Quaternary Science Reviews 324 (2024) 108465

Contents lists available at ScienceDirect
Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

Check for

Contrasting north-south pattern in Holocene lacustrine carbon e
accumulation in China: Summer monsoon dynamics and
human disturbance

Hanxiang Liu", Mengdi Jiang>® ", Zicheng Yu““, Wengang Kang®, Zhongwei Shen,
Haoran Dong , Shengqian Chen®, Xinwei Yan©, Jianbao Liu™“

2 Group of Alpine Paleoecology and Human Adaptation (ALPHA), State Key Laboratory of Tibetan Plateau Earth System, Environment and Resources (TPESER), Institute
of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing, 100101, China

Y College of Geography and Environmental Sciences, Zhejiang Normal University, Jinhua, 321004, China

¢ Key Laboratory of Western China’s Environmental Systems (Ministry of Education), College of Earth and Environmental Science, Center for Pan Third Pole Environment
(Pan-TPE), Lanzhou University, Lanzhou, 730000, China

4 Key Laboratory of Geographical Processes and Ecological Security in Changbai Mountains (Ministry of Education), School of Geographical Sciences, Northeast Normal
University, Changchun, 130024, China

¢ State Key Laboratory of Black Soil Conservation and Utilization, Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun, 130102,
China

f School of Geographic Sciences, Hunan Normal University, Changsha, 410081, China

8 University of Chinese Academy of Sciences, Beijing, 100049, China

ARTICLE INFO ABSTRACT

Handling Editor: Dr P Rioual Some studies suggest that the lacustrine carbon (C) accumulation has gradually increased during the Holocene in
the monsoon region of eastern China, primarily due to the intensified human land use. However, other studies
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summer insolation. The pattern and driving forces behind Holocene lacustrine C accumulation in eastern China
remain controversial. In this study, carbon accumulation rate (CAR) records from eleven lakes in northern China
Vegetation cover and eight lakes in southern China were synthesized to examine variations in CAR between the two regions and to
Human activities understand the factors driving these variations. The results reveal that CAR in northern China increased between
Erosion 11 and 6 thousand calendar years before present (cal ka BP), as the strengthening summer monsoon resulted in
increased precipitation, promoting the growth of vegetation in the lake’s catchments and subsequently
increasing terrestrial sediment and C input into lakes. Conversely, CAR in southern China decreased due to
reduced precipitation, leading to a decline in sedimentation rate and C inputs in the lakes. After 6 cal ka BP,
decreased precipitation and increased human activities in northern China reduced the forest cover, resulting in a
decline in C input into lakes without reducing sediment inputs, which consequently led to a decrease in CAR. In
southern China, higher precipitation and intensified human activities significantly increased sediment inputs
without affecting C inputs, resulting in an increasing trend in CAR. Thus, human activities and the dipole pattern
of precipitation created an inverse phase of C accumulation between northern and southern China in lakes
throughout the Holocene. The study also highlights the importance of terrestrial C from the catchment in
contributing to lacustrine C accumulation on large regional scale, as C in lake sediments was found to be closely
associated with forest cover in the catchment.
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1. Introduction

The carbon (C) cycle plays a crucial role in regulating Earth’s
climate, and lakes sediments are a significant, long-term sink for C at
regional to global scales during the Holocene (Armstrong, 2010; Kor-
telainen et al., 2004). Understanding the fate of C buried by lakes under
future climate change and human activities requires identifying the
influencing factors of C accumulation dynamics. Currently, there are few
studies on C accumulation in Chinese lakes during the Holocene, while a
debate on the changing trends and driving factors of C accumulation is
ongoing. Wang et al. (2015) considered that the sediment and C accu-
mulation of lakes in eastern China had an overall rising trend since 12
cal ka BP based on the synthesis of lake sediments records, corre-
sponding to terrestrial organic matter input due to land-use change.
However, some studies suggest that most lakes in China had a higher
rate of C burial during the Holocene thermal maximum in the early and
middle Holocene than in the modern period. This was likely due to
larger influx of terrestrial organic matter and increased productivity in
lakes under warm and humid climate conditions at that time (Hao et al.,
2021; Zhang et al., 2013). The factors influencing carbon accumulation
in lakes include lake size (Dong et al., 2012), climate change (Gudasz
et al., 2010), and human activities (Anderson et al., 2020; Chen et al.,
2015c). Given the complex and diverse nature of these factors in
different lakes, the spatial and temporal patterns of lake carbon accu-
mulation rates and their driving factors on a millennium scale in China
during the Holocene period remain unclear.

Precipitation, temperature, and human activities are common factors
that affect C accumulation in most lakes across China. Through sediment
records and instrumental data, it has been observed that northern and
southern China experience a dipole pattern of precipitation (Chen et al.,
2015b; Ding et al., 2008; Liu et al., 2020). This pattern is influenced by
the movement of the Western Pacific Subtropical High (WPSH), which
enables the rainfall belt to move north or south of China under the
control of the East Asian Summer Monsoon (EASM). The varying pre-
cipitation levels directly impact the growth of arboreal vegetation and
contribute to soil erosion within the catchment. The temperature factor
plays a significant role in lacustrine C accumulation by influencing the
growth and decay of both terrestrial and aquatic vegetation. Remark-
ably, the temperature patterns in northern and southern China during
the Holocene period were found to be similar (Ge et al., 2013). This can
be attributed to a relatively consistent driving mechanism for
millennium-scale temperature changes (Kaufman et al., 2020; Liu et al.,
2014). In addition, both northern and southern China have a long his-
tory of intense human activities, particularly land use practices (Cohen,
2011). Deforestation, farmland reclamation, and other human-induced
changes significantly impact the amount of C entering lakes. These ac-
tivities alter the carbon dynamics within the lake’s catchment, ulti-
mately influencing C accumulation. To summarize, the difference in
lacustrine carbon accumulation between northern and southern China is
mainly driven by difference in precipitation. Comparing the synthetic
lacustrine carbon data from both regions can yield valuable insights into
the various variables that affect carbon accumulation in lakes.

This study selected eleven lakes in northern China and eight lakes in
southern China, following specific criteria, to examine their carbon
accumulation rate (CAR) records. The reliable reconstruction data for
paleo-precipitation and paleo-vegetation in both regions were compared
with the synthesized CAR records. The study aims to determine the
lacustrine C dynamics and its controlling factors on a large regional scale
in northern and southern China during the Holocene, and resolve the
dispute over the change in Holocene C accumulation and driving
mechanism of lakes in the monsoon region of eastern China from the
perspective of distinguishing between northern and southern lakes. The
findings of this study also offer fundamental knowledge for predicting
lacustrine C change under future climate scenarios.
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2. Materials and methods
2.1. Study region

China’s natural division into northern and southern regions is
demarcated by the Qin-Huai line, which follows the Qinling Mountains
and the Huai River at approximately 33°N latitude. The Qin-Huai line
aligns with the 0 °C isotherm in January and the 800-mm isohyet, dis-
tinguishing the vegetation types between the two regions. Northern
China predominantly features a temperate mix of broadleaf-conifer and
broadleaved deciduous forests, while southern China is characterized by
subtropical evergreen broadleaved forests.

In northern China, summers are hot and rainy, while winters are cold
and dry. As a result, vegetation growth and carbon input into lakes
predominantly occur during the summer season. On the other hand,
southern China experiences hot and rainy summers, alongside mild and
less rainy winters. This allows for year-round vegetation growth,
providing continuous carbon sources for lakes.

2.2. Criteria for selecting sediment records

Numerous lake sediment records from both northern and southern
China have been published. To achieve the objectives of this research,
three criteria were used to select suitable sediment records. The first
criterion necessitated that the record span most of the Holocene period
without significant sedimentary gaps. The second criterion required the
availability of independently determined ages for the sediment records,
with a sufficient time resolution to determine their occurrence in the
early, middle, or late Holocene (at least one date per 3000 years on
average). The third criterion mandated the inclusion of data on total
organic carbon (TOC) content in the records. Following these criteria, a
total of ten lakes from northern China and seven lakes from southern
China were chosen from the existing literature. Detailed information
about the sites can be found in Fig. 1 and Table 1.

2.3. Statistical analyses

We compiled multiple *C ages from available published sources
across northern and southern China (Table S1). We reconstructed a
Bayesian depth-age chronology with Bacon for each lake core using the
compiled 1*C ages. The sediment accumulation rate (SR, cm yr~ 1) was
calculated based on the chronology of the lake sediments according to
the following formula:

SR = % 1)
where h (cm) is the thickness of the sediment during time t (yr).

For records without dry bulk density (DBD, g cm™>) data, DBD values
were estimated using the following two equations (Kastowski et al.,
2011):

DBD= 1.665x(TOC) ™%’ 2)

when TOC > 6%;
DBD=1.776 — 0.363x1n (10 x TOC) 3)
when TOC < 6%.

Based on the chronologies, TOC (%), and the estimated DBD (g

em™3), the apparent CAR (g C m~2yr~!) was calculated using the
following:

CAR=SR x DBD x TOCx100 4)

All TOC, SR, and CAR data of the sediments were resampled in 400-
year bins and then standardized using this formula:
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Fig. 1. Distribution of lake sites for carbon accumulation records (used in this study) in northern (triangles) and southern (circles) China. Inset show study region

(rectangle) in China.

Zscore = )% (5)

where Z-score is the standardized score; X is the raw value of TOC, SR,
and CAR; u is the mean value of all X; and ¢ is the standard deviation of
X.

We used Generalized Additive Models (GAMs) regression—a type of
regression model that uses smoothing splines instead of linear co-
efficients for covariates (Hastie and Tibshirani, 1986) to establish the
relationship between CAR and influencing factors in northern and

southern China.

2.4. Precipitation, pollen, and human activities records from northern and
southern China

In order to investigate past changes in monsoon precipitation in
northern and southern China, various archives and proxies have been
utilized. In northern China, the synthesis of the paleosol record (Li et al.,
2014) and pollen-based precipitation record (Li et al., 2018) has been
employed to reflect the regional moisture. In southern China, the
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Table 1
Site information on the sediment records used in carbon accumulation synthesis in lakes in this study.
Area No. Site name Latitude (°N) Longitude (°E) Elevation (m a.s.l.) Mean temporal resolution (yr) References
North 1 Dali (DL) 43.2664 116.6066 1224 15 Xiao et al. (2008)
2 Liuzhouwan (LZW) 42.7073 116.6830 1403 66 Wang et al. (2001)
3 Haolukul (HLK1) 42.9563 116.7570 1343 48 Wang et al. (2001)
4 Haoluku2 (HLK2) 42.9506 116.7936 1295 22 Liu et al. (2018)
5 Angula (AGL) 41.3478 114.3777 1324 10 Wang et al. (2010)
6 Huanggihai (HQH) 40.8250 113.2771 1262 10 Hao et al. (2014)
7 Daihai (DHI) 40.5655 112.6644 1225 11 Xiao et al. (2006)
8 Gonghai (GH) 38.9081 112.2342 1855 16 Chen et al. (2015a)
9 Midiwan (MDW) 37.6500 108.6166 1349 13 Zhou et al. (1996)
10 Yanhu (YH) 35.0341 111.0981 326 12 Li (2019)
11 Zhengzhou PT (PT) 34.7450 113.8119 86 7 Wang et al. (2019)
South 12 Chaohu (CH) 31.6520 117.3782 4 13 Hu et al. (2015)
13 Guchenghu (GCH) 31.2727 118.9213 5 8 Wang et al. (1996)
14 Taihu (TH) 31.1175 120.1185 0 6 Ding (2004)
15 Longganhu (LGH) 29.9374 116.1954 10 9 Yang et al. (2002)
16 Nanyihu (NYH) 31.0833 118.9333 25 Dong et al. (2024)
17 Dahu (DH) 24.7514 115.0339 269 56 Zhou et al. (2005)
18 Huguangyan (HGY) 21.1500 110.2833 26 16 Yancheva et al. (2007)
19 Jiangling (JL) 30.0418 112.4247 40 15 Wang et al. (2006)

hopanoid flux of the Dajiuhu peatland (Xie et al., 2013), the carbon
preference index (CPI) values of n-alkanes in the Dahu Lake (Zhou et al.,
2005), the isothermal remanent magnetization (IRM) record from
Heshang Cave (Zhu et al., 2017), and the ratio of Rb/Sr in the sediments
of Nanyihu Lake (Liu et al., 2020) have also been synthesized to assess
regional moisture in this area.

The pollen data must include the ratio of arboreal plants to non-
arboreal plants (AP/NAP), and must cover the entire duration of the
Holocene. Based on this, we selected pollen records from Gonghai Lake
(Chen et al., 2015a) and Daihai Lake (Xu et al., 2010) to verify each
other in northern China. In addition, we also selected three pollen re-
cords from Nanyihu Lake (Chen et al., 2021), Dahu Lake (Zhou et al.,
2004), and Huguangyan Lake (Wang et al., 2007) in southern China.

To assess the intensity of human activities, multiple indicators have
been utilized in both northern and southern China. These include the
density average estimates for the archaeological sites (Hosner et al.,
2016), the proportion of domesticated rice in the lower Yangtze River
region (Ma et al., 2018), and historical cropland area estimates in China
(Goldewijk et al., 2017). These indicators help to provide insights into
human influences on the environment in these regions.

3. Results
3.1. Variations of total organic C content

The TOC content in northern lakes ranged from 0.02% to 40%
(Fig. S1), while in southern lakes, it varied between 0.04% and 20%
(Fig. S2). The calculated DBD trends demonstrated an opposite pattern
to TOC trends. Regarding the combined TOC Z-score of northern lakes
(Fig. 3a and 5a), an increasing trend was observed from 11 to 6 cal ka
BP, followed by a decreasing trend from 6 to O cal ka BP. Conversely, in
southern lakes (Fig. 3b and 5f), the TOC Z-score decreased from 11 to 6
cal ka BP and remained stable between 6 and 0 cal ka BP.

3.2. Temporal and spatial patterns of sediment and C accumulation rates

The SR of the lake sediments in northern China ranged from 0.01 to
0.4 cm yr’l, as shown in Fig. S3, while in southern China, it varied from
0.006 to 0.3 cm yr~* (Fig. S4). Among the northern lakes, Liuzhouwan
had the lowest average SR of 0.015 cm yr~!, while Midiwan had the
highest average SR of 0.2 cm yr . In the case of southern lakes, Dahu
had the lowest average SR of 0.015 cm yr~ !, while Taihu had the highest
average SR of 0.15 cm yr~ L. The combined SR Z-score of northern lakes
exhibited high values during the period of 3-2 cal ka BP and at 12 cal ka
BP (Fig. 3c and 5b), whereas the combined SR Z-score of southern lakes

displayed high values around 7 cal ka BP and showed an increasing
trend from 6 to O cal ka BP (Fig. 3e and 5h).

Moving on to the CAR, most lakes in northern China had CAR values
ranging from 0.05 to 40 g C cm~2yr™! (Fig. 2), while in southern China,
lacustrine CAR varied from 0.6 to 30 g C cm ™2 yr ! (Fig. 2). The highest
CAR reached 200 g C cm™2 yr™!, while the lowest was only 0.05 g C
em 2 yr~! in both northern and southern lakes. The average CAR values
for lakes in northern and southern China were 8.01 and 10.12 g C cm ™2
yr~1, respectively. The combined CAR Z-score of the northern lakes
appeared as a convex shape with high values during 9-3 cal ka BP
(Fig. 3e and 5d). In comparison, the combined CAR Z-score of the
southern lakes showed a concave shape, with low values during 8-3 cal
ka BP (Fig. 3f and 5i).

3.3. Characteristics of precipitation, vegetation, and human activities

Based on synthesized paleosol occurrence results and pollen records,
it was found that the maximum precipitation during the Holocene in
northern China occurred from 8 to 3 cal ka BP. This is supported by the
regionally synthesized record based on pollen, which showed that the
annual mean precipitation in northern China reached maximum values
from 7.8 to 3.4 cal ka BP (Fig. 4a and b). In contrast, sediment analysis,
such as the ratio of Rb/Sr in Nanyihu Lake sediments (Fig. 4f), the IRM
record from Heshang Cave (Fig. 4e), the CPI values of n-alkanes in Dahu
Lake sediments (Fig. 4d), and the Hopanoid record from Dajiuhu peat-
land (Fig. 4c), indicate that the mid-Holocene was the driest period
during the Holocene. With regard to vegetation changes, the ratio of AP/
NAP in northern China exhibited an initial increase followed by a
decrease, while in southern China, the ratio of AP/NAP showed a
downward trend since the beginning of the Holocene (Fig. 5e and j).
Indicators reflecting the intensity of human activities, such as the den-
sity average estimates for archaeological sites in both northern and
southern China (Fig. 6a and c), as well as the historical cropland area
estimates in China (Fig. 6d), show an increasing trend since 6 cal ka BP.
Additionally, in the lower Yangtze River region, the proportion of
domesticated rice spikelet bases and double-peaked phytoliths signifi-
cantly increased after 6 cal ka BP (Fig. 6b).

3.4. Contrasting pattern in lacustrine CAR in north-south China

From 12 to 6 cal ka BP, CAR in northern China increased in line with
a rise in monsoon precipitation (Fig. 5¢ and d). Conversely, CAR
decreased during the same period in southern China, corresponding to a
decrease in monsoon precipitation (Fig. 5h and i). Since 6 cal ka BP, CAR
has exhibited a decreasing trend in northern China, which aligns with a
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Fig. 2. Variations of carbon accumulation rate (CAR, g C m~2 yr™!) in the lakes from northern and southern China during the Holocene.

reduction in precipitation and an increase in human activities (Fig. 5c
and d, 6). In contrast, there has been an increase in precipitation and
human activities in southern China, which corresponds to a rise in CAR
(Fig. 5h and i, 6). The changes in lacustrine CAR were positively
correlated with moisture levels in both northern (with statistical sig-
nificance at *P < 0.1, explaining 27.7% of the variance; see Fig. 7a) and
southern China (with statistical significance at **P < 0.01, explaining
26.2% of the variance; see Fig. 7b).

4. Discussion

4.1. Monsoon precipitation dominated lacustrine C accumulation during
the period 11-6 cal ka BP

Water availability plays a crucial role in the distribution of natural
vegetation on Earth’s land surface. Soil moisture is crucial for photo-
synthesis and the survival of terrestrial plants (Gerten et al., 2004; Zhang
et al., 2020). Analysis of data from northern and southern China shows
that the change in monsoon precipitation from 11 to 6 cal ka BP follows
a trend similar to the curve of the ratio of arboreal to non-arboreal pollen
(AP/NAP) (Fig. 5). This suggests that increased precipitation leads to a
higher proportion of arboreal plants.

In lake systems, the input of terrigenous debris and organic soil
significantly contributes to the accumulation of organic C in the sedi-
ments. Vascular plants, such as shrubs and trees, which have woody and

cellulosic tissues, are better preserved in lake sediments compared to
nonvascular plants. From 11 to 6 cal ka BP, the proportion of arboreal
pollen in northern China increased (Fig. 5e), indicating the expansion of
trees during that peiod. Trees growing in lake basins produce more
decomposition-resistant C, resulting in higher TOC accumulation in lake
sediments. While both TOC and the ratio of AP/NAP showed downward
trends from 11 to 6 cal ka BP, the TOC trend is consistent with the ratio
of AP/NAP in both northern and southern China (Fig. 5). This suggest
that the expansion of trees had a major influence on the observed
changes in carbon accumulation in lake sediments. Our data integration
study has indicated that there is a positive correlation between the
proportion of arboreal vegetation and TOC in sediments, although
aquatic species can also affect the accumulation of carbon in lake
systems.

The sediments accumulated in lakes can provide information about
historical rates of sedimentation and soil erosion (Wren and Davidson,
2011). For many lakes, SR in central, deep water cores can typically
provide a good approximation of gross changes in the rate of allochth-
onous inputs related to soil erosion (Dearing, 1991). There is
well-known dependence between precipitation and mean annual sedi-
ment yields (Langbein and Schumm, 1958) as increased precipitation
favours soil erosion. However, higher precipitation also promoted the
growth of arboreal plants, which might have caused a decline in the rate
of soil erosion by increasing vegetation cover. Thus, precipitation’s
direct and indirect effects have opposite results on lake SR. When
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analyzing the SR of lakes in northern and southern China, we found that
it closely follows the trends in precipitation (Fig. 5). This suggests that
the increase or decrease in arboreal plants in the catchment did not
significantly affect the SR and the input rate of terrestrial plant debris.
This may be because the enhanced precipitation only raised the content
of the arboreal plants but did not necessarily increase the vegetation
coverage, which did not indirectly decrease soil erosion, and vice versa.
Therefore, the direct impact of precipitation on soil erosion is stronger

than the indirect impact through vegetation cover in northern and
southern China.

When soil erosion occurs in the catchment, dead and fallen vegeta-
tion is transported into the lakes. Increased soil erosion due to higher
precipitation results in faster sediment accumulation and input of
terrestrial plant debris into lakes. This process not only enhances the
TOC in lake sediments but also increases the SR of lakes. Studies con-
ducted in northern China show that between 11 and 6 cal ka BP the CAR
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magnetic record of speleothems from Heshang Cave (Zhu et al., 2017); (f) Rb/Sr ratio of Nayihu Lake (Liu et al., 2020).

increased. This increase can be attributed to the amplified monsoon
precipitation, which promoted the increase in TOC and SR in lake sed-
iments. In contrast, southern China experienced a decrease in CAR
during the same period due to weakened monsoon precipitation. This
decrease occurred because there was reduced TOC and SR in lake sed-
iments in the region. The analysis of TOC and the AP/NAP pollen ratio
data emphasized that increased monsoon precipitation promotes higher
TOC content and SR in lake sediments, while reduced monsoon pre-
cipitation leads to lower TOC content and SR in lake sediments. Spe-
cifically, the observed changes in CAR were found to be positively
correlated with moisture levels in both northern and southern China, as
determined by using a GAM regression model (Fig. 7).

4.2. Both precipitation and human activities affect lacustrine C
accumulation since 6 cal ka BP

The concentration of Neolithic sites, the presence of domesticated
rice, and the expansion of cropland in China all indicate that the rapid
development of human activities since 6 cal ka BP (Fig. 6). This devel-
opment coincided with the mixing of the human population in both

northern and southern China during the Neolithic period (Yang et al.,
2020). Around 5-6 cal ka BP, human activities, such as deforestation
and land cultivation, likely caused permanent changes to the natural
vegetation trend (Cheng et al., 2018). These activities led to a decrease
in the number of arboreal plants, resulting in a reduction of carbon input
from refractory sources to the lakes. In northern China, both decreased
monsoon precipitation and increased human activities contributed to
the decline in TOC in lake sediments since 6 cal ka BP (Fig. 5a). In
contrast, despite increased monsoon precipitation in southern China, the
proportion of arboreal pollen remained low and stable from 6 to O cal ka
BP, possibly due to intensified agricultural practices. The practices
resulted in a sifnificant decrease in tree pollen and a rapid increase in
ferns and herbs in the lake sediments in southern China (Zhou et al.,
2004). Precipitation can promote an increase in TOC, but human ac-
tivities have the opposite effect. As a result, the TOC of lake sediments
remained stable from 6 to O cal ka BP, despite high monsoon precipi-
tation during that period (Fig. 5f).

In northern China, due to the weakening of monsoon precipitation
and the increase in human activities, there was no noticeable trend in
the SR of lakes after 6 cal ka BP (Fig. 5b, d, 6). Human activities such as
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Fig. 5. Comparison of carbon accumulation and its driving factors in lakes of northern and southern China. (a) The combined total carbon content (TOC) Zscore of
northern lakes; (b) The combined sediment accumulation rate (SR) Zscore of northern lakes; (c) The combined carbon accumulation rate (CAR) Zscore of northern
lakes; (d) The composite moisture Zscore of northern China; (e) The AP/NAP pollen ratio of northern China, the pollen record from Gonghai Lake (green shadow)
(Chen et al., 2015a) and Daihai Lake (pink shadow) (Xu et al., 2010); (f) The combined TOC Zscore of southern lakes; (g) The combined SR Zscore of southern lakes;
(h) The combined CAR Zscore of southern lakes; (i) The composite moisture Zscore of southern China; (j) The AP/NAP pollen ratio of southern China, the pollen
record from Nanyihu Lake (cyan shadow) (Chen et al., 2021), Dahu Lake (green shadow) (Zhou et al., 2004) and Huguangyan Lake (pink shadow) (Wang

et al., 2007).

agriculture, grazing, and logging can promote the SR of lake sediments.
However, under the conditions of decreasing precipitation and reduced
runoff, soil erosion becomes less likely to occur. The precipitation
gradually weakened and human activities gradually increased in
northern China after 6 cal ka BP. The decrease in precipitation led to a
lower SR, while increased human activities resulted in a higher SR.
These opposing influences resulted in no clear trend in the SR. Addi-
tionally, weakened rainfall does not necessarily indirectly increase soil
erosion or the input rates of terrestrial plant debris by reducing arboreal
vegetation. In southern China, the SR of lake sediments exhibited an
upward trend from 6 to O cal ka BP (Fig. 5g) due to the positive rela-
tionship between enhanced human activities, increased precipitation,
and SR. The effects of civilization and intensive agriculture in southern
China caused significantly higher erosion rates compared to undisturbed
land (Nearing et al., 2017). Increased precipitation provided the driving
force for soil erosion and may have promoted the growth of arboreal
plants. However, the low ratio of AP/NAP during 6-0 cal ka BP suggests
that precipitation’s indirect impact on vegetation coverage was limited.
Therefore, The combination of increased precipitation and human ac-
tivities greatly contributed to the rise in SR in southern China since 6 cal
ka BP.

Regarding the changing concentration of CAR, it exhibited a
decreasing trend from 6 to O cal ka BP in northern China due to the
combined effects of weakened precipitation and enhanced human ac-
tivities, which reduced the TOC content in lake sediments. The SR of
lakes followed no apparent trend, so TOC dominated the trend of CAR in
northern China after 6 cal ka BP. In contrast, in southern China during
6-0 cal ka BP, increased precipitation and human activities led to an

increase in land soil runoff, resulting in a rise in CAR. The TOC in lake
sediments did not show any significant trend. Therefore, the CAR in
southern China was mainly dominated by SR.

4.3. North-south difference of lacustrine C accumulation in China during
the Holocene

An increasingly accepted point of view is that the highest levels of
EASM rainfall occurred during the mid-Holocene (Liu et al., 2020).
However, there is still controversy regarding precipitation patterns in
southern China during the Holocene. Nonetheless, multiple high-quality
paleo-precipitation reconstructions indicate that monsoon rainfall was
low in southern China during the mid-Holocene and high during the
early and late Holocene. Various indicators such as sediment Rb/Sr ra-
tios in Nanyihu Lake, the IRM record from Heshang Cave, the Hopanoid
record from Dajiuhu peatland, and the CPI values of n-alkanes in Dahu
Lake sediments all support the idea that the mid-Holocene was the driest
period of the Holocene (Fig. 4). This suggests a dipole pattern of
monsoon precipitation between northern and southern China, with the
movement of the WPSH causing an anti-phase in rainfall between the
two regions. When the WPSH retreats northeastward, the rainfall belt
migrates northward, resulting in reduced precipitation in southern
China and increased precipitation in northern China, and vice versa (Liu
et al., 2020).

Between 11 and 6 cal ka BP, monsoon precipitation exhibited an
increasing trend in northern China. The increased precipitation had two
effects: firstly, it promoted the growth of trees, leading to an increase in
TOC content in lake sediments; secondly, it increased runoff, leading to
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soil erosion and an accelerated SR in lakes (Fig. 8a). Consequently,
enhanced precipitation not only increased TOC levels but also resulted
in higher SR, leading to a higher concentration of CAR in lakes in
northern China during 11-6 cal ka BP. In contrast, during the time
period from 11 to 6 cal ka BP, there was a noticeable decline in monsoon
precipitation in southern China. This decrease in rainfall had significant
consequences on the local environment. One of the impacts was re-
flected in the species composition of the vegetation found in the region.
As precipitation decreased, there was a lower proportion of trees and
shrubs, in the region (Fig. 5j). Therefore, the decline in precipitation also
had an effect on the levels of TOC in the sediments of lakes in southern

China. With less rainfall, there was a reduced input of organic matter
from terrestrial sources into the lakes. As a consequence, the TOC levels
in lake sediments decreased during this period (Fig. 5f). Furthermore,
the reduced rainfall had an impact on the hydrological processes within
the lakes. With lower precipitation, there was a decrease in the amount
of runoff and sediment deposition in the lakes (Fig. 5g). As a result,
weakened precipitation led to decreased TOC and SR of lakes in south-
ern China, resulting in a decrease in CAR during the period 11-6 cal ka
BP (Fig. 8c).

After 6 cal ka BP, human activities gradually increased in both
northern and southern China. Additionally, during this period, there was
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a decreasing trend in monsoon precipitation in northern China. The 5. Conclusions and implications

decrease in precipitation had a negative relationship with runoff, while

the increasing human activities had a positive relationship with runoff. (1) There was an inverse phase of C accumulation in lakes between
As a result, the SR in lakes did not show a significant changing trend. northern and southern China over the Holocene due to the
However, the decrease in precipitation and the increase in human ac- monsoon precipitation differences and human activities.

tivities had negative relationships with the growth of arboreal vegeta- (2) Monsoon precipitation had a positive correlation with arboreal
tion, leading to a decrease in the TOC content in lake sediments vegetation and SR in northern and southern China. However,
(Fig. 8b). Consequently, the decreasing TOC and stable SR resulted in a deforestation and farmland reclamation also played an essential
decline in CAR in northern China since 6 cal ka BP. On the other hand, role in increased SR and loss of trees since 6 cal ka BP. The in-
southern China experienced an increase in monsoon precipitation dur- direct impact of precipitation on SR through vegetation coverage
ing this period. Both the increasing precipitation and human activities was not significant in either northern or southern China during
contributed to increased runoff and higher SR in lakes. Regarding the the Holocene.

TOC content in lake sediments, the increased precipitation promoted the (3) From 11 to 6 cal ka BP, CAR exhibited an upward trend in
growth of arboreal vegetation, while the intensified human activities northern China due to increased monsoon precipitation, which
reduced the proportion of arboreal vegetation, resulting in no apparent promoted the accumulation of TOC and SR in lake sediments. In
change in the TOC of lake sediments (Fig. 8d). Therefore, the stable TOC contrast, CAR decreased during the same period in southern
and increasing SR caused an increase in CAR in southern China since 6 China due to weakened monsoon precipitation, resulting in a
cal ka BP. decline in TOC and SR of lake sediments.

Overall, monsoon precipitation had a positive impact on SR and TOC (4) Since 6 cal ka BP, CAR has shown a decreasing trend in northern
in lake sediments in both northern and southern China during the Ho- China, primarily because of reduced precipitation and intensified
locene, as determined by using a GAM regression model (Fig. 7). Human human activities, which led to a decrease in the TOC content in
activities showed a positive correlation with SR but a negative correla- lake sediments. In contrast, increased precipitation and human
tion with TOC. The combined effect of precipitation and human activ- activities in southern China have contributed to higher soil
ities led to a decrease in CAR in northern China primarily due to the erosion and SR in lakes, leading to an increase in CAR.
decrease in TOC, while it resulted in an increase in CAR in southern (5) Our findings address the inconsistencies in the studies of lacus-
China mainly due to the increase in SR. Overall, these two factors were trine C accumulation in the monsoon region of eastern China. By
more influencial on C accumulation than their opposing effects. distinguishing between northern and southern lakes, we have

clarified the characteristics and influencing factors of lacustrine C
accumulation in eastern China during the Holocene. The accu-
mulation of carbon in lake sediments may also be affected by
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aquatic species, although comprehensive studies indicate a pos-
itive correlation between the proportion of arboreal vegetation
and TOC in sediments. Recognizing the north-south difference in
CAR and its relationship with monsoon precipitation and human
activities can aid in projecting future changes in lake CAR for
both regions and understanding their role in the global C cycle.
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