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ABSTRACT

Global climate change and human activities have significantly impacted lake ecosystems at an accelerating rate in
recent decades, but the differences between the responses of lake ecosystems to these two stressors remain un-
clear. Thus an improved understanding of the long-term influences of climatic and anthropogenic disturbances is
necessary for the management of lake ecosystems. In order to address these issues, a sedimentary record was ob-
tained from Lake Yilong in Yunnan Province in southwestern China, where the climate and natural environment
are dominated by the Indian Summer Monsoon and there is a long history of human occupation and intensive
human activity. The chronology is based on AMS *C dates from 13 samples of plant macrofossils and charcoal,
which show that the record spans the last ~12,000 yr. Geochemical indices were used to reconstruct hydro-
climatic variations and lake ecosystem responses. The results indicate that a cold and humid climate prevailed
from the late Pleistocene to the beginning of the Holocene, which was interrupted by an abrupt decrease in pre-
cipitation during 9.7-8.7 ka (1 ka = 1000 cal yr BP, corresponding to the 9.3 ka event). A persistent drying trend
occurred during the middle and late Holocene, and there was an increase in the intensity of human activity dur-
ing the past 1500 years. A comparison of the effects of a natural climatic event and human disturbance reveals
contrasting lake ecosystem responses. The lake ecosystem was resilient to the 9.3 ka event and subsequently re-
covered; however, long-term human activity in the watershed, including deforestation and cultivation, reduced
the stability of the lake ecosystem and positive feedback effects were strengthened, leading to the deviation of the
system far from its previous stable state. It is concluded that, compared to climate change, human activities have
had a much more serious impact on lake ecosystem.
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1. Introduction

Humans are altering the planet at an accelerating rate, with a conse-
quent rapid increase in environmental problems including pollution,
biodiversity loss, and the decrease of ecosystem services (Waters
et al., 2016). In order to improve our understanding of the magnitude
and timing of past human impacts on the natural environment, it is nec-
essary to conduct investigations on a long timescale. It has been shown
that the modification of vegetated landscapes in southern China proba-
bly began at ~6000 cal yr BP (Cheng et al., 2018), and that on the global
scale, measurable human impacts on soil erosion resulting from agricul-
ture may date to at least 4000 cal yr BP (Jenny et al., 2019). Notably, dur-
ing the historical period of the past 2000 years, human activities have
dominated dust storm activity in northern China (Chen et al,, 2020).

It is widely accepted that lacustrine deposits can provide highly-
resolved paleoenvironmental time series which can help elucidate the
operation and impacts of complex socio-ecological systems at the re-
gional scale (Dearing, 2013). Lake sediments not only provide a record
of anthropogenic impacts on landscapes, but they also document
changes in lake ecosystems under the long-term influences of human
activity in the watershed. Human activity has serious impacts on the
structure and functioning of ecosystems, as well as on ecosystem ser-
vices (Sun et al., 2020). Among the various types of human activity,
land use change exerts some of the most profound impacts on ecosys-
tems (Wen et al., 2020). Thus a study comparing landscape changes
and lake ecosystem responses can provide an improved understanding
of anthropogenic influences on the natural environment.

Natural climate change has also significantly impacted lake eco-
systems. A study of sedimentary carbon isotope records from Lake
Tanganyika in East Africa indicated that global climate change has
caused a decrease in lake primary productivity, as well as in aquatic
ecosystem functions and services (O'Reilly et al., 2003). It was also
concluded that the impact of global change on the lake ecosystem
was greater than that of local anthropogenic activity (O'Reilly
et al., 2003). However, a study of Lake Superior in North America in-
dicated that recent anthropogenic climatic warming has caused a
rapid increase in lake primary productivity (O'Beirne et al., 2017).
Therefore, the relative impacts of climate change and human activ-
ity on lake ecosystems can vary and in some cases they are unclear.
Such uncertainties hinder an accurate assessment of the effects of
climate change on water resources management (Kansoh et al,,
2020) and agricultural development (Fenu and Maridina, 2020), as
well as on projections of the impact of future climate change on var-
ious types of runoff (Ekwueme and Agunwamba, 2020; Han et al.,
2020; Javadinejad et al., 2020).

As a main component of the tropical monsoonal system (Goswami
et al., 2003), the Indian Summer Monsoon (ISM) is a three-dimensional
planetary circulation system produced by the northward movement of
the Intertropical Convergence Zone (ITCZ) and is characterized by
pronounced spatiotemporal variations (Tomas and Webster, 1997; An
et al.,, 2015). The ISM is of great significance for the socio-economic
and cultural development of the Indian subcontinent, southeastern
Asia and southwestern China, as a result of variations in ISM precipita-
tion (Webster et al., 1998; An et al., 2011); and it also plays an important
role in maintaining an ecological balance and the biodiversity of ecosys-
tems in its region of influence (Wang et al., 2005a; Govil and Divakar
Naidu, 2011; Cook et al., 2013; Wu et al., 2015b). On a longer timescale,
it has been found that abrupt declines in the ISM resulted in episodes of
a lowered lake level at Lake Xingyun in Yunnan during the last glacial,
and a corresponding increase in the concentration of Pediastrum
(atype of alga) in the lake water (Wu et al., 2015b). A robust understand-
ing of the variability of the ISM since the last deglaciation, based
on reliable and high-resolution paleoclimatic reconstructions, is
needed for the region dominated by the ISM, so that the impacts of
abrupt climate changes on its terrestrial ecosystems can be effectively
assessed.
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The Yunnan Plateau, in southwestern China, is located in the re-
gion influenced by the ISM. There are numerous lakes of tectonic or-
igin on the plateau and they are valuable archives for reconstructing
past climate changes. Yunnan has a long history of human occupa-
tion and is rich in Paleolithic, Neolithic and Bronze Age archaeologi-
cal sites, as well as in archaeological sites dating to the historical
period (Li, 2004); thus it is well suited studying past human-
environment interactions. Several studies have been conducted on
lakes in Yunnan in order to reconstruct changes in paleoclimatic
and paleoenvironmental conditions on different timescales, as well
in past human activities (Shen et al., 2005; Dearing et al., 2008;
Jones et al., 2012; Song et al., 2012; Zhang et al., 2012; Wu et al.,,
2015a, 2018; Liu and Wang, 2016; Hillman et al., 2016, 2020; Xiao
et al., 2018). For example, it has been shown that anthropogenic
deforestation in the Lake Erhai region occurred after the middle
Holocene (Shen et al., 2005; Dearing et al., 2008), while more signif-
icant human influences on the natural environment of the Yunnan
Plateau occurred in the late Holocene, or even in recent decades
(Wu et al., 2015a; Hillman et al., 2016; Wang et al., 2016). However,
most of these studies have focused on the timing and intensity
of anthropogenic influences against a background of long-term
climate change, and a more detailed understanding of the impact
of human activities on lake ecosystems in the region is needed.
Specifically, a comparison of the influence of natural climatic events
and anthropogenic impacts on lake ecosystems in Yunnan may help
us to better understand how human activities have influenced their
natural trajectory. In order to address this issue, reliable proxy re-
cords of landscape and lake ecosystem changes are needed, which
can enable a comparison of the histories of the ISM and regional
human activity.

As one of the most eutrophic lakes in China, the ecosystem of Lake
Yilong in the Yunnan Plateau has been gradually degraded due to the
long-term impact of human activities (Du et al., 2019; Cheng et al.,
2020a; Zhao et al., 2020). Thus, the lake is well situated for addressing
questions regarding long-term environmental change and lake ecosys-
tem variations associated with human disturbance. The main objective
of the study was to compare how and to what extent the lake ecosystem
responded to natural climatic events and human activity. Human activ-
ities would be expected to cause an increase the rate of soil erosion
within the terrestrial catchment and water pollution within the lake,
as well as a decrease in ecosystem functioning. It is hypothesized that
unlike the influence of natural climate events, the effects of human
activities had a rapid, intensive and irreversible impact on the lake eco-
system. To test this hypothesis, high-resolution measurements of phys-
ical and geochemical proxies from a sediment core from Lake Yilong
were conducted. Based on records of sediment composition, the
concentrations of organic carbon and nitrogen, the oxygen and carbon
isotopic composition of authigenic carbonate, and element concentra-
tions, environmental and climatic changes at Lake Yilong watershed
during the past ~12,000 years were reconstructed. Finally, a comparison
of the relative impacts of a natural climatic event and human activity on
the lake ecosystem was made.

2. Materials and methods
2.1. Regional setting

Lake Yilong (23°38’ to 23°42’N and 102°30’ to 102°38’E) is a hydro-
logically open, shallow lake in the southern part of Yunnan Province in
southwestern China (Fig. 1a). The lake surface lies at an altitude of 1412
m above mean sea level, and the average depth is 2.4 m (Wang and Dou,
1998). The area of the Lake Yilong watershed is ~305 km?, including
32.3 km? of open water (Fig. 1a). The lake is primarily fed by surface
runoff and atmospheric precipitation, which accounts for 77% of the
total (Liu et al., 2006). The surficial geology is dominated by Triassic
limestone; the soils on the slopes of the Lake Yilong catchment are
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Fig. 1. Information on the modern hydrology and climate in the Lake Yilong watershed. (a) Lake Yilong and its drainage systems. (b) Insert map showing the locations of Lake Yilong (black
cross) and cited records from areas dominated by the East Asian Summer Monsoon and the Indian Summer Monsoon (ISM). 1-Dongge Cave (Wang et al., 2005b); 2-Lake Gonghai (Chen
etal., 2015); 3-723 station (Gupta et al., 2003), 4-Qunf Cave (Fleitmann et al., 2003); 5-SO0130-289KL (Deplazes et al., 2013). The blue arrow indicates the wind direction in the ISM-do-
mains, and the red dotted line depicts the modern location of the ITCZ in July (modified from Wang et al,, 2017). (c) The mean monthly precipitation and temperature during 1981-2010
monitored by the Shiping meteorological station in the lake watershed (cited from the Chinese Meteorological Administration), and monthly average oxygen isotope values for
1986-2003 at the GNIP station in Kunming (IAEA/WMO). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mainly terra rossa (red soil), and the land use around the lake margins is
dominated by rice cultivation. The average vegetation coverage in the
watershed is ~24% (Zhai et al., 2006).

Most of the precipitation in the region originates in the Bay of Bengal
and the Arabian Sea and is supplied via enhanced ISM flow (Fig. 1b; An
etal, 2011; Wang et al.,, 2017); thus the region has the typical character-
istics of a monsoon climate in Asia, with wet and warm summers and
dry and cold winters. The mean annual temperature during
1981-2010 was 18.1 °C (Fig. 1c), and the mean annual precipitation
during the same interval was 923 mm, with ~80% falling in the warmer
months from May to October, based on data from instrumental mea-
surements at Shiping meteorological station (Fig. 1c). The annual
weighted oxygen isotope composition (6'0) of modern precipitation
at Kunming is —7.3%. VSMOW, with negative values in summer and
positive values in winter (Fig. 1c).

Previous studies of climatic and environmental changes, includ-
ing pollution impacts, have been conducted at Lake Yilong (Bai
et al, 2011; Li et al., 2018a). A large area of wetland on the lake
shore has been converted to cultivated land during the past five de-
cades, which has led to heavy metal contamination of the drainage
into the lake due to agricultural activity (Bai et al., 2010). The region
surrounding Lake Yilong has experienced intensive human distur-
bance during the past and there are a large number of archaeological
sites dated to the Neolithic through to the historical period (Hu,
1999).

2.2. Sampling and dating

In May 2019 a sediment core (Yilong C-19) was obtained from the
center (23°39'N, 102°36’E) of Lake Yilong, in a water depth of 4.3 m,
using a steel-barreled Livingston square-rod piston corer. A 31-cm-
long gravity core that preserved the interface of water and sediment
was also obtained from the same site using a UWITEC gravity corer.
Overlapping core sections were correlated based on variations in sedi-
ment geochemistry (XRF-Ca), producing a 338 cm-long composite re-
cord (Fig. S1). The core sections were collected in half-section
polyethylene tubes and kept at 4 °C prior to analysis. The core sections
were split lengthwise, photographed, and the lithology described in
the laboratory. They were then cut into contiguous 0.5-cm slices for var-
ious laboratory analyses.

Thirteen samples, including charcoal and terrestrial and aquatic
plant macrofossils, were picked for accelerator mass spectrometry
(AMS) 'C dating which was conducted by Beta Analytic (Florida,
USA); standard pretreatment procedures were used, with acid, base
and acid, in sequence (Olsson, 1986). The AMS '“C dating results were
calibrated to calendar years before the present (BP, before 1950 CE)
using CALIB 8.0.1. The chronology of the sediment core was then
established with smoothing spline functions using the Clam library
(Blaauw, 2010) with the updated IntCal20 calibration curve (Reimer
et al,, 2020), implemented with the “R” package. As the age control
points are insufficient to capture the age of the base of the core, only
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the age model for the section above 314.5 cm was successfully
established.

2.3. Geochemistry measurements

The archive half of the core was flattened and covered by 4 pm-thick
Ultralene film, and then nondestructive continuous X-ray fluorescence
(XRF) core scanning was performed at a 2-mm resolution to determine
relative element concentrations, using an Avaatech XRF core scanner
(Weltje and Tjallingii, 2008). Al, Si, S, Cl, K, Ca, Ti, Mn and Fe were de-
tected at 1 mA and 10 kV for 15 s; and Cu, Zn, Ga, Br, Rb, Sr, Y, Zr, Nb
and Pb were detected at 2 mA and 30 kV for 25 s. Given that the XRF re-
sults are potentially influenced by water content, surface roughness,
and grain-size variations (Weltje and Tjallingii, 2008), and the natural
abundance of each element is different, it is necessary to normalize
the raw counts. As the five conservative elements Al, Si, K, Rb, Ti are sig-
nificantly positively correlated (Fig. S2), they were selected and normal-
ized. The intensities of the selected elements were normalized
individually using the formula:

N; = (Xi —Xmin)/ (Xmax —Xmin) (1)

where N; is the normalized value of corresponding element i; X; is the
measured counts; and X, and Xy« represent the minimum and max-
imum of X;, respectively. The normalization yields values between 0 and
1. The normalized values from the five selected elements were further
averaged and the result is denoted I, which is regarded as an index of
the relative content of clastic material from the terrestrial catchment.
The magnetic susceptibility (MS) was measured using a Bartington
Instruments MS2 meter attached to the XRF scanner. Contents of or-
ganic matter (OM) and carbonate were assessed by measurements of
loss-on-ignition (LOI) at 550 °C and 950 °C, respectively, based on the
assumption that the combustion of OM at 550 °C is sufficient and the
loss of mass at 950 °C was caused by the decomposition of carbonate
to oxide and CO,. The CO,-induced mass loss was multiplied by the
ratio of the molecular weights of CaCO3 and CO, (2.27) (Dean, 1974).
Contents of total organic carbon (TOC) and total nitrogen (TN) were
measured on 250 samples which were pretreated with HCI to remove
inorganic carbon, and carbon/nitrogen (C/N) ratios were then calcu-
lated based on the results (Meyers, 1997). The sediment core was sub-
sampled at 0.5-2.0-cm intervals for measurements of carbonate stable
oxygen isotopes (6'80..,) and stable carbon isotopes (6'3Ceyyp). After
treatment with 10% H,0, to remove OM, the sub-samples were passed
through a 62-pum mesh screen in order to remove biological carbonates
including gastropod shells and ostracods (Nelson et al., 2011). Samples
were measured using a MAT 252 gas-ratio mass spectrometer coupled
with a KIEL-III carbonate preparation device at the Environmental

Science of the Total Environment 783 (2021) 146922

Isotope Laboratory, University of Arizona. In order to identify the min-
eral phase, 17 samples were lyophilized, homogenized and then ana-
lyzed for powder X-ray diffraction (XRD) using an X'Pert Pro MPD
Powder X-ray Diffractometer operating at 40 kV and 40 mA with Cu
Ka radiation, at the Key Laboratory of Western China's Environmental
Systems. In addition, selected samples were analyzed on a Thermo
Fisher Apreo S Scanning Electron Microscope (SEM) to identify the mor-
phology and crystal structure based on standard procedures (Xie, 1984).

3. Results
3.1. Chronology and geochemical stratigraphy

The AMS '“C dating results are listed in Table 1. AMS '“C dates from
terrestrial plant macrofossils (including charred material) were used to
construct an initial age-depth model, assuming that they are relatively
close to the depositional age of the sediments. However, dating results
from aquatic plant material may be influenced by the carbon reservoir
effect which is caused by “C depletion in the lake water (MacDonald
et al.,, 1987), and its possible influence should be assessed or even
corrected. The carbon isotope ratios of the dated aquatic plant materials
are relatively negative, varying from —23.4%. to —15.7%. (Table 1),
which are similar to the values of terrestrial C; plants (Chappuis et al.,
2017). Although the 8'3C values of freshwater aquatic plant material is
not as clear an indicator of the photosynthetic pathway as in terrestrial
plants (Keeley and Sandquist, 1992), the relatively negative 6'>C values
from Lake Yilong indicate that the dating materials may be derived from
emergent macrophytes or phytoplankton. Lake Yilong is an open shal-
low lake supplemented by precipitation, and therefore the rate of CO,
exchange between the lake water and the atmosphere is relatively
high, leading to a limited carbon reservoir in the lake. In addition, all
of the dates are in stratigraphic order and the intercept of the final age
model (the age of the core top) is nearly zero. Therefore, it is concluded
that the aquatic plants used for dating largely avoid the carbon reservoir
effect which usually occurs in the lakes in Yunnan (Zhou et al., 2015; Li
et al,, 2018a). The final age-depth model is shown in Fig. 2b.

In terms of lithology (Fig. 2a) the core can be divided into the follow-
ing intervals. (i) 338-299 cm (before 9700 cal yr BP): homogenous
black clay-silt with no visible sedimentary structures, composed of
~80% clastic material and ~12% organic matter (Fig. 2e-f), with an
extremely low sediment accumulation rate (0.005 cm/yr) (Fig. 2c).
(ii) 299-290.5 cm (9700-8700 cal yr BP): reddish sediments with
higher MS values (Fig. 2d). (iii) 290.5-38.1 cm (8700-1450 cal yr BP):
clastic material, the proportion of which decreases upwards, while the
carbonate content increases (Fig. 2g), and the organic matter content
fluctuates. The top consists of a thick layer of greyish carbonate mud
with a carbonate content up to ~90%. The mean rate of sediment

Table 1

Accelerator mass spectrometry (AMS) '4C and isotope ratio mass spectrometry (IRMS) '>C dates for sediment core C-19 from Lake Yilong.
Beta Sample name Composite depth Sample IRMS &'3C 14C age Error Calibrated age Median age
No. (cm) material (%) (yr BP) (yr) (cal yr BP, 20) (cal yr BP)
535118 Yilong C-19(D1) 16-17 cm 245 Aquatic plants - 890 30 728-906 783
535120 Yilong C-19(D1) 62.5-63 cm 71 Charred material —15.1 2610 30 2719-2769 2745
535121 Yilong C-19(D1) 80-81 cm 88.5 Terrestrial plants —294 2820 30 2848-3055 2921
535123 Yilong C-19(D2) 13-14 cm 1185 Aquatic plants —15.7 3520 30 3698-3879 3782
535124 Yilong C-19(D2) 30-31 cm 135.5 Aquatic plants —17.1 4250 30 4653-4864 4836
535125 Yilong C-19(D2) 63-64 cm 168.5 Aquatic plants —18 4820 30 5477-5596 5522
535126 Yilong C-19(D3) 25-26 cm 193.5 Aquatic plants —184 5000 30 5604-5891 5723
535127 Yilong C-19(D3) 40-41 cm 208.5 Aquatic plants —20.1 5700 30 6401-6600 6478
535128 Yilong C-19(D3) 60-61 cm 228.5 Aquatic plants —20.5 6240 30 7016-7254 7168
535130 Yilong C-19(D3) 90-91 cm 258.5 Aquatic plants —234 6360 30 7169-7416 7284
535131 Yilong C-19(D4) 38-39 cm 2775 Aquatic plants —19.1 6990 30 7728-7930 7824
535132 Yilong C-19(D4) 53-54 cm 292.5 Terrestrial plants —29 7860 30 8549-8771 8634
535133 Yilong C-19(D4) 75-76 cm 3145 Terrestrial plants —254 10,470 40 12,105-12,620 12,493
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Fig. 2. Chronostratigraphy and lithological composition of core C-19 from Lake Yilong. (a) Stratigraphic column; (b) age-depth model; (c) sediment accumulation rate; (d) magnetic
susceptibility; (e) clastic material content; (f) organic matter content; (g) carbonate content.

accumulation is 0.035 cm/yr (Fig. 2c¢). (iv) 38.1-0 cm (the last ~1450
years): the carbonate content decreases abruptly and the sediments
are composed of fine-grained, reddish silt-clay with a conspicuous
shell layer at the base (Fig. 2a, g). The MS values increase rapidly at
the same time and reach a peak at 16 cm (~500 cal yr BP) and then
decrease sharply, accompanied by an increase in clastic material
(Fig. 2d-e).

3.2. Geochemical proxies

Based on the trends of the element counts and concentrations of TOC
and TN, together with those of the C/N and isotopic ratios, the records
can be divided into the following four zones (Figs. 2-3).

Zone I (338-299 cm, before 9700 cal yr BP) is characterized by rela-
tively uniform values of the proxies. Index I and the clastic material con-
tent are at their highest levels, while the contents of TOC and TN are low,
with average values of ~5.5% and ~3.3%, respectively (Fig. 3); however,
the C/N ratio reaches its highest value. The values of 6'80,;, and
813Cearp, are at minimum levels, with values averaging —19.6% VPDB
and —1.24%. VPDB, respectively.

Zone 11 (299-290.5 cm, 9700-8700 cal yr BP) corresponds to a pro-
nounced change in sediment composition. Index I and the Fe/Mn ratio
fluctuate and reach minimum values, while Ca increases slightly
forming a minor peak. The contents of TOC and TN increase from the
middle of the zone while the C/N ratio decreases, and 6'80cay, and
8'3C.arp increase sharply at the beginning of the zone and then remain
consistently high, but with an abrupt decrease at the end of the zone.
The MS is high throughout.

Zone Il (290.5-38.1 cm, 8700-1450 cal yr BP) is characterized by a
high carbonate content. Index I exhibits an overall decreasing trend
which tracks the clastic content. TOC and TN increase significantly
with distinct peaks during 7700-7200 cal yr BP, and then decrease over-
all but with very large fluctuations. 6'80ar, and 6'3Ceag, Show a similar
increasing trend.

Zone IV (the uppermost 38.1 cm, 1450 cal yr BP to the present) con-
trasts sharply with the other three zones because of its reddish sedi-
ments, high MS values, and the high content of clastic material

indicated by high values of index I. The contents of TOC and TN decrease
until ~600 cal yr BP and then increase, which is similar to the variations
of Ca intensity. 518041, continues an increasing trend, although the res-
olution is low, but &'3C..., decreases.

4. Discussion

4.1. Environmental significance of lacustrine carbonate §'%0 and other sed-
imentary parameters

Carbonates are common minerals in lake sediments and are mainly
composed of terrigenous, endogenetic and authigenic forms (Moreno
et al., 2011). Only the 8'80 of endogenetic carbonate can be regarded
as a useful palaeoclimatic proxy in lake sediments because it originates
from chemical processes in the water column. In addition, given that
different minerals have different levels of mineral-water fractionation
(Leng and Marshall, 2004), the determination of the carbonate mineral
phase is worthy of attention.

The carbonate content of the sediments of Lake Yilong during
~12,000-9700 yr BP is quite low (Fig. 2g), and the XRD analysis results
indicate that there is no clear carbonate mineral phase. Carbonate is
widely distributed in southwestern China, and the variations in Ca
values, which represent the sedimentary carbonate content, are consis-
tent with the changes in index I, which represents clastic input from the
catchment (Fig. S3). Therefore, the sedimentary carbonate content dur-
ing this period is of detrital origin. Siderite is the primary carbonate
mineral identified by XRD analysis in the sediments during the subse-
quent Zone Il (Fig. S4). Because the variation in the Fe content contrasts
with that of index I during this interval, and siderite is mainly formed by
lake endogenetic precipitation, its isotopic composition is a valuable in-
dicator of the sedimentary environment (Mozley and Wersin, 1992).
The extremely positive 6'C of the authigenic carbonate suggests an
aquatic environment with a CO,-source strongly enriched in '*C, and
the high 6'80..r, values indicate the enrichment of 80 due to evapora-
tion (Bahrig, 1989).

The results of XRD analysis of samples from sediment deposited
during Zones Il and IV indicate that calcite is the primary carbonate
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mineral (Fig. S4); moreover, SEM images show that the calcite crys-
tals have a euhedral or slightly subhedral morphology (Fig. S5), indi-
cating precipitation from the water column. The concentrations of
carbonate and organic matter are positively correlated during some
intervals, suggesting that carbonate precipitation and primary pro-
ductivity at Lake Yilong were inter-related. The C/N ratio is widely
used to distinguish the sources of sedimentary organic matter
(Meyers, 1997). The overall decreasing trend of the C/N ratios indi-
cates the increasing contribution of authigenic OM to the sediments,
demonstrating the role of aquatic plants consuming CO, and pro-
moting the precipitation of endogenetic carbonate. In addition, the
significant negative correlations between Ca and index I in Zones Il
and IV (the Pearson correlation coefficients are —0.79 and —0.77,
respectively) suggest that carbonate was no longer supplied to the
lake as a component of the clastic sediments (Fig. S3). This demon-
strates that the carbonates in the Lake Yilong sediments during the
most recent two periods are authigenic calcites, the 6'%0 and 6'3C
values of which can be used to reconstruct variations in climate
and hydrology.
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5'80.arb is controlled by the oxygen isotopic composition of the lake
water and the temperature when it precipitates (Craig, 1965; Leng and
Marshall, 2004). The equilibrium isotopic fractionation between water
and carbonate controlled by temperature is around —0.24%./°C (Craig,
1965), and the very large range of variation of 81804 in the sediments
of Lake Yilong during the 9.3 ka event and in the middle to late Holocene
(~18%., ~6%., respectively) was not controlled principally by tempera-
ture. Thus, the fluctuations of 6'80., were dominated by the variation
of the 680 of the lake water, which has been suggested to be controlled
by the oxygen isotopic composition of precipitation and temperature-
induced evaporation from the lake surface (Leng and Marshall, 2004).
Lake Yilong is mainly fed by rivers and it behaves as an open-basin
lake. In such lakes with a limited watershed area and short water resi-
dence time, 5'80..,1, is mainly controlled by the mean annual precipita-
tion (Mckenzie and Hollander, 1993). Because the total amount of the
precipitation in monsoonal regions is mainly contributed by the rainfall
during the summer, 6'80c,, is largely controlled by the summer precip-
itation. Thus, the long-term variability of 6'®0..., in the sediments of
Lake Yilong should represent the changing intensity of precipitation in
the ISM domains, which is also the case for §'%0 records from lacustrine
sediments and cave deposits in southwestern China (e.g., Wang et al.,
2005b; Wu et al., 2018; Hillman et al., 2020).

4.2. Natural and human impacts on the Yilong lake watershed ecosystem
since ~12,000 cal yr BP

4.2.1. Relatively stable hydrological conditions from the late Pleistocene to
the beginning of the Holocene

The element contents of lake sediments not only reflect the sedi-
mentary provenance but they can also be used to indicate geochemical
responses to environmental change (Goldberg et al.,, 2000; Tanaka et al.,
2007). Index I is the averaged contents of Al, Si, K, Ti, and Rb, which are
inert elements and are mainly preserved in weathering products such as
clastic materials (e.g., quartz, mica) or non-residual materials (e.g., clay,
iron oxides) (Lietal., 2015). According to the results of XRD analysis, the
dominant mineral in the late Pleistocene interval of the core is quartz,
which is a terrigenous clastic component generated by physical erosion
and directly transported to the lake via fluvial inputs and/or as surface
runoff (Fig. S4; Shen, 2009). Although index I and the content of detrital
materials vary synchronously, with high values, during this period, con-
sidering the low sediment accumulation rate, physical erosion within
the watershed was limited. The low values of carbonate content and
Ca counts indicate that the water level of the lake was high as calcium
ion is not readily precipitated when it is diluted (Chen et al., 2015).
Therefore, a possible explanation for the variations of the counts of Fe
and Mn is that Mn is dissolved faster in a deep-water anoxic environ-
ment, while much undissolved Fe was stored in sediments during this
interval (Davison, 1993). In summary, there was a stable lake with a
high lake level during the late Pleistocene and early Holocene.

The low sedimentary organic matter content, combined with low
MS values and a high influx of primary minerals, indicates that soil de-
velopment was weak during this interval, as terrestrial vegetation
growth was limited by the cold climate (Wu et al., 2018). TOC and TN
are linearly related (R?> = 0.87) and the value of the intercept is low
(Fig. S6), suggesting that nitrogen is mainly present in organic form,
and thus the C/N ratio directly reflects the origin of the OM (Liu et al.,
2010; Zhang et al., 2015). The high C/N ratios during this interval indi-
cate that the OM in the sediments was mainly derived from terrestrial
sources (Meyers, 1994). It has been found that seasonal variations in
temperature and rainfall are positively correlated in the monsoonal re-
gion of Asia, and the TOC content of lacustrine sediments in the region
can indicate precipitation amount (An et al., 2011). Therefore, based
on the low content of OM in the sediments during this period, it can
be inferred that the environment in the early Holocene did not amelio-
rate significantly and remained as cold and humid as in the late
Pleistocene.
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Most of the proxies from Lake Yilong during this period show low-
amplitude fluctuations indicating the absence or non-recording of
sub-orbital (millennial-scale) events that are documented during the
transition from glacial interglacial condition elsewhere. During the last
deglaciation, there were a series of abrupt climatic events: the cold
Heinrich 1 (H1), the warm Bglling-Allergd (BA) and the cold Younger
Dryas (YD) (Heinrich, 1988; Shakun and Carlson, 2010; Denton et al.,
2010), which are documented in several lacustrine records from the
Yunnan Plateau (Chen et al., 2014b; Li et al., 2018b; Zhang et al.,
2019). However, it appears that there may be regional differences in
the impacts of these events (Singer et al,, 1998), and their geographical
distribution and timing are still under discussion (Cheng et al., 2020b).

4.2.2. The 9.3 ka dry climatic event (9700-8700 cal yr BP)

The paleoclimatic reconstruction reveals a centennial-scale regional
climatic event during the interval from 9700 to 8700 cal yr BP; it is
highlighted by more positive 880y, values with sharply increased
and decreased values at the beginning and end, respectively (Fig. 4a,
b). Index I decreases during this interval, indicating a weakening of
physical erosion in the watershed and a decrease in runoff. The enrich-
ment of Mn in the sediments may have been caused by the preferential
removal of Mn in the poorly ventilated lake mud around the lake margin
which was exposed to the surface under the arid climate; therefore, the
mobilized Fe and Mn were stored in the sediments after entering the
shallow lake which had an oxidizing environment (Fig. 4c-e;
Mackereth, 1966). Combined with the isotopic records, it can be con-
cluded that an intense drought event occurred in the region, which re-
sulted in a shallower lake and the deposition of silty sediments. In
addition, the increased accumulation of Fe and the formation of siderite
may have contributed to the high MS values.

The early Holocene millennial-scale rapid climatic evident in the re-
construction can be compared with other records from the ISM domain.
A record of Globigerina bulloides from rapidly accumulating and mini-
mally bioturbated sediments in the continental margin of Oman indi-
cates that a centennial-scale weak monsoon event occurred at
~9400 yr BP (Fig. 4h; Gupta et al., 2003), which is consistent with the re-
flectance record of sediments from the Arabian Sea (Fig. 4g; Deplazes
et al., 2013). In addition, values of stalagmite 6'30 from Dongge cave
in Guizhou Province in southwestern China show a slight decrease at
the beginning of the Holocene, followed by an abrupt increase at
~9300 cal yr BP, suggesting a significant decline of the ISM (Wang
et al,, 2005b). A similar pattern occurs in 6'80 records of stalagmite
from Qunf cave in Oman, southeastern Arabian Peninsula (Fleitmann
et al,, 2003). In addition, a pollen-based precipitation record from Lake
Gonghai in the EASM domains demonstrates that insolation-driven
EASM variability was punctuated by millennial-scale EASM weakening
during the interval of ~9500-8500 yr BP (Chen et al., 2015). Although
these records are from different geological archives and there are a
minor differences in the timing of their initiation, they all document a
decrease in monsoon precipitation at 9.3 ka.

Millennial-scale precipitation variability in different monsoon
regions shows a high degree of temporal consistency and it is also
correlative with rapid climatic events reconstructed from the
North Atlantic region (Broecker et al., 1992; Clement and Peterson,
2008). Based on the ice-rafted detritus content of sediment cores,
Bond et al. (1997) first studied cold events in the North Atlantic;
nine cold events were identified during the Holocene (Fig. 4f;
Bond et al., 2001), which were closely linked with decreases in
Atlantic Meridional Overturning Circulation. Among them, the
~9.2 ka cold event resulted from a meltwater pulse, although it
was weaker than the 8.2 ka event which was recorded globally. Yu
et al. (2010) attributed the widespread climate anomaly some
9300 years ago to the destruction of a glacial drift dam in the south-
eastern corner of Lake Superior, which caused the influx of a large
volume of freshwater to the North Atlantic, thus accelerating the
melting of the Arctic or Greenland ice sheets (Rasmussen et al.,
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2007). Geological observations and numerical simulation show
that the injection of freshwater into the North Atlantic may cause
significant changes in deep water and meridional circulation in the
North Atlantic, resulting in the southward movement of the ITCZ
(Broccoli et al., 2006; Menviel et al., 2008). Due to the annual



Z. Yuan, D. Wu, L. Niu et al.

variation of solar insolation, the ITCZ moves seasonally, resulting in
a pressure gradient across the equator and the formation of the
tropical monsoon (Tomas and Webster, 1997). As a subsystem of
the tropical monsoon, the intensity of the ISM will decrease with
this southward movement of the ITCZ (Chiang and Bitz, 2005;
Deplazes et al., 2013).

4.2.3. Persistent drying in the ISM domains during the middle to late
Holocene

At Lake Yilong, both the TOC content and the C/N ratio varied syn-
chronously during the last ~8700 years, with an overall decreasing
trend (Fig. 3d, ). This indicates that the contribution of the OM from ter-
restrial sources to the lake sediment decreased during the middle to late
Holocene, corresponding to a further decline of the ISM. The record of
the oxygen isotopes of carbonate and other indexes from Lake Yilong
during the last 8700 years therefore indicates that the regional climate
was wet from 8500 to 6500 cal yr BP (Fig. 5a), resulting in a maximum
of organic productivity in the region. All of the proxies suggest that the
ISM experienced a gradual weakening since the early Holocene, with
the weakest monsoon occurring during the late Holocene, consistent
with the variation of July insolation at low latitudes in the Northern
Hemisphere (23°N) (Fig. 5g).

Previous studies have indicated that the §'80 of authigenic lacus-
trine carbonate can be used to track the variation of monsoon pre-
cipitation over the Asian continent (Wei and Gasse, 1999). Yunnan
is situated in the region of ISM influence and several records of
carbonate 6'®0 from lakes on the Yunnan Plateau have been ob-
tained. Lake Qilu and Lake Xingyun are located to the north of Lake
Yilong and the carbonate §'%0 records from their sediments indicate
a consistent trend with gradually increasing values since ~9000 yr
BP (Fig. 5b-c; Hillman et al., 2017, 2020; Wu et al., 2018). Overall,
the various carbonate §'30 records from lake sediments from Yun-
nan demonstrate that the strength of the ISM decreased during the
middle to late Holocene. Stable isotope records from stalagmites
are widely used to reflect variations of the Asian summer monsoon,
although their precise environmental significance for eastern Asia is
still debated (Maher, 2008; Tan, 2014; Liu et al., 2020). The stalag-
mite 5'80 records from Hoti cave and Qunf cave in Oman show a
decrease after 6300 yr BP and after 7800 yr BP, indicating decreases
in precipitation (Fig. 5e; Neff et al., 2001; Fleitmann et al., 2003).
Moreover, the record of speleothem 6'80 from Dongge cave in
China shows a similar pattern of variation with the ISM (Fig. 5d;
Wang et al., 2005b). All of the isotopic records mentioned above
show the same trend of variation as the precipitation reconstruction
based on pollen assemblages from Lake Xingyun (Fig. 5f; Chen et al.,
2014a).

These varied marine and terrestrial records point to a south-
ward movement of the ITCZ during the middle to late Holocene
and hence a gradual decline in the intensity of the ISM. The same
decrease of the ISM observed at Lake Yilong and in other archives
supports the conclusion that the evolution of the ISM on the orbital
timescale is forced predominantly by Northern Hemisphere sum-
mer insolation (Kutzbach and Guetter, 1986; Prell and Kutzbach,
1992). However, a recent 15,000-yr lake level reconstruction from
Lake Chenghai in Yunnan Province, interpreted primarily as a pre-
cipitation record, indicates that lake levels, hence precipitation,
were high during the BA interstadial and the early and late Holo-
cene, but were low during the middle Holocene (Xu et al., 2020).
This pattern is out-of-phase with summer insolation in the North-
ern Hemisphere on the orbital timescale. However, it should be
noted that Xu et al. (2020) did not consider issues such as the
fact that radiocarbon dates from gastropod shells preserved within
lake sediments may be influenced by the carbon reservoir effect,
and that Yunnan has experienced intensive human activities, in-
cluding land clearance, cultivation and lake water management,
which have substantially altered the landscape and the water
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resources of the region, at least during the last 1500 years
(Dearing et al., 2008; Wu et al., 2015a; Hillman et al., 2016).

4.2.4. Variation of the intensity of regional human activity during the past
~1500 yr

The isotopic and elemental records from Lake Yilong reveal a pro-
nounced change after 1450 cal yr BP, highlighted by an obvious increase
in the input of terrestrial material against the background of a drying cli-
mate. Agriculture and related human activities have significantly altered
the landscape of Yunnan during the late Holocene, and therefore it is
possible that the regional environmental instability revealed by the
large fluctuations of the proxy records since ~1500 yr BP was a function
of both climatic changes and human activities. Variations in the strength
of the ISM are recorded by the carbonate §'30 record from Lake
Xingyun, ~80 km northeast of Lake Yilong, which suggest that the
strength of the ISM was weak during the past 2000 years, with several
abrupt changes (Wu et al., 2018). However, a comparison with indepen-
dent climatic reconstructions reveals that climate change was not re-
sponsible for the abrupt changes in sedimentary indexes at Lake
Yilong. The rapid increase in index I since ~1500 cal yr BP indicates
the increased input of clastic minerals such as quartz, which is con-
firmed by the XRD results. It is likely that clearance for agricultural de-
velopment resulted in the exposure of the surface soil, causing
intensified soil erosion. In addition, the high sedimentary MS values
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reflect the increasing input of iron-rich soils from the watershed due to
the destruction of the natural vegetation by humans (Fig. 2d). Notably, a
decrease in C/N ratios after ~600 yr BP suggests a weakening of soil ero-
sion and a rise in the productivity of the lake water, which may have
been induced by the increased accumulation of authigenic organic mat-
ter caused by cultural eutrophication.

Although the regional environment of Yunnan had been signifi-
cantly influenced by human activities during the late Holocene, their
exact timing is controversial. High-resolution records of charcoal and
pollen from Lake Chenghai indicate that after 1860 cal yr BP the climate
gradually became drier gradually and there was an increase in the in-
tensity of human activity, including slash-and-burn agriculture and de-
forestation (Xiao et al., 2018). The onset of early human impacts at
~7000 yr BP has been suggested (e.g. Shen et al., 2005; Dearing et al.,
2008), with additional impacts during the last 1000 years (Wu et al.,
2015b; Hillman et al., 2016, 2018), or since ~5000 yr BP (e.g. Wang
et al,, 2016; Sun et al., 2018). Although these conclusions may be influ-
enced by chronological errors and regional differences in human
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activities, all of the records demonstrate the significant influence of
human activities on the natural environment of Yunnan during the
late Holocene.

4.3. Differences in lake ecosystem responses to millennial-scale climatic
events and human impacts

With the abrupt drying of the climate during the 9.3 ka event, runoff
in the Lake Yilong watershed decreased gradually, resulting in the
steady weakening of soil erosion (Fig. 6a-b). However, the variations
of TOC and TN exhibit a slight lag compared with the abrupt hydrolog-
ical shift during this event (Fig. 6e-f), suggesting a lagged biological re-
sponse to environmental changes (Jones et al,, 2012). The notable shifts
in C/N ratios indicate a phase of increased productivity in the lake and
the enhanced recycling of aquatic OM between the sediments and the
water column, which further indicates that the structure and function-
ing of the lake ecosystem have changed (Fig. 6d-e; Wolfe et al., 1999).
Significantly, the lake ecosystem gradually recovered at the end of the
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9.3 ka event, which is indicated by the fact that the runoff, water level
and area of the lake, soil erosion, and primary productivity all increased
and subsequently remained relatively stable.

During the last millennium, human activities significantly influenced
the ecosystem in the Lake Yilong watershed. The intensity of the soil
erosion increased substantially, accompanied by very high variability,
as a consequence of deforestation, agriculture and mining (Fig. 6g-i).
A decrease in organic productivity in the watershed preceded the in-
crease in the intensity of soil erosion, which may also have been closely
related to human activity. After ~600 yr BP, the contents of sedimentary
TOC and TN increased and the C/N ratio decreased, suggesting an in-
creasing supply of authigenic organic matter to the sediments, and
hence enhanced lake primary productivity, which was a response to
an increased nutrient supply (Fig. 6j-k). In addition, large numbers of
spiral gastropod shells, possibly Margarya mansuyi (Liu et al., 1979),
are present at the base of Zone IV, corresponding to a lithological
change; however, the subsequent disappearance of Margarya mansuyi
may have been the result of human disturbance of the lake system
(Shen et al., 2005).

A comparison of the responses of Lake Yilong to the 9.3 ka climatic
event with that to later human impacts was made to highlight the pos-
sible differences. Negative feedback promotes ecosystem stability by
enhancing resilience to disturbance, while positive feedback has the op-
posite effect (Walker and Meyers, 2004). The lagged response of the
lake system to natural climatic events indicates strong resilience at
times when the structure of the lake ecosystem was relatively simple.
However, in response to long-term anthropogenic interventions, the
lake ecosystem became fragile and unstable, and positive feedback
was strengthened and the lake ecosystem shifted far from its previous
relatively stable state.

A threshold is defined as the transition from negative feedback to
positive feedback, and a discontinuous transition is initiated by a trig-
gering factor which represents a change in specific biological or abiotic
variables (Stringham et al., 2003; Briske et al., 2006). Human activities
after ~800 yr BP evidently exceeded an ecological threshold at Lake
Yilong which resulted in a major shift of the structure of the ecosystem
in the lake watershed, which resulted in a decrease in soil erosion and a
rapid increase in lake productivity. The occurrence of this transition im-
plies the possibility that a critical threshold existed at Lake Yilong. It is
worth noting that an ecosystem steady-state tends to exist, as indicated
by the finding that ecosystems maintain a stable state through the inter-
nal balances and self-regulation on a long timescale after an anomalous
climatic event. However, the record from Lake Yilong indicates that
human activities directly damaged the system structure and which
resulted in a rapid response to the forcing.

5. Conclusions

A continuous and well-dated sedimentary record has been obtained
from Lake Yilong in Yunnan Province, southwestern China, in order to
reconstruct hydro-climatic variations and lake ecosystem responses to
climatic and anthropogenic impacts during the past ~12,000 yr. Multiple
geochemical proxy records from the sediments indicate that the cold
and humid environment during the last deglaciation and early Holocene
was interrupted by a drought during 9700-8700 cal yr BP. Precipitation
decreased during this event, resulting in a gradual decrease in the level
of watershed soil erosion. The structure of the lake system changed
slightly and finally recovered from the impact of this environment
perturbation because of its relatively high-level of resilience. Thereafter,
a trend of persistent drying occurred during the middle and late
Holocene, and there was an increase in the intensity of human activity
during the past 1500 years. Under the influence of an increasing
human population and intensive human activities, the terrestrial
landscape and the lake ecosystem underwent significant changes. The
intensity of soil erosion increased significantly as a consequence of
deforestation and agriculture, and the lake ecosystem changed from
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an environment with a low productivity to a eutrophic state. Therefore,
positive feedback effects were strengthened as a consequence and the
lake ecosystem became unstable and entered a state which was quite
different compared to its previous relatively resilient state. An impor-
tant finding of the study is that the impacts of human activities on the
lake ecosystem exceeded those a natural climatic event, and that the
deterioration of the lake environment and irreversible impacts will
continue unless the lake environment is protected.
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