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Introduction
Soil erosion is a process affected by precipitation, vegetation, soil 
characteristics, topography, and human activities and is widely 
recognized as a response to climate variability and human activi-
ties (Dotterweich, 2013; Nearing et al., 2017). Environmental fac-
tors, such as climate and vegetation, and human activities, have 
had different regimes during the Holocene in climatically and 
topographically diverse regions of the world (Jenny et al., 2019; 
Zekollari et  al., 2017). Multi-proxy (sedimentological, palyno-
logical, and geochemical) analyses have been widely employed in 
previous research to decode soil erosion processes response to 
past environmental changes (Bajard et al., 2017a; Barreiro-Los-
tres et al., 2017; Francke et al., 2019; Giguet-Covex et al., 2011). 
In recent years, human activity history has been reconstructed by 
sediment DNA, combined with other proxies, to reveal human 
impacts on soil erosion (Bajard et al., 2017b; Giguet-Covex et al., 
2014). To better understand the roles of natural and anthropogenic 
factors on soil erosion processes, a long-term perspective is 
needed (Arnaud et al., 2016; Barreiro-Lostres et al., 2017).

Researchers have previously studied soil erosion processes at 
the 10,000 or 1000-year scale based on lake sediment records. 
Lake sediment is a crucial environmental archive, that provides 
valuable long-term continuous and high-resolution information. 
Undisturbed lake deposition records provide a natural experiment 
for study of complex interactions between topography, climate 

change patterns, and land cover changes (Chen et  al., 2014b; 
Sheng et al., 2015; Zhang et al., 2018a). Lake sediment, due to the 
processes that lead to its deposition, also gives insights about 
climate and anthropogenic forces over geological times affect 
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both soil erosion in the river basin and lake deposition (Bajard 
et al., 2015; Giguet-Covex et al., 2011). For sediment in closed 
and semi-enclosed lake basins, a portion of detached terrigenous 
material is transported and deposited in the lake. Previous research 
has used sediment physical, chemical, and biological indicators, 
through methods such as environmental magnetic susceptibility, 
particle size analysis, and elemental geochemical analysis, to 
reconstruct past environmental, and soil erosion processes (Arn-
aud et al., 2016; Bajard et al., 2015). Most of those studies were 
qualitative investigations, however, because it is not easy to cal-
culate soil erosion rates. In this study, we combine simulation of 
soil erosion rates with analysis of lake deposition.

Yunnan province in southwestern China, combines a long his-
tory of human activity and environmental change with previous 
research on soil erosion and lake deposits, which provide the mate-
rials for this study. In the past three decades, the relationships 
between soil erosion and farming practices (Barton et al., 2004) and 
land use type and topography (Duan et al., 2015, 2020) in Yunnan 
have been analyzed by plot experiments and modeling. Spatial soil 
erosion distribution in this region has previously been analyzed 
based on observed data (Duan et al., 2020; Li et al., 2018). Much 
research also has been done on lake deposits in Yunnan Province, 
where there are a large number of tectonic fault lakes which were 
formed by tectonic movement in the Tibetan Plateau (Nanjing Insti-
tute of Geography and Limnology Chinese Academy of Sciences, 
1989). Previous studies have shown that the main drivers of soil 
erosion changed greatly in Yunnan during the Holocene. The spa-
tial distribution of soil erosion and factors that influence rates of 
erosion have also been investigated. However, the effect of long-
term environmental changes on soil erosion are not clear.

Despite previous studies that provided sufficient materials for 
us to further investigate the processes of river basin soil erosion and 
lake deposition, there is little research that has attempted to study 
the variability of soil erosion processes affected by environment 
changes over the past in Yunnan, China. Therefore, the purpose of 
this study is analyze the responses of river basin soil erosion and 
lake deposition in Xingyun Lake, a shallow lake in Yunnan, during 
the Holocene. Those responses are calculated through quantitative 
approaches based on environmental proxies (i.e. precipitation, pol-
len, grain size, etc), land use cover, topography DEM, and other 
environmental factors. In this paper, sedimentary sequences are 
compared and analyzed, and the effects of erosional environmental 
changes on soil erosion and lake deposition are discussed.

Environmental setting
For this research, we selected Xingyun Lake in Yunnan Province 
to investigate the impacts of environmental changes on the pro-
cesses of river basin soil erosion and lake deposition (Figure 1). 
Xingyun Lake is a shallow lake, with a surface area of 34.7 km2 
and a watershed area of 344.8 km2. On its eastern side Xingyun 
Lake is connected with Fuxian Lake by the Ge River.

According to observervations by the Yuxi meteorological station 
(20 km west of Xingyun Lake), average annual rainfall is 872 mm, 
and occurs mostly from May to October, accounting for more than 
85% of the total annual rainfall. Area vegetation includes semi-
humid evergreen broadleaf species, while the main species are Pinus 
yunnanensis and evergreen Quercus (Chen et al., 2014a). At present, 
large areas of paddy fields exist in the plain. The dominant soil type 
includes red soil, brown soil, purple soil, and paddy soils in Xingyun 
Lake (Li et al., 2018). The red soil is mainly distributed in the low 
mountain hills, accounting for 41.22% of the watershed area, while 
the purple soil is found least in the study area, mainly distributed in 
the Mesozoic strata outcrop area, accounting for 22.42% of the 
watershed area. In the past few decades, the Xingyun Lake area has 
become a rapidly expanding center of urbanization and industrial-
ization, which has increased soil erosion.

Complex terrain and frequent extreme rainfall are the main 
natural factors generating strong soil erosion in Yunnan (Zhang 
et al., 2018b). Since Yunnan province is located on the southern 
margin of the Tibetan Plateau, there are serious regional soil 
erosion problems due to the complicated regional geological 
structure (Li et  al., 2017). Soil erosion in Yunnan is a major 
environmental problem, which has caused declines in soil fertil-
ity (Barton et al., 2004). With more than 95% of the land surface 
containing mountains and valleys, and a large population, soil 
erosion will accelerate food insecurity because of farmland 
shortages (Duan et al., 2015).

To study soil erosion and lake deposition patterns during the 
Holocene, information about past climate and vegetation is 
needed. Fortunately, a variety of studies in Yunnan provide that 
needed information. In recent years, scholars have studied the 
Holocene environmental evolution of Yunnan lakes such as Tian-
cai Lake (Chen et al., 2014b; Xiao et al., 2014), Lugu Lake (Sheng 
et al., 2015; Zhang et al., 2018a), Erhai Lake (Shen et al., 2006), 
Qinghai Lake (Yang et al., 2016), and Xingyun Lake (Chen et al., 
2014a; Hillman et al., 2017) (see locations in Figure 1b). Research 
using stalagmite (Dykoski et  al., 2005) and sedimentary (Chen 
et al., 2020) records demonstrated obvious changes to the Indian 
Summer Monsoon (ISM) and East Asian Summer Monsoon 
(EASM) in the southwest, China (Figure 1a) during the Holocene, 
which affected vegetation history (Yang et al., 2016).

The past climate was characterized through time as cold and 
dry, warm and wet, and cold and dry. The climate changed from 
cold and dry to warm and wet at approximately 10.0 ka 
(1 ka = 1000 cal. a BP), and the monsoon activity increased after 
10.0 ka, resulting in an increase of annual precipitation (Shen 
et al., 2006). The humid climate lasted until 4.6 ka in Tiancai Lake 
(Chen et al., 2014b) and Qinghai Lake (Yang et al., 2016), 5.5 ka 
in Xingyun Lake (Chen et al., 2014a), and 5.6 ka in Erhai Lake 
and Lugu Lake (Shen et al., 2006; Wang et al., 2017). Then the 
climate changed to drier gradually after the humid period.

Consequently, the vegetation in Yunnan changed along with 
climate changes. Pollen was used to reconstruct vegetation in 

Figure 1.  Location of the Xingyun Lake: (a) map showing the 
location of Xingyun Lake in the Asian summer monsoon system 
and (b) watershed topography and lake isobath from (Zhang et al., 
2014), and locations of three cores.
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Tiancai Lake (Xiao et al., 2014), Qinghai Lake (Yang et al., 2016), 
Xingyun Lake (Chen et al., 2014a), and Erhai Lake (Shen et al., 
2006). During the period of humid climate, the number of tropical 
plants, such as Tsuga, Picea, and Pine expanded, and the wood 
composition concentration increased, indicating an increase in 
vegetation coverage. The pollen concentration and wood propor-
tion of decreased gradually from 5.5 to 4.6 ka in the above-men-
tioned four lakes, indicating that the vegetation coverage 
decreased (Yang et al., 2016).

Significant, intense human activity existed in Yunnan at least 
6000 years ago according to sedimentological evidence (Hillman 
et al., 2018; Shen et al., 2006). According to historical literature, 
Yunnan’s population increased significantly in three different times 
during the historical period (Dictionary, 1993; Li and Su, 1997). 
The first population peak was during the East Han Dynasty (i.e. 
25–220 CE), when the population size reached 2.2 million and 
decreased at the end of this period. During the Nanzhao (738–
902 CE) and Dali Kingdoms (937–1094 CE) (two local authorities 
in Yunnan), the population increased and remained at a stable level. 
After the Ming Dynasty (1368–1644 CE), the population increased 
sharply. As is known, an increased population needs more land to 
reclaim and supply food. The history of forest clearance recorded in 
Xingyun Lake has a long history exceeding 2000 years, and 

increasing proportion of grass can be used as evidence for human 
impact due to forest clearance (Shen et al., 2006; Wu et al., 2014). 
From the information presented above, it is clear that environmen-
tal changes occurred in Yunnan during the Holocene.

Materials and methods
Data sources
In this study, modern soil erosion was calculated to calibrate and 
estimate soil erosion during the Holocene. Therefore, we col-
lected multisource datasets, including paleoenvironment proxies 
and present-day datasets. Holocene lake sediment data were col-
lected from published references and used to reconstruct 
sequences of paleoenvironment parameters (precipitation, vege-
tation, sediment rate, etc.) (Table 1). We used median calibrated 
radiocarbon ages calibrated using the INTCAL calibration curves 
from the original publications in our analysis. Three sediment 
cores were used to reconstruct paleotopography and calculate 
lake deposition rate in different periods.

Observed climate data, topography data, soil types, and remote 
sensing images (Landsat TM) were collected and processed for 
simulation of soil erosion in the river basin (Table 2). Annual 

Table 1.  AMS radiocarbon dates of sedimentary cores from Xingyun Lake.

Core name Depth (cm) Dating material AMS 14C age (14C a BP) Calibrated age (cal a BP) Lab code Data source

XY08A 47 Plant remains 265 ± 30 291 ± 133 XY-1A-24 (Chen et al., 2014a)
228 Plant remains 1810 ± 30 1761 ± 52 XY-1A-(114-115)
300 Plant remains 3130 ± 30 3363 ± 28 XY-1B-(25-30)
377 Plant remains 5105 ± 25 5837 ± 75 XY-1B-66
411 Plant remains 5785 ± 25 6596 ± 43 XY-1B-83
437 Charcoal 6715 ± 35 7568 ± 46 XY-1B-96
477 Plant remains 7535 ± 30 8366 ± 20 XY-1B-116
485 Plant remains 7720 ± 40 8505 ± 85 XY-1B-120

XY11A 5 Organic material 1335 ± 40 1310–1175 PA06849 (Zhang et al., 2014)
167 Organic material 2485 ± 40 2725–2365 PA06850
209 Organic material 3625 ± 40 4080–3840 PA06851
221 Organic material 4645 ± 40 5570–5305 PA06852
243 Organic material 6210 ± 40 7250–7005 PA06853
303 Organic material 7375 ± 40 8325–8050 PA06854
351 Organic material 9760 ± 45 11250–11110 PA06855

XYA09 37.5 Charcoal 110 ± 50 –4-277 71,482 (Hillman et al., 2017)
145 Charcoal 1060 ± 25 928-1052 84,866
210.5 Leaf 1785 ± 35 1616-1817 141,232
263 Charcoal 2220 ± 20 2154-2328 84,815

XYB08 310.5 Charcoal 3070 ± 15 3249-3357 122,325
408.5 Charcoal 4080 ± 20 4448-4796 141,234
446.5 Leaf 5665 ± 20 6364-6524 172,626
504.5 Leaf 7375 ± 35 8049-8343 141,235

Table 2.  The current datasets used to calculate the soil erosion.

Data type Source Description

Rainfall data Annual rainfall data from 1986 to 2011 in Yuxi and Muli 
meteorological stations were obtained from China National 
Meteorological Data Sharing Platform (http://data.cma.cn).

Annual rainfall data was used to calculate rainfall 
erosivity factor (R) in RUSLE.

Soil Soil erodibility factor was acquired from National Geographic 
Resource Science Sub Center (http://gre.geodata.cn), with a 
spatial resolution of 30 m.

Soil erodibility factor (K) is a one of factors in the 
soil erosion model.

Digital Elevation 
Model (DEM)

DEM data was derived from Google Earth, with a spatial 
resolution of 30 m.

DEM data was used to calculate the slope length and 
slope gradient factors (LS).

Landsat TM images Landsat TM images were derived from Google Earth engine 
(https://earthengine.google.com/), with a spatial resolution 
of 30 m, from 1986 to 2011. We selected the least cloud 
(<10%) from July to September as the used image in this year.

We used Landsat TM images to calculate the vegeta-
tion cover and interprete land use type which for 
vegetation cover factor (C) and erosion control 
practice factor (P).

http://data.cma.cn
http://gre.geodata.cn
https://earthengine.google.com/
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precipitation data from the Yuxi meteorological station, the nearest 
station to Xingyun Lake, were obtained from the China National 
Meteorological Data Sharing Platform (http://data.cma.cn). Digital 
Elevation Model (DEM) data with a spatial resolution of 30 m 
(downloaded from Google Earth Engine, https://earthengine.
google.com/), was used to calculate the slope length and slope gra-
dient factors for the soil erosion model. Landsat TM images with a 
spatial resolution of 30 m were selected from a period from July to 
September when cloud cover less than 10% each year from 1986 to 
2011 (downloaded from Google Earth Engine, https://earthengine.
google.com/). Land use data from the Landsat TM images were 
classified as water body, farmland, construction land, deciduous 
broadleaf forest (DEC), evergreen broadleaf forest (EVE), and 
coniferous forest (CON), using supervised methods and used to 
calculate the soil and water conservation measures factor in the soil 
erosion model. Soil erodibility, calculated from soil texture and 
amount of soil organic matter, was acquired from National Geo-
graphic Resource Science Sub-Center (http://gre.geodata.cn), with 
a spatial resolution of 30 m.

Soil erosion rates can be explained using the continuous Holo-
cene record of sediment in Xingyun Lake. Based on mean grain 
size and sedimentation rate of the three sediment cores from 
Xingyun Lake (Figure 2), depositional processes in Xingyun 
Lake have been divided into four stages during the Holocene. The 
mean grain size was coarse from 8.5 to 5.5 ka (Stage 1), and it 
changed to fine particles with decreased deposition rate between 
5.5 and 3.5 ka (Stage 2). Then, mean grain size changed to even 
finer with increased deposition rate from 3.5 to 1.0 ka (Stage 3), 
with dramatic fluctuations in mean grain size, with increased 
sediment rate since 1.0 ka to present (Stage 4).

Reconstruction of sequences of paleoenvironments 
proxies
In this study, the ratio of wood to pollen was used to represent 
vegetation cover during the Holocene according to estimates 

from a pollen percentage diagram (Mehl and Hjelle, 2015; Sug-
ita, 2007). Application of the REVEALS (Regional Estimates 
of Vegetation Abundance from Large Sites) model on pollen 
records to determine vegetation composition represents a sig-
nificant advance in the quantification of past regional land 
cover (Sugita, 2007). The REVEALS model was developed to 
reconstruct quantitatively regional vegetation abundance from 
pollen assemblages and has been tested using actual vegetation 
in many lakes (Hellman et al., 2008; Sugita et al., 2010; Soep-
boer et al., 2016), which indicates that is a reliable model for 
reconstructing paleovegetation. The regional proportion of veg-
etation composition estimated from relative pollen yield is as 
follows:
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where Vi
∧

 is vegetation proportion of tree species i, m is the num-
ber of tree species and ni, âi and Ki are the pollen count, the esti-
mate of relative pollen productivity, and the dispersal-deposition 
coefficient of the taxon i, respectively.

The main tree species in Xingyun Lake basin included Tsuga, 
Pinus, Quercus, and Alnus (Chen et al., 2014a), which constitute 
vegetation types of deciduous broadleaved forest, evergreen 
broadleaved forest, and coniferous forest. We used pollen assem-
blages to reconstruct the main tree species percentages corre-
sponding to forest composition using equation (1). Precipitation 
for the Holocene, reconstructed from pollen data, came from pre-
viously published data (Chen et al., 2014a). Sediment particle size 
was verified to reflect hydrology conditions and soil erosion in 
certain lake watersheds (Wilhelm et al., 2015). In this study, we 
used the above sediment indexes to verify the validity of the soil 
erosion simulation.

Figure 2.  Sedimentary and stratigraphic features in Xingyun Lake: (a) XY08A (Chen et al., 2014a), (b) XYA09 (Hillman et al., 2014), and (c) 
XY11A (Zhang et al., 2014).

http://data.cma.cn
https://earthengine.google.com/
https://earthengine.google.com/
https://earthengine.google.com/
https://earthengine.google.com/
http://gre.geodata.cn
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Quantification of soil erosion and lake deposition
In the lake system, soil erosion occurred when terrestrial detritus 
was removed from land, transported, and eventually deposited in 
the lake. Previous research has described a few methods for quan-
tifying relationships between erosion in drainage areas with sedi-
ment accumulation in lakes (Bajard et al., 2017a; Barreiro-Lostres 
et al., 2017). It is difficult to quantify relationships between soil 
erosion and deposition in a drainage basin because methods for 
estimating erosion rate are often based on deposition rates. In this 
research, however, we calculated the erosion rate and deposition 
rate using two different methods.

Calculation of soil erosion intensity.  Soil erosion is a complex 
earth surface process affected by natural and anthropogenic fac-
tors, such as precipitation, vegetation, soil, topography, and 
human activity. Spatial and temporal environmental data can be 
used to simulate soil erosion on a watershed scale (Chandramo-
han et al., 2015). However, it is challenging to reconstruct some 
spatial and temporal environmental parameters, such as vegeta-
tion cover and precipitation.

We calculated soil erosion during the Holocene based on the 
relationship between the modern soil erosion rate and environ-
mental parameters. First, we used the Revised Universal Soil 
Loss Equation (RUSLE), which has been widely used to calculate 
soil erosion around the world (Hussein et al., 2016; Renard et al., 
1997), to calculate the erosion rate in the Xinyun Lake basin from 
1986 to 2011. The structure of RUSLE is as follows:

	 E R K L S C P= ⋅ ⋅ ⋅ ⋅ ⋅ 	 (2)

where E is the estimated annual soil loss (t ha−1 a−1). R is the rain-
fall erosivity factor, and represents the potential erosive capability 
of a rain event (MJ mm ha−1 a−1), based on the intensity and dura-
tion of rainfall in a given geographical area. K is the soil erod-
ibility factor (t ha h−1 MJ−1 mm−1). L is the slope length and S is 
the gradient factor, two dimensionless topography factors deter-
mined by the length and steepness of a slope. C is the vegetation 
cover factor and P is the erosion control practice factor. The K, L, 
S, C, and P factors in this study were calculated using previously 
validated methods (Li et al., 2018).

Once we have modern soil erosion rates, then we turn toward 
modeling soil erosion rates in the Holocene. We propose some 
preliminary assumptions to satisfy the model simulation while 
recognizing the RUSLE application’s parameters and boundary 
limitations to environmental changes. Since we assume that the 
soil erodibility (K) and topography factors (L and S) have not 
changed significantly and we acknowledge that the conservation 
practice factor (P), is difficult to calculate in the past, those fac-
tors are omitted from the model. Thus, rainfall and vegetation are 
recognized as the main variables that affect soil erosion and we 
decided to use annual precipitation, vegetation cover, and forest 
composition (deciduous broadleaved trees, evergreen broad-
leaved trees, and coniferous trees). A statistical regression model 
was calculated to reconstruct the relationship between soil ero-
sion and environmental parameters based on modern annual data 
(1986–2011) (Table 3). The estimated soil erosion model (ESEM) 
works as follows:

	 E Pre EVE Ver DEC

CON
c = ∗ + +
+ −
0 36 1566 26 493 08

263 73 1136 66

2. . .

. .
	 (3)

where Ec is the calculated average annual soil erosion rate (t ha−1 
a−1), Pre is annual precipitation (mm), Ver is vegetation coverage, 
DEC, EVE, and CON are the proportion of deciduous broadleaved 
trees, evergreen broadleaved trees, and coniferous trees in forests, 
respectively. We calculated soil erosion during the Holocene with 
the ESEM and reconstructed environmental parameter sequences.

Calculation of lake deposition rate.  A detailed sediment deposi-
tional process is key for calculating lake sediment deposition rec-
ognized as sediment fluxes. For that calculation, we need to identify 
the topography of the lakebed for each sediment interval analyzed 
in the sediment cores. We used the detailed present-day isobath and 
three sediment chronology (Figures 1b and 2) to reconstruct the 
lake topography during the main periods (Figure 3), using the tool 
of TIN (Triangulated Irregular Network) in ArcGIS, assuming that 
water level remained unchanged in the Holocene. Sedimentation 
volume was calculated using ArcGIS for each sediment interval 
based on lake topography and total sediment volume. Average 
deposition rate was calculated from accumulated mass, dry bulk 
density, and integrated according to time (T):

Table 3.  Annual environment parameters and soil erosion in ESEM.

Year Precipitation (mm/a) Vegetation cover DEC EVE CON Soil erosion by RUSLE (t/ha/a) Soil erosion by ESEM (t/ha/a)

1988 848.60 0.71 0.25 0.42 0.33 219.59 220.22
1989 798.30 0.73 0.16 0.53 0.31 236.90 253.43
1991 1001.00 0.76 0.45 0.29 0.26 284.54 332.32
1992 702.50 0.66 0.16 0.54 0.30 131.14 128.94
1993 875.10 0.73 0.26 0.31 0.42 251.70 254.30
1994 871.40 0.67 0.48 0.17 0.35 178.19 166.41
1995 957.60 0.71 0.16 0.47 0.37 254.98 255.21
1996 882.10 0.65 0.31 0.36 0.34 137.51 138.90
1997 1083.60 0.70 0.19 0.49 0.32 231.94 260.90
1998 876.00 0.71 0.12 0.64 0.24 208.07 246.24
1999 1125.00 0.68 0.16 0.50 0.35 290.55 231.80
2000 894.40 0.69 0.17 0.57 0.26 189.49 201.78
2001 1084.80 0.72 0.16 0.51 0.33 271.41 297.97
2003 957.10 0.70 0.22 0.49 0.29 209.88 237.23
2004 884.90 0.68 0.22 0.53 0.26 168.64 194.72
2005 814.30 0.71 0.38 0.29 0.33 185.72 222.12
2006 804.10 0.67 0.31 0.12 0.57 115.01 138.44
2007 881.30 0.69 0.27 0.25 0.48 164.05 180.60
2008 967.90 0.70 0.29 0.24 0.48 169.61 207.97
2009 628.40 0.68 0.16 0.57 0.27 114.92 141.69
2010 639.60 0.65 0.37 0.28 0.35 93.17 112.15
2011 599.60 0.67 0.37 0.27 0.37 110.56 142.63
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	 S
Mv

Tr
s=

∗ ρ 	 (4)

where Sr is the lake deposition modulus (t a−1); Mv is accumulated 
mass during the interval time (m3); ρs is the dry soil bulk density 
(t m−3), converted from the published data in literature (Hillman 
et al., 2017); T is interval time (a).

Correlation of soil erosion and lake deposition.  To further verify 
the mechanism of erosion-deposition and factors, we carried out 
statistical analysis using the Pearson correlation coefficient (SPSS 
23.0).

Results
Soil erosion and lake deposition sequences were reconstructed 
based on multiple proxies in Holocene in Xingyun Lake (Figure 4). 
According to the estimated precipitation (Figure 4a), the climate 
surrounding Xingyun Lake can be divided into stages. The climate 
became wetter from 8.5 ka, while the wettest period in Xingyun 
Lake was recorded right before 5.5 ka, when annual precipitation 
reached 1400 mm, much higher than the present. The climate 
became gradually drier after 5.5 ka, and unstable after 2.0 ka.

Vegetation cover changed synchronously with precipitation in 
the Xingyun Lake catchment (Figure 4b). The highest amount of 

vegetation cover occurred between 8.5 and 5.5 ka, with an aver-
age cover rate of more than 70%. After 5.5 ka, vegetation cover 
decreased gradually until 2.2 ka. Vegetation cover fluctuated, 
which was similar to the fluctuations of precipitation after 2.2 ka, 
and a peak high vegetation cover occurred around 1.2 ka.

Forest composition changed since 8.5 ka in the Xingyun Lake 
catchment (Figure 4c). Generally, the changes in the evergreen 
broadleaved forest were similar to changes in the coniferous for-
est. The proportion of deciduous broadleaved forest was far less 
than the other types, and did not exceed 15% during this period. 
However, three peaks of deciduous broadleaved forest occurred 
in 5.6, 3.6, and 0.8 ka.

The Holocene soil erosion rate was calculated using the ESEM 
model. The soil erosion rate has decreased since 8.5 ka (Figure 4d). 
The most intensive soil erosion occurred from 7.4 to 7.0 ka, when 
the soil erosion rate reached 378.15 t ha−1 a−1. After 6.2 ka, the soil 
erosion rate decreased gradually, and this tendency continued until 
2.6 ka. Unstable changes also occurred after 2.6 ka, and the soil 
erosion rate increased from 2.6 to 1.0 ka, then decreased after 
1.0 ka.

The lake deposition process was calculated using the sedimen-
tation rate and lake topography in Xingyun Lake. The stable 
deposition rate (Figure 4f) occurred during Stage I, when the 
average rate was 3.18 × 106 t a−1. During Stage II, the deposition 
rate slowed, and the lowest rate occurred from 5.2 to 4.8 ka. After 

Figure 3.  Sediment deposition process in Xinyun Lake: (a) 8.5 ka, (b) 5.5 ka, (c) 3.5 ka, (d) 1.0 ka, and (e) present.



Zhao et al.	 1397

3.5 ka, the deposition rate generally increased. However, a 
decrease in deposition occurred from 1.4 to 1.2 ka. In Stage IV, 
the deposition rate increased significantly and the highest value 
(27.96 t a−1) was reached in 0.2 ka.

To further verify the mechanism of erosion-deposition and 
factors, we carried out statistical analysis using the Pearson cor-
relation coefficient. The results are displayed in Table 4.

Discussion
In this study, we reconstructed soil erosion and lake deposition 
sequences during the Holocene of Xingyun in Yunnan, China 
based on current observed data and paleoenvironment proxies. It 
is important to analyze trends found in both river basin soil ero-
sion and lake sediment deposition from the perspective of climate 
change and human activities.

Driving factor of erosion and deposition
From the previous analysis, the history of climate change during 
the Holocene in the Xingyun Lake basin can be divided into four 
stages (Figure 2). During Stage I, ISM and EASM activity 
increased, increasing annual precipitation (Chen et  al., 2014b; 
Shen et  al., 2006). During Stage II, the climate was warm and 
humid. According to estimated precipitation sequences, the aver-
age annual precipitation for Xingyun Lake during this stage was 
1474 mm, corresponding to the highest precipitation amounts on 
record in Yunnan (Chen et  al., 2014a; Yang et  al., 2016). After 
Stage II, the climate became drier and fluctuated. Changing veg-
etation patterns in the Xingyun Lake basin (Figure 4b and c) were 
synchronous and corresponded with the estimated precipitation. 
We conclude that the Holocene vegetation in the lake basin was 
mainly affected by climate change, and the vegetation experi-
enced the same pattern of changes as the climate.

The processes of soil erosion, sediment transport, and deposi-
tion was integral in the lake system. According to our results, soil 
erosion was mainly affected by precipitation and vegetation con-
ditions. However, there was an opposite relationship between the 
deposition rate and erosion rate in the Xingyun Lake basin during 
the Holocene. Rainfall-runoff conditions were the main factors 
influencing soil erosion, sediment transport, and deposition. Sedi-
ment particle size in core XY08A, which was drilled in the center 
of Xingyun Lake (Chen et  al., 2014a) can be recognized as a 
proxy indicator of hydrology condition. According to Figure 4, 
the Holocene sedimentary mean grain size (Figure 4e) was con-
sistent with the estimated precipitation (Figure 4a), vegetation 
(Figure 4b), and erosion (Figure 4d). Therefore, we could surmise 
that runoff was affected by the amount of precipitation. Partially 
coarse soil particles were deposited in the lake during the high 
precipitation period in the Holocene.

However, the sequences of deposition rates are opposite to the 
erosion rate and rainfall-runoff conditions in the Xingyun Lake 
basin. Vegetation coverage is an essential factor affecting soil ero-
sion and sediment transport (Huang et  al., 2016). According to 
Figure 4, the changing deposition rate corresponded to changes in 
vegetation cover and wood proportion of pollen. High deposition 
rates occurred during the periods of sparse forest vegetation and 
dominant grassland. The soil erosion rate for grassland is far 
greater than that for forested land in Yunnan (Duan et al., 2020; Li 
et al., 2018). Generally, topsoil is easily eroded by rainfall-runoff 
in grassland areas (Evans et  al., 2017). According to previous 
research, significantly small soil particles eroded during short 
periods of rainfall in grassland areas due to sheet flow erosion 
(Hao et al., 2019). This shows that the mean grain sizes were cor-
related to vegetation trends and corresponded with deposition in 
Xingyun Lake.

Figure 4.  Reconstruction of past soil erosion and lake deposition: 
(a) annual precipitation reconstruction based on pollen (Chen et al., 
2014a). (b) vegetation cover, (c) forest composition reconstructed 
from pollen of core XY08A, (d) erosion rate, (e) mean grain size of 
core XY08A, and (f ) deposition rate.

Table 4.  Person correlation coefficient of erosion and deposition factors in Xingyun Lake.

Precipitation Herb EVE DEC CON Grain size Erosion Deposition

Precipitation  
Herb −0.80**  
EVE 0.97** −0.67**  
DEC 0.15 −0.21 0.03  
CON −0.97** 0.71** −0.99** −0.16  
Grain size 0.82** −0.73** 0.77** 0.29 −0.79**  
Erosion 0.97** −0.86** 0.96** 0.04 −0.95** 0.79**  
Deposition −0.65** 0.77** −0.53** −0.49** 0.59** −0.70** −0.63**  

**Significantly correlated at the 0.01 level (bilateral) level. Herb is the proportion of pollen. EVE, DEC, and CON are the proportion of evergreen 
broadleaved forest, deciduous broadleaved forest, and coniferous forest in woody respectively.
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The Pearson correlation coefficient for the relationship 
between soil erosion and lake deposition in Xingyun Lake 
(Table 4) shows a strong correlation between erosion, deposi-
tion, precipitation, and vegetation. The proportion of herb pol-
len, mean grain size, and erosion rate were well correlated with 
the deposition rate, revealing those factors are related to the 
erosion-deposition processes. Therefore, we determined that 
more fine particle materials were eroded during the periods of 
dry climate and grass development, resulting in a high amounts 
of deposition during those dry periods.

The processes of soil erosion, sediment transportation and lake 
deposition are complex, resulting in complexity and uncertainty 
in the research (Pandey et al., 2016). A few proxies of lake sedi-
ment were used to capture the erosion signal in other studies, 
however, it is difficult to understand the complex relationships 
between climate, vegetation, human, and the earth system in gen-
eral (Arnaud et  al., 2016; Bajard et  al., 2017b; Giguet-Covex 
et al., 2011). In this study, we attempted to reconstruct the process 
of soil erosion using the estimated soil erosion model (ESEM). 
The results show good consistency with sediment grain size and 
lake deposition rate (Figure 4). Combined with the relativity prin-
ciples of soil erosion, we determined that the simulated results are 
reliable. However, the simulated results are based on recon-
structed paleoenvironment parameters (precipitation, vegetation 
cover and composition), which are not widely recognized. For 

example, precipitation was estimated to be 69% higher from 8.6 
to 6.0 ka (1474 mm) than the present-day average (872 mm) in the 
Xingyun Lake basin (Chen et al., 2014a), although those estima-
tions are disputed by other scholars (Hillman et al., 2018). The 
reliability of the reconstructed environment sequences creates 
uncertainty in the simulation results. In addition, the interaction 
of processes of soil erosion and lake deposition need to be further 
investigated through an integrated model acquired from more 
extensive case studies.

Lake erosion and human activity
Soil erosion has been exacerbated by human activity, such as 
deforestation and land reclamation. We used the herb proportion 
of pollen to evaluate the degree of forest clearance by human 
activity. The herb proportion of pollen increased in 760 and 
1600 CE in Xingyun Lake (Figure 5c), the last two times the pop-
ulation increased. Decreasing soil aggregate stability and particle 
size resulted from conversion of natural forest to cropland 
(Beheshti et al., 2012; Duan et al., 2021; Li et al., 2021), which 
caused the decreased particle size of the topsoil to be easily 
eroded. The mean grain size of lake sediment decreased in 760 
and 1600 CE (Figure 5d), corresponding with periods of popula-
tion growth and land reclamation. In addition, there is a long his-
tory of mineral resource extraction in the Xingyun watershed 
(Hillman et al., 2014). Concentration of aluminum (Al) in the lake 
sediment sharply increased after the Nanzhao and Dali Kingdoms 
periods (Figure 5e), indicating intensive activites of resource 
extraction.

Soil erosion and lake deposition are affected by human activ-
ity. The lake deposition rate (Figure 5f) and mass accumulation 
(Figure 5g) increased in Xingyun Lake during the last 3000 years. 
Three periods of quick increases occurred during the East Han 
Dynasty, Nanzhao Kingdoms, and Ming Dynasty, which corre-
sponds with population expansion. Therefore, we conclude that 
human activity in the Xingyun Lake basin had apparent impacts 
on soil erosion and lake deposition through land reclamation and 
resource extraction since the East Han Dynasty, which was exac-
erbated during the Nanzhao Kingdoms and Ming Dynasty.

Compared with other lakes around the world, apparent impacts 
on lake basin soil erosion from human activity appears between 
200 BCE and 400 CE in the northern French Alps (Arnaud et al., 
2016), 700 CE in central Mexico (Castillo et al., 2017), and about 
1000 CE in central Spain (Barreiro-Lostres et al., 2017). The his-
tory of lake basin soil erosion differs by environment and human 
activities around the world (Bajard et al., 2017a). Lugu Lake, also 
located in Yunnan, but at a relatively high elevation, has a shorter 
history of apparent human impacts on lake environment of less 
than 700 years (Wang et al., 2020). However, there is no effective 
method to study the degree of human impact on lake basin soil 
erosion and deposition. Nine other large lakes in Yunnan, with 
different elevations, climates, and vegetation and human settle-
ment histories, would provide a possibility to study the human 
impacts on lake history further.

Conclusion
Based on the Holocene sedimentary records of Xingyun Lake in 
Yunnan, China, we reconstructed the sequences of main drivers of 
soil erosion and further investigated interactions between climate 
change, human activity, soil erosion, and lake deposition during 
the Holocene. More fine particle materials eroded during periods 
when the climate was dry and herbaceous plants developed, 
resulting in high amounts of deposition in the lake. The lake depo-
sition rate increased during the East Han Dynasty, Nanzhao King-
doms, and Ming Dynasty caused by population expansion through 
land reclamation and resource extraction in the lake basin. This 

Figure 5.  Records of human activity and lake deposition in 
Xingyun Lake: (a) Chinese Dynasty and two local authorities of 
Nanzhao and Dali Kingdom in the Yunnan, (b) population history 
in Yunnan (after (Dictionary, 1993; Li and Su, 1997)), (c) herbs 
proportion of pollen from core XY08A (Chen et al., 2014a), (d) 
mean grain size of core XY08A, (e) concentration of aluminum 
from core XYA09 (Hillman et al., 2014), (f ) deposition rate, and (g) 
mass accumulation rate from core XYA09 (Hillman et al., 2017). 
Common Era (CE) ages of (c) and (d) were calculated from the 
calibrated (cal.) AMS 14C ages based on 1950 CE.



Zhao et al.	 1399

study provides new insights to investigate soil erosion and lake 
deposition effected by anthropogenic impacts and climate forcing 
on a millennium timescale. It is noteworthy that the reliability of 
the reconstructed environment sequences creates uncertainty in 
the simulation results. In our future work, more lakes and high-
resolution data will be investigated to better understand the rela-
tionships between humans and climate in terms of river basin 
erosion and lake deposition processes.
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