of the proportion of 
submerged plants/phytoplankton relative to terrestrial vegetation in
puts, lower Paq indicates inputs of terrestrial organic matter, while 
higher Paq indicates inputs of organic matter from internal phyto
plankton or submerged plants (Ficken et al., 2000). 

The δ13Corg, ACL, and Paq of the Lake Basomtso sediments vary from 
− 23.5‰ to 20.1‰, 28.0 to 29.3, and 0.29 to 0.42, respectively. 
Together, these proxies indicate that organic matter in Lake Basomtso is 

mainly derived from terrestrial C3 plants with mixed inputs like 
endogenous organic matter from the lake. Before 1930, these proxies 
were relatively stable, but after 1930, the δ13Corg of Lake Basomtso 
sediments gradually decreased while ACL slightly decreased and Paq 
showed an increasing trend (Fig. 4). These findings indicate that the 
proportion of endogenous organic matter in Lake Basomtso sediments 
gradually increased, and the primary productivity within the lake 
continuously enhanced. 

The rise in the primary productivity of lakes in the modern period is 
mainly due to the increased anthropogenic nutrient inputs and climate 
change (Monchamp et al., 2018). However, with the rapid development 
of tourism in Lake Basomtso since the 1980s, human activity is in a 
constant state of enhancement, but overall, the impact of human activity 
on the environment of Lake Basomtso is still very weak. To better assess 
the impact of human activities on Lake Basomtso, we analyzed the 

Fig. 4. Temporal variations of MAAT (a) with TOC (b), TN (c), TP (d), δ13Corg(e), ACL (f), and Paq (g) over the past 200 yrs in the Lake Basomtso.  
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sedimentary heavy element concentrations. The results showed consis
tency between the concentrations of heavy elements (Fig. S1a) and the 
historical changes in TOC and TN contents, both of which responded 
well to temperature changes. The increase in temperature led to an in
crease in glacial meltwater and more nutrients entered the lake along 
with the meltwater that fuels more nutrients to the microbial commu
nity. At the same time, the biological communities within the lakes are 
more active, yielding higher primary productivity of the lakes. 

While TP content followed the same trend as temperature before 
1960, it showed a decreasing trend after 1960. This indicates that the 
flourishing of photosynthetic microorganisms was not related to the 
increase in TP, and human activities had no significant effect on the 
photosynthetic microbial community of the lake, by analyzing the heavy 
metals in Lake Basomtso, we found that the EF of these metals all fluc
tuated around 1 (Fig. S1b), suggesting that they are more likely asso
ciated with natural origin (Kang et al., 2017). The Pb isotope data 
further suggest the weak influence of human activities on Lake 
Basomtso. As shown in Fig. S2, the 208Pb/206Pb and 206Pb/207Pb values 
range from 2.081 to 2.087 and from 1.197 to 1.204, respectively, for 
Lake Basomtso sediments. These isotopic values differ significantly from 
typical anthropogenic Pb from vehicle exhaust, coal combustion, and 
metal smelting (Zheng et al., 2004), and are also inconsistent with the 
atmospheric Pb isotopic composition of major cities in South and East 
Asia (Mukai et al., 2001). In contrast, the Pb isotopes of the Lake 
Basomtso sediments are closer to the natural end members such as desert 
dust and loess (Ferrat et al., 2012), which fall within the riverine sedi
ment range of the Tibetan Plateau (Tan et al., 2014). Therefore, climate 
warming, rather than human activity, is the main driver for the rise in 
primary productivity in Basomtso Lake. 

3.4. Temporal succession of photosynthetic microbial communities 

High-throughput sequencing of SedaDNA provides an effective 
strategy to assess long-term trends in photosynthetic microbial com
munities. A total of 1463,060 and 1548,670 prokaryotic and eukaryotic 
rRNA gene sequences were obtained from 22 Lake Basomtso sediment 
samples, containing 5698 prokaryotic and 2276 eukaryotic OTUs. The 
final results include 2229 prokaryotic and 152,784 eukaryotic photo
synthetic microbial reads, clustered in 69 prokaryotic and 182 eukary
otic photosynthetic OTUs, respectively. The absolute abundance of 
eukaryotic and prokaryotic organisms responded better to temperature. 

To reduce the effect of DNA degradation, relative abundance was used to 
further explore the sequence of temporal changes in the photosynthetic 
microbial community (Fig. 6). The relative abundance was calculated as 
the proportion of a particular prokaryotic/eukaryotic photosynthetic 
microbe to the total prokaryotic/eukaryotic photosynthetic microbes to 
better represent the variation in different photosynthetic microbial 
communities. 

As shown in Fig. 5, the Chao index of α diversity exhibits a generally 
increasing trend for both prokaryotic and eukaryotic microorganisms 
from 1800 onward. Especially, there is a significant rising trend since the 
1960s, which is slightly higher than the average global warming rate. 
These observations indicate that temperature is an important control on 
biodiversity in Lake Basomtso and that temperature change has a dra
matic effect on the biological communities in the lake. 

In terms of the microbial communities, a total of two prokaryotic 
photosynthetic microorganisms, Cyanobacteria and Chloracea, were 
detected in the Lake Basomtso sediments as shown in Fig. 6. In all 
sediment samples, Chloracea was the most dominant prokaryotic 
photosynthetic microorganism with average relative abundance of 
90.6%, while Cyanobacteria had an average relative abundance of only 
9.4%. The eukaryotic photosynthetic microorganisms detected included 
Chlorophyceae (25.6%), Dinoflagellata (22.9%), Diatomacae (19.3%), 
Trebouxiophyceae (14.9%), Chrysophyceae (11.6%), and Eustigmatophy
ceae (5.8%) (Fig. 6). 

With respect to the historical trends, the relative abundance of 
Cyanobacteria has increased significantly since 1960, although Chloracea 
remains the dominant prokaryotic photosynthetic microbial commu
nity. In the latest 40 years, the average relative abundance of Cyano
bacteria has reached 15.5%, much higher than the average relative 
abundance before 1980 (7.1%). Similarly, changes in photosynthetic 
microbial communities have been observed for eukaryotic photosyn
thetic microorganisms: although Chlorophyceae had the highest mean 
relative abundance (29.5%), Dinoflagellata and Diatomacae began to rise 
rapidly after 1960, and after 1980, Chlorophyceae began to gradually 
increase. More importantly, Dinoflagellata and Diatomacae became the 
dominant eukaryotic photosynthetic microorganisms in the present-day 
sediments of Lake Basomtso. Often, Cyanobacteria flourish best in water 
bodies at 25–35 ◦C, while Dinoflagellata and Diatomacae also tend to 
dominate towards warmer environments with a stronger competitive 
advantage in warmer climates (Watson et al., 1997). Although MAAT in 
Lake Basomtso region is below 10 ◦C, temperatures have risen rapidly 

Fig. 5. The bio-diversity (Chao index of α diversity) of prokaryotic and eukaryotic microorganisms in Lake Basomtso sediments using high-throughput sequencing 
of sedaDNA. 
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since 1960 and the relative abundance of these three photosynthetic 
microorganisms shows a rising trend. As temperatures rise, Cyanobac
teria, Dinoflagellata, and Diatomacae gain a competitive advantage and 
tend to flourish, and biodiversity increases significantly. 

The evolution of the photosynthetic microbial community in Lake 
Basomtso is mainly due to climate change. On one hand, the increase in 

temperature increases the rate of enzymatic reaction of photosynthetic 
microorganisms, which is conducive to the reproduction of photosyn
thetic microorganisms and the increase in biomass (Huo et al., 2022a), 
For Cyanobacteria in particular, the increase in temperature will further 
enhance the competitive advantage of Cyanobacteria compared to other 
microorganisms (Carey et al., 2012). On other hand, rising temperatures 

Fig. 6. Changes in the relative abundances of the photosynthetic microbial groups recovered in a sediment core from the Lake Basomtso with temperature over the 
past 200 yrs. (a) MAAT; the proportion of (b) Cyanobacteria and (c) Chloracea in the prokaryotic photosynthetic microorganisms; the proportion of (d) Dinoflagellata, 
(e) Chlorophyceae, (f) Trebouxiophyceae, (g) Chrysophyceae, (h) Diatomacae, (i) Eustigmatophyceae in Eukaryotic photosynthetic microorganisms. 
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are expected to cause the meltdown of glaciers, which increases surface 
runoff and lead to increased nutrient input to lakes (Anslan et al., 2020). 
This has led to a shift in the microbial community of the lake. Similar 
climate-driven changes in microbial communities have also been iden
tified in the Tibetan plateau at Yamdrok Yumtso (Huo et al., 2022a). It is 
worth noting that although Lake Basomtso is a glacial lake with less 
impact from human activities (Fig. S2) and low microbial diversity, the 
biodiversity of both eukaryotes and prokaryotes increased significantly, 
with the relative abundance of cyanobacteria increasing from 6% to 
15.5%, and diatoms from 15.7% to 31.7%, respectively. The flourishing 
of these microorganisms and the increase in total number and diversity 
may be potentially harmful to the original lake ecosystem which is less 
resilient. The fragile ecosystems of glacial lakes are difficult to restore 
once contaminated, and therefore ecological monitoring and protection 
of these glacial lakes should be strengthened in the future. 

4. Conclusions 

This study reconstructed the temporal dynamics of temperature and 
photosynthetic microbial communities in Lake Basomtso on the Tibetan 
Plateau over the past two centuries. The MAAT at Lake Basomtso varied 
from 6.9 to 8.3 ◦C and rose rapidly after the 1950s, with MAAT 
remaining above 8 ◦C for the last two decades. Carbon isotope and n- 
alkane analyses indicate that the sediments were mainly derived from a 
mixed input of endogenous organic matter from terrestrial C3 plants and 
photosynthetic microorganisms. After the 1960s, the contribution from 
endogenous organic matter in the sediments of Lake Basomtso gradually 
increased as the primary productivity within the lake continued to in
crease, mainly due to rising temperatures rather than increased 
anthropogenic nutrient input. Chloracea is by far the most dominant 
prokaryotic photosynthetic microbial community in Lake Basomtso, but 
the relative abundance of Cyanobacteria has increased significantly in 
recent years. Among the eukaryotic photosynthetic microbes, Chlor
ophyceae has now been replaced by Dinoflagellata and Diatomacae, 
despite having the highest average relative abundance, overall. Climate 
warming and its consequent glacial melting are the two main causes of 
the succession of photosynthetic microbial communities. 

Our findings suggest that global warming has significant implica
tions for glacial lake ecosystems on the Tibetan plateau. In the context of 
continued future warming, glaciers are expected to melt and retreat 
rapidly, bringing more additional nutrients to glacial lakes. The biomass 
and community composition of photosynthetic microbes are likely to 
increase dramatically. Given the fragility and importance of glacial lake 
ecosystems, more expeditions are urgently needed to understand the 
current state of water quantity and quality in highland glacial lakes 
globally, and how they will respond to rapid climate change. More 
extensive field station monitoring systems need to be built to obtain 
long-term, continuous monitoring data, which will enable us to better 
understand the resilience of highland glacial lakes and the extent to 
which our human activities impact these fragile yet important fresh
water ecosystems. 
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