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To better understand how global and regional-scale climate has changed, high-
resolution records for environmental changes are still needed in southwestern
(SW) China during the Late Holocene epoch. This study presents a well-dated
high-resolution diatom analysis from a 1.66-m-long sediment core taken from
Lake Cuogeda (CGD) on the southeast (SE) edge of the Tibetan Plateau to
document environmental changes over the past ∼4000 years. Diatom and other
geochemical proxies show that, from 3850 to 3430 cal yr BP (before present,
0 BP=1950 AD, 1900 to 1480 BC), the environment of Lake CGD is acidic,
oligotrophic, and enriched with humic acids. And the lake ice cover duration
is short during this period. During 3430–1550 cal yr BP (1480 BC-400 AD), Lake
CGD has less humic acid and a relatively high pH environment. The ice cover
duration is longer, and the temperature drops during this period. Our multi-
indicator recorded two environment fluctuations at ∼2800 cal yr BP (850 BC)
and 2210–1950 cal yr BP (260 BC-0 AD). From 1550 to 3.6 cal yr BP (400–1946
AD), the lake ecosystem changed to a higher pH condition and had a prolonged
freezing time. From 3.6 cal yr BP (1946 AD) to the present, Lake CGD’s water was
acidic, with an environment of shorter duration of ice cover and stronger lake
water turbulence. Comparisons between the CGD records and other climate
reconstructions underscore the relevance of the CGD record for regional and
global environments. Comparisons indicate that the environment evolution
pattern of SW China during the Late Holocene was greatly affected by solar
radiation and North Atlantic sea surface temperature.
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1 Introduction

To better understand how the global and regional-scale
climate has changed during the Holocene, it is essential to
conduct paleoenvironment research with sufficient spatiotemporal
resolution. The southeast (SE) margin of the Tibetan Plateau
is one of the most environmentally sensitive regions to the
Indian summermonsoon (ISM) change (An et al., 2011; Chen et al.,
2015). The ISM is one of the most important subsystems of
the monsoon climate system, which is critical to understanding
the global energy cycle (Gupta et al., 2005). Understanding the
variability of the ISM is essential not only for understanding global
atmospheric circulation and climate change but also for preventing
and mitigating disasters and achieving sustainable development
(An et al., 2011).

The ISM variability over the Late Holocene has long been a
critical focus for paleoclimatic reconstructions because the essential
boundary conditions of Earth’s climate are broadly comparable
to those of the present day (Li et al., 2022). Variations in climate
observed over this time interval likely represent the natural climate
variability that might be expected during the present century
without human influence. In the past decades, critical advances
in paleoclimate studies of the Late Holocene in the Tibetan
Plateau and its surrounding areas with various types of proxies
have been achieved (e.g., Hong et al., 2003; Kramer et al., 2010;
Wang et al., 2010; Chen et al., 2014; Bird et al., 2014; Xu et al., 2015;
Hillman et al., 2017; Zhang et al., 2017; Li et al., 2018; Hillman et al.,
2022; Zhang et al., 2023). However, there are contradictions among
proxy climate reconstructions from the eastern and SE Tibetan
Plateau region over the Late Holocene. For example, summer
temperature reconstructed by alkenones from Hurleg Lake in the
QaidamBasin (Zhao et al., 2013) and BrGDGTs-basedmean annual
air temperature records from the Hongyuan peatland in the eastern
Tibetan Plateau showed long-term climatic warming in the past
4000 years ago (Zheng et al., 2015). However, the chironomid-
based record from Tiancai Lake on the SE margin of the Tibetan
Plateau and a synthesis of fossil pollen records from the Tibetan
Plateau indicate a cooling trend in summer temperature during
the Late Holocene (Zhang et al., 2017; Chen et al., 2020). Moreover,
conflicting results have been obtained using different lake sediment
proxies for climate reconstructions of the same lake. The varve-
thickness record of sediments from Kusai Lake on the northeastern
Tibetan Plateau exhibits two warm periods during 600–720 AD and
800–1100 AD and a cold period during 1250–1760 AD (Liu et al.,
2014). However, fossil pollen assemblages (Cui et al., 2021) and
GDGTs (Wu et al., 2013) from the same lake indicate a cold period
during 600–1100 AD and just a warm period during 1250–1750
AD. The GDGT reconstruction also shows that the past century
was the warmest interval of the past two millennia at Kusai Lake.
However, such unprecedented warming is not reflected by the fossil
pollen assemblages (Cui et al., 2021) or the varve-thickness record
(Liu et al., 2014). Thus, our understanding of the spatial patterns of
climate change over the Tibetan Plateau during the Late Holocene is
currently limited.

This study presents a high-resolution diatom analysis from an
alpine lake over the past 4000 years. Climate change is assumed to
be the primary cause of ecosystem shifts in alpine lakes since subtle
variations in climate have a significant influence on organisms that

live in sensitive remote alpine lakes (Sommaruga-WÖgrath et al.,
1997; Koinig et al., 2002; Salmaso, 2005; Fritz and Anderson, 2013;
Jiménez et al., 2019). Therefore, past changes in aquatic ecosystems
can record climate information, especially for organismal groups
that show a solid present-day relationship with climatic parameters
(Lotter et al., 2010). Diatoms (Bacillariophyceae), one of the main
groups of primary producers and photosynthetic protists in lakes,
have multiple life strategies, specific ecological preferences, and
short life spans, making them sensitive to environmental changes
and, hence, the most extensively used biological indicators in
paleolimnological studies (Stoermer and Smol, 1999; Rühland et al.,
2003). It has been proven that diatom-based environment
reconstruction in high-altitude lakes can be successfully used
to track past climate changes (e.g., Bigler al., 2003; Larocque
and Bigler, 2004; Von Gunten et al., 2008; Lotter et al., 2010).
Here, we present a high-resolution diatom analysis over the past
4000 years from Lake Cuogeda (28°03′09.42″N, 100°01′16.80″E;
4251 m a.s.l.), Yunnan Province, southwestern (SW) China
(Figure 1). This record has an average temporal resolution of
∼24 years, allowing for a detailed study of climate on centennial
to millennial timescales. We will discuss the relationship between
the diatom assemblages and the climate and environment changes
during the Late Holocene and explain whether solar radiation
and North Atlantic sea surface temperature may be the driving
mechanisms.

2 Regional setting

Lake Cuogeda is located in an area of quartz syenite bedrock
in the Hengduan Mountains of Yunnan on the SE edge of the
Tibetan Plateau (28°03′09.42″N, 100°01′16.80″E; 4251 m a.s.l.). It
is a small (about 12,247 m2), shallow lake (mean water depth of
2.5 m, Figures 1A, B). The chemical composition of the bedrock is
characterized by high proportions of SiO2 (71.3%–73.4%) and total
alkali (K2O+Na2O, 7.4%–8.8%) (Ma, 2013). The soil type in the
catchment is brown podzolic soil, with a mean pH of 4.03, organic
matter of 177 mg g−1, total nitrogen of 11 mg g−1, total phosphorus
of 1 mg g−1, and total potassium of 10 mg g−1 (Shi, 2007). Based on
measurements taken at the lake in October 2016, Lake Cuogeda is
weakly acidic (pH 6.86). The sediment at the bottom of the lake is
mainly gray–black silt. The lake is surrounded by high mountains
without human settlement and recharged by precipitation and
meltwater without permanent inflows or outflows. It is a small
freshwater glacial lake characterized by low water temperatures,
extended periods of ice cover, low nutrient concentrations, and
being fishless but with aquatic grasses. The lake water usually
starts to freeze from October to November and melts from
April to May.

The region belongs to the cold temperate zone and is
controlled by the ISM, with warm wet summers and cold dry
winters (Yao et al., 2017). Meteorological data from the Deqen
meteorological station (3319 m a.s.l., meteorological data from
National Meteorological Science Data Center, China), which is
117.5 km from Cuogeda Lake, show that the mean annual air
temperature (MAT) is 5.86°C, with the lowest and highest mean
monthly temperatures occurring in January (−1.8°C) and July
(13°C), respectively (Figure 1C). The mean annual precipitation is
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FIGURE 1
(A) Location map of the study area (CGD: Cuogeda). (B) Sampling site of Lake Cuogeda, the position of the Deqen weather station, and sites mentioned
in the discussion. (C) The orange curve and blue histogram show the average annual temperature and precipitation from the Deqen weather station
from 1981 to 2010. The red curve shows the average monthly water temperature monitored at Lake Cuogeda in 2018. (D) Map of Lake Cuogeda and its
surroundings.

631 mm, with more than 37% falling between July and August
(Figure 1C). Monitoring mean water temperature results at Lake
Cuogeda in 2018 show a similar pattern to theMATmeasured by the
National Meteorological Science Data Center, China (Figure 1C).
Vertical vegetation belts in the region are apparent: 1) 3100–3900 m
a.s.l. (the forest line): subalpine cold-temperate conifer forest, with
Abies and Picea as the dominant species; 2) 3900–5000 m a.s.l.
(the snowline): alpine shrub, alpine meadow, and alpine tundra
(Wu et al., 1987; Xiao et al., 2011). Lake Cuogeda is now above the
tree line.

3 Materials and methods

3.1 Coring and radiocarbon dating

In October 2016, a 166-cm-long sediment core (CGD) was
retrieved using a UWITEC piston corer from the central part
of Lake Cuogeda (Figure 1B). It was then sectioned at 1-cm
intervals and kept at 4°C for further analysis. Five terrestrial
plant remains and 1 moss were selected for AMS 14C dating

in the Poznań Radiocarbon Laboratory (Poland). All dates were
calibrated to calendar years before the present (BP, 0 BP= 1950
AD) using the program CALIB 8.2 and IntCal20 calibration curve
(Stuiver et al., 2020).

3.2 Diatom analysis

Diatom samples from the core of CGD were analyzed at
1-cm intervals and prepared following standard procedures
(Battarbee et al., 2002). A total of 166 diatom samples were
analyzed using an Olympus BX51 microscope with an oil
immersion objective (magnification ×1000). A minimum of
500 and an average of 803 valves were counted per sample.
Diatom species were identified mainly according to Krammer
and Lange-Bertalot. (1986), Krammer and Lange-Bertalot.
(1988), and Krammer and Lange-Bertalot, 1991a; Krammer and
Lange-Bertalot, 1991b).

Relative abundances of individual diatom species were
calculated by dividing the number of valves from each species by
the total sum of valves. To minimize the impact of rare species,
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TABLE 1 AMS14C dates for the core CGD from Lake Cuogeda.

Lab code Depth (cm) Materials 14C date (yr BP) Calibrated age
(cal yr BP, 2σ)

Median
calibrated

age (cal yr BP)

Poz-94614 30 Plant remains 200 ± 30 151–437 294

Poz-78614 54 Plant remains 880 ± 30 692–918 805

Poz-78615 77 Plant remains 1600 ± 30 1298–1592 1445

Poz-94615 107 Plant remains 2460 ± 30 2233–2643 2438

Poz-78616 141 Plant remains 2815 ± 35 2830–3228 3029

Poz-112302 165 Moss 3605 ± 35 3529–4022 3775.5

Poz: Poznań Radiocarbon Laboratory.

only diatom species with abundances >2% in at least two samples
were retained in numerical analysis. Diatom diagrams were plotted
using Tilia 2.6.1 (Grimm, 2004), and diatom assemblage zones
were defined based on CONISS analysis of the diatom data
(Grimm, 1987).

A prior evaluation based on detrended correspondence analysis
(DCA) results could help determine whether linear or unimodal-
based techniques should be employed in subsequent ordination
analysis. Statistical analyses were based on diatom taxa (relative
abundances) that occurred in at least two samples with an
abundance >2%. The length of the gradient was less than
two standard deviation (SD) units, and therefore, the principal
component analysis (PCA) method was recommended to analyze
the diatom assemblages by using inter-species correlations and
square root transformation of diatom percentages (Šmilauer and
Lepš, 2014). PCA was performed using CANOCO 5 (ter Braak and
Šmilauer, 2012).

3.3 Other paleolimnological proxies

Lake sediments’ total carbon (TC) comprises endogenous
and exogenous parts. The endogenous organic carbon is mainly
contributed by the aquatic organisms (mainly plankton) of the
lake, and the exogenous organic carbon is primarily contributed
by the inland plants of the basin (Zhu et al., 2004). Total nitrogen
(TN) reflects the nutrient status of the lake itself. Based on the
restriction of TN on the nutrition of aquatic organisms, the C/N
of lake sediments can better reflect the source of organic carbon in
the sediments (Broiner and Mulvaney, 1982). Generally, the C/N
of bacteria and algae is 4–10, while that of terrigenous vascular
plants is above 20 (Lanzhou Institute of Geology, 1979; Meyers,
1994). To determine the effects of inferred catchment processes
on diatom changes, TC, TN, and C/N data of core CGD were
measured. TC and TN were determined by the EA300 Elemental
Analyzer (Italy). The chemical index of alteration CIA was used
to evaluate the weathering intensity of minerals in the sediment
(Nesbitt and Young, 1982; CIA= Al2O3/(Al2O3 + K2O+ CaO) ×
100). The geochemical element was determined by the ICP-AES
Inductively Coupled Plasma Emission Spectrometer (US) as the

FIGURE 2
The calibrated age–depth model after subtracting the reservoir effect
using Bacon in R for core CGD.

standard solution (±2%). This study used the element data of
Al, K, and Ca.

4 Results

4.1 Chronology

An age–depth model based on the radiocarbon ages (Table 1)
was constructed using the Bacon age model package (Blaauw and
Christen, 2011; Figure 2). The top of the core is a fluffy layer
preserved, so we considered the core top to be modern. From this
agemodel, the bottom date was estimated to be 3850 cal yr BP (1900
BC), and the average time resolution of each sample was found to be
∼24 years.
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FIGURE 3
Percentage diatom diagram for Lake Cuogeda (white areas are three times the exaggeration of scale).

4.2 Diatom flora

The diatom assemblage is dominated by acidophilous
and circumneutral oligotrophic small benthic taxa, such
as Tabellaria flocculosa, Achnanthes minutissima var. jackii,
Achnanthes subatomoides, Eunotia minor, Eunotia bilunaris,
Eunotia bilunaris var. mucophila, Eunotia exigua, Pinnularia
interrupta, Achnanthes minutissima, Gomphonema gracile,
and Gomphonema parvulum (Supplementary Table S1). Some
alkaliphilic benthic diatoms exist, for instance, Navicula pupula
and Cymbella silesiaca (Supplementary Table S1). The content of
planktic diatoms was very low, mainly Aulacoseira alpigena and
Cyclotella bodanica (Figure 3). The average relative abundance
of acidophilous diatom (ACD), circumneutral diatom (CD),
and alkaliphilic diatom (ALD) species was 50.3%, 36.3%, and
10.3%, respectively (Figure 4). Based on CONISS results, the
diatom assemblage was divided into four diatom biostratigraphic
zones (Figure 3).

Zone I (166–155 cm, 3850–3430 cal yr BP (1900–1480 BC)
was characterized by a relatively high abundance of ACD (58.8%),
mainly contributed by T. flocculosa (11.7%–19.9%). Gomphonema
gracile, P. interrupta, Cymbella gaeumannii, Frustulia rhomboides,
Caloneis lepidula, Pinnularia microstauron, and Navicula mediocris
exhibited their highest representation throughout the entire
sequence during 3850–3755 cal yr BP (1900–1805 BC), and most

of those were circumneutral or slightly acidic species. From
3755 to 3430 cal yr BP (1805–1480 BC), the relative abundance
of acidophilous Eunotia spp. reached the highest values of the
entire core.

The relative abundance of ACD was down to 51.8% in zone II
(155–80 cm, 3430–1550 cal yr BP (1480 BC–400 AD), and that was
still characterized by a relatively high abundance of T. flocculosa
(mean 14.9%).Achnanthesminutissima,A.minutissima var. jackii,A.
subatomoides,G. parvulum andG. gracilewere common in this zone.
The average relative abundance of Eunotia species was generally
reduced in this zone.

In Zone III (80–7 cm, 1550–3.6 cal yr BP (400–1946 AD), the
acidophilous species E. bilunaris var. mucophila, Eunotia formica,
Frustulia rhomboides var. crassinervia, Navicula mediocris, and
circumneutral species A. pusilla almost disappeared. Except for
Pinnularia spp., most of the acidophilous diatoms decreased and
were replaced by an increase in the relative abundance of the
alkaliphilic species N. pupula, C. silesiaca and Cyclotella bodanica
and circumneutral species G. parvulum, C. minuta, G. gracile,
Cymbella naviculiformis, D. mesodon, Fragilaria pinnata var. pinata,
and Fragilaria capucina var. rumpens.

In Zone IV (7–0 cm, 3.6–66 cal yr BP (1946–2016 AD),
the mean relative abundances of T. flocculosa and A.
minutissima var. jackii rose sharply to 29.3% and 14.2%,
respectively.
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FIGURE 4
Comparison between the records from Lake CGD and summer solar radiation. PCA 1: PCA1 score of diatoms data of Lake CGD. Solar radiation (W m-2):
summer solar radiation (average for June, July, and August) variation at 28°N (Laskar et al., 2004). TC, TN, and C/N are the total carbon, total nitrogen,
and total carbon to total nitrogen ratio of Lake CGD, respectively. ACD, CD, and ALD are the percentages of acidophilous, circumneutral, and
alkaliphilic diatom of Lake CGD, respectively. CIA: CIA of Lake CGD (CIA= Al2O3/(Al2O3 + K2O+ CaO) × 100. Chrysophyceae cyst concentration (×104

valves·g-1): Chrysophyceae cyst concentration of Lake CGD.

4.3 Geophysical and chemical proxies

TC, TN, C/N, and CIA data from the CGD sediment
core exhibited changes that generally correspond to the diatom
assemblage zones (Figure 4). The mean content of TN was 1.05%,
but it rose rapidly after 80 cal yr BP (1870 AD). The average content
of TCwas 15%; the C/N ratio changed between 9.6 and 17.5 (average
13.94). Both TC and C/N ratios fluctuated greatly and declined
during the Late Holocene.

The average value of the CIA ranged from 61.5 to 68.2. It showed
a gradually increasing trend from 3850 to 3.6 cal yr BP (1900 BC
to 1946 AD) and is highly negatively correlated with ACD and
positively correlated with ALD (Figure 4).

4.4 Autoecology of the main diatom taxa

After an extensive survey of the literature on diatom
ecological preferences, we developed a list of diatom acidophilous,
circumneutral, or alkaliphilic; see Supplementary Table S1. Most of
the diatom species were oligotrophic acidophilous benthic species.
The autecology of the main diatom taxa of Lake CGD is shown
in Table 2.

The Chrysophyceae cyst has been proposed in high polar
regions to estimate lake ice cover (Smol, 1983; Smol, 1988;
Zeeb and Smol, 2001). Chrysophyceae can succeed in ice-covered

environments due to their versatile nutritional strategies, motility,
and ability to form an excellent resting stage (Smol, 1983).
Pełechata et al. (2015) showed that after mild winters, despite the
higher availability of nutrients in lake water, the abundance and
biomass of Chrysophyceae cysts are less numerous than after severe
winters. Therefore, the Chrysophyceae cyst concentration of CGD
may be an indirect proxy of lake ice cover.

4.5 Principal component analysis

The first two PCA axes of diatom abundances statistically
explain 29.17% and 10.31% of the total variance, respectively
(Figure 5), and the axes profiles are consistent with the diatom
zones (Figure 4). The positive direction of the first axis is mainly
associated with F. rhomboides var. crassinervia, A. pusilla, Eunotia
spp.,N.mediocris, F. capucina var. rumpens,Anomoeoneis brachysira,
T. flocculosa, A. minutissima var. scotica, A. ambigua, and F.
rhomboides. (Figure 5). The negative direction is mainly associated
with N. pupula, Stauroneis anceps, G. parvulum, C. minuta, P.
microstauron, Fragilaria capucina, Stauroneis phoenicenteron, F.
pinnata var. pinata, Pinnularia gibba var. linearis, C. naviculiformis,
Achnanthes curtissima, P. interrupta, Neidium ampliatum, and A.
alpigena (Figure 5). The positive direction of the second axis is
mainly associated with E. minor, F. pinnata var. pinata, C. bodanica,
A. minutissima var. jackii, and T. flocculosa. The negative direction
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TABLE 2 Autoecology of main diatom taxa from Lake Cuogeda.

Genus/Species Autoecology References

Tabellaria flocculosa A colonial non-motile diatom consisting of an indefinite number of cells
joined at their corners by mucilage pads that is usually abundant when
water is turbulent

Knudson and Kipling. (1957), Whitmore. (1989)

Genus Achnanthes It has a wide spectrum of ecological indicator values, but the average
indicator value for the trophic state is relatively low

VanDam et al. (1994)

Genus Eunotia Strong acidic and freshwater indicators prefer water bodies enriched with
humic acids

VanDam et al. (1994); Glushchenko and Kulikovskiy. (2017)

Gomphonema gracile A freshwater species that is tolerant of a wide range of pH and conductivity,
preferring water of low nutrient content but also tolerating higher
electrolyte brackish waters; it is a cosmopolitan species in standing water

Tobias and Gaiser. (2006)

Gomphonema parvulum The indicator species of the environment at alkaline pH and standing
waters. It is also considered common, cosmopolitan, and developing in
large numbers in meso- to polysaprobic waters

Tobias and Gaiser. (2006); Klemenčič et al. (2010)

Navicula pupula It is only standard in lakes with high pH and has been described as tolerant
of moderate organic pollution

Lange-Bertalot. (1980); Rosén et al. (2000)

FIGURE 5
Lake Cuogeda sediment diatom PCA biplots. See
Supplementary Table S1 for the rules of species abbreviations.

of the second axis is mainly associated with C. gaeumannii, F.
rhomboides, S. kriegeri, A. minutissima, and C. lepidula (Figure 5).

Thepositive direction of the first axis of PCA ismainly associated
with acidophilous diatoms and those who prefer humic acid and
turbulent diatoms. At the same time, most of the alkaliphilic
diatoms are located in the negative direction. Assemblage changes
in the diatom of Lake Cuogeda record appear to be influenced by
humic acids, turbulence, micro-habitat, and pH. Thus, PCA1 may
not represent a single environmental gradient but a combination
of gradients. An increased PCA1 score indicates an environment
of higher humic acids and turbulence and lower pH. The

environmental factors of PCA2 were difficult to distinguish, so
PCA2 was not discussed.

5 Discussion

5.1 Late Holocene paleoenvironment
recorded in Lake Cuogeda

The interpretation of the paleoenvironment was mainly based
upon the diatom assemblages, Chrysophyceae cyst concentration,
and TN, TC, C/N, and CIA content of CGD. Those are plotted in
Figures 3, 4.

From 3850 to 3430 cal yr BP (1900–1480 BC), the high
value of PCA1and Eunotia species reflects an acidic, oligotrophic,
and enriched with a humic acids environment (Figures 3, 4;
Glushchenko and Kulikovskiy, 2017; VanDam et al., 1994).The high
value of C/N (Figure 4) indicates a high terrestrial humus supply
to the lake. The low value of the Chrysophyceae cyst concentration
reflects a relatively high temperature and short ice cover duration
(Figure 4). Low CIA means weak erosion, weathering, and well-
developed catchment soil (Figure 4; Fritz et al., 2004; Wolfe, 2003).

The percentage of Eunotia and ACD and the value of PCA1
decreased obviously from 3430 to 1550 cal yr BP (1480 BC to 400
AD) (Figures 3, 4), indicating less humic acid and relatively high pH.
A relatively high Chrysophyceae cyst concentration reflects longer
ice-cover duration and temperature drops than in the previous stage.
The increase of CIA indicates a weakening of soil development,
with increased cold climate erosion andweathering (Hu et al., 1993).
A relatively cold, weathered watershed environment was identified
from the relatively high CIA and Chrysophyceae cyst concentration
at ∼2800 cal yr BP (850 BC) (Figure 4). At that time, the relatively
low PCA1, TC, TN, and C/N reflect a moderately alkaline lake
environment and decreased nutrient input in the basin (Figure 4).
This may respond to Bond event 2 (Bond et al., 1997; Plunkett and
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FIGURE 6
Comparison of the diatom record from Lake Cuogeda with reconstructions of selected paleoclimate records from the wider region. SSST (°C): North
Atlantic Holocene summer SST (Jiang et al., 2015). SSR (W m-2): summer solar radiation (average for June, July, and August) at 28°N (Laskar et al.,
2004). Moisture: the normalized moisture indices based on δ18Ocarb records from 10 lakes within the present-day ISM region of China (Zhang et al.,
2011). δ18O: stalagmite δ18O record from Dongge Cave (Wang et al., 2005). JJA100: calendar-corrected, North America and Europe averaged
June–August (JJA) land temperatures Community Climate System Model3 output on annual time steps fitted with a locally weighted regression curve
with a 100-year window (Marsicek et al., 2018). GDD5: growing degree days using a baseline of 5°C reconstruction based on fossil pollen data on
annual time steps fitted with a locally weighted regression curve with a 100-year window of North America and Europe (Marsicek et al., 2018). TP ST
(°C): Summer temperature change reconstructed by synthesizing fossil pollen records from the Tibetan Plateau (Chen et al., 2020). ACD and PCA1:
relative abundance of acidophilous diatom species and diatom PCA1 of Lake Cuogeda.

Swindles, 2008). Between 2210 and 1950 cal yr BP (260 BC to 0AD),
there was a relatively cold and weathered watershed environmental
fluctuation that was recorded with high CIA and Chrysophyceae
cyst concentration (Figure 4), which was related to weak ISM. This
was accompanied by a relatively alkaline lake environment and the
decrease of nutrient input in the basin, reflected by the relatively
low PCA1, TC, TN, and C/N from 2210 to 1950 cal yr BP (260 BC
to 0 AD) (Figure 4). The diatoms of Tiancai Lake (∼3898 m asl) in
Yunnan also showed a weak monsoon fluctuation at a similar time
(Chen et al., 2014).

From 1550 to 3.6 cal yr BP (400–1946 AD), some acidophilous
diatom species almost disappeared and were replaced by alkaliphilic
species (Figure 3).This indicates that the lake ecosystemhas changed
to a higher pH condition. The relatively high percentage of CD
and ALD also show relatively high pH (Figure 4). The rising
pH corresponds to the rising CIA because bedrock weathering
and erosion processes will carry alkalinity and base cations into
the lake (Figure 4). Chrysophyceae cyst concentration gradually
increased (Figure 4), reflecting low temperature and a prolonged
freezing time.

From 3.6 cal yr BP (1946 AD) to the present, the diatom
species have shifted toward a higher relative abundance of
acidophilous diatoms, and the value of PCA1 is also high (Figures 3,
4). The relative abundance of T. flocculosa is very high; the

Chrysophyceae cyst concentration is relatively low (Figures 3, 4).
Those are consistent with an environment of shorter duration
of ice cover and stronger lake water turbulence (Rühland et al.,
2003). Recent anthropogenic warming may be vital in influencing
diatom community composition and lake water dynamics after
3.6 cal yr BP (1946 AD) (Catalan et al., 2002; Koinig et al., 2002;
Rühland et al., 2015).

5.2 Comparison with regional climate
records and possible mechanisms

Regarding the overall trend, PCA1, ACD, TC, and
Chrysophyceae cyst concentration of Lake CGD decreased, while
CD, ALD, and CIA increased during the past ∼4000 years (Figure 4).
These environmental proxies indicate that the content of exogenous
humic acid and turbulence of lake water showed a downward
trend. In contrast, the lake water’s pH, ice-cover duration, and
basin weathering showed an upward trend. As an area affected by
the ISM, these phenomena comprehensively reflect the decreasing
trend of the ISM strength during the past ∼4000 years. This trend
is consistent with other records from the Tibetan Plateau, such
as the quantitative summer temperature reconstruction based
on subfossil chironomids from Tiancai Lake on the SE edge
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of the Tibetan Plateau (Zhang et al., 2017); the pollen-based
mean July temperature reconstruction from Xingyun Lake on
the SE edge of the Tibetan Plateau (Wu et al., 2018); summer
temperature variations reconstructed from a synthesis of fossil
pollen records from the Tibetan Plateau (Figure 6) (Chen et al.,
2020); and a decreasing trend over the past ∼4000 years that
has also been reported by the temperature record from Xiada
Co on the western Tibetan Plateau (Li et al., 2024). Our records
are also well correlated with the June–August land temperature
reconstruction and growing degree days (using a baseline of
5°C) reconstruction for North America and Europe (Figure 6)
(Marsicek et al., 2018).

Notably, the decreasing trend of the ISM strength recorded
by Lake CGD shows strong similarities with other high-resolution
summer monsoon records (Marcott et al., 2013). It is generally
correlated to increases in δ18O records from Dongge Cave
(Figure 6), which is interpreted as a reduction in summer monsoon
strength (Wang et al., 2005). It is also generally correlated to the
normalizedmoisture indices based on δ18Ocarb records from10 lakes
within the present-day ISM region of China, which show that the
ISM gradually weakened in the Late Holocene (Zhang et al., 2011)
(Figure 6). A decreasing trend of the ISM strength over the past
∼4000 years has also been reported by the record from Hongyuan
Pea on the Tibetan Plateau (Hong et al., 2003). The precisely dated
and well-calibrated tree-ring stable isotope chronology from the
Tibetan Plateau also reflects a rapid decrease in ISM since the
mid-Holocene (Yang et al., 2021). Therefore, the environmental
evolution recorded by our diatoms over the Late Holocene is
generally associated with decreased ISM intensity (Hou et al., 2015;
Wu et al., 2018; Chen et al., 2020).

Studies have indicated physical links between the Atlantic
Multidecadal Oscillation and the multidecadal variability of the
ISM (Goswami et al., 2006). North Atlantic SST anomalies strongly
affect the Tibetan Plateau surface temperature and heat sources
(Feng and Hu, 2008). The decreasing trend of the ISM strength
over the past ∼4000 years, recorded by Lake CGD, is associated
with North Atlantic Holocene summer SSTs (Figure 6) (Jiang et al.,
2015). It means a correlation exists between the North Atlantic
SSTs and the trend of environmental change in the study area. The
decrease of the ISM strength recorded by Lake CGD also generally
follows summer solar radiation in the northern hemisphere
(Figure 6), indicating that insolation has a significant influence
on environmental change in the study region (Laskar et al., 2004;
Gupta et al., 2005). NorthAtlantic SST change and solar activitymay
be key driving factors of environmental change in the study area
(Keyimu et al., 2021).

6 Conclusion

To better understand how the global and regional-scale
environment has changed during the Holocene, it is essential to
conduct paleoenvironment research with sufficient spatiotemporal
resolution. Sedimentary diatoms of Lake Cuogeda were analyzed to
track the environmental variations of SW China over the past 4000
years. An age–depth model was established using AMS 14C dating
techniques on five plant remains and 1 moss.

Diatom and other geochemical proxies show that, from 3850
to 3430 cal yr BP (1900–1480 BC), the environment of Lake CGD
was acidic, oligotrophic, and enriched with humic acids, and the
lake ice-cover durationwas short.During 3430–1550 cal yr BP (1480
BC–400 AD), Lake CGD had less humic acid and a relatively
high pH environment. A relatively high Chrysophyceae cyst
concentration reflected longer ice-cover duration and temperature
drops.Ourmulti-indicator recorded two environmental fluctuations
at ∼2800 cal yr BP (850 BC) and 2210–1950 cal yr BP (260 BC–0
AD). From 1550 to 3.6 cal yr BP (400–1946 AD), the lake
ecosystem changed to a higher pH condition. Chrysophyceae cyst
concentration gradually increased in this period, reflecting low
temperature and a prolonged freezing time. From3.6 cal yr BP (1946
AD) to the present, Lake CGD’s water has been acidic, with an
environment of shorter duration of ice cover and stronger lake water
turbulence.

The environmental proxies of Lake CGD comprehensively
reflect a decreasing trend of the ISM strength during the past
∼4000 years. This trend follows the decreasing trend of regional
and global summer temperature reconstructions and shows strong
similarities to other high-resolution ISM records. North Atlantic
SST change and solar activity may be key driving factors of
environmental change over the study area.
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