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Abstract: Vegetation and fire archives of the late Holocene are essential for understanding the im-
portance of natural and anthropogenic forcings on past and future vegetation successions and cli-
mate changes. Here we present a 1640-year record of vegetation and fire history of the Lake Haixihai
catchment in northwestern Yunnan, southwest China. Pollen and charcoal analyses as well as XRF
(X-Ray fluorescence) analysis of lacustrine sediments from Lake Haixihai were employed to reveal
its regional vegetation, forest fire and soil erosion intensity changes over the last 1640 years. The
results show their significant changes attributed to both climatic conditions and human activities:
The lake catchment witnessed the densest forests (including pine and hemlock forests, and ever-
green broadleaved forests) and the weakest soil erosion of the last 1640 years as well as relatively
frequent forest fires at 380-880 AD, when vegetation succession, forest fire, and soil erosion were
mainly driven by natural forcings, i.e., climatic conditions. A significant and abrupt drop in forest
density, minor changes in abundance of forest components, and gradually strengthening soil ero-
sion occurred at the transition from 880 to 1040 AD, when anthropogenic forcings such as the de-
velopment of agriculture and systematic deforestation gradually became dominant ones driving
vegetation succession and soil erosion. After this transition, forest density and soil erosion intensity
never returned to the level before 880 AD, implying that modern landscape in the lake catchment
was already established approximately at as early as ca. 1040 AD. No significant changes in forest
component and density as well as forest fire and soil erosion occurred until 1940 AD. The most
frequent forest fires, the strongest soil erosion, and low forest density after 1940 AD might be at-
tributed partially to climatic conditions and partially to extensive deforestation around 1960 AD.

Keywords: pollen; charcoal; vegetation succession; forest fire; soil erosion

1. Introduction

The period of the last 2000-year, when global environments were affected by both
natural and anthropogenic forcings, is the critical stage for understanding the impact of
anthropogenic forcing on environmental changes in the context of natural variability [1].
Among a lot of environmental parameters, vegetation or land cover and fire or biomass
burning are two important parameters. Previous studies have shown that spatial and tem-
poral patterns of vegetation and fire driven by natural and anthropogenic forcings are
significantly different among various regions of the world, China, and even Yunnan over
the last two millennia [2-5]. Obviously, more records are needed to develop a detailed
picture of regional vegetation changes and fire activities so that we may understand their
global temporal and spatial patterns and dominant driving forcings over the last two mil-
lennia.

As one of the most biodiverse regions in the world, the northwestern Yunnan, i.e.,
the southeastern margin of the Tibetan Plateau, is sensitive to climate change and human
activities [6,7]. In the past decades, a lot of studies were carried out to reveal regional
vegetation and fire histories in Yunnan. However, most of fossil records used in these
studies were mainly from nine large lakes in Yunnan, i.e., Lakes Lugu [8], Erhai [9],
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Chenghai [10], Qilu [11], Xingyun [12], Fuxian [13], Dianchi [14], Yangzonghai [15], and
Yilong [16], the huge pollen and charcoal source areas for these large lakes bring about
more difficulties and uncertainties in the interpretation of fossil pollen and charcoal rec-
ords in terms of regional vegetation and forest fires rather than small-medium size lakes
[17]. Although some pollen records were from small-medium size lakes such as Lakes
Xihu [18], Tiancai [19], Yunlong Tianchi [20] and Tengchong Qinghai [21], these studies
focused on long-term vegetation succession and fire history in the last deglaciation and
Holocene. Therefore, we selected a medium-size lake, Lake Haixihai, in the Lake Erhai
basin, the center of economy and culture during the historical times in Yunnan, as our
research object to emphasize vegetation succession and forest fire history during the past
1640 years.

In this study, we used pollen/charcoal analysis and XRF analysis of lacustrine sedi-
ments from Lake Haixihai to reveal the changes of vegetation, forest fire, and soil erosion
intensity over the last 1640 years in the lake catchment, and then to determine the roles of
natural and anthropogenic forcings in driving these changes.

2. Location and Setting

Lake Haixihai (26°16-26°18'N, 99°57'-99°59'E, 2130 m above sea level) (Figure 1a, b)
islocated in northwestern Yunnan, Southwest China. It is a medium-size lake with an area
of 2.6 km? (Figure 1d). This lake’s maximum length and width are 3.6 and 1.5 km, and its
average and maximum water depths are 10 and 21 m (measured value in 2019).(As one
important water source in the upper reaches of large Lake Erhai, the lake water finally
flows to Lake Erhai through Mici River, Lake Cibi, Fengyu River and Miju River [22].
Climatologically, the catchment of Lake Haixihai has a subtropical monsoon climate. Ob-
servational data of 1981-2010 at Eryuan meteorological station, which is located at 24 km
south of Lake Haixihai, shows a mean annual precipitation of 714 mm, in which 643 mm
(over 90%) is concentrated in rainy season from May to October mostly brought about by
the South Asian summer monsoon, exhibiting obvious characteristics of wet and dry sea-
sons (Figure 2). Themean annual temperature is 14.9°C, with the warmest temperature of
20.5°C in July and the coldest temperature of 7.4 °C in January. The/mean annual temper-
ature is 13.9 °C, with average January and July temperatures of 7 and 20 °C (Figure 2).
Geologically, the bedrock of the Lake Haixihai catchment mainly includes limestone,
sandstone, and mudstone [23].
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Figure 1. Topography and location of the study site and records cited in the study. (a) map showing
locations of the study site, the arrows display the atmospheric circulation systems (SASM, South
Asian Summer Monsoon; EASM, East Asian Summer Monsoon); (b) topography and locations of
the study site (red dot) and records cited in the study (blue dot), including Lakes Lugu (LG),
Chenghai (CH), Erhai (EH), Tiancai (TC), Yunlong Tianchi (YLTC), Tengchong Qinghai (TCQH),
Dianchi (DC), Yangzonghai (YZ), Fuxian (FX), Xingyun (XY), Qilu (QL), and Yilong (YL) as well as
Baihai wetland (BH); (c) distribution of vegetation within 50 km of the Lake Haixihai catchment
[26]; (d) the coring location of core HXH-1 in Lake Haixihai.
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Figure 2. Monthly mean precipitation and temperature from 1981 to 2010 at Eryuan meteorological
station (ca. 20 km south of Lake Haixihai) in near northwestern Yunnan, China.

Modern vegetation in the catchment of Lake Haixihai and its adjacent regions is dom-
inated by forests, shrubs, grasslands, meadows, and cultivated lands (Figure 1c). Pinus
yunnanensis forest is the dominant conifer one, in which Pinus yunnanensis is often accom-
panied by evergreen and deciduous broadleaved trees such as Castanopsis delavayi, Cyclob-
alanopsis delavayi, Alnus nepalensis, and Quercus variabilitis; semi-humid evergreen broad-
leaved forest is the dominant broadleaved one, in which Cyclobalanopsis glaucoides, C.
delavayi, Castanopsis delavayi, and C. orthocantha are its major components, and some de-
ciduous broadleaved trees such as Celtis yunnanensis, Pistacia chinensis, Albizia mollis, Alnus
nepalensis, Populus yunnanensis, Platycarya strobilacea, Querscus acutissima, Q. variabilis, and
Q. aliena are main accompanying elements [24]. In the adjacent mountainous slopes, e.g.,
west slopes of Cangshan Mountain, occurs the altitudinal zonation of vegetation. The
zone below 2500 m is occupied by Pinus yunnanensis forest; the zone between 2500 and
2900 m is dominated by evergreen broadleaved forest and Pinus armandii forest; the 2900-
3300 m zone is occupied by mixed forest of Tsuga dumosa and broadleaved trees; the zone
of 3300-3500 m is dominated by Abies delavayi-Rhododendron simsii forest; Above 3500 m
occurs subalpine meadow [25]. In the catchment of Lake Haixihai, shrubs are dominated
by Vaccinium bracteatum, Myrica nan, and Rhododendron simsii formations; grasslands con-
sist mainly of Arundinella setosa and A. hookeri; Festuca ovina and Deyeuxia pyramidalis as
well as forb formations are common meadows. Cultivated lands are occupied by decidu-
ous orchards such as walnut and apple and food crops such as wheat, corn and rape [26].

3. Materials and methods

In 2019, a 290-cm sediment core (core HXH-1) was taken from the center of Lake
Haixihai (26°17'N, 99°58'E) under 20.7 m of water (Figure 1d) using the above-water plat-
form and the Austrian UWITEC piston sampling equipment. The terrestrial plant residues

90

92

93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

113

114
115
116



Forests 2022, 13, x FOR PEER REVIEW 5 of 23

were used for AMS “C dating. The dating of 1 leaf sample and 2 wood chip samples were 117
conducted at the Beta Laboratory in the United States. 118

Twenty-nine elements (Al-U) and magnetic susceptibility of core HXH-1 were con- 119
tinuously scanned and analyzed at 5 mm interval, 10 mm width, and 30 s duration by a 120
Dutch Avaatech XRF scanner. The analysis was conducted at Yunnan Key Laboratory of 121
Plateau Geographical Processes and Environmental Changes, Yunnan Normal University. 122
Elemental data as elemental counts per second (cps) and low-frequency magnetic suscep- 123
tibility (xi) in the core sediment were acquired through the Avaatech software. Although 124
the element concentrations obtained by XRF scanning are not absolute element concentra- 125
tions, they can reflect the changes in the relative contents of elements well [27]. Al, Si, K, 126
Fe and Ti are common terrigenous detrital tracer elements [28-31], Ca element is lake bio- 127
genic or terrigenous clastic origin [30, 32], and Ti was also used as the proxy of monsoonal 128
precipitation and vegetation density in monsoon Asia [33-35], thus elements of Al, Si, K, 129
Fe, Ti and Ca are major elements with obvious environmental significance and high reli- 130
ability [36-38]. Principal component analysis (PCA) of major elemental data was em- 131
ployed to assist the environmental interpretation of elemental data. 132

The core was sampled at the 6-cm interval (a total of 49 samples) for pollen analysis. 133
Pollen samples of 1 cc were processed using standard methods involving HCl, KOH, HF, 134
and acetolysis treatment [39]. Pollen residues were finally washed by sieving through 7 135
pm meshes. Pollen and charcoal were extracted simultaneously, and their concentrations 136
and influx values were estimated with tables containing a known quantity of Lycopodium 137
spores as exotic markers [40]. The total’  ‘len influx values in this study were used asa 138
proxy of vegetation density [41-43]. The « ntification and counting of pollen and charcoal = 139
were carried out under the Olympus optical microscope with a magnification of 400 times. 140
More than 500 pollen grains were counted at each level, and average of 49 samples was 141
573 grains. The identification of charcoal is based on the grading method [44]. According 142
to the longest axis length of the charcoal particle, the charcoals were assigned into three 143
groups, i.e., <50, 50-100, and >100 pum [44]. Pollen percentages were calculated based ona 144
sum of all terrestrial plant pollen. Pollen percentage and influx diagrams of selected pollen 145
types were plotted using Tilia software. Pollen zones were divided in terms of cluster 146
analysis on the pollen percentage data of major arboreal pollen types [45]. PCA of major 147
arboreal pollen percentage data was also performed to help the vegetational interpreta- 148

tion of pollen spectra and zones. PCA was conducted in Canoco 5. 149
4. Results 150
4.1. Stratigraphy and chronology of core HXH-1 151

The 290-cm core from Lake Haixihai is mainly composed of silts. Three lithological 152
units can be recognized from the sediment color and low-frequency magnetic susceptibil- 153
ity (Figure 3). The 290-203 cm unit contains dark gray silts and low magnetic susceptibil- 154
ity. The unit of 203-65 cm consists of reddish-brown silts with high magnetic susceptibil- 155
ity. The 65-0 cm unit contains grayish silts interbedded with reddish brown silt layers, 156
and sediments in this unit have high magnetic susceptibility and significantly oscillations, = 157
especially the upper 30 cm. 158

159
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Figure 3. Lithology, magnetic susceptibility, and age-depth model for core HXH-1 from Lake
Haixihai.

In order to avoid the reservoir effect on the radiocarbon dating, we selected the ter-
restrial plant tissues as the dating materials. Table 1 shows the dating results of one leaf
sample and two woody chip samples. Two *C ages at 83 and 283 cm were calibrated using
IntCal 20 [46], and one “C age at 15 cm was converted to calendar years using a combina-
tion of IntCal20 and NHZ3 calibration curves [47,48]. The radiocarbon date of leaf sample
at 15 cm is -770+50 “C yr BP, and its calibrated age with 1o error range is 1970-2010 AD
with a median age of 1990 AD. This age is very close to that (~1984.3+3.0 AD at 14.5 cm)
estimated by the constant rate of supply (CRS) model based on the measurement of 2''Pbex
and ¥Cs radionuclide activities of a 37.5-cm short core in the same lake [49], implying
that the lake has no or negligible reservoir effect. After the top age was set as 2019 AD, the
Bayesian depth-age [50] was finally established using three calibrated ages and the top
age.

Table 1. AMS "C dating results for core HXH-1 from Lake Haixihai.

Lab. ID Depth  Dating 14C age Calibrated age
(cm) material (yr BP) pMC? (AD)
Beta-594071 15 Leaves 110.06+0.41 1996-2000°
Beta-594072 83 Wood 150£30 98.154+0.37 1670-1780°¢
Beta-594073 283 Charcoal 1550+30 82.451+0.31 430-590°

apMC=percentage of modern carbon. >’Age was calibrated by the percentage of modern carbon using
high probability density range method. “Age was calibrated by conventional radiocarbon age using
high probability density range method.

4.2. XRF core scanning of major elements

The major elements of core HXH-1 core were characterized by significant changes in
their concentrations (Figure 4). Among six major elements, Ca and Fe concentrations are
the highest, Ti, K and Si concentrations are in the second place, and Al concentration is
the least. The elemental profiles of this core can be divided into three units.
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Figure 4. Concentrations of six major elements obtained by XRF scanning and their PC1 scores as
the proxy of soil erosion intensity for core HXH-1 from Lake Haixihai.

Unit III (290-204 cm; 380-940 AD): This unit is marked by low Al, Si, and K concen-
trations, and high Ca concentration. Fe and Ti concentrations increase from the bottom to
the top of this unit.

Unit II (204-65 cm; 940-1800 AD): This unit is characterized by high Al, Si, K, Fe, and
Ti concentrations, and low Ca concentration.

Unit I (65-0 cm; 1800 AD to the present): This unit is marked by large variabilities in
concentrations of six major elements. In this unit, Ca concentration is higher than unit II
but lower than unit I.

As shown by Figure 4, concentrations of Al, Si, K, Fe, and Ti exhibit approximate co-
variations in core HXH-1, whereas Ca concentration show a opposite trend. The correla-
tion analysis between Ca and other elements further demonstrates their relationships (Fig-
ure 5a). A positive correlation statistically significant at p<0.001 level occurs among Al, Si,
K, Fe, and Ti elements, and a negative correlation statistically significant at p<0.001 level
exists between Ca and other five elements respectively. The result of PCA on concentra-
tion data of six major elements also shows the same fact (Figure 5b). The broken stick
model indicates that only PC1 has statistical significance. The PC1 explains 81.8% of the
total variance in this dataset. On the PC1 axis, (Ca is at right side (positive loading),
whereas the others are at left side (negative loading), indicating the two groups of ele-
ments are from completely different sources. Since Al, Si, K, Fe and Ti are common terri-
genous detrital tracer elements, Ca is from endogenously biogenic origin of the lake rather
than terrigenous clastic origin. It is evident that the PC1 of elements reflects relative abun-
dance of exogenous and endogenous substances in lake sediments, i.e., the erosion inten-
sity of the lake catchment. The PC1 of elements can thus be used as a proxy of soil erosion
intensity in the Lake Haixihai catchment. As PC1 sample scores become small, the soil
erosion intensity reinforces.
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Figure 5. Element correlations (a) and biplot of PCA, on the concentration data of six major elements
(b) for core HXH-1 from Lake Haixihai.

As shown by Figures 4 and 5b, the soil erosion intensity of the last 1640 years experi-
enced three-phase changes. In the phase III (corresponding to unit 3 of elemental profiles)
at 380-940 AD, the weakest erosion of the last 1640 years occurred at 380-570 AD (290-263
cm), and the erosion enhanced nonlinearly. The phase II witnessed a continuously
strengthening erosion from 940 to 1090 AD, a persistent and strong erosion between 1090
and 1560 AD, and relative weak erosion at 1560-1770 AD. During the phase I, above rela-
tive weak erosion continued until 1940 AD, and then the erosion dramatically became as
strong as that at 1090-1560 AD; after a brief reversal in 1980s AD, the erosion strengthened
to be the strongest around 2000 AD, and kept strong until the present.

4.3. Pollen/charcoal record

Pollen spectra from Lake Haixihai are dominated by arboreal pollen, mainly includ-
ing coniferous tree pollen such as Abies, Abies/Picea, Pinus and Tsuga, evergreen and de-
ciduous broadleaved tree pollen such as Castanopsis/Lithocarpus, Cyclobananopsis, ever-
green Quercus, deciduous Quercus, Alnus, Betula, Juglans, Salix, and Anacardiaceae, shrub
pollen such as Rosaceae, Elaeagnaceae, and Ericaceae. Herbaceous pollen contains mainly
Poaceae, Artemisia, Cyperaceag Asteraceae, Chenopodiaceae, and Polygonum. Pollen/char-
coal record is divided into three pollen zones based on the result of CONISS analysis of
pollen percentage data of arboreal pollen types with the average of pollen percentage
more than 1% (Figure 6).
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Figure 6. Pollen percentage diagram of selected pollen taxa for core HXH-1 from Lake Haixihai.

Zone III (290-166 cm; 380-1180 AD): This zone is characterized by the highest arboreal
and the lowest herbaceous pollen percentages of the entire core (86.8 and 13.2%, the aver-
ages of pollen spectra in the zone, the same below) (Figure 3). Among arboreal pollen,
Pinus is the most abundant (52.3%), followed by Tsuga (7.6%), Quercus (E) (6.6%), and Al-
nus (4.3%). Herbaceous pollen mainly includes Poaceae (6.8%) and Artemisia (3.8%). Pollen
influx diagram (Figure 7) shows that total pollen influx values in this zone are the highest
in the whole core with an average of 9154 grains cm2 &;!. This zone can be further divided
*..*7 3 subzones. Subzone III-2 is distinguished from s@)ne III-1 by a significant increase

’inus pollen percentages from 40.3% to 58.3%, a marked decrease of Quercus (E), Alnus,
and Artemisia pollen percentages, and a dramatic rise in the pollen influx values from less
than 10000 grains cm? a! to more than 20000 grains cm? a'. Subzone III-3 is separated
from subzone III-2 by a decrease of Pinus pollen percentages and an abrupt decline in
total pollen influx values from 24765 to 1351 grains cm a'!. This zone has relatively high
total charcoal influx values (26093 particles cm? a?), and the highest >100 um charcoal
influx values (665 particles cm= a) occur in the subzone III-2.
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Figure 7. Pollen influx diagram of selected pollen taxa for core HXH-1 from Lake Haixihai.

Zone-1I (166-65 cm; 1180-1770 AD): This zone is marked by continuous declines of
Pinus pollen percentages, a distinct increase of herbaceous pollen percentages, and the
minima of total pollen influx values. In this zone, pollen percentages of Tsuga and(Quercus
(E) also decrease beside Pinus. Other arboreal pollen such as Cyclobalanopsis, Alnus and
Juglans increases. Among herbaceous pollen, Poaceae pollen increases from 6.8% to 12.6%,
and Artemisia pollen is common (about 3.8%). Total pollen influx values decrease signifi-
cantly (1525 grains cm? a') with a small range (654 to 4399 grains cm? a-!) in this zone.
The total charcoal influx values (5548 particles cm2 a'!) also decline to be its minima.

Zone I (65-0 cm, 1770 AD to the present): This zone is characterized by a significant
decrease of Pinus pollen from 47.4% to 32.8%, and an increase of Abies/Picea, Quercus (E),
Cyclobalanopsis, Alnus, Betula, and Salix. In this zone, Tsuga and Quercus (D) pollen reaches
their minima of the entire core, whereas herbaceous pollen reaches its maximum of the
entire core. Pollen influx values of both arboreal pollen, such as Pinus, Quercus (E), Cyclob-
alanopsis, Lithocarpus/Castanopsis, Alnus, and Salix, and nonarboreal pollen, such as Po-
aceae, Cyperaceae, Cruciferae, and Artemisia, show an upward trend. The total pollen in-
flux values of this zone (2815 grains cm? a') are much lower than zone III, but slightly
higher than zone II. The charcoal influx values of each particle size in this zone are as high
as zone III or even higher than zone III; especially, the total charcoal influx value at 14 cm
(ca. 1980 AD) is 35666 particles cm? a”!, reaching its maximum value of core HXH-1.

PCA was conducted on pollen percentage data of selected major arboreal pollen
types having the averages of pollen percentages for all samples more than 1%. Arboreal
pollen types include Pinus, Tsuga, Abies/Picea, Quercus (D), Quercus (E), Cyclobalanopsis,
Lithocarpus/Castanopsis, Rosaceae, Alnus, Betula, Juglans, Salix. PCA result shows that the
first two axes explain 43.29 and 16.7% of total variance in this pollen dataset, respectively
(Figure 8). As shown by Figure 8, Tsuga and Pinus have positive loading on the PCA axis
1, whereas Lithocarpus/Castanopsis, Cyclobalanopsis, Alnus and Salix seize negative loading,
significantly separating three pollen zones. PCA axis 1 indicates a process of vegetation
succession from vegetation dominated by coniferous forest (zone III) to one dominated by
evergreen broadleaved forest (zone I). Zone II reflects a transitional vegetation between
above two vegetation types. PCA axis 2 separates coniferous tree pollen types (Pinus and
Abies/Picea) from deciduous and evergreen broadleaved tree as well as shrub pollen types
(e.g., Quercus (E), Quercus (D), Alnus and Rosaceae), implying changes in minor compo-
nents of above vegetation types.
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Figure 8. Biplot of PCA on pollen percentage data of twelve arboreal pollen taxa for core HXH-1
from Lake Haixihai. The samples were grouped in terms of pollen zones.

4.4. Vegetation succession and forest fires in the Lake Haixihai catchment

As shown by Figures 6-8, the Lake Haixihai catchment witnessed three-stage of
changes in vegetation succession and forest fires during the last 1640 years.

Stage III (380-1180 AD; pollen zone III): Vegetation of this stage in the Lake Haxihai
catchment was dominated by coniferous forests, involving mainly pine and hemlock for-
ests accompanied by a few Abies/Picea trees. Evergreen broadleaved forest was also com-
mon in pollen source area. Its upper layer was composed of evergreen broadleaved trees
such as Quercus (E), Castanopsis/Lithocarpus and Cyclobalanopsis, as well as some deciduous
broadleaved trees such as Quercus (D), Alnus, Betula, and Juglans. Its understory shrubs
and herbs mainly included Rosaceae, Poaceae, Artemisia, and Ranunuculaceae. As a proxy
of vegetation density, total pollen influx values show that forests in this stage were the
densest in the Lake Haixihai catchment during the last 1640 years. Meanwhile, the abun-
dance of forest elements and forest densities also indicate that vegetation succession of
this stage can be divided three sub-stages (corresponding to three pollen subzones). The
sub-stage I1I-2 is distinguished from other two substages by more coniferous trees such as
Pinus and Abies/Picea, less deciduous broadleaved trees such as Alnus and deciduous
Quercus, and the highest densities. A significant and abrupt drop in the total pollen influx
values, i.e., the forest density, occurred at the transition between substages III-4; and III-2,
After this transition, forest density never returned as high as that in the substages 1II-3
and 2. The charcoal influx values show a similar pattern to the total pollen influx values.
Substages III-3, 2, and ]I witnessedlow, high, and low frequent forest fires, respectively.

291

292
293

294

295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314


Umetnuti tekst
in 

Križanje

Umetnuti tekst
2

Križanje

Umetnuti tekst
1

Umetnuti tekst
III-

Umetnuti tekst
III-

Umetnuti tekst
III-

Isticanje
Maybe to plot zones in same color as on Fig. 5b. Easier to follow.

Isticanje
maybe replace with: "rare/sporadic, frequent/common, rare/sporadic"


Forests 2022, 13, x FOR PEER REVIEW 12 of 23

Stage II (1180-1770 AD; pollen zone II): In this stage, coniferous forests decreased
significantly, especially pine and hemlock forests. More deciduous broadleaved trees, es-
pecially Alnus and Juglans, occurred in the evergreen broadleaved forests. In the catch-
ment of Lake Haixihai, understory herbs of forests, meadows, and/or cultivated plants of
Poaceae increased in the relative abundances of vegetation. However, the total pollen in-
flux values show that the vegetation densities of this stage were the lowest over the last
1640 years. Eow-freqtent forest fires occurred at 1180-1770 AD as indicated by low char-
coal influx values.

Stage I (1770 AD to the present; pollen zone I): In the vegetation of this period, the
relative abundance of coniferous forests continued to decrease significantly, whereas the
evergreen broadleaved forests increased markedly. In the coniferous forests, Tsuga trees
were inclined to appear sporadically, and Abies/Picea trees were common; in the evergreen
broadleaved forests, more evergreen broadleaved trees such as Quercus (E), Lithocar-
pus/Castanopsis, and Cyclobalanopsis, as well as more deciduous broadleaved trees such as
Alnus and Salix were present. The content of herbs was still as high as that in the stage II,
and even more in the middle of this stage. The total pollen influx values in this stage were
slightly higher than those in stage II but still much lower than those in stage III, implying
that the vegetation densities of this stage were still at a low level. This stage can be divided
into two substages in terms of a significant increase of Lithocarpus/Castanopsis and Salix
trees and a marked decrease of herbaceous Poaceae. The charcoal influx values show that
the frequency of forest fires in the substage I-} was still as low as that in the stage II, but
it sharply increased to be the highest over the last 1640 years in the substage I-1.

5. Discussion
5.1. The soil erosion in the Lake Haixihai catchment during the last 1640 years

The PC1 of six major elements, a proxy of the soil erosion intensity in the lake catch-
ment, revealed that the erosion intensity of the last 1640 years experienced three-phase
changes (Figure 9d). This fact was also supported by the lithology of Core HXH1 (Figure
2). Furthermore, the magnetic susceptibility (Figure 9e), another effective proxy of soil
erosion [31,51], showed a parallel pattern to that revealed by PC1 scores, implying our
reliable interpretation of the PCA result of six major elements.
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Figure 9. A comparison of vegetation, forest fire, soil erosion intensity in the Lake Haixihai catch-
ment over the last 1640 years with regional temperature and precipitation, population in Yunnan
Province. (a) vegetation history represented by abundance of four pollen groups; (b) total pollen
influx as a proxy of forest density; (c) charcoal influx as a proxy of forest fire frequency; (d-e) PC1
scores of element data as a proxy of soil erosion intensity, andmagnetic susceptibility ()i) as another
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proxy of soil erosion intensity; (f) brGDGT-inferred MAAT reconstruction in Tiancai Lake based on 351
the site-specific brGDGT-temperature calibration model [54]; (g) the synthesized precipitation index 352
for southwest China derived from stalagmite %0 records at Shengi cave in southern Sichuan, China 353
[53]; (h) logarithmic (base 10) population of Yunnan Province [58]; (i) local authority and Chinese 354
dynasties. The major transition of vegetation and soil erosion intensity is marked by the yellow bar. 355
The Medieval warm period (MWP) and current warm period (CWP) are marked by red boxes, and 356
little ice age (LIA) is marked by the grey box. 357

Our results showed that the weakest erosion of the last 1640 years occurred at 380- 358
880 AD when the densest forests occupied the lake catchment (Figure 9b). This period was 359
followed by a major transition of soil erosion intensity from weak to strong erosion at 880- 360
1040 AD. After this major transition, the persistent and strong erosion kept until the pre- 361
sent, and it never returned to the erosion conditions as weak as before 880 AD, although 362
it experienced secondary oscillations, especially in period from 1940 AD to nowadays. A 363
pollen record from Lake Erhai suggested that forest clearance occurred as early as(2140 364
cal. yr. BP., but extensive deforestation probably happened after the end of Tang Dynasty 365
(900 AD) when irrigated technique in agriculture was widely used [9,52]. It is evident that 366
this pollen record supports our result, since the Lake Haixihai catchment is one partinthe 367
northwest of Lake Erhai basin. 368

The above major transition of soil erosion was apparently driven by climate condi- 369
tions (Figure 9f-g) and anthropogenic forcings (Figure 9h-i). An integrated precipitation 370
record for southwestern China [53] and a brGDGT-inferred MAAT record from Lake 371
Tiancai [54] showed that the Lake Haixihai catchment witnessed a major drought with 372
higher temperature and lower precipitation than those at the present from 700 to 860 AD. 373
Accompanying this major drought were more forest fires. It is evident that this major 374
drought and more forest fires created climatic and vegetational background for this major 375
transition of soil erosion intensity as temperature kept high and precipitation became 376
higher than the present. On the other hand, the establishment of the Nanzhao Kingdom 377
in the Lake Erhai basin and the friendly alliance relation with Tang Dynasty brought pop- 378
ulation pressure requiring more agricultural land (Figure 9h) [55-57]. At the late period of 379
the Nanzhao Kingdom, the alliance relations with Tang Dynasty and Tubo Dynasty dete- 380
riorated and ruptured successively, which resulted in the transfer of the capital as well as 381
the construction and reinforcement of a series of military fortresses such as ancient Cities 382
Taihe (old capital), Yangqiemie (new capital), Shigiao, Shihe, Longku, Longwei, Dali, 383
Dengchuan, Baixia, Yunnan, and Longyutushan for both offense and defense [56]. These 384
activities led to the beginnings of systematic deforestation [55]. Furthermore, the replace- 385
ment of Nanzhao Kingdom by Dali Kingdom happened at 930s AD under the political 386
view "Tax relief for grain and welfare corvee labor". This political view of Dali Kingdom 387
unaffectedly resulted in the development of agriculture, thus enhancing the soil erosion. 388

5.2. Vegetation succession and forest fires driven by both natural and anthropogenic forcings 389

Our study revealed three-stage of changes in vegetation succession and forest fires 390
during the last 1640 years. As discussed above, vegetation succession and forest fires were 391
also driven by both natural and anthropogenic forcings. 392

Vegetation at stage III (380-1180 AD) was dominated by coniferous forests and ever- 393
green broadleaved forests. However, this stage can be divided into three substages in 394
terms of forest composition and density. The lake catchment saw more evergreen broad- 395
leaved forests and intermediate forest density at the substage I1I-3, when regional temper- 3%
ature and precipitation were higher than the present (Figure 9f-g). At this substage, the 397
Lake Erhai basin was governed by separate tribes and Yunnan had low population (Figure 398
h-i) [57,58], implying the least impact on vegetation from human activities over the last 399
1640 years. Less human-induced impact on vegetation at this substage was also revealed 400
by pollen records from Lakes Erhai [9], Tiancai [19], Tengchong Qinghai [21,59,60], Lugu 401
[61] and Xingyun [12] as well as the Beihai wetland [5,62] in Yunnan. The Lake Haixihai 402
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catchment witnessed the densest vegetation consisting of more pine and hemlock forests 403
and less evergreen broadleaved forests at the substage III-2, when both regional temper- 404
ature and precipitation underwent a process of dropping, lower than the present, and 405
rising to higher than the present although they did not change in completely synchronous 406
way. At this substage, the Lake Erhai basin was governed by separate tribes and Nanzhao 407
Kingdom before and after 738 AD [56]. As mentioned in above section, the Lake Haixihai 408
catchment experienced a major drought at 700-860 AD, and saw more frequent forest fires. ~ 409
It is not unexpected that more forest fires occurred at 700-860 AD since the biofuel accu- 410
mulation (the densest vegetation) and a major drought should promote the occurrence of 411
forest fires [63]. Overall, our results suggested that the vegetation succession and forest 412
fires were mainly driven by natural forcing, i.e., climate conditions. A significant and ab- 413
rupt drop in forest density and minor changes in abundance of forest components oc- 414
curred at the transition between substages(IlI-1 and III-2. After this transition, forest den- 415
sity never returned to the level as high as that in the substages III-3 and 2. This transition 416
of vegetation succession completely coincided the major transition of soil erosion, indicat- 417
ing the same driving forcings affecting both vegetation and soil erosion, i.e., anthropo- 418
genic forcings were dominant ones driving vegetation succession and soil erosion in this = 419
major transition at 880-1040 AD. Minor changes in abundance of forest components but 420
significant difference in forest density occurred between the substages III-2 and III-1, pre- 421
sumably suggesting that the landscape similar to modern one (Figure 10) was already 422
established approximately as early as ca. 1040 AD. 423
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Niujie Town

Sanying Town
425

Figure 10. A photo taken from west side of Lake Haixihai showing modern landscapes and vegeta- 426
tion in the lake catchment (a), and a satellite image showing modern land covers including farm- 427
lands (light green) as well as towns and the ancient Tea-Horse Road in the lake catchment (b). 428

Vegetation at stage II (1180-1770 AD) was composed of less pine and hemlock forests 429
as well as more evergreen broadleaved forests and meadows, and had low forest density. 430
At this stage, forest fires were not as common as those in the stage III, vegetation and soil ~ 431
erosion never recovered to the climate-driven levels of the substages 1II-2 and III-3, alt- 432
hough regional temperature and precipitation became higher than the present. The Lake 433
Erhai basin and Yunnan were then governed by Chinese central dynasties. Although pop- 434
ulation in Yunnan decreased, the Lake Erhai basin as the political and economic center 435
got more population pressure. For example, “In the 15th year of Hongwu in the Ming 436
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Dynasty (1382), the Army General, Mu Ying, was ordered to conquer Yunnan Province. 437
He brought in 200 thousand garrison troops and peasants (mainly people of Han ethnic- 438
ity) to reclaim land and grow food grain in the areas surrounding Dali and Erhai. The 439
sudden influx of large numbers of people made a great contribution to the economic de- 440
velopment of the area, but also brought considerable land pressure and people began to 441
move up to the mountainous areas” [64]. Sanying Town near Lake Haixihai (Figure 10) 442
once was a military camp with a granary as the center of the garrison reclamation in Yuan, 443
Ming and Qing times [65]. Niujie Town near the lake (Figure 10) once was a courier station 444
of the ancient Tea-Horse Road as a millennium southern Silk Roads, it could thus be bus- 445
tling place [66]. Therefore, the vegetation succession at this stage was still mainly driven 446
by anthropogenic forcings, as suggested by strong soil erosion intensity. 447

Vegetation at stage I (1770 AD to the present) was dominated by evergreen broad- 448
leaved forests and meadows, and had low forest density. At this stage, coniferous forest 449
shrank, forest fires increased, and soil erosion exhibited drastic changes, especially the 450
substage I-1. Climatologically, following the decrease trend of the previous stage, regional 451
temperature dropped to be lower than the present at the end of Little Ice Age, and then 452
rose to be higher than the present in the current warm period; regional precipitation 453
showed a nonlinearly decreasing trend. The strongest soil erosion, the highest frequent 454
forest fires, and low forest density after 1940 AD might be attributed to both climatic con- 455
ditions and extensive deforestation during the “Great Leap Forward” around 1960 AD 456
[67]. 457

6. Conclusions 458

Pollen/charcoal and XRF analyses of lacustrine sediments from Lake Haixihai were 459
conducted in this study to reveal the changes of vegetation, forest fire, and soil erosion 460
intensity over the last 1640 years in the lake catchment. We obtained the following four 461
conclusions: 462

1. PC1 derived from the PCA of six major elements, which were obtained from XRF 463
analysis of lacustrine sediments from Lake Haixihai, is an effective proxy of soil erosion 464
intensity. The weakest erosion of the last 1640 years occurred at 380-880 AD, which was 465
followed by a major transition of soil erosion intensity from weak to strong erosion at 880- 466
1040 AD. The persistent and strong erosion then kept until the present. 467

2. Pollen analysis of lacustrine sediments from Lake Haixihai revealed that the Lake 468
Haixihai catchment experienced three-stage of vegetation succession over the last 1640 469
years. The densest forests, which were dominated by pine and hemlock as well as ever- 470
green broadleaved forests, occurred at 380-950 AD. A transition, which was characterized 471
by significant drop in forest density, appeared at 950-1180 AD. After this transition, conif- 472
erous forests shrank, evergreen broadleaved forests as well as meadows, understory herbs 473
and/or cultivated plants expanded, but the forest density kept low level until the present. 474

3. More frequent forest fires occurred at intervals around 700 AD and after 1940 AD. 475
The former was associated with the accumulation of biofuels and a major drought, the 476
latter was driven by climatic conditions and human impacts. 477

4. Our study suggests that the driving forcings of vegetation, forest fire, and soil ero- 478
sion were dominated by natural ones at 380-880 AD; at a transition from 880 to 1040 AD, 479
anthropogenic forcings gradually replaced natural ones; and the driving forcings were 480
dominated by anthropogenic forcings after this transition. 481
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