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Abstract

Under the intensifying pressures of climate change and human activities, the characteristics
of land-use types and landscape patterns are widely recognized to exert significant influ-
ences on river water quality. Nevertheless, in dry-hot valley basins characterized by fragile
ecological conditions and frequent geological hazards, the responses of river water quality
to changes in landscape characteristics under the combined effects of natural disasters and
anthropogenic disturbances remain poorly understood. In the present study, the Xiaojiang
River Basin, a typical dry-hot valley basin subjected to intensive anthropogenic activities
and frequent geological hazards, was selected. Through the integration of landscape pat-
tern indices analysis and redundancy analysis, the spatial and temporal variations in river
water quality in the Xiaojiang River Basin were quantified, and the effects of land-use types
and landscape patterns on river water quality were systematically elucidated. Results
showed that (1) the key water quality indexes such as total phosphorus, total nitrogen,
ammonia nitrogen and COD in the Xiaojiang River Basin were shown as flood season
> non-flood season; for example, the average TN increased from 1.37 mg/L (non-flood
season) to 2.90 mg/L (flood season), and the average COD increased from 3.24 mg/L to
15.98 mg/L. In contrast, DO decreased from 8.07 mg/L (non-flood season) to 6.72 mg/L
(flood season), and conductivity decreased from 561.4 us/cm to 480.90 us/cm. (2) Spatially,
these key water quality indicators were shown as hazard-prone area > residential area
> cultivated land area. (3) The larger the area of the debris flow trace areas, the greater
the fluxes of nitrogen and phosphorus in the tributaries and the main stream in the flood
season, and the worse the water quality of the river; after heavy rainfall, the fluxes of key

water quality indicators generally showed a geometric multiple increase, with average
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1. Introduction

Human activities have altered underlying surface conditions and river systems across
multiple temporal and spatial scales [1-4]. With the intensification of human activities
and the increasing frequency of global extreme weather events, water quality has been
degraded in many countries and regions, posing a significant threat to aquatic ecosys-
tems [5-10]. The degradation of riverine environments and aquatic ecosystems is primarily
driven by both natural and anthropogenic factors. Surface water quality is more strongly
influenced by land-use types than by environmental factors [11-14]. At the global scale,
water pollution can substantially aggravate “clean-water scarcity”: a recent assessment
across >10,000 sub-basins reported that 2517 sub-basins already faced severe clean-water
scarcity in 2010 when both water quantity and nitrogen pollution were considered, and
these hotspot sub-basins covered ~32% of the global land area with ~80% of the total
population living there [15]. Moreover, extreme rainfall and flood events can trigger
pronounced and rapid water quality shifts; for example, a five-year study reported that
the largest change in water quality occurred on the second day after rainfall, and that
the altered concentrations of some chemical parameters could persist for an extended
period [16-18]. The relationship between landscape structure and river water quality is
critical for watershed management [19]. Prior to entering river systems through surface
runoff, pollutant migration and transformation are regulated by landscape structure [20].
Landscape structure encompasses structural composition (i.e., land-use types) and spatial
configuration (i.e., landscape patterns). Inappropriate configurations of landscape struc-
tural composition and spatial patterns may promote nutrient transfer to water bodies [21],
exacerbating nonpoint source pollution risks in watersheds [22]. Consequently, elucidating
the relationship between landscape structure and river water quality can inform watershed
ecological restoration and land-use management.

Landscape ecology defines spatial patterns as the structure, arrangement, and location
of objects within any given landscape. As key regulators of watershed nonpoint source
pollution, land-use types, composition, and landscape patterns (e.g., patch connectivity and
corridor layout) influence pollutant migration pathways and retention efficiency through
physical interception, biodegradation, and other processes [23]. Notably, land-use practices,
as major drivers of landscape composition, play a significant role in the generation intensity
and diffusion path of pollution [24]. Studies have shown that human activities such as
mining and waste disposal [25], grazing [26], cropland reclamation [27], and urbaniza-
tion [28] have exacerbated river water quality deterioration, thereby degrading watershed
aquatic environments. For instance, Nafi’Shehab et al. [29] found that the deterioration of
the water quality of the Binton River in Malaysia is related to the high proportion of urban
and agricultural land-use in the basin and the high patch density of these landscapes. A
limited number of studies [30] indicate that adventitious geohazards such as landslides,
collapse, debris flows, and other gravitational erosion processes can also significantly alter
river water quality characteristics, thereby affecting river aquatic environments to varying
degrees. For instance, Le et al. [31] found in their study of Australia’s Murray River that
the impacts of flood disasters on downstream aquatic environments could persist for up
to 32 years. Danehy et al. [32] also demonstrated in their study of rivers in the Cascade
Mountains of Oregon, USA, that the effects of debris flows on the aquatic environment may
persist for extended periods until the riparian zone of the affected river segment recovers
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as mature Alnus rubra forests, which gradually restore damaged aquatic ecosystems by
providing nitrogen inputs and shading effects. However, in the fiagile, frequently disaster-
prone dry-hot valley watersheds, the response patterns of river water quality to landscape
changes caused by the combined effects of natural disasters and human disturbances
remain unclear.

The Xiaogjiang River Basin in Yunnan Province is located in the lower reaches of the
Jinsha River and exhibits a typical dry-hot valley climate [33]. Precipitation within the
basin is concentrated, and droughts are severe. Once vegetation is destroyed, it is difficult
to restore. Furthermore, the river channels within the basin developed along fault zones
and the rock strata are fragmented, resulting in poor erosion resistance. Consequently, soil
erosion is extremely severe [34]. Over the past century, human activities such as mining
and waste disposal, excessive deforestation, steep slope cultivation, and overgrazing have
intensified water and soil loss and ecological degradation in the Xiaojiang Basin [35].
Furthermore, landslides and debris flows are widespread and frequent in the Xiaojiang
basin. Statistics indicate 107 debris flow channels along both banks of the Xiaojiang River,
discharging approximately 2.6 million tons of sediment into the Jinsha River during annual
flood seasons. The above reasons have led to a large amount of dissolved and adsorbed
nitrogen and phosphorus pollutants flowing into the main channel of the Xiaojiang River
in a short period of time, along with heavy rain floods and debris flow disasters, and being
transported to the main stream of the Jinsha River. On the other hand, the advantages of
light and heat resources in the dry-hot valley basins have led to the rapid development
of river valley agriculture and the acceleration of urbanization in the Xiaojiang River
Basin [36], while the man-made pollution of river water quality is also intensifying. These
factors may contribute to the Xiaojiang River Basin becoming one of the important sources
of nitrogen and phosphorus pollutants in the Baihetan Reservoir [37]. However, as the
main tributary of the Baihetan Hydropower Station Reservoir area, the second largest
hydropower station in China, the Xiaojiang River Basin remains unclear in terms of the
temporal and spatial characteristics of water quality changes under the dual influence of
natural disasters and human activities.

The Xiaojiang River Basin, a typical dry-hot valley basin characterized by intensive
anthropogenic activities and frequent geological hazards, was selected as the study area,
where systematic monitoring of water and sediment quality was conducted. By integrating
landscape pattern indices analysis based on Fragstats 4.2 and redundancy analysis, the
spatial and temporal variations in river water quality in both the main stream and trib-
utaries of the Xiaojiang River Basin were quantified, and the impacts of land-use types
and landscape patterns on river water quality under the combined effects of intensive
anthropogenic activities and geological hazards were clarified. The results of this study can
provide scientific guidance for soil and water conservation, ecological restoration, land-use
management in the dry-hot valleys of Southwest China, and water environment protection
in the Baihetan Reservoir area.

2. Materials and Methods
2.1. Study Area and Sampling

The Xiaojiang River originates from the Yuwei Back Mountain in Xundian County,
Yunnan Province. It flows from south to north through Xundian County and Dongchuan
District of Kunming City and Huize County of Qujing City, and finally joins the Jin-
sha River. Xiaojiang is a first-level tributary on the right bank of the Jinsha River in
the upper reaches of the Yangtze River. Its main channel is 141.93 km long, and its
drainage area is 3058.98 square kilometers. The Xiaojiang River Basin belongs to the
high-to-medium mountain canyon landform type of the Yunnan-Guizhou Plateau, with
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an overall south-high, north-low elevation gradient ranging from 691.00 to 4289.00 m
(Figure 1a). The upper reaches of the Xiaojiang River Basin are located in the plateau
mountain monsoon climate zone, while the lower reaches are in the typical dry-hot river
valley zone [38], characterized by a semi-arid subtropical climate [35], with an average an-
nual precipitation of 694.00 to 1400.00 mm and an average annual potential evaporation of
1570.00 to 2180.00 mm. The Xiaojiang River Basin has distinct rainfall seasons and concen-
trated precipitation. Approximately 88% of the precipitation occurs from April to October,
and 50% occurs from June to August. Owing to the large altitude difference, significant
variations in temperature with altitude, and uneven temporal and spatial distribution of
precipitation, the vertical differentiation of vegetation, soil, and land-use within the basin
is evident. In addition, mining and waste disposal, excessive deforestation, steep slope
cultivation, and overgrazing have had a severe impact, resulting in a complex landscape
pattern within the Xiaojiang River Basin. Moreover, the Xiaojiang River Basin is squeezed
by the Hengduan Mountains and the Yunnan-Guizhou Plateau, featuring active tectonics,
frequent earthquakes, and abundant loose material sources. This has led to frequent land-
slides and debris flows induced by heavy rain [39], further exacerbating the fragmentation
of the basin landscape pattern.
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Figure 1. Overview of the Xiaojiang River Basin.

To characterize the spatial heterogeneity and event-scale responses of water—sediment—
water quality in the Xiaojiang River Basin under contrasting land-use settings and hazard
disturbances, we designed a basin-wide monitoring network based on (1) the spatial
differences in land-use proportions among characteristic zones, (2) the distribution of
landslide and debris-flow hazard-influenced areas, (3) field accessibility and sampling
safety, and (4) the principle of full watershed coverage and hydrological connectivity.
According to the spatial differences in the proportion of land-use in the Xiaojiang River
Basin, the basin was divided into three characteristic zones (Figure 1b): the upstream
cultivated land area (Kuai River Basin; highest proportion of cultivated land), the upstream
residential area (Dabai River Basin; highest proportion of urban land), and the downstream
hazard-prone area (lower reaches of Xiaojiang River Basin; relatively high proportion of
landslide and debris flow hazard-influenced area). The monitoring sites were arranged to
ensure both zonal representativeness and longitudinal coverage along the river network.
Specifically, along the two major upstream main streams—the Dabai River (east) and the
Kuai River (west)—three sampling points were established on the upper, middle, and lower
reaches of each main stream to capture longitudinal gradients within the upstream zones.
From the confluence of the Dabai River and the Kuai River to the downstream main stem
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of the Xiaojiang River, four sampling points were further arranged along the course to
characterize mixing at confluences and downstream accumulation processes. The outlet
site of the Xiaojiang River Basin was located in the tailwater area of the Baihetan Reservoir.
In addition, considering that landslides and debris flows can generate pulsed inputs of
sediment and associated pollutants during the flood season, seven branch gullies with
frequent landslide and debris-flow activity were included based on historical records and
field surveys: Anni Gully (AN), Diao Ga River (DG), Tao Jia Small River (TJ), Xiao Bai
Ni Gully (XBN), Da Bai Ni Gully (DBN), Xiao Qing River (XQ), and Jiang Jia Gully (JG).
Overall, this design included 10 sampling points on the main stem and 7 points on the
tributaries/branch gullies (Figure 1c), providing systematic coverage of the cultivated-land
zone, residential zone, and hazard-prone zone, as well as the main stem-tributary network
and key confluence/outlet control sections.

The sampling strategy combined seasonal synoptic sampling with rainfall-event pro-
cess sampling. Basin-wide sampling campaigns were conducted in December 2023, January
2024, and April 2024 (non-flood season), as well as June and August 2024 (flood season).
In addition, a one-week continuous monitoring campaign was conducted in August 2024,
during which water—sediment-water quality changes before and after each rainstorm were
compared to quantify event-driven perturbations and potential lagged responses. In total,
128 water samples were collected in this study. During sampling, pH, electrical conductivity,
dissolved oxygen, and temperature were measured in situ using the Tianer Portable Water
Quality Analyzer (TE-700Plus; Tianer Analysis Instruments (Tianjin) Co., Ltd., Tianjin,
China). Water samples were sealed in polyethylene bottles, stored at 4 °C, and transported
under the same temperature-controlled conditions. After filtration through a 0.45 pm
membrane in the laboratory, total phosphorus (TP), total nitrogen (TN), total ammonia
nitrogen (NH;3-N), and chemical oxygen demand (COD) were determined by ammonium
molybdate spectrophotometry, the alkaline potassium persulfate method, Nessler’s reagent
spectrophotometry, and rapid digestion spectrophotometry, respectively. In parallel, river
water depth was measured using a standard water gauge, and the mean depth at each
sampling point was calculated as the average of three measurements. Flow velocity was
measured at one-third of the water depth below the surface using a Leistar portable flowme-
ter (LS1206B; Jiangsu Tongda Instrument Co., Ltd., Huai’an, Jiangsu, China), and channel
width at each sampling point was measured with a laser rangefinder. Discharge at each
sampling point was calculated based on the water depth, flow velocity, and channel width
derived from the three-point hydrological measurements. A 1 L sediment-containing water
sample was collected at each sampling point; after pretreatment, the sample was dried
and weighed to determine sediment content, yielding sediment concentration data for the
river water.

2.2. Research Methods
2.2.1. Land-Use Analysis and Debris Flow Trace Areas

The Landsat8 OLI 30 m satellite remote sensing data of the Xiaojiang Basin with cloud
cover below 5% in 2023 were downloaded from the Geospatial Data Cloud Platform of the
Chinese Academy of Sciences. After undergoing radiometric, atmospheric, and geometric
corrections using ENVI 5.0 software, the 2023 land-use data for the Xiaojiang River Basin
were obtained. During the interpretation process, the maximum likelihood method was
adopted for supervised classification. Training areas were established based on historical
records and interpretation markers set up through field investigations, yielding preliminary
classification results [40]. Based on this, combined with manual visual interpretation and
further correction, the land-use map of the Xiaojiang River Basin in 2023 was obtained [41].
As shown in Figure 1b, the land-use types in the Xiaojiang River Basin were mainly
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classified as forest land (28.67%), cultivated land (25.93%), urban land (24.58%), grassland
(12.50%), landslide and debris flow sites (4.01%), unutilized land (3.96%), and water areas
(0.35%) (Table 1).

Table 1. Land-use interpretation and image.

Category

Google Earth

Definition Field Footage ENVI Imagery Imagery

Arable land

Woodland

Grassland

water area

Residential
land

Debris flow
trace areas

Unutilized
land

Land used for agricultural
production, cultivated and suitable
for growing crops.

Forested land is defined as areas
covered by vegetation such as trees,
bamboo, and shrubs.

Grassland is defined as an area
covered by herbaceous plants with a
growth coverage of 5% or more.

Refers to areas covered by water
bodies, including natural or artificial
bodies of water such as lakes, rivers,

and ponds.

Land designated for human
habitation and related activities,
including residential areas, public
facilities, and commercial zones.

Disaster-affected sites refer to land
that has experienced natural disasters
and has not been significantly
disturbed by human activity.

Land in its natural state that has not
yet been developed, cultivated, or
built upon.

Note: Reference imagery was obtained from Google Earth (Image © Google, accessed in October 2025) and was
used for visual interpretation and sample verification.

2.2.2. Calculation of Pollutant Flux and Sediment Transport Rate

Pollutant flux refers to the total mass of a given pollutant passing through a specific
site (cross-section) per unit time, reflecting the combined effects of hydrological, geological,
chemical, and biological processes in the aquatic environment. The pollutant flux was
calculated as

F=CxQx1073 (1)

where F is the pollutant flux (kg s 1), C is the pollutant concentration at the monitoring

site (mg L~1), and Q is the cross-sectional discharge at the monitoring site (m3s™1). The

factor 1073 converts mg L™! x m3 s~ tokgs™!.
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In addition, the sediment transport rate in this study refers to the suspended sediment
flux (kg s!), the mass of suspended sediment passing through the cross-section per unit
time. It was calculated using the same framework:

F;=SSCxQx1073 2)

where F; is the sediment transport rate (suspended sediment flux, kg s’l), SSC is the
suspended sediment concentration (mg L), and Q is the cross-sectional discharge (m3 s 1.

2.2.3. Landscape Pattern Analysis of the Basin

To further quantify landscape pattern characteristics in the Xiaojiang River Basin, seven
widely applicable landscape indices were selected from those characterizing landscape
density, area, fragmentation, aggregation, connectivity, and diversity (Table 2). These
include patch density (PD), largest patch index (LPI), total patch area (CA), separation
index (SPLIT), aggregation index (Al), landscape-scale spread index (CONTAG), and
Shannon diversity index (SHDI). These indices were calculated using Fragstats 4.2 software.

Table 2. Description of landscape pattern indexes used in this study [42—45].

Landscape Index Scale Computation Formula Description
Patch Density Type PD = % x 1000000 Number of patches per unit area
max"_ (agin) :
. LPI = 5=t o 100 The percentage of the largest patch in the
Largest patch index Type A total landscape
4 1
Total (Class) Area Type CA= ]; aj ( 10000 ) Total area by type
Ratio of the sum of squares of the total
landscape area to the sum of squares of
Splitting Index Type SPLIT = % the patch area, and the degree of
L1 separation of different patch individuals
within the landscape type (%)
Acereation Index T Al — 8 100 The number of similar adjacents involving
ggregatio € ype [ max—g 1(100) the corresponding class (%)
. Xk |pi ng# In{ p; ng+" Reflect the aggregation degree or
Contagion Index Landscape CONTAG = [1+ { kzzllf\‘(ﬁj){ ( 1k )] ](100) extension trend of different plaque types

Shannon’s
diversity Index

Landscape SHDI = —

( pilnp;) Reflects landscape heterogeneity

1=

1

I
—

Note: n = The number of patches in the patch type (class) landscape, A = the area (m?) of the entire landscape,
aij = the area (m?) of patch ij, max-gij = the maximum number of similar adjacencies (connections) between pixels
of patch type (class) i based on the single count method, gik = the number of adjacency (connection) between the
pixels of patch type (class) i and k based on the double counting method, pi = the proportion of the area of patch
type (class) i to the landscape area.

Landscape patterns affect river water quality at sampling points on a certain spatial
scale by mediating processes such as rainfall production and runoff, mountain-river hy-
drological response, and solute transport. This study selected two typical spatial scales,
namely the sub-basin and the 1000 m riverbank buffer zone, to quantitatively study the
influence of the landscape pattern characteristics of the Xiaojiang River Basin on the water
quality of the river. Based on the 30 x 30 m resolution Digital Elevation Model (DEM) of
the Xiaojiang River Basin in 2023, with each water quality sampling point as the outlet of
the sub-basin, the Xiaojiang River Basin was divided into 10 sub-basin buffer zones using
ArcSWAT 10.6 software to investigate the influence of the landscape pattern within the
sub-basin buffer zones on the water quality of the river. Field surveys revealed that the
average width of the riparian zone in the Xiaojang River Basin is approximately 1000 m.
Therefore, using the river network of the Xiaojiang River Basin extracted by ArcGIS 10.6
software, taking the cross-section of each water quality monitoring point as the benchmark,
a riverbank buffer zone was established with a length parallel to the river channel and
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extending upstream to the water quality monitoring point at the outlet of the Shangyouzi
River Basin, and a width of 1000 m perpendicular to both banks of the river channel. This
study investigated the impact of riparian landscape patterns on river water quality.

2.2.4. Data Analysis

Redundancy Analysis is a constrained ranking of Principal Component Analysis
(PCA), which is used for multivariate statistical analysis involving multiple explanatory
and response variables. This study adopted Redundancy Analysis (RDA) to test the pos-
itive and negative correlations between various landscape pattern indicators and water
quality indicators at different scales, quantifying their interpretation and contribution rates
to the changes in water quality indicators. Eight water quality indicators of 17 water quality
monitoring points in the Xiaojiang River Basin during the flood and non-flood seasons were
taken as response variables, and seven landscape pattern indices were taken as explanatory
variables in RDA across two typical spatial scales, and 999 Monte Carlo permutation tests
were used to test the significance level of the explanatory variables. The influence of land-
scape indices on water quality at each scale was screened by selecting the preceding items
in the redundant analysis. By analyzing the significant variables and the interpretation rate
of water quality changes [46], the interpretation rate and contribution rate of landscape
pattern indicators to water quality indicators at different spatial scales were ultimately
obtained [40]. All statistical analyses were completed in Canoco 5.0 software.

3. Results

3.1. Spatio-Temporal Distribution of Water Quality in the Xiaojiang River Basin
3.1.1. Temporal Distribution of Water Quality Indicators

Figure 2 illustrates the temporal distribution characteristics of water quality indicators
such as total phosphorus, total nitrogen, ammonia nitrogen, chemical oxygen demand
(COD), and temperature in the Xiaojiang River Basin. The average watershed values of
total phosphorus, total nitrogen, ammonia nitrogen, COD, and temperature indicators
showed the trend of flood period > non-water season. For example, the average values
of total nitrogen index during the flood season and non-flood season were 2.90 mg/L
and 1.37 mg/L, respectively; the average values of COD index during the flood season
and non-flood season were 15.98 mg/L and 3.24 mg/L, respectively. Indicators such as
dissolved oxygen and conductivity exhibited a characteristic of lower values during the
flood season than during the non-flood season. The average values of the dissolved oxygen
index during the flood season and the non-flood season were 6.72 mg/L and 8.07 mg/L,
respectively. The average values of the conductivity index during the flood and non-flood
seasons were 480.90 ps/cm and 561.4 us/cm, respectively.

Data for indicators such as total phosphorus, total nitrogen, ammonia nitrogen, and
chemical oxygen demand (COD) also showed significant differences between the non-flood
and flood seasons. For example, the mean COD concentration was 11.16 mg/L, and the
proportion of sampling sites with COD values of 0-11.16 mg/L decreased from 98.0% in the
non-flood season to 43.5% in the flood season. The mean TN concentration was 2.12 mg/L,
and the proportion of sampling sites with TN values of 0-2.12 mg/L declined from 80.0%
in the non-flood season to 47.8% in the flood season. In contrast, dissolved oxygen (DO)
and pH exhibited the opposite trend: the mean DO concentration was 7.42 mg/L, and the
proportion of sampling sites with DO values of 0-7.42 mg/L decreased from 93.48% in the
flood season to 80.00% in the non-flood season; the mean pH was 8.34, and the proportion
of sampling sites with pH values of 7.00-8.34 increased from 45.65% in the flood season to
46.00% in the non-flood season.
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Figure 2. Comparison of the river water quality indexes between the flood and non-flood seasons in
the Xiaojiang River Basin. Note that: Distribution of water quality indicators across seasons/zones
using a box-violin plot. The box represents the interquartile range (IQR; 25th-75th percentiles), and
the horizontal line inside the box indicates the median. The whiskers extend to the minimum and
maximum values within 1.5 x IQR. The square marker inside the box denotes the mean. Individual
observations are shown as jittered points, and the half-violin on the right depicts the kernel density
distribution, illustrating the overall data distribution.

3.1.2. Spatial Distribution of Water Quality Indicators

As shown in Figure 3 and Table 3, the average water quality index values differ
between the flood and non-flood seasons across the three zones. In residential areas,
total phosphorus, total nitrogen, ammonia nitrogen, COD, conductivity, and temperature
were higher during the flood season than the non-flood season, while dissolved oxygen
showed the opposite trend. In the cultivated land areas, the total nitrogen, ammonia
nitrogen, COD, electrical conductivity, and temperature were higher in the flood season
than in the non-flood season. The opposite was true for dissolved oxygen, while the total
phosphorus and pH values were the same. In hazard-prone areas, all indicators except
dissolved oxygen showed higher values during the flood season than during the non-flood
season. The average values of total phosphorus, total nitrogen, ammonia nitrogen, COD,
and conductivity generally followed the trend of hazard-prone areas > residential areas
> cultivated land areas, while the dissolved oxygen and pH indicators showed a trend of
cultivated land areas > residential areas > hazard-prone areas.
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Figure 3. The average water quality of different land-use zones in Xiaojiang River Basin.
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Table 3. Comparison of the main water quality indexes in the three regions of the Xiaojiang

River Basin.

Residential Area Cultivated Land Area Hazard-Prone Area
Non-Flood Flood Season Non-Flood Flood Season Non-Flood Flood Season
Season Season Season
Total phosphorus (mg/L) 0.03 0.11 0.04 0.04 0.09 0.14
Total nitrogen (mg/L) 1.32 2.73 1.87 2.13 1.20 3.35
Ammonia nitrogen (mg/L) 0.16 0.40 0.19 0.26 0.22 1.18
COD (mg/L) 4.42 14.04 3.35 9.84 3.09 24.27
Dissolved oxygen (mg/L) 8.04 6.53 8.67 7.29 7.63 6.60
Conductivity (us/cm) 409.85 581.21 348.11 357.17 551.19 562.83
pH 8.41 8.41 8.50 8.50 8.22 8.24
Temperature (°C) 17.52 28.14 21.10 26.48 18.41 26.52

In Figure 4, non-flood season water quality indicators are represented by semi-
transparent red-orange circles of varying sizes, while flood season indicators are depicted

by opaque green circles of varying sizes. Water quality indicators show no significant
difference between flood and non-flood seasons.
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Figure 4. Spatial distribution of river water quality indexes in the Xiaojiang River Basin.

Significant variations exist in typical water quality indicator concentrations and water
quality conditions across different land-use zones. The concentration ranges of indicators
such as total phosphorus, total nitrogen, ammonia nitrogen, and COD show a trend of
“hazard-prone areas > residential areas > cultivated land areas”, while the concentration
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ranges of dissolved oxygen and electrical conductivity have relatively small differences.
Taking total nitrogen and COD as examples, the concentration ranges in cultivated land ar-
eas were 1.19-2.52 mg/L and 1.00-12.25 mg /L, respectively. The concentration ranges range
in residential areas were 0.48-3.79 mg/L and 2.70-34.39 mg/L, respectively. The concentra-
tion range in the debris flow trace areas was the largest, ranging from 0.11 to 4.37 mg/L
and 1.15 to 49.21 mg/L, respectively. The average concentrations of total phosphorus, total
nitrogen, ammonia nitrogen, COD, and conductivity also followed the trend “hazard-prone
areas > residential areas > cultivated land areas”, while dissolved oxygen showed the
opposite pattern. For instance, the average concentrations of total nitrogen and COD in
the hazard-prone areas were 2.28 mg/L and 27.36 mg/L, respectively, which were signifi-
cantly higher than 2.03 mg/L and 9.23 mg/L in residential areas, as well as 2.00 mg/L and
6.60 mg/L in cultivated land areas. It further reveals the differential influence of land-use
types on water pollution load.

From the perspective of flow direction in the Xiaojiang River Basin, the concentrations
of indicators such as total phosphorus, total nitrogen, ammonia nitrogen, and COD gener-
ally show a gradient distribution with lower concentrations in the upper reaches and higher
concentrations in the lower reaches. Dissolved oxygen, however, shows the opposite trend,
while conductivity does not exhibit significant flow-direction characteristics. Taking total
phosphorus and ammonia nitrogen as examples, in the upstream residential and cultivated
land areas, there were three sampling points with total phosphorus concentrations exceed-
ing 0.10 mg/L, while in the downstream debris flow trace areas, this number increased
to eight. Similarly, sampling points with ammonia nitrogen concentrations exceeding
0.50 mg/L numbered 5 and 8, respectively, indicating a more pronounced cumulative effect
of pollutants in the downstream areas.

The water quality analysis of the branch gullies shows that the pollution levels of
different branch gullies vary significantly owing to the distribution differences in the debris
flow trace areas. For example, Anni Gully, unaffected by hazard area, maintained stable
levels of total phosphorus, total nitrogen, ammonia nitrogen, COD, and conductivity during
both flood and non-flood seasons. Jiangjia Gully, with a densely distributed hazard area,
exhibited significantly elevated water quality indicators (except conductivity) during the
flood season. Specifically, Jiangjia Gully’s total phosphorus concentration was 0.01 mg/L
during the non-flood season but increased to 0.236 mg/L during the flood season. Ammonia
nitrogen concentration rose from 0.02 mg/L to 1.44 mg/L. This indicates that the hazard
area has a critical impact on water quality deterioration during the flood season.

3.2. Influencing Factors of Water Quality Changes
3.2.1. Changes in Key Water Quality Indicators Before and After Heavy Rainfall Events

Figure 5 illustrates the changes in key water quality fluxes before and after the event-
based heavy rainfall in the Xiaojiang River Basin. Considering the timeliness of the rainfall
event, this study selected only seven sampling points within the Xiaojiang River Basin for
monitoring, covering two main stream sampling points in residential areas (D2, D3), one
main stream sampling point in cultivated land areas (K3), three main stream sampling
points in debris flow trace areas (X1, X3, X4), and one typical branch gully sampling point
located in a debris flow trace areas (JG). Monitoring results indicate that rainfall events
significantly impact watershed water quality, particularly during the short period following
heavy rainfall, when pollutant transport in water bodies increases markedly.
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Figure 5. Comparison of the fluxes of main pollutants in the main stream before and after heavy
rainfall events.

Before the rainstorm occurred, the total phosphorus flux in the main stream of resi-
dential areas was the smallest, being 8.00 x 10~° kg/s and 1.50 x 10> kg/s, respectively.
The cultivated land areas exhibited slightly higher fluxes at 1.96 x 10~* kg /s, while the
debris flow trace areas showed the highest fluxes of 7.87 x 10~ kg/s, 4.96 x 10~* kg/s,
and 1.83 x 1073 kg/s. The total nitrogen, ammonia nitrogen, and COD fluxes exhibited
similar trends, generally presenting as “hazard-prone areas > cultivated land areas > resi-
dential areas”. Following the heavy rainfall, key water quality fluxes at all sampling sites
increased significantly. Total phosphorus flux in the residential area’s main stream rose to
1.30 x 107 kg/s and 2.00 x 10~° kg/s, respectively, while the flux in the cultivated land
area increased to 3.47 x 10~* kg/s, and the fluxes in the hazard-prone area increased to
1.58 x 1073 kg/s, 1.32 x 1073 kg/s, and 4.47 x 1073 kg/s, respectively. Overall, the fluxes
of key water qualities generally showed a geometric multiple increase after heavy rain. The
average growth rates of total phosphorus, total nitrogen, ammonia nitrogen and COD were
1.95,2.41, 2.34 and 4.74 times, respectively. Among them, the COD flux at sampling point
X1 in the hazard-prone area had the largest growth rate, with an increase of 5.13 times. The
smallest increase was observed in the total phosphorus flux at sampling point D2 in the
residential area, which increased by 1.35 times.

Jiangjia Gully, as a typical branch gully with frequent geological disasters, has a debris
flow trace area that accounts for 21.77% of the sub-basin area. Following heavy rainfall
events, the key water quality indicators of Jiangjiagou performed particularly outstandingly,
especially the growth rate of COD flux which reached 12.58 times, significantly higher than
the maximum growth rate in the main stream area. Concurrently, the average growth rate
across the four key water quality indicators reached 6.41-fold, surpassing the mainstem’s
maximum growth rate by 1.28-fold.

3.2.2. Impact of Landscape Pattern on Water Quality

To further investigate the impact of the debris flow trace area on water quality, this
study employed seven landscape pattern indices across different land-use types as explana-
tory variables. Two typical scales (1000 m river buffer zone scale and sub-basin scale) were
selected, and water quality indices were used as response variables for redundancy analysis
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(RDA). The results of the redundancy analysis are presented in Figure 6 and Table 4, with
landscape pattern indices for each “category” denoted as “Landscape Pattern Index land
use Type”. Table 4 reveals the seasonal and spatial differences in the impact of landscape
patterns on water quality. The selected landscape indicators explained over 94.00% of water
quality variation during the flood season, while the total explained volume decreased by
5.66-5.85% during the non-flood season. The first principal component (axis) of the river
buffer zone contributed the most as an explanatory variable during the flood season, at
59.83%, while it was relatively smaller during the non-flood season. By comparing the
explanatory power of water quality in different periods, the role of landscape patterns
in the dynamic changes in water quality in different periods can be further understood.
The spatial distribution of disaster-stricken areas, forest land, and cultivated land within
the river buffer zone during the flood season. The model determines significant changes

in water quality indicators, especially in key water qualities such as total phosphorus,
ammonia nitrogen, and COD flux.
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Figure 6. Multivariate analysis diagram of landscape pattern indexes and river water quality indexes
based on redundancy analysis.

Table 4. The explanation rates of landscape pattern indexes to the river water quality variations.

Scal Period Explanatory Variables (%) ESOII: E;:(t)e Contribution of Key Landscape
ri
cale ero Axis1  Axis2  Axis3  Axs4  yyhoen) Pattern Index (%)
non-flood Al_hazard-influenced area (43.1),
Sub- season 51.46 2245 10.77 6.17 90.84 Al-forest land (15.5)
basin flood IJI-residential area (40.7),
season 57.74 19.44 8.56 5.92 96.50 PD-forest land (17.7)
non-flood PD_hazard-influenced area (46.8),
River season 5095 22.09 917 5.97 88.15 PD-forest land (15.3)
course Sfel;)sojn 50.83 18.20 9.97 6.00 94.00 PD_hazard-influenced area (40.1),

DIV-cultivated land area (16.8)
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Figure 6 illustrates the multivariate analysis between landscape pattern indices and
water quality indicators. Red arrows represent landscape pattern indices, while blue arrows
denote water quality indices. An angle between the two indices less than 90° indicates
a positive correlation, whereas a larger angle suggests a negative correlation. A longer
projection length from one index to another indicates a stronger correlation.

At the sub-basin scale, the most significant explanatory variable during the non-flood
season was Al_hazard-influenced areas, which explained 43.10% of the water quality
changes. Increased Al_hazard-influenced areas showed a highly significant positive cor-
relation with total nitrogen and significant positive correlations with total phosphorus,
ammonia nitrogen, COD flux, and conductivity. This indicates that the higher the concen-
tration of hazard area, the more significant the changes in pollutant levels and water quality.
Specifically, the distribution characteristics of hazard area directly determine the transport
and accumulation of key pollutants in water bodies, particularly during the non-flood
season when landscape pattern changes may lead to more pronounced water pollution.
During the flood season, the most significant explanatory variable was IJI-residential land-
use, contributing 40.70% to the explanation of water quality, demonstrating the sensitivity
of water quality changes to the spatial distribution of residential areas. As the spatial adja-
cency of residential land patches with other land-use types diversifies and their distribution
expands, the magnitude of water quality changes increases accordingly. This effect was
particularly pronounced for total phosphorus, total nitrogen, ammonia nitrogen, COD flux,
and electrical conductivity, reflecting the interaction between flood-induced water scouring
and residential distribution patterns during the flood season, where residential expansion
and uneven distribution further exacerbate pollutant migration and accumulation.

At the river scale, the landscape pattern index with the greatest contribution during
the non-flood season was PD_hazard-influenced areas, with a contribution rate of 46.8%.
PD_hazard-influenced areas showed significant positive correlations with total nitrogen
flux and conductivity, and positive correlations with total phosphorus, ammonia nitrogen,
and COD flux. This indicates that a higher number of the debris flow trace area per unit
area leads to more pronounced changes in pollutant concentrations and water quality. This
finding further substantiates the role of the debris flow trace area as sources of water pollu-
tion, particularly across different parts of the watershed, and holds significant implications
for water quality management and pollution control. Analysis results during the flood
season were similar to those outside the flood season, with PD_hazard area remaining
the most influential landscape pattern index, contributing 40.1%. During this period, the
distribution of disaster sites exerted a more pronounced impact on water quality, notably
exhibiting increased positive correlations with total phosphorus, ammonia nitrogen, and
COD fluxes. This indicates that enhanced water flow during the flood season intensified
pollutant inputs from disaster sites. Additionally, the landscape separation index for culti-
vated land (DIV_cultivated land) emerged as the second most influential factor in water
quality variation, indicating that more dispersed cultivated land correlates with lower
key water quality flux values. The dispersion of cultivated land partially mitigates water
quality deterioration, particularly during the flood season, when rational land distribution
effectively reduces pollutant transport and dispersion.

4. Discussion
4.1. Attribution of Temporal and Spatial Distribution Differences in Water Quality in River Basins

Differences in rainfall are the key factors causing variations in water quality between
the flood and non-flood seasons in the Xiaojiang River Basin. The phenomenon of poorer
water quality during the flood season compared to the non-flood season is primarily related
to factors such as precipitation, runoff intensity, topography, landform [47], and pollutant
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input pathways [48]. Intense precipitation events rapidly wash pollutants from soil into
water bodies, particularly agricultural and urban non-point source pollution, which enter
water bodies in large quantities via runoff [49]. Rainfall during the flood season accounts for
85% [50] of the annual precipitation in the Xiaojiang River Basin. As a mountainous river,
the Xiaojiang River Basin is not only a region with strong human activity but also one where
geological disasters occur frequently. This area not only faces the problems of agricultural
non-point source pollution and urban non-point source pollution, but also, owing to its
mountainous terrain and steep slopes, is strongly affected by geological disasters such as
soil erosion, resulting in significant differences in key water quality concentrations between
the flood and non-flood seasons. The research of Sihe Deng et al. [51] pointed out that
the seasonal variation in water quality is mainly driven by human social and economic
activities and land-use types. The study by Siru Wang et al. [38] further indicated that the
total nitrogen and total phosphorus loads during the flood season accounted for 65.0% and
63.2% of the annual total load, respectively. The variations in these loads are closely related
to factors such as annual runoff depth and geological disasters. Therefore, water quality
management strategies must fully consider seasonal differences, especially during the
flood season, and adopt targeted control measures. Specifically, measures should be taken
to control urban runoff to ensure it meets national discharge standards, and ecological
construction (such as terraced field construction) and conservation tillage (such as no-till
farming) should be strengthened. Precise fertilization can effectively reduce the loss of
nutrients in farmland, while scientific management of hazard area and reduction in soil
erosion are important links to reduce the input of pollutants during the flood season [52].
These measures can help slow down the rate of water quality deterioration and protect the
health of aquatic ecosystems.

Water quality exhibits temporal variability and significant spatial differences. Re-
search indicates that water quality concentrations in downstream hazard-prone areas are
significantly higher than in upstream residential and cultivated land areas, with residential
areas showing higher concentrations than cultivated land areas. The research conducted by
Ting Zhou et al. [53] in the Dongjiang River Basin pointed out that due to the accumulation
and propagation effects of pollutants, the water quality concentration in the lower reaches
was significantly higher than that in the upper reaches. Furthermore, other studies indicate
that disasters trigger massive releases of organic matter, leading to long-term changes in
aquatic communities (lasting 32 years) [31], which in turn alter water quality concentrations.
In particular, during the flood season, heavy rainfall and continuous downpours usually
intensify the inflow of sediment in disaster-stricken areas, and the content of particulate
matter in water bodies is a key factor affecting water quality [54,55].

Beyond physical transport processes (e.g., hillslope erosion), biogeochemical processes
during the flood season also interact with runoff-driven wash-off, suspended sediment
transport, and mixing/dilution, thereby shaping the temporal dynamics of water qual-
ity [56]. Intense rainfall and flood events often deliver large amounts of fine suspended
sediments and particulate organic matter, increasing turbidity, limiting light penetration,
and suppressing primary production, which in turn reduces in-stream oxygen produc-
tion [57]. Moreover, in mountainous river basins with pronounced contrasts between flood
and non-flood seasons, such as the Xiaojiang River Basin, dried and exposed streambeds
can become biogeochemically active hotspots: accumulated substrates, a high abundance
of nitrogen-transformation genes, and favorable moisture conditions can promote denitrifi-
cation [58]. The fact that NH3-N shows the largest seasonal change rate in Table 3 may also
be linked to these processes. Rainfall-induced rewetting can further stimulate microbial
activity in dried streambeds, including oxygen-consuming microbial processes, thereby
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increasing oxygen demand and lowering dissolved oxygen (DO) during the flood season,
which is consistent with previous findings [58-60].

4.2. Impact of the Debris Flow Trace Area on River Water Quality in the Xiaojiang Basin

To investigate the relationship between key water quality parameters and disaster-
affected areas, this study quantified sediment transport rates and hazard area sizes during
flood and non-flood seasons for three primary tributaries of the Xiaojiang River: Annie
Gully, Taojia Small River, and Jiangjia Gully. Annie Gully has not experienced debris flow
disasters for many years, with its debris flow trace areas constituting 0.12% of the total
area. Taojia Small River was once an area frequently affected by landslides and debris
flows. In recent years, through natural restoration and human governance, the number of
such disasters has gradually decreased. The area affected by these disasters now accounts
for 1.23% of the total area. Jiangjiagou is an area where landslides and debris flows occur
frequently and is known as the “Natural Museum of Debris Flows”. The area affected
by the disaster accounted for 21.77% of the total area (Figure 7). During the non-flood
season, Jiangjia Gully had the lowest sediment transport rate, followed by Taojia Small
River and Annie Gully. During the flood season, the sediment transport rates of Annie
Gully, Taojia Small River, and Jiangjia Gully were 0.42 kg/s, 2.14 kg/s and 7.33 kg/s,
respectively. Among them, Jiangjia Gully had the largest increase, reaching 733,100.00%. It
can be observed that as the proportion of the hazard area increases, the sediment transport
rate of the branch gullies increases significantly (Table 5).
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Figure 7. Sediment transport rate of branch ditch and proportion of disaster area.

Table 5. Sediment discharges and area proportion of hazard-influenced areas in the three

typical gullies.
Sand Transport Sand Transport Provortion of
Location Rate of Non-Flood Rate of Flood Hazall? d Area (%)
Season (kg/s) Season (kg/s) °
Anni Gully 0.105 0.417 0.118
Taojia Small River 0.080 2.141 1.229
Jiangjia Gully 0.001 7.332 21.765

Subsequently, we conducted a week-long sediment-water quality monitoring cam-
paign on the main stream of the Xiaojiang River Basin, and the results revealed a positive
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correlation between key water quality fluxes and sediment transport flux (Figure 8). Among
these, total phosphorus flux exhibited the best fit with sediment transport flux, with an
R? value of 0.67, whereas COD flux showed the poorest fit with sediment transport flux
(R? = 0.33). In conclusion, key water quality fluxes vary with sediment transport flux and
exhibit strong correlation. Liu Rui’s research indicates that the increase in particulate matter
in rivers during the flood season has a significant impact on the phosphorus content in the
Wei River water, exceeding the changes brought about by total organic matter and total
nitrogen [54]. Research in the lower reaches of the Jinsha River also found that the total
nitrogen concentration changed little with the sediment content, while the total phosphorus
concentration was positively correlated with the sediment content [61]. Ultimately, we
confirmed that the disaster site led to an increase in river sediment transport, thereby
significantly affecting the flux of key water quality parameters. In the future, in the water
environment governance of multiple hazard areas, we should strengthen the management
of areas frequently affected by debris flows (such as Jiangjia Gully), implement scientific
measures for the restoration of hazard areas, and reduce the inflow of sediment into water
bodies from hazard areas. The stability of restored areas, such as Anni Gully, should be
continuously monitored to prevent the recurrence of disasters.
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Figure 8. Relationships of sediment and the fluxes of main pollutants in the Xiaojiang River Basin.

4.3. Impact of Landscape Pattern Characteristics in the Xiaojiang River Basin on River Water Quality

The spatial configuration of landscapes plays a crucial role in determining ecological
processes, such as nutrient cycling, hydrological processes, and energy flow [62]. Land-
scape pattern characteristics, including size, density, aggregation, and diversity, are key
land-use features that influence river water quality [21]. In this study, the Al hazard area,
PD_hazard area, and IJI_residential area all showed positive correlations with key water
quality indicators, ranking as the most influential landscape pattern indices among the four
buffer zones. The more concentrated the non-flood season hazard area at the sub-basin
scale (the larger the Al hazard area index), the greater the total nitrogen index, whereas
the larger the Al of the forest land, the lower the total nitrogen index. Shehab et al.’s [29]
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research in Malaysia also shows that if forests are not dispersed, water quality may be better.
Forests and grasslands sequester and absorb pollutants within river systems. Furthermore,
forest cover acts as a filter or sieve, trapping and reducing pollutants and sediments carried
by surface runoff [63]. At the sub-basin scale during the flood season, the IJI-residential
area showed a positive correlation with key water quality indicators and was the most
influential factor explaining water quality. Residential areas are well-known contributors
to water quality degradation [64], exerting exceptionally strong and significant impacts
on water quality, even when urban areas constitute a relatively small proportion [53]. At
the river channel scale, the PD_hazard area contributed most significantly to water quality
interpretation during both flood and non-flood seasons. This index also showed strong
correlations with key water quality indicators, including total phosphorus, total nitrogen,
ammonia nitrogen, and COD, indicating that at the river scale, higher fragmentation of the
debris flow trace areas leads to poorer river water quality. Conversely, the PD_forest index
was negatively correlated with key water quality indicators; therefore, future management
efforts in hazard-prone areas should prioritize the protection of forests and grasslands,
particularly in the upstream and high-risk regions of watersheds, as forest connectivity
and continuity play a crucial role in water quality protection. Strengthening forest conser-
vation and expanding vegetation cover can reduce soil erosion and pollutant input into
water bodies.

4.4. Implications and Limitations

Under the combined pressures of climate change, intensive human activities, and
frequent geological hazards, our results show that water quality deterioration in dry-hot
valley basins is strongly season- and event-dependent, with the flood season exhibiting
higher concentrations/loads of key pollutants (TN, TP, NH3-N, and COD) than the non-
flood season. The consistent spatial gradient (hazard-prone area > residential area >
cultivated land area) suggests that management should prioritize flood-season runoff
control and targeted mitigation in downstream hazard-prone areas and debris-flow-affected
tributaries while leveraging landscape-based interventions (e.g., reducing PD_hazard-
influenced areas and optimizing IJI_residential areas) alongside soil and water conservation
and ecological restoration to support watershed management in Southwest China and the
Baihetan Reservoir area.

Our conclusions are based on observational monitoring and mainly reflect associ-
ations rather than strict causality; given the lack of higher-frequency, cross-scale, and
well-replicated site—event time series with synchronized covariates, we did not implement
PLM-SEM/SEM or Granger causality analysis to test direct/indirect pathways and lagged
directional effects [65]. In addition, intermittent low flows in some branch gullies and the
absence of continuous stage—discharge records limit year-round quantification of tributary
flow fractions and load contributions [66]. Finally, we relied on conventional physico-
chemical indicators, and thus source attribution remains uncertain; future work should
incorporate stable isotopes or source-tracing indicators (e.g., $®°N-NO;~, §!80-NO; ")
together with dissolved-particulate partitioning [67,68]. These gaps can be addressed
through continuous hydro—water quality monitoring and coupled watershed modeling
(e.g., a calibrated SWAT hydrology—-water quality model), which would also provide the
data basis for PLM-SEM/SEM and Granger-based analyses [69-71].

5. Conclusions

This study conducted a systematic quantitative study on the influence of the dry-hot
valley basin landscape pattern of “severe anthropogenic activities and frequent geolog-
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ical hazards” in the lower reaches of the Jinsha River on the spatio-temporal variation
characteristics of river water quality. The main conclusions are as follows:

(1) The key water quality indices, such as total phosphorus, total nitrogen, ammonia
nitrogen, chemical oxygen demand, and temperature in the Xiaojiang River Basin
were shown as flood season > non-flood season. During the non-flood season, the
dissolved oxygen and conductivity indicators showed a trend of being greater than
those during the flood season, whereas the pH value remained unchanged. The data
for total phosphorus, total nitrogen, ammonia nitrogen, and COD indicators had a
relatively large degree of dispersion during the flood and non-flood seasons, whereas
dissolved oxygen and pH values showed the opposite trend.

(2) From a spatial perspective, the water quality in each land-use zone during the non-
flood season was better than that during the flood season. The average concentrations,
concentration ranges, and water quality conditions of total phosphorus, total nitrogen,
ammonia nitrogen, COD, and electrical conductivity were in the following order:
hazard-prone area > residential area > cultivated land area. In addition, the water
quality in the upstream was generally better than that in the downstream. The larger
the proportion of disaster-affected sites in the branch gullies, the more severe the
deterioration of water quality during the flooding season.

(3) Under heavy rain conditions in each session, the transport volume of nitrogen and
phosphorus pollutants in water bodies increased significantly. In the branch gully
areas with a large proportion of disaster-stricken areas and debris flow trace areas, the
pollutant fluxes increased geometrically.

(4) Theresults of redundancy analysis (RDA) showed that the ability of landscape patterns
in the flood season to explain the change in water quality was better than that in the
non-flood season. At the sub-basin scale, the higher the aggregation degree of non-
flood season disaster sites (Al_ hazard-influenced areas), the higher the concentrations
of nitrogen, phosphorus, and organic pollutants in key water quality indicators, and
the greater the risk of water quality deterioration. The distribution of residential land
during the flood season and the increase in the adjacency index (IJI_ residential area)
were positively correlated with the variation range of water quality, indicating that the
diversity of contact between residential land and other patch types aggravated water
pollution. At the river channel scale, the degree of fragmentation of the disaster site
(PD_hazard-influenced areas) significantly exacerbated the pollution level. The degree
of landscape dispersion of cultivated land (DIV_cultivated land) effectively reduces
water pollution, especially having a significant inhibitory effect on the increase in
key water quality indicators such as total phosphorus and total nitrogen in main and
tributary streams.
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