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Abstract: Based on regional paleoclimate sequences, records of human activities, paleoclimate simulations, and

detailed environmental historical records, we discuss the impacts of Holocene climate change and human activities on the

evolution of the Shule River in the western Qilian Mountains, China. The results indicate that during the early to mid-

Holocene, the river evolution of the Shule River alluvial fan was closely related to regional climate fluctuations. In the

late Holocene, flood agriculture began to emerge along the Shule River. During the historical period, population growth

and the expansion of arable land led to increased river water usage, resulting in decreased access to the expected distribu-

tion of water resources in other regions, which in turn has caused imbalances in the regional hydrological ecosystem.
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1 Introduction

In arid zones, humans have clustered next to riv-
ers due to the lack of water, and the historical and

prehistoric development of river communities is con-

]

sistent with this observation''’. Flood fans are often

considered ideal places for human settlements
because they provide access to water resources and
agricultural cultivation, as well as opportunities to
connect with ecological corridors in the modern

]

world ™. In previous studies on river evolution in
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arid zones, the main focus has been on analyzing the
formation of river terraces, channel migration, and
changes in river flows in the context of climate

' However, as the research progressed,

change'
some of the shifts in river morphology could often not
be explained by climatic factors, and attention was
drawn to the impact of human activities. Key
research questions arise: At what point do human
activities begin to influence river evolution? What is
the degree of control?

As human societies shifted from hunter-gatherers
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to farmers, the global environment changed consider-
ably as a result of human activities, and rivers were
no exception'®”’. The establishment of permanent
human settlements and the modification of local river
environments for flood agriculture were among the
Most of the

world’ s classical centres of civilisation, such as

earliest human-river relationships'”.

China and Mesopotamia, are close to modern active
river branches or former river branches of the Late

Holocene'™'.

Irrigation and drainage, construction of
reservoirs, etc., have caused river evolution to
change in both manner and direction due to agricul-
tural, industrial, and urban development’'". It is
worth noting that there are similarities in how human
activities have influenced river evolution in different
parts of the globe, but the timing of human impacts
on river evolution is not the same in different
regions''"".

The Qilian Mountains are located at the intersec-
tion of the Qinghai-Tibet Plateau, the arid region of
Northwestern China, and the monsoon region of East-
ern China. It consists of a series of northwest-
southeast trending mountain ranges, which can be
divided into eastern, central and western sections. As
altitude increases, temperature decreases and precipi-
tation increases. Controlled by various atmospheric
circulation systems, the Qilian Mountains are the sen-
sitive zone for the synergy of the East Asian Summer
Monsoon (EASM) and the Westerly Winds (WW) ,
which is a key area for understanding climate interac-
tion' ', The Shule River floodplain fan is located in
the western part of the Qilian Mountains, and modern
climate studies have shown that the Asian summer
monsoon water vapour transport is limited to the east-
ern Qilian Mountains, and that the climate evolution
pattern of the Shule River Basin on the millennial

U4 Mao investi-

scale of the Holocene is not yet clear
gated the sedimentary profile of the front edge of the
Shule River alluvial fan and found that there have
been at least three fluctuations in the groundwater
overflow zone of the Shule River since the Holocene
due to climate warming and wetting, resulting in the

formation of the black peat layer'"*’

. Zheng et al anal-
ysed the grain size of Holocene sediments from the

Anxi palaco-marsh in the lower Shule River. They

found that the climate in the western part of the Hexi
Corridor was generally warmer and wetter from the
end of the Late Pleistocene to the Holocene. How-
ever, the climate often alternated between cold-dry
and warm-wet conditions''*. Although the evolution
of flood fans and their surrounding paleolakes and
marshes is well known, the evolution of rivers
throughout the basin and their relationship to climate
change has not been adequately investigated, as most
of the available studies are based on a single site.

The foothills, alluvial fans, and rivers of the Qil-
ian Mountains form an ideal environment for flood
agriculture, with glacial and snowmelt floods provid-
ing an abundant source of water for agriculture'”’.
Using Bayesian modelling, Yang et al found that the
earliest human activity on the Shule River can be
traced back to 3 700-3 400 BP'"*'. Using radiocarbon
dating, zooarchaeology, archaeobotany and carbon
isotope analysis, Dong et al found that humans dur-
ing this period were mainly engaged in agriculture,

growing barley and wheat ',

By examining the spa-
tial distribution of anthropogenic sites and comparing
them with palaeoclimate proxies, Yang et al hypothe-
sized that the cold climate was responsible for the
migration of early humans and the change in produc-

tion methods"

. The richness of the historical period
gives us new perspectives. Using mathematical meth-
ods to analyse historical data, Yang et al found that
climate change in the Hexi Corridor during the histori-
cal period did not directly lead to human migration,
but that climate-induced regional and long-term food
shortages were the direct triggers of nomadic migra-
tion to the south and the conflicts between nomadic
and agricultural civilisations in Chinese history'®'".
However, most of these existing studies have focused
on changes in the locations of human settlements in
the basin and shifts in livelihood patterns, as well as
the impact of climate change on human activities.
Less attention has been paid to the importance of riv-
ers, particularly their impact on human agricultural
production and settlement, and human responses to
river development, which limits our understanding of
the relationship between environmental change and
human activities in the Holocene Shule River Basin.

By collecting evidence from anthropogenic and natu-
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ral data from the Shule River region during the Holo-

cene, including independent regional climate
sequences, anthropogenic archaeological records and
detailed environmental history records, we provide a
comprehensive overview of changes in the hydrologic
environment since the Holocene and human activities
from the Neolithic to the Qing Dynasty. Our study
focuses on major hydrological events in the region.
The main objectives of our study are to identify the
major climatic and anthropogenic events during the
Holocene, correlate these events with the regional
hydrological record, and assess the relationship
between climate change, hydrological changes and
human activity since the Holocene. On this basis, we
discuss the changing relationship between human set-

tlements and rivers in global drylands.

2  Study region

The Shule River originates from the Shago-
rinamujimu Ridge between the two major moun-
tains, Taolainan Mountain and Shulannan Moun-
tain, inside the Qilian Mountains (Fig. 1 (a) ). It
lies between 38°00'—42°48'N, and 92°11’'—98°

30'E, with an average annual precipitation of 54. 3

96°30'E
(b) !

12m ey
40°30'E ¢

T1

Distance(m) 40m 40°00'E

mm and an annual evaporation of 3 046.3 mm,
which is a typical temperate continental arid cli-
mate. The river source to Changma Gorge is the
upstream , Changma Gorge to Shuangtabao Reser-
voir is the middle reaches, and Shuangtabao Reser-
voir to Hala Lake is the downstream. In the middle
section of the Shule River, the river carries a large
amount of gravel and sediment into the plain area
of the Hexi Corridor, forming the largest and most
complete alluvial flood fan landscape in the Hexi
Corridor ' **/.

floodplain fan,

Two lakes to the east and west of the
now completely desertified. The
northern part of the alluvial fan is an oasis plain
zone with extensive swamps and a long history of
human activity. and

Historically , agricultural

nomadic civilizations combined here, and it was
also an important part of the eastern section of the

Silk Road.

3 Methods

3.1 Regional raleoclimate records

Here we comprehensively reorganize various
paleoclimate records throughout the western part of
the Qilian Mountains to reconstruct long-term climate
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Fig. 1 (a) Overview map of the study area and th
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indicates the extent of the Shule River flood fan. (b) Te
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changes since the Holocene (Fig. 1(a) and Table 1).
We primarily pay close attention to paleo-ecological
and paleo-hydrologic changes since the Holocene,
so TOC, TN, grain size, and pollen are mainly
selected in this paper. Three criteria are considered :
(1) the selected records must have a reliable chro-

nology; (2) the record length should cover most of

the Holocene; (3) the proxies derived from the
records must include at least one type of ecological
and hydrologic proxy. Following the above criteria,
we selected five records from lacustrine and eolian
sedimentary sequences in the western Qilian Moun-
tains, using other records as a basis for our discus-

sion.

Table 1 Detailed information of typical paleoclimate records in the western part of the Qilian Mountains
Record name Lat(N,°) Lon(E,?) Dating method  Record type Proxies References
Sugan Lake 93.90 38.85 AMS “C Lacustrine - [25]
Yitang Lake 94.97 40.52 OSL Lacustrine TN [26]
Anxi Lake 96.47 40.52 AMS “C Lacustrine grain size [14]
Hala Lake 97.58 38.30 AMS “C Lacustrine TOC [27]
Huahai Lake 98.06 40.43 AMS “C Lacustrine - [28]
DG 96.67 40.47 AMS “C Eolian TOC, pollen [18]
SHIDG 96.61 40.45 AMS ¥C Eolian TOC, grain size, pollen [15]
Dunde 96.40 38.10 AMS “C Ice-core - [29]

3.2 Paleoclimate simulation

We selected multi-models of CNRM-CMS5,
CCSM4, FGOALS-g2, MIROC-ESM, IPSL-CM5A-
LR, GISS-E2-R, MPI-ESM-P, and MRI-CGCM3
from the PMIP3 (Paleoclimate Modeling Intercom-
parison Project phase 3) database to perform time
slice paleoclimate simulation of understand the role of

the atmosphere circulation system and analyze the

dynamic mechanism of climate conditions in the
Shule River Basin during the mid-Holocene (MH)
and pre-industrial (PI) (Table 2). The variables used
are precipitation, evaporation, meridional winds,
and zonal wind, which are available at https://esgf-
node. lInl. gov/search/esgf-1lnl/( Table 3). Due to the
different resolutions of PMIP3 models, we prepro-

cessed the datasets with a unified resolution of 1°x1°.

Table 2 Prescribed boundary conditions of PMIP3

Longitude of

CO,/ CH,/ N0/

Periods Eccentricit Obliquity /(%) i Ice sheet Vegetation

Y iy perihelion /(°)  10° 10 10”7 &
MH (6 ka BP) 0.0186 82 24.105 0.87 280 650 270 0 ka Peltier. 2004 Present-day
PI (0 ka BP) 0.0167 24 23.450 102.04 280 760 270 0 ka Peltier. 2004 Present-day

Table 3 Basic information about climate models from PMIP3 used in this research

Model name Grid number (lon X lat) Levels variables References
CCsM4 192X 288 17 ua, va, zg [30]
CNRM-CM5 128X 256 17 ua, va, zg [31]
FGOALS-g2 60X 128 17 ua, va, zg [32]
GISS-E2-R 90X 144 17 ua, va, zg [33]
IPSL-CM5A-LR 96 < 96 17 ua, va, zg [34]
MIROC-ESM 64128 35 ua, va, zg [35]
MPI-ESM-P 96X 192 25 ua, va, zg [36]
MRI-CGCM3 160 320 23 ua, va, zg [37]

3.3 Human activity data
We have made several field trips to the edge of

the Shule River flood fan, focusing on washes,

depressions, and human activity sites. In a previous
study, we compiled a database (Neolithic-Qing

Dynasty) containing information on archaeological
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sites, disasters, and populations in Gansu using data
from archaeological sources, documents, and histori-
cal records, and categorized these various archaeolog-
ical sites and finds according to age and type”™.
SRTM DEM data were used to combine hydrological
information, topographic information, and informa-
tion on human activities to assess the relationship

between human settlements and rivers in the region.

4 Results

The Shule River formed two fluvial terraces dur-
ing the Holocene based on the trace of outflow from
the floodplain fan to the north, northwest, and north-
east. It has the remains of channels connecting it to
several lakes and swamps in the region, suggesting
that the Shule River was once a source of water for
several caudal lakes and swamps. Ecological and
hydrological changes in the Shule River were recon-
structed based on the analysis of ecological and hydro-
logical proxies from lacustrine and eolian records
(Fig. 2(c)=(h) ). In the early Holocene, lacustrine
sediments with high TOC and pollen content were
formed at the edge of the flood fan. During this
period, the moisture index of Huahai Lake was high,
and lacustrine sediments were formed in the Anxi
Marsh. The pollen content of the basin gradually
decreased during the MH, and the TOC content was
maintained at a low level. The Anxi Marsh is covered
by desert and the grain size increases, while the
humidity index of Huahai Lake is high. There were
several fluctuating increases in pollen and TOC in the
Late Holocene watershed, but the overall downward
trend did not change.

The difference in the 200 hPa wind fields
between the MH and PI winter in the PMIP3 multi-
model shows that the wind direction changed from
the normal west-north to east-south, indicating that
the WW intensified significantly in the PI (Fig. 3
(a) ). The location of the westerly jet axis was also
more southerly in the PI than in the MH (Fig. 3(b) ).
These results suggest that the westerly jet has
increased in both extent and intensity since the MH.

The earliest human activity in the middle reaches
of the Shule River can be traced back to the Siba Cul-

ture, a bronze culture (Fig. 4 (a) ). Two Siba sites

have been discovered in the western and northwestern
parts of the floodplain fan. The area remained unin-
habited for almost a millennium until the Han
Dynasty. In the western part of the floodplain fan,
vast areas of abandoned ancient farmland and rem-
nants of ancient cities, including those of the Han,
Tang and Qing dynasties, are scattered throughout
the ancient farmland (Fig. 4 (b) - (d) ). The Han
Dynasty ancient cities are scattered at the edge of the
floodplain fan at higher elevations, the Tang Dynasty
sites are around the northwest outflow of the flood-
plain fan, and the Qing Dynasty sites are at lower ele-
vations compared to the Han Dynasty sites, and most

of them are located around the modern river channel.

5 Discussion

5.1 Impacts of climate change and human activi-
ties on the Shule River
5.1.1

evolution

Impact of Holocene climate change on river
No large-scale tectonic movements have
occurred in the Hexi Corridor since the last glacial
period, and climate change is the main reason for the

formation of river terraces™**.

When the climate is
dry and cold, precipitation decreases, surface vegeta-
tion cover is low, and the reduced river flow and
increased sediment content leads to increased river
accretion, which is not conducive to the formation of
river terraces. On the contrary, when the climate
becomes hot and humid, precipitation increases, sur-
face vegetation cover is high, and river erosion
increases, favouring the formation of river ter-
races . Due to the unique hydrological structure of
the alluvial fan, surface rivers are closely connected
to groundwater. River water in the alluvial fan infil-
trates and recharges the groundwater, while at the
edge of the alluvial fan, groundwater overflows and
recharges the river water, forming a series of headwa-
ter streams. Groundwater and surface water are often
transformed in the process of top-down flow, and the
water cycle is complex. Lacustrine deposits provide
evidence for the identification of groundwater over-
flow zones in the alluvial fan, which, based on sedi-
mentological and chronological evidence, indicate
that the Shule River flood fan formed a groundwater

overflow zone during three periods'”'. Combined
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Fig. 2 Proxy records of climate change from the Shule River. (a) The gray line is the

reconstructed annual precipitation by tree-ring record from the Qilian Mountains

11 The blue line is the mean

fitting curve calculated. (b) The gray line is 6*O of the DLH tree-ring'*’. The orange line is the mean fitting

curve calculated. (¢) The moisture index of Huahai Lake®™. (d) The grain size of Anxi'". (e)—(f) TOC and pollen

concentration of JDG!™!, (g)—(h) TOC and Mean diameter of JDG!". (i)TOC of Hala Lake!*".
(j) TN of Yitang Lake™ . (k) TOC of Qinghai Lake''!. (1) TOC of Keluke Lake .

(m) Central Asian monsoon mean humidity index™"

. (n) Wetness index in the westerly region'*!
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Fig.4 Human sites and changes in groundwater levels in the Shule River Basin. The yellow dotted line represents the

groundwater level, the blue dotted lines represent paleochannels, and the grey line represents the contour line

with the surrounding sediments and regional paleocli- mate change from cold to warm led to rapid glacial
mate proxies, we discuss the impact of Holocene cli- melting and increased atmospheric precipitation
mate change on the fluvial evolution of the middle through positive temperature feedback, resulting in
reaches of the Shule River. increased river flow and erosion'*’. The river began

During the Late Glacial to Early Holocene, cli- to cut into the glacial deposits on the riverbed, form-
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ing the T2 river terrace, which is also found in the
eastern part of the Qilian Mountains "**'(Fig. 1(b) ).
The increased river discharge led to extensive marsh
development in the middle and lower reaches of the
river. A 1—2 cm peat layer formed in the Anxi
Marsh " (Fig. 2(d) ), the surface area of Huahai
Lake increased®®’ (Fig. 2(c) ), and the rivers carried
sediments that accumulated in the middle reaches of
the rivers and formed temporary rivers and lakes on
the left side of the floodplain fan“’’. The pollen and
TOC of the JDG and SHIDG profiles reached the
highest levels in the Holocene, and lacustrine sedi-
ments were formed (Fig. 2(e)-(f)). As the climate
warms and becomes wetter, rainfall in the catchment
increases, plant cover increases, the water level of
the flood fan rises and the groundwater overflow zone
moves towards the center of the flood fan'". The
early Holocene is one of the most favorable periods
for the climatic environment of the Shule River''
Since the mid-Holocene, climatic aridity led to
reduced river flows, which enhanced vertical down-
cutting of rivers but reduced sediment transport capac-
ity
BP (Fig. 1(b), Fig. 2 (a)-(b) ). However, the

water level in the groundwater overflow zone showed

“7) The T1 terrace was formed by erosion at 6 ka

an increasing trend during this period, suggesting that
changes in the groundwater overflow zone may have

051 Anxi Marsh was

lagged behind climate change
completely desertified, and Huahai Lake experienced
water level fluctuations during this period (Fig. 2(c)-
(d)). During the historical period, the climate of the
Shule River Basin gradually warmed, and precipita-
tion and runoff increased. The Anxi Swamp started to
develop again, and peat deposition replaced wind-
sand deposition again, while the Huahai Lakes started
to gradually recede''***,

Although modern climatological results show
that the Shule River Basin is mainly controlled by the
westerly jet and hardly influenced by the Asian sum-
mer winds'*®', the monsoon control and water vapour
transport on longer time scales still need to be anal-
ysed. Simulated and reconstructed studies confirm
that increased insolation due to the early to mid-
Holocene modulation of orbital forcing leads to

increased continental surface temperatures, which

can lead to low surface pressure, prevailing southerly
winds, and radiation of water vapour fluxes, further
expanding the extent of the East Asian monsoon and
rainfall, and the influence of summer winds can even
reach the Shule River Basin (Fig. 3(a)-(b)). Combin-
ing proxy indicators from the Shule River Basin with
typical indicators from the western part of the Qilian
Mountains, and comparing them with typical indica-
tors from the monsoon region (Qinghai Lake) and the
western region (Keruk Lake), we find that there are
differences in the change trends of the proxy indica-
tors and the two regions (Fig. 2(¢)—(j))27-24172.91
Early and Middle Holocene proxies for the Shule
River and the western Qilian Mountains reflect an
overall wetter climate, consistent with a monsoon-
influenced area'*''(Fig. 2(k) ). In the Late Holocene,
the western Qilian Mountains showed signals of wet-
ting under the overall arid trend, which is similar to
the area of influence of the westerly wind zone'*’
(Fig. 2(1)). Previous studies have shown that aridifi-
cation in the Shule River Basin has been occurring
since 2000 a BP, which is later than the onset
observed in the Shiyang River Basin in the eastern
Qilian Mountains, and that erosion rates are lower

than those in the Shiyang River Basin'*"’.

These sug-
gest that the Shule River Basin may have been under
the control of a wetter westerly wind belt in the late
Holocene.

In summary, the hydrological changes of the
flood fan in the middle reaches of the Shule River, ter-
race evolution, and the evolution of the two mire
zones indicate that the Shule River branched left and
right during the Holocene state of nature. The weak-
ening of the Asian monsoon since the Holocene, the
drying of the climate and low precipitation affected
the runoff of the Shule River, which in turn led to the
drying up of the marshes in the coccyx area. In the
Late Holocene, enhanced westerly winds led to
increased precipitation and climate fluctuations, but
the overall regional climate remained relatively dry.
5.1.2

on river evolution

Impacts of different levels of human activity
The earliest sites of human activ-
ity on the Shule River flood fan are the Tuhulu and
Yingwoshu sites, located in the northwestern part of

the flood fan, and belong to the Siba Culture, a
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bronze culture type “°~°" (Fig. 4 (a) ). Based on the
study of barley, wheat, and other crops found at the
Donghuishan site in the eastern part of the Shule
River, it has been determined that people were mainly
engaged in agricultural activities during the Siba Cul-
ture period. Gramineae are the plants most closely
associated with human production and subsistence,

Siba Culture

and the increase in Gramineae pollen at SHIDG at
3.5 ka BP reflects human planting activities in the
Shule River Basin (Fig. 5(e¢)). Humans on the desert
margins, however, were mainly engaged in animal
husbandry. This may be because the high water levels
of the flood fans and the rich alluvial deposits provide

soil and water more suitable for agricultural activities.

) (Bronze) Han Dynasty Tang Dynasty Qing Dynasty, . =
(a) £
1225 K
1195 £
g ! ! L ! L ! ! f @) 3165 i
Js E
S
1 15§ 8.
15 %
. . | . . n . :
< (c) < 2
ps=2
{1595
585
S50
1 1 1 1 1 1 L 1 5 Z
< = <
~  10F
S o@D
=
25 6r
2 1 1 1
© 902 <
< w0
Zg70t©
£ 850t
5830
)] — . L
{163 2
=
2E
8 Z2c
8 £
L 1 I 1 i ——Y | I 0 .E:Z2
< (8 <
2 Tios_ =
S5 {1522
EES 5 14557
=< ? . . o . . ' — : . 415 7 2
5000 4500 4000 3500 3000 2500 2 000 1500 1 000 500 0 2

Age (calibrated years before present)

Fig. 5 Record of human activities in the area around the Shule River since the MH. (a) Precipitation in

the Qilian Mountains over the last 2 000 years'”!. (b)-(c) Floods and droughts in the Hexi Corridor in the last
2 000 years™®1. (d) Pinus and abor of SHIDG!!. (e) Gramineae of SHIDG!'S., (f) Intensity of human activity

in the Hexi Corridor over the past 2 000 years'™.

(g) Population changes in the Hexi Corridor over the past

2 000 years™™!. (h) Human settlements in the Shule River Basin since the MH !

After the Siba Culture, no sites of human activ-
ity was found in the area until the rulers of the Han
Dynasty, who had defeated the ethnic minorities,
reoccupied and developed the area'®’. The scattered
distribution of ancient cities on the edge of the flood
fan during the Han Dynasty implies dramatic changes
in human lifestyles, agricultural production, social
complexity, and population (Fig. 4(b)). Remains of
large areas of farmland have been found in the north-
west of the flood fan, reflecting the high level of agri-

culture during this period. The development of oases

and migration resulted in the clearing of large areas of
forest, leading to a decrease in pollen of woody
plants (such as Pinus and Arbor) and an increase in
Gramineae pollen in the profile (Fig. 5(d)-(e)). At
the same time, as agricultural production uses a large
amount of water in the middle and upper reaches of
the floodplain fan, the amount of water flowing
downstream gradually decreases. In the context of
the overall drying of the Hexi Corridor during the
Holocene, the groundwater level in the floodplain fan

area declined, and the downstream Anxi Marsh was
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desertified '""***". During the Tang Dynasty, the riv-
ers in the north direction of the floodplain fan dried
up, and the oases were desertified, leaving only riv-
ers in the northeast and northwest directions (Fig. 4
(c)). Reconstructed precipitation results indicate that
precipitation was more abundant during the Tang
Dynasty, suggesting that climate may not have been
responsible for the abandonment of the oasis (Fig. 5
(a)). After the outbreak of the An-Shi Rebellion (the
Tang Dynasty’ s civil war for dominance) , the Hexi
Corridor was occupied by Uyghurs (minority tribes) ,
and the war and different livelihoods led to the
destruction of waterworks and cultivated land, which
may be the main reason for the abandonment of the
oasis during this period®’. The Qing Dynasty was
the peak of the population in the Hexi Corridor, as
well as the strongest period of human activity in the
feudal period (Fig. 5 (f) — (g) ). For agricultural
development, local governments built dams to divert
water to the northeast and canals to divert water to the
east, leading to the formation of new man-made
oases and Bulu Lakes in the northeast of the flood-
plain fan, and the abandonment of the city of Suoy-
ang due to the decrease in the volume of river water
(Fig. 4(d) )", However, due to the natural oscilla-

Age(ka BP)
11.8

B warm-humid;
[1-warm-dry

tion of the river, the flow direction of the Shule River
changed to the west again, which fundamentally
deprived Lake Bulu of surface runoff recharge, and
by the end of the Qing Dynasty, Lake Bulu had dried
up®. Before the Qing Dynasty, the floods and
droughts in the Hexi Corridor were in good agree-
ment with the rainfall in the Qilian Mountains (Fig. 5
(a) =(c) ). This consistency was broken during the
Qing Dynasty. Studies have shown that human activi-
ties can cause hydrological droughts in the region'*’’.
High-intensity human activities in the Qing Dynasty
may have led to unusual drought events.

Reviewing the evolutionary history of the Shule
River during the Holocene, we find that water
resource changes in the Shule River Basin on long
time scales are more influenced by dry-wet and cold-
warm fluctuations in the climate during the geologic
history period, and that the overall riverine climate
since the Holocene has been trended toward aridity,
albeit with small fluctuations during the period
(Fig. 6). Climatic transitions between wet and dry,
warm and cold during the early to Middle Holocene
led to the formation of terraces. Short wet periods
increase regional water resources, as expressed
through proxy indicators. The Siba Culture migrated

rivers and human events

underground water level:1 388 m
T2 formation

Tl
formation

underground water level rise (1 404 m)

underground water level decline (1 384 m)
direction of runoff: north, northeast, northwest

change in direction of runoff (northwest,northeast )
desertification of oases

change in direction of runoff (northeast)
formation and disappearance of human-made lakes

Fig. 6 Human activity events and riverine events of the Shule River during the Holocene
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to the Shule River Basin and conducted flood agricul-
ture on alluvial fans in the Late Holocene. Although
they inherited the tradition of agricultural life in the
Hexi Corridor, they seemed not to be a ‘ conservative
faction’ and, where water was scarce, they began to
engage in animal husbandry as an alternative to agri-
culture. In the historical period, the middle reaches
of the Shule River had a water balance when the cli-
mate was stable and there were no drastic changes in
the amount of water in the river. Human activities
can affect the distribution of water in different river
channels through the construction of crossings and
dams, but they do not change the location of the river
channels; the diversion of rivers is the result of geo-
logical formations. When increased human activity
leads to excessive water use in one oasis or section of
a river, other areas receive less water than required,
resulting in water resource imbalances and the degra-
dation of regional hydrological ecosystems. The rise
and fall of agriculture along the Shule River during
the historical period were influenced by factors such
as differences in production methods and political
upheavals, not solely by climate change.
5.2 River and human settlements in the global
arid zone

Drylands are a vital part of the Earth’ s human
and physical environment. In hyperarid, arid, and
semi-arid regions, water is almost always scarce, and
human settlements may cluster around rare water
sources such as rivers, springs, wells and oases™*.
However, this ‘clustering’ creates a paradox. On the
one hand, people need to be close to rivers to use
water for agriculture; on the other hand, they need to
stay away from rivers in case of flooding and ero-
sion. The relationship between humans and rivers has
been characterized by alternating cycles of proximity
and distancing. We have reviewed the changes in
human settlement patterns relative to rivers in the
Hexi Corridor region since the MH period and
selected several typical civilizations in arid regions to
discuss this relationship.

In the Hexi Corridor, human livelihoods under-
went a transition from agriculture to mixed agricul-
ture/animal husbandry, and ultimately to animal hus-

bandry from the MH to the Late Holocene'*''. During

the warm climate of the MH, people developed agri-
culture in the pre-mountain alluvial areas located in
the upper reaches of rivers that had good water and
heat conditions along with rich loess accumulation.
Since 4 ka BP, the climate has become dry and cold.
To continue agricultural development, people
migrated to alluvial plains or areas around terminal
lakes, while in the less favorable desert margins, a
combination of agriculture and pastoralism became
the main livelihood. As the climate continued to dete-
riorate, agricultural production had completely disap-
peared, settlements were abandoned, and only a few
people continued grazing livestock downstream. Gen-
erally speaking, in the early stages of civilisation,
when faced with water scarcity due to environmental
changes, they adopted two adaptation strategies to
the environment. Either they changed their produc-
tion methods to reduce their dependence on water, or
they maintained their old ways and moved closer to
water sources.

The dependence of human settlements on water
is not an isolated phenomenon. In Xinjiang, statisti-
cal analysis of the relationship between settlements
and their distance from rivers shows a U-shaped distri-
bution pattern from the Palaeolithic to the Bronze
Age™'.

diverse water preferences due to varied subsistence

Neolithic settlements demonstrated more

patterns. In the Nile Basin, the reduction of river
flows and declining lake levels led to a settlement hia-
tus between 7. 5—7. 1 ka BP. Around 4. 4 ka BP, as
the climate became drier, occupation sites shifted
from alluvial plains to channel margins ®*' In
Lower Mesopotamia, the multiple channel networks
existing between 3 500 and 1 300 BC enabled the
expansion of irrigated floodplains, increased agricul-
tural productivity, and growth in settlements'®’.
Later, delta development led to canal abandonment
and settlement decline.

Human capacity to alter the natural environment
increased with advances in productivity, knowledge,
and governance. By building aqueducts and dams,
humans can change the distribution of water in rivers
and divert water to agricultural areas. Advanced irriga-
tion systems helped improve resilience to rainfall defi-

cits or floods. Subsequent settlement expansion
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increasingly reflected cultural preferences rather than

water availability. However, human interventions
also caused negative impacts, including increased ero-
sion rates, reduced runoff, lower lake levels, and pol-

lution that have reduced river system diversity ',

6 Conclusion

We present a comprehensive discussion of cli-
mate change and river dynamics in the Shule River
Basin in the Qilian Mountains, China, during the
Holocene and relate it to human occupation from the
Neolithic to the Qing Dynasty. River dynamics in the
Shule River flood-fan front were closely linked to
regional hydroclimatic fluctuations during the early to
middle Holocene. Humans began to settle in the
region and to choose suitable livelihoods in response
to local conditions since the Late Holocene. During
the historical period, human activities dominated the
evolution of the Shule River and a water balance
existed in the middle and lower reaches of the river.
A surge in water use by human activities in one direc-
tion of a river can lead to a decrease in the amount of
water in the other direction, which leads to a series of
hydrological events such as declining groundwater
levels, desertification, and drought.

Future studies on the water resources evolution
of the Shule River during the Holocene should focus
on the reconstruction of the regional high-resolution
continuous climate change process. Based on the
reconstructed climate change process, future studies
should compare climatic differences between Holo-
cene cold and warm periods and further clarify the
synergistic circulation response and hydrological
effects of the monsoon and westerly winds during
long-time-scale transitions between cold and warm
periods. Regarding research on the historical period,
more attention should be paid to the impact of
extreme climate events on regional water resources

and human production and life.
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Research Progress on Ruthenium Oxide—Based Catalytic
Electrodes Modified by Doping Strategies

ZHANG Junjun', DU Xiaogian', ZHOU Xuanyu', LI Peizuan',
WANG Hongyan', SHI Chenyu', ZHANG Pengfei'”
(1. School of Chemistry and Chemical Engineering, Ningxia University, Yinchuan 750021, China;
2. School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: In light of the recent advances made by researchers in ruthenium oxide catalysts, this review system-
atically summarizes the relevant progress in employing doping strategies to enhance ruthenium dioxide cata-
lysts, analyzes the internal mechanisms by which doping with precious metals, rare-earth metals, non-precious
metals, and non-metals improves performance, and discusses the future directions for this field. This review is
significant for the advancement of the hydrogen energy field, particularly in the context of acidic water electroly-
SIS.

Key words: hydrogen energy; ruthenium oxide; doping; electronic structure; proton exchange membrane
(PEM) electrolyser
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