
Pyrogenic carbon records of Holocene fire dynamics in the Yellow River 
Basin: Climate change and human activity forcing

Chuchu Zhang a,b,c, Yifei Qiu a,d, Chenglong Wang a,b,e, Qinya Fan a, Ziyue Feng a,  
Xinqing Zou a,b,c,*

a School of Geographic and Oceanographic Sciences, Nanjing University, Nanjing 210093, China
b Ministry of Education Key Laboratory for Coast and Island Development, Nanjing University, Nanjing 210093, China
c Collaborative Innovation Center of South China Sea Studies, Nanjing University, Nanjing 210093, China
d Key Laboratory of Coastal Zone Exploitation and Protection, Ministry of Natural Resources, Nanjing 210024, China
e State Key Laboratory of Marine Geology, Tongji University, Shanghai, China

A R T I C L E  I N F O

Edtior Name: Zhengquan Yao.

Keywords:
Fire history
Yellow River Basin
BC
PAHs
Climate change
Human activities
Carbon sequestration

A B S T R A C T

Fire is a crucial component of Earth’s ecosystems, with important environmental and socioeconomic implica
tions. In this paper, we analyze black carbon and polycyclic aromatic hydrocarbons in a sediment core (YS-A) 
from the South Yellow Sea to investigate the driving forces of fire activity in the Yellow River Basin since 7.0 ka 
BP, when sea level stabilized and the modern pattern of ocean circulation system established. Our results indicate 
that fire activity gradually increased between 7.0 and 4.0 ka BP, reaching its highest level around 4.0–3.5 ka BP, 
and weakened between 3.5 and 0.5 ka BP, before rapidly increasing again after 0.5 ka BP. Climate change was 
found to be the dominant factor influencing fire history, with drier climatic conditions promoting fire activity 
during 7.0–4.0 ka BP, but suppressing it after 4.0 ka BP. This varied response of fire to climatic conditions is 
linked to the complex interaction between rainfall, vegetation cover, and fuel availability. Human activity is also 
shown to exert a complex impact, with some activities, such as deforestation, reducing vegetation cover and 
limiting fire activity over Late Holocene timescales, while other factors, such as coal burning, increasing high- 
temperature combustion since 0.5 ka BP. Furthermore, our findings suggest that fire activity has significantly 
influenced carbon sequestration in marine sediments, leading to an increase in the burial of refractory carbon 
from approximately 12 % to 18 % between 7.0 and 3.5 ka BP, and a higher proportion of terrestrial organic 
matter.

1. Introduction

Fire has been an integral part of Earth’s ecosystems since the emer
gence of vegetation on land in geological history (Scott, 2000). Fire 
emissions of carbon dioxide (CO2) and other greenhouse gases 
contribute to atmospheric composition and climate warming (Hao et al., 
1996). The burning of surface plant residues by fire accelerates the 
carbon cycle, and fire has a significant impact on the global carbon cycle 
(Bowman et al., 2009). There are ecosystems where fire has been a 
natural factor for thousands of years, such as the Mediterranean 
ecosystem (Keeley et al., 2011). Additionally, fire can influence the 
succession of natural landscapes and ecosystems (Bond-Lamberty et al., 
2007). Fire can also have detrimental effects on the environment, 
particularly during extreme fire activity. Over the past few decades, 

there has been a significant increase in the incidence of large, uncon
trolled fires, leading to substantial economic, social, and ecological 
impacts (Bowman et al., 2017). For instance, tropical forest fires in 
Southeast Asia resulted in economic losses of nearly $U.S. 8.8 to 9.3 
billion in 1997 (Bowman et al., 2009). Wildfires account for ~25 % of 
the world’s forest fire and ~ 8 % of premature deaths due to poor air 
quality (Lelieveld et al., 2015). Therefore, the study of fire activity has 
significant environmental and social implications.

The occurrence of fire is dependent on three key components: suf
ficient combustible materials, suitable climatic background, and trig
gering conditions (Krawchuk et al., 2009). Climate change plays a 
crucial role in determining vegetation productivity, burning season, and 
the spread and evolution of fires (Scott and Glasspool, 2006; Huang 
et al., 2020; Huang et al., 2023). Additionally, human activities are 
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closely related to the occurrence of fire (Pei et al., 2020; Garcés-Pastor 
et al., 2022). The temporal and spatial distribution of fire can be influ
enced by both climate change and human activities, and the dynamics of 
fire in geological history can provide insight into the evolution of 
climate change and human activities. By clarifying the interrelationships 
among fire, climate, vegetation, and human activities in the geological 
record, we can enhance our understanding of the mechanisms that drive 
fire occurrence and improve our predictive capability regarding future 
fire events.

The relationship between fire, climate, vegetation, and human ac
tivities is not yet fully understood and can vary depending on different 
spatial and temporal scales (Whitlock et al., 2015). Some studies suggest 
that fire occur more frequently in dry climates due to enhanced fire- 
prone weather and reduced fuel moisture (Tan et al., 2015; Heymann 
et al., 2017), while others suggest that the increase in temperature and 
humidity may have strengthened regional fire activity with more 
biomass burning (Han et al., 2012; Daniau et al., 2013). Additionally, 
some records suggest that human fire use has increased the incidence of 
local fires (Zong et al., 2007; Marlon et al., 2008; Thevenon et al., 2010), 
while others show that increased human activities has led to a general 
decrease in forest cover, resulting in a decrease in fire activity (Pei et al., 
2020; Sun et al., 2022a). Currently, the impact of human activities on 
fire remains controversial, primarily due to the lack of adequate regional 
fire reconstruction from sediment records.

Numerous environmental proxies can be utilized for reconstructing 
fire history, including charcoal, black carbon (BC), tree-ring fire scars, 
polycyclic aromatic hydrocarbons (PAHs), and levoglucosan. BC is 
generated by incomplete combustion of fossil fuels and biomass, and is 
commonly used as a proxy for fire reconstruction (Han et al., 2012; Tan 
et al., 2015). The concentration of BC in sediments is generally posi
tively correlated with fire frequencies, and the stable carbon isotopic 
compositions of BC (δ13CBC) has been increasingly used for paleo- 
vegetation reconstructions (Pang et al., 2021; Ning et al., 2022). How
ever, smaller variations in BC content were observed depending on the 
techniques used or the laboratories conducting the measurements 

(Hammes et al., 2007). These discrepancies can arise from differences in 
methodology, calibration, and sample handling, underscoring the 
importance of standardization in BC analysis for accurate comparisons. 
PAHs have also been considered as a potential proxy for reconstructing 
fire history (Tan et al., 2020). PAHs are widely present in marine sedi
ments and are primarily sourced from natural forest fires and volcanic 
eruptions, as well as emissions from anthropogenic burning of biomass 
(Menzie et al., 1992; Tan et al., 2020). Furthermore, BC and PAHs have 
the potential to provide fire record in their source region (Burns et al., 
1997; Pei et al., 2020).

The Yellow River basin is widely recognized as the cradle of Chinese 
civilization where the Xia Culture of the early Bronze Age founded their 
chieftain states and walled towns in the loess region approximately 4.0 
ka BP (Huang et al., 2009). Therefore, Yellow River Basin is of great 
importance for understanding the past socio-environmental in
teractions. The South Yellow Sea (SYS) is a significant river-dominated 
marginal sea that receives substantial sediment loads from the Yellow 
River. The South Yellow Sea mud deposit (SYSMD) is one of the largest 
mud deposits on the SYS shelf (Fig. 1). It is characterized by the suc
cessive accumulation of fine-grained sediments, considerable thickness, 
and a complex dynamic environment (Ai et al., 2022), making it an ideal 
location for tracing the climate change and evolution of the Yellow River 
civilization in China. There are numerous studies about the recon
structed fire or vegetation of the Yellow River Basin from loess (Huang 
et al., 2006; Wang et al., 2012; Wang et al., 2018), lakes (Xiao et al., 
2004; Wang et al., 2013) or marginal seas (Chen et al., 2022; Sun et al., 
2022a). However, most studies only used a single proxy, which may lead 
to uncertainty in the results. Meanwhile, numerous studies have high
lighted the significance of human impact on fire dynamics (Zong et al., 
2007; Marlon et al., 2008; Pei et al., 2020), but the commencement 
times remains controversial. In this study, we aim to reconstruct the 
history of fire and vegetation change in the Yellow River Basin using 
high-resolution BC (content and δ13CBC) and PAHs records from YS-A 
cores in the SYSMD since 7.0 ka BP, when sea level reached its pre
sent level and stabilized (Liu et al., 2004) and the modern circulation 

Fig. 1. Map showing the study area, location of core YS-A (yellow pentagram), surface current system (black arrows) around the area and locations of sediment core 
studied previously (pink circles): Sanbao Cave (Wang et al., 2008), Lake Daihai and Lake Gonghai (Sun et al., 2022b). The coastline was moved to the approximate 
position of present 40 m isobaths at 11.0 ka BP (Liu et al., 2004; the palo and present coastline is shown in black dotted line and black line), and proximal subaqueous 
delta along the northern coast of the Shandong Peninsula (orange area) developed. The blue dashed line indicates the possible location of the Paleo-Yellow River 
estuary. Dark gray area indicates the South Yellow Sea mud deposit (SYSMD), and light gray area indicates the mud deposit in eastern Chinese marginal seas. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Note: Percentage of forest coverage (PTC) data was prepared using MODIS data, covering the globe in a 500 m (15 s) interval grid (version 2).
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system formed (Yang et al., 2003). We also discuss the relationship be
tween fire, vegetation, climate change, and human activities, and eval
uate the relative importance of climate change and human activities on 
fire in the Yellow River Basin during different periods of Holocene. 
Additionally, we explore the effect of fire on carbon sequestration by 
combining organic carbon indicators.

2. Material and methods

2.1. Study area

As the second largest river in China, the Yellow River flows through 
arid and semi-arid regions in the temperate zone, with an annual runoff 
of 890 × 108 m3 and an annual sediment load of over 109 tons (Saito 
et al., 2001). Statistical analysis of MODIS active fire data from 2001 to 
2020 reveals that an average of 223 active fires occur annually on the 
Chinese Loess Plateau (Zheng et al., 2024). The spatial distribution 
patterns of both the frequency and intensity of active fires on the Loess 
Plateau are similar, with a significant concentration observed in the 
eastern plains along the Yellow River, where agricultural land pre
dominates and fire intensity is elevated (Zheng et al., 2024). The Yellow 
River Basin has garnered significant interest from the scientists for 
investigating Holocene climate variability and its implications for local 
ecosystems and human society (Huang et al., 2009). Archaeological and 
historical evidence indicated that the Chinese Loess Plateau, located in 
the upper and mid-reaches of the Yellow River Basin and currently 
characterized by steppe and grassland vegetation, was once covered by a 
forest-dominated ecosystem during the mid-Holocene (Shi, 1991).

The SYS represents typical river-dominated ocean margin, where 
substantial quantities of sediment are transported and deposited from 
the Yellow River. The sea level of the SYS at 11 ka BP was about 40 m 
below the present level (Liu et al., 2004). At approximately 7.0 ka BP, 
the sea level reached its highest level and stabilized, and the Yellow 
River estuary receded to its present position following transgression 
(Fig. 1). The modern circulation system consisting of the Yellow Sea 
Warm Current (YSWC), the Yellow Sea Coastal Current (YSCC), and 
Korean Coastal Current (KCC), the Shandong Coastal Current (SDCC), 
and the Changjiang Diluted Water (CDW) was formed (Fig. 1; Yuan 
et al., 2008). Meanwhile, the SYSMD gradually developed owing to the 
trapping effect of the modern circulation system (Yang et al., 2003), and 
undergone a two-phase process of “storage in summer and trans
portation in winter”.

2.2. Material

The sediment core YS-A (122.9◦N, 36.3◦E) was collected from 
SYSMD (Fig. 1) using a gravity column with an inner diameter of 110 cm 
in the November of 2019. The water depth of YS-A is 64.8 m and the 
length of core is 240 cm. The core was subsampled at 1 cm intervals to 
yield 240 core sediment samples and stored at − 20 ◦C in the lab. The 
homogeneous olive brown clay slit of the core is indicative of a stable 
sedimentary environment with sufficient sediment supply.

2.3. Methods

2.3.1. Core chronology
The age model of core YS-A was established through accelerator 

mass spectrometry (AMS) 14C dating of twelve mixed benthic forami
nifera at Pilot National Laboratory for Marine Science and Technology 
(Qingdao). All dates were calibrated to calendar years before “present” 
(before 1950 CE, or BP) using the CALIB 8.20 program with an updated 
calibration curve Marine20, and a constant average global reservoir age 
of 400 years was assumed. The correction factor Delta R was − 173 ± 88 
yr and detailed methods were shown in Zhang et al. (2024). To optimize 
the available dates, age-depth modeling was carried out by Bayesian 
analysis using the Bacon program in R with the default settings (Blaauw 

and Christen, 2011).

2.3.2. Grain size
Grain size analyses were measured with a laser diffraction particle 

size analyzer (Mastersizer 2000, Malven Instruments Ltd., UK) from 0.02 
to 2000 μm. The measuring error was within 3 %. All the samples were 
washed with 10 % H2O2 and 1 mol/L HCl for 24 h to remove the organic 
matter and biogenic carbonate, and immersed in sodium metaphosphate 
for 24 h prior to grain size analyses.

2.3.3. Black carbon
All samples were analyzed for BC and δ13CBC, following the dichro

mate oxidation method (Bird and Grocke, 1997). Approximately 2 g 
freeze-dried samples were weighed and dissolved with a solution of 10 
% HCl to remove carbonate. Then, the silicate minerals and refractory 
oxides were sequentially dissolved using mixture solution of HF/HCl (v/ 
v, 1:1) at 85 ◦C. Each step reacted for 24 h. Finally, the acid-treated 
samples were oxidized by a mixed solution of 0.1 mol/L K2Cr2O7 and 
2 mol/L H2SO4 at 60 ◦C for 120 h to remove the kerogen fraction. 
Samples were washed to a neutral pH between each treatment. The final 
residue was washed with ultrapure carbon-free water and methanol 
successively, dried under room temperature, and ground into a fine 
powder. The process of centrifugation and rinsing was carefully 
repeated 3 to 6 times after each step. The remaining refractory carbon in 
the residue was operationally defined as BC (Pei et al., 2020). The BC 
concentration and δ13CBC value were determined using a Thermo Flash 
2000 elemental analyzer interfaced with a MAT253 isotope ratio mass 
spectrometer. The chemical pretreatment and isotopic measurements 
were completed in the Third Institute of Oceanography, Ministry of 
Natural Resources. Replicate analysis showed that the relative error was 
within 5 % for BC content. Reproducibility of the standard sample was 
better than ±0.2 ‰ for δ13CBC.

2.3.4. PAHs
All samples were analyzed for PAHs, following the method from 

Wang et al. (2015). Ultrasonication extractions were performed on 5 g of 
surface sediment spiked with surrogate standards (i.e., naphthalene-d8, 
acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12) 
in 30 mL of n-hexane/dichloromethane (1:1 v/v) utilizing four 15 min 
extraction cycle, after which 2 g of activated copper was added for 
desulphurization. The extract was concentrated to 1 mL, purified 
through a chromatography column with 3 cm of neutral alumina, 3 cm 
of silica gel, and 1 cm of anhydrous sodium sulphate, and then eluted 
with 30 mL of n-hexane/dichloromethane (1:1 v/v). The eluate con
taining the PAHs was vacuum-evaporated and solvent-exchanged with 
n-hexane and finally concentrated to 500 μL under a gentle nitrogen 
stream.

The concentrations of 16 PAHs were analyzed by gas chromatog
raphy/triple quadrupole mass spectrometry (GC–MS/MS, Thermo 
Fisher Scientific, TSQ 8000 Evo, USA), fitted with a quartz capillary TG- 
5MS column (30 m × 0.25 mm internal diameter, 0.25 μm film thick
ness). The GC temperature was initially set at 80 ◦C and held for 2 min, 
then increased to 180 ◦C at a 20 ◦C/min rate for 5 min, and finally 
increased to 290 ◦C at a 10 ◦C/min rate for 15 min. The interface, in
jection and ion source temperatures were 290, 290 and 230 ◦C, 
respectively. Helium was used as the carrier gas with a flow rate of 1 
mL/min. All samples were analyzed via the selected reaction monitoring 
(SRM) method. The chemical pretreatment and content test were 
completed in the Key Laboratory of Coastal and Island Development of 
Ministry of Education, Nanjing University.

A standard mixture solution including sixteen priority PAHs namely 
naphthalene (Nap), acenaphthylene (Acy), acenaphthene (Ace), fluorine 
(Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flo), pyrene 
(Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene 
(BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno 
[1,2,3-c,d]pyrene (IcdP), dibenzo[a,h]anthracene (DahA), and bnzo[g, 
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h,i]perylene (BghiP) was purchased from Supelco (USA). All the solvents 
used were high-performance-liquid -chromatography (HPLC) grade.

For quality control, solvent blanks, procedure blanks, and duplicate 
samples were processed with every twelve-sample batch. The relative 
standard deviation for each replicate was <10 %, and no detectable 
amounts of PAHs were found in procedural blanks. The linear regression 
coefficients for calibration curves based on eight standard concentra
tions (1, 10, 25, 50, 100, 250, 400, 500 ng/L) were > 0.999. The mean 
surrogate recoveries were 55.90 %, 75.90 %, 83.79 %, 94.43 %, and 
93.27 % for naphthalene-d8, acenaphthene-d10, phenanthrene-d10, 
chrysene-d12, and perylene-d12, respectively.

2.3.5. Bulk Parameters
All the sediment samples were analyzed for total organic carbon 

(TOC) and stable isotope (δ13CTOC). The freeze-dried and homogenized 
samples were treated with 1 M HCl to remove inorganic carbon, and 
then rinsed several times with deionized water to neutralize them. A 
Thermo Flash 2000 elemental analyzer interfaced with a MAT253 
isotope ratio mass spectrometer was used to determine the TOC content 
and δ13CTOC.

2.3.6. Statistical analysis
Pearson correlation analysis was used to test the strength of associ

ations between BC/PAHs contents or climate change/human activity 
records after normality tests, and the statistical significance was 
considered for p < 0.05 (two tailed tests). Pearson correlation analysis 
were performed with SPSS software (IBM SPSS Statistics 24.0).

3. Results

3.1. Chronology

The age model for core YS-A was based on accelerator mass spec
trometry (AMS) 14C measurements carried out on twelve mixed benthic 
foraminifera. The age-depth model was determined using Bayesian 
analysis and presented in Table 1 and Fig. 2a. An age model developed 
by Zhang et al. (2024) suggests that the upper 180 cm of YA-A has been 
deposited since ~7.0 ka BP, corresponding to the time when sea level 
reached its present level and stabilized and the modern circulation 

system formed.

3.2. Black carbon

Fig. 2b illustrates that the BC content in core YS-A ranged from 0.55 
‰ to 1.75 ‰, with an average value of 1.18 ± 0.22 ‰. The BC content 
exhibited a generally low value (0.99 ± 0.22 ‰) and an increasing trend 
between 240 cm and 128 cm (around 11.0–4.0 ka BP), with a relatively 
high value between 128 cm and 115 cm (around 4.0–3.5 ka BP). The BC 
content slightly decreased upwards between 115 cm and 15 cm (around 
3.5–0.5 ka BP), and finally exhibited an increasing trend to the top 15 
cm. The δ13CBC values for core YS-A ranged from − 23.01 ‰ to − 21.15 
‰, with an average value of − 21.72 ± 0.32 ‰ (Fig. 2d). The δ13CBC 
values showed a more negative value (− 21.81 ± 0.29 ‰) between 240 
cm and 180 cm (around 11.0–7.0 ka BP), with a relatively stable value 
between 180 cm and 15 cm. Finally, the δ13CBC values exhibited the 
most negative value (− 22.37 ± 0.41 ‰) from 15 cm to the top.

3.3. PAHs

Fig. 2c illustrates that the concentration of PAHs in core YS-A ranged 
from 46.35 ng/g to 139.19 ng/g, with an average value of 91.73 ±
19.21 ng/g. The PAH content exhibited an increasing trend between 
depths of 240 cm and 128 cm (around 11.0–4.0 ka BP), a relatively high 
value between 128 cm and 115 cm (around 4.0–3.5 ka BP), a slightly 
decreasing trend upwards between 115 cm and 15 cm (around 3.5–0.5 
ka BP), and an increasing trend to the top 15 cm. The trend of medium 
molecular weight PAHs (MMW PAHs, PAHs with 3–4 rings) compounds 
was similar to that of PAHs (Fig. 2f), whereas high molecular weight 
PAHs (HMW PAHs, PAHs with 5–6 rings) compounds exhibited a 
completely different trend (Fig. 2e). HMW PAHs had a relatively low 
value between depths of 240 cm and 15 cm (around 11.0–0.5 ka BP), 
with an obvious increasing trend and the highest value from 15 cm to the 
top.

4. Discussion

4.1. Provenance and implication of BC and PAHs

During 11.0–7.0 ka BP, there was a notable increase in the concen
trations of BC and PAHs. The negative correlation observed between BC 
(r = − 0.58, p < 0.001), PAHs (r = − 0.76, p < 0.001), and mean grain 
size (Fig. S1a, b) suggests that hydrodynamic sorting played an impor
tant role in the distribution of BC and PAHs during this period. At 11.0 
ka BP, the sea level of SYSMD was approximately 40 m below the current 
level, but it rapidly rose to its present level and stabilized at around 7.0 
ka BP (Fig. 1; Liu et al., 2004). Therefore, it is likely that sea level 
changes influenced the distribution of BC and PAHs during 11.0–7.0 ka 
BP. In addition, SYSMD gradually developed owing to the trapping effect 
of the modern circulation system since around 7.0 ka BP (Yang et al., 
2003). After 7.0 ka BP, there was no significant correlation observed 
between BC (r = − 0.13, p > 0.05), PAHs (r = − 0.11, p > 0.05), and mean 
grain size (Fig. S1c, d), indicating that hydrodynamic sorting was un
likely to influence the distribution of BC and PAHs during this period. In 
addition, the absence of correlation between BC, PAHs content and the 
clay, silt, sand contents suggested that BC and PAHs content was usually 
not influenced by sediment fractions (Table S1). Meanwhile, there has 
been a significant correlation between BC and PAHs content (r = 0.65, p 
< 0.001), which suggested that changes in BC and PAHs were homo
geneous since 7.0 ka BP. Therefore, BC and PAHs content in core YS-A 
can closely reflect the emissions of BC and PAHs due to the fires since 
7.0 ka BP.

In this study, we utilized δ13CBC to limit the origins of core YS-A 
sediments from 7.0 ka BP. The δ13CBC variation in core YS-A ranged 
from − 23.01 ‰ to − 21.15 ‰ (average = − 21.70 ‰) since 7.0 ka BP, 
which was generally consistent with the range of Yellow River surface 

Table 1 
AMS14C dating and calibrated ages of sediment core YS-A.

Core 
depth 
(cm)

Material AMS14C 
age 
(yr BP)

Calibrated 
age 
(cal yr BP)

Calibrated age 
range 
2σ (cal yr BP)

0 Mixed benthic 
foraminifera 410 ± 30 0 –

10 Mixed benthic 
foraminifera 775 ± 25 395 173–596

20 Mixed benthic 
foraminifera

1155 ±
20 724 531–922

40 Mixed benthic 
foraminifera

1545 ±
20 1112 895–1317

60 Mixed benthic 
foraminifera

2290 ±
70 1939 1644–2274

90 Mixed benthic 
foraminifera

2630 ±
20 2372 2109–2667

120 Mixed benthic 
foraminifera

3615 ±
40

3562 3301–3849

140 Mixed benthic 
foraminifera

4185 ±
30 4303 3997–4587

160 Mixed benthic 
foraminifera

5350 ±
30 5712 5467–5939

180 Mixed benthic 
foraminifera

6670 ±
40

7153 6902–7397

210 Mixed benthic 
foraminifera

9700 ±
30 10,697 10,393–11,057

240 Mixed benthic 
foraminifera

9890 ±
50

10,955 10,802–11,122
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Fig. 2. Results of (a) age model; (b) BC (‰); (c) PAHs (ng/g); (d) δ13CBC (‰); (e) HMW PAHs (ng/g); (f) MMW PAHs (ng/g); (g) mean grain size (μm); (h) TOC (%); 
(i) δ13CTOC (‰).
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sediments (from − 22.6 ‰ to − 20.6 ‰) (Chen et al., 2021). Furthermore, 
the average δ13CBC from the surface sediment of the Yangtze River was 
more positive (~ − 20.2 ‰) (Chen et al., 2021). Previous studies of clay 
minerals, heavy minerals and elemental geochemistry in the surface 
sediments also indicated that the sediments in the SYSMD were mainly 
transported from the Yellow River by the YSWC and YSCC, with minor 
delivery from the Yangtze River (Alexander et al., 1991; Yang et al., 
2003; Yang and Liu, 2007). Moreover, the clay mineral composition and 
heavy mineralogy of sediment cores in the SYS showed that Yellow River 
was the major provenance of the study area, at least since MIS 3 (Liu 
et al., 2010; Zhang et al., 2013). Other potential sources, such as small 
localized rivers with a relatively low flux of suspended sediment, make a 
limited contribution to the study region (Milliman and Farnsworth, 
2011). Therefore, we conclude that the sediments from core YS-A pri
marily originated from the Yellow River Basin since 7.0 ka BP. By 
combining the aforementioned provenance constraints, we emphasize 
that the content of BC and PAHs in core YS-A sediment could reflect the 
regional fire activity throughout the Yellow River Basin since 7.0 ka BP, 
rather than individual fire activity in any particular local area (Pei et al., 
2020).

4.2. Fire history and sources of the Yellow River Basin since 7.0 ka BP

The concentration of BC and PAHs is positively correlated with the 
extent and frequency of fire (Zhou et al., 2007; Tan et al., 2020), with 
increases in BC and PAHs in sediments indicating more intensive fires. 
Our results of BC and PAHs indicate that fire activity increased gradually 
during 7.0–4.0 ka BP, reaching to the highest level around 4.0–3.5 ka 
BP, and became relatively weak until 0.5 ka BP (Fig. 3a, b). Notably, fire 
activity showed a rapidly rising trend since 0.5 ka BP (Fig. 3a, b). 
Generally, the gradual decline of fire activity since the mid-Holocene 
depicted by the BC and PAHs content in core YS-A (Fig. 3a, b) is 
consistent with records of sediment cores from the South Yellow Sea 
(Sun et al., 2022a), the East China Sea (Pei et al., 2020), Lake Daihai in 
north-central China (Wang et al., 2013) and Lake Lia in the Southern 
Carpathians, Romania (Finsinger et al., 2016). Meanwhile, a significant 
increase in fire activity from last few hundred years appears to occur in 
the cores from southeastern part of the Loess Plateau (Tan et al., 2015), 
Tianchi Crater Lake (Pang et al., 2021) and Laizhou Bay (Tan et al., 
2022).

The similar production processes by BC and PAHs provide a possi
bility to infer the fire sources. The component of PAHs is typically used 
as a qualitative source identification method to explore the fate and 
transport of PAHs in the environment (Yunker et al., 2002) and further 
identify the sources of fire (Argiriadis et al., 2018; Tan et al., 2020). The 
components of PAHs in YS-A were primarily composed of 3–4 ring 
compounds, especially Phe, which were used as indicators from biomass 
combustion (Tan et al., 2020). Meanwhile, isomer pair ratios, including 
ratios of Ant/(Ant+Phe), Flo/(Flo+Pyr), IcdP/(IcdP+BghiP), and BaA/ 
(BaA+Chr), are often used to differentiate between combustion and 
petroleum sources. As shown in Fig. 4, the ratios of Ant/(Ant+Phe) and 
Flo/(Flo+Pyr) were greater than 0.1 and 0.5 for most samples, respec
tively. The ratios of BaA/(BaA+Chr) and IcdP/(IcdP+BghiP) were 
greater than 0.3 and 0.5 for most samples, respectively. In summary, the 
ratios of Ant/(Ant+Phe), Flo/(Flo+Pyr), IcdP/(IcdP+BghiP), and BaA/ 
(BaA+Chr) in core YS-A suggest that the majority of PAH components in 
most samples may have originated from pyrogenic sources and biomass 
burning (Yunker et al., 2002), which is consistent with a previous study 
in the middle reaches of the Yellow River drainage basin (Tan et al., 
2020). Additionally, δ13CBC values can provide information on the type 
of vegetation consumed (Bird and Grocke, 1997). Liu et al. (2013) re
ported that C4% values less than 32.1 % based on measured δ13CSOC 
values for surface soil samples in the Chinese Loess Plateau. Addition
ally, Wang et al. (2013) used δ13CBC values of − 26.3 ‰ and − 13.0 ‰ as 
end-member values for BC produced from C3 and C4 plants during the 
Holocene in the Chinese Loess Plateau. Consequently, the average 

δ13CBC value of − 21.69 ‰ throughout the YS-A record suggests that the 
vegetation in the Yellow River Basin has been primarily composed of C3 
plants since 7.0 ka BP, aligning with previous studies (Liu et al., 2011; 
Wang et al., 2013).

4.3. Influence of climate change on fire dynamics since 7.0 ka BP

The occurrence of fire can be directly and indirectly influenced by 
climate change, specifically changes in precipitation and temperature. 
Directly, climate change can affect fire through its impact on ignition, 
fuel moisture, and fire temperature; indirectly, it influences fire dy
namics through alterations in vegetation composition and productivity 
(Daniau et al., 2010). We found a decreasing trend of precipitation 
inferred from Sanbao Cave speleothem isotopic records (Wang et al., 
2008) (Fig. 3g), pollen-based moisture index in the Yangtze River Basin 
(Zhao et al., 2009) (Fig. 3i) and annual precipitation in northern China 
(Chen et al., 2015) (Fig. 3i) but an increasing trend of fire activity be
tween 7.0 and 4.0 ka BP. Interestingly, after 3.5 ka BP, fire activity 
showed a significant trend of weakening until 0.5 ka BP. Meanwhile, 
there was a negative correlation between BC (Fig. 5a; r = − 0.52, p <
0.01), PAHs (Fig. 5c; r = − 0.60, p < 0.01) and moisture index during 
7.0–4.0 ka BP, but a positive correlation between BC (Fig. 5a; r = 0.58, p 
< 0.001), PAHs (Fig. 5c; r = 0.79, p < 0.001) and moisture index during 
4.0–0 ka BP. Besides, there was a positive correlation between BC 
(Fig. 5b; r = 0.58, p < 0.01), PAHs (Fig. 5d; r = 0.66, p < 0.001) and δ18O 
(VPDB, ‰) from Sanbao cave (Wang et al., 2008) during 7.0–4.0 ka BP, 
but a negative correlation between BC (Fig. 5b; r = − 0.68, p < 0.001), 
PAHs (Fig. 5d; r = − 0.82, p < 0.001) and δ18O (VPDB, ‰) from Sanbao 
cave during 4.0–0 ka BP. It may suggest that drier climatic conditions 
have promoted fire activity during 7.0–4.0 ka BP and suppressed the fire 
activity since 4.0 ka BP instead. Furthermore, we also observed the 
response of fire activity to global changes. By comparing the relationship 
between fire activity and Bond events (Bond et al., 2001), we found that 
the content of both BC and PAHs increased at ~4.2, ~4.6, ~5.2, and ~ 
5.8 ka BP, while in the phases of ~0.4, ~1.4, and ~ 2.8 ka BP, the 
content of both BC and PAHs decreased (Fig. 3a, b), suggesting that the 
cold events before ~4.0 ka BP enhanced fire activity, whereas subse
quent cold events suppressed it.

We hypothesize that the shift in the correlation of fire activity and 
precipitation around 4.0 ka BP in the Yellow River Basin may be pri
marily due to changes in vegetation cover. During 7.0–4.0 ka BP, the 
climate was persistently warm and humid (Wang et al., 2012) and 
vegetation cover was high (Fig. 3h; Sun et al., 2022b), providing suffi
cient fuel for fire occurrence. During this time, decreased moisture were 
more likely to cause fires by reducing the moisture content of fuel and 
increasing fuel flammability. In drier environment, the frequency of fire 
ignition increases (Zhang et al., 2015). Additionally, drier climate con
ditions are believed to have influenced cloud microphysics by increasing 
suspended aerosols and cloud condensation nuclei (Williams et al., 
2002), leading to increased lightning activity (Price, 2009). Therefore, 
we speculated that fuel availability was the primary driver of fire 
occurrence during 7.0–4.0 ka BP. In contrast, after 4.0 ka BP, the 
moisture index in northern China declined (Fig. 3i; Zhao et al., 2009; 
Chen et al., 2015), the climate changed from wet to semi-arid (Wang 
et al., 2012), and the vegetation cover in Lake Daihai and Lake Gonghai 
was relatively low and gradually decreased (Fig. 3h; Xiao et al., 2004; 
Sun et al., 2022b). Consequently, productivity and fuel abundance 
inhibited the occurrence and spread of fire since 4.0 ka BP. Drier climate 
conditions limited the growth of vegetation and thus could not provide 
abundant fuel for the occurrence of fires. We speculated that the 
response of fire to climatic conditions may depended heavily on whether 
vegetation cover limits fire occurrence at this time, suggesting that the 
threshold effect of climate change on fire activity could explain the shift 
in fire activity in the Yellow River Basin. Our result is similar to a pre
vious study (Sun et al., 2022a) and strongly suggest that both climate 
and vegetation have been the main drivers of fire activity, although the 
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linkages are complex (Mu et al., 2017).

4.4. Fire activity in response to human activities

As mentioned above, the relationship between fire activity and 
climate shifted as vegetation cover decreased. In addition to the drier 
climate (Fig. 3g, i), human activities may also be an important cause of 
the decline in vegetation cover. The Xia Dynasty was founded about 4.0 
ka BP, when China entered the Bronze Age. Humans used fire to attract 
prey, accelerate the establishment of agricultural areas, and facilitate 
settlement (Zong et al., 2007). Slash-and-burn techniques have been 
widely used to convert forests into crop fields and pastures (Mu et al., 
2017). Since 4.0 ka BP, cereal-based agriculture has been widespread on 
the Yellow River Basin (Wang et al., 2012). In addition, previous studies 
suggest that anthropogenic deforestation is the main reason for the 
decrease in vegetation coverage to the lowest level since the Late Ho
locene (Fig. 3h; Sun et al., 2022b; Garcés-Pastor et al., 2022). These 
findings indicate that human activities may have influenced fire activity 
in the Yellow River Basin since the Late Holocene. Human activities, 
such as deforestation, cultivation, and mining, have led to a reduction in 
vegetation cover, which in turn has decreased the availability of 
combustible materials and ultimately suppressed fire activity over 
millennial timescales since the Late Holocene. In other words, human 
activities have superimposed on vegetation cover at the millennial scale 
to influence fire activity. In the future, the primary impact of human 
activities on fire activity is likely to be through anthropogenic climate 
change (Scholze et al., 2006; Zheng et al., 2023).

Furthermore, human activities have been observed to cause fluctu
ations in fire activity on a centennial scale. Specifically, during 1.9–1.8 
ka BP (late Han Dynasty), 1.6–1.4 ka BP (Wei-Jin Southern & Northern 
Dynasties), 1.1–0.9 ka BP (Tang-Song Dynasty), the decreased BC and 
PAHs concentration in YS-A (Fig. 6a, b) coincided with large-scale 
population migrations from Northern China (the Yellow River Basin) 
to Southern China (the Yangtze River Basin). This finding is consistent 
with the trend of increasing BC content during these periods in the East 

China Sea (Pei et al., 2020). Meanwhile, we found that 1.4 ka BP was a 
cold event, and previous study also suggest that prolonged periods of 
cold and dry climate would result in resource depletion, warfare, 
dynastic succession, and population migration (Zhang et al., 2008), 
which is more common in Northern China with relative high latitudes 
(Pei et al., 2016). The large-scale population migrations from the Yellow 
River Basin to the Yangtze River Basin during these periods reduced the 
demand for land and resources, resulting in a decrease in the need for 
fire to clear forests for farmland and domestic uses such as cooking. 
Therefore, a sudden decrease in population would lead to a reduction in 
fire activity in the Yellow River Basin on a short-term (centennial scale).

Intuitively, δ13CBC became more negative, suggesting that fire may 
have generated more BC from C3 biomass such as wheat since 0.5 ka BP 
(Fig. 6c). Additionally, there was a clear trend of increasing HMW PAHs 
content (Fig. 6e) since 0.5 ka BP, which is not present in other time 
periods. We speculate that the negative δ13CBC is due to the rapid growth 
of population (Fig. 6f), which led to a significant increase in wheat 
cultivation. With the rapid population growth during the Ming and Qing 
Dynasties (since around 0.5 ka BP; Wang et al., 2006), wheat was widely 
cultivated in the Yellow River Basin, where cultivation techniques, 
processing and utilization techniques matured and wheat accounted for 
half of the major part of northern China (Tian, 2018). Especially, the 
population growth during the Qianlong era of the Qing Dynasty (around 
0.2 ka BP) led to the reclamation of almost all arable land and an un
precedented increase in biomass burning on arable land, eventually 
forming the agricultural landscape (Cheng, 2010). In addition, historical 
records indicate that coal was first developed and utilized in the pre-Qin 
period (around 2.0 ka BP), gradually developed, and finally reached its 
peak in the Ming and Qing dynasties (Wu, 2010). Traditional coal 
mining technology was at the forefront of the world during the Ming and 
Qing dynasties, which also promoted the transformation of the energy 
structure. Hence, it is plausible that the combustion of coal has also 
contributed to the negative δ13CBC values since 0.5 ka BP. Consequently, 
the burning of wheat straw and coal might be responsible for the obvious 
negative trend of δ13CBC since 0.5 ka BP. Moreover, in the process of 

Fig. 3. Comparison of the records of fire activity with other records since 7.0 ka BP. (a) BC content (‰) of core YS-A; (b) PAHs content (ng/g) of core YS-A; (c) δ13CBC 
(‰) of core YS-A; (d) MMW PAHs content (ng/g) of core YS-A; (e) HMW PAHs content (ng/g) of core YS-A; (f) temperature anomaly record derived from China (Hou 
and Fang, 2012); (g) The δ18O profile from Sanbao Cave in Hubei province, central China, near the southern edge of the Chinese loess plateau (Wang et al., 2008); (h) 
percentage of tree pollen recorded from the sediment core in Lake Daihai (Xiao et al., 2004) and Holocene record of tree cover from the Gonghai Basin in the Loess 
Plateau (Sun et al., 2022b); (i) moisture index-based pollen in northern China (Zhao et al., 2009) and annual precipitation in northern China (PNAA) (Chen et al., 
2015); (j) Bond events as revealed by ice rafted debris (IRD) identified in the North Atlantic (Bond et al., 2001). The red and yellow rectangles show the different 
change trends of fire activity during 7.0–4.0 and 0.5–0 ka BP. The gray areas refer to changes of fire activity related to Bond events. The black triangles are age 
control points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The source analysis of the ratio of PAH isomers from the YS-A; (a) isomeric ratios of Ant/(Ant+Phe) and Flo/(Flo+Pyr), (b) isomeric ratios of IcdP/ 
(IcdP+BghiP) and BaA/(BaA+Chr).
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vegetation combustion, the compounds generated by different com
bustion temperatures are also different. The higher the combustion 
temperature, the more likely to produce HMW PAHs (Argiriadis et al., 
2018). The apparent increase in high temperature combustion during 
this period is also likely due to coal burning. These findings suggest that 
a significant increase in human activity could promote more fire activity 
during specific periods in the short term.

4.5. Effects of fire on carbon sequestration

BC is a highly condensed, refractory and polymerized residue of 
combustion (Hammes et al., 2007), with a slow microbial oxidation rate 
(Hamer et al., 2004). Therefore, BC can be preserved in soils and sedi
ments for thousands to millions of years (Mitra et al., 2009). The BC/ 
total organic carbon (TOC) ratio can be used to determine the proportion 
of refractory components in organic carbon (Wang and Li, 2007; Ren 
et al., 2019), which can help us understand the burial efficiency of 
organic carbon. Our analysis revealed an increasing trend in the BC/TOC 
ratio between 7.0 and 3.5 ka BP, from approximately 12 % to 18 %, 
followed by a decreasing trend since 3.5 ka BP, which is similar to the 
trend of fire activity (Fig. 7d). We also found a positive correlation be
tween PAHs (Fig. S2a; r = 0.61, p < 0.001) and BC/TOC ratio. These 
findings suggest that increased fire activity can enhance the sequestra
tion of refractory carbon in marine sediments. Although the increased 
incidence of fire activity may release additional CO2 into the atmo
sphere, this effect could be offset over the long term by the increased 
sequestration of BC in soil or sediment (Mitra et al., 2009).

Previous studies have demonstrated that nutrient addition by fire can 

enhance phytoplankton production (Tang et al., 2021; Liu et al., 2022), 
but our results seem to be different. The stable isotopic signature of 
organic carbon (δ13CTOC) signature provides information on the source 
of organic carbon deposited at this site (Fig. 7e), as the terrestrial 
organic matter has a more negative δ13CTOC value. In the SYS, δ13CTOC 
value was approximately − 20.5 ‰ and − 26.5 ‰ for marine and 
terrestrial organic matter (Liu et al., 2020). We observed a negative 
correlation between BC (Fig. S2b; r = − 0.30, p < 0.001), PAHs (Fig. S2c; 
r = − 0.30, p < 0.001) and δ13CTOC. Our results revealed that enhanced 
fire activity may promote the proportion of terrestrial organic matter. 
We suspect that fire may promote the facilitation of soil erosion by wind 
or water (Sankey et al., 2009), resulting in a large number of terrestrial 
organic matter from rivers to the sea. SYS is an offshore sea influenced 
by large rivers, not an open ocean, or an offshore sea without river in
fluence, so the impact of substantial river input may surpass the impact 
of phytoplankton growth stimulated by fire. In other words, the occur
rence of fire may increase both terrestrial and marine organic matter, 
but may have a greater impact on terrestrial organic matter in the SYS, 
resulting in an increased proportion of terrestrial organic matter. 
Currently, our understanding of the effects of fire on the ocean is limited 
compared to our knowledge of their role in terrestrial ecosystems. 
Therefore, further research is necessary to analyze the relationship be
tween fires and carbon sequestration in marine sediment.

5. Conclusions

This study aims to reconstruct a high-resolution regional fire history 
in the Yellow River Basin since 7.0 ka BP. Our analysis of BC and PAHs 

Fig. 5. Correlation analysis between climate and fire shows an abrupt change in their relationship before and after 4.0 ka BP in YS-A core. Correlations between (a) 
moisture index (Zhao et al., 2009) and BC content between 7.0 and 4.0 ka BP (blue line) and 4.0–0 ka BP (red line); (b) δ18O (VPDB, ‰) from Sanbao Cave in Hubei 
province, central China, near the southern edge of the Chinese loess plateau (Wang et al., 2008) and BC content between 7.0 and 4.0 ka BP (blue line) and 4.0–0 ka BP 
(red line); (c) moisture index (Zhao et al., 2009) and PAHs content between 7.0 and 4.0 ka BP (blue line) and 4.0–0 ka BP (red line); (d) δ18O (VPDB, ‰) from Sanbao 
Cave in Hubei province, central China, near the southern edge of the Chinese loess plateau (Wang et al., 2008) and PAHs content between 7.0 and 4.0 ka BP (blue 
line) and 4.0–0 ka BP (red line). In the figures, “**” indicates p < 0.01, and “***” indicates p < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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reveals that fire activity gradually increased during 7.0–4.0 ka BP, 
reaching its peak around 4.0–3.5 ka BP, and subsequently weakened 
during 3.5–0.5 ka BP, finally showed a rapid increasing trend since 0.5 
ka BP. Our findings suggest that climate change has been the dominant 
factor influencing fire history in the Yellow River Basin since 7.0 ka BP. 
Specifically, drier climate promoted fire activity before 4.0 ka BP, but 
suppressed fire activity after 4.0 ka BP. We speculate that the response of 
fire to climatic conditions may depend heavily on whether vegetation 
cover limits fire occurrence at this time. Furthermore, human activities 

have also played a role in reducing vegetation cover through defores
tation and restrained fire activity since the Late Holocene on a millen
nium scale. However, a significant increase in human activity could 
promote more biomass burning during specific periods over short terms. 
Large-scale population migrations from the Yellow River Basin led to a 
decrease in fire activity during 1.9–1.8, 1.6–1.4, and 1.1–0.9 ka BP. 
Since 0.5 ka BP, a significant increase in wheat planting may generate 
more fire from C3 biomass. In particular, coal burning has increased 
high-temperature combustion since 0.5 ka BP. Moreover, our study 

Fig. 6. Comparison of the records of fire activity with human activities since 4.0 ka BP. (a) BC content (‰) of core YS-A; (b) PAHs content (ng/g) of core YS-A; (c) 
δ13CBC (‰) of core YS-A; (d) MMW PAHs content (ng/g) of core YS-A; (e) HMW PAHs content (ng/g) of core YS-A; (f) changes of population in the Loess Plateau 
(Zhao et al., 2013); (g) Chinese dynasties. The gray areas refer to changes of fire activity related to large-scale population migrations from Northern China (the Yellow 
River Basin) to Southern China (the Yangtze River Basin). The red areas refer to changes of fire activity since 0.5 ka BP, when cultivation techniques, processing and 
utilization techniques matured and coal mining technology was at the forefront of the world. The black triangles are age control points. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Comparison of the records of fire activity with carbon sequestration since 7.0 ka BP. (a) BC content (‰) of core YS-A; (b) PAHs content (ng/g) of core YS-A; 
(c) TOC content (%) of core YS-A; (d) BC/TOC ratio (%) of core YS-A; (e) δ13CTOC (‰) of core YS-A. The black triangles are age control points.
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found that fire activity affected carbon sequestration in marine sedi
ments, including increased burial of refractory carbon and the propor
tion of terrestrial organic matter.
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