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Comparative analysis of the impacts of precipitation and land use on streamflow
from adjacent catchments is critical to exploring pathways toward water security and
sustainable development. In this work, two adjacent catchments (the Mayinghe and
Xidahe, abbreviated as MYC and XDC, respectively) in northwestern China were
selected to compare the impacts of precipitation change and land use alteration on
streamflow change during 1956–2019 using field observation streamflow data and
satellite data. An opposite trend of streamflow was found for the two catchments
from 1956 to 2019: the streamflow decreased significantly in the MYC (-0.63 ×
107m3/10a, p < 0.05), while it increased in the XDC (0.71 × 107m3/10a, p < 0.05). Land
conversion dominated the streamflow reduction in the MYC, with a contribution of
about 68.3%. In the XDC, precipitation was confirmed to be the major factor driving
the increase in streamflow. The streamflow for farmland irrigation reached 27.97 ×
104 m3/km2 in the MYC, which was the leading factor of streamflow reduction in the
basin. The findings obtained from this work can shed light on the quantitative
understanding of streamflow changes in small catchments and offer a scientific
basis for sustainable water management in other inland river basins.
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1 Introduction

Climate change and human activities have affected hydrology in several ways and to varying
degrees (Piao et al., 2010; Cooley et al., 2021). Global warming leads to the acceleration of the
hydrological cycle, increasing the frequency of extreme hydrological events such as floods and
droughts (Piao et al., 2010; Asadieh and Krakauer, 2015; Duan et al., 2022). It also affects the
temporal and spatial distribution of water resources, and thus threatens the stability of the
ecosystem and thereby of human society (Dey and Mishra, 2017; Lebek et al., 2019; Palmer and
Ruhi, 2019; Satge et al., 2019; Darvini and Memmola, 2020). Intensive human activities have
caused changes in the underlying surface, such as the conversion from grassland and forest land
to farmland and cities, in turn increasing the uncertainty of the availability of water resources,
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often leading to water resource shortages (Rust et al., 2014; Senbeta
and Romanowicz, 2021). Streamflow is one of the main components of
the hydrological process, and it plays an important role in water
resource security. It is also a key factor in controlling vegetation
distribution and species diversity in basins (Dey and Mishra, 2017;
Palmer and Ruhi, 2019). Streamflow is affected by various factors
including climate, land use, topography, human activities, and so on
(Beck et al., 2015; Pourmokhtarian et al., 2017; Guzha et al., 2018;
Williamson and Barton, 2020). Climate variability and land use
change are considered to be two key factors that control
streamflow dynamics in many regions (Fenta et al., 2017; Anache
et al., 2018; Lebek et al., 2019; Darvini and Memmola, 2020). For
example, precipitation change directly leads to the variation of
streamflow, and there is a strong correlation between extreme
precipitation and extreme flood (Pall et al., 2011; Duan et al.,
2022). And land use change affects the utilization efficiency of
water resources, while increasing farmland area leads to an increase
in streamflow consumption, although the implementation of water
conservation measures could mitigate some of these negative impacts.
For sustainable water management and exploring pathways toward
water security, understanding streamflow dynamics under
precipitation and land-use change is essential.

Numerous researches have reported on streamflow variation,
based on long-term observation data, remote sensing data,
hydrological simulation data (Zhang et al., 2015; Liu et al., 2017),
and even analyzed the driving mechanism behind the observed
variation trends (Huo et al., 2021; Su et al., 2021). Models such as
the Soil and Water Assessment Tool (SWAT) and the Budyko-based
models (Yang et al., 2014; Dey and Mishra, 2017; Zhai and Tao, 2017),
the paired catchment method (Rangecroft et al., 2019) and statistical
methods based on the double mass curve (Gao et al., 2017) are now
available, to elucidate the role of climate change and anthropogenic
stressors in shaping the streamflow hydrograph. Comparative studies
have also been carried out in many regions throughout the world to
further explore the relative and combined effects of climate change
and anthropogenic stressors on streamflow (Liu et al., 2017; Cheng
and Yu, 2019). These studies have conducted in-depth research on
streamflow variations, but there remains a constant need for a better
quantitative understanding of this subject through a comparative
study of small adjacent catchments experiencing different
agricultural intensities, for the following reasons. First, most
available comparison researches have been conducted at the
mesoscale, but compensating effects in complex watersheds with a
variety of land use types, and the impacts of land use changes on
hydrology, are relatively less significant at large scales, while they are
muchmore pronounced at smaller scales (Cao et al., 2009; Bieger et al.,
2015). Secondly, few comparative studies have been conducted in arid
or semi-arid regions, even though the driving mechanisms of
streamflow variation have been widely reported in northwestern
China (Yang et al., 2017; He et al., 2019; Xue et al., 2021).
Furthermore, these driving mechanisms present complex
characteristics because it is difficult to ensure the consistency of the
natural background in comparative studies, as there are obvious
differences in geographical location, terrain and climate, among
various catchments (Yang et al., 2014; Darvini and Memmola, 2020).

Northwestern China has an arid or semiarid continental climate,
with an average annual rainfall of 130 mm (about 15% of the average
annual precipitation globally) (Arora 2001; Shen et al., 2013). It is one
of the areas where ecological resources are restricted mainly by water

resources, and where streamflow changes have had significant effects
on environmental and socioeconomic resources, so that ill-advised
utilization of streamflow may lead to the degradation of natural
vegetation and aggravate desertification (Lesk et al., 2016;
Fereidoon and Koch, 2018). As one of the region most sensitive to
climate change (Chen et al., 2015), Northwestern China is highly
vulnerable to variabilities in precipitation and temperature; yet it is a
place where future streamflow dynamics are complex and uncertain
(Ning et al., 2020). In addition, rapid population growth and
urbanization have led to oasis expansion and increasing demand
for farmland, significantly changing the land cover over the past
several decades, and changes such as farmland expansion and
grassland loss have led to the redistribution of streamflow in the
region (Brath et al., 2006; Sharma et al., 2019). Although many studies
have been conducted on streamflow changes and its influencing
factors in Northwest China (Wang et al., 2006; Zhang et al., 2014;
Yang et al., 2017; Xue et al., 2021), most of them were concentrated in
single watershed such as Heihe River Basin (HRB) and Shiyang River
Basin (SRB), lacking comparative studies on small catchments.
Therefore, a comparative analysis of the causes of streamflow
variation in small catchments in Northwestern China is critical to
the management of water resources in this region.

The purpose of this work is to analyze the impacts of precipitation
change and land use alteration on streamflow of two small adjacent
catchments in arid northwestern China, the Mayinghe catchments
(MYC) and Xidahe catchments (XDC). The objectives were i) to
compare streamflow variations and land use change during
1956–2019 in the MYC and XDC; ii) to quantify the impacts of
land use alteration and precipitation change on streamflow; and iii) to
estimate water consumption by farmland in different periods from
1956 to 2019. The study could shed light on the understanding of the
hydrological process in inland river basins, and provide a valuable
reference for coordinating the relationship between human activities
and water resources in the context of climate change.

2 Materials and methods

2.1 Study area

The MYC (100°56′35″-101°18′7″ E, 37°54′58″-38°30′4″ N) and
XDC (101°7′34″-101°29′19″ E, 37°47′24″-38°4′34″ N) are first-order
catchments of two larger adjacent inland river basins (HRB and SRB,
respectively) of arid northwestern China (Figure 1). Both of them
originate from the northern part of the middle Qilian Mountains in
Shandan County, Gansu Province, and share similar geographical
settings (climate, soil and vegetation, et al.), but are under different
levels of anthropogenic stressors from agriculture. The advantage of
this selection is to ensure the consistency of the natural background of
the selected catchments as much as possible, to reduce the potential
uncertainties involved in the comparison analysis. The mainstream
lengths of XDC and MYC are 30.6 km and 153km, and the areas are
660 km2 and 1163 km2, respectively. The terrain of both the
catchments is the high elevation in the south and low in the north:
it ranges from 2157 m above sea level (m asl.) in the mountain valley to
4423 m asl. at the peak. Both catchments are continental alpine
plateaus with a semi-arid climate, with the characteristics of cold,
but still distinctive four seasons, concentrated rainfall and obvious
vertical zonation (Zhang and Kang, 2021). The precipitation is mostly
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concentrated in the summer, with the highest temperatures from June
to September, a period that also accounts for about 80% of the total
annual precipitation. The main recharge source of the surface runoff is
precipitation, followed by ice and snow melt.

In the MYC, the annual average precipitation and evaporation
were 395 mm and 2153.6 mm from 1956 to 2019, respectively. The
annual average streamflow was 6.16 × 107 m3 and the annual
temperature varied from -29.8°C to 39.8°C with a mean of 7°C,
the average depth of frozen soil was generally between 1.2 m and
1.6 m, and the annual frost-free period was 214 days. The total
amount of water resources available in the basin is 0.91 × 108 m3,
and the per capita water resources are less than 0.06 × 108 m3, which
is lower than the internationally recognized water shortage warning
line of 0.17 × 108 m3. The upstream section of the MYC is home to
the Shandan Army Horse Breeding Farm, the oldest such farm in the
world, and the largest in Asia. It is also an important water
conservation area of the MYC. However, it is greatly affected by
human activities, as large areas of land reclamation have changed the
land cover pattern and also significantly affected streamflow in the
region. From 1967 to 2000, the conversion of forest and grassland to
farmland in the MYC resulted in the reduction of the annual
streamflow by 28% (Wang et al., 2006). These developments and
the resulting utilization of water resources have resulted in serious
ecological deterioration and led to a water resource crisis in the entire
basin. The vegetation is vertically distributed in the mountains, with

scrub-steppe zones and forest-steppe zones appearing from the
foothills to the tops of the mountains in turn. In the corridor
plains, it is mainly covered by scrubs and sparse trees. And the
main soil types are chestnut and calcareous soil. There are
53,300 people in MYC, and the population is mainly
concentrated in the downstream plain, while the upstream is
relatively small.

In the XDC, the annual temperature varies from - 27°C to 35.3°C
with a mean of 5.7°C from 1956 to 2019, the average depth of frozen
soil was generally between 1.4 m and 1.7 m, and the annual frost-free
period was 134 days, and annual average precipitation and
evaporation were 395 mm and 2098.8 mm, respectively. The annual
average streamflow was 1.68 × 108 m3 during 1956–2019, the
implementation of a water diversion project since 2003 has
introduced an average of 0.25 × 108 m3 per year into the total
streamflow of the basin. The annual average sediment
concentration was 0.26 kg/m3, and the annual sediment discharge
was 41,600 kg. Contrary to the situation of MYC, the XDC was
relatively less affected by human activities, and its land cover has
remained a relatively pristine state. It is mainly covered by scrubs, the
middle and high mountains are covered by trees, shrubs and
grasslands, and some areas in the middle reaches are covered by
grasslands and forests. The soil is mostly mountain grey cinnamon soil
and subalpine meadow soil. The terrain of the basin is mainly
mountainous and the population is relatively small.

FIGURE 1
Geographical location, river and topographic characteristics and locations of meteorological and hydrological stations of XDC (Xidahe Catchment) and
MYC (Mayinghe Catchment).
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2.2 Data sources and pre-processing

The products of land use in the Qilian Mountains from 1985 to
2019 were provided by National Tibetan Plateau Data Center (http://
data.tpdc.ac.cn). The dataset was produced by using Landsat data.
There were 10 land use categories in the products, and we classified
them into six categories. The spatial resolution was 30 m, and the
accuracy reached 92.2% as evaluated by Google Earth images and field
survey data (Zhong and Jue, 2019). Six satellite images, Landsat MSS
(1975), Landsat TM (1985, 1995, 2005), and Landsat OLI (2015, 2019),
obtained from USGS through Google Earth Engine (GEE) were also
used to interpret previous land use changes, and land use categories
were identified based on spectral characteristics of the watershed using
supervised classification. Finally, all land use types were classified into
six categories, namely forest, grassland, farmland, residential, barren
land, and water. To improve the accuracy of the final land use change
data, we combined the land use data of the Qilian Mountains with the
supervised data and then calibrated them using visual interpretation
and the third national land survey data of China.

Streamflow and precipitation data were observed data, with a period
of 64 years from 1956 to 2019, acquired from the Shandan Hydrology
Bureau. Hydrological stations were built above the dams of the Liqiao and
Xidahe reservoirs, and these accurately record the inflow and outflow of
the catchments. There are five meteorological stations involved in the
precipitation data. The precipitation ofMYC involved fourmeteorological
stations, the data of Huocheng, Maying and Liqiao Reservoir were used to
represent the precipitation status in themiddle and lower reaches ofMYC.
Since there was no meteorological station in the upper reaches of MYC,
we selected the precipitation data of Biandukou, which was the nearest to
MYC, to represent the upstreamprecipitation. Finally, the average of these
four stations represents the precipitation status of the whole MYC. There
were relatively few meteorological stations involved in the XDC, only
Xidahe Reservoir.

Digital Elevation Model (DEM) data were downloaded from the
Geospatial Data Cloud (http://www.gscloud.cn/), the data type was
ASTER GDEM, and the spatial resolution was 30 m, and it was used to
extract the catchment.

2.3 Methods

2.3.1 Mann-Kendall test
A change point indicates the starting time of an abrupt change in

streamflow and precipitation. The non-parametric Mann-Kendall
(M-K) test (Mann 1945; Kendall 1975) was used to detect change
points of annual streamflow and precipitation in the XDC and MYC. It
is based on the correlation between the rank of a time series and the time
order, which can handle non-normalcy with high asymptotic efficiency
and is commonly used to analyze the trend and abrupt points in various
hydrological and meteorological series. The test is given as follows:

UFi � Si − E Si( )������
var Si( )√ i � 1, 2, ..., n( ) (1)

Sk � ∑k

i�1ri k � 2, 3, ..., n( ) (2)

ri � 1, xi > xj

0, xi ≤ xj
{ j � 1, 2, ..., i − 1( ) (3)

Following the assumption that xi is an independent and identically
distributed random variable, the expected value E (Si) and variances
var (Si) are given by (Hamed 2008; Bao et al., 2012):

E Si( ) � i i − 1( )
4

(4)

var Si( ) � i i − 1( ) 2i + 5( )
72

(5)

Then, the curve of UFi and UBi can be shown after calculating
UBi based on the inverse time series xn, xn-1, . . . , x1 of UFi and the
UBi = - UFi, i = n, n-1, . . . , 1. The change year can be found if there
was an intersection of two curves and the series trend is statistically
significant.

2.3.2 Correlation analysis
In this study, Pearson correlation was used to evaluate the linear

correlation between runoff, precipitation and various land use types.
The equation is given as follows:

r � ∑n
i�1 x − �x( ) y − �y( )���������������������∑n

i�1 x − �x( )2∑n
i�1 y − �y( )2√ (6)

�x � 1
n
∑n

i�1xi, �y � 1
n
∑n

i�1yi (7)

where x, y were the variables, such as runoff and precipitation, and ‾x, ‾y
were the mean values of the two variables. The significance level of the
correlation was obtained by querying the correlation coefficient table,
and n is the number of observations in x and y variables.

2.3.3 Streamflow for farmland irrigation
In the MYC, the main soil types are Chestnut and Calcareous soil,

the soil structure and water permeability are relatively poor, and both
types have obvious calcium accumulation and a high content of
carbonate, which is not conducive to streamflow leakage; hence any
water loss caused by river channel and soil water infiltration can be
ignored. Therefore, the XDC rainfall-streamflow linear regression was
considered as the reference model to estimate the streamflow
consumption of the MYC under farmland expansion. First, the chi-
square test was applied to verify whether precipitation, streamflow and
land use data are independent of each other, if they are independent of
each other, the rainfall-streamflow model of the XDC was established
through linear regression. Then the precipitation of the MYC was
brought into the model to obtain the streamflow without the effects of
farmland reclamation. The streamflow for farmland irrigation was
obtained by calculating the difference between the observed
streamflow and the estimated streamflow. The specific method is as
follows:

QX � aPX + b (8)
Qfarmland � Qestimated − Qobserved

A
(9)

where QX and PX are the streamflow and precipitation of the XDC,
respectively; a is the regression coefficient and b is the regression
intercept. Qestimated and Qobserved are the estimated streamflow and
observed streamflow in the MYC, respectively; A is the farmland area
during the different periods in the MYC, and Qfarmland is the
streamflow for farmland irrigation.
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2.3.4 Separating the impacts of land use alteration
and precipitation change

Human activities and climate variability were considered to be the
two main factors impacting streamflow. Since in water-limited
regions, annual streamflow is more sensitive to precipitation than
to other climate factors (Donohue et al., 2011; Liang and Liu, 2014), we
applied linear regression to estimate the impacts of precipitation and
land use (Koster and Suarez, 1999; Sankarasubramanian et al., 2001;
Milly and Dunne, 2002), which was displayed by:

△Q � △Qprecipitation +△Qlanduse (10)
△Q � Q2 − Q1 (11)

where ΔQ is the streamflow difference before and after the division point,
Q1 is the streamflow before the division point, Q2 is the streamflow after
the division point; and ΔQprecipitation and ΔQland use are the streamflow
changes caused by precipitation change and land use change, respectively.

The division points were set based on the corresponding years of
existing land use data and 10-year intervals, and a total of seven periods
are divided from the initial year. In the study of a period, the years before
the division was regarded as pre-division, and the years after the division
point and before the next division point were considered as post-division.
The streamflow change of the pre-division point was a reference period
for considering the initial land use, and the post-division year was a period
after the land use change occurred. First, it was assumed that precipitation
change had the same effects on streamflow variability in both of the two
periods, and that streamflow change was therefore only impacted
differently, during the two periods, by land use changes (Zhang et al.,
2014; Chen et al., 2020). Hence the relationship (R1) between annual
precipitation and annual streamflow at the pre-division point was
established by linear regression, and the hypothetical Q,

2 (streamflow
changes without the effects of land use change) can be determined by
substituting the annual precipitation after the division point period into
R1. Before applying these assumptions, it was necessary to verify them
based on available data. One step was to check whether the change of
regression coefficients in pre- and post-division periods was not
significant, another step was to check whether any land use class
changed significantly than others. If these conditions were true, the
assumptions can be applied to the study. Subsequently, separating the
impacts of precipitation variability and land use change can be given by:

△Qprecipitation � Q1 − Q,
2 (12)

△Qlanduse � Q,
2 − Q2 (13)

Finally, the contributions of the two factors can be quantified by:

Cprecipitation � △Qprecipitation

∣∣∣∣ ∣∣∣∣
△Qprecipitation

∣∣∣∣ ∣∣∣∣ + △Qland use| | × 100% (14)

Cland use � △Qlanduse| |
△Qprecipitation

∣∣∣∣ ∣∣∣∣ + △Qland use| | × 100% (15)

where Cprecipitation and Cland_use are the contributions of precipitation
change and land use change to streamflow variation.

3 Results

3.1 Precipitation and streamflow variation

Increasing trends were detected in the XDC and MYC precipitation
data collected during the period of 1956–2019 (Figure 2), with change

rates of 19.37 mm/10a and 4.33 mm/10a, respectively. The annual mean
precipitation amounts were 395.54 mm and 395.28 mm in the two
catchments, respectively. The abrupt point of precipitation was
determined as 1981 in the XDC, while there was no remarkable
abrupt point in the MYC. Increasing trends in precipitation during
the period of 1956–1980 (with mean precipitation of 351.81 mm and
a change rate of 14.01 mm/10a) were lower than those of the period of
1981–2019 (423.58 mm and 11.09 mm/10a), in the XDC. A significant
increasing trend appeared in the annual streamflow of the XDC during
1956–2019, while there was a significant decreasing trend in theMYC (p<
0.05) with streamflow change rates of 0.071 × 108 m3/10a and 0.063 ×
108 m3/10a, and annual mean streamflows of 1.68 × 108 m3 and 0.62 ×
108 m3 in the XDC and MYC, respectively. In the XDC, the abrupt point
of streamflow change was determined as 2003, with the decreasing trends
during the period of 1956–2002 (with mean streamflow of 1.55 × 108 m3

and change rate of 0.03 × 108 m3/10a) being lower than those of the
2003–2019 period (2.02 × 108 m3 and 0.21 × 108 m3/10a). In theMYC, the
abrupt point of streamflowwas considered to be 1991, with the increasing
trends during the period of 1956–1990 (with mean streamflow of 0.74 ×
108 m3 and change rate of 0.006 × 108 m3/10a) being higher than those of
the period of 1991–2019 (0.46 × 108 m3 and 0.008 × 108 m3/10a).

3.2 Spatial-temporal changes of land use

The dominant land use types in the MYC are farmland and
grassland (Figure 3), which together account for more than 80% of
the area. The grassland area is the largest, accounting for 58.8% and
55.3% in 1975 and 1985, respectively, while it was less than 50% of the
area during 1995–2019. Although the farmland area was larger than
forest, water or residential land in the MYC, its proportion ranged
from only 21%–37% of the entire area. In the XDC, forest and
grassland were the main land uses, accounting for about 58% and
35%, respectively, while only 1% of its area was used for agriculture. A
significant change was detected in MYC farmland, grassland and
residential (p < 0.05) while the change in forest, water and barren
were not significant. And there were two main trends of land use
changes in the MYC during 1975–2019: a decrease of grassland and an
increase of farmland and construction land. The farmland increased
by 181 km2 while the grassland decreased by 187 km2 from 1975 to
2019. The grassland area increased by 13.76 km2 in the XDC, and no
other land use types there increased by more than 5 km2. The land
conversions in the MYC and XDC were relatively small from 1975 to
2019 (Figure 3), accounting for only 25.9% (300.76 km2) and 12.0%
(79.48 km2) of the catchments, respectively. There were four main
types of land area change (all more than 5%), of which the grassland
conversion area was the largest, reaching 226.5 km2, and accounting
for 75.3% of the conversion area. Conversions from forest land and
grassland were the main forms of land use change in the XDC. The
area converted from forest land to grassland was 23.91 km2, from
grassland to forest land, 13.46 km2, which accounted for 30.1% and
16.9% of the area, respectively.

3.3 Impacts of precipitation change and land
use alteration on streamflow variation

Significantly correlated relationships were detected between
streamflow and both farmland and grassland in the MYC
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(Table 1). In particular, there was a significant negative correlation
between streamflow and farmland (p < 0.01). However, a significantly
correlated positive relationship was detected between streamflow and
precipitation in the XDC. Streamflow variation and the contributions
of land use change and precipitation change were different during
various periods between 1956 and 2019 in the MYC (Figure 4). The
streamflow variation was largest during the periods of 1986–1995 and
1996–2005, although during the period of 1996–2005 the streamflow
decreased by 14.01 × 106 m3 more than it did during the previous
period. And the minimum streamflow change was only 0.92 × 106 m3

in the period of 1966–1975, compared to the other periods. The
streamflow variation caused by precipitation change was highest in the
period of 2006–2019, especially during 2006–2015 (17.99 × 106 m3),
while the highest streamflow difference caused by land use change
occurred during the period of 1986–2019, especially in 1996–2005 and
2006–2015, which were 25.19 × 106 m3 and 19.76 × 106 m3,
respectively.

The contributions of precipitation change and land use alteration
to streamflow variation were 31.7% and 68.3%, respectively, during the
overall study period in the MYC. Land use change first increased
streamflow and then decreased it, and the contribution of land use
change was more than 60% during the period of 1956–2005, with a
maximum of 98.9% during the period of 1976–1985, after which it

began to decrease. After 2015, the contribution rate of land use change
was less than that of precipitation. The estimated streamflow was
highest (162.42 × 106 m3 and 167.43 × 106 m3, respectively) during the
periods of 2006–2015 and 2016–2019; the smallest was 156.18 ×
106 m3, during the period of 1956–1975 (Figure 5). The biggest
differences between estimated and measured streamflow were
found during the two periods of 2006–2015 and 2016–2019
(117.36 × 106 m3 and 118.32 × 106 m3), respectively. Streamflow for
farmland irrigation first increased and then decreased, from 1956 to
2019, with a change rate of 27.97 × 104 m3/km2. Farmland had the
greatest impact on streamflow reduction during the period of
1956–1975 (33.5 × 104 m3/km2). However, the least impact of
farmland expansion on streamflow reduction occurred during
1986–1995 (26.07 × 104 m3/km2).

4 Discussion

4.1 Factors affecting streamflow variations in
the selected catchments

Streamflow was generally affected by many factors, such as
farmland reclamation, urban expansion, geomorphic properties,

FIGURE 2
Trends of precipitation and streamflow (left column); M-K tests of precipitation and streamflow (right column): (A) precipitation M-K test of MYC; (B)
precipitation M-K test of XDC; (C) streamflow M-K test of MYC; (D) streamflow M-K test of XDC. The slope is the regression coefficient of linear regression,
which means that streamflow and precipitation change with time.
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climate warming and so on, but on the whole, it is mainly affected by
climate change and land use (Cooley et al., 2021; Huo et al., 2021; Su
et al., 2021). An opposite trend of streamflow was detected for the
MYC and XDC during 1956–2019. We compared the correlations
between streamflow and precipitation for these two adjacent small
catchments and noticed that the increase of annual precipitation
should be the dominant reason for the increase of streamflow in
the XDC. Xue (2021) showed that the significant increase in
streamflow was mainly affected by the increased precipitation of
XDC from 1961 to 2018, which also supported our results. Along
with the increased precipitation in northwestern China over the past

decades (Qin et al., 2021), the increased temperature caused by global
warming is also expected to bring more streamflow from glacier melt
(Harper et al., 2012;Winkelmann et al., 2012; Zhang et al., 2017; Smith
et al., 2020; Azam et al., 2021; Zhang and Kang, 2021). In contrast to
the XDC, the correlation between streamflow and precipitation was no
longer significant in the MYC. Our results indicated that significant
changes occurred in farmland (the area increased by 15.6%) and
grassland (the area decreased by 16%) in the MYC during this period,
but the land use change detected in the XDCwas almost negligible (the
increase in farmland area was less than 1%) compared with that in the
MYC. Considering that both catchments have experienced the same

FIGURE 3
Distribution of land use and major land use conversions during 1975–2019 in the MYC and XDC (A), 1975; (B), 1985; (C), 1995; (D), 2005; (E), 2015; (F),
2019; (G), major land use conversions from 1975 to 2019.

TABLE 1 Correlation coefficients between streamflow and precipitation, land use in MYC and XDC.

Catchment Precipitation Farmland Forest Grassland Water Residential Barren

MYC 0.057 -0.86** 0.36 0.778* 0.501 -0.627 0.397

XDC 0.688* 0.106 0.102 0.101 -0.363 -0.046 -0.393

MYC, mayinghe catchment; XDC, xidahe catchment.

**p < 0.01, *p < 0.05.
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climate change background, the different streamflow regimes between
the MYC and the XDC appear to have been caused mainly by their
different land use histories (Table 1).

By comparing the abrupt change points detected in the measured
time series, the above conclusions could be further enhanced. For
example, a sharp decrease of about 0.34 × 108 m3 was detected in
streamflow of the MYC around 1991. This time was roughly
coincident with the implementation of household contract

responsibility system (in the 1980s), which stimulated agricultural
land reclamation from other types of land use (Huang et al., 2014), and
thus reduced streamflow through irrigation-intensive farming (Bao
and Fang, 2007; Xie et al., 2018). The cumulative contribution of land-
use changes to streamflow reduction in the MYC reached 68% during
the past 64 years, and the contribution even exceeded 90% during
1976–1985, when farmland expanded rapidly (Figure 4). A previous
study also showed that farmland expansion has been the main cause of

FIGURE 4
Streamflow difference before and after division point and contributions of land use change and precipitation change in various periods from 1956 to
2019 in the MYC. (ΔQ is the streamflow change based on the comparison of before and after the division point; ΔQprecipitation and ΔQland use are the streamflow
changes caused by precipitation change and land use change, respectively).

FIGURE 5
Differences (ΔQ) between observed streamflow (Qobserved) and estimated streamflow (Qestimated), and streamflow for farmland irrigation (Qfarmland) in
various periods during 1956–2019 in the MYC.
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streamflow change in the MYC from 1967 to 2000 with a contribution
of 77%–80% (Wang et al., 2006). Human activities also have a great
impact on streamflow in the other regions of inland river basins of
Northwestern China, such as the whole HRB, Taohe Upstream Basin
and SRB (Wang et al., 2007; Yang et al., 2017; Xue et al., 2021).
Although the contribution of land-use change to streamflow has
gradually decreased in recent years due to the policy of returning
farmland to forest and grassland, land-use change is still the main
reason for streamflow reduction in the MYC, primarily because
compensating effects are much more pronounced at smaller scales
(Cao et al., 2009; Zhang et al., 2014; Bieger et al., 2015). In the XDC, a
sharp increase of about 0.47 × 108 m3 was detected in streamflow
around 2003, which was coincident with the implementation of a
water diversion project (in 2003), which increased streamflow via
input from other rivers. These shifts also prove that land use history
has a great impact on streamflow variations. This mutation time was
also consistent with Xue’s result (Xue et al., 2021), which confirmed
the reliability of our results.

Although the general global climate change trend is toward
warmer and wetter weather, and glacier melt has accelerated in the
Qilian Mountains (Guo et al., 2018), there is no obvious response of
streamflow change in the XDC, which further indicates that other
factors besides human activities also affect this result, such as
permafrost coverage, catchment elevation and groundwater level
(Niu et al., 2011; He et al., 2019). Viola et al. (2017) pointed out
that the amount of rainfall converted into streamflow in a high-
altitude catchment is higher than that in a low-altitude catchment,
which indicates that the XDC, with an average altitude of 3465 m, has
great potential for converting precipitation into streamflow. In
addition, the groundwater level rose under the influence of the
policy of prohibiting overexploitation of groundwater, reducing
streamflow infiltration of the XDC and maintaining a normal
circulation of surface water (Hochmuth et al., 2015; Huang et al.,
2017). Moreover, the proportion of grassland and forest land was
considered as the main factor affecting the annual streamflow of basins
in temperate continental climate regions (Huo et al., 2021), and the
XDC, with a total proportion of grassland and forest land accounting
for 93% of the area, may not be greatly affected by the warming and
wetting climate. All of these influences affect streamflow variations
and increase the complexity of hydrological processes, and indicate
that human activities and climate change play different roles in
different regions and at different scales.

4.2 Uncertainty involved in the quantification
analysis

Although we quantified the impacts of precipitation change and
land use change on streamflow, uncertainties remain in the assessment
of their respective contributions. Uncertainties could be induced by
data representation. For example, the sparsely distributed stations may
ignore the hydrological processes in upstream of MYC. Considering
that Biandoukou was close to MYC and its altitude was similar to that
of the upstream of MYC, it is acceptable to replace the upstream
precipitation from this meteorological station when there is no
suitable data available. The hydrological data and land use data are
not well matched in terms of their spatial scales and resolution. The
hydrological data (i.e., precipitation and streamflow) were collected at
individual stations, while the land use data were extracted from

satellite images (Zhu et al., 2018; Duan et al., 2021). Given that the
evaluation of streamflow and land use change was largely based on
trend analysis rather than data points, the errors introduced by the
data resolution could be largely ignored. Multi-sourced data
(i.e., Landsat data, products of land use in the Qilian Mountains)
were used to classify land use. In addition, we assumed that streamflow
change is only influenced by land use and precipitation, the effect of
evapotranspiration and other climate variables may not be
representative. This assumption also may not be applicable to
catchments with large land area, low gradient, slow water flows
and rich water, but it could be considered plausible for the XDC
and MYC, with their high gradients and limited water resources,
because annual streamflow is more sensitive to precipitation than to
evapotranspiration in these regions (Donohue et al., 2011; Berghuijs
et al., 2016; Zhang et al., 2021). Moreover, in the water consumed by
human activities, only farmland irrigation was considered, while
domestic and industrial production use were neglected, which may
have led to calculation errors in streamflow consumption.
Considering, however, that the proportions of industrial production
and domestic water use in these catchments are small and mainly
come from groundwater, these errors could be largely ignored.

4.3 Implications for regional development

Streamflow guarantees regional ecosystem stability and ecological
protection in arid northwestern China (Dey and Mishra, 2017; Palmer
and Ruhi, 2019). But streamflow also serves as the primary source of
irrigation water for agriculture (which in turn is the dominant source
of livelihood in arid regions like the study area). Because each of the
systems, including vegetation, water, soil and atmosphere, will be
affected in a variety of ways by reduced streamflow, if too much water
is used for irrigation and streamflow continues to decrease, irreversible
ecological disasters are probable, although rarely does one know just
when such an event will happen (Palmer and Ruhi, 2019; Morganstein
and Ursano, 2020). Balancing water use between human food
production and the needs of the environment is extremely
important for local communities and governments, but also
complex and difficult to achieve in practice (Qin et al., 2022).
Thus, an explicitly formulated strategy for streamflow forecasting
and management is needed, especially in the climate change
context. In streamflow management, water allocation among
various ecosystems should be coordinated to prevent excessive
water use in any given ecosystem, especially in agriculture, which
may reduce the water available for natural vegetation, causing
desertification (Satge et al., 2019). It is necessary to find the
threshold of ecological water demand in different regions, to realize
the maximum benefit by using the minimum amount of water for
human needs. And the water resources should be reasonably allocated
in the upper, middle and lower reaches of a river, through a series of
policies and the coordination of various departments, to alleviate the
contradiction between the supply and demand of water resources and
prevent downstream interruption caused by excessive water use in the
upper and middle reaches.

In the context of global climate change, the uncertainty of
precipitation and snowmelt in arid northwestern China leads to
instability in streamflow, which in turn could lead to an increase in
the number of extreme events such as floods and droughts, posing a
threat to both the natural environment and human life (Lesk et al.,
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2016; Fereidoon and Koch, 2018; Duan et al., 2022). For example,
drought, flood and unpredictable rainfall distribution threaten food
security by increasing the uncertainty of agricultural production, and
an increase in drought frequency and intensity will increase
desertification and lead to serious land degradation (Akbari et al.,
2020; Qin et al., 2022). Although climate change is not considered to
be the main driving factor of streamflow variation in some regions,
glacier retreats and the melting of previously frozen soil caused by
climate change have important impacts on streamflow regulation (Niu
et al., 2011; He et al., 2019). The reduction of large-scale snow cover
will aggravate spring droughts in the future, and the reliability of snow
melt for river runoff will be greatly reduced (Qi et al., 2022). Therefore,
the multi-scale variation characteristics of hydrological processes such
as precipitation, streamflow and the melting of alpine snow and
glaciers should be the focus of future research, to increase the
accuracy of predictions and help humans prepare for possible
water insecurity, in the future. In addition, vegetation can play an
important role in ameliorating streamflow instability (Zhang et al.,
2012; Aires et al., 2020; Huo et al., 2021). The impact of vegetation
patterns and spatial allocation modes, on the temporal and spatial
variation of streamflow, should be studied, to regulate the dynamic
process of streamflow. The possible impact of the construction of
large-scale restoration projects on the decrease of natural streamflow
in arid Northwest China should be considered. One suggestion is that
vegetation restoration should focus on restoring natural areas, and that
artificial vegetation restoration projects should be properly controlled
(Zastrow, 2019). Appropriate vegetation coverage, matching the
sustainable utilization of water and soil resources in the basin,
should be based on the water-carrying capacity, to give full play to
the ecological, economic and social benefits of vegetation.

5 Conclusion

In this study, hydrological and satellite data were used to compare
the streamflow variations, the contributions of precipitation change
and land use alteration to the streamflow, and the water consumption
attributable to farmland expansion for two adjacent basins in the
Qilian Mountains, in northwestern China. Opposite trends in
streamflow were detected in the two catchments during the period
of 1956–2019; the streamflow in the MYC decreased significantly
(-0.63 × 107m3/10a) while it increased in the XDC (0.71 × 107m3/10a).
A sharp decrease of about 0.34 × 108 m3 in streamflow was detected in
the MYC around 1991, while an abrupt increase of about 0.47 × 108 m3

was detected in the XDC around 2003. The land conversions within
the MYC were relatively small, accounting for only 25.9%
(300.76 km2) of the streamflow changes in the catchment, yet land
conversion was the dominant reason for streamflow reduction in the
MYC, as its contribution reached 68.3%. The streamflow consumed by
farmland irrigation first increased and then decreased, from 1956 to
2019, with a change rate of 27.97 × 104 m3/km2. The greatest impact of
farmland irrigation on streamflow occurred during 1956–1975 (33.5 ×

104 m3/km2). In the XDC, however, changes in precipitation were
confirmed to be the dominant factor driving the increase of
streamflow. We conclude that although streamflow is affected by
both human activities and climate change, these influences vary
greatly among different regions. The relationship between the
intensity of human activities and the availability of water resources
should be studied more closely, and anthropogenic stressors and water
resource allocation should be coordinated to maintain water resource
security and prevent regional water resource crises.
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