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Abstract: Urban development and human activities have greatly changed the appearance of urban
landscapes, and also affect urban river water environments. Rapidly urbanized regions in China
face particularly severe pressures and challenges in alleviating degradation of river water quality.
Information is needed on which indexes of landscape development intensity in rapidly-urbanized
areas are the key factors affecting the quality of river water environments, and how these factors affect
water quality. In order to answer these questions, this research selected six indexes belonging to three
dimensions for landscape development intensity evaluation. Based on five water quality parameters
of 20 rivers and the land use data of 20 small watersheds of Liangjiang New Area, Chongqing, China
in 2014, this research explored the correlation between the landscape development intensity indexes
and river water quality through redundancy analysis. We found that the impervious surface rate and
the land average fixed asset investment are the key indexes to affect river water quality. Regulating the
corresponding indexes at the urban planning and design level, as well as the decision making level,
can effectively achieve the goal of improving urban river water quality. The conclusions inspire
strategies in planning and design, and are helpful for government decision making to effectively
protect river water environment in rapidly urbanized areas in the developing countries.

Keywords: landscape development intensity index; water quality; small watershed; mountainous
urbanized area

1. Introduction

Rivers in the city, serving as reliable surface water sources, are important natural geographical
elements and ecological corridors in urban landscape, beneficial to public health and ecological
environment [1–3]. The degradation of river water quality of watershed has become a global
environmental issue in recent years [4,5], which is proved to be attributed to many natural and
anthropogenic factors in watershed landscapes [6–8]. Studies have shown that the condition of
urban rivers is strongly influenced by human activities, especially land use and cover changes in the
process of urbanization within the surrounding landscape [9–14]. Under the influence of urbanization,
non-point source pollution caused by rainwater runoff has become one of the important reasons for
the deterioration of urban water environment [15,16]. Water quality parameters such as total soluble
solid (TSS), chemical oxygen demand (CODMN), total nitrogen (TN), ammonia nitrogen (NH3+-N),
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and total phosphorus (TP) are representative pollutant parameters, which describe the physical and
chemical characteristics of water bodies, have attracted more attention in water quality studies in
urbanized areas [17–22].

Some studies focus on the spatial effects of human activities on water quality, and the effects of
landscape pattern and structure of land use in adjacent water bodies or of the reservoirs on water
quality are studied [23–25]. Extensive studies highlight the impacts of different land use types on water
quality, such as areal proportion [26,27], topographic characteristics [28–30], multi-spatial scales [31,32],
and seasonal and temporal changes [33,34]. However, some scholars argued that even with similar
or same land use types and proportions, different land use intensities may result in a wide range of
water quality [35,36]; only using the quantitative proportion of land use in the watershed to explain
the water quality performance will often lead to different findings [10–13,37,38].

Therefore, some scholars introduced the concept of “intensity” into the study of the relationship
between human activities interference and water quality, defining “land use intensity” as the levels of
socio-economic inputs and human activities of the land use by unit area and time [37,39,40]. Land use
intensity indicators such as land inputs (e.g., fertilizer use and livestock feeding) and land disturbance
(e.g., vegetation removal or planting) are believed to be better predictors of human impacts than land use
proportion alone [40], and can be directly applied to the study of the correlation with water quality [37,41].

In rapidly urbanized areas, the development of human beings on the landscape through land
use changes has always been a concern and considered as a threat to our environment [42,43].
Landscape development is a kind of human disturbance to the environment and is manifested as
human-dominated land uses [44]. The more developed a landscape, the greater the intensity of human
impacts [45]. Brown et al. [45] proposed the “landscape development intensity index”, which is used
as a gauge of human activity based on a development intensity measure derived from nonrenewable
energy use in the surrounding landscape, and uses LDI coefficient to express the calculated emergy
values after normalization [46–48]. This method is a good attempt to quantify anthropogenic influence
based on primary indices of anthropogenic influences [46]. It has been directly used to evaluate the
health of wetland ecosystem [44,49,50]. Some studies have developed the method by modifying the
LDI coefficient and combining with other measure indexes, such as landscape matrix, forest cover,
and road density to evaluate the current condition of wetlands [9,51,52].

However, the indicators used in existing studies to characterize the development intensity of land
use or landscape of agricultural land and grassland [39], as well as the emergy approach for wetland,
are applicable to areas characterized by low population densities. These indicators are not able to well
represent the comprehensive impact of human activities on water quality through landscape changes
in cities, the majority of which are surrounded by areas of high population density and development.
What is more, the values of LDI index proposed by Brown et al. were affected by both area of various
land use types and the LDI coefficient within the assessed regions [52]. In urban areas with complex land
use and frequent human activities, it is challenging to modify the LDI coefficient and determine the LDI
index value. Also, instead of accounting for individual causal agents directly, the LDI index represents the
combined effects of many factors [46]. Thus a more direct and easy approach needs to be applied.

Given the studies cited previously, this research considered that it is feasible to use the index
method to describe and evaluate the landscape development intensity in urbanized areas, and was
based on the main idea that there are indexes of landscape development intensity as key factors affecting
the river water quality in rapidly urbanized areas. This research draws on the concept of “landscape
development intensity” (LDI) proposed by Brown et al. [45] to describe the disturbance degree of
human activities to urban landscape, and extends its application field to urban construction areas.

In urban construction areas, the impact of human interference on environment occurs through
development and construction behavior and social and economic factors, and finally acts on urban
natural environment. In this research field, some scholars have evaluated the level of landscape or land
development through the concept and indicators of “Urban land development intensity (ULDI)”. ULDI
within a certain urban area evaluates the land relative development degree and its cumulative carrying
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density under the condition of regional environmental carrying capacity [53]. Evaluation aspects of
ULDI includes political and economic, cultural and technological, as well as natural and spatial [54–57].
Specific indicators such as: urban population density, ratio of total investment in fixed assets to urban
areas, area of built district as percentage to urban areas, transit network density, green areas per capita
in urban built district, and cultivated area per capita are used in the studies to represent and evaluate
urban development intensity [58–63], which provide good references for characterizing the urban
landscape development intensity in this research.

To quantify the landscape development intensity in rapid urbanized areas, the LDI evaluation
in this research was designed by selecting appropriate indexes that are more easily accessible in
rapidly urbanized areas on the impact of human interference on water quality, with reference to
previously developed indexes. By studying 20 watersheds in Liangjiang New Area, Chongqing,
China, we calculated six landscape development intensity indexes and five water quality parameters
and studied the correlations between them. Understanding the relationships between landscape
development intensity and water quality is important for watershed planning and management and
maintenance of ecosystem structure and functions in watersheds.

2. Materials and Methods

2.1. Study Area

Chongqing is located in southwestern China, the upper reaches of the Yangtze River,
with mountains and hills of complex terrain. Rich in waters and rivers, the Chongqing section
of the Three Gorges reservoir area covers 85.6% of the area of the Three Gorges reservoir area which
means an important ecological location. Therefore, the stability of the water environment in Chongqing
has great ecological and strategic significance for the maintenance of the ecological function of the
Three Gorges reservoir area.

Liangjiang New Area in Chongqing, which was formally established in 2010, is a state-level
development and new district, which is located in the Chongqing section of Three Gorges reservoir area,
including three administrative districts, namely Jiangbei district, Yubei District, and Beibei district [64]
(Figure 1). Liangjiang New Area is in the stage of accelerating urbanization. In 2014, the registered
population was 1.5544 million and the resident population was 2.2446 million. In 2014, the regional GDP
reached 186.1 billion yuan, with 15% year-on-year growth, accounting for more than 13% of the city [65].Sustainability 2019, 11, x FOR PEER REVIEW 4 of 21 
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Figure 1. Map of study area.

Due to industrial development, urban space expansion, excessive construction intensity around
rivers and lakes in built-up areas, as well as the population aggregation and land intensification
caused by land shortage in mountainous cities, the local water system structure in urban construction
areas is disordered, which aggravates the problems of overall water environment of rivers and lakes.
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The degradation of river water quality in the Liangjiang New Area of Chongqing affects the health of
the regional water environment and further threatens the stability of the water ecological environment
in the Three Gorges reservoir area.

2.2. Data Processing

2.2.1. Water Quality Parameters

In this research, 20 major rivers in Liangjiang New Area were studied. A total of 20 water quality
sampling sites are selected where the estuary and tributaries of each main stream flow into the main
stream mouth, which is convenient for traffic and less affected by point source pollution. The natural
catchment unit is divided into 20 small watersheds by dividing the outlet section and the watershed of
the secondary rivers flowing into the Jialing River and the Yangtze River. River distribution, sampling site
number and specific location, small watershed division, watershed name and area are shown in Figure 2.Sustainability 2019, 11, x FOR PEER REVIEW 5 of 21 
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Considering the main pollution factors of the water environment in the Liangjiang New Area and
related researches [66,67], five main control parameters for the surface water environment, including the
total soluble solid (TSS), chemical oxygen demand (CODMN), total nitrogen (TN), ammonia nitrogen
(NH3+-N), and total phosphorus (TP) were selected and measured. Considering the uncertainty of
river water quality in flood season, this research used river water samples collected in April 2014
during the non-flood period, and used clean glass bottles to collect water at a river depth of about 1 m.
Referring to the “National Surface Water Environmental Quality Standard” (GB3838-2002) [68] and
the “Water and Wastewater Detection and Analysis Method” [69], the research selected appropriate
detection methods to test each water quality parameter.

2.2.2. Land Uses

This research used remote sensing image data of the Liangjiang New Area in Chongqing in April
2014. The remote sensing image was obtained from the US Landsat TM and downloaded from the
USGS (http://glovis.usgs.gov/) website. The original image was subjected to true color synthesis,
and after fusion and mosaic processing, the final image result as formed with a resolution of 5 m.
The land use raster data generated by the research of Liangjiang New Area was artificially visual
interpreted, manually sketched vector graphics spots making, and finally converted into raster data.
Referring to the national standard “Land Use Status Classification” (GB/T 21010-2017) [70] revised by
the Ministry of Land and Resources, combined with the land use characteristics of the Liangjiang New
Area and the identifiability of remote sensing information, this research divided the land use in the
study area into nine types: Residential land, commercial land, industrial land, transportation land,
urban green land, cultivated land, forest, pasture, and water. ArcGIS 10.2 was used for relevant spatial
analysis to get the corresponding data.

2.3. Landscape Development Intensity Indexes

Table 1 constructs the evaluation indexes of urban landscape development intensity (a total of
six indexes), and describes the overall landscape development intensity of urbanized areas from
three aspects of social and economic factors (SEF), construction factors (CF), and environmental
factors (EF). The selection of LDI indexes is based on the definition of landscape development
intensity in this research. At the same time, the features of urbanized areas and the accessibility of
relevant data are comprehensively considered; also, the developed indicators of existing literature
are referred [9,59,71,72]. The methods of obtaining the indexes include: Remote sensing image
interpretation, land use data of Liangjiang New Area in 2014, Chongqing statistical yearbook 2015 [65],
China statistical yearbook 2015 [73] and China Population Grid Distribution Data Set [74].

http://glovis.usgs.gov/
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Table 1. Landscape development intensity (LDI) evaluation indexes.

Dimension
Index

LDI Indexes Formula Description

Social and
economic factors
(SEF)

Population density
(PD)

PD = P
Ai

Where, PD is the population per unit land area (people/km2); P is the population
in the watershed; i is the number of sampling site within the watershed; Ai is the
watershed area of the sampling site i.

Land average
fixed asset
investment (FAI)

FAI =
( Ik

AkI
×AiI+

Rk
AkR+AkC

× (AiR + AiC)
)

÷Ai

Where, FAI is the amount of fixed asset investment per unit land area of
corresponding land use type (million yuan, RMB/km2); k is the number of the
district, and i is the number of sampling site within the watershed; Ik is the fixed
asset investment of the whole society of industry in the district k; AkI is the
industrial land area of district k; AiI is the industrial land area of the watershed
where sampling site i within district k is located in; Rk is the fixed asset investment
of the whole society in the real estate development of district k; AkR is the
residential land area of district k; AkC is the commercial land area of district k; AiR
is the residential land area of the watershed where sampling site i within district k
is located in; AiC is the commercial land area of the watershed where sampling
site i within district k is located in; Ai is the watershed area of the sampling site i.

Construction
factors (CF)

Impervious
surface ratio (ISR) ISR = Ci−Ti

Ai
× (1− 0.3)

Where, ISR is the proportion of impervious surface area of the plot in the
watershed area (%); i is the number of sampling site within the watershed; Ci is
the total construction land area in the watershed Where sampling site i is located;
Ti is the area of transportation land in the watershed where the sampling site i is
located; Ai is the watershed area of the sampling site i; 0.3 is the minimum green
land rate of the main urban area in the “Technical Provisions of Chongqing Urban
Planning Management (2018)”.

Urban traffic
facility
construction
intensity (TFCI)

TFCI = Ti
Ai

Where, TFCI is the proportion of the area of transportation land in the watershed
area (%); i is the number of sampling site within the watershed; Ti is the area of
transportation land in the watershed where the sampling site i is located; Ai is the
watershed area of the sampling site i.

Environmental
factors (EF)

Forest coverage
rate (FCR) FCR = Fi

Ai

Where, FCR is the proportion of forest area to watershed area (%); i is the number
of sampling site within the watershed; Fi is the forest area in the watershed where
the sampling site is located; Ai is the watershed area of the sampling site i.

Percentage of
cultivated land
(CLP)

CLP = Pi
Ai

Where: CLP is the percentage of cultivated land in the watershed area (%); i is the
number of sampling site within the watershed; Pi is the cultivated land area in the
watershed where the sampling site i is located; Ai is the watershed area of the
sampling site i.
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2.3.1. LDI Indexes of Social and Economic Factors

Social and economic factors (SEF) consist of population density (PD) and land average fixed asset
investment (FAI). PD in a watershed refers to the number of people per unit land area (people/km2),
which represents the population aggregation in urban and rural areas in the watershed. The growth of
population density directly leads to the squeeze of individual living space, which further increases the
pressure on ecological environment [75]. FAI refers to the fixed assets investment per unit land area of
industrial land, residential land and commercial land (million yuan, RMB/km2). As the carrier of all
construction, development, and production activities, all investments will eventually be implemented
on land. The investment of assets can promote the intensity of urban landscape development [76].

2.3.2. LDI indexes of Construction Factors

Construction factors (CF) include impervious surface ratio (ISR) and traffic facility construction
intensity (TFCI). ISR refers to the proportion of the impervious surface area in the urban plot to the
total area of watershed (%). The spatial distribution of impervious surface is a continuous description
of the city land utilization form, which can well reflect the variation of the urban landforms and
processes [77]. Impervious surface as the dominant landscape in the city, has proven to be one of the
main factors that cause deterioration of water environment [78]. TFCI refers to the percentage of the
transportation land area in the watershed area (%). The construction of traffic facilities, especially
roads, greatly affects the biodiversity and landscape continuity of water ecosystem [9]. At the same
time, this index reflects the level and intensity of infrastructure investment in urbanized areas [72].

2.3.3. LDI Indexes of Environmental Factors

Environmental factors (EF) include forest coverage rate (FCR) and percentage of cultivated
land (CLP). FCR refers to the proportion of forest area in the watershed to the total area of it (%),
which measures the degree of landscape changes made by human beings in the watershed through the
activities such as vegetation removal and planting [40]. CLP is the percentage of cultivated land area
in the watershed occupies a total area of it (%). From the perspective of land use, intensive agricultural
activity has been identified as the main source of non-point source pollutants, and can change and
affect the quality of the adjacent water body [41], so the index can reflect the degree of land resource
utilization and structure.

2.4. Correlation Analysis Model

The design and calculation of LDI index of the study area as explaining variable were carried
out. In terms of the selection of index calculation method, the relationship between the land use in the
study area and each index was established, constructing the LDI indexes based on the calculation of
the land use data of the study area.

The influence of LDI indexes on river water quality was analyzed by Redundancy Analysis (RDA).
RDA is a direct gradient sequencing analysis method, which can evaluate the relationship between
one or one set of variables and another set of multivariate data from a statistical perspective [79].
The greatest advantage of RDA is that it can independently maintain the contribution of each LDI
index to river water quality variance, effectively conduct statistical tests on multiple explanatory
variables [80]. It is mostly used to reveal the relationship between species and their living environment
factors in ecological studies. In this research, it was used to analyze the relationship between six indexes
of landscape development intensity and five parameters of river water quality in the 20 watershed.
Before RDA, it is necessary to conduct Detrended Canonical Correspondence Analysis (DCA) and
gradient calculation on LID indexes. In the four axes of DCA, if the maximum gradient length is
greater than 4, a unimodal model such as CCA is appropriate; if less than 3, the RDA of linear model is
appropriate; if between 3 and 4, both the CCA and RDA are suitable. DCA results of water quality
in the study area are shown in Table 2. It can be seen that the maximum value of gradient length in
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the ranking axis is 1.105, which is less than 3. Therefore, it is reasonable to use RDA linear model
in this research. Through RDA, the overall impact of each index on water quality and the impact of
individual LDI index on each water quality parameter were obtained.

Table 2. The lengths of gradient of Detrended Canonical Correspondence Analysis (DCA) of the water
quality parameters.

Lengths of Gradient

Axe 1 Axe 2 Axe 3 Axe 4

1.105 0.846 0.823 0.848

Z-Scores-Standardization was used to standardize the LDI indexes and water quality parameters.
The specific formula is as follows:

x =
xi − x

s
(1)

x =
1

20

20∑
i=1

xi (2)

s =

√
1

20

20∑
i=1

(x− x)2 (3)

where, x is the standardized LDI index or water quality parameter, xi is the LDI index or water quality
parameter of the watershed of the sampling site i, x is the average of 20 watersheds, s is the standard
deviation of 20 watersheds. The standardized data is entered into Canoco for Windows 4.5 software
for RDA, and the significance of the variables was examined by 999 Monte Carlo test.

3. Results

3.1. Descriptive Statistics of Water Quality and LDI Indexes

Table 3 describes the water quality parameter test results of river sampling sites in 20 small
watersheds in Liangjiang New Area. It can be seen that the mean concentration of TN, NH3+-N and
TP was inferior to the minimum allowable value of Class V water in the “National Surface Water
Environmental Quality Standard” (GB3838-2002) [68], and about 70% of the sampling sites exceed
the limit value of the Class IV water quality parameters. This shows that the overall water quality of
the rivers in the Liangjiang New Area was poor, and the nutrient salt pollution was relatively serious.
The nutrient pollution of N and P elements was particularly prominent.

Table 3. Descriptive statistics of water quality parameters of 20 watersheds in Liangjiang New Area of
Chongqing. Abbreviations: Total soluble solid (TSS), chemical oxygen demand (CODMN), total nitrogen
(TN), ammonia nitrogen (NH3+-N), and total phosphorus (TP).

Water
Quality

Number of
Sample Sites

Average
(mg/L)

Minimum
(mg/L)

Maximum
(mg/L) SD

Class IV
Standard

(mg/L)

Class V
Standard

(mg/L)

TSS 20 27.49 6.33 114.07 32.45 ≤60 ≤150
CODMN 20 4.46 0.57 22.26 4.59 ≤10 ≤15

TN 20 6.73 1.08 15.63 3.95 ≤1.5 ≤2
NH3+-N 20 3.87 0.86 17.62 5.37 ≤1.5 ≤2

TP 20 0.50 0.04 2.07 0.50 ≤0.3 ≤0.4

Figure 3 shows the features of six LDI indexes in 20 small watersheds. It can be found that:
The forest coverage rate (FCR) value and percentage of cultivated land (CLP) value of 20 watersheds



Sustainability 2019, 11, 7120 9 of 20

were significantly different. In addition to S13, S14, S15, and S16 (Panxi River, Gailan River, Mao River,
and Xiaojia River watersheds), impervious surface ratio (ISR) and traffic facility construction intensity
(TFCI) values in different watersheds varied slightly, while population density (PD) and land average
fixed asset investment (FAI) values varied much more little by contract. PD, FAI, SP, and TFCI are four
indexes reflecting the total amount of urban development and construction, and their values reached
the maximum value in the small watersheds where the proportion of construction land were relatively
high, such as S13, S14, S15, and S16. Comparatively, the indexes of FCR and CLP, which reflect the
amount of non-construction land in the city, were the lowest in those four small watersheds.
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fixed asset investment (FAI) of 20 watersheds, (c) feature of forest coverage rate (FCR) of 20 watersheds,
(d) feature of cultivated land (CLP) of 20 watersheds, (e) feature of include impervious surface ratio
(ISR) of 20 watersheds, and (f) feature of traffic facility construction intensity (TFCI) of 20 watersheds.

3.2. Correlation of LDI Indexes and Water Quality

According to the RDA results, the eigenvalue of the four ordination axes of RDA were 0.338,
0.088, 0.017, and 0.013, respectively, which explained 45.5% of water quality characteristic variance,
among which the axis 1 and axis 2 comprehensively explained 93.5% of water quality-LDI indexes
information (Table 4). The axis 1 of RDA ordination contains the most information of LDI indexes
(Table 5), among which ISR has the largest positive correlation with the axis 1 (r = 0.41). This shows
that the axis 1 of each sampling site mainly reflects the gradient changes of ISR.
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Table 4. Redundancy analysis (RDA) results for LDI indexes and water parameters.

Axis 1 2 3 4 Total Inertia

Eigenvalues 0.338 0.088 0.017 0.013

1.000Water quality—LDI indexes correlations 0.689 0.701 0.652 0.474

Cumulative percentage variance of water
quality data 33.8 42.6 44.2 45.5

Cumulative percentage variance of water
quality—LDI indexes relation 74.2 93.5 97.1 100.0

Sum of all eigenvalues 1.000

Sum of all canonical eigenvalues 0.455

Table 5. Importance and signification level of individual LDI indexes and its correlation coefficients of
first two RDA axes.

LDI Index Rank Importance Variance
Explains % p-Value Correlation

with AX1
Correlation
with AX2

ISR 1 0.16 34.78 0.042 * 0.41 0.45
FAI 2 0.14 30.43 0.040 * 0.26 0.50
PD 3 0.06 13.04 0.292 0.37 0.29

FCR 4 0.04 8.70 0.434 −0.23 −0.23
TFCI 5 0.03 6.52 0.414 0.28 0.50
CLP 5 0.03 6.52 0.492 −0.24 −0.35

Note: * Denotes significant relationships at a probability level of <0.05.

In order to explore factors of each dimension as independent explanatory variables and common
explanatory variables, social and economic factors, construction factors, and environmental factors
were taken as main explanatory variables respectively, and factors of the other two dimensions were
taken as concomitant variables for partial RDA analysis. According to the independent explanatory
variable results of each dimension and the explanatory variable results of the three dimensions obtained
in Table 4, the common explanatory part of the three dimensions is obtained by subtraction (Figure 4).
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obtained by partial RDA analysis. The gray part represents the part that water quality variance is
jointly explained by the factors of three dimensions, while the white part represents the independent
explanation of water quality variance explained by the factors of each dimension.

3.2.1. Correlation of Social and Economic Factors and Water Quality

As can be seen from Figure 4, social and economic factors independently explained 43.5% of water
quality variance, with the largest independent variance explain in the three dimensions. From the test
results of the importance and signification level of individual LDI index in Table 5, the influence of
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land average fixed asset investment (FAI) on river water quality reached a significant level (p < 0.050),
and the amount of the explain for water quality characteristic variance accounted for 30.43% of the total
information, which indicates that FAI is an important factor affecting river water quality. The index of
population density (PD) did not reach the significant level (p > 0.050), indicating that PD had little
effects on water quality in this research.

3.2.2. Correlation of Construction Factors and Water Quality

From Figure 4 that construction factors independently explains 35.4% of water quality variance,
with a relatively high explain, which is inferior to social and economic factors’ independent explain
in three dimensions. From Table 5, the influence of impervious surface ratio (ISR) on river water
quality reached a significant level (p < 0.050), and the amount that could explain the water quality
characteristic variance is the highest, accounting for 34.78% of the total information. This indicates
that ISR is also one of the key factors affecting the water quality of rivers. The index of traffic facility
construction intensity (TFCI) did not reach the significant level (p > 0.050), indicating that TFCI had
little effect on water quality in this research.

3.2.3. Correlation of Environmental Factors and Water Quality

As shown in Figure 4, environmental factors accounted for only 14.3% of the variance in water
quality independently, with the lowest explanation in the three dimensions. From Table 5, the influence
of forest coverage rate (FCR) and percentage of cultivated land (CLP) on river water quality did not
reach a significant level (p > 0.050), indicating that FCR and CLP had little effects on water quality
in this research. Meanwhile, it is noticed that FCR and CLP were negatively correlated with axial 1
(r = −0.23, −0.24, respectively), showing these two indexes were opposite to the gradient change trend
of water quality.

3.3. RDA Ordination Diagram of Indexes with Significant Effects

After the correlation test, the indexes with insignificant effects were screened out, and only the
RDA results of the indexes with significant effects were retained. The RDA ordination diagram of
impervious surface ratio (ISR) and land average fixed asset investment (FAI) generated from Canoco is
shown in Figure 5. The correlation of them are determined by the cosine value of the angle between
their axes (Table 6). The positive correlation between LDI indexes and river water quality indicates
that this index plays a role in the deterioration of river water quality, and conversely, it plays a role in
the purification of river water quality. It can be seen from Figure 5 and Table 6 that ISR and FAI have
positive correlations with TN, TP, NH3+-N, and CODMN. The correlation with four water quality
parameters is TN > TP NH3+-N = CODMN. The positive correlations of ISR with water quality
parameters are all higher than the correlation between FAI and corresponding water quality parameters.
ISR and FAI have negative correlations with TSS, and the negative correlation of FAI is higher than
that of ISR.

Table 6. Correlation matrix of LDI indexes and single river water quality parameters.

LDI Indexes TSS TP TN CODMN NH3+-N

FAI −0.707 0.500 0.766 0.276 0.276

ISR −0.469 0.731 0.921 0.545 0.545



Sustainability 2019, 11, 7120 12 of 20Sustainability 2019, 11, x FOR PEER REVIEW 12 of 21 

 
Figure 5. The RDA ordination diagram of impervious surface ratio (ISR) and land average fixed asset 
investment (FAI). FAI is the amount of fixed asset investment per unit land area of corresponding 
land use type (million yuan, RMB/km2); ISR is the proportion of impervious surface area of the plot 
in the watershed area (%). 

Table 6. Correlation matrix of LDI indexes and single river water quality parameters. 

LDI Indexes TSS TP TN CODMN NH3+-N 
FAI −0.707 0.500 0.766 0.276 0.276 
ISR −0.469 0.731 0.921 0.545 0.545 

4. Discussion 

4.1. Effects of Social and Economic Factors on Water Quality 

Land average fixed asset investment (FAI) was proved to be an important index that has a 
significant impact on river water quality (p = 0.040 *, explain of 30.43%). The size of this index is 
related to the intensity of human activities on the land, describing the reflection of the total fixed asset 
investment in industrial and real estate development in the watershed in 2014 in terms of the area of 
land per unit of the watershed. The total amount of fixed assets investment can accurately describe 
the economic benefits of the watershed and further reflect the active degree of the local administration 
of watershed in the investment of landscape development and construction. The larger the 
investment of fixed assets in industrial land, residential land, and commercial land, the greater the 
development and construction of the above-mentioned land types, and the higher the possibility of 
sewage and pollutants. In addition, the index allocates the total amount of fixed asset investment to 
the land per unit area, which can eliminate the errors caused by the large difference in watershed 
area to some extent. Interestingly, in this research, ISR and FAI were negatively correlated with TSS. 
The possible reason for this is that most of the construction land in the city is of smooth, hard, 
impervious ground, which is cleaned regularly, so there is not too much sediment accumulation. 

What is more, it can be observed that in the study area, the FAI of Xiangxi River and Hou River 
watersheds are similar (204.73 million yuan, RMB/km2 and 192.22 million yuan, RMB/km2, 
respectively), and the watersheds are in similar positions, both of which are located in the upper 
reaches of Jialing River. However, the water quality of the watersheds varies greatly: The former had 
poor water quality with three water quality parameters below the standard, and the latter had better 

Figure 5. The RDA ordination diagram of impervious surface ratio (ISR) and land average fixed asset
investment (FAI). FAI is the amount of fixed asset investment per unit land area of corresponding land
use type (million yuan, RMB/km2); ISR is the proportion of impervious surface area of the plot in the
watershed area (%).

4. Discussion

4.1. Effects of Social and Economic Factors on Water Quality

Land average fixed asset investment (FAI) was proved to be an important index that has a
significant impact on river water quality (p = 0.040 *, explain of 30.43%). The size of this index is
related to the intensity of human activities on the land, describing the reflection of the total fixed asset
investment in industrial and real estate development in the watershed in 2014 in terms of the area of
land per unit of the watershed. The total amount of fixed assets investment can accurately describe the
economic benefits of the watershed and further reflect the active degree of the local administration of
watershed in the investment of landscape development and construction. The larger the investment of
fixed assets in industrial land, residential land, and commercial land, the greater the development
and construction of the above-mentioned land types, and the higher the possibility of sewage and
pollutants. In addition, the index allocates the total amount of fixed asset investment to the land per
unit area, which can eliminate the errors caused by the large difference in watershed area to some
extent. Interestingly, in this research, ISR and FAI were negatively correlated with TSS. The possible
reason for this is that most of the construction land in the city is of smooth, hard, impervious ground,
which is cleaned regularly, so there is not too much sediment accumulation.

What is more, it can be observed that in the study area, the FAI of Xiangxi River and Hou
River watersheds are similar (204.73 million yuan, RMB/km2 and 192.22 million yuan, RMB/km2,
respectively), and the watersheds are in similar positions, both of which are located in the upper
reaches of Jialing River. However, the water quality of the watersheds varies greatly: The former had
poor water quality with three water quality parameters below the standard, and the latter had better
water quality with only TN concentration slightly higher than the minimum allowable value of class V
water. It is speculated that this phenomenon may be related to the size of the watersheds: Hou River
watershed with better water quality is 28 times larger than Xiangxi River watershed with worse water
quality. Similar situations also occurred in Dongliang River and Zhaoyang River watersheds, as well
as Zhangjia River and Heishui River watersheds. This proves to a certain extent that FAI has scale
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effect on water quality, that is, the area of the watersheds with similar FAI and adjacent locations is
inversely proportional to the river water quality in the watershed.

Domestic sewage produced by urban population mainly affects river water quality by point source
discharge. Although there is a positive correlation between population density (PD) and domestic
pollution load [81], most domestic sewage in cities enters sewage treatment plants through interception.
According to the local study of Mo et al. [82], there were 5 sewage treatment plants in Liangjiang New
Area in 2012, with a sewage treatment rate of 87%. By April 2015, there were 10 sewage treatment
plants in operation in Liangjiang New Area, with a total sewage treatment scale of 780,000 tons/day [83],
which to a large extent alleviated the pressure of point source pollution on the water environment of the
watersheds and greatly reduced the effect of population density on the river water quality. In addition,
in urbanized areas, the concentration of population mainly affects water quality by converting land
cover into impervious surfaces. However, some areas with higher population density, such as high-rise
high-density residential areas, have small effects on water quality because they have less impervious
surface area than low-density residential areas [84]. It can be seen that PD in urbanized areas may not
have significant correlation with river water quality in this study area.

Social and economic factors have the largest independent explain of water quality variance,
which can affect the water environment of a region through capital, technology, decision making,
system, and other factors at multiple levels. Urban population aggregation and industrial spatial
agglomeration caused by the regulation of social and economic factors have been proved to be the
most fundamental cause of water environment degradation [19,85]. Therefore, adjusting social and
economic factors on the decision making level is an important way to improve river water quality.

4.2. Effects of Construction Factors on Water Quality

Impervious surface ratio (ISR) was also proved to be a key index with significant influence on
river water quality (p = 0.042 *, explain of 34.78%). ISR reflects the proportion of impervious surface
area in various plots of construction land within the watershed, including residential land, commercial
land, and industrial land. The linear land use for transportation is deducted from the calculation of this
index, so the control of land use index is limited to the interior of each plot. As one of the significant
features of urbanization and landscape development, the effect of impervious surface on water quality
is mainly manifested as increasing non-point source pollution load [86]. The increase of impervious
surface area of plot will increase the runoff of rainfall in a short time, and increase the flood frequency
and total runoff in a long time. As a whole, the overall impervious surface ratio of watersheds is
proportional to the runoff, and plays an important role in urban waterlogging [87].

It is worth noting that in the study area of this research, the ISR of Hou River and Zhangjia
River watersheds is similar, and the values are relatively low, which is 6.87% and 6.93%, respectively.
However, the area scale of the two watersheds is quite different: The former is 43 times larger than
the latter. But in terms of water quality, both watersheds had a relatively good water environment,
with only TN concentration slightly higher than the minimum value of class V water. Similarly, the ISR
of the Gailan River, Mao River, and Xiaojia River watersheds is close and high (34.75%, 35.81%,
and 30.96%, respectively), and the area of the last one is four and five times that of the former two.
However, as for the water quality, the concentration of three parameters in all three watersheds was
significantly higher than the minimum allowable value of class V water. It can be inferred that: In this
research, ISR seems not to show the scale effect on water quality; and at different scales, there is an
obvious positive correlation between ISR and river water quality. That is to say, reducing impervious
surfaces within a watershed is a suitable adaptation strategy for improving river water quality at any
scale [88].

Frequent traffic activity of motor vehicles is an important source of road pollutant accumulation [89].
Rainwater runoff is an important factor affecting water quality in mountainous urban areas with high
road slope. Especially in the flood season from June to August, the early rainfall runoff of moderate
rainfall and heavy rainfall events has a strong scour effect on pollutants on the roads with high slope,
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leading to the most obvious runoff pollution [90]. However, the water quality parameters adopted in
this research was in April of 2014, which was not the flood season. Therefore, the runoff pollution
of the road was not obvious, which may lead to the insignificant correlation between traffic facility
construction intensity (TFCI) and water quality in our study.

Construction factors have a relatively large independent explain for water quality variance,
and they mainly change the surface runoff and affect the river water quality by changing the
land use and land cover, and have the most direct impact on the water environment degradation.
Through planning and design strategies, the influence of construction factors on water quality can be
effectively controlled.

4.3. Effects of Environmental Factors on Water Quality

Since 2000, Chongqing has responded to and implemented China’s policy of “Grain for green”
(returning the cultivated land to forest or pasture). By 2014, the city had completed a total of 12,823.3
km2 of farmland conversion projects assigned by the state [91]. In this process, the possible classification
error in land use statistics will lead to the uncertainty of the laws of the effects of forest land and
cultivated land on water quality. At the same time, the forest converted from cultivated land in a short
period of time may be a “source” rather than a “sink” due to the accumulation of pollutants in the soil,
which also makes the effect on water quality uncertain. So in this research forest coverage rate (FCR)
and percentage of cultivated land (CLP) were not significantly correlated with water quality parameters,
which seems to be inconsistent with the conclusions of relevant studies [30,92–94]. In addition, as
the water quality parameters collected in this research came from April, which was in the non-flood
season, so the non-point source pollutants brought by agricultural activities had not been discharged
in a large amount, which led to the result that the correlation between CLP and water quality was
not significant. This is consistent with the conclusion of the relevant studies that the effect degree of
cultivated land on water quality is seasonal [31,95].

Environmental factors have the least independent explain of water quality variance. The effect
of environmental factors such as forest land and cultivated land on water quality mainly depends
on the area of the land use and the distance from the water body [30,92–94], and the mechanism of
environmental factors affecting water quality is relatively single and passive. In addition, relevant
studies on the trend of land use change in Liangjiang New Area from 2009 to 2015 showed that the
most important transformation direction of land in the study area was the conversion from cultivated
land and forest to construction land. The area of cultivated land, forest, garden, villages and water
is shrinking year by year, and the reduced land was mainly converted into transportation land and
urban land [96]. Therefore, although FCR and CLP had no significant correlation with water quality in
this research, given the tradeoff and the game between construction land and non-construction land in
rapidly urbanized areas, improving FCR and guaranteeing the area of basic farmland is conductive to
playing a role in the river water environment improvement by restraining the further expansion of
construction land, most of which are impervious surfaces [30,92].

5. Conclusions

In this research, by selecting indexes that can well evaluate the landscape development intensity
in urbanized areas, and exploring the correlation between indexes and river water quality parameters,
the indexes that have a great impact on water quality were screened out. The aim of improving water
quality of urban rivers then can be achieved by controlling the selected key indexes.

Impervious surface ratio (ISR) describes the scale of development and construction of urban
built-up areas from the dimension of construction factors. In the process of rapid urbanization,
the higher the impervious surface rate and infrastructure construction intensity are, the worse the
water quality is. The control and guidance requirements of ISR are proposed from the planning and
design level. On the one hand, control the construction land scale, which means limiting the growth of
ISR. Firstly, the growth rate of urban built-up areas should be calculated according to the current scale
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of construction land based on the development goals of regional social and economic factors, such as
the growth rate of population and economy [97], so as to control the immoderate and aimless growth
of ISR by limiting the scale. Secondly, on the premise of maintaining the existing construction volume,
the ISR can be controlled from the spatial layout of the land. For example, replacing the low-density
single-family residential area mode with a high-density community mode, thereby reducing the area
of the impervious surface [84].

On the other hand, the river water quality in small watersheds can be improved by reducing
the significance of ISR on water quality, which means to reduce the interference of local hydrological
circulation feedback effect in small watersheds. For example, under the premise of fixed scale of urban
hard ground, one of the planning and design strategy is replacing the impervious ground pavement
with permeable concrete and permeable bricks and reduce the significant degree of ISR’s influence on
river water quality. Furthermore, the area saved from the compact land layout can be used to increase
the natural spaces, which can effectively play the role of runoff interception, such as planning into
rainwater gardens, rainwater harvesting tanks and biological pools [98–100]. Another sustainable
method of runoff disposal is the design and use of infiltration facilities as an integral part of the
drainage management of sewerage system of buildings or other paved surfaces, such as infiltration
trench, infiltration shaft, and infiltration basin. The basic principle and functions are to divert rainwater
to infiltration zone as quickly as possible and to infiltrate into the surrounding soil [99].

Land average fixed asset investment (FAI) describes the intensity of urban landscape development
from the dimension of social and economic factors. The assemblage of population, capital, labor,
technology, system, and other elements in different regions is one of the important factors that exert
great pressure on regional water environment protection [85]. By calculating the threshold range of
FAI for deterioration of river water quality, the economic growth rate as well as the amount of asset
investment in the watershed can be regulated accordingly. By controlling the size of FAI at the decision
making level, the index is within the threshold of deteriorating river water quality, thereby achieving
the goal of improving river water quality. What is more, by monitoring the LDI indexes which are
highly explanatory and correlated with the variance of river water quality, the future state of river
water quality in the study area can be predicted, and the relevant indexes can be timely regulated,
so as to deal with the risk and challenge of water quality deterioration in advance.

Furthermore, land use types such as forest, pasture, cultivated land and wetland, as environmental
factors, reflect the current situation of the ecological environment of the watersheds, and are also
important components of the landscape ecological security pattern of the watershed. They are also the
key to maintain the health of the watershed ecosystem and the stability of the regional hydrological
cycle. Relevant research shows that forests have a better purification ability to water quality than other
environmental factors [31,40,92]. Therefore, the improvement of forest coverage rate (FRC) is also
the key to improve river water quality. At the same time, considering the important role of riparian
forest as a buffer zone in reducing channel margin erosion, controlling the inputs of fine sediments and
nutrients, and protecting the ecological processes in headwater streams [101–103], we should first pay
attention to the shaping of the natural spaces along the river when increasing the forest coverage rate.
What is more, further research can be carried out from the approach of landscape security patterns,
and to identify the key parts, points, and location that control water pollution.
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