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Abstract

Warfare has played an important role in fire regimes; however, it remains unclear whether and when it may have impacted fire history
along the Silk Roads. Based on a high-resolution record of black carbon in alpine-lake sediment, and warfare data from historical
documents, we explore the relationships between fire, fuel, climate, and human activity along the eastern Silk Roads over the past
6,000 years. Results show that fire activities were low in the middle Holocene but gradually increased in the late Holocene, a pattern
closely related to the intensification of drought and the expansion of herbaceous vegetation. However, the intensity and amplitude of
paleo-fires increased significantly in the past 2,000 years, a pattern that was no longer synchronized with climate and vegetation
changes on centennial timescales; rather, the sequence demonstrated a significant positive correlation with the documented number
of wars in different dynasties. We argue that warfare between different political powers may have been the primary influence on the
occurrence of five high-intensity fires since 2000 B.P. on centennial timescales in the eastern Silk Roads. Our study certainly
reveals the impact of warfare activities related to dynastic change on fire regimes in Chinese history, providing a novel perspective for
understanding the impact of human activities on the environment.
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Significance Statement

Warfare has accompanied the development of human society. The Silk Road was an important land route through Eurasia during the
historical period, causing multiple regimes to compete for its control. However, itis unclear when and how the wars caused changesin
the fire regimes of the region. Here, we report the findings from a new high-resolution sedimentary black carbon record from the east-
ern Silk Road region. Combined with the unparalleled documentary record on warfare, this study reveals the relationship between
warfare and fire in the study area for the first time. We conclude that warfare activities between different political powers since
2000 B.P. have altered long-term climate-controlled fires commensurate with the change of Chinese dynasties.

Introduction development of human civilization affected changes in fire occur-

Human activities are having an unprecedented impact on Earth’s rence is unclear because of the limited research that has been

environment. The concept of “Anthropocene” has greatly pro-
motedrelated research (1) and has become a hotissue on the fron-
tier of science in academic circles. Among them, the relationship
between human activities and fire has received much attention
(2-4). Understanding when, and at what spatial scales, humans
have influenced fire is of great value to the discussion of the
Anthropocene. Numerous studies have shown that human activ-
ities such as agriculture, pastoralism, and metallurgy have pro-
moted or suppressed the occurrence of fire in the past (5-8).
However, whether war activities that were closely related to the

conducted, especially in central East Asia.

The areas along the Silk Road have been the subject of intense
competition among political forces for control of transportation
routes due to their unique strategic position (9) (Fig. 1). The east-
ern section of the Silk Road was the most war-prone area (10).
However, the ephemeral changes and spatial distribution charac-
teristics of war activities in the region during the historical period,
and their possible effects on paleo-fires, have yet to be clearly
elucidated. Recently, black carbon (BC) has been widely used in
the reconstruction of fire history on various timescales. Its two
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Fig. 1. The study area. A) The location of Tianchi Lake and the paleo-climatic records mentioned in this study are indicated by the stars and circles,
respectively. The arrows illustrate the main trajectories of the Westerly, East Asian summer monsoon (EASM), and East Asian winter monsoon (EAWM).
B) Kernel density analysis of warfare activities in the eastern Silk Road over the past 2,000 years (Table S3).

subtypes, soot and char, have different physical and chemical
properties and formation processes (11, 12). Specifically, char par-
ticles (>1 pm) are micrometer-sized residues produced by local
fire combustion (11). In contrast, soot particles have finer submi-
crometer sizes (<1 um), thus indicating regional to subcontinental
scale fires (13). The respective size difference provides us with an
approach to study the interactions between fire, climate, and

human activities. This discerning characteristic, combined with
a good high-resolution paleo-environmental archive in the study
area (Tianchi Lake) (14), laid the foundation for this study.

Here, we measured BC, char, and soot in sediments from the
Tianchi Lake core spanning the past 6,000 years. The spatial range
of the study area is determined based on the potential source con-
tribution function (PSCF) analysis for modern particulate matter.

£20Z Jaquieoa 0z uo 1senb Aq gzz//¥/2/801Pebd/z | /z/e10nie/snxauseud/woo dnooiwspese//:sdiy wolj papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad408#supplementary-data

Zhangetal. | 3

We also compared our results with the paleo-climatic records and
evidence of human activity in the study area. Our key objectives
are (i) to reconstruct the fire history during the mid-late
Holocene using soot record; (i) to reveal the interaction process
and driving mechanisms among climate, vegetation, and fire;
and (iii) to assess the importance of warfare to fire regimes during
the historical periods along the eastern Silk Road.

Results

Changes in fires during the mid-late Holocene

BC preserved in accretionary lake sediment recorded changes in
paleo-fires. This may be due to climate change, changes in vegeta-
tion, and human activities. The BC, char, and soot fluxes show
similar variation trends on centennial and millennial timescales
(Fig. S2). There are significant (P<0.01) positive correlations
among BC and char, BC and soot, and char and soot, with correl-
ation coefficients of 0.99, 0.871, and 0.867, respectively. The BC,
char, and soot fluxes were 0.24-5.02, 0.23-4.95, and 0.01-
0.10 mg/(cm?®year), respectively; with mean values 2.44, 2.40,
and 0.04 mg/(cm?year), respectively, since 6000 B.P. (Table S1).
Specifically, the three proxies gradually increased from the mid-
dle Holocene to thelate Holocene. They attained the highest value
around 400 years ago, and then sharply decrease. The high-
amplitude variations of BC show that it has undergone a major
transition over the last 2,000 years, characterized by five peak val-
ues on centennial timescales.

PSCF analysis

Potential source analyses of modern pollutants around Tianchi
Lake can provide a reference for judging the possible source range
of particulate matter, which in turn can contribute to distinguish-
ing the range of BC sources in the study area. As shown in Fig. 2,
the potential sources of PM,s in the area in different seasons
vary to some extent. For example, in spring and winter, there is
a 50-60% probability of long-distance fine particulate matter
transport along the northwest direction (Hexi Corridor), but the
transit distance is significantly reduced in summer. However,
the results of PSCF in different seasons showed more commonal-
ities; the closer to the analyzed point, the higher the probability of
a potential source area of particulate matter (mostly 80-90%).
Specifically, high-potential sources of particulate matter around
Tianchi are mainly from southwestern Shaanxi, central and east-
ern Gansu, the entirety of Ningxia, central Inner Mongolia, and
northeastern Qinghai.

Spatial-temporal variations of warfare activities

Statistics and analysis of war information recorded in historical
documents can provide diachronic changes in regional warfare
activities. A total of 1,251 valid warfare data were counted
(Table S3). These wars include four main types: (i) unified wars,
which are wars fought in different parts of the country; (i) civil
war, namely wars between different interest groups within the
ruling group; (iil) wars between different regimes, including the
wars between the Central Plains dynasties and minority regimes,
and the wars between different minority nationalities; and (iv) the
peasant war, that is, the war between the ruled class and the rul-
ing class. The overall situation of warfare activities in the eastern
Silk Road in the past 2,000 years is presented in Fig. 1B. Spatially,
there have been some obvious high-incidence periods of war ac-
tivities in the study area over the past 2,000 years. Around
Tianchi, there are three high-incidence war zones. The nearest

ones are Baoji, Qingyang, Guyuan, and Tianshui, followed by
Xi'an, Weinan, Jingbian, Dingbian, Yinchuan, Lanzhou, Linxia,
Hanzhong, Xining, Wuwei, Zhangye, and Jiuquan (Fig. S3).
Temporally, the warfare activities in Eastern Han Dynasty,
Eastern Jin Dynasty, Southern and Northern Dynasties, late
Tang Dynasty, Northern Song Dynasty, and Ming Dynasty were
the most frequent periods (Table S2). It should be noted that
the Tang Dynasty (618-907 AD) basically lost its control over the
northwest after the An Shi Rebellion (755-763 AD), which resulted
in frequent wars in the region (15). Therefore, this paper takes 755
AD as the temporal boundary to divide the Tang Dynasty into
early and late periods.

Notably, in spite of the fact that human warfare activities oc-
curred locally, human energy consumption and warfare destruc-
tion during the historical period strictly involved biomass fuels.
The soot from their combustion can be transported on a regional
scale and become embedded in sediments. As an alpine lake,
Tianchi could record paleo-fire variability on a regional scale re-
vealed by the PSCF analysis. Considering that the spatial extent
of our study area clearly exceeds the local scale and reaches the
regional scale (Fig. 1), it matches the spatial scale associated
with soot. Therefore, it is feasible to compare the paleo-fire history
reconstructed using soot with war activities in the eastern Silk
Roads.

Discussion

Aridity and herbaceous vegetation controlled
the fire regimes on millennial timescales

Studies have shown that climate change and vegetation compos-
ition are decisive factors affecting fire at various timescales (16).
For example, the dominant influencing factor of Holocene fires
in North America and Europe was temperature, but for the
Asian monsoon region, it was humidity (17). The amount of vege-
tation is a limiting factor for fire in arid and semiarid regions, but
not in humid regions (18). This demonstrates that their relation-
ship is complex and exhibits significant regional variations.

Temperature and fuel availability are important factors that
control fire occurrence under natural conditions (19). The increase
in temperature was considered to have contributed to fire occur-
rence. However, reconstructed temperatures in the Northern
Hemisphere (30-90°N) and the branched glycerol dialkyl glycerol
tetraethers (brGDGTs)based temperatures of Beilianchi Lake in
the Liupan Mountains (Fig. 3A and B) have been gradually decreas-
ing since the middle Holocene. Both demonstrate a significant
negative correlation (P<0.01) with soot fluxes of —-0.43 and
—0.38, respectively. This suggests that a cooler climate would like-
ly not contribute to fire occurrence. In addition, the pollen record
from Tianchi Lake shows that there was more woody vegetation
(i.e. high biofuel) during the middle Holocene than in the late
Holocene (Fig. 3E). However, there was actually an enhancement
of fire activities during the latter periods (Fig. 3F) when biomass
was less abundant, likely indicating that biofuel availability was
not the main factor that controlled wildfires in this area.

On the millennial timescale, there was a significant negative
correlation (P<0.01) between soot flux and precipitation (r=
—0.41), implying that increased aridity was an important environ-
mental factor. During the middle Holocene, multiple paleo-
climate records show that precipitation and humidity were higher
in both the monsoon and the marginal monsoon regions (24-26).
The enhancement of the summer monsoon at this stage will initi-
ate the rainy season ahead of time, thus increasing fuel moisture
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Fig. 2. Potential source contributions of PM, s in different seasons (A-D) around Tinachi Lake (black star) in 2019. The red dotted box is the study area,
same as Fig. 1.
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and shortening the fire season (27). The climate deteriorated grad-
ually in the late Holocene and trended toward aridity (Fig. 3C and
D). Under such a climate background, the vegetation wasin a state
of long-term water shortage, providing rich combustible material.
An increase in dry weather would lengthen the fire season by re-
ducing the number of days of rain, thus increasing the probability
of fire occurrence (28). Contemporary observations also reveal
that wildfires occur mainly in the dry spring and autumn (29).
Clearly, the gradual trend toward aridity in the mid-late
Holocene should be responsible for the intensification of wildfires
in the study area.

Moreover, there is a significant positive correlation (P < 0.01) be-
tween soot flux and herb pollen (r = 0.48), indicating that the occur-
rence of fire also depends on vegetation composition (i.e. tree vs.
grass cover). Observational studies in southern Africa have found
that fire activity declines rapidly when woody vegetation exceeds
40% (30). This may also be a reason for the low fire intensity in
the eastern Silk Road during the middle Holocene. In contrast,
herbaceous vegetation is flammable and can provide highly com-
bustible fuel for fire activity (31). Climatic drought intensified in
the late Holocene, and the vegetation in the study area changed
from a mixed deciduous and coniferous-dominated forest to an
herb-dominated steppe forest landscape (25, 32), which was prob-
ably conducive to the occurrence and spread of fire. Previous stud-
ies have shown that grassland expansion corresponds to frequent
fire activity in the Loess Plateau during the last glacial period and
early Holocene (33, 34). This collective evidence suggests that the
vegetative transition to steppe during the late Holocene was an-
other important factor influencing the fire history.

Overall, the temporal patterns in the soot flux record are
strongly correlated with the increased aridity and steppe expan-
sion during the mid-late Holocene. These conditions contributed
to fire enhancement in the study area. This is similar to the situ-
ation in the East Asian monsoon and monsoon fringe regions
(17), suggesting that climate controls the occurrence of fires on
the millennial timescale. Nevertheless, the high-amplitude

changes of fire on the centennial timescale since 2000 B.P. seem
to have decoupled from climate and vegetation. Studies have
shown that human activities have significantly increased impacts
on the historical environment in the area (23, 35, 36).

Warfare dominated the fires over the past 2,000
years on centennial time scales

Previous studies show that population change, land use, and cli-
mate change all impacted paleo-fire (3, 6, 8). However, at present,
we cannot isolate the signal related to the individual contribu-
tions of these factors. Two possible approaches exist: (i) by deter-
mining the asynchrony between fire history and natural
influences, i.e. when fire increases, climatic conditions and vege-
tation conditions are not conducive to such an increase (16); and
(ii) by assessing the temporal and spatial synchronicity of paleo-
fire changes and indicators of human activity, i.e. forensic evi-
dence of a sudden increase in fire intensity in a certain area during
a certain stage that is consistent with archeological evidence of
human presence in an area (6, 37). In these cases, the premise
that fire status changes were attributed to human influence is
strengthened.

After 2000 B.P., the paleo-fire curve significantly changed, as
shown by the peak values of soot flux in I-V (Fig. 4A). The average
value of soot flux in this period was 0.05 mg/(cm?year), which was
higher than 0.035 mg/(cm?-year) before 2000 B.P. The coefficient of
variation of soot fluxes also increased by 10.6% after 2000 B.P., in-
dicating that the data become more discrete, which is consistent
with the high amplitude and fluctuations shown by soot flux
curves (Fig. 3F). Moreover, correlation analysis showed that there
were relatively weak correlation coefficients between fire and pre-
cipitation, fire and herb pollen, and fire and population, which
were —0.23, 0.28, and 0.07, respectively (Fig. 4C-E). On the con-
trary, there is a significant positive correlation between warfare
and fire (r=0.69; Fig. 4B), indicating that the increased warfare
may have played a crucial role.
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Human activities, such as land use, do lead to an increase in
fires (6, 8). Although we were unable to obtain high-resolution,
land-use-area change data for the past 2,000 years, comparative
analyses of population data (which are closely correlated with
the intensity of human activity) and paleo-fire show that these
variables do not correlate well (Fig. 4). We cannot rule out the in-
fluence of land use, and more evidence of paleo-fire and human
activity is needed in the future to shed light on this issue. It is
worth noting that fire attack has always been a common tactic
in ancient Chinese warfare (39). As a result, war was China's first
known cause of fire accidents over the past two millennia (9). Sun
Tzu put forward five military strategies to use fire 2,500 years ago,
namely to burn soldiers; to burn stores; to burn baggage trains; to
burn arsenals and magazines; to hurl dropping fire at the enemy
(40). In addition to military uses, fire was also used in warfare ac-
tivity to burn buildings for destructive purposes, to burn firewood
for heating and cooking, and to strengthen the defenses and clear
the fields for strategic objectives (41).

The Silk Road was the most important land route in Eurasia
during the historical period and was considered the center of
world civilization at that time (42). Chinese dynastic rulers at-
tached importance to the operation of the Silk Road to ensure
smooth traffic between the East and the West, resulting in inevit-
able wars between different regimes along the eastern Silk Road
(10). Fire peak I corresponds to the Eastern Han Dynasty (25-220
AD), a regime involved in 115 military clashes with the Kuixiao
and Qiang tribes (Table S3). Among them, the Qiang and Han
wars lasted for over 100 years, nearly spanning the entirety of
the Eastern Han Dynasty (43). With the decline of the Eastern
Han regime, endless civil wars, uprisings, and rebellions frequent-
ly occurred, as did the study area.

Fire peak II corresponds to the Eastern Jin (317-420 AD) and
Northern and Southern Dynasties (420-589 AD), with 182 and 96
documented wars, respectively (Fig. 4B). At this stage, China was
in a chaotic state of numerous political powers and dismember-
ment. In the eastern Silk Road, there were several regimes, includ-
ing the Qin, Liang, Xia, Zhao, Jin, Tuyuhun, Di, Rouran, Wei, Song,
etc. (44), who constantly clashed with and attacked each other. In
addition to the unification war and civil war, there were also na-
tional uprisings and peasant uprisings against the ruling class
(Table S3). Therefore, this period saw the most frequent and long-
lasting wars in Chinese history.

Fire peak III corresponds to the late Tang Dynasty (755-907 AD).
In the early Tang Dynasty (618-755 AD), most wars were fought
with the Goguryeo in the northeast and the Turks in North China
(45). However, the territory of the Tang Dynasty was reduced after
the An Shi Rebellion (755-763 AD), and its rule over the northwest
region ceased to exist. In turn, the late Tang Dynasty had to face
frequent invasions by nomadic tribes such as the Tubo and
Dangxiang; consequently, the documented number of warfare ac-
tivities quickly increased to 139 (Fig. 4B), including some recorded
fire attacks, including a rebel attack on Tang forces at Xianyang
in 756 AD, that included 2,000 chariots loaded with firewood.

Fire peak IV corresponds to the Northern Song Dynasty (960-
1127 AD). During the Tang and Song dynasties, the transition
from cold weapons to firearms was realized in the war history of
China, and the protocol of fire is always used in every battle was
followed (41). In the study area, 141 wars took place during this pe-
riod, mainly between the Northern Song Dynasty and the Western
Xia, Tubo, Qiang, and Liao, and between the Western Xia and
Uighur, Liao, and Gusiluo (Table S3). Among them, Song and Xia
attacked each other several times by burning grassland (a total
of about 35,000 km?) in the border area (46).

Peak V, the highest fire peak, occurred during the Ming Dynasty
(1368-1644 AD) when the most wars occurred (n=201; Fig. 4B).
This regime fought a war with the Tartars for >100 years. To pre-
vent an invasion of Tatars from the south, the Ming army set fire
to the grassland in winter and spring, often forming a dazzling sea
of fire (41). Toward the end of the Ming Dynasty, large-scale peas-
ant uprising wars frequently occurred. Many cases of fire were re-
corded in the literature (e.g. “the official civilian houses were
burnt out,” “the firewood was transported to the inner hall first
and the fire was set off,” and “the fire lit the sky overnight”).

Some climatic events in historical periods, such as the Medieval
Warm Period (MWP, 10th-14th century) and the Little Ice Age (LIA,
16th-19th century), may have influenced paleo-fire activity to
some extent (8). The relatively arid climate in the LIA as well as
the warmer climate condition in MWP, coupled with the abun-
dance of herbs, appear to be conductive to the fire occurrence.
However, what we see on long timescales is that the five peak
changes in paleo-fire over the past 2,000 years are always consist-
ent with war activity, rather than other influences (Fig. 4A-E).
More importantly, the LIA spanned the Ming and Qing dynasties,
but the Tianchi paleo-fire record shows a peak in paleo-fire only
during the Ming Dynasty and a significant decline during
the Qing Dynasty (Fig. 4A). Similarly, the MWP spanned the
Northern Song, Southern Song, and Yuan dynasties, yet only the
Northern Song Dynasty saw a peak in paleo-fire (Fig. 4A). These in-
consistent changes may indicate that climatic events were not the
dominant factor in paleo-fire changes during these periods.

To sum up, the relationship between paleo-fire and climate,
vegetation, and human activities in the eastern Silk Roads, espe-
cially during the historical periods, is complex. Although fire
changes in the study area over the past 2,000 years are not
necessarily caused solely by warfare activities, a comprehensive
analysis based on multiple pieces of evidence from paleo-
climatology, historical documentation, fire science, and meteor-
ology points to a dominant contribution from warfare activities
on the centennial timescale. This phenomenon is known to have
occurred in Vietnam (47), the Classic Maya (48), and the Central
Plains of China (49) during historical times. This suggests that
the effects of warfare activities on fires in historical periods may
be pervasive on a global scale, at least in some specific periods
and regions where conflicts were frequent. Additional future, in-
depth research on this issue will help us understand the history
and processes of human activities as important camp forces af-
fecting the Earth system.

Conclusion

Based on a high-resolution record (~50 a) of soot flux from alpine-
lake sediment in the eastern Silk Road, we explored the interac-
tions between fire, vegetation, climate, and human activity during
the mid-late Holocene. The results show that fire regimes have ex-
perienced a gradual upward trend over the past 6,000 years, which
is controlled by the intensification of drought and the expansion of
herbaceous vegetation. However, the record of soot flux during
the last two millennia undergone an obvious transition, revealing
five periods of fire intensification on centennial timescales in the
study area. They correspond well with the reigns of Eastern Han
Dynasty, Eastern Jin and Northern and Southern Dynasties, late
Tang Dynasty, Northern Song Dynasty, and Ming Dynasty, when
war and conflicts occurred frequently. We conclude that the fire
regime along the eastern Silk Roads over the past 2,000 years prob-
ably was critically impacted by human warfare activities, despite
climate and vegetation may have contributed to some extent.
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Materials and methods

Study area

The eastern Silk Roads refer to the land communication channel
from Xi'an to Dunhuang. This region has a typical continental cli-
mate, mainly under the influence of East Asian monsoon and the
westerly (Fig. 1A). From east to west, it can be divided into Loess
Plateau, northeastern Tibetan Plateau, and Hexi Corridor based
on the characteristics of natural geographical environment. The
average annual precipitation decreased from ~600-800 to ~50-
100 mm, and vegetation transitions from forest steppe to desert
steppe. The study area is located in the northern agricultural
and pastoral ecotone, which is also the area where the Great
Wall is concentrated (Fig. 1A). Because of its important strategic
value, there was a long struggle for control of the transportation
routes between the agrarian peoples of the Central Plains and
the nomadic peoples of the northwest, as well as between differ-
entnomadic peoples, resulting in very frequent war activities (10).

Sediment core of Tianchi Lake

Tianchi Lake (106.30°E, 35.25°N, 2,430 m a.s.l.) is located near the
top of Liupan Mountain. The lake covers an area of 0.02 km? with a
drainage area of 0.2 km? and has a maximum depth of about 9 m.
The main source of its replenishment is atmospheric precipita-
tion, and its connection to the outside world is mainly through
groundwater infiltration. Under the influence of modern human
activities, the original coniferous forest has been destroyed, and
the vegetation in the lake basin is mainly shrub and meadow
vegetation (14). The average annual temperature is 8°C, and the
average annual precipitation is 480 mm, mainly from May to
September, accounting for >78% of the annual total. In
September 2007, core GSAO7 (11.2 m) was drilled in the center of
Tianchi using the UWITEC platform. A Bayesian age model for
the Tianchi core was constructed with Bacon 2.2 programs, using
the IntCal20 dataset. A Bayesian accumulation model allows for
variable sedimentation rates and assumes only the superposition
of the samples in a coherent stratigraphic sequence (50). Initially,
accelerator mass spectrometry radiocarbon data from 28 terres-
trial plant samples (leaves) (51) were considered in the develop-
ment of the age model. Depths that correspond to four
radiocarbon ages (554, 758, 769, and 980 cm) that fell outside the
95% uncertainty range of the age-depth model were removed as
outliers from the final age model (Fig. S1). BC was extracted
from 113 samples at 8-10 cm intervals in cores with an average
temporal resolution of approximately 50 years. Among them,
the sediment thickness of the last 2,000 years is about 2 m, which
is consistent with a high resolution.

BC measurement

After the chemical pretreatment and filtering of lake sediment
samples, the BC concentration was measured with a Model 2001
Thermal/Optical Carbon Analyzer using the thermal/optical re-
flectance method as specified by the Interagency Monitoring of
Protected Visual Environments (IMPROVE) protocol from the
Lanzhou Institute of Arid Meteorology, China Meteorological
Administration. A punch filter, with an area of 0.296 cm?, was de-
livered into an oven for carbon quantification. It first heats up to
550°Cin an environment of 100% helium to obtain the organic car-
bon. Then the temperature was raised to 700 and 800°C in a mix-
ture of 2% oxygen and 98% helium to obtain EC1 and EC2,
representing the char and soot components, respectively (52).
The BC is the sum of EC1 and EC2. The detection limit of the

instrument for the BC test is 0.84 +0.5 ug/cm?. We controlled
the data quality mainly by considering the following aspects:
(i) BC testing using the DRI instrument testing requires the
calibration peak area to be greater than 17,000, all data in this
article are >27,000; (ii) the system blank self-test requires the
total carbon content to be <0.5 pg/cm?, the data in this batch are
0.24 +0.2 ug/cm?; (ifi) after completing the test, six filter mem-
branes were repeatedly tested, and the errors were all <6%. The
mass concentration of BC (mg/g) is 4n (filter membrane area)
multiplied by the instrument-measured area concentration
(ug/cm?) divided by the sample mass multiplied by 1,000. The BC
flux (mg/(cm?year)) is calculated by multiplying the BC concen-
tration (mg/g) by the sedimentation rate (cm/year) and sample
density (g/cm?).

PSCF analysis

The PSCF is a method that combines air mass trajectory and par-
ticulate matter concentration to identify pollution source areas
(53). Meteorological data from the global data assimilation system
(GDAS) meteorological data in 2019, including temperature, pres-
sure, relative humidity, precipitation, and horizontal and vertical
wind speeds, etc. (https://www.ready.noaa.gov/data/archives/
gdas1/). GDAS has a temporal and spatial resolution of 3h and
1°x 1°, respectively. The pollutant concentration data are based
on the hourly monitoring data in 2019 (54) from the Air Quality
Status Control Monitoring Station (106.20°E, 35.01°N) in
Zhangjiachuan Hui Autonomous County, Tianshui City.

Considering that the soot component (<1 ym) of BC has a simi-
lar particle size (micrometer level) to PM, s (<2.5 um) and there-
fore is likely to have similar transport properties, this paper
selects it for PSCF analysis to provide a reference for the possible
spatial range of BC sources. We used Meteoinfo software based on
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Version 4) to simulate the backward trajectories
of Tianchi Lake at 1-h intervals for every day in 2019. Each back-
ward trajectory is calculated for 500 m above ground level. The
spatial variance clustering algorithm is used to cluster all the air
mass trajectories that reach the receiving point of the model
(55). Finally, the study area was divided into a 0.15°x 0.15° hori-
zontal grid, and a threshold was set for the elements of the study,
namely the average value of PM, s observed in different seasons.
When the corresponding concentration value of a given trajectory
is higher than this threshold, the track is considered a pollution
trajectory.

Warfare data collection and statistics

Based on the results of the PSCF, we delineate the space for col-
lecting information on warfare activities, including Shaanxi
Province, Gansu Province, Qinghai Province, the Inner Mongolia
Autonomous Region, and the Ningxia Hui Autonomous Region.
The period spans from Western Han Dynasty (202 B.C.—-8 AD) to
the Qing Dynasty (1636-1912 AD). The data on war activities in
the eastern Silk Road over the past 2,000 years mainly come
from List of Wars in Historical China (45). Relevant information in-
cludes the time and place of the war, the name of the warfare,
and the belligerent army.

The data were compiled according to the following criteria: (i)
wars without explicit mention of location were excluded; (ii) those
involving confrontation but no substantive military conflict were
not included; (i) campaigns, battles, and conflicts were all
counted as a war; and (iv) a full spatial assessment of the occur-
rence of the war was taken, and a detailed account of all battle
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locations was recorded. According to the location names of the
wars mentioned in the literature, we extracted the corresponding
approximate latitude and longitude data from Google Earth soft-
ware. Then, the kernel density analysis tool in GIS 10.3 software
was used to visualize the spatial-temporal distribution map of
warfare activities in the study area.
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