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Abstract: The land use and land cover changes in rapidly urbanized regions is one of the main causes
of water quality deterioration. However, due to the heterogeneity of urban land use patterns and
spatial scale effects, a clear understanding of the relationships between land use and water quality
remains elusive. The primary purpose of this study is to investigate the effects of land use on water
quality across multi scales in a rapidly urbanized region in Hangzhou City, China. The results showed
that the response characteristics of stream water quality to land use were spatial scale-dependent.
The total nitrogen (TN) was more closely related with land use at the circular buffer scale, whilst
stronger correlations could be found between land use and algae biomass at the riparian buffer
scales. Under the circular buffer scale, the forest and urban greenspace were more influential to
the TN at small buffer scales, whilst significant positive or negative correlations could be found
between the TN and the areas of industrial land or the wetland and river as the buffer scales increased.
The redundancy analysis (RDA) showed that more than 40% variations in water quality could be
explained by the landscape metrics at all circular and riparian buffer scales, and this suggests that
land use pattern was an important factor influencing water quality. The variation in water quality
explained by landscape metrics increased with the increase of buffer size, and this implies that land
use pattern could have a closer correlation with water quality at larger spatial scales.

Keywords: stream water pollution; land use pattern; scale effect; redundancy analysis; urbanization

1. Introduction

Human activities have greatly affected the physical and chemical properties of water quality and
the stability of aquatic ecosystems at regional and even global scales [1]. The rapidly urbanized areas are
the places where human activities are the most concentrated and land use is changing drastically and,
not surprisingly, the most typical areas for water quality degradation [2,3]. The level of urbanization
in the world had reached 50% in 2008 and is expected to increase to 60% in 2030, and future urban
population growth will mainly occur in developing countries. For China, urbanization has entered a
period of rapid growth, and the percentages of the urban population to the total population were 19%,
26% and 57% in 1980, 1990 and 2016, respectively. During the process of urbanization, the rapidly
expanded built-up areas together with the gathered population and industries have huge impacts on
the original natural vegetation, soil environment and aquatic ecosystem. For example, the increased
impervious surfaces and land use transition during urbanization may have direct impacts on the
pollution concentrations in urban streams [4,5].
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The spatial distribution of land use could well represent human activity and intensity and is a key
factor affecting the quality of stream water in urbanized regions. Generally, industrial, mining and
arable land types have relative high pollution risks compared with the other land use types; in contrast,
forests and wetlands are sinks of potential pollutants in water bodies, while the riparian vegetation
buffer zone usually has a filtering and barrier effect on pollutants [6,7]. The significant changes
in regional land use and land cover caused by urbanization are mainly reflected in the increase of
impermeable surfaces such as buildings; asphalt or concrete roads; squares and the reduction of natural
underlying surfaces, e.g., woodlands and wetlands, with degraded capacities against pollutants [8,9].
Various types of impervious surfaces together with pervious surfaces form heterogeneous spatial
structures of land use in urbanized regions. The negative hydrological effects caused by this particular
land use form are mainly manifested by reduced soil infiltration and increased surface runoff, as well as
increased sediment and sources of pollutants [10,11]. From a long-term perspective, the regional
urbanization process is usually accompanied by the degradation of surface water quality and aquatic
ecosystems [12-14]. For streams, the common pollutants, e.g., nitrogen, phosphorus and heavy
metals, usually increased significantly with rapid urbanization, and it has been suggested that stream
water quality and aquatic ecosystems might be damaged if the proportion of impervious surfaces in
watersheds reach 10%-15% [15-18]. However, it is of limited reference value, especially for urban
planning and management, if the spatial pattern and scale are missing for a particular study on the
response mechanism of water quality to land use with only the statistical information provided [19,20].

The “disturbance-response” process of a stream system generally occurs in the regional context,
while the impact of land use on stream water quality depends on the spatial scale of the disturbance.
The stream system could be divided into four spatial scales, i.e., watershed, sub-catchment, riparian
zone and local area. It is generally suggested that water quality of a high-order stream is mainly
affected by a land use pattern in the upstream region, while water quality of a low-order stream
is primarily determined by the local land use patterns [21]. Numerous multiscale related studies
focused on the following categories—for example, the buffer zone versus the whole watershed [22-24],
comparisons of multiscale watersheds [25-27] and comparisons at different buffer widths. For regions
featured by a plain stream network or urban areas with complex underlying surfaces, varied buffer
scales are often applied to study the relationship between land use and water quality [28-30]. However,
the optimal spatial scale (in a correlation perspective) between land use and water quality still varies
on a case-by-case basis. The characteristics of stream watersheds, intensity of human interference
and data accuracy all have varying degrees of influences on multiscale studies about the relationship
between land use and water quality. The biomass and composition of algae is another important
indicator of stream water quality. At present, most of the studies about the feedback of biomass or the
community structure of algae on environmental factors are based on laboratory cultivation, ecological
simulation or field sampling [31,32]. However, studies about the impact of land use change-induced
water quality disturbances on the biomass and community structures of algae are still not adequate at
the regional scale [33,34].

Intense human activities in urbanized regions have led to changes in land use patterns, which can
greatly affect the physical and chemical properties of water bodies and the health of aquatic ecosystems.
Under the background of the rapid urbanization in China in recent decades, this study takes a typical
area in Hangzhou City, one of the most rapidly expanded megacities in China, as the study area.
We extracted the fine-resolution land use data of the study area using high-resolution remote-sensing
images. The relationships between water quality, including the algae biomass, and land use across
multiple spatial scales were analyzed with the support of field survey data. Our objectives were to
quantitatively address the following questions: (1) For typical urbanized areas, how does the land use
affect the water quality of urban streams? (2) What is the most influential landscape metrics correlated
with water quality? Additionally, (3) is there a spatial scale dependence between land use and water
quality in urbanized areas?
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2. Materials and Methods

2.1. Study Area

Hangzhou City is a rapidly urbanizing city in the Yangtze River Delta in China (Figure 1).
The study area is located in the west of Hangzhou, Zhejiang Province, which is a geographical unit that
transitions from the low mountains and hills in the south to the northern plains. There are two large
wetlands—the Hemu and Wuchang wetlands, in the study area, with intertwined stream networks.
The study area has been experiencing intense urbanization during the past decade, and there have
been increased contradictions between urban development and wetland protection in recent years.
The study area is in the subtropical humid monsoon climate zone. The mountainous area is mainly
composed by bedrock and residual slope deposits, and the plain area is mainly formed by Holocene
sediments. The study area is about 120.19 km?, with most of the areas as plain and low-lying lands.
The soils have been affected by human activities for centuries and can be categorized as anthrosols
(FAO-UNESCO Soil Map of The World, 1988). The background concentrations of the heavy metals Cd,
Pb, As, Ni, Cr, Zn and Cu in the plain area of the study area were 0.206, 38.2, 10.0, 41.1, 92.1, 110.0 and
40.8 (unit: mg/kg), respectively [35]. Except As, the concentrations of the other heavy metals were
slightly higher than the corresponding values of the 1st class natural background given in the Soil
Environment Quality Standard of China (GB15618-1995).
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Figure 1. Locations of the study area.
2.2. Land Use Information Extraction

One cloudless SPOT 6 image obtained on 26 October 2014 was used to extract the land use data
over the study area. The SPOT 6 image had four multispectral bands and one panchromatic band with
1.5-m resolution. The ancillary data included ASTER DEM and field survey data.



Water 2020, 12, 1123 4 0f 20

The land use data was extracted using the following steps: (1) projection conversion and geometric
correction of SPOT 6 image; (2) fusing the multispectral and panchromatic data using the Gram-Schmidt
method (the fused image had a spatial resolution of 1.5 m with blue, green, red and near-infrared
bands) and then (3) extracting the land use data by visual interpretation (Figure 2). The classification
accuracy was evaluated using a stratified random sampling with reference to the ground-truth data
collected in the field survey. The assessment results showed that the overall accuracy of the land use
classification was 93%. We adopted a two-level classification schema from the Chinese Standard of
Land Use Classification [36] and classified the lands into five Level I classes and 12 Level II classes
(Table 1).

Raw SPOT6 images
|

Image preprocessing

v
v v
Panchromatic Multispectral
image image

Gram-Schmidt fusion method
h 4

Images to be
classified

I
Visual interpretation

v
Classification results
|

Postprocessing and accuracy assessment

v
Land-use data

Figure 2. Technical schema in the land use data extracted from SPOT 6 images.

Table 1. Land use classification scheme.

Level I Level IT Description
1 Cropland 11 Cropland Cultivated land
2 Forest 21 Forest A large area dominated by trees
3 Water 31 River Natural—ﬂowing watercourse and artificial canal
32 Lake and pond lake, reservoir and pond
41 Residential Houses and apartment buildings
42 Tndustrial Land and buildings used for manufacturing, logistics,

4 Construction

43 Commercial

warehouse and mining

Houses and buildings for businessman working, commercial
retails, restaurants, lodging and entertainments

Lands used for administration, public services and municipal

44 Publi i s .
land ublic management and service utilities, education and research
Parks and greenspace lands used for entertainments and
45 Urban greenspace . .
environmental conservations
46 Road Paved roads including freeways, major and minor city roads
47 Under construction Under construction but not yet finished
5 Bareland 51 Bareland Bare soil and bare rock

2.3. Water Sampling and Buffer Zone Delineation

The water quality of streams during the high water period is affected by the dual effects of land
use, especially the construction land and cropland nonpoint sources, which could effectively reflect the
content and intensity of human activities in the regional context [37-40]. The water quality sampling
work at 25 stream sections was finished within one week when the stream flow was relatively stable
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during the local high-water period in June 2014 (Figure 3). The water quality parameters selected were
total nitrogen (TN); total phosphorus (TP) and soluble heavy metals arsenic (As), copper (Cu), lead (Pb),
chromium (Cr), cadmium (Cd), zinc (Zn), manganese (Mn) and nickel (Ni). The heavy metals selected
in this study are the major heavy metals concentrated in the western plain areas of Zhejiang Province.
Water samples were collected 0.3-0.5 m below the water surface from the middle of the stream using
a 250-mL organic glass hydrophore. At each sampling site, three parallel samples were collected to
avoid accidental error. The samples were stored in iceboxes during transport before water quality
measurements were carried out in the laboratory. TP and TN were determined using the alkaline
potassium persulfate digestion UV spectrophotometric method (GB11893-89, China National Standards)
and the ammonium molybdate spectrophotometric method (GB11894-89, China National Standards),
respectively. The heavy metal concentrations were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES, Thermo Fisher Scientific, Waltman, MA, USA). In addition,
concentrations of chlorophyll a (TChla), including a chlorophyll a concentration of Cyanophyta
(Chlacyan), a chlorophyll a concentration of Chlorophyta (Chlacp,) and a chlorophyll a concentration
of Bacillariophyta and Dinophyta (Chlapaci-pino), Were measured using a four-wavelength-excitation
chlorophyll fluorometer (PHYTO-PAM Fa. Walz, Effeltrich, Germany), and each sample was sampled
three times.

A

Legend
A Monitoring site

[ Study area

[ stream network

0 1 2 4
Km

Figure 3. Spatial distribution of surface water quality monitoring sites. The left subfigure shows the
buffering schema, i.e., the circular buffer and riparian buffer, used in this study. The interval of the
neighboring buffers is 50 m. The circular buffer is a series of buffers around the sampling point with
radiuses ranging from 50 to 1000 m, and the riparian buffer is along the particular stream bank with
distances ranging from 50 to 300 m.

To explore the spatial scale effects of land use on water quality, two kinds of buffer scales were
utilized, i.e., the riparian buffer zone along a specific stream and the circular buffer zone around the
sampling point. In the literature, the buffer extent (width or radius) generally ranges from 50 to 1000 m,
even 2000 m, according to the topography or sampling density in a case-specific manner, and the
intervals between neighboring buffer zones are usually 50 to 100 m [28,41,42]. In this study, a series
of buffers with varying widths/radiuses were tested to screen the optimal buffering schema. For the
circular buffer scale, 20 buffering zones with radiuses ranging from 50 to 1000 m and an interval of
50 m were created around each sampling point. For the riparian buffer scale, six total buffering zones
with widths ranging from 50 to 300 m with an interval of 50 m were created for each specific stream
with a sampling point (Figure 3).
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2.4. Landscape Metrics

It is acknowledged that there are correlations between regional landscape patterns and the
hydrological, physical, chemical and biological indicators of a specific stream system [20,43-45].
We selected four categories of landscape metrics, i.e., fragmentation, dominance, connectedness and
aggregation and shape complexity, to study the sensitivity of water quality on land use patterns at the
class levels (Table 2).

Table 2. Description of the landscape metrics selected at the class levels.

Attributes Name (Abbreviation) Unit Description
. Total length of all edge segments divided by
Edge density (ED) m/ha total area for the corresponding patch type
Fragmentation -
Patch density (PD) n/km? Number of Patches of the corresponding patch
type per unit area
Percentage of landscape o Percentage of the landscape comprised of the
(PLAND) ? corresponding patch type
Dominance . -
. o Proportion of total area occupied by the largest
Largest patch index (LPI) To patch of a patch type
Mean shape index } Mean patch perimeter divided by the minimum
(SHMN) perimeter of the corresponding land use area
Sum of 2 times the logarithm of the patch
Sh lexit Mean fractal dimension ) perimeter divided by the logarithm of the total
ape compiexity index (FDMN) area for the corresponding patch type divided
by the number of patches
Landscape shape index ) Perimeter-to-area ratio for the corresponding
(LSI) class, increasing with irregular shapes
Contiguity index ) Assessing patch shapes based on the spatial
(CONTIG) connectedness of cells within a patch
Cohesion index (COHE) } Indicates the physical connectedness of the
Connectedness and corresponding patch type
aggregation Number of like adjacencies involving the
Aggregation index (Al) % corresponding class, divided by the maximum

possible number of like adjacencies involving
the corresponding land use type

2.5. Statistical Analysis

The correlations between the areas of each land use type and water quality at different spatial
scales were analyzed. The Shapiro-Wilk test showed that some land uses and water quality data
at certain buffering scales/sampling points did not follow the normal distribution, so we used the
Spearman rank correlation, a nonparametric rank-based method which makes no assumption about
the distribution of data, in the following analysis.

We also analyzed the relationships between water quality and land use patterns with a multivariate
approach. The detrended correspondence analysis (DCA) was applied to evaluate the gradient length
of the water quality data and revealed the existence of short gradients less than 3 standard deviations,
so the redundancy analysis (RDA) was utilized to explore the relationships among water quality
and land use pattern parameters, i.e., the species and environmental variables at the RDA context,
respectively. A Monte Carlo permutation test (499 permutations) was used to determine the statistical
validity of the RDA, and the significant explanatory variables were selected [46]. The RDAs were
performed using the CANOCO 4.5 program.
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3. Results

3.1. Land Use Patterns

As shown in the land use map of the study area (Figure 4), the forest land is concentrated in the
southern mountain area; the lake and pond scattered in the central part of the study area (mainly
concentrated in the Hemu and Wuchang wetlands) featured by a dense stream network, ponds and
broken forest plots; the cropland concentrated in the north-central area; the industrial land mainly
distributed in the north, west and south areas in a state of agglomeration and the large chunks of
residential land mainly scattered along the major traffic roads at the eastern and southern areas,
as well as the western area.

I Cropland Residential [ urban greenspace
I Forest I ndustrial Road

B River I Commercial Under construction
I Lake and pond Public management and service Bareland

Figure 4. Land use map of the study area.

Figure 5 shows the average composition of land uses at each buffer scale. Overall, the ratios
of the pervious surface and impervious surface were roughly equal. The agricultural, forest and
residential lands were the dominant land uses. For each buffer zone, the buffer area and the areas of
each land use were calculated, respectively. We summed up the areas of each land use in all buffer
zones and calculated the ratios of the total areas of each land use to the total area of all the buffers.
The following are the results for each land use. The ratios of the total area of the agricultural, forest
and residential lands to the total area of all the buffers were 45% and 52% for the circular and riparian
buffers, respectively; the ratios of the three land uses were 16.2%, 13.3% and 19.6%, respectively, at the
riparian buffer scale, slightly higher than the corresponding ratios, i.e., 15.8%, 12.1% and 16.8% at the
circular buffer scale. Taking the road, under construction and industrial land uses as a whole, the ratios
were 25.5% and 20.8% for the circular and riparian buffers, respectively. The ratios of river, urban
greenspace, lake and pond and bareland were all about 25% at the circular and riparian buffer scales.
The commercial and public management and service had the smallest land areas, and the ratios at both
buffering schemas were less than 5%.
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Figure 5. Proportions of each land use at different buffer scales. The labels at the x-axis indicate
different buffer zones for the circular and riparian buffer scales, respectively. The initial character “C”
or “R” represents the circular or riparian buffer types, and the numerical values after that character
means the corresponding buffer radius. For example, “C50” means a circular buffer with a radius of
50 m around a sampling point. Hereinafter, the same.

3.2. Characteristics of Water Quality

The water quality analysis results of the sampling points are presented in Table S1 in the
Supplementary Materials. The statistical analysis of the water quality parameters of the 25 river
sections is shown in Table 3. The mean values of these parameters were compared with two Chinese
national standards of water quality, i.e., the Environmental Quality Standards for Surface Water
(EQSSW) (GB3838-2002, State Environmental Protection Administration of China) and the Sanitary
Standards for Drinking Water Quality (SSDWQ) (GB 5749-2006). According to the EQSSW, the water
quality is classified into five classes; the higher the class, the worse the water quality. Since Mn and Ni
are not listed in the EQSSW, we referred the corresponding thresholds listed in the SSDWQ.

The average concentrations of the TN and TP exceeded the Class V surface water concentration
limits, i.e., 2.0 and 0.4 mg/L for the TN and TP, respectively. For the TN, there were 16% and 80%
sampling points, except No. 19 (Class IV), that were Class V and beyond; for the TP, there were 12%,
24%, 8% and 52% sampling points in Class III, IV, V and beyond, respectively, except No. 25 (Class II).
The heavy metals at most of the sampling points were far below the surface water concentration limit
of Class I or the limits in the SSDWQ, except No. 16 with Cr in Class II and No. 3 with Mn over the
limits in the SSDWQ. Additionally, there were 40%, 84% and 92% sampling points that detected no Ni,
Cd and Zn, respectively; all sampling points detected no Cu.

The mean concentrations of Chlacyan, Chlachie and Chlagaci-pino were 8.39, 63.56 and 25.04 ug/L,
respectively. The Chlag,¢i-pino in the Hemu and Wuchang wetlands were higher than the other areas.
The mean value of TChla was 96.99 ug/L, a typical eutrophic water quality according to the Organization
for Economic Co-Operation and Development (OECD) eutrophication evaluation criteria [47]. It was
noted that there were 64% sampling points that detected no Chlacyan.
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Table 3. Statistics of the stream water quality parameters. TN: total nitrogen and TP: total phosphorus.

Indicator Maximum Minimum Mean (Std.)

TN (mg/L) 31.69 1.34 6.46 (6.73)

TP (mg/L) 2.80 0.09 0.61 (0.62)

As (ng/L) 8.20 0.00 448 (2.28)

Cd (ug/L) 1.00 0.00 0.10 (0.27)

Cr (ng/L) 12.30 0.00 3.66(3.36)

Cu (pg/L) 0.00 0.00 0.00 (0.00)
Mn (ug/L) 676.40 0.00 30.40 (134.80)

Ni (ug/L) 1.70 0.00 0.32 (0.43)

Pb (ug/L) 5.40 0.00 1.98 (1.43)

Zn (ng/L) 2.00 0.00 0.13 (0.46)
Chlacyan (ug/L) 1 130.43 0.00 8.39 (26.52)
Chlacy, (1g/L) 2 233.29 0.00 63.56 (69.46)
Chlapyi-pino (ug/L) 8 138.74 0.00 25.04 (31.18)
TChla (ng/L) 4 328.84 2.08 96.99 (83.75)

! Chlacyan: chlorophyll a concentration of Cyanophyta. 2 Chlacpyo: chlorophyll a concentration of Chlorophyta.

3 Chlap,eipino: chlorophyll a concentration of Bacillariophyta and Dinophyta. # TChla: total chlorophyll
a concentration.

3.3. Land Use Types and Water Quality

The correlation analysis showed that the nutrient concentration parameters, i.e., TN and TP, had
certain correlations with the land use area at different buffer scales (Table S3 in the Supplementary
Materials). Under the circular buffer scale, the TN had significant positive correlations with land areas
of industrial, road, urban greenspace and commercial land uses, respectively. Specifically, the TN had
significant positive correlations with commercial and urban greenspace land use areas at relatively
small buffer scales ranging from 50-100 m and 50-400 m, respectively. The TN also had significant
positive correlations with the industrial land use areas at relatively large buffer scales (450-1000 m),
whilst the TN significantly positively correlated with the road areas at all buffer scales (50-1000 m).
On the contrary, the TN had negative significant correlations with the areas of forest, lake and pond
(hereafter referred to as wetland) and river land uses. For forests, the significant correlations could be
observed at buffer scales ranging from 50-250 m, while, for the river as well as wetland, the ranges
were 450-1000 m and 700-1000 m, respectively (Figure 6). Compared with the TN, there were less
land uses that significantly correlated with the TP. At relatively large buffer scales, e.g., 650-750 m
and 550-1000 m, the TP showed significant positive correlations with the areas of residential and
industrial land uses, respectively, while, at small buffer scales (e.g. 50-100 m), the TP had significant
positive correlations with commercial land areas (Figure 7). Under the riparian buffer scales, the TN
was significantly negatively correlated with the forest areas, while the TP was significantly positively
correlated with the areas of urban greenspaces.

The correlation analysis between the algae biomass and land use areas showed that the TChla
and Chlag,i-pino had significant correlations with land uses at certain buffer scales (Table S4 in
the Supplementary Materials). Under the riparian buffer scales, the TChla had significant positive
correlations with the areas of river, wetland, industrial, urban greenspace, road and under construction
land uses (Figure 8); the Chlag,¢i-pino had significant positive correlations with the areas of river,
wetland and residential land uses (Figure 9). Under the circular buffer scale, the Chlag,i-pino showed
significant positive correlations with the areas of forest, river and wetland at the ranges of 100-300 m,
50-1000 m and 150-1000 m, respectively, as well as negative correlations with the urban greenspace
and road areas at the ranges of 650-1000 m and 150-1000 m, respectively. In addition, we found that
the areas of wetland and road both had significant positive correlations with the Chlacyje. Since most
of the sampling points detected no Cyanophyta, no further analysis was carried out for this parameter.
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Figure 6. Correlations between TN and the areas of particular land uses under the circular and riparian
buffer scales at different spatial scales based on a Spearman’s rank correlation analysis. The one-asterisk
(two-asterisk) superscripts denote above 90% (95%) confidence levels. Note that only the land uses that
significantly correlated with the TN were shown.
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Figure 7. Correlations between TP and the areas of particular land uses under the circular and riparian
buffer scales at different spatial scales based on a Spearman’s rank correlation analysis. The one-asterisk
(two-asterisk) superscripts denote above 90% (95%) confidence levels. Note that only the land uses that
significantly correlated with the TP were shown.
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Figure 8. Correlations between TChla and the areas of particular land uses under the circular and
riparian buffering scales at different spatial scales based on a Spearman’s rank correlation analysis.
The one-asterisk (two-asterisk) superscripts denote above 90% (95%) confidence levels. Note that only
the land uses that significantly correlated with TChla were shown.
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Figure 9. Correlations between Chlag,-pino and the areas of particular land use types under the circular
and riparian buffering scales at different spatial scales based on a Spearman’s rank correlation analysis.
The one-asterisk (two-asterisk) superscripts denote above 90% (95%) confidence levels. Note that only
the land uses that significantly correlated with the Chlap,ci-pino Were shown.

The heavy metal concentrations also showed significant correlations with the areas of different
kinds of land uses (Table S5 in the Supplementary Materials). For example, Cr and Ni had significant
positive correlations with the area of industrial land, Mn and Ni both showed significant positive
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correlations with the areas of road and urban greenspace, As and Mn had significant positive and
negative correlations with the agricultural land area, respectively and Cr and Pb had similar correlations
with residential land areas; in addition, Pb also had significant positive correlations with the areas
of wetland as well as the residential land uses and a significant negative correlation with the under
construction land area. Since most of the sampling points did not detect Cd, Cu and Zn, no further
analysis on these heavy metals was carried out.

3.4. Land Use Patterns and Water Quality

We did a RDA at several typical buffer scales, i.e., 100, 500 and 1000 m, for the circular buffer and
200 m for the riparian buffer, respectively. The percentages of variance explained by the ordination axis
are shown in Table 4. The RDA ordinations showed that there were statistically significant relationships
between water quality and different numbers of explanatory variables, i.e., 5,9 and 15 at 100, 500 and
1000-m circular buffer scales, respectively; at each scale, the landscape metrics could explain 39.5%,
71.7% and 80.9% of the variations in water quality, respectively. For the 200-m riparian buffer scale,
there were statistically significant relationships between water quality and nine explanatory variables,
and 60.1% of the variation in water quality could be explained by these variables. More than 40%
water quality variation was explained by the first two axes, in which the first axis explained about
twice as much as the second axis.

Table 4. Variations in water quality explained by land uses and landscape metrics at different buffer
scales in the redundancy analysis (RDA).

Explained Variation (%) Explanatory Variables Selected
Scales (v < 0.05)
Axis 1 Axis 2 All Axes P :
100-m circular 31COHE, 31PLAND, 46LPI,
buffer 260 122 395 46PLAND and 46COHE
500-m circular 21LSI, 21PLAND, 31LPI, 31PLAND,
buffer 439 25.2 71.6 42COHE, 42CONTIG, 42PLAND,
ute 46LPI and 46PLAND

21AI 21CONTIG, 21FRMN, 21LSI,

1000-m circular 21SHMN, 31LP], 32ED, 32LSI,

buffer 47.4 23.7 80.9 32PLAND, 42COHE, 42CONTIG,
42PLAND, 46ED, 46LPI and
46PLAND
200-m riparian 32ED, 32PD, 32LSI, 32PLAND, 42A],
buffer 38.2 20.3 60.1 42CONTIG, 46Al, 46CONTIG and
46SHMN

Notes: Landscape metrics include the edge density (ED), patch density (PD), percentage of landscape (PLAND),
largest patch index (LPI), mean shape index (SHMN), mean fractal dimension index (FDMN), landscape shape index
(LSI), contiguity index (CONTIG), cohesion index (COHE) and aggregation index (Al). The land use metrics refer to
the following land use types, i.e., 11 (cropland), 21 (forest), 31 (river), 32 (wetland), 42 (industrial) and 46 (road).
The p-values were derived from Monte Carlo permutation tests (499 permutations) of all of the canonical axes.

Figure 10 shows ordination diagrams derived from the RDA using water quality variables and
significant explanatory variables for the four typical buffer scales. Under all scales, the first axis
represents variables related with eutrophication, which was mainly related to the industrial land use.
The second axis consistently displayed a gradient of nutrients, which was mainly positively correlated
with roads and negatively correlated with wetlands. Particularly, the LPI and PLAND of roads were
positively correlated with the TN and TP, whilst negatively correlated with Chlag,ci-pino at 100, 500 and
1000-m circular buffer scales. Under 500 and 1000-m circular buffer scales, the PLAND of industrial
land use was positively correlated with the TN and TP; except the TN and TP, the landscape metrics
COHE and CONTIG were also positively correlated with the TChla and Chlacyy,. The CONTIG and
Al of the road and industrial land uses were positively correlated with the TP, TN, TChla and Chlacpy,,



Water 2020, 12, 1123

13 of 20

whilst negatively correlated with the Chlag,i-pino at 200-m the riparian buffer scale. The SHMN of the
roads was negatively correlated with the TP, TN, TChla and Chlacpj,.
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Figure 10. Biplots of water quality parameters (represented by dark blue lines) and landscape metrics
(represented by red lines) within the circular buffers of 100 m (a), 500 m (b) and 1000 m (c) and the
riparian buffer of 200m (d) according to the redundancy analysis (RDA). The length of the arrow
represents the standard deviation of variables in the sorting space, and the direction indicates the

change of gradient direction. The cosine values of the arrow and axis represent the correlation.

The PLAND and LPI of the rivers were positively correlated with the Chlap,-pino, whilst negatively
correlated with the TN and TP at 100, 500 and 1000-m circular buffer scales. The PLAND, LSI and ED
metrics of the wetlands were positively correlated with the Chlag,¢i-pino, While negatively correlated
with the TN and TP at the 1000-m circular buffer scale and 200-m riparian buffer scale, respectively.

The PLAND of the forest land use was negatively correlated with the TN, TP, TChla and Chlacpjo,
and the LSI was positively correlated with the Chlag,i-pino but negatively correlated with the TN
and TP at the 500-m circular buffer scale. The FRMN, SHMN and LSI metrics of the forest land use
were positively correlated with the Chlag,ci-pino, Chlachj, and TChla, but the Al and CONTIG were
negatively correlated with these three water quality parameters at the 1000-m circular buffer scale.



Water 2020, 12, 1123 14 of 20

4. Discussion

4.1. Water Pollution in Urbanized Areas

The land use pattern in the study area was mainly dominated by the urbanization process.
The proportion of the impervious surface area was over 50% if adding up all the buffer zones used
in this study—of which, the proportions of the residential, under construction, road, industrial,
commercial and public management and service land uses decreased in turn (Figure 4). The less
proportion of the commercial, as well as the public management and service land use, areas, compared
with that of the residential land, suggested that the study area was still in the suburban urbanization
process. It has been acknowledged that the early stages of rapid urbanization are often the beginning
of the accelerated deterioration of urban surface water environments [48]. In the context of rapid
urbanization, the TN and TP in stream water usually originated from industrial, living and agricultural
activities [49,50]. The sampling data showed that the variations of water quality data were relatively
large, and the concentrations of TN and TP were much higher than the Class V thresholds defined in
the EQSSW (Table 3), a typical heavily polluted stream water environment.

4.2. Effects of Land Uses Types on Stream Water Quality

4.2.1. Nutrient and Heavy Metal Concentrations

The construction land area was an important factor to explain the change of TN concentration
in stream waters (Figure 6). Under the circular buffer scale, the industrial, commercial, road and
urban greenspace land uses were the primary sources of nitrogen pollution, whilst the areas of forest,
wetland and river had significant negative correlations with the TN, showing effective degradation
and purification effects on nitrogen pollution [23,51-54]. If only considering the TN, more than 80%
sampled streams were beyond Class V, and this could be closely related with the densely distributed
industrial land in this region, and further, the associated pollution might have exceeded the pollution
load capacity of local aquatic ecosystems.

Compared with the TN, the TP had relative weak correlations with particular land uses. We found
the TP had significant correlation with the industrial land area but no significant correlations with
the area of forest, as well as wetland (Figure 7). This suggests that the TN and TP might have varied
sensitivities to land use patterns, and the TN might be a more sensitive indicator of land use changes.
We suggested that the TN might be more heavily influenced by human activities coupled with specific
land use patterns, while the TP might be more controlled by strong point source emissions and had
relative weak correlations with land use changes [55,56].

There was uncertainty in the relationships between the cropland area and concentrations of the
TN and TP. The cropland area negatively correlated with the TN and TP, but neither was statistically
significant, so it was not an appropriate factor that can be closely related to the eutrophication of water
quality in this study area, despite in some cases where the cropland area was proved to be a promising
predictor [57,58]. More specifically, this uncertainty could be closely related with local topography,
cultivation practices and fertilizer usages [59-61]. The densely distributed stream network, including
numerous ponds, made this study area more like a wetland from the functional perspective, and this
kind of special geographical environment may have greatly weakened the pollution concentration
coming from agriculture.

Generally, the construction land is the main source of heavy metal pollution, while the forest
and wetland could absorb and promote the transformation of heavy metals [58,62]. In this study,
we found significant positive correlations between heavy metals (e.g., Ni) and the areas of industrial,
road and urban greenspace land uses, including significant negative correlations with the forest area at
certain buffer scales. Similar to the cases of the TN and TP, there were also uncertainties in correlations
between heavy metals and the cropland area, and both positive and negative correlations could be
found (e.g., As and Mn). It was noted that there were relationships hard to interpret between certain
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heavy metals and some specific land uses (e.g., wetland and residential land uses); we suggested that
this might be connected with the regional background sources [63,64].

The urban greenspace is a kind of urban construction land with special ecological significance,
but we found that the area of urban greenspace, similar to the road, usually had significant positive
correlations with the TN, TP and Mn at multiple buffer scales. Considering that the study area was still
in the process of rapid urbanization, large parts of the greenspace distributed along with the road and
traffic facilities, so it could be a main sink of vehicle pollutant emissions.

4.2.2. Algae Biomass

The TN and TP showed close relationships with the algae biomass (Table S2 in the Supplementary
Materials), as shown by the positive correlations with the TChla and Chlacy,,, respectively. However,
the relationship between the algae biomass and land use pattern was still not straightforward.
For example, it was not surprising that the TChla positively correlated with the areas of construction
lands, i.e., the industrial, road, urban greenspace and under construction land uses, at the riparian
buffer scales (Figure 8). However, our results showed that the TChla positively correlated with the
wetland areas, which was against the common consensus that the wetlands, e.g., stream, as well as
lake and pond, could reduce the concentration of the TN and TP. It was suggested that, except for the
concentrations of the TN and TP, the structure and growth of algae can also be affected by multiple
factors, e.g., the ratio between the TN and TP, water pH and dissolved oxygen [65,66].

It was noted that the Chlag,i-pino Was not sensitive to the TN and TP (Table S2 in the Supplementary
Materials), whilst it showed significant negative correlations with the areas of construction lands,
i.e., road and urban greenspace, and significant positive correlations with the forest and wetlands
areas (Figure 9). In terms of spatial distribution, the Chlag,i-pino in the central part of the study area
(Hemu and Wuchang wetlands) was relatively higher (Figure S1 in the Supplementary Materials).
We suggested that this anomaly might be caused by the specific community structure of the Chlagaci-Dino
in the study area [67]. The wetlands in the study area were mainly composed of the stream network
and cropland with closed ponds at the interior, and the impact of this complex land use composition
on the structure and stability of the algae community still needs further study.

4.3. Effects of Land Use Patterns on Stream Water Quality

The land use patterns could explain more than 40% variation in water quality at all spatial scales
(Table 4). This confirmed that land use patterns had a strong impact on water quality in the study area.
For example, we found that the TN and TP were positively correlated with landscape metrics of the
PLAND, LPI, CONTIG, COHE and Al of the road and industrial land uses, whilst negatively correlated
with the PLAND and LPI of the wetland and river land uses in the RDA (Figure 10). The literature also
suggested that the PLAND, LPI and Al are influential metrics on water quality [38,43,68,69].

We found that the larger ED, or higher LSI of the wetland, both correlated with a larger Chlag,ci-pino
at the 1000-m circular buffer scale. In addition, the higher LSI, SHMN and FDMN or lower Al and
CONTIG of the forest were also positively correlated with the Chlap,-pino (Figure 10). This suggested
that the Chlag,¢i-pino biomass may have close relationships with the complexity and fragmentation
characteristics of land use composition, and it emphasized the importance of the spatial structure of
land use in this kind of study.

It was noted that the percentages of the explained variations of water quality by the CONTIG
and COHE (connectedness); PLAND and LPI (dominance) and SHMN, FAMN and LSI (complexity)
were very close. This finding might be helpful in water quality management practices, in that different
kinds of compositions of landscape metrics could have similar explanation capabilities in water
quality variations.
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4.4. Influence of Spatial Scale on Land Use-Water Quality Relationships

Our results showed that the response characteristics of stream water quality to land use were
spatial scale-dependent. Under the circular buffer scale, the land use was more closely related with the
TN, but the corresponding buffer scales varied with particular land uses (Figure 6). The forest and
urban greenspace were more influential to the TN at small buffer scales, and there was a tendency that
the correlations (positive) between the TN and industrial land area increased, whilst the correlations
(negative) generally decreased with the areas of wetland and river as the buffer scales increased.
This suggests that the TN and TP could be partially mitigated by a more rational spatial arrangement
of the lands of industry and forest or wetlands [70,71]. We also found strong correlations between land
use and algae biomass at the riparian buffer scales (Figure 8), and this implies that the riparian buffer
zone could play a key role in the conservation of aquatic ecosystems [72].

The land use patterns also showed scale effects on the water quality in the study area. The variation
in water quality explained by the landscape metrics increased with the increasing of the spatial scale,
and the total explained variation was up to 80% at the 1000-m circular buffer scale (Table 4). It means
that the land use pattern could have continuously improving explanatory capabilities on the water
quality, and this finding is consistent with other studies [25,29,68]. In this study, the maximum buffer
width was 1000 m to avoid overlap with the neighboring buffer zones, but it would be worth it to
explore what would be the relationship if the buffer scale further increased if data allowed.

5. Conclusions

The construction land area was an important factor to explain the variation of the TN concentrations
in stream water. At the circular buffer scales, the industrial, commercial, road and urban greenspace
land use areas significantly positively correlated with the TN; whilst the forest, wetland and river
land use areas had significant negative correlations with the TN. The response characteristics of the
stream water quality to land use were spatial scale-dependent. Under the circular buffer scale, the TN
was more closely related with the land use status, but the corresponding buffer scales varied with
the particular land use types. The forest and urban greenspace were more influential to the TN at
small buffer scales, whilst significant positive or negative correlations could be found between the TN
and the areas of industrial land or the wetland and stream as the buffer scales increased. Therefore,
it might be possible to more quantitatively manage the water environment by identifying the particular
buffer scales that closely relate with specific water quality parameters, for example, a more rational
spatial arrangement of the industry land at larger spatial scales and the forest at smaller spatial scales
to mitigate the TN and TP. In addition, there were more relevant correlations between the land use and
algae biomass at the riparian buffer scales, and this suggests that the riparian buffer zone could play a
key role in the conservation of aquatic ecosystems.

The land use pattern was an important factor influencing the water quality. The variations in
water quality explained by landscape metrics were greater than 40% at all circular and riparian buffer
scales. The increased landscape metrics of dominance and connectedness and aggregation of the
industrial and road land uses, as well as the decreased landscape dominance metrics of the wetland
and river, were correlated with the increased TN and TP. The land use pattern showed a scale effect on
the water quality. The variation in water quality explained by the landscape metrics increased with the
increasing of the buffer size, and it implies that the land use pattern could have a closer correlation
with the water quality at larger spatial scales. This suggests that more attention should be paid to the
landscape patterns at relatively larger spatial scales in water environment management practices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/4/1123/s1,
Figure S1: Spatial variation of the (a) TN, (b) TP, (c) TChla, (d) Chlacyan, () Chlacpi, and (f) Chlagaci-pino- The range
of the corresponding concentration values were classified into six classes based on the natural breaks method.
Table S1: Water quality analysis results of the sampling points. Table S2: Correlation coefficients between the
stream nutrient concentration, heavy metals and algal biomass based on a Spearman’s rank order correlation
analysis. Table S3: Correlations between the TN/TP and land uses at different spatial scales based on a Spearman’s
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rank correlation coefficient. Table S4: Correlations between the TChla, Chlacp,, Chlag,gi-pino and land use at
different spatial scales based on a Spearman’s rank correlation coefficient. Table S5: Correlations between heavy
metal concentrations and land uses at different spatial scales based on a Spearman’s rank correlation coefficient.
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