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ARTICLE INFO ABSTRACT
Keywords: The problem of lake pollution on the Tibetan Plateau has become prominent in recent years
Diatom assemblage because of the warming climate and increased human activity. However, it is difficult to obtain
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effective indicators to explain the long-term eco-environmental changes in plateau lakes. In this
study, a sediment core from Jinmucuo Lake was taken as the research object, and the 2!°Pb and
137Cs isotopes, diatom assemblages, and climatic and environmental factors were analyzed. The
results revealed that the lake had a sedimentation rate of 0.47 cm/a, and the age of the 30-cm
sediment core was approximately 1876 AD. Diatom abundances at different ages tend to
decrease. During 1876-1999, abundant diatom species, such as Cymbella lanceolata, Navicula sp.,
Surirella ovalis, Synedra sp., Epithemia adnata, Cymbella pusilla, Amphora ovalis and Tabularia
tabulata, which included oligotrophic, mesotrophic, and eutrophic indicator species were detec-
ted, and the dominant species were Cymbella lanceolata, Navicula sp., Surirella ovalis and Synedra
sp. After 2000, diatoms declined dramatically, and were undetected in most samples. Similarly,
the species richness and Shannon-Wiener index plummeted to O in approximately 2002. Ca-
nonical correspondence analysis revealed that total nitrogen and organic matter were the main
influencing factors of diatom assemblages before 2000, whereas As and mean annual temperature
were the main influencing factors after 2000. These findings indicate that diatom habitats have
been rapidly destroyed by increasing temperatures and As inputs, even in the presence of
abundant nutrients in the lake.

1. Introduction

The Tibetan Plateau is the largest plateau in the world and has many lakes [1]. As an important part of the plateau ecosystem, lakes
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on the Tibetan Plateau cover an area of 41831.7 kmz, accounting for 51.4 % of China’s lake area [1]. Since the 1990s, China has
focused primarily on addressing the water environmental pollution of freshwater lakes in densely populated and economically
developed areas [2-4]. In recent years, the plateau region has experienced rapid development in secondary and tertiary industries,
significantly improving the economy of the Tibetan Plateau [5]. Correspondingly, the economic development has also led to an in-
crease in pollutant emissions [5,6]. Moreover, the Tibetan Plateau is located in a complex climatic and geothermal zone, and natural
environmental changes significantly affect the lake ecosystems on the Tibetan Plateau, particularly for saltwater lakes that lack hy-
drodynamic cycles and are more vulnerable [7,8]. However, little research has been conducted on the evolution law of the ecological
environment and its driving factors in inland saltwater lakes on the Tibetan Plateau.

Long-term systematic monitoring is crucial for understanding the evolutionary history of the lake ecological environment [9,10].
Nevertheless, most lakes lack such data. Paleolimnological methods employ multi-index analyses of sediment records to compre-
hensively reconstruct and quantitatively invert the history of long-term lake environmental changes and ecological responses [10]. For
example, the diatom fossil proxies can be used to evaluate long-term response characteristics under different environmental stresses
such as nutrients or temperature, making them a reliable indices for assessing changes in the lake ecosystems [9,11]. However, studies
have focused mainly on freshwater lakes, leaving a gap in understanding the changing characteristics of plateau saltwater lakes.

Generally, nutrients are thought to be a major factor in the growth of diatoms [12,13]. An increase in nutrients is the main cause of
eutrophication in most freshwater lakes, which affects the growth, reproduction and succession of diatoms, and then controls the
eutrophication process in lakes [14]. On the Tibetan Plateau, lakes are not only affected by nutrient increases, but are also stressed by
continuously elevated levels of arsenic (As) and fluoride (F). Studies have shown that As pollution can lead to strong changes in the
composition of herbivores and diatoms, and diatoms contaminated with As for a long time are more tolerant to As [15,16]. Excessive F
in water can accumulate in diatoms [17], which affects their metabolism of nucleotides and nucleic acids, and then affects the division
process and photosynthesis of diatoms, thus posing a potential threat to the lake ecosystem [18,19]. Owing to the extreme climate
conditions of the plateau and the unitary nutrient structure of the lakes, the plateau lake ecosystem is more sensitive to environmental
changes than the traditional lake ecosystems [20,21]. Many scholars have focused on the impact of plateau climate change on diatoms
in plateau lakes. For example, Song et al. [22] reported that the change in the diatom assemblage in Tingming Lake, Yunnan, was
caused mainly by climate warming, and Liao et al. [23] reported that the response of diatoms to regional temperature changes was
synchronous based on correlation analysis. However, the synergistic effects of the environment and climate change on diatom
assemblage succession in plateau lakes have not been studied.

Jinmucuo Lake is a typical inland saltwater lake on the Tibetan Plateau. The ecological environment has been deteriorated due to
socioeconomic development and extreme climatic effects, including the continuous increase in nutrients, As and F. In addition, the lake
area has changed significantly over the past 50 years under the extreme climate of the Tibetan Plateau [24]. However, owing to the
limited long-term water quality and biological monitoring data, coupled with the complex geographical and climatic environment, the
research on the evolution of the lake ecological environment is laking. This study uses sediment cores from Jinmucuo Lake as the
research object, and use paleolimnological methods, 1) to calculate the sediment deposition rates and ages; 2) to analyze shifts in
diatom assemblages at different ages; 3) to explore the changes in climate and environmental factors at different ages; and 4) to
determine the major factors affecting the evolution of diatom assemblages under conditions of constant increases in nutrients, As and
F, and apparent changes in climate.

2. Materials and method
2.1. Study area

Jinmucuo Lake is located in Angren County, Shigatze City, on the southern Tibetan Plateau. The lake has an area of 22.4 km?, and a
basin area of 182.9 km?. The elevation of the lake is 4301 m, and the mean depth is approximately 8.5 m, with a maximum depth of
15.3 m. The water capacity of the lake is 1.75 x 10® m®. The tributaries in the watershed are mainly seasonal. Precipitation and
snowmelt are the main sources of water for the lake. Grassland is the leading land use type in the basin, covering an area of 150 km?,

The area has a semiarid climate in the plateau temperate zone. The mean annual temperature in the basin varies from 4.2 °C to
6.4 °C. Since the 1980s, temperatures in the region have shown an extremely significant increasing trend at a rate of 0.52 °C/10a
(Fig. 2a), which is 2.9-3.7 times higher than the global warming rate (0.14 °C/10a~0.18 °C/10a) and 1.4 times higher than the mean
warming rate of the Tibetan Plateau (0.36 °C/10a) [25,26]. The mean annual wind speed is 2.42 m/s, with variations ranging from
1.61 to 3.15 m/s (Fig. 2a). The mean annual precipitation and evaporation are 294 mm and 2513 mm, respectively (Fig. 2b). Rainfall
occurs mostly from June to September. The mean annual snow depth is 4.78 cm (Fig. 2¢). The GDP of Angren County has had an
increasing trend, increasing from 98 million CNY in 2000 to 1.3 billion CNY in 2021 (Fig. 2d). The villages in the in Jinmucuo Lake
Basin include Jiangga village, Zhelong village, Kaga village, and Snow village. The total population of the watershed is 2516, of which
219 people are urban and 2297 people are rural.

According to the topography and water system composition of the Jinmucuo Basin, combined with regional land use and
administrative division characteristics, the grid distribution of the entire lake was determined. A total of 20 lake water sample
collection points were arranged in Jinmucuo Lake, and water sample collectors were used to collect water samples 0.5 m below the
surface. pH and salinity were measured with a multiparameter water quality analyzer (YSI 6600V2, USA). The transparency of each
sample was measured via a Secchi disc. The total nitrogen (TN) content was determined via the alkaline potassium persulfate digestion
UV spectrophotometric method [27]. The total phosphorus (TP) content was determined via the ammonium molybdate spectro-
photometric method [28]. The chemical oxygen demand was determined via the dichromate method [29]. F was determined by F
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reagent spectrophotometry [30]. As was determined by atomic fluorescence spectrometry [31]. According to the results of a water
quality survey in 2023, the physical and chemical characteristics of the water in Jinmucuo Lake are shown in Table 1. The pH is
strongly alkaline, with a high salinity. Most notably, the lake has high concentrations of not only nutrients, including TP and TN but
also As and F.

2.2. Sample collection and laboratory analysis

Lake sediment cores are crucial for extracting information about lake sediment disturbances. In September 2023, two sediment
cores were taken from the Jinmucuo Lake via UWITEC sampling equipment, one of which had a uniform texture, and clear layers were
used for further analysis (Fig. 1). Moreover, water samples from 20 sampling sites for water sample were collected and analyzed (Fig. 1;
Table 1).

The sediment was divided at intervals of 1 cm after collection, then sealed with polyethylene bags and promptly brought back to the
laboratory for refrigeration at —4 °C for subsequent analysis and testing. The laboratory analysis items included radioactive element
(210Pb, 226Ra, and ¥7Cs) activity; TN, TP, mass susceptibility, and diatoms; and 21 other types of geochemical elements (K, Ca, Na, Mg,
Fe, Ti, Sr, Mn, As, Ba, Be, Cu, Pb, Li, Ni, Sb, Mo, V, Cr, Zn, and Ti).

The activities of 21°Pb, 22°Ra and '*”Cs were determined via gamma spectrometry with well-type coaxial low background intrinsic
germanium detectors (GWL-120-15, USA). K, Ca, Na, Mg, Fe, Ti, and TP were determined via ICP-OES (Agilent 5110, USA). Sr, Mn, As,
Ba, Be, Cu, Pb, Li, Ni, Sb, Mo, V, Cr, Zn, and Ti were determined via ICP-MS (NexlON 1000G, UK). As was determined by AFS (AFS-933,
CHN). The organic matter content was determined via the external heating method with potassium dichromate oxidation. The TN
content was determined via the semimicro Kelvin method. The diatom fossil samples in the sediments were processed via standard
methods [32-34]. In detail, approximately 0.5 g of dry sediment was heated in a water bath at 80 °C with 10 % HCI and 30 % H20
added successively to dissolve carbonate and digest organic matter, respectively. After each sample was washed with distilled water in
a centrifuge three times, it was dried on cover slips and mounted onto permanent glass microscope slides with Naphrax mounting
medium. Species identification was based on the classification system of Krammer and Lange-Bertalot [14,35,36]. Counting and
identification of diatoms were carried out under the oil mirror of a Zeiss Axio Scope Al optical microscope (magnification 100 x 10).
The number of valves in sediment surface samples was not less than 500, and the number of valves in the other samples was not be less
than 300.

2.3. Data analysis

2.3.1. Chronological sequence reconstruction method

137Cs is an artificial radionuclide, and large-scale nuclear tests worldwide were conducted in 1963; therefore, the peak concen-
tration of '*’Cs in the sediment core depth profile typically corresponds to the maximum deposition from atmospheric sources in 1963
[37]. In this study, the core chronology was determined via the composite model of constant rate of supply (CRS) dating model. The
results of the CRS calculations were corrected by using a model with a 3’Cs timescale to obtain the true borehole age scale [38].

(1) The calculation formulas for the 1%’Cs timescale and the corresponding ages after 1963 is as follows:
T =To+4"'nl + (A — An)P71J]

—A(Ao — Ay)

P= 1 _ ¢ ATo-1963)

n
Aw = Z Cx/)x
X=w

(2) The formula for calculating the corresponding ages of the following levels before 1963 is as follows:

Table 1

Physical and chemical characteristics of the water in Jinmucuo Lake.
Item Unit Mean value Variation range
pH - 9.88 9.86-9.94
salinity ppt 4.19 3.90-4.22
Transparency cm 22 15~30
Total phosphorus mg L1 3.29 2.49-3.85
Total nitrogen mgL~! 2.30 1.41-2.87
Chemical oxygen demand mg L7 116 64~157
Floride mg L1 8.9 7.1-10.5
Arsenic mg L~! 0.097 0.056-0.150
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Fig. 1. Geographical location of the study area and the layout of the sampling points.
T =1963 — 2" In(A,A,}")

where Ty, is the age corresponding to a depth of m. Ty is the sampling year. 1 is the decay constant of 21°Pb (0.03114). A is the 21°Pbey
cumulant of the entire sediment core (Bq/cmz). A, is the 210Pbex cumulant below a depth of m (Bq/cmz). A, is the 210Pbex cumulant
below the w horizon corresponding to 1963 (Bq/cm?). Cy is the 21°Pby, activity at x depth (Bq/kg), and x is the sample bulk weight at x
mass depth (g/cmz).

2.3.2. Diatom abundance calculation
The absolute abundance of a diatom is usually its total quantity, which is calculated via the following formula [39]:

(Nx%) x ¥
B=——_-*—

w

B represents the absolute abundance of a diatom (valves/g), N represents the number of diatoms observed, A is the total area of the
slide, a is the area observed, V represents the volume of the diatom liquid after extraction, v represents the volume of the liquid
containing diatoms dropped on the cover slide, and W represents the dry weight of the sediment.

The analysis data of diatom assemblages are usually expressed in terms of the relative abundance of each species, which is
calculated as follows [39]:

Fi:%x 100%

F; represents the relative abundance of i species, N; is the number of i species, N is the total quantity of the diatom of sample.
2.3.3. Analysis of dynamic changes in diatom assemblages and extraction of driving factors

Species that appeared in at least two samples and contained more than 5 % of the samples were selected for square root conversion.
The environmental factors were first transformed by log; (x+1), and then the following analysis was performed. The dynamic changes
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Fig. 2. Trends of climatic and socioeconomic data in Angren County: (a) mean annual temperature and wind speed; (b) mean annual precipitation
and evaporation; (c) mean annual snow depth.

in the diatom assemblages were extracted by detrending correspondence analysis (DCA). If the gradient length of the DCA is greater
than 4 standard deviation (SD) units, the unimodal methods are more suitable. If it is less than 3, the linear model is more appropriate.
If it is between 3 and 4, both models can be used. DCA revealed that the length of the first axis was 7.21 (>4) standard units, and
canonical correspondence analysis (CCA) was selected for analysis.

In the process of CCA, environmental factors with high collinearity (VIF>10) were eliminated on the basis of the variance inflation
factor (VIF), and environmental factors with high contribution rates were screened via forward selection. All analyses and all ordi-
nations were performed via CANOCO 5.0 [40].

2.3.4. Species diversity analysis

The diversity of species is a crucial aspect of ecosystem complexity, and analyzing species-level diversity provides the most
comprehensive insight into biodiversity, encompassing factors such as species threat status and endemism. There are also scholars who
have applied it to the research of diatoms, concentrating on the altered trend of diatoms in response to human activities and climate
change [41,42]. In this study, the diatom biodiversity of a sediment core was computed, emphasizing the variation characteristics of
the diatom diversity of centennial species under anthropogenic and climatic alterations.

The diatom diversity was analyzed via the Shannon-Wiener Index [(H)] and Species richness (S) as follows:

S
H= - Zpi lOgZPi
i=1

b=

where S represents the number of species in the sample. n; is the individual number of the i species of the sample, N is the total number
of individuals of the sample, and n is the total number of species types in the sample with a nonzero number of individuals.
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2.3.5. Pearson correlation analysis

Species richness, the Shannon-Wiener index, the DCA Axis I score, the sediment indices (TN, TP, As, F, Pb, Cu, Fe/Mn, organic
matter, and magnetic susceptibility), the mean annual temperature, the mean annual precipitation, the mean annual evaporation, the
mean annual wind speed and mean annual snow depth in the Jinmucuo Basin were determined via Pearson correlation analysis. The
major factors affecting the diatom assemblage diversity and the environmental factors significantly correlated with the first axis score
of the DCA were identified.

3. Results
3.1. Establishment of the chronological sequence of the sediment

As shown in Fig. 3a, the average specific activity of *’Cs in the Jinmucuo sediment core was 8.41 Bg/kg, with variability ranging
from 0 to 14.09 Bq/kg. The specific activity of 13’Cs was a single accumulation peak, and the accumulation peak occurred at a depth of
19 cm (14.09 Bq/kg), corresponding to the nuclear test peak in 1963. The average specific activity of 2°Pby is 60.10 Bq/kg, ranging
from 20.01 to 112.70 Bq/kg (Fig. 3a). The specific activity of 21%Pbe, in the Jinmucuo sediment core had an irregular sawtooth dis-
tribution and an exponential decline, indicating that the sedimentation rate in the study area varied with time.

According to the CRS model, the age of the sediment core at 30 cm was approximately 1876 AD, and the average deposition rate
and sediment flux were 0.47 cm/a and 0.34 g/cm?/a, respectively (Fig. 3b). Specifically, the average sediment flux from 1876 to 1929
was 0.17 g/cm?/a, with a variation range of 0.15-0.20 g/cm?/a, and the average sediment flux from 1942 to 1970 was 0.25 g/cm?/a,
ranging from 0.20 to 0.28 g/cm?/a. The average sediment flux from 1975 to 2004 was 0.33 g/cm?/a, with an average range of
0.30-0.37 g/cm?/a, and the average sediment flux from 2008 to 2022 was 0.59 g/cm?/a, ranging from 0.43 to 0.91 g/cm?/a. Overall,
the sediment flux had an increasing trend with time, with little sediment flux before 2008, but a rapid increase from 2008 onward.

3.2. Characteristics of the diatom assemblages

As shown in Fig. 4, a total of 70 species of diatoms of 24 genera, mainly benthic and epiphytic types, were identified in the Jin-
mucuo sediment core. The main dominant taxa included Achnanthes, Amphora, Cymbella, Diatomaceae, Epithemia, Fragilaria, Gom-
phonema, Navicula, Nitzschia, Rhopalodia, Surirella, and Synedra. According to the distribution of diatoms in the sediment core, the
species that appeared in two or more samples and had a relative abundance >5 % were selected as the main species of the diatom
assemblages in Jinmucuo in the past 150 years. There were 23 species of diatoms, and the sum of the relative abundances of these
diatoms in each sample ranged from 59.1 % to 100.0 %, with an average value of 83.2 %. Depending on the significant changes in the
relative and absolute abundance of diatoms, it can be divided into two assemblage zones. The assemblage characteristics of diatoms are
described below.

Zone I (11-30 cm, 1876-1999): During this period, the absolute abundance had a increasing trend from 1876-1942 (mean of
43,404 valves/g), and a fluctuating decreasing trend from 1942 to 1999 (mean of 37,145 valves/g). The dominant species were
Cymbella lanceolata, Navicula sp., Surirella ovalis and Synedra sp., with relative abundances ranging from 0 to 16.07 %, 0-21.43 %,
0-43.72 % and 0-18.18 %, respectively. The mean relative abundances were 7.45 %, 7.74 %, 5.27 % and 6.43 %, respectively. Among
them, Cymbella lanceolata is a typical eutrophic indicator species, and Surirella ovalis is a halophilic species. The relative abundance of
the other three dominant species decreased with decreasing depth, except for Synedra sp. which increased with decreasing depth.
There were also oligotrophic, mesotrophic indicator species were detected, such as Epithemia adnata, Cymbella pusilla, Amphora ovalis,

Specific activity of 2'*Pb,/(Bq/kg) Sedimentation time/AD
0 25 50 75 100 125 1850 1900 1950 2000 2050
0
0 T T T T . y Y -
37, o s L sedi i i i i
(@ 2|0pbCx and '7Cs specific activity .<">. (b) sedimentation time and sediment flux :
st e st '
P e N
,'
S -
u
ok lg- 10k I
o Fa
£ .\l £ ]
3] . 2 f
S5} u S5 !
8 — g
5 = o f
o ./\l z =
20 | % 20 -
. o
—,
- 25
21k e . T 210 ==l g
- —m— Specific activity of 2'°Pb,, o
/-/' Specific activity of 'Cs ././ —m— Sedimentation time Sediment flux
30 s L ) ) L L L 30 s L 1 L
0 2 4 6 8 10 12 14 0.0 02 0.4 0.6 0.8 1.0
= ot 17 . 2
Specific activity of *’Cs/(Bg/kg) Sediment flux/(g/cm®/a)

Fig. 3. Establishment of the chronological sequence of the sediment: (a) 210Pbex and '¥"Cs specific activity; (b) sedimentation time and sedi-
ment flux.
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Fig. 4. Diagram of the assemblage variations in the dominant diatoms in the lake sediment core.

Rhopalodia gibberula, Rhopalodia gibberula var. vanheurckii and Rhopalodia gibberula var. protracta, the mean relative abundances were
3.08 %, 3.93 %, 1.11 %, 2.83 %, 3.67 % and 1.94 %, respectively. The oligotrophic indicator species Epithemia adnata increased first
and then decreased with decreasing depth, while the relative abundance of mesotrophic indicator such as species Cymbella pusilla and
Amphora ovalis decreased, Rhopalodia gibberula var. vanheurckii and Rhopalodia gibberula var. Protracta increased. In addition, the
relative abundance of the eutrophic indicator species Fragilaria capucina and eutrophic lake dominant species Tabularia tabulata
increased with decreasing depth, ranging from 0 to 16.36 % and 0-13.64 %, respectively, with a mean abundance of 3.58 % and 4.08
%, respectively.

Zone II(1-10 cm, 2002-2023): During this period, the species type and number of lake diatoms decreased dramatically, with
absolute abundances of only 0-806 valves/g and an mean abundance of 268 valves/g. Only nine species were detected during this
period: Planothidium septentrionale, Amphora coffaeiformis var. borealis, Amphora ovalis, Amphora sp., Cymbella sp., Nitzschia frustulum,
Nitzschia sp., Rhopalodia gibberula var. vanheurckii, and Tetracyclus sp. The dominant species in Zones I, such as Cymbella lanceolata,
Navicula sp., Surirella ovalis and Synedra sp., all disappeared. Oligotrophic and mesotrophic indicator species, such as Epithemia adnata,
Cymbella pusilla and Amphora ovalis also disappeared. Moreover, it is worth noting that most of the samples had no detectable diatoms
or only had a single diatom species.

The DCA of the diatom assemblage data revealed that 21.23 %, 14.85 %, 5.44 % and 3.44 % of the diatom assemblage data were
explained by the first four sorting axes, respectively. The first axis captures most of the information on diatom assemblage changes,
indicating that diatom associations changed significantly in approximately 2002 (Fig. 4; Fig. 5). Succession in the diatom assemblages
and the first axis score of the DCA indicated that the ecological environment in the Jinmucuo Lake has deteriorated since the beginning
of the 21st century, with a sharp decrease in the diversity and abundance of algal species.

3.3. Diversity characteristics of diatom species

Overall, the species diversity of the diatom assemblages in the Jinmucuo Lake increased from 1876-1970, then decreased from
1970-1999, and finally declined dramatically after 2000 (Fig. 5). First, the diversity index had an increasing trend from 1876-1970
(corresponding to depths of 18-30 cm). Species richness ranged from 14 to 44, with an average value of 28.5, and the Shannon-Wiener
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Fig. 5. Variation characteristics of diatom species richness and the Shannon-Weiner index.
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index was ranged from 3.44 to 5.02, with a mean value of 4.25. The diversity index then had a downward trend from 1970 to 1999
(corresponding depths of 11-17 cm). Species richness ranged from 12 to 32 (mean 21.6), and the Shannon-Wiener index ranged from
3.45 to 4.40 (mean 4.06). The species richness and Shannon-Wiener index subsequently plummeted to O in approximately 2002,
indicating that the habitat of diatoms in the Jinmucuo Lake has changed dramatically since the 21st century. From 2002-2023
(corresponding depths of 1-10 cm), the species richness ranged from 0 to 3, with a mean value of 0.9, and the Shannon-Wiener index
ranged from O to 1.58, with a mean value of 0.26.

3.4. Characteristics of sedimentary geochemical indices

The sediment geochemical indicators truly recorded the long-term changes in Jinmucuo Lake. The TP concentration had a
decreasing trend from 1876-1963 (mean of 664 ppm), and a fluctuating increasing trend from 1963 to 2023 (mean of 698 ppm); then,
the growth rate increased significantly in 1996 and reached 700 ppm after 2000 (Fig. 6).

The TN and organic matter contents showed a similar trends. They were stable from 1876 to 1922, with an average values of 1.31 x
10% ppm and 18.88 x 10° ppm, respectively. Subsequently, rapid increases began in 1922, and peaked in 1942, at 2.95 x 10° ppm and
49.40 x 10° ppm, respectively. A decreasing trend was observed from 1942-2023, with mean values of 1.89 x 10% ppm and 27.57 x
10® ppm, respectively. In addition, As and F also showed similar trends. There was a slow downward trend from 1876 to 1960, and a
fluctuating upward trend after 1960. As was lower than 40 ppm before 1975 and higher than 50 ppm after 1981, and then increased to
100 ppm in 2004. F was lower than 700 ppm before 1999, then increased to 700 ppm after 2002, and reached 804 ppm in 2023.

The Fe/Mn ratio is often used to reconstruct paleoclimate conditions in sedimentary areas [43,44]. Mn generally exists in water as
Mn2". When environmental evaporation increases, the saturation concentration of Mn?* decreases, and Mn?" precipitates, resulting in
Mn enrichment in the sediment. However, Fe is easily precipitates in colloidal form in water, and the Fe/Mn ratio is relatively high in
warm and humid climates, whereas the ratio of Fe/Mn is relatively low in dry climates. The Fe/Mn values in Jinmucuo ranged from
30.5 to 41.8, with an average value of 36.6, indicating that the climate in the Jinmucuo Basin is arid and that the results are consistent
with the reality that the Jinmucuo Basin is arid. However, the increasing trend of the Fe/Mn ratio in Jinmucuo Lake (Fig. 6) does not
align with the decreasing trend of the annual rainfall in the basin (Fig. 2b), which might be attributed to alterations in the redox
conditions of the sediment cores. Under oxidative conditions, Fe* and Mn** are insoluble, and Fe®* and Mn** can be reduced to soluble
Fe** and Mn?* by bacteria under reducing conditions [45,46]. The calculation of the redox potential indicates that the reduction of
Mn** precedes that of Fe* [47]; therefore, bacterial Mn reduction occurs in the shallower layer of the sediments. Consequently, as the
sedimentary core gradually becomes anoxic, the Fe/Mn ratio in the sediment will gradually increases.

Magnetic susceptibility in sediments is often used to analyze the changes in the production pattern and intensity of human activity
during the historical period of a basin, and to indicate the stability of the soil [48,49]. As shown in Fig. 6, the magnetic susceptibility
gradually decreased to a stable trend from 1876 to 1960, ranging from 18.72 x 1078 to 27.18 x 10~® m3/kg (mean of 21.34 x 1078
mS3/kg). The magnetic susceptibility increased gradually from 1960-2002, with a range of 18.46-26.89 x 10~8 m3/kg (mean of 22.06
x 107® m>/kg). The magnetic susceptibility then tended to fluctuate, and the overall trend increased, with a range of 12.81 x
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Fig. 6. Variation characteristics of multiple indices in the lake sediment core.
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1078-30.96 x 1078 m%/kg (mean of 26.94 x 1078 m3/kg). Since the beginning of the 21st century, human activity has led to an
increase in magnetic minerals entering the lake, and as a result, the magnetic susceptibility of Jinmucuo Lake has gradually increased
over time.

3.5. Analysis of the driving factors of diatom assemblage changes

The CCA was performed on the basis of a combination of sediment physicochemical indices, climate data, and diatom data, and
then, environmental factors with high contribution rates were selected via forward selection. The results revealed that TN, As, mean
annual temperature, mean annual snow depth and organic matter were the five most significant factors affecting the succession of
diatom assemblages over the last 40 years, contributing 25.9 %, 14.5 %, 15.9 %, 16.7 % and 27.1 %, respectively (Fig. 7).

The first two axes explained almost 44.9 % of the environment-species relationship. The first axis was positively correlated with
the mean annual temperature and mean annual snow depth, and negatively correlated with As, TN, and organic matter. The second
axis was positively correlated with the mean annual temperature and As, and negatively correlated with the TN, organic matter, and
mean annual snow depth. The variables associated with the variability of the diatom assemblages explained by the environmental
factors were organic matter (17.6 %), TN (16.9 %), mean annual snow depth (10.9 %), mean annual temperature (10.3 %) and As (9.4
%). According to the CCA sequencing diagram, TN and organic matter were the most important factors affecting the sample points
before 2000. However, the most important factors affecting the sample points after 2000 were As and the mean annual temperature.

A correlation analysis of species richness, the Shannon-Wiener index, and the DCA Axis I score with sediment indicators and
watershed climate data is shown in Fig. 8. Organic matter and mean annual evaporation were positively correlated with species
richness and the Shannon-Wiener index, whereas As, F, TP and mean annual temperature were negatively correlated with species
richness and the Shannon-Wiener index. Specifically, the correlations between organic matter and species richness, TP and the
Shannon-Wiener index was highest, with correlation coefficients of 0.78 and —0.77, respectively. Additionally, the correlation co-
efficients between TP and species richness, As and the Shannon-Wiener index were —0.75 and —0.76, respectively. Moreover, the
correlation coefficients of F with species richness and the Shannon-Wiener index were —0.74 and —0.75, respectively. The first axis
score of the DCA was only significantly correlated with only As, with a correlation coefficient of —0.80.
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Fig. 7. Rank diagram of the CCA between sediment samples and environmental factors.
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4. Discussion

4.1. Effects of lake environmental changes on diatom assemblages

Heliyon 10 (2024) 39985

Environmental conditions are the main influence on the succession in diatom assemblages. The time series of diatom assemblage
changes reflects the long-term driving process of lake environment changes. Sedimentary diatom fossil records indicate that the
dominant species in the Jinmucuo Lake diatom assemblages between 1876 and 1999 were Cymbella lanceolata, Navicula sp., Surirella
ovalis and Synedra sp. The composition of diatoms can indicate lake eutrophication. Most mesotrophic lakes are dominated by Navicula,
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which is consistent with the characteristics of the dominant species of Jinmucuo diatom during this period [50]. Moreover, Cymbella
lanceolata is a typical eutrophic indicator species, suggesting that Jinmucuo Lake was in a eutrophic state at this time. Furthermore,
Fragilaria capucina and Tabularia tabulata were also present during this period. Fragilaria capucina is an indicator species of eutro-
phication and Tabularia tabulata is also the dominant species in some eutrophic waters. Notably, the abundance of oligotrophic and
mesotrophic species, such as Epithemia adnata, Cymbella pusilla, and Amphora ovalis, decreased during this time. In conclusion, over the
past hundred years, the diatom assemblages in Jinmucuo Lake have shifted from oligotrophic species to eutrophic species. The
dominant eutrophic species in Jinmucuo Lake are Navicula, Rhopalodia and Synedra, which differ from the dominant species in the
middle and lower reaches of the Yangtze River, such as Cyclotella meneghiniana, Cyclotella atomus, Stephanodiscus parvus, Stephanodiscus
minutulus and Navicula subminiscula [51]. This may be related to the fact that Jinmucuo Lake is a saltwater lake in a high cold region on
the plateau, where the environment is selective for diatom growth and distribution. Moreover, the integrity of all sedimentary diatom
assemblages is influenced to a certain extent by burial processes. In particular, diatoms deposited in saline lakes are frequently
particularly susceptible to chemical and physical processes that result in poor preservation [52]. Flower and Ryves [53] investigated
the preservation of diatom fossils from two salt lakes in the United States and Egypt and demonstrated that poor preservation of diatom
fossils was often correlated with lower diatom content and higher salinity, and that sedimentation rate also influenced the preservation
of diatoms.

On the one hand, CCA revealed that TN and organic matter explained 16.9 % and 17.6 %, respectively, of the long-term changes in
the diatom assemblage structure. Additionally, organic matter and TP were strongly correlated with species richness and the Shannon—-
Wiener index. These findings indicate that nutrient levels drive long-term changes in diatom assemblage structure and diatom species
diversity.

On the other hand, the diatom assemblages and species diversity shifted significantly during the periods of increased As and F
contents in the sediment. The results of the Pearson correlation analysis revealed that As and F were the most important factors
affecting the sample points. As was significantly negatively correlated with species richness, the Shannon-Wiener index and the DCA
Axis Iscore (p < 0.05), whereas F was significantly negatively correlated with species richness and Shannon-Wiener index (p < 0.05).
Similarly, both the species richness and the Shannon-Wiener index both started to decline significantly after 1981 and plummeted or
disappeared well into the 21st century, which was essentially the same time point as the rapid increase in the As and F contents.
Moreover, the mutation point of the DCA Axis I score was essentially the same as the time point at which the As content increased
rapidly. Studies have shown that amorphous iron oxides featuring an unsaturated tetrahedral structure possess strong adsorption and
capture capabilities for As [54]. The abrupt increase in As content in the core during the 2000s might have been associated with the
adsorption of As by amorphous iron oxides at the sediment—-water interface, suggesting severe As pollution in Jinmucuo Lake. As and F
have significant effects on the growth and reproduction of diatoms. As pollution can lead to a large loss of herbivores and strong
changes in the composition of algae. Algae that have experienced long-term As pollution have a greater tolerance to As, which can
severely affect the health and stability of the ecosystem [15,16]. Excessive concentrations of F in water can accumulate in aquatic
organisms, affecting the metabolism of nucleotides and nucleic acids, which in turn affects the division of algal cells and the photo-
synthesis in algae, thus posing a potential threat to the ecosystem [18,19]. Chen et al. [16] and Tao et al. [55] reported that high
concentrations of As pollution might exert a certain inhibitory effect on certain diatoms, and that the shift in diatom assemblage is
closely linked to the trajectory of As input, exhibiting characteristics similar to thoes of the evolution of Jinmucuo diatom assemblages.
The addition of 50-200 mg/L F to nutritionally adequate sterile seawater inhibits the growth of Chaetoceros gracilis, but hardly affects
the growth of Thalassiosira weissflogii [56,57]. Joy and Balakrishnan [58] reported that the growth of Nitzschia palea was promoted at a
F concentrations ranging from 10-110 mg/L, whereas Halamphora coffeiformis was significantly stimulated at F concentrations higher
than 70 mg/L, and its growth declined rapidly. The simultaneous increase in As and F in Jinmucuo Lake allowed diatoms to be
subjected to tremendous pressure at the same time, resulting in a dramatic decrease in diatom diversity when the concentrations of As
and F reached a certain level.

Generally, nutrients are considered to be the main factor affecting the growth of diatoms. For Jinmucuo Lake, the TP concentration
in the sediment core was relatively high after the 1960s (Fig. 6). From 1876-1963, the TP content in the sediment core continued to
decline, with a mean of 664 ppm. From 1960-2023, the TP content continuously increased, with a mean of 698 ppm. The CCA results
revealed that TN and organic matter were the main influences before 2000, but these effects began to weaken after 2000. The main
reason may be that the nutrients were always in a sufficient state during this period; therefore, nutrients were not the limiting
environmental factors of diatoms. On the other hand, As was the main influencing factor affecting samples after 2000, and the DCA
Axis I score was only significantly correlated with only As according to the Pearson correlation analysis (p < 0.05). Although nutrients
play an important role in influencing diatom assemblages, their role is replaced by the deleterious effects of As when the concentration
increases to a certain level.

4.2. Effect of climate change on diatom assemblages

Climate change is a key factor affecting the growth of diatom assemblages. Owing to the extreme environmental conditions and the
unitary nutrient structure of lakes on the plateau, lake ecosystems on the plateau are more sensitive to environmental changes than the
traditional lake ecosystems [20,21]. The CCA results revealed that the mean annual snow depth and mean annual temperature were
the most significant factors affecting the variability of the diatom assemblage data, accounting for 10.9 % and 10.3 % of the diatom
assemblage variability, respectively. Moreover, Pearson correlation analysis revealed that species richness and the Shannon-Wiener
index were significantly negatively correlated with mean annual temperature, and significantly positively correlated with annual
evaporation, respectively (p < 0.05, Fig. 8).
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Under the effects of global warming, the mean annual snow melt and precipitation in the Jinmucuo Basin increased, whereas the
mean annual evaporation decreased. The Fe/Mn ratio is often used to reconstruct paleoclimate conditions in sedimentary areas [43,
44]. The Fe/Mn ratios indicated that the climate in the Jinmucuo Basin is arid. Climate warming will enhances the thermal stratifi-
cation of water bodies, thus weakening the vertical mixing of water bodies [59]. A decrease in surface wind speed can intensify the
thermal stratification of water bodies, resulting in the weakening of water mixing, indirectly affecting the light and nutrient conditions
in water bodies, and causing changes in aquatic assemblages [59,60]. Saline lakes in closed basins represent the end point for
exogenous organic matter and nutrients. A steady stream of shore-sourced materials, including microorganisms, organic matter and
minerals, is imported into the Jinmucuo Lake through precipitation, snowmelt, and runoff, resulting in a relative reduction in water
transparency and an increase in nitrogen and phosphorus nutrient loads.

Moreover, the increase in precipitation and decrease in evaporation has caused changes in the water level and area of Jinmucuo
Lake. Over the past 50 years, the area of Jinmucuo Lake has obviously changed [24]. In the first stage, the lake area decreased
significantly from 23.62 km? to 18.18 km? from the 1970s-1995. The lake area expanded to 21.85 km? between 1995 and 2010. The
lake area subsequently decreased again to 20.51 km? during the 2010-2015 period. After 2015, the lake area has increased and
stabilized at 22.4 km?. The lake area in Jinmucuo has experienced shrinkage, expansion and stabilization over the past 50 years, which
has also affected lake water dynamics and water exchange, and has had some impact on the habitat of diatoms. As a result, the
dominant species in Jinmucuo are predominantly those that are tolerant of turbid and nutrient-rich water, as well as mixed and stirred
shallow water, such as Synedra sp., Tabularia tabulata, Cymbella lanceolata, Navicula sp., and Surirella ovalis [61,62]. This indicates that
under the effect of global warming, reduced evaporation under the premise of increased snowmelt and precipitation indirectly leads to
frequent water disturbances and turbidity over a long period, which further affects the changes in the diatom assemblages in the
Jinmucuo Lake.

5. Conclusion

This study focused on the effects of the lake environment and climate indicators on the evolution of diatom assemblages and water
eutrophication in Jinmucuo Lake, a typical saltwater lake on the Tibetan Plateau. The results of the CRS model revealed that the
multiyear sedimentation rate of the lake was 0.47 cm/a and that the age of the 30 cm sediment core was approximately 1876 AD. The
abundance of diatoms during different historical periods had a downward trend. During 1876-1999, abundant diatom species, such as
Cymbella lanceolata, Navicula sp., Surirella ovalis, Synedra sp., Epithemia adnata, Cymbella pusilla, Amphora ovalis and Tabularia tabulata,
which included oligotrophic, mesotrophic, and eutrophic indicator species were detected, and the dominant species were Cymbella
lanceolata, Navicula sp., Surirella ovalis and Synedra sp. After 2000, the number of diatoms has declined dramatically, and diatoms or
single diatom species were not detected in most samples. Similarly, the species richness and Shannon-Wiener index plummeted to 0 in
approximately 2002. The CCA results revealed that TN and organic matter were the main influencing factors for samples before 2000,
whereas As and mean annual temperature were the main influencing factors for samples after 2000. These results indicated that
diatom habitats are rapidly destroyed by increasing temperatures and the input of As, even in the presence of abundant nutrients in the
lake.

In the future, more biological indicators, such as branch horn and midge shells, should be included for a comprehensive analysis,
because different organisms may respond differently to specific environmental stresses. Furthermore, more studies on the impact of
continuous As input on the ecological environment of plateau lakes are recommended, which is crucial for improving the ecological
quality of plateau lakes.
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