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• Scale and region affect the impact of land
use on water quality in alpine rivers.

• Land use in buffer zone scale affects water
quality in alpine river headwaters areas.

• Large spatial scale land use affects water
quality in the mainstream of alpine rivers.

• Natural land surface affects water quality
in the headwaters area of alpine rivers.

• Water quality in the mainstream is influ-
enced by human-related land use.
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Land use influences the variation of river water quality. This effect varies depending on the region of the river and the
spatial scale at which land use is calculated. This study investigated the influence of land use on river water quality in
Qilian Mountain, an important alpine river region in northwestern China, on different spatial scales in the headwaters
and mainstem areas. Redundancy analysis and multiple linear regression were used to identify the optimal scales of
land use for influencing and predicting water quality. Nitrogen and organic carbon parameters were more influenced
by land use than phosphorus. The impact of land use on river water quality varied according to regional and seasonal
differences. Water quality in headwater streams was better influenced and predicted by land use types on the natural
surface at the smaller buffer zone scale, while water quality in mainstream rivers was better influenced and predicted
by land use types associated with human activities at the larger catchment or sub-catchment scale. The impact of nat-
ural land use types on water quality differed with regional and seasonal variations, while the impact of land types as-
sociated with human activities on water quality parameters mainly resulted in elevated concentrations. The results of
this study suggested that different land types and spatial scales needed to be considered to assess water quality influ-
ences in different areas of alpine rivers in the context of future global change.
1. Introduction

As an important surface water resource, rivers play key roles in eco-
nomic and social development, public health, environmental protection,
an 430072, China.

m 11 February 2023; Accepted 3 M
and agricultural development (Akasaka et al., 2010). The water quality of
rivers is an essential factor limiting the ability of rivers to perform various
functions (Caissie, 2006). River water quality is influenced by a combina-
tion of natural and anthropogenic factors (Mouri et al., 2011) The most in-
tuitive manifestation of these factors at the watershed scale is land use,
which appears on the earth's surface (Mouri et al., 2011). Natural surfaces
include forests, grasslands, shrublands, etc.(Lei et al., 2021), while
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industrial and agricultural activities and urbanization processes often
happened on anthropogenic surfaces (Mouri et al., 2011). Although
many studies have been conducted to reveal the effects of land use on
river water quality (Ding et al., 2016; Wang et al., 2022a; Yu et al.,
2016), there are still many questions to be addressed regarding differ-
ences in regions and scales.

The effects of land use on river water quality are diverse. Due to the fix-
ation and adsorption effects of plants, the total phosphorus (TP) and total
nitrogen (TN) levels in the watershed tend to decrease as the area of vege-
tation land increases (Cheng et al., 2022; Wang et al., 2022a). However,
Ouyang et al. (2014) find that forests contribute to the non-point source
(NPS) of nutrient loading. Poorer water quality is also associated with
higher patch densities of grassland in the upper Dan River basin (Shi
et al., 2017). The proportions of surfaces affected by anthropogenic fac-
tors, such as farmlands and urban areas, are positively correlated with
water pollution (Zhang et al., 2019b; Zhang et al., 2014). As more
lands are reclaimed for agriculture, the nutrients in the water bodies
in the watershed increase (Mouri et al., 2011). Urban impervious sur-
faces enhance surface runoff, soil erosion, and non-point source pollu-
tion, which deteriorates the aquatic environment (Ding et al., 2016).
However, the effects of land use on water quality in rivers mentioned
above are often regional. Factors such as climate, topography, soils,
and anthropogenic activity intensity in different regions influence the
processes that drive river water quality by land use through their influ-
ence on surface runoff (Lei et al., 2021; Yin et al., 2017; Yu et al., 2016).

In addition to regional differences, there are also spatial scale differ-
ences in the effects of land use on river water quality. Shi et al. (2017)
find that land use types on the riparian scale predict water quality better
than those on the catchment scale, while some other studies have opposite
conclusions (Ding et al., 2016). Landscape metrics that affect water quality
also varywith spatial scale extent (Xu et al., 2022). Cheng et al. (2022) have
found that agricultural land use has opposite effects on water quality at
small-scale and large-scale buffers. The spatial scale variation in the impacts
of land use on river water quality is related to the geographical location of
the river (Guo et al., 2010). Therefore, for understanding the influence
of land use on river water quality, it is essential to study the effects at
different regions in various spatial scales.

Alpine rivers are located in a special region characterized by high eleva-
tion and harsh climatic conditions (Wang et al., 2022b). These rivers are
sensitive to human activities and natural environmental change (Jasper
et al., 2004; Yin et al., 2017). Understanding the impact of land use on
the water quality of alpine rivers is critical for protecting the water security
and ecological health of this ecologically sensitive area. However, few stud-
ies have focused on the relationship between water quality and land use
patterns in alpine rivers. The role of regional differences and spatial scales
in assessing and predicting the effects of land use on water quality in alpine
rivers needs to be further revealed. Qilian Mountain is an important source
of endorheic rivers in northwestern China. The water quality of alpine
rivers in Qilian Mountain profoundly affects the water for living, agri-
culture, and ecology in the watersheds. The watersheds of Qilian Moun-
tain have unique climatic, topographic, and soil characteristics (Yang
et al., 2018). There is also a strong spatial heterogeneity of various nat-
ural and anthropogenic elements within Qilian Mountain (Guan et al.,
2018; Sun et al., 2016). In this study, we investigated the effect of
land use on water quality at different spatial scales in the headwater
and mainstream of alpine rivers in Qilian Mountain. Through this
study, we hope to reveal the impact of land use on different areas of
alpine rivers, identify the role of spatial scale on the above impacts,
and provide guidance for water quality protection of alpine rivers.

2. Materials and methods

2.1. Study area

QilianMountain (35°50′12′′N~39°58′15′′N, 93°33′27′′E~103°53′43′′
E) is in northwest China. It is far from the ocean and at the intersection of
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the Qinghai-Tibet Plateau, Mongolian Plateau, and Loess Plateau
(Fig. 1a). The elevation of the Qilian Mountain area ranges from 2000 to
5800 m. As a typical alpine frigid and subhumid mountain climate zone,
Qilian Mountain has an average annual temperature of 4 °C and an annual
precipitation ranging from150mm to 800m, which ismainly concentrated
from May to September (Sun et al., 2016). The vegetation in this area in-
cludes mountain grasslands, temperate scrubs, mountain forests, subalpine
scrubs, alpine subglacial sparse vegetation, and other types. There are 2748
mountain glaciers developed in the range of Qilian Mountain (Liu et al.,
2015). River systems originating from these glaciers and other sources
develop in the Qilian Mountain watersheds. They constitute important
endorheic water sources in northwestern China for natural ecosystems
and human activities (Sun et al., 2016). The local economy mainly
comes from animal husbandry, mining, and tourism.

2.2. Field sampling and laboratory analysis

The study area contained the headwater areas and mainstream areas of
major riverswithinQilianMountain, includingHei River (including its trib-
utaries: Babao River and Tuole River), Datong River (including its tribu-
taries), Shiyang River (headwaters area), and Shule River (Fig. S1). We
set up 40 sampling sites in the study area and sampled them in June and
September 2021, which represented spring and autumn in Qilian Moun-
tain, respectively (Fig. 1a). Sample sites within 30 km of the river sources
were classified as the headwater group (HW, n=20), while the other sam-
ple siteswere themainstream group (MS, n=20). The river status was pre-
sented in the supplementary material (Fig.S2). The water samples were
collected into polyethylene sample bottles, kept in dark and at 4 °C, and
brought back to the laboratory. TP, TN, soluble reactive phosphorus
(SRP), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), and ammonia
nitrogen (NH3−N) of water samples were measured according to the
Chinese national standard method (SEPA, 2002a). Total organic carbon
(TOC) was analyzed using an Elementar vario TOC select TOC analyzer
(Langenselbold, Germany).

2.3. Spatial data resources

The digital elevation model (DEM) data were obtained from the ASTER
GDEM 30M product of the geospatial data cloud platform of the Computer
Network Information Center of the Chinese Academy of Sciences (http://
www.gscloud.cn). The land use data used the 30 m resolution global sur-
face coverage product Globeland30 (www.globeland30.org) in 2020
which had a total accuracy of 85.72 % and a Kappa coefficient of 0.82.
Globeland30 data includes ten surface cover types, while there are
only nine types in study areas, including cultivated land, forest, grass-
land, shrubland, water bodies, wetlands, artificial surface, bare land,
and permanent snow and ice.

2.4. Multi-scale land use metrics

The Hydrology module of ArcGIS was used to extract the watersheds of
rivers and the buffer zones of sites at different scales based on the DEM
data. The land use types were derived from three spatial scales (Fig. 1b, c,
and d): Catchment: the entire upstream catchment of each site; Sub-
catchment: the sub-catchment between the sampling site and the adjacent
upstream sampling site; Buffer zone: upstream area with 500 m of radius
from each site.

2.5. Statistical analysis

The Mann-Whitney test was used to compare the difference in water
quality betweenwater body types and seasons due to the non-normal distri-
bution of the data. Redundancy analysis (RDA) was performed to assess the
impact of land use on water quality at different scales. The hierarchical
partitioning and variation partitioning of the RDA results were performed
to obtain the contribution (%) of the individual (group) explanatory
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Fig. 1. The sample sites and land use types in the study area (a) and 3 diagrams illustrating the three scales used in this study: (b) catchment, (c) sub-catchment, and
(d) buffer zone.
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variables in the RDA analysis by averaging the distribution of the com-
monly explained components (Lai et al., 2022). The explanatory variables
with negative contributions will be removed and reanalyzed until all ex-
planatory variables have a positive contribution. Adj.r2 was the proportion
of total variance explained by all canonical axes after correction, which
showed the degree of explanation of all significant explanatory variables
for overall water quality (Lai et al., 2022). A Monte Carlo permutation
test (499 permutations) was used to determine the statistical validity of
the RDA, models with p > 0.05 are regarded as invalid models and will
not be presented as final results. Multiple linear regression (MLR)modeling
was used to select the optimal factors and scales that could predict a single
water quality parameter. The optimal model was selected using the step-
wise method with reference to (Ding et al., 2016). The water quality data
were transformed as Log (x + 1) to reduce the asymmetric distribution of
the dependent variables in the models before MLR (Basnyat et al., 1999).
The adjusted determination coefficient (Adj.R2) was used as a model fit in-
dicator to measure the predictive power of the MLR model (Legendre and
Legendre, 2012). The standard partial regression coefficient (B) was chosen
3

to compare the relative importance of the different predictors on the re-
sponse. A higher value of B indicated a greater effect of the predictors on
the response variables (Bring, 1994). The variance inflation factor (VIF)
was the collinearity indicator, if the VIF of each predictor was <10, there
was no covariance among predictors (Bring, 1994). The measured ver-
sus predicted values were used to do a simple linear regression analysis,
and the slope and R2

adj were used to show the predictive power of the
prediction model. The statistical analysis and plotting were performed
in SPSS 25.0 (IBM Company, Armonk, New York, USA) and R 4.1.0
(R Development Core Team,2018) within the “ggplot2”, “rdacca. hp”,
and “vegan” package.

3. Results

3.1. Land use pattern among different spatial scales

The overall land use distribution in the study area was dominated by
grasslands. Permanent snow and ice, bare ground, and forests were also



Fig. 3. Spatial and temporal variation of water quality parameters in headwater
(HW) and mainstream (MS). *: p < 0.05; **: p < 0.01.
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common land use types. The proportions of cultivated land, shrubland, wet-
lands, water bodies, and artificial surfaces were low, except for relatively
high proportions of wetlands, water bodies, and cultivated land in the
buffer zone scale for MS. For HW, the proportions of the forest, cultivated
land, wetland, and water bodies increased with the increasing spatial
scales, while the proportions of shrubland and bare land decreased. For
MS, as the spatial scales decreased, the proportions of cultivated land,
wetland, and water bodies increased, while the proportion of shrubland
and artificial surfaces decreased (Fig. 2).

3.2. Temporal and spatial variations of water quality in Qilian Mountain

Most of the sample sites in the alpine rivers of Qilian Mountain had
good water quality based on nutrient concentrations (Fig. 3). The TP levels
were generally below 0.2 mg/L, withmost of them even below 0.1 mg/L in
June. The SRP levels were mostly around 0.01 mg/L, indicating that the
majority of the phosphorus in the rivers was present in particulate form.
TN concentrations were mostly <1.5 mg/L, particularly in June when
they were below 1 mg/L. NO3-N was the main component of nitrogen,
while the NH3-N levels were generally below 0.5 mg/L. TOC levels in
these rivers were typically below 5 mg/L. According to China's environ-
mental quality standards for surface water (SEPA, 2002b), these alpine riv-
ers in Qilian Mountain met or better than the requirements of Class III for
TP and NH3-N.

Considering spatial differences, only the SRP of the MS group was
significantly higher than that of the HW group in June (p < 0.05), and
NO3-N of the MS group was significantly lower than that of the HW
group in September (p < 0.05) (Fig. 3). For the HW group, TP, SRP, TN,
and NO3-N were all significantly higher in September than in June
(p < 0.01), while NH3-N was significantly lower in September than in
June (p < 0.05). For the MS group, only TP and NH3-N showed significant
temporal differences (p< 0.05), which were higher in June than in Septem-
ber. The water quality parameters of the MS group tend to have more out-
liers than those of the HW group in boxplots (Fig. 3). TP in rivers was
mainly composed of particulate phosphorus as a low proportion of SRP.
TN was mainly composed of NO3-N and the proportion of NH3-N was low.

3.3. Relationship between land use and water quality

In June, only land use at the buffer zone scale in the HW group and at
the catchment scale in the MS group could explain the variation in river
water quality parameters in the RDA (Table 1, p < 0.05). While in Septem-
ber, river water quality parameters of the HW group could be explained by
the land use at the catchment and buffer zone scale, while those of the MS
group could only be explained by the land use at sub-catchment scales in
RDA (Table 1, p < 0.05). For the HW group in September, the optimal
Fig. 2. Average land use proportions in the catchment, sub-catchment, and 500 m
buffer scales in headwater (HW) and mainstream (MS) groups.
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scale for land use to explain water quality variation was buffer zone (Adj.
r2 = 0.38).

Except for TP of the MS group in September, land use was mainly suffi-
cient in explaining the variation in TOC, TN, and NO3-N in all RDA results
(Fig. 4). For the HW group in June, TOC concentrations increased with in-
creasing grassland cover at the buffer zone scale, while TN and NO3-N
followed the same trend as forest cover and bare land at that scale
(Fig. 4a). However, TN and NO3-N concentrations of the MS group at the
same time increased with increasing anthropogenic activity-related land
use types (artificial surface and cultivated land) and water bodies at the
catchment scale (Fig. 4b). In September, increases in TN andNO3-N concen-
trations in the HW group were accompanied by increases in land use types
associated with low vegetation cover (bare land and permanent snow and
ice) and decreases in land use types associated with high vegetation cover
Table 1
The redundancy analysis (RDA) results for the percentage of overall water quality
variance explained by land use types.

Type Scales P Adj r2 Explanatory variables (contribution %)

Jun.
HW Buffer zone 0.001 0.51 Grassland (66.73), Forest (17.81)
MS Catchment 0.008 0.54 Artificial Surfaces (53.97),

Cultivated land (14.30),

Sept.
HW Catchment 0.007 0.35 Permanent snow and ice (71.94),

Grassland (9.3)
MS Sub-catchment 0.002 0.64 Artificial Surfaces (49.72),

Water bodies (25.09)
HW Buffer zone 0.006 0.38 Shrubland (39.84), Forest (26.55)

Only significant models (P < 0.05) are listed; the highest Adj.r2 model among scales
are in bold.



Fig. 4. Triplot of the water quality parameters (blue lines), land use types (red lines), and sample sites (green dots) in the study area according to the redundancy analysis
(RDA). Only results that pass the Monte Carlo permutation test (p < 0.05) were shown here. The RDA was conducted separately for the headwater (HW) group and the
mainstream (MS) group at different scales. (a): HW at the buffer zone in June; (b): MS at catchment in June; (c) HW at the catchment scale in September; (d) MS at the
sub-catchment scale in September; (e) HW at buffer zone in September.
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at the catchment scale and buffer zone scale (Fig. 4c and e). TOC concentra-
tions in the September HW group trended opposite to permanent snow and
ice at both the catchment scale and the buffer zone scale and grassland at
the buffer zone scale but trended the same as wetland at the catchment
scale and forest and cultivated land at the buffer zone scale (Fig. 4c and
e). The effects of land use on the variation of TN and NO3-N in the Septem-
ber MS group were the same as in June, although their scales of action
changed. Whereas the increase in TP and TOC was mainly accompanied
by an increase in cultivated land and a decrease in forest and permanent
snow and ice (Fig. 4d).

Except for TOC and SRP in the HWgroup in June, SRP and NH3-N in the
MS group in June, and TP and NH3-N in the September MS group, all other
water quality parameters could be predicted by MLR based on land use
(Table 2 and Table S1). However, considering the fitting results between
predicted and measured values (Fig. 5 and Table S2), in June, only NO3-N
in the HW group and TP in the MS group could be well predicted by land
use, while TP, NO3-N, and TOC in the HW group and TN, NO3-N, TOC,
and SRP in the MS group could be well predicted in September.

In June, NO3-N in the HW group was co-predicted by forest (B= 0.48)
and shrubland (B = -0.43) at the buffer zone scale, while TP in the MS
group was co-predicted by artificial land surface (B = 0.68) and wetland
(B = 0.45) at the catchment scale. In September, TP in the HW group
was co-predicted by permanent snow and ice (B = 1.32), grassland
(B = -0.94), cultivated land (B = 0.57), and bare land (B = -0.39) at the
catchment scale, NO3-N was co-predicted by shrubland (B = -0.66) and
grassland (B = -0.37) at the buffer zone scale, while TOC was co-
predicted by permanent snow and ice (B = -1.001), grassland (B = -
0.78), and wetland (B = 0.409) at the catchment scale. In the MS group
in September, artificial surfaces were involved in the prediction of both
TN (B= 1.09) and NO3-N (B= 1.08) at the catchment scale, while forests
(B= 0.3) were involved in the prediction of TN, and cultivated land (B= -
0.35) and wetlands (B = -0.17) were involved in the prediction of NO3-N.
TOC and SRP in the September MS group were predicted by water bodies
(B= 0.58) and shrublands (B= -0.43) at the sub-catchment scale and per-
manent snow and ice (B = 0.63) at the sub-catchment scale, respectively.

4. Discussion

4.1. Effects of land use on riverine water quality in Qilian Mountain

Due to the low anthropogenic activity, nitrogen in the headwaters area
was mainly determined by land use types associated with natural features
of the surface such as vegetation cover and snow and ice cover. It was
similar to the factors influencing nitrogen in previous studies of rivers in re-
mote areas or protected areas (Balestrini et al., 2013; Hood et al., 2003).
Bare land contributed positively to river nitrogen levels in both surveys.
Bare land often implied strong erosion (Duan et al., 2017). The contribution
Table 2
The relative importance of the significant predictors in the best models.

Season Response HW

Best model Significant predictors(B)

Jun. LogTP Buffer zone Forest (0.62)
LogTN Sub-catchment Forest (−0.52)
LogNO3-N Buffer zone Forest (0.48), Shrubland (−0.43)
LogTOC – –
LogSRP – –
LogNH3-N Buffer zone Shrubland (0.77)

Sept. LogTP Catchment Permanent snow and ice (−1.32), Grassland
(−0.94), Cultivated land (0.57). Bare Land (−0.39)

– LogTN Buffer zone Shrubland (−0.48)
LogNO3-N Buffer zone Shrubland (−0.66), Grassland (−0.37)

LogTOC Catchment Permanent snow and ice (−1.001), Grassland
(−0.78), Wetland (0.409)

LogSRP Sub-catchment Water bodies (0.58), Shrubland (−0.43)
LogNH3-N Buffer zone Wetland (0.57)
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of nitrogen from surface runoff to rivers through erosionwas also found in a
previous study (Wolka et al., 2021). Previous studies of glacier-feeding
streams indicated opposite trends in dissolved inorganic nitrogen concen-
trations of streams and changes in glacier cover (Elser et al., 2020). It
contradicted the positive effect of permanent snow and ice on TN concen-
trations in the headwaters area of QilianMountain in September. Consider-
ing the low precipitation in the study area in September (Zhang et al.,
2018), permanent snow and ice would be a major source of river recharge
in watersheds (Korup and Montgomery, 2008). The nitrogen deposited by
the atmosphere in snow and ice could be a non-negligible source of nitro-
gen in the rivers of the source area (Niu et al., 2022). Forests contributed
positively to nitrogen levels in the headwaters area in June, while all vege-
tation cover-related land use types contributed negatively to nitrogen levels
in September. As important producers in alpine regions, plant litter could
provide nutrients to water bodies (Hao et al., 2022). On the other hand,
vegetation has a mitigating and purifying effect on the nitrogen input
from surface runoff (Ding et al., 2016; Shi et al., 2017). Unlike the headwa-
ters area, river nitrogen in the mainstem area was mainly influenced by
land use types related to anthropogenic activities. Both anthropogenic
nitrogen pollution and low permeable surfaces in constructed urban areas
led to increased nitrogen input to the river (Shi et al., 2017; Zhang et al.,
2019b). It indicated that in areas where human activities existed, they
could still have a large impact on the nitrogen of alpine rivers.

Permanent snow and ice and vegetation were also the primary factors
affecting TOC in water in the headwaters area. The effect of reduced
snow and glacier cover on the increase of organic carbon in both headwa-
ters and mainstems was consistent with previous studies (Elser et al.,
2020). The increasing effect of vegetation cover on TOC in headwaters
was contributed by grassland and forest in the buffer zone scale in June
and September, respectively. The difference in sources may also be the rea-
son for the difference in themechanism of forest and grassland influence on
TOC in the headwater rivers. The contribution of forests to organic carbon
was mainly from litter, while the contribution of grasslands to organic car-
bon input could also include livestock feces and soil microbial activity
(Chang et al., 2021;Wang et al., 2020). Cultivated landwould increase pro-
ductivity in the originally infertilemountain soils (Glaser, 2007). It could be
the reason for the promotion of TOC in water bodies by cultivated land in
the mainstream area of rivers in Qilian Mountain.

Although the variation of phosphorus in the headwaters area of Qilian
Mountain could not be well explained by land use in the RDA, TP in the
headwaters area in September could be predicted by permanent snow
and ice, grassland, cultivated land, and bare land together. It suggested
that TP in the headwaters areawas influenced by a combination of multiple
natural land use types. TP in the rivers of Qilian Mountain is mainly domi-
nated by particulate phosphorus,whichmainly originated fromerosion and
atmospheric deposition in the watershed under natural conditions (Gao
et al., 2017; Han et al., 2021). Particulate phosphorus deposition on snow
MS

Adj.R2 Best model Significant predictors(B) Adj.R2

0.34 Catchment Artificial Surfaces (0.68), Wetland (0.45) 0.55
0.22 Catchment Water bodies (0.51) 0.21
0.41 Catchment Forest (−0.55) 0.26
– Catchment Artificial Surfaces (0.52) 0.23
– – – –
0.56 – – –
– – – –

0.19 Catchment Artificial Surfaces (1.09), Forest (0.3) 0.86
0.56 Catchment Artificial Surfaces (1.08), Cultivated land (−0.35),

wetland (−0.17)
0.9

0.57 Sub-catchment Water bodies (0.58), Shrubland (−0.43) 0.4

0.19 Sub-catchment Permanent snow and ice (0.63) 0.36
0.29 – – –



Fig. 5. Scatter plots of measured and fitted values based on the final models of individual water quality parameters. The dotted and solid lines present the 1:1 line and linear
fitting line between measured and fitted values, respectively.
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and ice, interception of surface runoff by grasslands, and the phosphorus-
poor nature of the bare land all affected TP in the headwater area (Ding
et al., 2016; Zhang et al., 2019a). In addition, the role of human activities,
especially agricultural practices, on riverine phosphorus was also evident in
different areas of Qilian Mountain, as human daily life and agricultural
production activities involved large amounts of phosphorus use (Wang
et al., 2021).

4.2. Spatial scale differences in the impact of land use

For the alpine rivers in Qilian Mountain, water quality variations in the
headwaters were better explained and predicted by land use at the small
scale, while water quality variations in the mainstemwere more dependent
on land use at the large scale. It could be related to a variety of factors such
as the size, morphology, and flow of the river. Land use on small scale was
more important for the variation of water quality in smaller streams (Buck
et al., 2004; Ding et al., 2016). Headwater area watersheds tended to have
steeper slopes. Surface runoff in the headwater area was likely to be more
intense and more likely to carry material from small-scale areas into the
river (Hayashi, 2020). These materials could quickly affect the water qual-
ity of headwater rivers due to their smaller flows (Alexander et al., 2007).
Whereas for the mainstream, the greater volume of water made it harder
for small-scale regions to have an impact on the water quality. It suggested
that including a larger area was required to account for more distant
sources of matters in the mainstream (Pratt and Chang, 2012).

For themainstream, the scale was reduced to the sub-catchment level in
September compared to the good explanation of water quality variations by
land use types at the catchment scale in June. Junewas the beginning of the
wet season in Qilian Mountain (Zhu et al., 2022). The increase in precipita-
tion led to an increase in the flow of rivers andmore matter from the catch-
ment into the rivers (Pokharel et al., 2020). It implied that impacts on river
water quality could occur on a larger scale. In September, with lower pre-
cipitation and flow, the area that could affect the water quality of the
river was reduced. For the headwaters, better predictions for nitrogen
occurred for land use types at the small scale, while better predictions for
phosphorus and TOC occurred for land use types at the large scale. It
7

might be due to the fact that phosphorus and organic carbon were inher-
ently deficient within the watershed of the headwaters in the alpine region
(Qin et al., 2021), and that small-scale sources of phosphorus and organic
carbon were not sufficient to affect the concentrations in the river.
4.3. Potential impacts of future land use changes on river water quality in Qilian
Mountain

Climate change and human activities are important drivers of land use
change (Lu et al., 2009), which could affect the water quality of alpine riv-
ers in Qilian Mountain. From the 1960s to 2020, the glacier area in the
major river watersheds of Qilian Mountain decreased by 16.7–61.7 % and
this trend is projected to continue due to climate change (Liu et al.,
2021). The warmer and wetter climate and ecological restoration projects
in Qilian Mountain also led to an increase in vegetation cover in 74.39 %
of the Qilian Mountain region from 2000 to 2019 (Peng et al., 2021).
Based on the results of our study, the decrease in glaciers will lead to an in-
crease in TP and TOC in HW and a decrease in SRP in mainstreams in Sep-
tember. The increase in vegetation cover will be accompanied by the
increase in NO3-N of headwaters in June and in TN of mainstreams in Sep-
tember. On account of the important role played by headwater in biodiver-
sity and ecosystem service function (Alexander et al., 2007), it is urgent to
take measures to address the effects of climate change on water quality.

Human activities often led to expanding cultivated land and artificial
surfaces and reducing vegetation covers (Qian et al., 2019). This trend
could lead to an increase in TP and TOC in June and an increase in TN,
NO3-N, and TOC in September in mainstreams based on our results. In re-
cent years, human activities within the Qilian Mountain National Park
have been restricted as conservation practices are strengthened (Peng
et al., 2021), which would benefit the water quality of the alpine rivers in
Qilian Mountain. However, as the human footprint continues to expand
in the Qinghai-Tibet Plateau (Hua et al., 2022), anthropogenic threats to
Qilian Mountain still need attention. Therefore, it is still urgent to
strengthen ecological protection in Qilian Mountain, strictly control the ex-
pansion of cultivated land and urban area, and maintain sustainable
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development of the ecosystem by considering the impact of driving factors
and local conditions.

5. Conclusion

Our study illustrated significant differences in the effects of land use and
spatial scale on water quality in the headwaters and mainstream rivers in
Qilian Mountain. The land use at the buffer zone scale in both surveys
could well explain the variation of river water quality parameters in head-
waters of Qilian Mountain, while the optimal scale for land use to explain
the variation of water quality in mainstreams was the catchment scale in
June and the sub-catchment scale in September. The land use types that in-
fluence water quality parameters of headwaters and mainstreams were
mainly nature surfaces and anthropogenic activity-related surfaces, respec-
tively. Nitrogen and TOC are the water quality parameters that are more
significantly influenced by land use. The impact of natural land use types
on water quality differed with regional and seasonal variations, while the
impact of land types associated with human activities on water quality
parameters mainly resulted in elevated concentrations. Although more re-
search is needed in the future to characterize the generality of land use im-
pacts on water quality in alpine rivers, our results still suggested that the
proposed watershed management measures should consider the spatial
and temporal impacts of land use on water quality on different scales for
alpine rivers.
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