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ARTICLE INFO ABSTRACT

Editor: S Shen Paleoclimate change and anthropogenic activities have fundamentally modified the Earth's environmental sys-

tem since the late Quaternary. Southwest China has one of the largest continuous karst areas in the world,

Keywords: yielding geological records from karst depressions that can improve our understanding of changes in the
Plel‘“ocene dominant control on regional environmental conditions. In this study, we investigated a sediment sequence
Holocene

formed over 33,000 years in a typical karst catchment by using combined geophysical, geochemical and bio-
logical properties of the depression deposits. The results suggest that paleoclimate change was the main
modulator of environmental changes prior to the Late Holocene, and that significant vegetation change related to
paleotemperature influences played an important role during the Early (ca. 12-8 ka) and Middle (ca. 8-4 ka)
Holocene. During the Late Holocene (ca. 4-0 ka), the impact of anthropogenic activities has overwhelmed pa-
leoclimatic influences on the environment. This study demonstrates the utility of dated karst depression deposits

Chemical index of alteration
Radiocarbon dating

Grain size

Guangxi

for reconstructing Holocene climate change and the timing of anthropogenic impacts on the landscape.

1. Introduction

The influence of anthropogenic activities on Earth systems has
increased gradually through time (Wan et al., 2015). Although the start
of the Anthropocene has been set at 1950 CE by the Anthropocene
Working Group (AWG) (Syvitski et al., 2020; Waters and Turner, 2022),
various studies have demonstrated that anthropogenic influences on the
landscape, which were related to population migration, agriculture and
deforestation, have been pronounced since the Late Neolithic (ca. 4-5
ka; note: ka = kyr BP) (Jenny et al., 2019; Mottl et al., 2021; Ruddiman
etal., 2020; Zhang et al., 2022). The scope of anthropogenic impacts can
be systematically observed and studied only for the past few centuries,
hindering a precise evaluation for earlier time intervals (Jenny et al.,
2019; Ruddiman et al., 2020). High-resolution geological records are
therefore needed to address this issue.

Sediments from karst landscapes in Southwest China, spanning six
provinces (Guangdong, Yunnan, Sichuan, Hubei, Hunan, and Guizhou),
an autonomous region (Guangxi), and a city directly under the Central
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Government (Chongqing), are highly sensitive to anthropogenic activ-
ities and Asian Monsoon (AM) changes. High-resolution geological re-
cords in Southwest China, such as stalagmites and lake sediments, have
been widely used for reconstructing paleoclimate change during the
Quaternary (a key period in the birth and rapid development of
mankind). For example, cave stalagmite 5'80 records have shown that
an external driver (i.e., solar radiation) dominated AM variation on
orbital timescales until the mid-Holocene (Cheng et al., 2016; Wu et al.,
2020), whereas pollen records from lake sediments have shown that the
climate shift in Southwest China from humid conditions in the Early and
Middle Holocene to drier conditions in the Late Holocene occurred
abruptly at ca. 4.5 ka, in conjunction with increasing anthropogenic
influences (Ren, 2007; Zhao et al., 2009).

The history of anthropogenic influences in Southwest China has been
reconstructed through archaeological studies. An archaeological meta
study revealed an initial peak in the number of archaeological sites in
Southern China at ca. 4-5 ka, followed by a further substantial increase
after ca. 3450 yr BP (Hosner et al., 2016). Southern China has served as
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an important breadbasket throughout dynastic Chinese history, and the
spread of agriculture to this region can be traced back even further in
time. In the middle and lower Yangtze valley, rice domestication began
at 8950-7950 yr BP (Fuller et al., 2008; Zhao, 2010), >3000 years
before it spread into Southwest China (Guedes et al., 2013). Despite the
long history of agriculture in Southwest China, high-resolution geolog-
ical records have only rarely been utilized to reconstruct the history of
anthropogenic activities, largely because of uncertainty regarding
human impacts on the geophysical, geochemical and biological prop-
erties of karst depression deposits when combined with natural
processes.

Karst covers a cumulative area of 3.44 million km? in China (pre-
dominantly in Southwest China), representing about 36% of the total
land area of China and 15.6% of the 22 million km? of karst terrain
globally (Jiang et al., 2014). Karst depressions, which are some of the
most common landforms in karst regions, are negative landforms that
arise from the collapse of underground caves, or the dissolution of sol-
uble lithologies, such as limestone, dolomite, and gypsum, facilitated by
high temperatures and precipitation levels in tropical and subtropical
climates. Karst depressions accumulate deposits that are easily affected
by an assortment of climatic and human processes, and they can
therefore provide substantial information about not only paleoclimate
change but also the historical human role in the accumulation of these
sediments. For example, previous studies have reconstructed soil loss
from karst catchments in Southwest China by using dated depression
deposits (Bai et al., 2010; Zhang et al., 2020), and multiproxy studies
have yielded insights into the geoarchaeological history of karst
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mountains in Crete (Siart et al., 2010). As such, karst depression deposits
in Southwest China offer a unique opportunity for paleoclimatic and
archaeological studies, making them promising geoarchives, particu-
larly in regions without any lacustrine and stalagmite records. However,
previous studies of depression deposits have not taken into account long-
term (>10 kyr) anthropogenic and paleoclimatic impacts on karst
environments.

In this study, two typical karst depressions in Southwest China were
selected for generation of a multiproxy dataset to investigate the
anthropogenic and paleoclimatic impacts on environmental changes in
karst systems. The objectives of the present study are: (1) to test the
reliability of the AMS *C dating method for karst depression deposits;
(2) to reconstruct the long-term history of paleoclimate change and
anthropogenic activities in the study region, and (3) to delimit the
timing of anthropogenic impacts on the landscape. This work has the
potential to make significant advances in our understanding of long-
term climate-human-environment interactions in karst regions, repre-
senting one of the first attempts to use karst depression deposits for this
purpose.

2. Regional setting

The study area is located in Daliang Town, Rong'an County, Liuzhou
City, Guangxi Autonomous Region, Southwest China. The area is a peak-
cluster depression landscape with strong karst features known as the
Guancun Depressional Complex (Fig. 1A-B). It has a moist subtropical
monsoonal climate with a high mean annual rainfall (1750 mm) and

109°20'30" E

Fig. 1. Background of the study area. (A) Map of carbonate rock distribution with level of karst development in China, modified from Sun et al. (2020), showing
location of the study area (black outline of Guangxi Autonomous Region); (B) study sites in the Depression 1 and 2, which are two representative depressions in the
Guancun Depressional Complex; (C) representative landscape of the study area; and (D) representative sediment pit near the GCW1-2 drillcore.
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temperature (20 °C). Precipitation is the main source of water in this
area, and runoff is the major vector of sediment transport. Almost 60%
of rainfall occurs in summer. Elevations of this region range from 160 to
420 m above mean sea level. The Quaternary sediments and soils are
underlain by Permian and Carboniferous limestones that are well
exposed, with some hillslopes showing severe soil erosion or karst rocky
desertification (KRD) (Fig. 1C).

According to the historical records of Rong'an County (Chen, 1996),
the study area has a long history of human occupation, agriculture and
mining. Population numbers increased exponentially after the Tang
dynasty (1332-1043 yr BP). Due to the poor drainage capacity of the
underground fissures and caverns in the study area, sediments trans-
ported by runoff from the surrounding mountains and hills to the de-
pressions accumulated with few losses. The hillslope vegetation is
primarily composed of low forests and shrubs, exhibiting features of
reduced vegetation cover, significant soil erosion, and ecosystem
fragility (Fig. 1C). Conventional tillage practices in Rong'an County have
remained unchanged over time, relying heavily on manual labor (Chen,
1996). The agricultural activities involve using a mini-type mold-board
plough to cultivate fields to a depth of approximately 15 cm, followed by
crop sowing, harrowing, and rolling. The fields are inundated in April,
fertilized and planted with rice in May, and after the rice harvest in
August, most of the fields are replanted with vegetables or cereal grains
until March of the following year.

For this study, a number of pits were dug and drillcores taken to
examine the sediment fill of depressions across the Guancun Depres-
sional Complex. In this report, we will focus on the results of the three
longest drillcores, which were recovered from two karst depressions:
Depression 1, which has depression and catchment areas of ~16 ha and
~ 32 ha, and Depression 2, with corresponding values of ~5 ha and ~
20 ha, respectively (Fig. 1C). Cores GCWI1-1 (24°51'26.05"N,
109°19'52.30"E) and GCW1-2 (24°51'26.12"N, 109°19'59.18"E) were
taken from the margin and center of Depression 1, respectively, and core
GCW2-1 (24°51'41.82"N, 109°20'22.43"E) was taken from the center of
Depression 2. The three cores were sampled at 2 cm intervals through
the uppermost 60 cm, and then at 5 cm intervals below that level. The
total thicknesses of sections GCW1-1, GCW1-2 and GCW2-1 are 220,
505, and 500 cm, respectively, in each case reaching the bedrock at the
base of the karst depression.

Despite differences in size, Depressions 1 and 2 have similar sedi-
ment fill patterns. In each depression, the thickness of the sediment fill
increases gradually from its periphery to a maximum of ~6 m in its
center. This suggests that sedimentation within the depressions was
influenced by the same factors, i.e., topography and hydrology.
Although the traditional depth of tillage is ~15 c¢cm, modern human
agricultural practices have disturbed the upper layer of sediment in the
depressions up to ~30 cm below the ground surface. Below this depth,
there are generally few human artifacts or evidence of tillage (Fig. 1D).

3. Materials and methods

A total of 124 samples (3 from GCW1-1, 118 from GCW1-2, and 3
from GCW2-1) were collected for this study. Each sample was initially
air-dried and roughly crushed by hand to remove roots and other debris,
before being hand-sieved through a 2-mm sieve. Afterwards, the samples
were further crushed using an agate mortar and pestle and passed
through mesh sieves of varying apertures. Samples for particle size
analysis were left uncrushed, while those for dating and 613Corg analysis
were crushed and passed through a 100 mesh (0.15 mm) sieve. Samples
intended for elemental and TOC analyses were further crushed and
passed through an 80 mesh (0.18 mm) sieve.

Accelerator Mass Spectrometry (AMS) 14C dates were measured on
bulk organic matter in the three sections because few charcoal deposits
were found in the excavated sections. As GCW1-2 is located at the center
of a depression and represents the deepest profile, we focused dating
efforts on this profile. Before AMS *C counting, each sample was first
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pretreated with a total acid wash to remove carbonates, and ensure that
only the carbon fraction of interest (i.e., bulk organic carbon) was
analyzed. A total of 17 samples from GCW1-2, 3 samples from GCW1-1,
and 3 samples from GCW2-1 were selected for AMS *C dating and
513C0rg analysis. All of the 14C dates were calibrated with the IntCal 20
calibration curve by using an R package of Clam (Blaauw, 2010; Reimer
et al., 2020). The average sedimentation rates are equal to the slope of
the best-fit lines through the measured ages. AMS '*C dating and 8'3C
measurements were performed by Beta Analytic Inc., USA, following
their standard laboratory procedures (https://www.radiocarbon.com/b
eta-lab.htm).

The absolute sediment particle size and the total organic carbon
(TOC) content of 118 samples of GCW1-2 were determined by using a
laser particle size analyzer (Mastersizer 2000, Malvern, UK) and Multi
N/C 3100 TOC/TN analyzer (Analytik Jena GmbH, Jena, Germany),
respectively. Experiments were conducted at Chongqing Key Laboratory
of Karst Environment, Southwest University, China. For the particle size,
approximately 0.3 g of each sample was pretreated with 10 mL of 10%
H,0; to remove the organic matter, and 10 mL of 10% HCI to remove the
carbonates. Then deionized water was added to the sample solution and
held for ~24 h to rinse acidic ions. Finally, the sample residue was
treated with 10 mL of 10% sodium hexametaphosphate ((NaPO3)g) on
an ultrasonic vibrator for 10 min to facilitate dispersion of aggregates
before grain-size analysis.

The Mastersizer 2000 yields the percentages of particle size fractions
and median particle sizes of the sample with a relative error of <1%.
Each sample was tested three times with a measurement range of
0.01-10,000 pm, followed by calculation of the mean particle content
and mean grain size. For TOC analysis, approximately 50 mg of the
pulverized sample (pre-treated with hydrochloric acid to remove the
inorganic carbon fraction) was placed on a ceramic boat, and then
heated to a temperature of 1200 °C to determine TOC content by com-
bustion analysis.

Major and rare earth elemental analyses were performed on 99 bulk
samples at the laboratory of ALS Chemex Co Ltd. (Guangzhou, China)
and Chongqing Key Laboratory of Karst Environment (Chongging,
China), respectively. Major elements were analyzed by X-ray fluores-
cence analysis (XRF) using fused glass disks. Loss-on-ignition (LOI) was
determined by the weight difference after ignition at 1000 °C in a muffle
furnace. The concentration of rare earth elements was determined using
single-collector inductively coupled plasma mass spectrometry (Thermo
Element XR, USA). About 50 mg of powdered samples were dissolved
and sequentially digested using a standard HF-HNO3-HClO4 protocol,
and the final solution was diluted with 2% nitric acid for ICP-MS anal-
ysis. The chemical index of alteration CIAm (a modified form of CIA;
Nesbitt and Young, 1982), where “m” indicates minus CaO (Arnaud
et al., 2012) were generated per the following equations:

AlLOs

CIAm =
= TAL05 + NayO + K,0)

x 100% (€8]

4. Results
4.1. AMS *C dating

Radiocarbon (AMS 14C) dating is currently the most common and
precise method to date sediments as old as ca. 55 ka (Cheng et al.,
2018a). The chronology in this study was supported by 23 AMS *C
dates of the bulk organic fraction of samples (Fig. 2A), and all of these
dates were separately calibrated with the IntCal 20 calibration curve.
GCW1-1 and GCW2-1 yielded simple age progressions with depth,
based on a small number of dates (n = 3 for both cores), that are readily
modeled with linear regressions. The dates obtained from GCW1-1 and
GCW2-1 exhibit increasing trends with depth (Fig. 2B-C), with dating
errors ranging from 30 to 80 years (as given in Supplementary Table S1).
Owing to the restricted number of dates, the uncertainties in the age
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Fig. 2. Age-depth model of the profiles from Guancun Depressional Complex based on calibrated radiocarbon dates. (A) Elevation map showing the two study
depressions and three sampling sites. Age-depth models for (B) GCW1-1, (C) GCW2-1, and (D) GCW1-2. BP: before present (1950 CE). In C, the shaded area

represents uncertainty in age-depth relationships, which increases with depth.

models of GCW1-1 and GCW2-1 are relatively minor, which were
roughly defined as the areas between the maximum and minimum slope
fitting curves in this study.

The calibrated AMS '*C dates for GCW1-2 (n = 17; given in Sup-
plementary Table S1) suggest deposition of the sediments in Guancun
Depressional Complex at least as far back as the Late Pleistocene. The
dates obtained from GCW1-2 also exhibit an increasing trend with depth
(Fig. 2D), with dating errors ranging from 30 to 110 years (refer to
Supplementary Table S1 for details). Although GCW1-2 contains some
age anomalies (i.e., older dates higher in the profile than younger dates),
the full AMS 4C dataset for this profile shows a systematic pattern of
older ages with depth (Fig. 2D). The reversed ages may be caused by
dating bulk organic matter instead of a specific sediment fraction (e.g.,
charcoal) as in more closed systems (e.g., deep lake or marine) (Heaton
et al., 2021; Zhou et al., 2022).

The consistency of the sedimentation rates observed among the study
sites supports the reconstructed chronologies. GCW1-1, which is located
on the margin of Depression 1 (Fig. 2A), has a mean sedimentation rate
of ~9 em/kyr (Fig. 2B). In contrast, GCW2-1 and GCW1-2, which are
located in the centers of their respective depressions, show higher
sedimentation rates, i.e., ~13 cm/kyr (Fig. 2C) and ~ 15 cm/kyr
(Fig. 2D), respectively. Moreover, the sedimentation rates of this study
can be compared with the mean sediment accumulation rates (SARs) of

lakes and peatlands in China (0.37-22.4 cm/kyr; Zhang et al., 2022) and
with deposits from other karst depressions in Guangxi (2.6-77 cm/kyr;
Wu, 2021). Using a surface age of 2020 CE as a reference, we applied a
uniform offset of 3356 years (i.e., to correct for the effects of dead car-
bon on radiocarbon ages) to establish an appropriate age-depth model
for GCW1-2. Although the sources of errors in individual dates are un-
certain, the AMS C dataset as a whole offers a robust age model for the
study profiles.

4.2. Grain-size analysis

Particle size distributions (PSDs) are controlled by sediment sorting
during transport, and various particle size fractions were used as
hydroclimatic proxies in this study. The PSDs were generated for the
depression deposits by separating them into 3 grain-size fractions: clay
(< 0.002 mm), silt (0.002-0.02 mm), and sand (0.02-2 mm). For
GCW1-2, the PSDs, mean and median particle sizes vary with depth
(Fig. 3). Both the mean and median particle sizes show similar, strong
correlations with the sand fraction (R? = 0.98). Silt makes up the bulk of
the depression deposits, ranging from 45% to 70%, but exhibits a rela-
tively smaller coefficient of variation than sand (CV = 0.09, Supple-
mentary Table S2). The clay content ranges from 5% to 37%, and the
sand content ranges from 4% to 59%. All PSDs are unimodal
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Fig. 3. Profiles for GCW1-2. (A) Stacked PSDs, and (B) variation of mean and median particle sizes. The proxies are plotted versus depth (left axis) and time
(right axis).

(Supplementary Fig. S1), suggesting a single source for each size frac- 4.3. Elemental proxy analysis

tion. The largest particle in all samples is <800 pm, and the mean par-

ticle size of the study deposits is only 13 pm, suggesting that the majority In this study, elemental ratios such as the CIAm, Al/K, Na/K, Al/Na,
of the sediment grains in both eolian and fluvial facies was transported and La/Sm were used as proxies for chemical weathering intensity. The
as a suspended fraction (Ge et al., 2020). trends of all proxies for chemical weathering intensity fluctuate greatly

with depth and time, being either in-phase or anti-phased with each
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weathering intensity, whereas profiles F and G are proxies for anthropogenic activities. All proxies are plotted versus depth (left axis) and time (right axis).
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other (Fig. 4A-E). The abrupt increase in CaO above the depth of 60 cm
may be due to carbonate nodule formation (i.e., through natural hy-
drological processes) and/or deep modern tillage practices (which can
disturb the sediment to a depth of 30 cm, potentially mixing chips of
carbonate bedrock into the soil). In order to eliminate this sudden
lithology-related change, we adopted CIAm in place of CIA (Fig. 4A) as a
composite proxy for chemical weathering intensity. CIAm is relatively
stable, averaging 93.9 and ranging from 92.4 to 94.7.

Previous studies have demonstrated the utility of phosphorus (P) as a
proxy for anthropogenic influences at archaeological sites (Monge et al.,
2016; Tiessen, 1996). Higher levels of P generally indicate larger
amounts of organic matter, reflecting a greater intensity of human
occupation and/or activity (Marwick, 2005; Schlezinger and Howes,
2000). In the present study profiles, P content averages 886 ppm,
ranging from 54 to 1350 ppm. Given the absence of measurable calcium
phosphate bone remains in the profile, it is likely that P in this study site
is present in the forms of adsorbed P, organically complexed P, or
mineral-bound P. Therefore, the ratio of P/Al was used to reconstruct
the anthropogenic activities (Fig. 4F). Calcium (Ca), which commonly
co-occurs with P, is also useful as a proxy for anthropogenic influences
(Oonk et al., 2009). In the study site, Ca content averages at 0.67%,
ranging from 0.35% to 6.54%, which is significantly higher than the
background value of Ca (0.13%) in Guangxi (China National Environ-
ment Monitoring Centre, 1990). The high content and gradual increase
of Ca is likely due to the weathering of parent carbonate rocks, while the
abrupt increase in Ca content in the top may be attributed to anthro-
pogenic activities (Fig. 4G). To eliminate the dilution effects, Ca/Al was
also used as a proxy similar to P/Al. The trends of these element ratios
(Fig. 4F-G) are similar, with relatively stable amounts below 60 cm (i.e,
prior to ca. 4 ka) followed by rapid increasing toward the top of each
profile.

4.4. Total organic carbon (TOC) and 513C0rg

Sediment 613C0,g and TOC can be used as proxies for vegetation
changes and bioproductivity (Li et al., 2012). The majority of the
organic matter in sediments and soils consists of humic substances,
which account for 2-8% of the solid materials and are mainly derived
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from decaying plants and microorganism residues (Qu et al., 2022). As
vegetation grows and dies, it contributes to the accumulation of organic
matter in depression deposits, TOC therefore is potentially a useful
proxy for changes in bioproductivity. 613C0rg in sediments can be used as
a proxy for the relative abundances of the **C-enriched (i.e., C4 plants)
and 3C-depleted (i.e., Cs plants) components of vegetation, which
commonly mirrors the proportions of grasses and trees/shrubs, respec-
tively (e.g., Liu et al., 2018). In this study, both TOC and 613C0rg exhibit
relatively simple patterns of variation with depth and time. The 613C0rg
values range from —26.2%o to —22.7%o (Fig. 5A), and the TOC values
from 0.25 to 3.78% (Fig. 5B). 813C0rg values remain relatively stable
below a depth of 257 cm (equivalent to ca. 16.8 ka), becoming higher
above this level. TOC is relatively low and uniform below a depth of 75
cm (equivalent to ca. 4.8 ka), but exhibits an exponential increase above
it. These observations suggest that there have been changes in vegeta-
tion and bioproductivity in the study area during the Holocene.

5. Discussion
5.1. Vegetation changes since the Late Pleistocene

Previous studies in Southwest China have inferred a landscape
vegetated by cold and dry alpine forests and grasses during the Late
Pleistocene, with a decline in the areal cover of warm and moist forests
during the Holocene. For example, based on a compilation of pollen data
from north of the Yangtze River, Ren (2007) reconstructed changes of
forest cover, finding that the vegetation cover decreased from ~95% to
~60% in the Yangtze-Huaihe area but increased from ~50% to ~85% in
Northeast China during the Holocene. Based on fossil pollen records
from 31 sites, Zhao et al. (2009) found that Southwest China was
dominated by subtropical broadleaf evergreen and deciduous forest and
tropical monsoonal rain forest during the Holocene. However, the
paleoclimate in Southwest China was cool and dry during the Late
Pleistocene, and the temperate deciduous broadleaf forest, pure warm-
temperate evergreen forest, tropical semi-evergreen and evergreen
broadleaf forests during the Holocene Epoch were restricted or absent,
with vegetation in this area instead being dominated by alpine trees (e.g.
Pinus, Abies, Picea and Betula) and grasses (Cheng et al., 2018b; Ni et al.,
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2010; Sun et al., 1986).

Paleotemperature may have controlled the vegetation changes
before the Late Holocene in the AM-influenced study area (Li et al.,
2019). To test this hypothesis, we use mean annual air temperatures
(MAAT) reconstructed from lake sediments in Yunnan Province (Zhao
et al., 2021; Fig. 6A) and vegetation changes reconstructed from pollen
in Guangdong Province (Wang et al., 2007; Fig. 6B) (i.e., near to the
study area) to compare with the 613C0rg (Fig. 6C) and TOC (Fig. 6D)
profiles of this study. These records show a rough subdivision into cool
and warm conditions based on MAAT (Fig. 6A), as well as shorter-term
cool (i.e., Last Glacial Maximum (LGM), Older Dryas (OD), Younger
Dryas (YD), and Heinrich stadials 1-3 (H1,H2,H3)) and warm episodes
(i.e., the Bglling-Allergd interstadial (BA) and Holocene Optimum
(HO)). In this study, given the limited evidence available, it is chal-
lenging to discuss these short-term paleoclimate events. Therefore, we
will focus on the longer-term intervals (i.e., >1 kyr) of alternately cool
and warm conditions based on the data generated herein.

Previous studies have shown that the 613Cmg of modern deposits
commonly records the isotopic composition of local vegetation (Li et al.,
2012; Zhou et al., 2019), although caution must be exercised owing to
considerable variation in the nature of vegetation cover in space and
time. During the Holocene, increased paleotemperature and decreased
vegetation cover correspond to increased 613C0rg values, suggesting
control of vegetation cover by climatic conditions, as well as a good
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causal relationship between the 613Corg and the reconstructed vegeta-
tion cover (Wang et al., 2007; Fig. 6A), with greater Cs plant cover
during cool humid intervals and greater C4 plant cover during warm dry
intervals (cf. Chen et al., 2021; Li et al., 2017).

Although few vegetation data have been reported from Southwest
China for the Late Pleistocene, the relative uniformity of the tempera-
ture, 613C0rg and TOC profiles likely implies a relatively stable vegeta-
tion cover at that time. Transitions between cool and warm climate
conditions, from the onset of OD to the termination of BA, are marked by
significant fluctuations in 613C0rg and TOC content. These fluctuations
indicate that the vegetation may have undergone significant changes
during such transitions. To gain a more comprehensive understanding of
this relationship, high-resolution records are required for further
investigation. However, the overall strong correlations between varia-
tions in MAAT, vegetation cover, and the 613C0rg and TOC proxies
indicate that paleotemperature played a dominant role in controlling
vegetation changes in the study area during the Late Pleistocene to
Holocene.

Anthropogenic activities may also have exerted strong influence on
vegetation changes during the Late Holocene (Ren, 2007). Paleo-
temperatures show a marked decrease at ca. 4 ka before increasing after
ca. 2 ka, but the area of vegetation cover in adjacent areas and TOC
values continued to rise, an observation that therefore raises a question
concerning the primary driver of paleotemperature change during this
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time interval. These results agree with inferences that declining Chinese
forest cover since the Late Holocene was most probably due to anthro-
pogenic activities (Ren, 2007), but the magnitude and precise timing of
forest loss are not clear and require further investigation (Zhao et al.,
2009).
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5.2. Paleoclimate change before the Late Holocene

PSDs and elemental ratios are great proxies for paleoclimate change.
For example, previous studies have made extensive use of PSDs in loess,
paleosols, and lake sediments as proxies for the AM, yielding re-
constructions of East Asian Monsoon (EAM) variability since the

v I | 1 B i — T
MWH'(- I I Natural ! -9
-
_—
= 3
=
S
L ol\ a_go
L =)
w L —
o -
1
= L
L <
R}
z
Cg
— ]
S
o
o L
3
2,
S
=
o
[ QP
& Lo
-~
S ¥
N
~=
5
w g 4
=D
= o gi
- -
@
L o N
[ !
=
- ]
=
=
o =
- o
=
- <
@
2] Lo =
(\Il
R
U
] vy
o -
o |
.
-]
o | |
4ka’BP H|O YD BA | I
Holocene | Late Pleistocene
0 5 10 15 20 25 30
AMS "C age (kyr, cal BP)

Fig. 7. Comparison of long-term multiproxies with cave 5'80 records over the past 33 kyr. (A) Composite stalagmite 5'%0; (B) CIAm; (C) clay fraction; (D) sand
fraction; (E) mean particle size; and (F) 813C0rg records. All data from this study except stalagmite §'%0 (from Cheng et al., 2016). The thick gray lines in A-E represent
the best quartic polynomial fit to stalagmite 5'%0 (A).
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Holocene (Peng et al., 2005), the Pleistocene (Lu and An, 1999) and over
longer time intervals (Guo et al., 2008; Lu and Guo, 2014; Sun et al.,
2010). The chemical index of alteration (CIAm) (Arnaud et al., 2012) is
widely used to infer changes in regional chemical weathering intensity,
which is also largely related to regional changes of AM intensity (Wei
et al., 2006). Considering the monsoonal climate of the study area, we
can reasonably assume that the PSDs and CIAm in the karst depressions
are potential proxies for changes in AM intensity.

Primary (i.e., clay, silt, and sand) and aggregated particles
commonly have different transport histories (Rienzi et al., 2013). As the
cohesive force of clay minerals is strong, clay-sized particles were prone
to transport as silt- or sand-sized aggregates that were mobilized pri-
marily under strong hydrodynamic flow conditions and that experienced
transport as bedload components (Schieber et al., 2007). Although some
weak aggregates may have disintegrated during transport due to tur-
bulence (Meyer et al., 1992), the degree of particle aggregation can
increase with the total clay content of the original sediment or soil
(Wang and Shi, 2015). In contrast, coarser size fractions (e.g., silt and
sand) are generally dispersed and transported as separate particles
(Wang et al., 2014). Therefore, more clay content could probably mean
higher hydrodynamic energies in this study. As the silt fraction has a
lower standard deviation (SD = 5.81) and correlation coefficient (CV =
0.09) than the clay (SD = 9.14, CV = 0.57) and sand fractions (SD =
11.68, CV = 0.52). We used the latter fractions as well as the MPS as key
proxies for AM variation in this study.

Generally, with increases in climate humidity and temperature,
enhanced leaching leads to decreased contents of Na,O and K;0 with
little change in Al;Os3, thus yielding higher CIAm values (Chen et al.,
2008; Xiong et al., 2018). However, this inference is subject to several
caveats (Shao and Yang, 2012). First, with enhanced physical weath-
ering (i.e., greater soil erosion and sediment yield), the time for chemical
weathering can be shortened, thus reducing observed chemical weath-
ering intensity. Second, owing to poor drainage in karst depressions,
NayO and KO in clays washed from the surrounding mountains can
build up, leading to lower CIAm values. We infer that the CIAm of the
present study units are useful proxies for changes in the AM, with strong
AM could correspond to weaker values of CIAm.

Paleoclimate change in Southwest China was dominated by AM-
influenced low-latitude hydroclimate variation. The composite cave
stalagmite §'80 record for Southwest China (Fig. 7A; Cheng et al., 2016)
can be used as a standard for Asian Monsoon intensity, with lower 50
implying higher spatially integrated or summer monsoonal rainfall
(Cheng et al., 2016; Yuan et al., 2004). Other proxies such as grain size
and elemental concentrations were used to investigate the relationships
between these proxies and hydroclimate changes in this study. Good
correlations between these proxies and the composite cave 5'%0 record
(Cheng et al., 2016) suggest that AM precipitation was a crucial
modulator of the geochemical and geophysical properties of karst
depression deposits. The 880 record exhibits a significant positive
correlation with the CIAm (Fig. 7B) since the Late Pleistocene, while
displaying weaker negative correlation with clay content (Fig. 7C), as
well as weaker positive correlations with sand content (Fig. 7D) and
mean particle size (MPS; Fig. 7E) of the depression deposits prior to the
Holocene, providing compelling evidence for a close causal relationship
among these variables.

Secular variation in the CIAm, sand fraction and MPS are in-phase
with 8'®0, while the clay fraction is anti-phased. This means that
higher CIAm, sand fraction and MPS, and lower clay fraction occurred
during relatively drier intervals characterized by more positive §'%0,
whereas lower CIAm, sand fraction and MPS, and higher clay fraction
were associated with wetter periods characterized by more negative
§'80. We infer that, within the study interval, increased values of 5180
correlate with weakened monsoonal precipitation. In this context, we
infer that surface runoff decreased, leading to reduced transport of el-
ements such as K;0, Nay0 and CaO into depressions with poor drainage
capacity, and thus resulting in higher CIAm values. As clay-sized
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particles are prone to be transported as aggregates (Schieber et al.,
2007), decreased surface runoff led to decreased clay content. With a
relative decrease in the clay fraction, the sand fraction and MPS would
automatically increase, and vice versa.

Secular variation in the paleoenvironmental profiles of the study
units can be subdivided into four stages (Fig. 7): Stage I (ca. 34-24 ka),
Stage II (24-16 ka), Stage III (16-8 ka), and Stage IV (8 ka-present).
Stage I is marked by increases of 580, CIAm, sand fraction and MPS.
Stage II exhibits relative stability for all proxies. During these stages,
precipitation was a dominant control, and vegetation cover (as proxied
by 613C0rg) and paleotemperature were relatively stable (Fig. 6A), with
5180 (Fig. 7A) exhibiting a strong correlation to other proxies (Fig. 7B-
E). During Stage III, 5!%0 began to decrease, reflecting an increase in
monsoonal precipitation, which led to lower CIAm, sand fraction, and
MPS, as well as an increased clay fraction. During Stage IV, 5180, CIAm,
sand fraction, and MPS increased again, and the clay fraction decreased
further. All of these phenomena are in line with the hypothesis proposed
above, that weakened monsoonal precipitation in the study area resul-
ted in higher CIAm values, decreased clay content, increased sand
content and MPS, and vice versa.

Human-induced vegetation changes and anthropogenic activities
may have reduced the influence of hydroclimate on the properties of
karst depression deposits during stages III and IV. 613C0rg began to in-
crease around 16.8 ka (Fig. 7F), while the clay and sand fractions, as
well as MPS, deviated from the §'80 trend around 11.7 ka (Cheng et al.,
2016). At ca. 4 ka, an abrupt increase in MPS and sand fraction occurred.
The increase in §'3C indicates an expansion of C4 grassland relative to C3
woodlands in the study area, which is consistent with the reconstructed
vegetation cover from a nearby area in Guangdong Province (Wang
et al., 2007). Notably, the turning point of §'3C at ca. 16.8 ka coincides
with the timing of Heinrich Stadial 1 (H1 event) (Stager et al., 2011),
while the turning points of particle sizes and fractions at ca. 11.7 ka
align with the termination of the Younger Dryas (YD) event (Cheng
et al., 2020). Therefore, we suggest that vegetation changes since the
Early Holocene and increased anthropogenic activities during the Late
Holocene may have reduced the influence of hydroclimate on the
properties of the depression deposits in a longer-term pattern.

5.3. Anthropogenic activities since the Late Holocene

The “early anthropogenic hypothesis” (EAH) proposes that early
agriculturalists transformed planet Earth through land-use changes
starting at ca. 5 ka, and through expanded farming activities and live-
stock tending after ca. 3 ka (Ruddiman, 2003; Ruddiman et al., 2020).
Previous work has shown that anthropogenic activities (such as popu-
lation growth, agricultural expansion, and wars) became sufficiently
intense to begin to change land surfaces in China as early as 5-3 ka
(Jenny et al., 2019; Zhang et al., 2022). Investigations of early Neolithic
to Iron Age archaeological sites have revealed a ramping up of anthro-
pogenic activities in China between ca. 4 and 2.5 ka, with commensurate
effects on the regional environment (Hosner et al., 2016). As a conse-
quence of agriculture or deforestation, soil erosional rate under these
anthropogenic activities could be several orders of magnitude higher
than that under natural conditions (Feng et al., 2016; Renard, 1997;
Wischmeier and Smith, 1978; Zhang et al., 2022). Nevertheless, disen-
tangling anthropogenic impacts from other natural impacts during the
Holocene is not always straightforward, as early anthropogenic impacts
were frequently limited and spatially variable (Cheng et al., 2018;
Rothacker et al., 2018).

During the Late Holocene, the influence of enhanced anthropogenic
activities on karst sediment properties may have come to predominate
over that of paleoclimatic conditions in the study area. In this study,
multiproxies of the depression deposits (Figs. 6D, 7C-E, 8A-B) exhibit
substantial change during the Late Holocene (ca. 4 ka-present), while
less significant fluctuations in earlier time before the Holocene Optimum
(Fig. 8A-B). Although there were slight decreases in MPS (Fig. 8A) and
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of the Rong'an County (Chen, 1996).

element P (Fig. 8B) after the Holocene Optimum, the MPS after ca. 4 ka
was 9.3 pm larger than those influenced by paleoclimate change before
this time (Fig. 8A). The abrupt changes of these proxies at ca. 4 ka
indicate the impact of anthropogenic activities on environmental con-
ditions increased markedly since the end of the Late Neolithic. Previous
studies have concluded that increases in charcoal fluxes (Fig. 8C) across
China since ca. 4.5 ka were due to intensified large-scale land clearance
and energy harvesting by humans for mining and smelting of copper and
iron during the Bronze and Iron Ages (Li et al., 2011; Pei et al., 2020; Xu
et al., 2021), and this conclusion is compatible with the findings of the
present study. Moreover, the findings of this study are also consistent
with the gradual increase in SARs (Fig. 8D) at the Late Neolithic (ca. 4-5
ka) in lakes and peatlands of Southwest China (Zhang et al., 2022).
The geometric (exponential) model of regional population growth
also supports increasing influence of anthropogenic activities since the
Late Holocene. Based on the history of Rong'an County (Chen, 1996),
historical population records extend back to ca. 2.8 ka. By using a
geometric (exponential) model of regional population growth, we infer
that population numbers were low during the Middle Holocene
(Fig. 8E). From the perspective of population size, anthropogenic

10

activities are likely to have overtaken natural factors as the dominant
driver of environmental change during the Late Holocene. Our data
suggest that 4-5 ka was the key transitional period during which this
shift from dominantly natural to dominantly anthropogenic influences
occurred.

Overall, the evidences (geophysical, geochemical and biological) in
this work supports the EAH hypothesis and the concepts that “the deep
roots” of anthropogenic factors have played a significant role in modu-
lating Earth's surface environment (Stephens et al., 2019). Certainly,
these results were based on limited records, and more high-resolution
multiproxy studies will be needed in the future.

6. Conclusions

This is the one of the first studies to combine radiocarbon dating and
multiproxy analysis of karst depression deposits with the goals of
investigating the long-term history of paleoclimate change, and of
evaluating the timing of anthropogenic activities in modulating Earth's
surface environment in a typical karst catchment of Southwest China.
This paper suggests that karst depression deposits can serve as suitable
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archaeological and paleoclimatic geoarchives, particularly when inves-
tigated with multiproxy analyses. Although there are intrinsic defects of
dating the karst depression sediment sequences in this study, by using
dense AMS *C dates along multiple depositional sequences and their
correlations, well-constrained age-depth models can be developed.

In this research, by comparison of multiproxies from the depression
deposits, as well as other high-resolution georecords reported by pre-
vious studies, we have shown that paleoclimate change was the main
modulator of paleoenvironmental changes and control on vegetation
cover during the Early (ca. 12-8 ka) and Middle (ca. 8-4 ka) Holocene.
Since the Late Holocene (ca. 5-4 ka), the impacts of anthropogenic ac-
tivities, especially soil tillage, have overwhelmed natural factors. This
work supports the EAH hypothesis and the concepts that anthropogenic
factors have played a key role in modulating Earth's surface environ-
ment during the Late Holocene.
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