
Citation: Liu, F.; Qin, T.; Wang, H.;

Liu, S.; Nie, H.; Wang, J. Scale Effect

of Sloping Landscape Characteristics

on River Water Quality in the Upper

Reaches of the Si River in East-Central

China. Land 2023, 12, 457. https://

doi.org/10.3390/land12020457

Academic Editor: Richard Smardon

Received: 5 January 2023

Revised: 8 February 2023

Accepted: 10 February 2023

Published: 11 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Scale Effect of Sloping Landscape Characteristics on River
Water Quality in the Upper Reaches of the Si River in
East-Central China
Fang Liu 1, Tianling Qin 2,* , Hao Wang 2, Shanshan Liu 2, Hanjiang Nie 3 and Jianwei Wang 4

1 College of Environmental Science and Engineering, Donghua University, Shanghai 201620, China
2 State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water

Resources and Hydropower Research (IWHR), Beijing 100038, China
3 Key Laboratory for Geographical Process Analysis & Simulation of Hubei Province, School of Urban and

Environmental Sciences, Central China Normal University, Wuhan 430079, China
4 Yellow River Institute of Hydraulic Research No. 45, Shunhe Road, Jinshui District, Zhengzhou 450003, China
* Correspondence: qintl@iwhr.com

Abstract: Landscape composition and configuration determine the source of pollutants. They also
determine the interception and pollution-holding potential of the surface landscape. Using the upper
reaches of the Si River Basin, a major grain-producing region in Shandong province in east-central
China, as a case study, this study analyzed the influence of landscape characteristics on river water
quality (RWQ) after superimposing topographic slope factors for 2017, and investigated which spatial
scale had the strongest influence on RWQ. The landscape indices of three spatial scales (riparian
zone, river reach and sub-catchment) and three slope scales (general land, flat ground and steep
slope) were extracted. Correlation analysis and redundancy analysis were used to reveal the effects
of landscape characteristics on RWQ at different scales. The results indicate that the landscape types
were dominated by arable land and construction land in 2017. Landscape indices at different scales
were significantly different. The RWQ generally met Class II or III surface water quality standard.
Arable land and construction land had a negative impact on RWQ, both of which were “source”
landscapes, while forest was a “sink” landscape that can effectively alleviate the deterioration of RWQ.
The eight landscape indices which indicated heterogeneity, fragmentation level, landscape diversity,
and shape information had different degrees of correlation with NO3

−-N, NH4
+-N, CODMn and

BOD5. Different scales of landscape features had different correlations with RWQ, with the strongest
correlation in the riparian zone, followed by the river reach, and the weakest in the sub-catchment.
The influence of steep slope land was higher than that of flat ground land. The study confirmed that
landscape structure and configuration had a scale effect on RWQ. It thus has great significance for
water resources protection and land use management in the study area.

Keywords: landscape structure; configuration; landscape characteristic index; river water quality;
scale effect; slope

1. Introduction

River water quality (RWQ) plays a key role in the sustainable development and envi-
ronmental health of modern society, and it is an important measure of an environmentally
friendly society [1–3]. There are two causes of water pollution: point source pollution
and non-point source pollution [4]. At present, the control of point source pollution has
become quite effective, and non-point source pollution has become the dominant factor in
river water pollution [5]. The landscape structure and configuration are the main factors
causing non-point source pollution, because they affect the migration and transformation
of pollutants in runoff [6]. Therefore, studying the relationship between regional landscape
characteristics and RWQ is one of the keys to controlling regional surface source pollution
and restoring aquatic ecology [7].
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The relationship between landscape characteristics and RWQ is influenced by both
natural attributes and spatial scales [8–10]. The currently available studies focus on wa-
tershed landscape composition and structure from a natural attribute perspective. Most
studies have shown that water quality parameters are more sensitive to landscape composi-
tion, especially in arable land and forest landscapes [11,12]. With continuous research, the
research content has developed from focusing on the influence of landscape composition
on RWQ to focusing on landscape configuration. Studies have used the landscape index to
analyze the connection between landscape configuration and RWQ in landscape ecological
processes [13]. On this basis, the two levels of natural attributes and spatial scales were effec-
tively combined to analyze the influence of various landscape structures and configuration
on RWQ at different spatial scales [14,15]. Different regions had different research results
as they were influenced by topography, geomorphology, hydroclimate, and soil conditions,
among others. Coupled with different spatial scales, the influence of landscape features on
RWQ varies greatly [16,17]. Some studies have concluded that the sub-catchment have a
greater impact on RWQ than riparian zones and river reach, but others have concluded that
riparian zones can better explain RWQ [18–21]. On the other hand, the methods used to
refine the relationship are broad and include two types: traditional statistical analysis and
model simulation analysis [22–24]. Model simulation methods are affected by the difficulty
of data acquisition and applicability, and their application in the study of the relationship
between landscape features and RWQ response is somewhat limited [25]. The traditional
statistical analysis method can more directly reflect the connection between the two, and is
still the most widely used analysis method.

A synthesis of the above domestic and international research progress found that in
the spatial scale effect study of the association between landscape features and RWQ, the
spatial scale with the greatest impact on RWQ was highly controversial. Additionally, most
studies on landscape features and RWQ were concentrated in urbanized watersheds, lake
and wetland watersheds, and less in the main food production areas where agricultural
production was the main focus [26,27]. In contrast, in the main grain-producing areas
where arable land is the main landscape type, topographic slope is not only critical for
agricultural production, but also a key factor in characterizing the migration of pollutants
carried by surface runoff into the river [28]. Therefore, this study focused on the main grain-
producing areas to analyze the influence of landscape features on RWQ after superimposing
topographic slope factors and to investigate which spatial scale had the strongest influence
on RWQ in the study area. This study provided a scientific basis and reference for the
control of pollutants entering the river, water environmental protection, the optimization
of landscape configuration and the sustainable development of the regional ecological
environment in the main grain-producing areas.

The Si River is a tributary of the northern bank of the Huai River in Shandong Province,
China. The upper watershed of the Si River is a major grain-producing area in central
Shandong Province. In this paper, the upper Si River Basin was used as the study area.
The landscape composition and landscape indices of three spatial scales (riparian zone,
river reach, and sub-catchment) and three slope scales (general land, steep slope, and flat
ground) were extracted based on the 2017 land use and topographic data. Combined with
water quality data from September of the same year, traditional correlation and redundancy
analyses were applied to reveal the relationship between landscape characteristics at
different spatial scales and RWQ in the upper Si River Basin, with a view to providing
references for the management of land use structure and the security of water resources in
the Si River Basin.

2. Study Area

The Si River is a tributary of the north coast of Huai River in east-central China, which
directly flows into the Nansi Lake water system in Huai River basin (Figure 1). The study
area was the upper reaches of the Si Rive, located within 117◦6′–117◦42′ E, 35◦27′–35◦49′ N.
The main stream in the territory is 70.26 km and covers an area of 1242.64 km2. The
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topography in the study area is high in the east and low in the west, high in the south
and low in the north. The annual average precipitation in the basin is 760 mm, and the
annual average evaporation is 1042.2 mm. The average annual runoff is 2.44 × 108 m3/a.
Cinnamon soil is the most widely distributed, with cultivated vegetation as the main
vegetation type.
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Figure 1. (a) Location of study area in China; (b) Map of the Si River basin showing the main
tributaries; (c) The digital elevation model of study area and spatial distribution of water quality mon-
itoring stations: (1) Huacun reservoir, (2) Sishui bridge, (3) Bian bridge on the Si River, (4) Huangyinji
gate, (5) Hezhuang reservoir, (6) The entrance of the Yincheng River to Si River, (7) Si he jin zhuang,
(8) Longwantao reservoir.

3. Materials and Methods
3.1. Data Source

The RWQ monitoring data in September 2017 were obtained from the Water Conser-
vancy Bureau of Sishui County, Jining City, Shandong Province, China. There were eight
monitoring points in total (Figure 1c). The land use data were derived from the land use
dataset with a resolution of 10 m in 2017 (https://www.resdc.cn/, accessed on 1 March
2021) [29]. The digital elevation model (DEM) was obtained from the geospatial data cloud
platform (http://www.gscloud.cn/, accessed on 1 March 2021).

3.2. Data Processing

Water samples were collected three times in September 2017 from each of the water
quality monitoring stations in the upper reaches of the Si River basin. A total of 24 water
samples were collected. The monitoring stations were evenly distributed within the basin to
ensure a comprehensive characterization of the watershed features. Based on the previous
research results [30,31], six water quality indicators were selected for surface water quality
analysis in this study. The two basic water quality indicators were pH and dissolved
oxygen (DO). Where pH is dimensionless and DO is in mg/L. The four hadrochemical
indicators were nitrate nitrogen (NO3

−-N), ammonia nitrogen (NH4
+-N), permanganate

index (CODMn), and biochemical oxygen demand (BOD5). The units for all four indicators
are mg/L.

The land use types were integrated in the original data to obtain the landscape types
required for the research, which were arable land, forest, grassland, water area, construction
land and unused land (Figure 2a). Based on the DEM (30 m spatial resolution) data, the
terrain slope was calculated by using the surface analysis module of ArcGIS10.2 software.

https://www.resdc.cn/
http://www.gscloud.cn/
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With reference to the definition of slope farmland and the critical value of sloped erosion,
the topographic gradient was divided into flat ground (<6◦), gentle slopes (6–25◦) and steep
slopes (≥25◦) [32]. The analysis showed that the study area only contained flat ground and
steep slopes, and the distribution of steep slopes was dominant, accounting for 98.49% of
the total area (Figure 2b).
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3.3. Analysis Methods
3.3.1. Creation of Spatial Scale

Combined with previous studies, this paper selected three spatial scales to study the
impact of landscape characteristics on RWQ, including the river reach zone, riparian zone
and sub-catchment. First, based on DEM elevation data, the hydrological analysis module
in ArcGIS10.2 software was used to extract the sub-catchment with monitoring sites as
water outlets. A total of eight sub-basins were extracted in this paper, and the code of the
sub-catchment was the same as the code of the water quality monitoring station. Secondly,
the river was intercepted by taking the sub-catchment as the boundary, and we extended
300 m to the left and right of the banks of the river to form a 600 m riparian zone. Finally,
taking the water quality monitoring station as the benchmark, a 2000 m-diameter river
reach buffer zone was formed upstream (Figure 2a,b) [17,33,34].

3.3.2. Selection of Landscape Indices

In terms of landscape composition, based on the mask tool of ArcGIS10.2 software,
the area proportions of general land, flat ground and steep slopes in the above three spatial
scales were calculated. The general land included flat ground, gentle slope and steep slope.

In addition to the references, researchers have also started to adopt landscape indices to
analyze the impact of the landscape configuration on RWQ [8,35,36]. Through the analysis
of these indices, the complex and unclear spatial landscape features can be quantified
in order to effectively identify them. In conclusion, the selection of landscape indices
needs to meet three criteria: (1) the feasibility of reflecting the characteristics of landscape
configuration in the study area; (2) with ecological significance; and (3) comparable to
previous landscape ecological studies [37–39]. Based on these criteria, 12 landscape indices
were selected by using FRAGSTATS V 4.2, which indicated heterogeneity, fragmentation
level, landscape diversity, and shape information for the upper reach of the Si Rive basin.
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The calculating formula and ecological significance of selecting landscape indices are shown
in Table 1. Number of patches (NP), patch density (PD) and edge density (ED) were used to
demonstrate information about landscape fragmentation. The largest patch Index (LPI) was
used to quantify the abundance of dominant species. The landscape shape index (LSI) was
used to measure the complexity of landscape shape. Shannon’s diversity index (SHDI) and
Shannon’s evenness index (SHEI) reflects the heterogeneity and evenness of the landscape.
The aggregation index (AI), patch cohesion index (COHESION) and Contagion (CONTAG)
were employed to display the connectivity and aggregation of the landscape [28,37,40–43].
The landscape metric Boltzmann entropy was used to discuss landscape stability in terms
of landscape structure [44,45].

3.3.3. Statistical Analysis

(1) Pearson correlation analysis

In this paper, Pearson correlation analysis was conducted with the help of SPSS soft-
ware. As an effective method for exploring “one-to-one” relationships, Pearson correlation
analysis allows a bivariate analysis of landscape character indices and water quality indi-
cators to be conducted. The correlation between landscape area or landscape indices and
water quality indicators in the study area can easily be explored. After verification of the
normal distribution of the samples using the K–S test, it was found that P > 0.05, which is
consistent with the normal distribution characteristics [46]. The specific formula was.

P =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2

√
n
∑

i=1
(yi − y)2

In the above equation, xi is the value of water quality indicators; yi is the proportion
of a landscape type area (or landscape index value); p is the correlation coefficient between
water quality indicators and the proportion of a landscape type area (landscape index)
between −1 and 1. When 0 < P < 1, the correlation is positive; when −1 < P < 0, the
correlation is negative; when P = 0, there is no correlation between the two. A larger
absolute value of the correlation coefficient indicates that the correlation between water
quality indicators and the landscape type or landscape index is stronger.

(2) Redundancy Analysis (RDA)

In order to better visualize the impact of landscape features on RWQ, RDA of landscape
types and landscape indices at each scale with RWQ was carried out with the software
Canoco 5.0. RDA is a method of analysis that statistically interprets the ranking of one
set of variables in relation to another set of multiple variables. The method originated
in ecology and was used to reveal the relationship between species and environmental
variables. It was later applied to geography in the areas of land use cover and water
quality [47]. This method reveals the contribution of landscape types or landscape indices
to river water quality, but also visualizes the relationship between environmental variables
and water quality in a two-dimensional ordination diagram [33]. A descending trend
correspondence analysis (DCA) of the water quality data is required prior to the ranking
analysis. If the Lengths of gradient on the first axis is greater than 4, then CCA analysis
is chosen; if it is between 3 and 4, then both models are possible; if it is less than 3, RDA
is more effective [28,48]. It was found that the lengths of gradient on the first axis was
0.459 (<3.0), so RDA was selected. In the ranking diagram, the vectors of species and
environmental indicators are indicated by arrows, respectively. The cosine of the angle
between the two arrows represents the correlation between them. If the cosine value is >0,
there is a positive correlation, and otherwise there is a negative correlation. The length of
the arrow represents the proportion of the impact factor. The longer the arrow, the higher
the degree of influence.
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Table 1. Landscape indices.

No. landscape Indices Abbreviations Calculation Formula Ecological Meanings

1 Number of patches NP NP = N The total number of patches in a landscape type, which can describe
landscape heterogeneity and fragmentation.

2 Patch density PD PD =N
A It is used to describe spatial heterogeneity and fragmentation.

3 Edge density ED ED =N
A 106 It is used to describe the degree of boundary segmentation. The larger the

ED, the bigger the edge between different patches.
4 Largest Patch Index LPI LPI =

[
max(aij)

A

]
Proportion of the largest patch in the landscape area.

5 Landscape shape index LSI LSI = 0.25E√
A

Used to reflect the shape complexity of landscape types; the patch shape
will affect its internal ecological process.

6 Shannon’s diversity index SHDI SHDI = −
n
∑

i=1
(Pi × ln Pi)

It is sensitive to the uneven distribution of various landscape types and is
mostly used for landscape heterogeneity and diversity analyses.

7 Shannon’s evenness index SHEI
SHEI =

−
m
∑

i=1
(Pi ln Pi)

ln m

If the value is small, it reflects that the landscape is dominated by one or
more dominant patch type. On the contrary, it shows that the distribution
of each patch in the landscape is relatively uniform.

8 Aggregation index AI AI =
[

m
∑

i=1

(
gij

max−gij

)
Pi

] It is used to reflect the aggregation degree of landscape types, and the
higher the value is, the higher the aggregation degree is.

9 Patch cohesion index COHESION
COHESION =

1−
m
∑

i=1
Pij

n
∑

j=1
Pij
√aij

 For the natural connectivity of the same landscape, the greater the value,
the better the connectivity.

10 Contagion CONTAG
CONTAG =[

1 +
m
∑

i=1

n
∑

j=1

Pij ln(Pij)
2 ln(m)

]
(100)

Describes the degree of aggregation and the trend of extension between
different patches in the landscape.

11 Landscape metric Boltzmann entropy LMBE S = log10

(
t−1
∏

q=0

n
∏
j=1

(
k
∑

i=1
Mi

))
This index can discuss landscape stability in terms of landscape structure.

Notes: N means total number of patches in the landscape, A means total landscape area, aij means area of patch ij, E mans total length of all patches boundaries, Pi means proportion of
the landscape occupied by patch type (classes) i, m means number of patch types (classes) in the landscape, gij means number of like adjacencies (joins) between pixels of patch type
(class). Pij means the perimeter of patch ij, Mi is the value of M computed for the ith multiset (i = 1, 2, . . . , k). LMBE was the abbreviations of Landscape metric Boltz-mann entropy.
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4. Results
4.1. Characteristics of Landscape Characteristics at Different Scales

This study found that the main landscape types in the upper reaches of the Si River
Basin in 2017 were arable land (accounting for more than 80%) and construction land
(accounting for more than 10%), regardless of the spatial scales or slope scales. Because
of the dominance of steeply sloped land in the study area, the landscape types of steeply
sloped land were consistent with general land. At the scale of the riparian zone and river
reach, most of steeply sloped land was arable land, construction land and grassland. At the
sub-catchment scale, most of the steeply sloped land was arable land, construction land,
and forest. The forest landscape in the study area was mainly distributed in the steeply
sloped land. Regarding flat ground, it was only distributed in the sub-catchments (1 and 8)
dominated by mountainous areas. In addition, the distribution of flat landscape types was
more prevalent around artificial land features (Figure 3).
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Figure 3. Statistical map of sloping landscape structure at different scales. Note: Sub-catchment (SC),
Riparian zone (RZ), River reach (RR), General land (G), Flat ground (F), Steep slope (S).

Landscape indices were significantly different in different spatial and slope scales
(Figure 4). In general, the landscape indices were higher at the river reach and sub-
catchment scales than in the riparian zone; the latter were higher in general land and
steeply sloped land than in flat land. In particular, the diversity and evenness indices SHDI
and SHEI, the connectivity and aggregation indices COHESION and AI, as well as the
indices LMBE, which reflected landscape stability, were higher in these areas. Additionally,
it is indicated that the landscape diversity and heterogeneity of general land and steeply
sloped land were higher at river reach and sub-catchment scales, and the connectivity and
aggregation were better. The landscape stability in terms of landscape structure was high
at river reach and sub-catchment scales.

4.2. Temporal and Spatial Characteristics of RWQ

Water quality parameters were evaluated with reference to “Surface Water Environ-
mental Quality Standard GB 3838-2002” (Figure 5). The study found that the pH value
of the upper reaches of the Si River was 7.76–8.1 in September, and the overall water
quality was weakly alkaline. The fluctuation range of DO content was 4.74–8.18 mg/L.
This indicator met the Class III surface water quality standard at upstream monitoring
points 1 and 5. Downstream monitoring point 6 reached the Class I standard. The others all
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reached the standard of Class II. The value of NH4
+-N was 0.07–0.23 mg/L. The indicator

at monitoring point 2 exceeded the Class V standard. Monitoring point 8 reached the
Class III standard, and others reached the Class II standard. The concentration of CODMn
was 3.74–6.14 mg/L. This indicator at other monitoring points reached the Class III stan-
dard, except that at monitoring point 3, which reached the Class II standard. The value of
BOD5 was 2.28–4.54 mg/L. The indicator at both monitoring point 2 and 3 met the Class
II standard, and that at the other monitoring points reached the Class III standard. The
concentration range of NO3

−-N was 0.34–1.58 mg/L. The water quality at each sampling
point was within the standard limit. To sum up, the RWQ in the study area reached the
Class II-III standard generally.
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the standard of Class II. The value of NH4+-N was 0.07–0.23 mg/L. The indicator at moni-
toring point 2 exceeded the Class V standard. Monitoring point 8 reached the Class III 
standard, and others reached the Class II standard. The concentration of CODMn was 3.74–
6.14 mg/L. This indicator at other monitoring points reached the Class III standard, except 
that at monitoring point 3, which reached the Class II standard. The value of BOD5 was 
2.28–4.54 mg/L. The indicator at both monitoring point 2 and 3 met the Class II standard, 
and that at the other monitoring points reached the Class III standard. The concentration 
range of NO3−-N was 0.34–1.58 mg/L. The water quality at each sampling point was within 
the standard limit. To sum up, the RWQ in the study area reached the Class II-III standard 
generally. 
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At this spatial scale, the landscape index was the lowest.
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Figure 4. Comparison of landscape index under different scales.

4.3. The Correlation between Landscape Characteristics and RWQ
4.3.1. Correlation between Landscape Types and RWQ

It was found that the landscape types closely related to the RWQ included arable land,
construction land, forest, grassland, and water area. The water quality parameters with a
high correlation were DO, NO3

−-N, NH4
+-N, and BOD5 (Table 2). In the flat ground of the

riparian zone, the water area was significantly positively correlated with DO, and the forest
was significantly negatively correlated with NO3

−-N. Additionally, in steeply sloped land
and general land, there was a negative correlation between grassland and NO3

−-N. There
was also a significant positive correlation between construction land and NH4

+-N. The flat
ground in the river reach zone was only arable land, which was significantly positively
correlated with NH4

+-N and BOD5. Additionally, in steeply sloped land and general
land, the arable land was significantly positively correlated with NO3

−-N and NH4
+-N,

while the forest landscape was significantly negatively correlated with NO3
−-N. There

was a significant negative correlation between water area and NH4
+-N, and a significant

positive correlation between grassland and NO3
−-N in the flat ground of the sub-catchment.

Additionally, in steeply sloped land and general land, arable land was negatively correlated
with NO3

−-N, but significantly positively correlated with CODMn. Construction land was
significantly positively correlated with DO.
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Figure 5. Spatial distribution of water quality nutritional indicators. Note: the numbers 1–8 are the
code of surface water monitoring station.

Table 2. The correlation between landscape type and RWQ in different scales.

Spatial Scales Slope Scales Landscape Type DO NO3−-N NH4
+-N CODMn BOD5

Riparian zone

Flat ground Water area 0.833 * - - - -
Forest - −0.898 ** - - -

Steep slope Grassland - −0.790 * - - -
Construction land - - 0.755 ** - -

General land
Grassland - −0.790 * - - -

Construction land - - 0.755 ** - -

River reach

Flat ground Arable land - - 0.857 ** - −0.747 *

Steep slope Arable land 0.675 * 0.736 * 0.913 ** - -
Forest - −0.802 * - - -

General land
Arable land 0.675 * 0.736 * 0.913 ** - -

Forest - −0.802 * - - -

Sub-catchment

Flat ground Grassland - 0.719 * - - -
Water area - - - −0.762 * -

Steep slope Arable land - −0.702 ** - 0.768 * -
Construction land 0.778 * - - - -

General land
Arable land - −0.702 ** - 0.768 * -

Construction land 0.778 * - - - -

Note: “*” means significant difference at p < 0.05; “**” means significant difference at p < 0.01.

4.3.2. Correlation between Landscape Indices and RWQ

This study found that there were obvious differences in the correlation between the
landscape index and the water quality index at different scales (Figure 6). The landscape
indices NP and LSI were significantly positively correlated with NO3

−-N in the flat land of
the riparian zone. Additionally, the landscape indices COHESION, AI, CONTAG, SHEI,
and SHDI were significantly positively correlated with CODMn in steeply sloped land and
general land. There was a significant negative correlation between the LPI and NO3

−-N
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in the flat ground of the river reach. Additionally, the landscape indices CONTAG, SHDI,
and SHEI were significantly positively correlated with NH4

+-N in the three slope scales.
The correlation between the landscape indices NP, LSI and NO3

−-N in flat ground was
similar to that in the riparian zone. Additionally, LPI and DO were significantly negatively
correlated in steeply sloped and general land, while SHEI and SHDI were positively
correlated. The index COHESION was positively correlated with CODMn and BOD5 in the
three slope scales.

1 
 

 
 

 
 
 
 
 
 
 

 
 
 
 

Figure 6. The correlation between landscape indices and RWQ in different spatial and slope scales.
Note: “*” means significant difference at p < 0.05; “**” means significant difference at p < 0.01.

4.3.3. RDA of Landscape Characteristics and Water Quality Indicators

Figure 7 shows the ranking results of the RDA of landscape characteristics and RWQ
at different scales. The interpretation rates of landscape type and landscape index on
water quality indicators were both greater than 81.4%, which showed that landscape
characteristics had a great impact on RWQ. The positive effect of river reach–flat ground–
arable land on NH4

+-N was less than that of steep slope–arable land (Figure 7a). The most
negative influence on NO3

−-N was that of riparian zone–flat ground–forest, followed by
river reach–steep slope–forest. Sub-catchment–construction land had the highest impact
on NH4

+-N, followed by river reach–arable land. There was no significant difference in
the influence of the flat ground landscape indices NP and LSI on NO3

−-N, which showed
that the effect of the riparian zone was higher than that of the sub-catchment (Figure 7b).
According to the influence degree of the landscape indices LPI on DO and NO3

−-N, the
effect of the sub-catchment was higher than that of the riparian zone, and the effect of
general land was higher than that of steeply sloped land. The influence degree of CONTAG,
COHESION and AI on NH4

+-N was higher than that of other landscape indices. The
riparian zone was more influential than the river reach, while the influence of the river
reach was higher than that of the sub-catchment. The effect of steeply sloped land was
higher than that of the flat land. The influence degrees of SHDI and SHEI on RWQ in the
river reach and riparian zone were significantly higher than that in the sub-catchment.

SC–S–A means sub–catchment–steep slope–arable land, SC–G–A means sub–catchment–
general land–arable land, SC–S–C means sub-catchment–steep slope–construction land, SC–
G–C means sub-catchment–general land–construction land, SC–F–G means sub-catchment–
flat ground–grassland, SC–F–W means sub-catchment–flat ground–water area. RR–F–A
means river reach–flat ground–arable land, RR–S–A means river reach–steep slope–arable
land, RR–G–A means river reach–general land–arable land, RR–S–F means river reach–
steep slope–forest, RR–G–F means river reach–general land–forest, RZ–F–F means riparian
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zone–flat ground–forest, RZ–S–C means riparian zone–steep slope–construction land, RZ–
G–C means riparian zone–general–construction land, RZ–F–W means riparian zone–flat
ground–water area, RZ–S–G means riparian zone–steep slope–grassland, RZ–G–G means
riparian zone–general land–grassland. SC–S– means sub–catchment–steep slope–, SC–G–
means sub-catchment–general land–, SC–F– means sub-catchment–flat ground–. RR–S–
means river reach–steep slope–, RR–G– means river reach–general land–, RR–F– means
river reach–flat ground–. RZ–S– means riparian zone–steep slope–, RZ–G– means riparian
zone–general land–, RZ–F– means riparian zone–flat ground. 

2 

 
Figure 7. Sequence diagram of RDA results of different landscape features and RWQ in different
scales ((a): landscape type; (b): landscape indices). Note: The naming method in above figure was
“spatial scale–slope scale–landscape type (landscape index)”.

5. Discussion
5.1. Effects of Landscape Types on RWQ

This study found that arable land and construction land were significantly positively
correlated with the water quality parameters NO3

−-N, NH4
+-N and CODMn, which also

had a great influence on them. Arable land and construction land were the main land-
scape types that caused river water pollution and can therefore be referred to as “source”
landscapes [49]. The tillage method applied on arable land was found to potentially cause
severe soil erosion activity. The use of excessive pesticides and fertilizers caused pollutants
to enter river water through surface runoff, interflow and other routes, resulting in water
quality deterioration [50,51]. The domestic and industrial wastewater discharged from the
construction land caused the concentration of pollutants in the water body to increase. The
ground in urban ecosystems was mostly impervious, which led to pollutants directly flow-
ing into water through runoff without being filtered through forest, grassland or soil [52].
The forest had an inhibitory effect on the water quality parameter NO3

−-N. This meant
that the forest played a positive role in alleviating the deterioration of water quality and
can therefore be referred to as a “sink” landscape [53,54]. Grassland in the sub-catchment
was positively correlated with water quality indicators, which was contrary to the view
that grassland could reduce the pollutant content in the runoff. The main reason for this
was that the grassland area in the study area was very small and the role of other landscape
types was dominant [55–57].

5.2. Effects of Landscape Indices on RWQ

The landscape indices NP and LSI were usually used to characterize landscape frag-
mentation and complexity. In this study, these two indices were significantly positively
correlated with the water quality index NO3

−-N. This meant that human activities in the
study area were strong and landscape patches were highly fragmented. Severe fragmen-
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tation will aggravate water pollution in the study area [58–60]. Relevant studies found
that the impact of LPI on RWQ depended on the dominant landscape in the region, and
the dominant landscape in the study area was arable land [61]. The landscape indices
CONTAG, AI and COHESION were found to be positively correlated with NH4

+-N and
CODMn in this paper. These three indicators characterized the aggregation and connectivity
of patches in the region, which in turn reflected the ability of material to spread between
patches. Previous studies have disputed the impact of the degree of patch aggregation
on RWQ [62,63], but Hu et al. provided an explanation. When the “source” landscape
(arable land or construction land) is arranged in a standardized way, the higher the con-
centration degree, the easier the generated pollutants will be concentrated for production
and discharge, which will aggravate water pollution. However, the more standardized the
arrangement of the “sink” landscape (forest) is, the stronger the purification capacity of
pollutants carried by surface runoff is [64]. Arable land was dominant in the study area,
especially in the riparian zone and sub-catchment scale. Large-scale arable land caused
the concentration and diffusion of pollutants, which led to the positive impact of these
three indicators on pollutants. The SHDI and SHEI indicators characterized the diversity
and heterogeneity of the landscape, which contributed to the water pollution in this study.
With the increase in landscape diversity, as the confluence pass through more land types,
the probability of passing through the “source” landscape increases, thus increasing the
probability of pollutants entering the river [65].

5.3. Scale Response of Landscape Characteristics to RWQ

The results of this study show that the landscape characteristics of the riparian zone
had a greater impact on RWQ than those of the river reach and sub-catchment. Some
studies argued that due to the large area of the sub-catchment, pollutants are absorbed
through soil storage, vegetation interception, and other methods during the transportation
process [5]. Dai et al. believed that the 200 m buffer zone in the riparian zone is the area
in which the impact of the landscape type on RWQ reach its peak. There are few ways
to dilute, transform and intercept pollutants such as domestic and production sewage,
fertilizer and pesticides within this range, and they are often directly transported to the
river [10]. Meanwhile, the forest in the riparian zone will greatly reduce the pollutants
entering the river, indicating that the riparian zone shelterbelt is an effective measure to
alleviate the deterioration of RWQ [66,67]. In the study area, the influence of steeply sloped
arable land on RWQ was higher than that of flat arable land, which was consistent with
previous studies. Sloping arable land was an important “source” landscape of non-point
source pollution. Due to its slope, it will increase erosion capacity under the action of
terrain, intensify water and soil loss, and cause surface pollutants to enter the river more
quickly [68,69]. In terms of the impact of construction land on RWQ, the impact at the scale
of the sub-catchment was higher than that of the riparian zone and river reach. The main
reason for this was that the research scale of the riparian zone and river reach was limited,
and it could not cover enough construction land area within this scale. The impact on RWQ
can only be fully reflected in the sub-catchment [70,71].

5.4. Recommendations for Water Quality Protection Based on Landscape Characteristics

A synthesis of previous studies and this study found that in major food-producing ar-
eas where sloping arable land is the dominant landscape type, arable land and construction
land are the main types of land contributing to RWQ pollution. Forest and grassland are the
main types of landscape mitigating RWQ pollution. The strongest impact on RWQ at the
spatial scale is in the riparian zone. Therefore, in watershed water quality protection, the
following three aspects can be considered. (1) in urban areas, runoff needs to be intercepted
and treated by simple natural ecosystems before discharge. (2) At the sub-catchment scale,
the spatial structure of arable land and urban areas is optimized and the aggregation of
forest and grassland is increased. (3) The method of returning poor-quality arable land in
the riparian zone to forest and grass should be adopted, and the fragmentation of arable
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land should be reduced. The interception, adsorption, absorption and transformation
capacity of the riparian zone for sediment and pollutants should be improved, and soil
erosion and nutrient exportation should be reduced.

6. Conclusions

Taking the upper reaches of the Si River as an example, by combining the data on
land use and water quality, the landscape structure and landscape indices of general land,
steeply sloped land, and flat ground at the riparian zone, river reach, and sub-catchment
scales were extracted. The effects of landscape characteristics at different scales on RWQ
in the study area were revealed by means of correlation analysis and RDA. The main
conclusions were as follows:

(1) The landscape types were dominated by arable land and construction land in 2017.
The landscape indices at different scales were significantly different. Additionally,
RWQ generally met the Class II or III surface water quality standard in September of
the same year.

(2) Arable land and construction land were positively correlated with NO3
−-N, NH4

+-N,
and CODMn, meaning that both were “source” landscapes of water quality pollution.
The forest was negatively correlated with water quality parameters, meaning that it is
an effective “sink” landscape to alleviate the deterioration of RWQ.

(3) The landscape index also contributed greatly to the water quality pollution of the
study area. Additionally, landscape indices including NP, LSI, COHESION, CONTAG,
AI, SHDI, and SHEI had different degrees of correlation with NO3

−-N, NH4
+-N,

CODMn and BOD5.
(4) There was a spatial scale response to the impact of the landscape configuration in

the basin on RWQ of the upper reaches of the Si River. The degree of correlation
between landscape characteristics and water quality was the highest at the riparian
scale, followed by the river reach scale, and the smallest at the sub-catchment scale.
The influence of steeply sloped arable land was higher than that of flat land in the river
reach. However, the influence of construction land was higher at the sub-catchment
scale than that at the riparian zone and the river reach scales.

The study on the scale effect of landscape characteristics on RWQ improved our
understanding of the response of natural and human factors to river hydrological processes.
A scale of important landscape characteristics such as water pollution prevention and
control was also provided. In addition, the influence of terrain slope was considered,
providing a reference for land use planning and water quality improvement of multi-
spatial-scale basins in plain areas. It is hoped that this study will provide technical support
for water environment protection in mountainous and hilly areas.
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