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Abstract: Vegetation dynamics data since the Last Glacial Maximum (LGM) are essential for our
understanding of ecosystem shifts and vegetation responses to climate change. Here, we present a
pollen record covering the last 25,000 years from Lake Fuxian in central Yunnan, southwest China.
Our study shows seven stages of vegetation dynamics since the LGM: The early LGM (stage 7 of
25,000-21,200 cal. a BP) witnessed less dense regional vegetation dominated by pine forests, evergreen
broadleaved forests (EBFs), deciduous broadleaved forests (DBFs), montane hemlock forests, and
fir/spruce forests. The late LGM (stage 6 of 21,200-17,500 cal. a BP) saw an expansion of grasslands,
wetlands, and montane fir/spruce forests as well as a shrinkage of EBFs and DBFs. During the last
deglaciation (stage 5 of 17,500-13,300 cal. a BP), dense regional vegetation was dominated by EBFs
as well as deciduous oak and alder forests. The densest regional vegetation occurred in stage 4 of
13,300-11,200 cal. a BP, roughly equal to the Younger Dryas Chron, when pine forests, DBFs, EBFs,
grasslands, and wetlands grew in the Lake Fuxian catchment. During the early to mid-Holocene
(stage 3 of 11,200-5000 cal. a BP), dense regional vegetation was dominated by sweetgum forests, in
addition to some pine forests and EBFs. After 5000 cal. a BP, the regional vegetation density became
lower and lower, and forests became thinner and thinner. Pine forests expanded to their maximum of
the entire sequence in stage 2 of 5000-2500 cal. a BP. A big deforestation event occurred in stage 1 (the
last 2500 years), when grasslands, wetlands, and cultivated vegetation dominated regional vegetation
in the catchment of Lake Fuxian. The regional vegetation since the LGM in the catchment of Lake
Fuxian also experienced six major transitions, five centennial shift events, and one big large-scale and
long-term deforestation event. These resulted from the responses of regional vegetation to climate
changes during the LGM, last deglaciation, and early-mid-Holocene, as well as human influence
in the late Holocene. The vegetation density since the LGM has changed with the 25° N summer

insolation.
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1. Introduction

Yunnan lies at the southeastern edge of the Tibetan Plateau. It is a low-latitude
plateau. Its elevation falls step by step from its northwest of about 3000-4000 m above
sea level (a.s.l.), to its middle of about 2000-2500 m a.s.l., and to its south of about
1200-1500 m a.s.l. [1]. It is divided into the west valleys and the east plateau by the
Diancang Mountains and Ailao Mountains. In northwest Yunnan, the Hengduan Moun-
tains stretch from north to south, and the Mountains Gaoligongshan, Nushan, and Yunshan
are situated from west to east, separated by Rivers Nujiang, Lancangjiang, and Jinshajiang.
In east Yunnan, the diverse mountainous basins and fault lakes developed in hilly terrains
with a lot of karst landforms. In south and southwest Yunnan, landforms with crisscross
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mountains, hills, and basins have developed [2]. The exceptionally varied topography and
great elevation differences in Yunnan, with the highest elevation of 6740 m a.s.1. and the
lowest elevation of 76.4 m a.s.l., cause huge climatic gradients, with the mean annual tem-
perature (MAT) varying from above 24 °C to below 5 °C, and the mean annual precipitation
(MAP) varying from above 4000 mm to below 300 mm [3], thus resulting in a variety of veg-
etation types. The vegetation, occupying the Yunnan Plateau, includes tropical rainforests,
subtropical EBFs (the vast majority), warm—temperate DBFs, temperate coniferous and
broadleaved mixed forests, cold—temperate coniferous forests, alpine scrub communities,
meadows, and wetlands, as well as thorny shrublands and savannas in hot—dry valleys [4].
Yunnan, as a plant kingdom and a biodiversity hotspot [5], offers a natural laboratory for
understanding the short-term responses and interactions between forests and environments.
It is evident that paleoecological studies are needed to understand the long-term dynamics
of the vegetation. This issue attracted international attention as early as in 1981, at the start
of a Sino—Australian Quaternary collaborative project [6] which involved the pollen analysis
of lacustrine deposits in Yunnan [7-10]. Since then, pollen analysis, an effective technique
to study past vegetation [11], has extensively been used in the studies of Quaternary vege-
tation histories in Yunnan (e.g., [12-19]). However, few of those studies focused on the time
periods longer than the Holocene due to the scarcity of natural archives and difficulties
in obtaining them. After 26,000 cal. a BP (before present; “present” refers to 1950 A.D.),
the earth experienced the cold conditions of the LGM (26,000-19,000 cal. a BP) [20], a quick
warming from the last deglaciation [21], and warm conditions of the current interglacial
period (the Holocene) [22], as well as cold /warm conditions of stadials/interstadials [23]
and a series of centennial-millennial climatic events [24] in the glacial and interglacial
periods. Knowledge on vegetation composition and dynamics in space and time is still very
limited in Yunnan, and even globally, to quantify or predict the future emergence of new
ecosystems caused by glacial retreat [25] and to answer the deglacial forest conundrum [26]
and Holocene temperature conundrum [27]. Although some long pollen records since the
LGM are available for the Lakes Lugu [28], Shudu [29], Wenhai [30], and Qinghai [31] in
northwestern Yunnan, and Lakes Dianchi [32], Xingyun [33], and Yilong [34] in central-
southern Yunnan, more records are essential so that we can understand the temporal and
spatial patterns of vegetation dynamics since the LGM and their possible mechanisms in
Yunnan, and even southwest China.

The REVEALS (Regional Estimates of VEgetation Abundance from Large Sites) model
is a validated approach for estimating regional vegetation abundance using fossil pollen
counts, applicable to fossil pollen records from lakes and swamps [35-37]. Pollen records
from large lakes will offer us an opportunity to use the plant abundance (PA) estimated
using the REVEALS model to interpret regional vegetational dynamics and to examine its
applications in pollen records of large lakes.

In this study, we present a fossil pollen record of a core from Lake Fuxian, a large
and deep lake in central Yunnan [38]. The pollen percentage, pollen influx, and PA were
used to reveal the forest dynamics since the LGM as well as their responses to climatic and
anthropogenic forcings.

2. Site Description

Lake Fuxian (24°21'-24°38' N, 102°49’-102°58' E, 1721 m a.s.1.) (Figure 1a) is located
in the Chenjiang basin of central Yunnan. It is a large and deep lake, formed by a fault
depression during the Tertiary uplift in the Yunnan Plateau [39,40]. Its water area, average
and maximum water depths, and catchment area are 212 km?, 89.6 and 155 m, and 674.7 km?2
(Figure 1b) [40]. It is the deepest lake in the Yunnan Plateau. Its catchment is part of the
Nanpanjiang system in the Pearl River Basin [41]. The replenishment of the lake water
mainly depends on rainfall and surface runoffs. More than 20 mountain streams, such as
the Jianshan, East, and West Rivers, flow into the lake. Its water outlet is the Haikou River
in the east of the lake, which flows into the Nanpanjiang River [40].
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Figure 1. Location, topography, and vegetation of Lake Fuxian, the study site. (a) Topographic map
showing the locations of Lake Fuxian and the lakes mentioned in this study (1-4 represent Lakes
Lugu, Shudu, Wenhai, and Qinghai in northwestern Yunnan, 5-7 represent Lakes Dianchi, Xingyun,
and Yilong in central and southern Yunnan); (b) topography of the Lake Fuxian catchment (the area
bounded by blue lines) and location of the study core (dark blue cross in circle); (c) modern vegetation
in the Lake Fuxian catchment [42] (CF = coniferous forest, BF = broadleaved forest, MCBF = mixed
coniferous and broadleaved forest, SB = scrub, GL = grassland, and CV = cultivated vegetation).

Geomorphologically, Lake Fuxian, in the center of the lake catchment, has straight lake
shorelines (Figure 1b). The lake is aligned north-south, with two large ends and one narrow
middle. The lake basin and banks exhibit the characteristics of a typical graben rift lake.
The Lake Fuxian basin is surrounded by mountains, most of which are eroded fault-block
mountains of about 2500 m a.s.l., with the west higher than the east and the north higher
than the south, extending from south to north. The higher peaks include Mounts Gudui,
Sanlingzi, Sanliangzi, and Bizi, with elevations of 2500-2650 m. The northern and southern
ends of the lake are lacustrine—alluvial plains with gentle shore zones. The northern plain
covers a large area, about 40 km?, sloping from north to south and containing many ponds
and marshes due to the undulating terrain. The southern plain is smaller. On the east
and west sides of the lake, the terrain is steep, and the cliffs edge to the lake, forming
steep, rocky bank belts. The east and west banks are surrounded by middle and low
mountains [43].

Climatologically, the Lake Fuxian catchment has a semi-humid subtropical monsoon
climate, controlled by westerlies in the winter-half of the year and monsoons in the summer-
half of the year. The climatic data of 1960-2019 (Figure 2) from Jiangchuan meteorological
station (24°17' N, 102°46' E, 1731 m) show a 60-a MAP, MAT, and mean annual humidity
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(MAH) of 850 mm, 16.0 °C, and 70.8%, respectively. Regarding the annual precipitation,
716 mm (over 83%) is concentrated in the rainy season from May to October, mostly brought
about by the South Asian summer monsoon. The climate of the Lake Fuxian catchment
exhibits obvious wet and dry seasons, with a warm—dry spring, not-hot summer, cool and
less rainy autumn, and mild winter (Figure 2) [39].
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Figure 2. The 1960-2019 monthly mean precipitation and temperature at Jiangchuan meteorological
station, the closest station to Lake Fuxian.

Phytogeographically, the terrains of the lake catchment are today occupied by native
and artificial vegetation (Figure 1c). The native vegetation includes coniferous forests, EBFs,
DBFs, scrubs, and grasslands [2]. The artificial vegetation includes economic forests and
crops in paddy fields and drylands. The forests, accounting for 47% of the lake basin’s land
area, are composed of Pinus yunnanensis, P. armandi, Castanopsis delavayi, Cyclobalanopsis
delavayi, C. glaucoides, Quercus acutissima, Q. variabilis, and Alnus nepalensis [44]. Among
them, Pinus yunnanensis forests make up the majority of existing forests (ca. 70%), growing
in the hilly terrains at 1500-2800 a.s.l. Its tree layer is dominated by Pinus yunnanensis,
often along with Castanopsis delavayi, Keteleeria evelyniana, Alnus nepalensis, and Cyclobal-
anopsis delavayi; its shrub layer consists mainly of species of Ericaceae and Rosaceae [2,44].
Broadleaved forests, ca. 30% of the existing forests, involve EBFs such as Lithocarpus variolo-
sus, Cyclobalanopsis glaucoides, C. delavayi, and Castanopsis delavayi and DBFs such as Quercus
acutissima, Q. variabilis, and Alnus nepalensis [45].

3. Materials and Methods

In 2013, a 906 cm sediment core (core FXH-1) was taken from the center of southern
Lake Fuxian (24°25'24"" N, 102°52'24"" E, 1721 m a.s.1.) under 81.2 m of water (Figure 1b)
using the above-water platform and the Austrian UWITEC piston sampling equipment.
Nine bulk organic samples from this core were sent to the Beta Laboratory in the United
States for AMS !4C dating.

The core was sampled for pollen analysis at 1-10 cm irregular intervals. A total of
96 pollen samples (each 0.5-1 g) were treated with a standard method, in which HCl
(10%), KOH (10%), HF (40%), and acetolysis were involved [46]. Tablets with a known
number of Lycopodium spores were added to the samples as a marker to determine the
pollen concentrations and influx values [47]. The pollen influx was calculated using the
pollen concentrations and sedimentary rates, i.e., pollen concentration (grains/cm?) x
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sedimentary rate (cm/a). The sedimentary rates were derived from the age-depth model
of the studied core. The total pollen influx values in this study were used as a proxy of the
vegetation density [48]. The identification and counting of pollen were conducted under
an Olympus optical microscope (made by Olympus Corporation, Tokyo, Japan) with a
magnification of 400 times. More than 500 terrestrial pollen grains were counted for each
sample. The pollen percentage was calculated using the sum of terrestrial plant pollen.
The pollen percentage and influx diagrams of major pollen taxa were plotted using TILIA
software (version 3.0.1) (Minneapolis, IL, USA) [49].

In this study, fossil pollen spectra were divided into 7 pollen zones in terms of the
cluster analysis result of the main pollen percentages [50]. A PCA (principal component
analysis) of the main pollen percentage data was performed to assist the vegetational
interpretation of fossil pollen spectra and zones. The PCA was conducted in the “factoextra”
package (version 1.0.7) [51] within R software (version 4.3.2) (Vienna, Austria) [52]. The
REVEALS model was used in the estimation of the past PA of the RVC (regional vegetation
composition) in terms of pollen counts [36]. In this procedure, Poaceae was chosen as the
reference taxon, and the pollen fall rates for various pollen taxa in the study region were
estimated [53]; the relative pollen production (RPP) and regional PA across different plant
taxa were estimated via the “disqover” R package (version 0.9.09) [54] within R software.

4. Results
4.1. Stratigraphy and Chronology of Core FXH-1 from Lake Fuxian

The upper 0-832 cm part of the 906 cm core is studied here. This part is mainly
composed of silty clays. Three lithological units can be recognized from the sediment color
(Figure 3). The 0-140, 140-390, and 390-832 cm units contain brick-red, light grey, and dark
grey silty clays with high, moderate, and low redness, respectively.
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Figure 3. Lithology, redness, and age-depth model for core FXH-1 from Lake Fuxian.

No plant remains were found in core FXH-1, so the materials used for AMS '*C dating
are bulk organic matter. The dating results of nine bulk organic samples are shown in
Table 1. The AMS C dates at 3 cm from a core near core FXH-1 and modern submerged
plants are 160 + 30 and 106.7 + 0.3 C a BP [55], suggesting that Lake Fuxian has a
very small or no reservoir effect, which is negligible. Therefore, the 1*C dates from bulk
organic matter were not corrected for any reservoir age, and they were calibrated using
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IntCal20 [56]. The sediment top age of core FXH-1 was set to —63 cal. a BP (2013 A.D., the
coring year). This age and the nine *C dates were then used to develop the age-depth
model of core FXH-1 from Lake Fuxian (Figure 3). The age—depth model shows that unit I
(0-140 cm) has the highest, whereas unit III (360-832 cm) has the lowest sedimentary rates.

Table 1. AMS 4C dating results for core FXH-1 from Lake Fuxian in central Yunnan, SW China.

Lab ID Depth Dating 14C Age Calibrated Age/26 Median Age
(cm) Material (a BP) (cal. a BP) * (cal. a BP)
Beta-518737 24 Bulk organic 1460 4= 30 1390-1300 1340
Beta-518738 72 Bulk organic 1780 £ 30 1740-1590 1660
Beta-518739 124 Bulk organic 2120 £ 30 2290-2000 2080
Beta-518740 214 Bulk organic 5110 £ 30 5930-5750 5810
Beta-518741 300 Bulk organic 6930 + 30 7840-7680 7750
Beta-518742 350 Bulk organic 7950 + 30 8990-8650 8820
Beta-518743 520 Bulk organic 11,190 + 30 13,170-13,090 13,110
Beta-518744 630 Bulk organic 13,610 £ 40 16,590-16,290 16,430
Beta-518745 820 Bulk organic 20,400 £ 60 24,740-24,230 24,490

* Calibrated using IntCal20 [56].

4.2. Pollen Record of Core FXH-1 from Lake Fuxian

Pollen spectra of core FXH-1 are predominated by arboreal pollen (AP), including
coniferous pollen taxa as well as deciduous and evergreen broadleaved pollen taxa. Among
coniferous pollen taxa, Abies/ Picea, Tsuga, and Pinus are common taxa. Common evergreen
broadleaved pollen taxa contain evergreen Quercus [Quercus (E)], Cyclobananopsis, and
Castanopsis-type (mostly Castanopsis /Lithocarpus, rarely Castanea). Deciduous broadleaved
tree pollen taxa mainly include deciduous Quercus [Quercus (D)], Liquidambar, Pterocarya,
Alnus, Ulmus, and Betula. Herbaceous pollen types contain Poaceae, Labiatae, Cyperaceae,
Artemisia, and Asteraceae. In terms of the result of the CONISS analysis on pollen per-
centage data of major pollen taxa, 96 pollen samples of core FXH-1 are chronologically
classified into seven pollen zones (Figure 4):
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Forests 2024, 15, 1075

7 of 20

Pollen zone FXH-7 (832-745 cm; 25,000-21,200 cal. a BP): This zone, consisting of 11
pollen spectra, is characterized by the highest AP and the lowest herbaceous pollen of the
entire core (96.2-98.5/97.4% and 1.5-3.8/2.6%, the minimum-maximum/average of pollen
spectra in the zone or subzone, the same as below). Among AP, Pinus is the most abun-
dant pollen (65.3-74.4/70.5%), followed by Quercus (E) (4.2-13.7/10.0%), Castanopsis-type
(3.9-8.6/5.5%), Tsuga (1.0-5.1/2.9%), Rosaceae (0.8-4.1/2.9%), Quercus (D) (0.9-2.4/1.7%),
Abies / Picea (0-3.5/1.5%), and Alnus (0.3-1.4/0.8%) pollens. Poaceae (0.3-1.7/0.8%), Labi-
atae (0.2-1.9/0.6%), and Artemisia (0.2-1.1/0.5%) are common herbaceous pollen types. The
pollen influx diagram (Figure 5) shows that total pollen influx values in this zone are low
(1533-4399/2512 grains cm 2 a~!). This zone can be further divided into two subzones.
Subzone 7b (three fossil pollen spectra) is distinguished from subzone 7a (eight fossil pollen
spectra) by a significant increase in Castanopsis-type and Abies/ Picea pollens, as well as a
rise of total pollen influx values.
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Figure 5. Pollen influx diagram of main pollen taxa for core FXH-1 from Lake Fuxian.

Pollen zone FXH-6 (745-655 cm; 21,200-17,500 cal. a BP): This zone, which con-
sists of nine pollen spectra, is characterized by a rise in the pollen percentages of Pi-
nus (67.8-78.3/74.2%) and Picea/Abies (1.3-6/2.7%). Picea/Abies increases to its maxi-
mum, and Pinus pollen increases to its second maximum in the core. Tsuga (0-3.5/1.2%),
Quercus (E) (5.5-9.7/7.6%), Quercus (D) (0.5-2.4/1.2%), Rosaceae (0.3-1.9/1.0%), Ulmus
(0-0.4/0.2%), and Betula (0-0.5/0.2%) pollens decrease. Castanopsis-type (4.8-9.2/6.3%),
Alnus (0.4-1.6/1%), Poaceae (0.4-2.5/1.4%), and Artemisia (0.4-1.7/1%) pollens increase.
The pollen influx values in this zone (1515-2996/1987 grains cm 2 a~!) are slightly lower
than those of zone FXH-7.

Pollen zone FXH-5 (655-525 cm; 17,500-13,300 cal. a BP): In this zone, consisting of
17 pollen spectra, the Pinus pollen percentages (44.3-71.2/58.8%) drop to its minimum of
the entire core. Picea/Abies pollen (0-2.6/1.0%) declines too. The pollen percentages of
Quercus (E) (5.6-19.5/10.7%), Quercus (D) (2.0-8.0/4.7%), Castanopsis-type (2.3-12.9/8.4%),
Alnus (0.6-8.4/3.6%), Betula (0.3-2/1.1%), and Pterocarya (0-1.2/0.4%) increase. Herbaceous
pollens such as Poaceae (0.2-4.3/1.9%), Artemisia (0.3-4.6/1.7%), and Labiatae (0-2.0/0.6%)
increase slightly. The pollen influx values (2599-6796/3940 grains cm 2 a~') double
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those of zone FXH-6. This zone can be further divided into three subzones. Subzone
5c is distinguished from the other two subzones by lower Pinus and higher Quercus (D),
Castanopsis-type, Poaceae, and Artemisia pollens, as well as the lowest pollen influx values
among the three subzones. Subzone 5a contains more Tsuga and Castanopsis-type and less
Quercus (D) and Quercus (E) pollens than subzone 5b.

Pollen zone FXH-4 (525-446 cm; 13,300-11,200 cal. a BP): In this zone, which consists
of 10 pollen spectra, Pinus (42.7-77.3/64.8%) and Quercus (D) (2-8.3/5.5%) pollens increase
at the expense of Castanopsis-type (3.3-13.8/5.8%), Quercus (E) (5.3-12.3/8.5%), Ulmus
(0-3.0/1.1%), and Betula (0-1.3/0.5%). No notable alterations exist in the pollen percentages
of Tsuga (0.4-2.1/1.1%), Picea/Abies (0-2.7/0.8%), and Poaceae (0.4-3.2/2%). The pollen
influx values in this zone are the highest of the entire core, reaching 3687-7145/5507 grains
cm~2 a~1. The first three pollen spectra (subzone 4a) of this zone are characterized by
low Pinus (42.7-57.1/52.1%) as well as high Quercus (E) (7.5-12.3/10.5%), Castanopsis-type
(4.6-13.8/9.6%), and Alnus (6.5-9.8/7.9%) pollen percentages.

Pollen zone FXH-3 (446-194 cm; 11,200-5000 cal. a BP): This zone, consisting of
27 pollen spectra, is characterized by pollen percentage maxima of Liquidambar (0-3.6/1.9%),
Ulmus (0.2-5.2/4.5%), and Pterocarya (0-1.8/0.8%), as well as the second minimum of Pinus
(53.4-82.9/64.5%). It can be further divided into four subzones (446405, 405-355, 355-245,
and 245-194 cm) in terms of pollen percentages of Ulmus and Liquidambar and pollen influx
values. Subzones 4d-a contain less, more, maxima, and less of Ulmus and Liquidambar pollen,
and have high, low, high and low pollen influx values (3637-6564 /5039, 3770-5404 /4295,
3941-8698/4852, and 1605-4983 /3581 grains cm—2 a’l).

Pollen zone FXH-2 (194-135 cm; 50002500 cal. a BP): In this zone, six pollen spectra
are differentiated from those of zone FXH-3 and FXH-1 by the Pinus pollen percentage
maximum of the entire core (71.2-86.6/81.7%) and significant drops in Quercus (E) (2.3—
5.4/3.8%), Quercus (D) (2-3.9/2.8%), Castanopsis-type (1.1-2.5/1.6%), Alnus (0.6-2.9/1.5%)
and Poaceae pollens (1.2-2.9/2%). Liquidambar, Ulmus, and Pterocarya pollens decline to
near nonexistence. The pollen influx values (2636-4589/3720 grains cm 2 a~?!) are low.

Pollen zone FXH-1 (135-0 cm; 2500 cal. a BP to the present): This zone, consisting of
16 pollen spectra, is marked by a notable non-linear decline of Pinus (49.2-79.2/66.6%),
a persistent decrease in the pollen influx values, and a distinct rise in herbaceous pollen.
Quercus (E) (1.5-7.7/4.7%), Quercus (D) (1.3-5.6/3.1%), Castanopsis-type (1.6-7.3/3.8%),
and Alnus (1.1-10.3/4.1%) pollens rise at the cost of Pinus pollen. Tsuga, Pterocarya, and
Liquidambar pollens appear occasionally. The pollen influx values (554-3147/1698 grains
cm~2 a~1) are at their minimum of the entire core, exhibiting a sharp downward trend.
This zone can be further divided into two subzones. Subzone FXH-1a contains more Alnus
and Poaceae pollens and lower pollen influx values than subzone FXH-1b.

4.3. PA of RVC in the Catchment of Lake Fuxian since the LGM

The REVEALS model was developed to estimate the past PA of the RVC for pollen
records from large lakes using fossil pollen counts [35], in which the regional PA is estimated
by the weighted pollen counts of each taxon using its pollen production and dispersal
terms [57,58]. In the Lake Fuxian catchment of central Yunnan, Poaceae was chosen as
the reference taxon; the RPPs of 14 pollen taxa were used to estimate their PAs with the
aid of the “disqover” package, as was completed for the Lake Yongzonghai (near Lake
Fuxian) catchment [53]. A comparison of the pollen percentage diagram (Figure 4) with
the REVEALS-adjusted PA diagram (Figure 6) shows that the arboreal PA (83.4%) is >10%
lower than its pollen percentage (97.4%). The PA of Pinus is much less (>40%), whereas the
PA of Liguidambar is much more than its pollen percentages, indicating that the REVEALS
adjusts an over- or under-representation of pollen in the plant interpretation, thus reducing
the uncertainties in the vegetation interpretation of pollen data. The PAs of the RVC in the
pollen zones of core FXH-1 (Figure 6) display the following characteristics:
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Figure 6. PA diagram of main taxa in the catchment of Lake Fuxian.

Pollen zone FXH-7 (832-745 c¢m, 25,000-21,200 cal. a BP): Arboreal plants make up
83.4% (the zone average, the same as below) of the regional vegetation composition, in
which Quercus (E) (23.9%), Pinus (26.9%), and Tsuga (10.4%), Picea/Abies (7.9%) are the
dominant trees, followed by Castanopsis-type (6.3%) and Quercus (D) (5.1%). Herbaceous
plants (16.6%) are dominated by Poaceae (10.4%) and Labiatae (5.8%).

Pollen zone FXH-6 (745-655 cm; 21,200-17,500 cal. a BP): Arboreal PAs (79.2%) slightly
decrease, whereas herbaceous PAs (20.7%) slightly increase. The forests consist of more
Pinus (28.7%), Picea/ Abies (14.6%), and Castanopsis-type (7.4%) and less Quercus (E) (18.4%),
Tsuga (4.2%), and Quercus (D) (3.6%). Herbaceous plants are dominated by Poaceae (17.4%).

Pollen zone FXH-5 (655-525 cm; 17,500-13,300 cal. a BP): Arboreal PAs continue to de-
crease. Among arboreal plants, the vacancy caused by significant decreases of Pinus (19.4%)
and Picea/Abies (4.4%) is filled by Quercus (E) (20.9%), Quercus (D) (11.7%), and Alnus
(3.7%). Herbaceous plants (24.2%) consist mainly of Poaceae (18.7%) and Labiatae (4.4%).

Pollen zone FXH-4 (525-445 c¢m, 13,300-11,200 cal. a BP): The PAs of trees (72.1%)
slightly decreases, whereas the herbaceous PA (27.9%) slightly increases. The trees are
predominated by Pinus (21.2%), Quercus (E) (16.2%), and Quercus (D) (13.3%); Castanopsis-
type (5.4%), Alnus (4%), and Tsuga (3.3%) are common. The herbaceous plants still consist
mainly of Poaceae (19.8%) and Labiatae (7.8%).

Pollen zone FXH-3 (445-194 cm; 11,200-5000 cal. a BP): Arboreal and herbaceous PAs
(72.8% and 27.2%) change little, while their components change significantly. Liquidambar
and Ulmus reach their maxima (20.2% and 3.9%). Other abundant taxa in arboreal plants
include Pinus (16.6%), Quercus (D) (9.8%), Quercus (E) (12.1%), Castanopsis-type (2.7%), and
Tsuga (3%). Herbaceous plants are dominated by Poaceae (15.8%) and Labiatae (11.2%).
At the depths of 245-235 and 205-199 cm (6800-6400 and 5500-5000 cal. a BP), significant
decreases in the abundances of Liquidambar (14.6%) and T5uga (1.4%) occur as well as a
significant increase in Poaceae (23.9%).

Pollen zone FXH-2 (194-134 cm; 5000-2500 cal. a BP): Arboreal PAs fall to 59.6%, the
second lowest level of the entire core. Among trees, the Pinus abundance increases from
16.6% of zone FXH-3 to 33.2%, whereas the abundances of Quercus (E) (9.4%), Quercus (D)
(8.4%), and Castanopsis-type (1.9%) decrease. Liquidambar, Ulmus, and Pterocarya decline to
almost disappearance.
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Pollen zone FXH-1 (134-0 cm; 2500 cal. a BP to the present): The PAs of trees decrease
further to their lowest level (39.1%) of the whole core. Among trees, Pinus (17%), Quercus
(D) (5.5%), and Quercus (E) (7%) decrease; Liquidambar, Ulmus, and Pterocarya tend to
disappear; Alnus (3.5%) slightly increases. Herbaceous PAs reach their maximum (61%)
of the entire core. In herbs, Poaceae (56.5%) dominates, and Labiatae (3.5%) and Artemisia
(1%) are common.

4.4. Forest Types in the Catchment of Lake Fuxian since the LGM

Lake Fuxian is nestled within the Chengjiang Basin on the central Yunnan Plateau.
Fossil pollen of core FXH-1 in Lake Fuxian originated from regional vegetation, espe-
cially forests, growing in the catchment of Lake Fuxian. To uncover the forest types in
the catchment of Lake Fuxian since the LGM, the PCA of a major pollen dataset, con-
sisting of 96 samples and 14 pollen taxa, was employed. Fourteen major pollen taxa
include Picea/Abies, Tsuga, Pinus, Quercus (D), Quercus (E), Castanopsis-type (mostly Cas-
tanopsis / Lithocarpus, rarely Castanea), Ulmus, Alnus, Betula, Liquidambar, Pterocarya, Poaceae,
Artemisia, and Labiatae. The PCA result indicates that the initial two principal components
(PCs) account for 26.7% and 22.1% of the variation of this dataset.

The biplot of the initial two PCs (Figure 7) shows the ordination of samples is closely
correlated with that of pollen taxa. On one axis, samples with high scores are primarily
composed of pollen types with high scores. The first PC axis distinguishes pine forests,
fir /spruce forests, and grasslands/wetlands on the negative end from other forest types.
Figure 7 also shows that typical pine forests, fir/spruce forests, and grasslands/wetlands
are reflected by pollen spectra of zones FXH-7, FXH-6, and FXH-1, respectively. The positive
end are DBFs predominated by Ligquidambar, Ulmus, Pterocarya, and Quercus (D). Those
DBEFs are reflected by the pollen spectra of zone FXH-3. The second PC axis separates pine
forests on the positive end, and EBFs, alder, and birch forests on the negative end. The
pollen spectra of zone FXH-2 likely reflect pure pine forests, whereas the pollen spectra of
zone FXH-5 reflect EBFs dominated by Castanopsis-type and evergreen oak as well as alder
and birch forests. The discrete distribution of pollen spectra for most pollen zones, such as
zone FXH-4, in the PCA biplot suggests the mixed feature of a variety of pollen sources
due to a huge lake catchment.

In the catchment of Lake Fuxian, modern pine forests are dominated by Pinus yunnanen-
sis and P. armandi. Pinus yunnanensis (yunnan pine) forest occurs in areas 1740-2100 m a.s.1.,
whereas P. armandi forest occur in areas of 1900-2300 m [44]. The climatic preference of
the Yunnan pine forest is for a dry winter and spring, wet summer and autumn, and
small seasonal temperature differences. Therefore, the pine forests inferred from the pollen
spectra of different zones may indicate different types of pine forests.

Hemlock forest and fir/spruce forests are cool and cold temperate montane coniferous
forests in western Yunnan and northeastern Yunnan. The former grows in mountainous
areas 2600-3400 m a.s.l.,, where the MAT, MAP, and MAH are 6-12 °C, >700 mm, and
>75%, respectively; the latter grows in areas 3000-4000 m a.s.l. with an MAT of 4.6-5.3 °C,
MAP of around 600 mm, and MAH of around 70% [59]. Hemlock forests and fir/spruce
forests indicated by pollen spectra are likely confined to limited areas on mountain summits
surrounding Lake Fuxian.

EBFs exhibit a broad distribution range, encompassing northern, central, and southern
regions of Yunnan across 3—4 latitudes. Vertically, they thrive at elevations 10002800 m a.s.1.,
covering a vertical gradient of nearly 2000 m. They contain warm EBFs in northern and
central Yunnan, where the MAT and MAP are 15-17 °C and 900-1200 mm, and warm-hot
EBFs in southern Yunnan, where the MAT and MAP are 17-19 °C and 1100-1700 mm. Warm
EBFs are dominated by Quercus delavayi, Castanopsis delavayi, C. orthacantha, Lithocarpus
echinotholus, L. craibianus, and L. variolosus along with Quercus aliena, Q. dentata, Q. griffithii,
Q. acutissima, and Q. variabilis. Warm-hot EBFs are dominated by Castanopsis hystrix, C.
indica, C. fluryi, Lithocarpus truncatus, Schima wallichii, and S. villosa. EBFs reflected by



Forests 2024, 15, 1075 11 of 20

the pollen spectra involve presumably warm and warm-hot EBFs before and after the
Holocene, respectively.
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Figure 7. Biplot of PCA on pollen percentages of 14 main pollen taxa from core FXH-1 in Lake Fuxian.
The red lines represent the trajectory of vegetation change, indicated by pollen zone centers.

DBFs are also extensively distributed throughout Yunnan. They include cold-temperate,
cool-temperate, warm, and warm-hot DBFs. Betula albo-sinensis, B. platyphylla, Quercus
pannosa, and Q. aquifolioides are common cold—temperate forests at 2800-3500 m a.s.l. in
northwest Yunnan, with a MAT of <10 °C and MAP of 700-900 mm. Quercus dentata and
Acer spp. forests are common cool-temperate ones at 2300-3500 a.s.l. in west and northwest
Yunnan, where the MAT and MAP are 7-12 °C and 900-1000 mm. Warm DBFs, such as
Quercus acutissima, Q. aliena, Q. variabilis, Juglans sigillata, and Alnus nepalensis forests, are
usually secondary forests after the disturbance of EBFs. Liguidambar formosana and Betula
alnoides forests are two primary warm-hot DBFs growing on hilly or mountainous terrains
at 1500-2000 m a.s.l., with a MAT of 16-20 °C and MAP of 1100-1700 mm. DBFs reflected by
fossil pollen spectra should include oak, alder, birch, elm, wingnut, and sweetgum forests.

4.5. Regional Vegetation Dynamics in the Catchment of Lake Fuxian since the LGM

As shown in Figure 8, the regional vegetation dynamics since the LGM in the catch-
ment of Lake Fuxian experienced seven stages:

Stage 7 (25,000-21,200 cal. a BP; pollen zone FXH-7): In the catchment of Lake
Fuxian, its hilly terrains were covered by EBFs, DBFs, and pine forests, and the summits
of mountains surrounding the lake by cool-temperate montane hemlock forests and cold-
temperate montane fir/spruce forests; its southern and northern lowlands are occupied
by grass wetlands or grasslands. EBFs of ca. 30.2% of the RVC (the zone average, the
same as below) were dominated by evergreen oak, Castanopsis, and Lithocarpus, along
with some DB trees and shrubs. DBFs of ca. 8% were composed of deciduous oaks,
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alder, birch, and elm. Pine forests of ca. 26.9% was probably predominated by Pinus
armandi, together with some likely P. yunnanensis. Montane hemlock forests (ca. 10.4%) and
fir/spruce forests (ca. 7.9%) were the first and second maxima of the entire sequence. Grass
wetlands and grasslands of ca. 16.6% were dominated by Poaceae, Labiatae, and Artemisia.
The vegetation density, as indicated by the pollen influx values, was low in this stage.
However, a high vegetation density with more fir/spruce forests (ca. 11.6%) occurred at
25,000-24,400 cal. a BP, suggesting the occurrence of an abrupt centennial vegetation shift

event (ACVSE).
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Figure 8. A comparison of the plant abundances and vegetation density of different vegetation types
with regional climatic conditions, summer insolation, monsoon intensity, ocean SST (sea surface
temperature), and temperature of Greenland since the LGM: (a) coniferous forests, (b) EBFs, (c) DBFs,
(d) grassland and wetland, (e) total pollen influx (a proxy of vegetation density) of this study; (f) 25°
N summer insolation (W/m?2) [60], AMAP (g), and AMAT (h) in the Lake Qinghai catchment of west
Yunnan [61], (i) a composite Chinese cave 5180 record (a proxy of Asian monsoon intensity) [62] and
an Indian cave §'80 record (a proxy of South Asian monsoon intensity) [63], (j) tropical Indian Ocean
SST [64], and (k) a GISP2 6!80 record in Greenland [65] (a proxy of temperature of high latitude in
the Northern Hemisphere).

Stage 6 (21,200-17,500 cal. a BP; pollen zone FXH-6): EBFs (ca. 25.8%), DBFs (ca.
6.0%), and montane hemlock forests (ca. 4.2%) shrank, whereas pine forests (ca. 28.7%)
and montane fir/spruce forests (ca. 14.6%), as well as grasslands and grass wetlands (ca.
20.7%), expanded in the lake catchment. In pine forests, Pinus armandi likely still had
greater presence than P. yunnanensis. The vegetation density was still as low as that of the
previous stage.

Stage 5 (17,500-13,300 cal. a BP; pollen zone FXH-5): EBFs (ca. 29.1%) and DBFs (ca.
19.2%) expanded at the expense of pine forests (ca. 19.4%) and montane hemlock and
fir/spruce forests (ca. 3.7% and 4.4%). Among DBFs, deciduous oak forests (ca. 11.7%)
and alder forests (ca. 3.7%) significantly increased. In pine forests, Pinus armandi was
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presumably replaced by P. yunnanensis gradually. The forest density increased to become
dense. Grasslands and grass wetlands (ca. 24.2%) slightly expanded. A quick expansion of
EBFs (ca. 31.2%) and DBFs (ca. 12.9%), as well as grasslands and grass wetlands (ca. 36.2%),
and an abrupt decline in pine forests (ca. 12.9%), montane hemlock forests, and fir/spruce
forest (ca. 0.9% and 5.9%) occurred at the onset of this stage from 17,500 to 16,700 cal. a BP,
implying an ACVSE.

Stage 4 (13,300-11,200 cal. a BP; pollen zone FXH-4): Grasslands and grass wetlands
(ca. 27.9%) and DBFs (ca. 22.5%) expanded slightly at the cost of EBFs (ca. 21.6%). Pine
forests (21.2%), montane hemlock forests, and fir/spruce forests (ca. 3.3% and 3.6%)
changed a little. However, sweetgum forests began to invade the lake catchment. The
vegetation density became denser and denser, reaching its maximum. At the end of this
stage from 11,500 to 11,200 cal. a BP, the lake catchment witnessed a quick expansion
of EBFs and alder forests and a fast reduction in pine forests and grasslands, indicating
another ACVSE.

Stage 3 (11,200-5000 cal. a BP; pollen zone FXH-3): Sweetgum forests expanded non-
linearly to their maximum (ca. 20.2%) of the whole series at 10,000-6500 cal. a BP and then
declined non-linearly to almost disappearance. Pine forests (ca. 16.6%) and EBFs (ca. 14.8%)
shrank, whereas montane hemlock forests and fir/spruce forests (ca. 3.0% and 1.6%) as well
as grasslands and grass wetlands (ca. 27.2%) maintained their presence from the previous
stage. The vegetation density was unchanged from that of the previous stage until 6500 cal.
a BP, when it became progressively less dense. In this stage, the periods of 6800-6400 and
5500-5000 cal. a BP saw abrupt declines in sweetgum forests and the vegetation density as
well as great expansions of grasslands and wetlands, implying another two ACVSEs.

Stage 2 (50002500 cal. a BP; pollen zone FXH-2): Pine forests (ca. 33.2%) expanded
quickly to reach a maximum of the complete sequence, whereas DBFs (ca. 13.1%) and
EBFs (ca. 11.3%) thinned. Among DBFs, sweetgum forests rapidly declined to almost
vanish. Montane hemlock forests and fir /spruce forests appear occasionally. Grasslands
and wetlands (ca. 40.4%) expanded significantly. The vegetation density exhibited a
high—low-high pattern but much lower than those of the previous three stages.

Stage 1 (2500 cal. a BP to the present; pollen zone FXH-1): After 2500 cal. a BP, pine
forests contracted swiftly to their lowest of the whole series around 1500 cal. a BP and then
rose again. Overall, the forests displayed non-linear decline patterns up to the present,
whereas grasslands and wetlands (ca. 60.9%) expanded to their maxima. The minimum
vegetation density of the entire sequence occurred in this period. The unusually high
presence of Poaceae (ca. 56.5%) in this stage should be related to the great increase of
cultivated vegetation.

Overall, the regional vegetation dynamics since the LGM in the catchment of Lake
Fuxian experienced seven stages of vegetation changes in forest types as well as grasslands
and wetlands. Stage 7 saw a regional vegetation predominated by EBFs, DBFs, and conifer-
ous forests, including pine forests, montane hemlock forests, and fir/spruce forests. Stage 6
saw an expansion of grasslands and a shrinkage of EBFs and DBFs. Stage 5 witnessed the
expansion of deciduous oak and alder forests as well as EBFs. The regional vegetation in
stage 4 was dominated by pine forests, DBFs, grasslands and wetlands. Sweetgum forests
and pine forests reached their maximums in stages 3 and 2, respectively. A big deforestation
happened in stage 1, when grasslands, wetlands, and cultivated vegetation dominated the
regional vegetation in the catchment of Lake Fuxian.

5. Discussion

The Lake Fuxian pollen record uncovers seven stages of relatively stable regional
vegetation (corresponding to seven pollen zones), six significant vegetation transitions
(equivalent to six pollen zone boundaries), five ACVSEs, and a big deforestation event
(Figure 8).
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5.1. Regional Vegetation Dynamics in the Lake Fuxian Catchment since the LGM in Response to
Climate Change

Stage 7 of 25,000-21,200 cal. a BP corresponds roughly to the early LGM, when Yunnan
experienced the coldest MAT and lowest MAP (Figure 8g,h). The reconstructed MATs and
MAPs from fossil pollen spectra of Lake Qinghai (Tengchong) in west Yunnan were >6 °C
and >600 mm lower than their contemporary values in this stage [61] during the following
occurrences: the minimum of summer insolation of 25° N [60], coldest tropical Indian Ocean
SST [64] and Greenland air temperature, and the weakest Asian and South Asian summer
monsoons [62,63,66]. In this study, the redness of lake sediments at this stage (Figure 3),
a proxy of erosion intensity [55], shows subdued surface erosions in the lake catchment,
implying harsh climatic conditions. The lake catchment under such climatic conditions
was occupied by the maximum evergreen oak forest (likely evergreen sclerophyllous oak
forest, in a similar situation to the Lake Qinghai catchment in west Yunnan [31]) and the
first and second maxima of the montane hemlock forest and fir/spruce forest of the entire
sequence, indicating the response of the forests to climate changes. The same fact was also
found in other lake catchments at this stage. In northwest Yunnan, vegetation at this stage
was dominated by sparse grasslands in the catchments of Lakes Shudu [29] and Lugu [28],
where montane fir/spruce forests and evergreen sclerophyllous oak forests grow at present
under climatic conditions of MATs of 15 and 12.9 °C and MAPs of 600 and 1000 mm. In
west Yunnan, evergreen sclerophyllous oak forests dominated the Lake Qinghai catchment,
where modern vegetation in the lake catchment is warm EBFs under climatic conditions
of an MAT and MAP of 15.4 °C and 1500 mm [31]. In central and southern Yunnan, the
regional vegetation at this stage was dominated by fir/spruce forests, EBFs, and DBFs in
the catchments of Lakes Xingyun and Yilong, where semi-humid, warm EBFs and Yunnan
pine grow today under climatic conditions of MATs of 16.1 and 18 °C and MAPs of 870 and
928 mm. Interestingly, an ACVSE at 25,000-24,400 cal. a BP seems to occur with a transient
amelioration of climatic conditions, as shown in Figure 8.

Stage 6 of 21,200-17,500 cal. a BP is equal to the late LGM, when the MAT and MAP
still were low in Yunnan. However, regional vegetation in the Lake Fuxian catchment
experienced a major transition from hemlock-dominated to fir/spruce-dominated forests
and a gradual uptrend in the vegetation density, which seemingly followed the increasing
trend of summer insolation. A similar pattern was also found in the regional vegetation of
the Lake Xingyun catchment [33].

Stage 5 of 17,500-13,300 cal. a BP is the last deglaciation following the LGM. In the
last deglaciation, the MAT and MAP became higher and higher in Yunnan [61,67], while
Asian and South Asian monsoons weakened and then strengthened. Regional vegetation
in the catchments of Lakes Fuxian, Xingyun [33], and Dianchi [32] experienced a major
transition from montane forests dominated by hemlock, fir/spruce, and pine to broadleaved
forests dominated by Castanopsis, evergreen, and deciduous oaks. The vegetation density
in the Lake Fuxian catchment of this stage was about twice as much as the previous
stage, markedly following the increase of summer insolation, the amelioration of regional
and global climatic conditions, and the strengthening of Asian and South Asian summer
monsoons. The regional vegetation witnessed a significant increase of birch/hornbeam
forests in the catchments of Lakes Shudu, Lugu, and Qinghai of west and northwest Yunnan,
reflecting the response of the vegetation to climate changes. Interestingly, a quick expansion
of EBFs and DBFs and an abrupt decline in pine forests, montane hemlock forests, and
fir/spruce forests as well as a major drop in the vegetation density occurred in a period
of less than 800 years from 17,500 to 16,700 cal. a BP, probably implying the response of
regional vegetation to Heinrich event 1 [65].

Stage 4 of 13,300-11,200 cal. a BP is roughly equal to the Younger Dryas Chron
geochronologically. Climatic conditions during this stage were characterized by a drop in
the regional and hemispheric temperatures (including the air temperature and SST) and
regional precipitation, as well as the weakening of summer monsoons. This change is
also widely recorded in Yunnan [14,68,69]. The regional vegetation in the catchment of
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Lake Fuxian underwent another significant vegetation transition, from broadleaved forest-
dominated to pine forest and grassland-dominated vegetation and an ever-increasing trend
of vegetation density through the entire stage. In the catchments of Lakes Xingyun [33]
and Dianchi [32], more hemlock, fir/spruce, and birch forests occurred in the regional
vegetation, and the vegetation density of this stage was about twice as much as the previous
stage. It seems expected that the regional vegetation changed in response to climate change.
Interestingly, this stage saw a high vegetation density. An explanation of this fact is that
this stage is in the 25° N summer insolation maximum period of ca. 12,000-9000 cal. a
BP and growing-season warming, thus favoring vegetation to flourish. This explanation
seems reasonable, since the total pollen influx values and 25° N summer insolation changed
synchronously over the last 25,000 years, as shown in Figure 8e f. An alternative explanation
is that climatic conditions during the Younger Dryas favored the growth of forests and
grasslands in central Yunnan. The end of this stage from 11,500 to 11,200 cal. a BP saw a
quick expansion of EBFs and alder forests, a fast shrinking of pine forests and grasslands,
and a great drop in the vegetation density, probably implying a centennial cold event as
indicated by the MAT in the Lake Qinghai catchment and Indian Ocean SST.

Stage 3 of 11,200-5000 cal. a BP corresponds to the early-mid-Holocene, character-
ized by global warming and the intensification of the Asian summer monsoon [70]. The
regional vegetation in the catchment of Lake Fuxian experienced another major vegetation
transition from pine forests and grassland-dominated vegetation to sweetgum forest and
DBF-dominated vegetation at 11,200 cal. a BP. Similar vegetation change patterns involving
sweetgum forests and other warm DBFs were also found in the response of regional vege-
tation dynamics to climate changes in the catchments of Lakes Xingyun [33], Dianchi [32],
Yangzonghai [71], Yilong [72], and Qinghai [31]. The sweetgum forest is a warm-hot DBE,
favoring hot and wet climatic conditions in hilly terrains, where the MAP is 900-1200 mm
and the MAT is 16-20 °C, with an extremely warm temperature of ca. 36 °C [59]. Obviously,
its appearance and expansion to its maximum of the entire sequence in central Yunnan
resulted from the regional vegetation response to the amelioration of climatic conditions
during the early-mid-Holocene. During this stage, two ACVSEs characterized by abrupt
declines in the sweetgum forests and vegetation density as well as great expansions of
grasslands and wetlands occurred at 6800-6400 and 5500-5000 cal. a BP. The first event
might be associated with a regional cold event around 6.5 cal. ka BP [73]; the second event
was probably related to a weak South Asian summer monsoon event [74,75].

Stage 2 of 5000-2500 cal. a BP is the early period of the late Holocene. In this stage, the
MAT and MAP became lower and lower in Yunnan, and Asian and South Asian monsoons
weakened [74,76,77]. The regional vegetation changed from sweetgum forest-dominated
to pine forest-dominated in the catchments of Lake Fuxian and other lakes in central
Yunnan [32,33,71,72]. It is certain that the regional vegetation change in this stage was
the response of the vegetation to a deteriorative climate. Furthermore, the vegetation
density after 5000 cal. a BP also exhibited a non-linear downward trend following summer
insolation and the deterioration of climatic conditions.

During the Holocene, North Atlantic and monsoon Asia experienced a series of
centennial cold/monsoon weakening events [22,78-82]. Among them, the events around
11,000, 6500, and 5300 cal. a BP left their footprints on the regional vegetation of the Lake
Fuxian catchment. However, most of them did not leave significant proofs in the regional
vegetation, especially the events lasting several centuries, such as 8.2, 4.2, and 2.8 ka events,
although some events may leave their hints in the regional vegetation, such as a drop in the
sweetgum abundance around 8.2 cal. ka BP, presumedly implying the 8.2 ka event. This
phenomenon is thus probably caused by (1) a limited sampling resolution, (2) a limited
amplitude of climate events, (3) a limited sensitivity of vegetation to climate change, and
(4) the lack of definite criteria to define an event using vegetation proxies.
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5.2. Regional Vegetation Dynamics in the Lake Fuxian Catchment since 2500 cal. a BP in Response
to Human Activities

Stage 1 of 2500-0 cal. a BP is the late period of the late Holocene with the lowest
MAP and MAT of the Holocene. The regional vegetation experienced a major transition
from forest-dominated to grassland and wetland-dominated at 2500 cal. a BP. The forests
thinned after 2500 cal. a BP to reach their minima around 1500 cal. a BP, implying that a big
large-scale and long-term deforestation event happened in central Yunnan at this stage. The
redness of lake sediments showed a pronounced peak after 2500 cal. a BP, aligning with
elevated magnetic susceptibility, suggesting the degradation of basin vegetation and the
exacerbation of soil erosion due to human activities during this stage [55]. This deforestation
event, initiated as early as 2500 cal. a BP, reached its maximum at ca. 1500 cal. a BP and
probably has not yet ended. This interpretation is supported by proxies of human activities
from adjacent lakes, archaeological evidence, and historical documents. In the catchment
of Lake Xingyun, the comprehensive suite of biogeochemical and isotopic proxies indicates
that human activities have profoundly affected the lake for >1500 years [83]. Human
activities around Lake Qilu, located approximately 17 km away from the Lake Fuxian, were
also be dated back to around 1500 cal. a BP, when this lake bore distinctive anthropogenic
influences, manifesting in the transportation of red and iron-rich catchment soil into the
lake and exhibiting elevated oxygen isotope values. These changes are likely the result
of land clearance for the expansion of agricultural activities [84]. Several archaeological
sites such as the Anjiang site (2520-2470 cal. a BP) [85], Dayingzhuang site (2580-2400 cal.
a BP) [86], and Yangputou site (2570-2030 cal. a BP) [87] were found in the Lake Fuxian
catchment. Bronze culture reached its highest level and began the transition to the Iron Era
in the Dianchi area around 2200 BP (before present), when much of the coal required for
bronze and/or iron smelting was sourced from cutting down a considerable number of
trees [88]. In 279 BC (2229 BP), Qiao Zhuang, a general of the Chu kingdom in the middle
Yangtze River, led his army into the Dianchi and Lake Fuxian catchments of central Yunnan,
and he eventually became King of the Dian kingdom and brought the advanced culture
and production technology of the Chu kingdom to central Yunnan, accelerating the local
social and economic development [89]. Dian became a vassal kingdom of Han China at
2090 BP. Wen Chi, the Han administrator of the central Yunnan, firstly introduced terraced
and watered fields at approximately 1780 BP. Around 1290 BP, the people of Nan Zhao in
the catchment of Lake Erhai increasingly migrated into central Yunnan, and a city named
Tue Dong near the northern shore of Lake Dianchi was established at 1230 BP. A total of
10,000 families of North China came to central Yunnan thirty years later, when wheat was
cultivated on the terraced hillsides and rice in the valleys; as well, brooks and streams were
utilized for irrigation [90]. In the Ming and Qing dynasties, mass migrations into Yunnan
occurred, resulting in the growth of the population and the development of agriculture,
and the demand for land increased significantly, making deforestation and the enlargement
of cultivable land unavoidable. Since then, the PAs and vegetation densities of forests have
never returned to the level at 2500 cal. a BP, even recently.

Overall, there is a marked response of regional vegetation in the Lake Fuxian catch-
ment to both regionally cooling/warming and weakening/strengthening Asian summer
monsoons. However, the vegetation density in the lake catchment and summer insolation
of 25° N change synchronously without obvious lag. During the last 2500 years, human
activities became the dominant force controlling the vegetational dynamics and density.

6. Conclusions

In this study, a pollen analysis of core FXH-1 was carried out to uncover regional vege-
tation dynamics since the LGM in the Lake Fuxian catchment. The following conclusions
were obtained:

1. The results of the cluster analysis and PCA on pollen percentage taxa show that fossil
pollen spectra of core FXH-1 can be divided into seven pollen zones distinctly.
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2. The PAs estimated from the REVEALS model exhibit this model’s applicability in
assisting the vegetational interpretation of fossil pollen data.

3. This study reveals that the vegetation dynamics since the LGM in the Lake Fux-
ian catchment experienced seven relatively stable stages, six major transitions, five
centennial shift events, and one big large-scale and long-term deforestation event.

4. In the Lake Fuxian catchment, 25,000-21,200 cal. a BP saw some EBFs, DBFs, pine
forests, hemlock forests, and fir/spruce forests, as well as few grasslands and wetlands;
21,200-17,500 cal. a BP witnessed remarkable expansions of pine forests and fir/spruce
forests; a great expansion of DBFs and EBFs occurred at 17,500-13,300 cal. a BP; the ex-
pansion of pine forests and alder forests as well as the shrinkage of EBFs and hemlock
forests occurred at 13,300-11,200 cal. a BP; during 11,200-5000 cal. a BP, sweetgum
forests reached their maximum of the last 25,000 years; during 5000-2500 cal. a BP,
pine forests reached their maximum of the entire sequence, and sweetgum forests
diminished to near absence. The last 2500 years saw a big deforestation event.

5. Vegetation density in the lake catchment has changed synchronously with summer
insolation of 25° N since the LGM.

6. Regional vegetation dynamics since the LGM in the Lake Fuxian catchment were
associated with hydrothermal conditions during 25,000 to 2500 cal. a BP and human
activities during the last 2500 years.
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