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Abstract: (1) Background: Small- and medium-sized rivers in urban areas are unique environments
that serve as blue-green corridors for urban residents. The relationship between land-use types
and water quality in these rivers provides important information for effectively addressing urban
river restoration and pollution management. However, not much attention has been paid on these
small- and medium-sized rivers, especially in large urban agglomerations with dense river networks.
(2) Methods: This study undertook a field investigation on 130 sampling small- and medium-sized
rivers during the late summer and applied data-driven water quality index and landscape analysis
techniques to evaluate the direct impacts of riparian land-use types on the summertime water
quality in Shanghai’s small- and medium-sized rivers. Riparian land-use types were derived from
OpenStreetMap (OSM) datasets, including industrial, commercial, residential, and green spaces.
(3) Results: Residential and green space are located closer to these sampled rivers than industrial and
commercial land types, suggesting a tentative link between anthropogenic activities and water quality.
Further analysis concluded that urban resident settlements, characterized by specific land-use types,
DMSP-OLS nighttime lights, OSM road density, and OSM river density, strongly affected the water
quality at the sub-catchment scale. We further determined the critical radii for impacts of land use
types on urban rivers. Industrial types may influence water quality within a maximum radius of 5 km,
followed by green space (4 km), residential areas (3 km), and commercial developments (2 km). These
mathematically and statistically computed radii provide updated visions for river health assessment.
For a specific land-use type, the assessed water quality index will be biased by using an assessment
area with a radius higher or lower than the above-estimated radii. The study also quantified the
spatial extent and transmission efficiency of non-point source pollution in a super built-up area of
central Shanghai. We observed that contaminants transported by river pathways can reach a larger
area than those transported by roads. (4) Conclusions: The high-quality environments in small-
and medium-sized rivers are tightly linked to riparian landscape patterns. It is therefore urgent to
control domestic pollutions as part of the restoration of megacity’s urban rivers and grapple with
the complex challenges of risks to water supply. This study elaborates the importance of integrating
land-use planning and water-quality management to maintain the functions and services of small-
and medium-sized urban rivers.
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1. Introduction

Adequate amounts of suitable quality water resources are a precondition for ecological
integrity as well as economic development. Numerous stresses influence water quality,
such as natural processes (e.g., weathering, precipitation, and soil erosion), anthropogenic
factors (agricultural, urban, and industrial activities), and the increased utilization of water
resources [1]. Urban water quality is a fundamental variable for ecosystem services [2],
while its quality is mainly controlled by anthropogenic factors [3]. The effects of human
settlements on hydrochemistry can either be diffused (e.g., runoff from urban land surfaces)
or directly discharged (e.g., direct industrial effluents).

Urban watershed characteristics, including land use, can strongly influence the surface
water quality [4,5]. Many rivers in cities have been replaced by built-up areas through
urban construction and other human activities. This reduces the water surface area and
river density, resulting in degradation of the structure and storage capacity [6,7]. In recent
years, there has been a rapid decline in the quality and quantity of fresh water due to
unsustainable urban land use [8,9]. Some previous studies reported that continuous land
use changes without proper development plans and law enforcement may critically threaten
the sustainability of river networks [10-12].

In the highland of Malaysia, sensitive highlands areas are prone to landslides and soil
erosion, which then contribute to the main water pollution issues in the network of river
system, sedimentation, and siltation [10]. In the Songkhram River Basin of Thailand, the
land use change plays a positive role in increasing the regional river streamflow, which
may affect the strategy of river management [11]. In Brazil, water quality variables respond
differently to land use changes at different spatial scales, and thus the spatial extent is
an important aspect to be considered in studies and management [12]. These studies all
focused on the impacts of land use change on river health in the larger catchment scales.
Additional efforts are needed from urban perspectives since urban land use changes and
landscape patterns are usually dramatic.

Hydro-morphologically, small- and medium-sized urban rivers are increasingly af-
fected by urban river restoration to improve the blue-green elements in urbanized areas [13].
These minor streams are then unique environments that serve as ecological corridors for
humans, birds, benthic invertebrates, etc. The riparian zones adjacent to these rivers serve
as buffers for urban pollutants. However, among the current studies on urban water qual-
ity, little attention has been paid to the ecological and environmental functions of small-
and medium-sized rivers [14], especially in large urban agglomerations with dense river
networks [15,16].

Shanghai, which is one of the most developed cities in China, has received considerable
attention due to its economic importance as well as its severely polluted conditions resulting
from agricultural, urban, and industrial activities in this region [17]. Shanghai is confronted
with water quality challenges. River networks in Shanghai are made up of two main stems
(i.e., Huangpu River and Suzhou River), and tens of thousands of human-modified small-
and medium-sized rivers [18].

The most fundamental characteristics of Shanghai’s urban river network are that the
pollutants penetrate and diffuse into those micro-canals [15,16]. Thus, it is ineffective to
improve the urban water quality by only managing the main river environments. However,
Shanghai is not alone among other megacities in the developing world, which are also
grappling with the complex challenge of balancing rapid urbanization with the preservation
and maintenance of a high-quality water supply.

The industrial development of Shanghai has introduced heavy metals and chemicals
into the urban environment. The residues of these chemicals flow into the river during
rainfall events, causing eutrophication, among other impacts. The city’s low sewage
treatment capacity has resulted in industrial and residential waste being discharged directly
into the watershed. The pollution sources have gradually changed from point sources to
non-point sources [19,20].
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The sources of this non-point wastewater are mainly industrial and residential land
use. In recent years, the Shanghai municipal government has highlighted the provision of
clean water to both enhance the standard of living of its residents and to protect the natural
environment. According to the Shanghai River & Lake Report (version 2019), 10% of the
monitored urban rivers are at the lowest level [Grade V; Environmental Quality Standards
for Surface Water (GB 3838-2002)], and nitrogen and phosphorus eutrophication is still a
severe problem for Shanghai’s water environments.

With respect to the abovementioned challenges, some studies have examined the
variation in water pollution across Shanghai over time, and how the urban to suburban
gradient and land uses influence water quality in this city [3,5-7,15-18,21]. However, there
are no studies exploring the influence of landscape patterns of different land-use types
on the water quality of small- and medium-sized rivers in Shanghai [19], and no studies
considering how these scientific findings would help stakeholders and decision-makers in
improving urban river management.

To fill knowledge gaps in urban river restorations, the study aims at exploring the
mechanism of how the water quality of small- and medium-sized rivers is linked to
superimposed impacts from Shanghai’s human settlements and determining the underlying
relationships between the summertime water quality of small- and medium-sized rivers
and diverse landscape compositions (industrial, commercial, and residential, and green
spaces) in Shanghai.

2. Materials and Methods
2.1. Study Area

Shanghai is located on the coast of the East China Sea and at the estuary of the Yangtze
River (Figure 1). Shanghai is a global center for finance, business and economics, research,
education, science and technology, manufacturing, tourism, culture and transportation, and
the Shanghai Port is the world’s busiest container port. With a population of 24.9 million
as of 2020, Shanghai is the most populous urban area in China. Shanghai’s mean annual
temperature is 15.8 °C, and its annual precipitation is 1149 mm. Approximately 60% of the
precipitation occurs during the typical wet season from May through September.

The total number of rivers in the greater Shanghai area (6341 kmz) is around 46,392,
with a total length of 29,862 km and total surface area of 529 km?. Small- and medium-sized
rivers, which are administratively managed by village-level divisions, are 39,045 in total,
accounting for 61.8% of the total length and 36.7% of the total surface area of Shanghai’s
urban rivers. In 2019, the medium- to heavy-polluted urban rivers (Grade IV and V)
accounted for 47.5% of the total length and 3.1% of the total surface area. The Shanghai
Municipal Government has announced a series of policies on managing river pollution
(Figure 1b). One phase of this goal was to manage and purify the Grade V rivers by the
end of 2020.

Shanghai Municipal Government carried out a city-level river cleaning action at
the early August of 2019. The action mainly included dredging to remove sentiment
contaminants and harvesting overgrown aquatic plants (e.g., black algae, watermilfoil,
houttuynia, etc.) to stabilize the water quality for urban rivers. The dramatic action
was believed to greatly improve the water quality to the normal situations, according to
Shanghai River and Lake Report (version 2019). By definition, small- and medium-sized
rivers in Shanghai are unnavigable urban rivers (i.e., 15-30 m width, 2-5 m depth, and
1-3 km length) that located mainly in suburban areas and can be easily affected by human
activities (examples via Figure S1).
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Figure 1. (a): Locations of 130 sampled sections in Shanghai’s small- and medium-sized rives.
(b): Timeline for Shanghai’s river water quality managing operations in the years 2014-2020.

2.2. Field Investigations in Urban Rivers

Our field investigations were conducted between 16 August and 15 September (local
summer) in 2019. The period was several weeks after the government’s large-scale river
cleaning operations. We adopted this summertime water quality to represent the averaged
situations of Shanghai’s river health to be the same as previous studies [6,7,16,18]. As
in other seasons, submerged plants and micro-organisms may minimize their positive
influences on the water quality. Water quality or water quality indices in this study only
concentrate on the summertime throughout the paper, unless specifically mentioned.

We adopted the randomly stratified method by selecting 31 small- and medium-sized
rivers from 15 administrative districts of Shanghai (Figure 1a). Shanghai’s small- and
medium-sized rivers are often 2-3 km length with high landscape fragmentation. Each of
the selected rivers were sampled by every 500 m footstep, and a total of 130 sampled river
sections were determined. Water samples (replicated for three times) were then taken on
10 cm depth below surface of those sections using a 500-milliliter glass bottle. It is worth
noting that these sampled rivers had very limited water exchange with the Huangpu River
and Suzhou Creek, due to the pump stations the government built to limit water exchange
between polluted streams and downstream reaches.

2.3. Measurements of Urban Water Quality Indicators

(i) Physical indicators. On-site properties of sampled urban rivers were measured us-
ing a Hydrolab DS5 multiparameter water quality probe (OTT Hydromet GmbH,
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Kempten, Germany) at a constant depth of 0.5 m. These directly measured parameters
included the temperature (Temp; °C), turbidity (NTU; nephelometric turbidity unit),
dissolved oxygen (DO; milligram per liter), Blue-green Algae (BGA; cells per liter), pH
(dimensionless), and conductivity (Cond; millisecond per centimeter). We also used a
Li-1500 quantum sensor (Li-COR Inc., Lincoln, NE, USA) to measure the radiation
absorbency (RA; percentage) for the top 0.5 m water. The RA is estimated as the
ratio of above water surface radiation at 0.1 m height to the in-water radiation at a
0.5 m depth.

(i) Chemical indicators. We conducted laboratory experiments to analyze the biochemical
pollutants in the collected water samples, including the total nitrogen (TN; milligram
per liter), total phosphorus (TP; milligram per liter), ammonium nitrogen (NH + 4; mil-
ligram per liter), and permanganate Index (CODMN; milligram per liter), chlorophyll
a (Chla; microgram per liter), total suspended solids (TSS; milligram per liter), and
five-day biological oxygen demand (BODS5; milligram per liter). Determinations of
abovementioned variables followed the recommended methods of ISO 4313:1976, ISO
5815:1989, ISO 10260:1992, ISO 8467:1993, ISO 11923:1997, ISO 11732:2005, and ISO
29441:2010 (International Organization for Standardization; https://www.iso.org/,
accessed on 20 November 2020). The raw data are displayed in Figure S2.

2.4. Field Investigations in Urban Rivers

We adopted an ecosystem-specific (data-driven) water quality index (WQI4) to com-
prehensively evaluate the physical, chemical, and microbiological pollutants in sampled
urban rivers in Shanghai. There are over 30 water quality indices existing in the current
research field [22]. The evaluations of water quality are highly methodology-dependent,
e.g., different approaches and indices output different water quality classifications [20].
The adopted data driven WQIy is useful for revealing mathematical trends in the collected
data rather than introducing new statistical variables and theoretical parameters into the
datasets [16,22,23].

We first applied principal component analysis to assess the parameter redundancy
and selected parameters that reflected the most variability (Figure S3). Among the 14 tested
parameters, Temp and pH were excluded due to their low sensitivity to the overall dataset.
Secondly, we determined the weight of the 12 selected parameters using their proportions
of eigenvalues (Table S1). Thirdly, we used the additive aggregation method in terms of
the weighted sub-index values to calculate the overall WQI for each sampled river. Lastly,
the output WQI4 was normalized to the range of 0-1 and assigned to one of five classes
ranging from the poor to the good (Table S2).

2.5. Remotely Sensed Data Sources

The main remotely sensed data sources of the study were from GlobeLand30 land
cover datasets at a 30-m resolution, OpenStreetMap (OSM) datasets, and DMSP-OLS
nighttime light datasets at a 1 km resolution. GlobeLand30 land cover datasets are freely
available and comprise ten types of land cover, including forests, artificial surfaces and
wetlands etc. The Defense Meteorological Program (DMSP) Operational Line-Scan System
(OLS) has a unique capability to detect visible and near-infrared (VNIR) emission from
land surfaces, especially urban agglomerations.

We then extracted land-use types for the Shanghai area from the OSM database. OSM
land-use types can be tentatively categorized into industrial, commercial, residential, and
green spaces. Spatial densities of four land-use types were adjusted by multiplying the
normalized nighttime light as a weight (see Figure 54 for the pre- and post-comparisons).
We also extracted featured road and river data for Shanghai from the OSM and made
gridded density maps.
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2.6. Remotely Sensed Data Validation

The OSM offers a user-defined land-use and land-cover dataset [24], and this is helpful
for distinguishing how different human activities would affect water quality at higher
spatial scales [17]. The reliability of OSM data was validated by previous studies worldwide,
and related results indicated that OSM data were completed with high spatial accuracy
in the urban area [25,26]. Previous studies demonstrated that OSM tends to have better
quality data than the provided by the government and/or commercial agents, especially in
densely populated cities. We added a verification table by randomly selecting 10 out of
20 places/points in Shanghai, and the results revealed that OSM served as a robust data
source for extracting urban land-use types here at Shanghai (at high accuracy).

2.7. Spatial and Statistical Analysis

Spatial analysis of various imagery and gridded data was conducted at a 1 km res-
olution using QGIS software. Landscape Euclidean distances analysis were applied to
assess the locations of different land-use types to studied rivers. Gaussian process regres-
sion (Kriging) was used to generate a spatial map of WQI4 for Shanghai. The minimal
cumulative resistance method was borrowed to analyze the transportation efficiency of
contaminants in Shanghai’s urban rivers.

The DMSP-OLS nighttime light, OSM river density, and OSM road density are contin-
uous spatial variables. Some analytic techniques (e.g., ANOVA) require clustered data, and
thus the Davies-Bouldin index and k-means clustering were used to determine the optimal
number of clusters for abovementioned variables (Figure S5) and their group numbers,
respectively. Other statistical analysis includes Tukey’s Honestly Significant Difference
test, Binning linear regression, and Pearson correlation coefficient were introduced and
completed by using R language and related packages.

3. Results
3.1. Demonstrations of Urban Land Use Types and Summertime Water Quality

OSM-extracted land-use types for Shanghai (Figure 2a) were mainly dominated by
the human settlements (industrial: 10.1%; commercial: 9.7%, and residential: 37.3%) rather
than green spaces (42.6%). Referencing to derived WQI4, most of Shanghai’s small- and
medium-sized rivers were classified as “average” or “better”. In very limited locations
(e.g., Pudong new district), the WQI4 classification was tagged as “bad” or “worse”. We
omitted spatially extrapolated WQIy in this administrative district of Figure 2b map to
avoid biased presentations. Further, the Euclidean distances analysis (Figure 2c) showed
that our sampled river sections were closest to residential areas (0.18 km), followed by green
spaces (0.19 km), industrial land (0.28 km), and slightly farther away from commercial
developments (0.35 km).

3.2. Human Settlements Determine the Summertime Water Quality

Land-use types, nighttime light, river density, and road density were selected to
represent various form of human settlements of the greater Shanghai. The ANOVA analysis
demonstrated that land-use types, nighttime light, river density, and road density greatly
affected the WQI4 in Shanghai’s small- and medium-sized rivers (Table 1). We normalized
the original scales of nighttime light, river density, and road density to a range of 0-1
and applied the general linear model to analyze the WQI variations in relation to these
quantified human settlement indicators (Figure 3).
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Figure 2. (a): Map layers illustrating the summertime data driven water quality index (WQIy)
and four land use type layers in Shanghai. (b): Map indicates spatially extrapolated WQI3 with
0.025 decimal degree resolution using Kriging regression according to the in situ measurements from
sampled small- and medium-sized river sections during late summer. (c): Landscape Euclidean
distance between sampled rivers and surrounded land-use types. Spatially extrapolated WQI4 in
Shanghai’s Pudong district is omitted due to limited samples. Box charts in (c) are tagged with the
intragroup averaged Euclidean distance. The Duncan’s multiple range test (a—c) shows Euclidean
distances across four land-use types are significantly different (p < 0.05).

Table 1. Fixed effects of human settlements on summertime WQI in Shanghai’s small- and medium-
sized rivers. Statistical method: an analysis of variance procedure using Tukey’s Honestly Significant
Difference test. R language glm() function: WQIy ~ Land use types + Nighttime light + Road density
+ River density.

Fixed Factors Degree of Freedom Sum of Squares Mean Sum of Square F-Value p-Value
Land-use types 3 2.38 1.14 2.37 0.000
Nighttime light 7 0.21 0.03 1.06 0.039

River density 3 0.15 0.05 1.81 0.050

Road density 8 0.16 0.02 0.69 0.018
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Figure 3. (a—c): Grid maps of nighttime light (NTL), river density, and road density of Shanghai in
2019, and their linear regressions with summertime data driven water quality index (WQI). The
plotted points are median values taken from each (normalized) cluster binned at every increment
of 0.1 (all the same as NTL, RID, and ROD). Land use can be clustered into four types: industrial,
commercial, residential, and green spaces.

The results showed that WQI4 responded negatively to nighttime light (R? = 0.44)
and river density (R? = 0.14) and responded positively to road density (R? = 0.28). These
decreasing or increasing trends seen with river or road densities are moderate; however,
with nighttime light, the trend is significant. We also observed that, in 2019 in Shanghai, the
WQId of sampled rivers varied between 0.4 and 0.6 for nighttime light, and between 0 and
1 for river density and road density. This is likely because the sampled sections are mostly
located in urban rivers with an average level of population density. River sections well
represented Shanghai’s small- and medium-sized rivers with respect to the river density
(e.g., low to circa 15 km? and high to ca. 310 km?).
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3.3. Spatial Extent Regulating Influences of Land-Use on Summertime Water Quality

Zooming to the entire Shanghai administration area, we discovered that spatial ex-
tent is a fundamental factor affecting the relationship between land-use types and WQIy4
(Figure 4). We created ten circular buffers centered on each sampling location to quantify
the function of distance on the spatial distribution of WQI (Figure 4a). Their radii were
0.25, 0.5, 0.75, 1.0, 1.5, 2, 2.5, 3, 4, and 5 km. For industrial lands (Figure 4b), correla-
tions (e.g., kernel density vs WQIy) increased continuously from the 0.25 km buffer to the
5 km buffer.

03 -0.2

(a) 120° 50'E 121° E 121° 40°E 121° 50'E 122° E (b) |ndUStrla| (C) COmmel’Cla|
02+
31° 30°N i~
01 N 03
S 0.0 e N
2 Mgh o
c  -0.1 = 0.4+
k) \
O -02-4
a1t 10 = »,
D .03 T T T T T T -0.5 T T T T T T
S o 0 1 2 3 4 5 6 - 0 1 2 3 4 5 6
c 00 - - 00
31 ¥ o (d) Residential (e) Green space
S
© -01 01
o
30° 50°N = .02
3
e 034
0 5 10 20Kiometers = {dne
. 0.4 \\ 031 B
Radius = 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 ’
-05 T T T T . r 04

T T T T T
-1 0 1 £ 3 4 5 6 -1 0 1 2 3 4

@
o

Buffer radius (km)

Figure 4. Quantitative evaluations on the maximum extent each land-use type influence the sum-
mertime water quality index (WQI4). We extracted the kernel density of each land-use type using
the zonal statistics for each buffer radius. Pearson’s correlation coefficients were applied to evaluate
the results. (a) The buffer radius that was set up for the spatial analysis, in (b—e), red dotted circles
indicate the maximum extent of influence, and grey shaded areas express non-significance (p < 0.05).

For commercial lands (Figure 4c), the strongest correlation was with the 2 km radius;
for residential lands (Figure 4d), the strongest correlation was with the 3 km radius; and
for green space (Figure 4e), the strongest correlation was with the 4 km radius. These
results indicate that industrial areas influence water quality over a large spatial area. Green
space has a smaller influence, followed by residential and commercial areas. Note that
all the above-mentioned correlations are in negative values except green space. Normally,
the higher the spatial densities in industrial, commercial, and residential areas, the larger
the WQI. Green space plays purification roles, which means that the greater the spatial
densities, the smaller the WQI.

4. Discussion
4.1. Influences of Urban Land-Use on the Water Quality

We illustrated OSM land-use types and derived water quality in Shanghai through
Figure 2 to propose data-oriented and localized suggestions for urban eco-environment
restorations. Previous research provided a comprehensive examination of the spatial varia-
tion in water quality across an entire watershed and attributed the degradation of water
quality to urban development [9]. This study selected four human settlements indicators
(Figure 3), for instance, land-use types indicate the intensity of pollutant sources [4]; night-
time light corresponds to population distribution; river density exhibits anthropogenic
development and natural growth of urban river networks; and road density is a measure
of impervious surfaces and development.

Shanghai’s municipal government has identified key government objectives, such as
the provision of clean water (Figure 1b) to enhance the standard of living of its residents and
protect the natural environment [7,16]. The water quality in the Huangpu River and its main
tributary, Suzhou Creek, has improved greatly since 2000. However, Shanghai’s significant
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economic expansion and corresponding high rates of urbanization after 2000 have brought
rapid changes to this megacity’s urban spatial structure and greatly increased the intensity
of stressors [27]. As both population and impervious surfaces growth significantly in
Shanghai, it is challenging to manage surface water successfully if landscape-level links
between land use and water quality are yet clear [1,5,6,28,29].

Land use and land cover change is responsible for urban water quality degradation in
many regions [10-12]. Other studies have focused on their relationships with water quality
variables such as dissolved salts, suspended solid, and nutrients [1,4]. The linkages vary as
the ecological landscape varies with urban expansion and population explosion [28]. Thus,
it is concluded that human settlement as represented by urban land use has a significant
influence on water nutrient concentrations.

Next, the relationships between landscape composition and water quality provide an
important basis for effectively addressing urban planning and non-point sourced manage-
ment problems [19]. Landscape composition indicates different land use types surrounding
the sample locations. For instance, this study and others have shown that green landscape
compositions may improve water quality [8,19] and contribute greatly to the stability of
urban ecosystems [30,31]. As highlighted by previous studies, landscape composition is
useful in predicting stream water quality in watersheds [19]. Therefore, we concluded these
representative landscape patterns might have a substantial effect on pollution management
in urban ecosystems (i.e., Figure 4).

4.2. Evaluations on the Spatial Extent’s Regulations on Land-Use/Water Quality Relations

In the result (e.g., Figure 4), we found that each land-use type controls WQI4 within a
tight statistically fixed radius. Via Figure 5a, we observed that the densities of industrial,
commercial, and residential areas were positively correlated with increases in WQI (the
R? were 0.67, 0.54, and 0.51). The density of green space was negatively correlated with
increases in WQIy4 (R? of 0.41). We assessed the estimation errors (underestimate or over-
estimate of the WQIy) associated with not selecting the fixed spatial radius indicated in
Figure 5b,c. For industrial areas, if the studied radius is less than 5 km, this leads to an
overestimation of WQIy (from 0.51 “average” to 0.68 “bad”). For commercial land, a study
radius less than 2 km would decrease WQI from 0.49 “average” to 0.46 “average”, and a
study radius greater than 2 km would lead to an overestimate of WQI4 from 0.49 “average”
to 0.50 “average”.

For residential areas, a study radius less than 3 km would increase WQIl4 from 0.41
“average” to 0.45 “average”, and a study radius greater than 3 km would decrease WQI4
from 0.41 “average” to 0.40 “average”. For green space, a study radius less than 4 km would
greatly increase WQIy from 0.13 “good” to 0.29 “acceptable”, but no change would be seen
for a study radius more than 4 km. In these cases, numeric values would be modified for
commercial and residential lands; however, the actual water quality classifications would
not change. However, both numeric values and actual classification would change for
industrial and green spaces.

4.3. Pollution Control in Urban Rivers

Point source pollutants and non-point source pollutants are two broad categories of
pollution in urban areas. Non-point source pollutants are characterized by diffusivity,
spatial heterogeneity, uncertainty of sources, and regional variation of the transmission
process. These characteristics make it difficult to accurately quantify these pollutants and
their impact at the regional scale [32]. Shanghai is now experiencing severe ecological
threats from non-point source pollution associated with complex land-use types [20]. We
proposed a simplified spatial analysis, which quantified the spatial extent of the influence
and transmission efficiency of non-point sources in a delineated experimental zone in center
Shanghai. In this area, we tentatively tested three scenarios regarding the transmission
efficiency of potential pollutants (e.g., domestic, and industrial sewage, surface runoff, and
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Figure 5. (a): Summertime water quality index (WQIy) variations in response to kernel density of
each land use type. (b): WQI4 dynamics of each land use type along the buffer radius changes.
(c): Error estimations for situations when selecting an inappropriate spatial extent as indicated by
Figure 4b—e. We extracted values for different land use types and various buffer radii of sampled
cross sections from the extrapolated WQI4 map (i.e., Figure 2b).

Consequently, our analysis revealed a higher transmission efficiency and larger spatial
extent associated with rivers than with roads (Figure 6a,b). With combined pathways
scenario (road weighted as the half as the rivers), the transmission efficiency of pollutants
in the experimental area increased significantly (Figure 6¢). Urban development obvi-
ously affects the types of contaminants that are transported in surface runoff. Small- and
medium-sized rivers cannot rapidly dilute and decompose pollutants. Therefore, these
rivers will carry high-concentration contaminants for a longer time and spread to a larger
area. Thus, urban land use characteristics are critical for the implementation of targeted
control measures as part of any water quality remediation strategy, especially for small and
medium-sized rivers [33].

4.4. Implications for Small- and Medium-Sized River Managements in Megacities

The high-quality environment in small- and medium-sized rivers are essential for
urbans to grapple with complex challenge of risks to water supply [18]. Since these rivers
flow over different administrations, towns, and villages with significantly different reg-
ulations for riparian land use, land development, and pollution control, a uniformed
framework including ecological restoration theories, monitoring networks, and environ-
mental management techniques is needed to manage these rivers affected by intensive
human activities.

Accurately and quickly identifying the point and non-point sources of pollution
to these rivers is critical. A network for monitoring ecosystem function in these rivers
should be established, especially in high-risk areas within the central urban, to provide
locality-specific evaluation and recommendations for stakeholders and decision-makers.
Using local data may avoid exaggeration of the ecological impacts of river pollution when
developing related policies. More importantly, the goal of small- and medium-sized river
management is not to restore each of these rivers to the natural status but to maintain
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Figure 6. Cost distance analysis of the spatial extents that potential pollutants may affect the water
quality of the sampled cross-sections by river and road networks in the experimental area of central
Shanghai. Black circles are sampled cross sections in this experimental area. (a,b) considered the
single effect of rivers or roads. (c) considered combined effects of rivers and roads, where the
transmission efficiency of the pollutants by rivers and roads are weighted as 1 and 0.5, respectively.

5. Conclusions

The rapid urbanization process in Shanghai since the 1980s exhibited strong influ-
ences on land use patterns, which introduced huge uncertainties to a continuous policy
of ecological restorations on urban water environments. This study addressed the ef-
fects of specific land-use types on summertime water quality by using in situ data col-
lection from 130 river sections of 31 representative small- and medium-sized rivers in
Shanghai. Using geographical techniques, landscape ecological approaches, and statisti-
cal analysis, we analyzed and quantified the direct impacts of urban land-use types on
water quality and the spatial influence of non-point source pollution in these small- and
medium-sized rivers.

Landscape composition associated with urbanization is the main factor affecting the
stabilities of water environment. Impervious surfaces represented by industrial commercial,
and residential lands play negative roles in water quality, while green spaces offset the
negative effects. We calculated and evaluated the impact radii of different land use types
on water quality. The radii of various riparian land use types determine the intensity and
frequency of water quality management and urban river restorations. By proposing a
simplified scenario analysis, the non-point pollution in urban rivers is complex due to
pollutant transportation efficiency in the waterbody.

This study provided sub-watershed scale assessments to inform maintaining a good
water environment as the goal of Shanghai’s sustainable development. This study also
provided data and practice supports for urban river management, and we urge immediate
attention regarding the restorations of small- and medium-sized rivers in megacities with
dense river networks. We finally suggest an urgent necessity for comprehensive land use
planning as a solution for protecting valuable water resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1and11040511/s1. Figure S1. Box charts field collected samples
with <40 turbidity. Figure S2. Eigen-analysis of the correlation matrix. Five-day biochemical oxygen
demand (BOD5; milligram per liter), Total nitrogen (TN; milligram per liter), and Permanganate
Index (CODMN; milligram per liter) are essential biological indicators for water quality assessment.
Their “low correlations with PC1 and PC2 are also captured by the ecosystem-specific water quality
index, and further revealed the situations of each the investigated river section. Figure S3. Figures
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show kernel densities of four land-use types adjusted by the normalized nighttime light (NTL)
data. Bar plots are displayed with mean pixel values plus/minus standard deviations. Figure S4.
The clustering of the raw nighttime light data, road density data, and river density data using
the Davies-Bouldin index. Determined clusters of nighttime light, road density, and river density
are 8, 9, and 4, respectively. Figure S5. Experimental area for the determinations of mechanisms
between land-use types and water quality in Shanghai. Rivers and roads are from OSM datasets.
Kernel densities of industrial, commercial, residential, and green space are adjusted by NTL and
normalized to 0-1. Table S1. Determined weights of 12 selected parameters in the calculation of WQId.
Table S2. Correspondence of the qualitative results of water quality indicators according to the
numerical result of index calculation.
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