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ARTICLE INFO ABSTRACT

Keywords: An alpine wetland core was obtained to a depth of 4.0 m from the Fanjing Mountain in southwest China. Sections
Holocene of the core were dated with '*C data obtained with high resolution mass spectrometry (AMS), and Holocene
Climate change climate changes were inferred by categorizing predominant tree and fern vegetation identified from pollen and
EZI;?\;‘ spore counts at various core depths. The temperature increased during 11.9-8.0 cal ka BP, and the warmest

period was during 8.0-4.6 cal ka BP. Then, it gradually became cooler during the late Holocene. Our temperature
estimates were in good agreement with the previous studies of the Holocene temperature in the Asian monsoon
areas. There were two relatively wet periods of 10.7-8.0 cal ka BP and 4.6-2.6 cal ka BP. There was an asyn-
chronous precipitation trend in the south, north and southwest China, which was probably due to the different
monsoon impacts. In East Asian summer monsoon (EASM) area, the monsoon precipitation gradually trans-
gressed northward during the early to middle Holocene and regressed southward during the late Holocene. Our
results will be useful to improve the understanding of the coherent spatio-temporal patterns of climate evolution

Alpine wetland

in EASM region in China.

1. Introduction

East Asian monsoon (EAM) climate system transports heat and
water vapor from the Pacific and Indian Oceans to the Asian continent
and thus controls air temperature, precipitation amount and vegetation
development (Zhou et al., 2016). Recently, a large number of palaeo-
environmental records have been used to understand the Holocene
climate change in the east EAM areas in China (Chen et al., 2014;
Dykoski et al., 2005; Mackenzie et al., 2018; Shen et al., 2006; Song
et al., 2012; Stebich et al., 2015; Wang et al., 2005; Xiao et al., 2014;
Yang et al., 2016). However, the Holocene climate change history as
reconstructed from different regions shows spatio-temporal variability
and different control mechanisms of the Asian monsoon (Wang et al.,
2010). In southwest China (i.e., Tibetan Plateau and Yunnan Province),
the cold and dry climate gradually transitioned to warm and wet con-
dition during the early to middle Holocene, and afterwards, reverted to
cold and dry climate (Xiao et al., 2014; Yang et al., 2016). The warm
and humid climate indicates strong Indian summer monsoon (ISM), and
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the cold and dry climate denotes weak ISM (Xiao et al., 2014; Yang
et al., 2016). In the north China, Holocene climate changes as shown by
the geological records were very similar to the southwest China and the
impact by East Asian summer monsoon (EASM) was weak (Chen et al.,
2014). In northeast China, the Holocene precipitation trend derived
from pollen records reached a maximum at approximately 4000 cal a
before present (BP), and decreased afterwards (Stebich et al., 2015). In
the south China, there are debates about the Holocene climate dy-
namics, their variation history and the main control factors of ISM or
EASM (Jia et al., 2015; Sheng et al., 2017; Wu et al., 2012). With re-
spect to the timing of the Holocene Optimum (HO) in the EAM region,
there is a time-regression hypothesis that EASM maximum retreated
southeastward because of weakening of summer insolation throughout
the Holocene (An et al., 2000; Zhou et al., 2016). However, Ran and
Feng (2013) pointed out that the strength of EASM had gradually
transgressed northward in the early Holocene and then gradually re-
gressed southward in the late Holocene. Therefore, more high-resolu-
tion Holocene climatic records are needed in south China to better
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understand the mechanisms controlling the spatio-temporal variability
of the EAM in China.

In this study, we conducted a high-resolution palynological analysis
for an accelerator mass spectrometry (AMS) carbon 14 (**C) dated se-
dimentary core from Jiulongchi wetland in Fanjing Mountain, located
in southwest China. Our objectives are to reconstruct the history of
Holocene climate dynamics and to understand the spatio-temporal
patterns of climate evolution in EASM region in China. Holocene pre-
cipitation asynchronous among south, southwest and north of China is
also generally discussed.

2. Geological setting

Fanjing Mountain (27°49°50"-28°01°30" N, 108°45°55"-108°48°30"
E) lies in northeastern Guizhou province, the transitional zone from the
Yunnan-Guizhou Plateau towards the Western Hunan Hills. It is located
the center of subtropical region in China, and is characterized by the
humid subtropical monsoon climate in mountain area. The average
annual temperature is about 6-17 °C. The coldest and hottest month is
January and July, with an average of 3.1-5.1 °C and 15-27 °C, respec-
tively. The annual precipitation is about 1100-2600 mm. In this region,
the Precambrian strata had been well preserved and widely distributed,
including Fanjingshan Group (ca. 270km?), and the Neoproterozoic
Banxi Group (Su et al., 2014). The elevation of its peak is about 2572 m
and the foot of the mountain is about 500 m. The vertical zonal vege-
tation were divided into five zones, including evergreen broadleaf
forest (0-1300 m), mixed evergreen and deciduous broadleaf forest
(1300-1900 m), deciduous broadleaf forest (1900-2100 m), coniferous
forest (2100-2400 m) and meadow (2400-2572m). It provided im-
portant shelters for many relict, endemic and endangered plant species
(i.e., Paulownia kawakamii, Bretschneidera sinensis) and animal species
(i.e., Andrias davidianus, Moschus berezovskii).

3. Materials and methods
3.1. Sample collection

We collected a 4 m sediment core (marked as JL15) in October 2015
by a Russian peat sampler (6 cm in diameter) from Jiulongchi wetland
at Fanjing Mountain, Guizhou province of China (Fig. 1). The location is
108°41733.05"E and 27°53°57.82" N with an altitude of 2048 m above
the sea level. This site is generally located at the broad-leaved decid-
uous forest zone. The core was sectioned on site at 5 cm intervals into
80 samples. The sediments were mainly composed of clay. The colors
changed from light to dark with increasing depth. The water contents
were all higher than 40%, and decreased with increasing depth.

3.2. Palynological analysis

Sample aliquots (1.4-2.5 g) were dried at 105 °C overnight and then
subjected to hydrochloric acid (15%, HCl) and hydrofluoric acid (45%,
HF) digestion for subsequent palynological analysis according to the
general procedure outlined by (Faegri and Iversen, 1989). After mixed-
acid digestion, the slury was sieved through a 7-um mesh to remove
small particles. Lycopodium spores were added to each sample to cal-
culate the pollen concentrations. The pollen and spores were identified
using a LEICA (DMR) microscope at 400 X magnification. All sample
counting was completed using at least two slides and generally, the
pollen counts exceeded 300 grains. The arboreal pollen/total pollen
(AP/T) ratio was calculated to simplify the interpretation of pollen
records. Pollen diagrams and assemblage zone boundaries were drawn
using stratigraphically constrained cluster analysis (CONISS) with the
Tilia 1.7.16 software package (Grimm, 2011).
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3.3. AMS C dating and calibration

We chose nine bulk organic matter samples at different depths in the
core and sent them to the Beta Analytic Testing Lab (Miami, Florida,
USA) for AMS '*C age determination (Table 1). The Clam 2.0.1 software
was used to calibrate all radiocarbon ages (Blaauw, 2010). Radiocarbon
ages were calibrated using the INTAL13 tree-ring dataset (Reimer et al.,
2013).

3.4. Statistical analysis

The pollen types including 102 pollen taxa from the JL15 core were
subjected to principle component analysis (PCA) to obtain the variation
trends in pollen sequences by extracting the main information of en-
vironmental change following the method of Etienne et al. (2013) and
Xu et al. (2013). Two main factors were selected according to the score
ranking. Based on the eigenvalue difference of X/Y axis and the eco-
logical characteristics of pollen taxa, the environmental information
reflected by the two axes could be inferred and interpreted, respec-
tively.

4. Results
4.1. Stratigraphy and chronology

In the Jiulongchi wetland, the sedimentary environment was rela-
tively stable during the Holocene, with the similar sediments of silty
clay (Fig. 2). The nine AMS '*C dates were used as chronological con-
trol for the palynological spectrum (Table 1). Based on the calm 2.0.1
software, we calculated the ages of climate change points and sedi-
mentation rates (Fig. 2), without considering sediment compaction ef-
fects. The sedimentation rate fluctuated from 7.4 to 166.7 cm ka™'. The
lowest was (9.9 cm ka™ ') and the range was between 0 and 25 cm (ca.
0-2572cal a BP). The sedimentation rates were 43.9cm ka~! and
82.9 cm ka ™! in the periods of 4635-2572 cal a BP and 10699-7996 cal
a BP, respectively. The highest value was (165.13 cm ka ') occurring
between 325 and 355 cm depths (ca. 10517-10699 cal a BP).

4.2. Pollen data

Totally 102 pollen types were identified in the core JL15 samples,
including 70 arboreal taxa, 25 herbaceous taxa and 7 fern taxa. The
main results of the analysis are presented in simplified pollen diagrams
(Fig. 3). According to the relationship between the parent plant and
biotope, the palynomorph included four groups: conifer arboreal pollen
(AP), broadleaf AP, non-arboreal pollen (NAP), and fern spores. Based
on CONISS analysis, the identified pollen assemblage could be divided
into five major zones (Fig. 3).

Zone I (398-355.5 cm, 11.9-10.7 cal ka BP) revealed predominance
of broadleaf AP taxa (69.1%) with Cyclobalanopsis (32.3%) and Carpinus
(7.5%). The conifer AP was about 4.7% and the herb pollen was about
12.1%. The fern spores accounted for 14.0% in which Polypodiaceae
(12.6%) was predominant.

Zone II (355.5-175.5cm, 10.7-8.0cal ka BP) revealed pre-
dominance of broadleaf AP taxa (82.9%) with Cyclobalanopsis (48.6%)
and Carpinus (6.0%). The conifer AP decreased to 3.6% and the herb
pollen decreased to 5.1%. The fern spores were 8.4% in which
Polypodiaceae (7.8%) was predominant.

Zone III (175.5-108.5cm, 8.0-4.6cal ka BP) revealed pre-
dominance of broadleaf AP taxa (87.5%) with Cyclobalanopsis (53.6%)
and Carpinus (5.2%). The conifer AP decreased to 2.9% and the herb
pollen was 5.1%. The fern spores were 8.4% in which Polypodiaceae
(5.9%) was predominant.

Zone IV (108.5-18.5 cm, 4.6-2.6 cal ka BP) revealed predominance
of broadleaf AP taxa (82.9%) with Cyclobalanopsis (50.4%) and Carpinus
(5.7%). The conifer AP was 3.6% and the herb pollen increased to 8.4%.
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Fig. 1. Location of the sampling site at Jiulongchi wetland in Fanjing Mountain, SW China (a) and the topographic map of Fanjing Mountain (b).

Table 1

AMSC dates for the core JL15 from Jiulongchi wetland in Guizhou Province, SW China.
Depth (cm) Materials 813C (%o0) l4c age (a BP) Calibration (a BP) Probability (%) Code No.
2.5 organic —-25.3 370 = 30 425 = 111 95 Beta-452781
27.5 organic —26.2 2570 = 30 2815 = 79 95 Beta-438337
57.5 organic -27.6 4010 *= 30 / / Beta-452782
102.5 organic —-28.4 3680 + 30 4520 + 109 89.4 Beta-438338
177.5 organic —28.9 6370 = 30 8107 = 90 95 Beta-452783
242.5 organic -30.0 7610 = 30 9454 + 24 95 Beta-438339
317.5 organic —-28.7 8280 *= 30 10472 + 208 95 Beta-452784
357.5 organic —-28.5 8430 = 30 10711 =+ 54 93.4 Beta-438340
397.5 organic —-25.9 9040 *= 30 11941 =+ 118 95 Beta-452785

The fern spores were 5.1% in which Polypodiaceae (5.3%) was pre-
dominant.

Zone V (18.5-0 cm, 2.6 cal ka BP— present) revealed predominance
of broadleaf AP taxa (69.1%) with Cyclobalanopsis (32.1%). The conifer
AP was 4.7% with Pinus (8.8%). The herb pollen increased to 12.1%.
The fern spores increased to 14% with Polypodiaceae (9.9%) being
dominant.

4.3. PCA of pollen data

The PCA biplots for the main pollen types are shown in Fig. 4. In the
first principal component, the eigenvalues of axis 1 was 0.73. However,
the eigenvalue of axis 2 was only 0.06 (Fig. 4). The AP pollen of Pinus,
Carpinus (broadleaf deciduous), Fagus (temperate deciduous), and
Quercus (temperate evergreen), as well as the NAP pollen of Artemisia,
Cyperaceae, Poaceae, and Polypodiaceae were in the positive direction.
The AP pollen of Cyclobalanopsis (tropical to subtropical) was in the
negative direction. In this case, the negative score indicates a warmer
climate, whereas the positive score denotes a cooler climate.

5. Discussion
5.1. Climate change inferred from the pollen record

The AP/T ratio has been recognized as one of the important cool/
warm proxies (Park et al., 2016; Zhou et al., 2016). It has similar trend
with the F1 score in this study, which revealed a detailed Holocene
history of vegetation and climate change in this area (Fig. 5).

During 11.9-10.7 cal ka BP (Zone I), the percentages of subtropical
AP and subtropical to tropical AP were 33.5% and 11.9%, respectively.
The proxies of AP/T and F1 score were 8.6 and 1.5, respectively. They
suggested a relatively cooler climate. In this period, the herb and fern
spores mainly consisted of Cyperaceae, Poaceae and Polypodiaceae,
which suggested a wetland or relatively wet terrestrial environment at
that time (Panigrahi and Patnaik, 1961; Yang et al., 2016). The nearby
records in Tiancai Lake, Erhai Lake and Lugu Lake in Yunnan Province,
southwestern China (Fig. 1) (Shen et al., 2006; Xiao et al., 2014) also
indicated a cold and dry climate in this period. Therefore, the Jiu-
longchi lake would start to transition to a wetland environment at that
time due to the cool and dry climate.

During 10.7-8.0 cal ka BP (Zone II), the percentage of subtropical
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Fig. 2. Schematic diagram of lithologic variation and Bayesian age-depth model for core JL15 from Jiulongchi wetland in Guizhou Province, SW China.

AP and subtropical to tropical AP increased to 49.7% and 13.6%, re-
spectively, and the conifer AP and temperate AP showed a decreasing
trend compared to the earlier period. The proxies of AP/T and F1 score
were 9.4 and — 0.1, respectively. Such variations of the spectrum would
suggest a warmer climate. In this period, the percentage of herb and
fern spores decreased. The pollen concentration and sedimentation
rates were relatively high, 109.5 x 10 grains/g and 82.9cm ka™?,
respectively. These would be due to a wetter climate than the earlier

Conjfer AP

period. In a separate investigation adjacent to our study area, a paly-
nological record from Tiancai lake (Fig. 1) showed that the Betula
pollen content gradually decreased, the deciduous Quercus and Tsuga
pollens increased, and the treeline continued to rise in the early Ho-
locene (Xiao et al., 2014). Another nearby lake sediment (Qinghai
crater lake) also revealed a decrease for the drought-resistant herbac-
eous components and an expansion of the evergreen broadleaved forest
in this period (Xiao et al., 2014). Meanwhile, the pollen evidence from
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Fig. 3. Pollen percentage diagram with zones identified using CONISS software for the core JL15 from Jiulongchi wetland of Fanjing Mountain, SW China.
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Erhai lake (Fig. 1) suggested an increasing trend for the evergreen
broadleaved trees (Cyclobalanopsis, Lithocarpus and Castanopsis) and
Tsuga taxa (Shen et al., 2006). These variations of pollen spectrum from
southwest China lakes indicated the gradually warming and wetting
climate in the early Holocene, which was consistent with our results as
recorded in JL15 core from Fanjing Mountain. Our results showed that
the temperature increased through 11.9 cal ka BP to 8.0 cal ka BP, and
it was the Holocene climatic optimum (HO) during 8.0-4.6 cal ka BP.
This record of temperature variation was similar with a previous report
about HO during 11.5-6.5 cal ka BP at Huguangyan Maar Lake in south
China, approximately 800km southeast from our study site (Wang
et al., 2007, 2016; Zhou et al., 2016).

During 8.0-4.6 cal ka BP (Zone III), the percentage of subtropical AP
and subtropical to tropical AP increased up to 54.5% and 15.5%, re-
spectively. The lower percentage of conifer AP and Temperate AP
combined with the proxies of AP/T (9.6) and F1 score (—0.6) would
suggest a warmer climate. In this period, the decreasing percentages of
herb and fern spores and the lower pollen concentration (93.6 x 10°
grains/g) and sedimentation rate (20cm ka™!) would indicate a
warmer and drier climate. Many other lake records in south China
showed similar trends. The pollen records of Qinghai crater lake
showed that the evergreen broadleaved tree pollens increased, while
the deciduous Quercus decreased and was gradually replaced by rela-
tively warm local genus of Alnus during 8.0-4.6 cal ka BP (Yang et al.,
2016). At Chenghai lake, the pollen record indicated a warm period
with relatively high proportion of tropical trees during 8.2-4.7 cal ka

Age  Depth
(calaBP) /cm
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BP (Xiao et al., 2018). The Tsuga forest coverage continued to increase
in 8.2-6.2 cal ka BP at Tiancai lake (Xiao et al., 2014), and the ever-
green broadleaved forest and the Tsuga continued to increase in
8.4-6.4 cal ka BP at Erhai lake (Shen et al., 2006). All of these records
were in good agreement with our results.

During 4.6-2.6 cal ka BP (Zone IV), the percentages of subtropical
AP and subtropical to tropical AP were 51.8% and 14.9%, respectively.
The percentage of conifer AP and temperate AP were similar to that in
8.0-4.6 cal ka BP. The proxies of AP/T and F1 scores were 9.1 and
—0.3, respectively, which indicate that it was still in the warm period.
In this period, the percentage of herb slightly decreased (7.3%) and the
fern spores slightly increased (6.0%). The pollen concentration and
sedimentation rates were very high with 172.6 x 10 grains/g and
43.9cm ka~ ! respectively. Therefore, the climate would have been
relatively warm and wet in this period.

During 2.6 cal ka BP to present (Zone V), the percentage of sub-
tropical AP and subtropical to tropical AP decreased to 34.8% and
10.8%, respectively. However, the percentage of conifer AP and tem-
perate AP increased to 8.8% and 7.8%, respectively. The proxies of AP/
T and F1 scores changed to 8.0 and 1.4, respectively. These data would
indicate a relatively cool climate. In this period, the percentage of herb
and fern spores increased up to 17.2% and 11.7%, respectively. The
pollen spectrum in the late Holocene was similar to the period
11.9-10.7 cal ka BP. The pollen concentration (75.6 X 10° grains/g)
and sedimentation rate (20 cm ka ~!) were also very low. Therefore, the
climate would have been relatively cool and dry in this period. During
the late Holocene, the climate gradually changed from warm to rela-
tively cool. However, it was relatively wet in 4.6-2.6 cal ka BP and
changed to relatively dry during 2.6 cal ka BP to present. A previous
study about pollen records from Chenghai lake sediments also reported
that the temperature declined and the precipitation decreased through
4.7 cal ka BP to present in southwest China (Xiao et al., 2018). In the
catchment of Qinghai crater lake, it was reported that the hygrophilous
species declined after 4.6 cal ka BP (Yang et al., 2016). Pollen evidence
from Xingyun lake (Chen et al., 2014), Tiancai lake (Xiao et al., 2014),
Lugu lake (Zheng et al., 2014), Haligu lake (Song et al., 2012), and
Erhai lake (Shen et al., 2006) generally revealed a gradual decrease in
humidity and temperature in southwest China during the late Holocene.
Overall, these lake records in Yunnan Province indicated a trend of
climate change similar to this study.

Through comparison of pollen records from lake sediments in
southwest China (Xiao et al., 2014), north China (Chen et al., 2014),
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and south China (this study), the reconstructed Holocene temperature
showed synchronous variation, namely, warmer in the early Holocene,
warmest in the middle Holocene and cooler in the late Holocene. The
general temperature dynamic reflected by our records was similar to
the average global temperature anomaly (Marcott et al., 2013). The
Holocene temperature change in the EAM area would be mainly con-
trolled by the solar activity, and the temperature change has been
supported by pollen evidence from northeast China (Stebich et al.,
2015) and the Yangtze delta (Song et al., 2017). Even in the northern
North Atlantic, mounting evidence from proxies also suggested that
variations in solar activity had played a significant role in controlling
Holocene summer sea-surface temperatures (Jiang et al., 2015).

5.2. Asynchronous Holocene precipitation in south and north China

According to the pollen records in core JL15 from Fanjing
Mountain, the climate in the region was relatively wet in the periods of
10.7-8.0 cal ka BP and 4.6-2.6 cal ka BP, but was the warmest in
8.0-4.6 cal ka BP. This revealed an asynchronization between the pre-
cipitation and the temperature. Pollen concentration and sedimentation
rate were used as two Holocene precipitation proxies, and they were
compared with previous reports of southwest China lakes (Chen et al.,
2014; Shen et al., 2006; Song et al., 2012; Xiao et al., 2014; Zheng et al.,
2014), which revealed that there was asynchronous Holocene pre-
cipitation between south and southwest China. In addition, a compar-
ison of pollen records from the Gonghai lake in the north China and our
records (Fig. 4), indicated asynchronous precipitation between south
and north China (Chen et al., 2014). However, the Holocene pre-
cipitation trend in north China was consistent with that in southwest
China, namely, wetter in the early Holocene, the wettest in the middle
Holocene, and drier in the late Holocene.

The asynchronous Holocene precipitation was probably due to the
impact of EAM in the southwest, north and south China. In the south-
west China, the warm and humid climate indicated strong ISM, while
cold and dry climate indicated weak ISM (Xiao et al., 2014). The middle
Holocene was relatively warm and humid in the southwest China,
suggesting a relatively strong ISM in this period. The ISM mainly re-
sulted from seasonal movements of wind belts and the intertropical
convergence zone (ITCZ) (Gadgil, 2003; Prive and Plumb, 2007). The
precipitation brought by the ISM was relatively sensitive to fluctuations
in solar activity, and had relatively high positive correlation with the
global temperature anomaly (Marcott et al., 2013) and the north
movement of ITCZ (Haug et al., 2001).

However, the Holocene climate in south China was probably not
only controlled by ISM. In the EASM areas, previous studies suggested
that the monsoon precipitation and insolation-driven temperature
changes co-determined the environmental dynamics in north and
northeast China (Stebich et al., 2015). In the modern monsoon margin,
the climate was co-controlled by prevailing and/or dry westerlies, re-
stricting the northward movement of the subtropical monsoon rainfall
belt (An et al., 2012; Stebich et al., 2015; Zhao and Yu, 2012). There-
fore, the variation of EASM controlled migration of the monsoon rain-
fall belt, which was probably a reason for the asynchronous precipita-
tion between the north China and south China in EASM area. With the
gradually strengthened EASM from the early to middle Holocene, the
precipitation center gradually moved northward, which resulted in a
relatively wetter period in south China (10.8-8.0 cal ka BP) and north
China (8.0-4.6 cal ka BP). From the early to middle Holocene, this
monsoon precipitation gradually transgressed northward, and gradu-
ally regressed southward during the late Holocene. This precipitation
mechanism had been supported by previous reports (Chu et al., 2014;
Chen et al., 2014; Stebich et al., 2015; Xing et al., 2015). Therefore,
there would be another relatively wetter period, 4.6-2.6 cal ka BP in the
south China.
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6. Conclusions

A Holocene pollen record from Jiulongchi wetland of Fanjing
Mountain in southwest China was reconstructed to understand the cli-
mate dynamics. The climate changes during the past 11.8 ka were di-
vided into five stages, mainly characterized by the cold-dry and warm-
wet alternation. This was a regional response to the Asian monsoon
changes in the context of past global changes in the Holocene. The
asynchronous Holocene precipitation was observed in the south, north
and southwest China through comparison of multiple pollen records,
which was probably triggered mainly by the different monsoons. In
EASM area, the monsoon precipitation gradually transgressed north-
ward during the early Holocene to middle Holocene and then regressed
southward during the late Holocene, which led to another relatively
wetter period, 4.6-2.6 cal ka BP in the south China.
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