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Abstract: Understanding the complex relationships between land use and stream water quality is
critical for water pollution control and watershed management. This study aimed to investigate
the relationship between land use types and water quality indicators at multiple spatial scales,
namely, the watershed and riparian scales, using the ordinary least squares (OLS) and geographically
weighted regression (GWR) models. GWR extended traditional regression models, such as OLS to
address the spatial variations among variables. Our results indicated that the water quality indicators
were significantly affected by agricultural and forested areas at both scales. We found that extensive
agricultural land use had negative effects on water quality indicators, whereas, forested areas had
positive effects on these indicators. The results also indicated that the watershed scale is effective
for management and regulation of watershed land use, as the predictive power of the models is
much greater at the watershed scale. The maps of estimated local parameters and local R2 in GWR
models showcased the spatially varying relationships and indicated that the effects of land use on
water quality varied over space. The results of this study reinforced the importance of watershed
management in the planning, restoration, and management of stream water quality. It is also
suggested that planners and managers may need to adopt different strategies, considering watershed
characteristics—such as topographic features and meteorological conditions—and the source of
pollutants, in managing stream water quality.

Keywords: watershed land use; riparian area; water quality parameter; multi-scale analysis;
geographically weighted regression

1. Introduction

Stream water quality is influenced by complex interactions among various natural (e.g., weather,
soil type, slope, and elevation) and anthropogenic factors (e.g., land use/cover types, changes
and intensity in the watershed) [1,2]. Particularly, land use/land cover (LULC) change in the watersheds
has been a focal area of study for decades among researchers, land planners, and stream managers
because of its significant impacts on stream water quality. LULC changes in watersheds can alter
watershed characteristics [3,4], thereby affecting various physical and biochemical stream characteristics,
such as water temperature, nutrient/chemical concentration, sediment regime, stream geomorphology,
aquatic habitat, and ecological biodiversity [3,5–13].

Different land use types determine the type and intensity of human activities, and the source of
pollutants transported into streams, such as nutrients, sediments, chemicals, and pesticides. Impervious
surfaces within a watershed are a key indicator of water quality. Impervious surfaces in urban areas
prevent the natural runoff mechanisms from infiltrating water and lead to the flashiness of stream
charge, increase the amount of discharge, shorten the run-off peak time, and lead to water quality
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degradation [14–21]. Agricultural land uses and raising livestock have also been shown to be a significant
non-point source of sediments [16,18–23]. Forests, on the contrary, have various positive effects on
streams, such as improving water quality [24,25], mitigating water quality degradation [18,26–28],
and reducing sediment yield and pollutant loading in watersheds [27,29–33].

Land use impacts on streams vary in the spatial scale because streams are hierarchical systems
surrounded by spatially heterogeneous landscape. Although multiple spatial scales, including
sub-watersheds and riparian buffer zones, have been commonly applied in previous studies [3,11,34–39],
there is still an ongoing debate regarding whether or not land use near streams has a greater influence
on water quality than on the entire watershed. Although the buffer widths varied across studies,
previous research has shown that land use within the riparian buffer zone has a greater influence
on the water quality than on the entire watershed [3,16–18,40–42]. These effects on water quality
are diverse between countries and the regions, water quality indicators, watershed characteristics,
and watershed boundary scales [1,43,44]. Therefore, it is critical to understand the impacts of land use
on water quality at multiple spatial scales to implement scale-appropriate strategies for water quality
improvement and watershed management.

For investigating the effects of watershed and riparian characteristics on stream water quality,
most previous studies adopted conventional statistical methods, such as the ordinary least squares
regression (OLS) and Spearman’s rank correlation analysis [25,45–47]. OLS is one of the most commonly
used statistical techniques for examining relationships between dependent and independent variables
and identifying key factors in explaining the variance of stream water quality [47]. One critical
assumption of OLS-based statistical methods is that the effects of land use on water quality are constant
over space. However, the impacts of land use on water quality might vary over space because of the large
number of factors and the complexity of the processes involved [48–55]. One possible way to handle
these spatially varying effects of land use on water quality is through geographically weighted regression
(GWR) [5,47,49,52,56,57]. In fact, numerous studies have reported that land use effects on stream
water quality are complex and specific to the site, region, and landscape (e.g., References [20,58–62]).
Nonetheless, GWR enables analysis of the spatially varying relationships between land use and stream
water quality. It can overcome the deficits of conventional statistical methods (i.e., OLS-based methods)
and be a powerful tool for providing space-specific critical knowledge for managing land use at various
scales (e.g., site, region, landscape, and country). Despite its significance, the spatial variation of land
use effects on water quality has not been extensively investigated [5,49].

Taking all of the above into account, the aim of this study is to investigate the relationships
between land use types (i.e., urban, agricultural, and forested areas) and water quality indicators
(i.e., BOD, DO, NH3-N and PO4-P) at two spatial scales (i.e., the watershed scale and riparian buffer
scales) using two statistical methods (i.e., OLS-based models and GWR models). Sound watershed
and stream management should be practiced based on an accurate assessment of the link between
land use characteristics and stream water quality. This has become increasingly difficult because of
many different land use practices in watersheds and their complex interactions [63–65]. In this regard,
the results of this study can provide critical insights into preparing sustainable stream and watershed
management guidelines for planners, managers, and decision makers.

2. Materials and Methods

2.1. Study Area

South Korea is located between 35◦74’ N and 127◦46’ E, with an area of approximately 100,210 km2.
As in any monsoon system, there are four seasons with distinctive seasonal characteristics in terms
of temperature, precipitation, and wind speed. The annual average temperature ranges from 10
to 15 ◦C, and the average precipitation is between 1200 and 1800 mm. August is the hottest month of
the year, with peak temperatures in the range of 23 to 26 ◦C, whereas, January is the coldest month with
temperatures falling to the range of−6 to 3 ◦C. During summer (June–September), heavy rain, typhoons,
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and humid weather contribute approximately two thirds of the total annual rainfall. Winter can be
characterized by dry weather and cold temperature, due to the northwest winds from Siberia. Thus,
there are considerable fluctuations in precipitation and stream flows between seasons [66,67].

There are four major rivers in South Korea: The Han, Nakdong, Geum, and Youngsan-Seomjin
Rivers. The Geum River is the third biggest river in South Korea, covering the Midwest region of South
Korea with a drainage area of 9915 km2 (Figure 1) and the Yellow Sea to the west of the watershed.
The mainstream of the Geum River is 398 km long and has long tributary channels. More than 50%
of the Geum River is occupied by forest areas, followed by agricultural areas. When compared with
other major rivers, the Geum River basin is relatively flat with low altitudes, and most watersheds
in the areas are occupied by agricultural lands. Hence, it is plausible that large amounts of synthetic
fertilizers and manures are commonly released into streams from agricultural areas [68]. The most
common type of water use in the Geum River basin is for agricultural water supplies, as the population
in the basin was 6497 million as of 2014, accounting for about 12.4% of Korea’s population [69].

Figure 1. Geum River national watershed management region, topography, and sampling sites in
the National Aquatic Ecological Monitoring Program in Korea.

2.2. Spatial Scale of Analysis

As shown in many previous studies, the relationships between land use and water quality
are scale-dependent. Although multiple spatial scales, including watershed, riparian zones,
and a series of buffers have been studied previously, the question of whether land use near streams
has a greater influence on water quality than that in the entire watershed is still controversial
(e.g., References [1,11,16–18,38,40,43,44,70]). For example, a number of studies argued that land use
on the buffer scale was more important for stream water quality than that in the entire watershed
because land use in the buffer zone has the strongest influence on streams, and pollutants, nutrients,
and sediments loaded from watersheds could be filtered, infiltrated, or absorbed by vegetation and soils
before they reached the stream [16–18,38,40,67,70]. However, buffer distance was never agreed upon
among previous studies [16–18]. Some other studies reported that land use on the watershed scale
explained the better water quality of the streams than land use on the buffer scale [1,11,44].
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For monitoring purposes, the Korean Ministry of Environment (MOE) has identified
and hierarchically structured watersheds across the entire country, including the national watershed
management regions (NWMRs), based watershed management regions (BWMRs), and sub-watershed
management areas (SWMAs). In addition, since 2007, the Korean MOE has designated areas within
500 m of buffers as riparian zones, to preserve stream water quality. For the current study, we decided
to use SWMAs as the study unit, because they are the basic units of watershed management for local
governments and the MOE. We computed the percentage of land use at two spatial scales, including
the 500 m riparian buffer scale (e.g., References [17,67]) and sub-watershed scale (i.e., SWMAs; [49]).
Thus, both the 500 m buffer scale and SWMAs are critical spatial units for stream water protection
and watershed management in Korea.

2.3. Water Quality Parameters

The MOE in Korea has monitored various indicators, including plants, geomorphological
characteristics (e.g., velocity, width, and depth), biochemical characteristics (e.g., BOD, COD, DO,
NH3-N, NO3-N, PO4-P, TN, TP, pH, SS, etc.), and biological indicators (e.g., benthic diatoms,
macroinvertebrates, and fish) throughout the country under the National Aquatic Ecological Monitoring
Program (NAEMP) since 2007 (for more detailed information on NAEMP, see Lee et al., Reference [71]).
Under the NAEMP, sampling sites were selected based on the size of river systems within the watersheds,
the land uses, and specific stream management interests.

We used 2014 monitoring data for matching with the most up to date LULC data released by
the MOE. Sampling in the Geum River basin was conducted by multiple universities for two weeks
(April 28–May 9) in spring under NAEMP and MOE. Out of 170 sampling sites in the Geum River
basin, we selected 76 sampling sites of tributary streams for analysis, omitting the sampling sites
on the main river because of substantially different stream environments and sizes [67]. Four water
quality parameters (i.e., BOD, DO, NH3-N, and PO4-P) were used as independent variables, and these
water quality parameters have been used most commonly in many previous studies for representing
stream water quality (e.g., References [25,61,72–77]).

2.4. Computing the Percentage of Land Use Types

To compute the proportions of land use types in watersheds, we integrated the digital LULC
map released by the MOE. The LULC map was generated using the Landsat Thematic Mapper
(30 m resolution) and Indian Remote Sensing (IRS) – 1C pan-chromatic (5.8 m resolution) images,
taken in 2007 and updated in 2015 and 2016 [67]. According to the MOE classification, land use
types were divided into seven categories and 23 sub-categories. For the current study, we used three
main categories: (a) Urban areas (i.e., industrial, residential, and commercial areas), (b) agricultural
areas (i.e., farms and rice paddy), (c) forested areas (i.e., deciduous, coniferous, and mixed forests).
The percentage of each land use within each SWMA and riparian buffer area was computed in ArcMap
and converted into proportional data for analysis.

2.5. Analysis and Model Estimation

Prior to estimating the models, the Pearson correlation analysis was used to explore the simple
relationships between the percentages of land use types and water quality parameters. GWR modified
the traditional regression model, such as OLS to address the spatial variations among variables
and display local rather than global statistics [56,57]. To estimate the OLS-based regression models,
the computed percentages of land use types at SWMA and buffer scales were regressed to each water
quality parameter (i.e., BOD, DO, NH3-N, and PO4-P) with the step-wise option using the SPSS
25 software (IBM Corp., Armonk, NY, USA). GWR models for each water quality parameter were
estimated using the embedded software ArcToolbox in ArcMap. All mappings and spatial analyses
were also conducted using ArcMap 10.6.1 (ESRI Inc., Redlands, CA, USA). In addition, the spatial
variations of the parameters and the local coefficient of determination (R2) of the estimated GWR
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models were visualized in ArcMap 10.6.1. In general, several hundred datasets should be considered
to apply GWR to obtain best results. However, numerous previous studies have applied GWR with
smaller datasets, which is insufficient for GWR analysis [55,78]. Because the dataset in this study
comprises stream monitoring data, the number of sampling sites is limited and should be located
along the rivers. We found that it is difficult to apply spatial bootstrapping methods for this case.
Alternatively, we bootstrapped the coefficients of estimated GWR models and computed confidence
intervals to reduce the uncertainty, due to the small-sized dataset. Bootstrapping was carried out using
the boot package in R for 3000 resamples.

In order to compare the performance of the estimated OLS and GWR models, we selected three
criteria: R2 values, Akaike’s Information Criterion (AICc), and spatial autocorrelation of residuals
(Moran’s I). Greater R2 and lower AICc values indicate that the estimated model closely represents
the actual nature of the relationships between land use types and water quality [57,79]. Moran’s I
ranges from −1 to 1, and a value close to −1 or 1 indicates that residuals are spatially dependent [57].
In contrast, for the residuals of estimated models, a value of Moran’s I close to zero suggests that
the residuals are spatially independent.

3. Results

3.1. Descriptive Statistics and Spatial Distributions

Water quality, including biochemical oxygen demand (BOD), dissolved oxygen (DO), ammoniacal
nitrogen (NH3-N), and phosphate (PO4-P), varied significantly among sampling sites (Table 1). The mean
values of BOD, DO, NH3-N, and PO4-P within the study area were 2.61, 9.74, 0.13, and 0.03 mg/L,
respectively. The result indicated that the water quality is good based on the BOD and DO values
measured using organic matter, but poor based on the NH3-N and PO4-P values measured using
nutrients. The relative proportions of each type of land use at two different scales varied across
the study areas. The mean values of the urban, agricultural, and forested areas at the SWMA scale were
7.73%, 29.47%, and 56.03%, respectively; i.e., the dominant land use type was a forest. The standard
deviations of agricultural and forested areas were high, suggesting that there is a greater variance across
the watershed. The mean values of the urban, agricultural, and forested areas at the riparian scale were
10.09%, 43.62%, and 46.29%, respectively. Compared with land use at the SWMA scale, the proportion of
urban and agricultural areas was higher, and that of forested areas was lower. Figure 2 shows the spatial
distributions of the land use, including urban, agricultural, and forested areas. Urban areas were mainly
observed in the center and at the northern and western sides of the study area, which has a large
population. The spatial distribution of agricultural areas was high in the western region of the study
area, with mild slopes and low elevations. The spatial distribution of forested areas was observed in
steep slopes and high elevations and revealed a gradual increase from west (low) to east (high).

Table 1. Descriptive statistics of measured water quality parameters and percentage of land use types
at two different scales. SWMA, sub-watershed management areas.

Classification Variables Mean S.D. Min. Max.

Water Quality
Parameter

BOD (mgL−1) 2.61 1.69 0.30 7.70
DO (mgL−1) 9.74 1.35 6.30 12.61

NH3-N (mgL−1) 0.13 0.22 0.007 1.42
PO4-P (mgL−1) 0.03 0.03 0.002 0.12

Land Use
(SWMA scale)

Urban area (%) 7.73 6.80 0.65 30.05
Agricultural area (%) 29.47 15.01 8.91 64.79

Forested area (%) 56.03 19.07 18.31 86.19

Land Use
(Riparian scale)

Urban area (%) 10.09 9.0 0.00 49.20
Agricultural area (%) 43.62 18.81 12.12 86.04

Forested area (%) 46.29 21.66 5.81 84.84

n = 76. S.D. = Standard Deviation, Min. = Minimum, Max. = Maximum.
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Figure 2. Spatial distribution of urban, agricultural, and forest areas (%) in the study area.

3.2. Correlations between Land Use Types and Water Quality Parameters

The percentage of urban and agricultural areas was positively correlated with the concentrations of
BOD, NH3-N, and PO4-P, whereas, the percentage of forested areas showed opposite relationships with
the concentrations of BOD, NH3-N, and PO4-P at the SWMA scale. In addition, the correlation between
the concentration of DO and the percentages of agricultural and forested areas was negative and positive,
respectively. Therefore, the water quality status was likely poor if the percentage of developed areas,
including urban and agricultural areas in watersheds was high. On the contrary, the water quality
was likely better when watersheds were dominated by more forests. However, the percentage
of urban land uses in watersheds showed relatively weak relationships with the concentration of
PO4-P. No significant relationship between the percentage of urban land use and the concentration
of DO was observed at the watershed scale. Further, it was possible to observe a similar pattern
of the relationship at the riparian scale. Specifically, the percentage of urban areas was positively
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correlated with the concentration of BOD at the riparian scale, whereas, the percentage of urban land
uses at the riparian scale showed no significant relationship with the concentrations of DO, NH3-N,
and PO4-P.

The percentage of agricultural areas at the riparian scale was positively associated with
the concentrations of BOD, NH3-N, and PO4-P, and the negatively correlated with the concentration of
DO. We also observed negative relationships between the percentage of forests in riparian areas with
the concentrations of BOD, NH3-N, and PO4-P, as well as positive associations with DO. Therefore,
stream water quality was likely better if riparian areas were covered by less urban and agricultural
areas, but more by forests. These results suggested the positive effects of forests and the negative effects
of urban and agricultural areas on both the watershed and riparian scales. It was noteworthy that urban
areas showed relatively weaker relationships with water quality parameters than agricultural and forest
areas on both scales. In addition, the percentage of land use types showed stronger relationships with
water quality parameters on the watershed scale than on the riparian scale (Table 2).

Table 2. Pearson correlations between land use types and water quality parameters at SWMA
and riparian buffer scales.

Scales Land Use
(%)

BOD
(mgL−1)

DO
(mgL−1)

NH3-N
(mgL−1)

PO4-P
(mgL−1)

SWMA scale
Urban 0.53 ** −0.14 0.33 ** 0.29 *

Agriculture 0.51 ** −0.50 ** 0.49 ** 0.67 **
Forest −0.64 ** 0.40 ** −0.51 ** −0.63 **

Riparian scale
Urban 0.33 ** 0.04 0.09 0.08

Agriculture 0.49 ** −0.57 ** 0.46 ** 0.64 **
Forest −0.56 ** 0.48 ** −0.44 ** −0.56 **

n = 76. * p < 0.05, ** p < 0.01.

3.3. Estimated OLS Models at Two Spatial Scales

On both scales, the main land use types affecting stream water quality were agricultural or
forest areas, whereas, urban land use did not appear to be the primary land use type influencing
stream water quality (Table 3). Specifically, the percentage of forested areas significantly lowered
the concentration of BOD of streams at the watershed scale in the study areas (b = −0.057, β = −0.638,
p < 0.01). Approximately 40% of the variance of the BOD concentration of streams was explained by
the percentage of forested areas in the watershed, and the percentage of urban and agricultural areas
did not appear to be significant variables in the estimated BOD regression model. The positive effect of
the forested areas was also observed in the NH3-N model at a watershed scale. In the estimated model
for NH3-N, the percentage of forested areas in the watershed considerably reduced the concentration of
NH3-N in streams (b = −0.006, β = −0.508, p < 0.01), and the coefficient of determination of the model
was 0.25. Meanwhile, the concentration of DO was significantly decreased by the percentage of
agricultural areas in the watershed (b = −0.045, β = −0.503, p < 0.01). On the contrary, the percentage of
agricultural areas in the watershed (b = 0.001, β = 0.666, p < 0.01) increased the concentration of PO4-P
in streams. The coefficients of determination of DO and PO4-P models were 0.25 and 0.44, respectively.

At the riparian scale, the percentage of forested areas appeared to lower the concentration
of BOD in the estimated BOD regression model (b = −0.044, β = −0.564, p < 0.01) and explained
approximately 31% of the variance of the BOD concentration in streams. In the estimated DO, NH3-N,
and PO4-P models at the riparian scale, the percentage of agricultural areas appeared to be the main
determinant of the concentrations of DO, NH3-N, and PO4-P. Specifically, the percentage of agricultural
areas significantly reduced the concentration of DO (b = −0.041, β = −0.572, p < 0.01) and increased
the concentrations of NH3-N (b = 0.005, β = 0.461, p < 0.01) and PO4-P (b = 0.001, β = 0.637, p < 0.01)
in streams. The coefficients of determination of the estimated regression models for DO, NH3-N,
and PO4-P were 0.32, 0.2 and 0.4, respectively.
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Table 3. The estimated ordinary least squares (OLS)-based regression models at SWMA and riparian scales.

Water Quality Estimated Regression F-Value Adj. R2

SWMA scale
BOD (mgL−1) −0.057 ×%Forest ** + 5.79 50.91 ** 0.40
DO (mgL−1) −0.045 ×%Agriculture ** + 11.07 25.03 ** 0.24

NH3-N (mgL−1) −0.006 ×%Forest ** + 0.46 25.67 ** 0.25
PO4-P(mgL−1) 0.001 ×%Agriculture ** − 0.007 58.92 ** 0.44

Riparian scale
BOD (mgL−1) −0.044 ×%Forest ** + 4.657 34.47 ** 0.31
DO (mgL−1) −0.041 ×%Agriculture ** + 11.534 35.91 ** 0.32

NH3-N (mgL−1) 0.005 ×%Agriculture ** − 0.1 20.01 ** 0.20
PO4-P (mgL−1) 0.001 ×%Agriculture ** − 0.012 50.55 ** 0.40

** p < 0.01.

Overall, the estimated OLS models for BOD, DO, NH3-N, and PO4-P indicated that the percentages
of agricultural and forested areas at both scales were primary land use types in determining the water
quality of the stream. These estimated regression models clearly showed the positive effects of forested
areas and negative effects of agricultural areas on water quality at the watershed and riparian scales.
In terms of the coefficient of determination, land use types at the watershed scale explained the stream
water quality better than those at the riparian scale, except for the concentration of DO.

3.4. Estimated GWR Models at Two Spatial Scales

The estimated GWR models for BOD, DO, NH3-N, and PO4-P at the watershed and riparian
scales suggested that the effects of forested and agricultural areas on stream water quality varied
significantly over the study areas (Table 4). In particular, the coefficient of the percentage of forested
areas for BOD at the watershed scale varied from −0.075 to 0.009 over space, suggesting that forested
areas might increase the concentration of BOD in streams under certain circumstances (R2 = 0.4).
A similar variance was observed for the coefficient of the percentage of forested areas at the riparian
scale, but the range of the variance (−0.048 to −0.002) was relatively small (R2 = 0.31). The estimated
GWR model for DO indicated a negative effect of the percentage of agricultural areas in the watershed
(R2 = 0.24). The negative effect of agricultural areas on DO varied considerably, from −0.079 to 0.001
across the study areas, suggesting that the percentage of agricultural areas in the watershed might
increase the concentration of DO under certain circumstances. However, the coefficient of agricultural
areas for DO in riparian areas varied within a relatively small range (−0.065 to −0.017; R2 = 0.32).
The coefficient of the percentage of forested areas for NH3-N at the watershed scale significantly varied
from −0.007 to −0.005 over space, suggesting that forested areas might reduce the concentration of
NH3-N in streams (R2 = 0.25). Moreover, the estimated GWR model for NH3-N showed a negative
effect of the percentage of agricultural areas at riparian scales (R2 = 0.20), indicating that the negative
effect of agricultural areas on NH3-N varied over space. The percentage of agricultural areas at both
the watershed and riparian scales appeared to increase the concentration of PO4-P in the estimated GWR
models. A similar variance of the coefficient of agricultural areas was observed at both the watershed
(R2 = 0.44) and riparian scales (R2 = 0.40).

Overall, we observed that the effects of land use types in the watershed and riparian areas on
water quality varied over space. Furthermore, we observed that the GWR models at the watershed
scale performed better than those at the riparian scale in terms of R2 and AICc values, except for
the DO models (Table 4). All model performance indicators of GWR models for BOD and PO4-P
consistently indicated better performance of the watershed scale model over the riparian scale model.
On the contrary, the GWR models for DO suggested that riparian scale model performed better than
the watershed scale model. However, model performance indicators of the GWR models for NH3-N
were inconsistent between the watershed and riparian scales. It was observed that GWR model
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at the watershed scale performed better than that at the riparian scale in terms of R2 and AICc values.
However, the GWR models at the riparian scale performed better when considering Moran’s I values.

Table 4. Estimated GWR models for BOD, DO, NH3-N, and PO4-P at SWMA and riparian scales.
The higher value of R2 and lower values of AICc and Moran’s I (absolute value) indicate better
performance of the estimated models.

Indicator
BOD DO NH3-N PO4-P

SWMA Riparian SWMA Riparian SWMA Riparian SWMA Riparian

Mean C. a
−0.039F −0.029F −0.037A −0.035A −0.006F 0.005A 0.0008A 0.0007A

Min. C. b −0.075F −0.048F −0.079A −0.065A −0.007F 0.004A 0.000A 0.0002A
Max. C. c 0.009F −0.002F 0.001A −0.017A −0.005F 0.006A 0.0013A 0.0011A
Adj. R2 0.40 0.31 0.24 0.32 0.25 0.20 0.44 0.40

AICc 261.66 272.38 244.55 236.63 −33.78 −29.34 −364.81 −359.87
Moran’s I 0.21 0.28 0.18 0.18 −0.17 −0.14 −0.01 0.03

a Mean coefficient, b Minimum coefficient, c Maximum coefficient. A and F denote the percentage of agricultural
and forested areas, respectively.

We bootstrapped the coefficients of estimated GWR models and computed confidence intervals to
reduce the uncertainty, due to the small-sized dataset (Table 5). The results of the bootstrap analysis
indicated that the estimated coefficients of land use percentage in GWR models for BOD, DO, NH3-N,
and PO4- P at both scales fall within the confidence interval range (2.5%–97.5%).

Table 5. Mean coefficients and confidence intervals of coefficients in estimated GWR models.

BOD DO NH3-N PO4-P

SWMA Riparian SWMA Riparian SWMA Riparian SWMA Riparian

Mean Co. (1) −0.039F −0.029F −0.037A −0.035A −0.006F 0.005A 0.0008A 0.0007A

Confidence Interval (2) (−0.042,
−0.033)

(−0.031,
−0.026)

(−0.042,
−0.031)

(−0.038,
−0.031)

(−0.0058,
−0.0056)

(0.0050,
0.0053)

(0.0007,
0.0009)

(0.0006,
0.0008)

(1) Mean Coefficient. (2) 95% confidence interval (lower limit 2.5%, upper limit 97.5%). A and F denote the percentage
of agricultural and forested areas, respectively. Boot resamples = 3000.

3.5. Comparison between OLS and GWR Models

At the watershed scale, all model performance criteria indicated better performance of the GWR
model over the OLS model for BOD. Specifically, the coefficient of determination of the OLS model
(R2 = 0.4) for BOD was improved in the GWR model (R2 = 0.5). AICc and Moran’ I values (261.66 and 0.21,
respectively) were also decreased in the GWR model (AICc = 254.44, Moran’s I = 0.004), indicating
considerable improvement of the model performance in delineating the relationship between land
use types and the concentration of BOD. We observed similar improvement of the estimated models
between the OLS and GWR models for DO at the watershed scale. The R2 values of the OLS and GWR
models for DO at the watershed scale were 0.24 and 0.44, respectively, indicating that the GWR model
performed better in terms of explaining the variance of the concentration of DO than the OLS model.
The lower AICc and Moran’s I value of the GWR model compared with those of the OLS model for
DO confirmed the better performance of the GWR model. However, a significant difference was not
found between GWR and OLS models for NH3-N at the watershed scale, even though all criteria of
the two models for NH3-N at the watershed scale were almost identical. In addition, the higher R2

and the lower AICc of the GWR model for PO4-P compared with those of the OLS model suggested
better performance of the GWR model in terms of explaining the relationship between land use type
and concentration of PO4-P at the watershed scale. However, the Moran’s I value of the GWR model
for PO4-P was improved in the OLS model at the watershed scale. These mixed results of model
performance criteria suggested no considerable difference between the two models in explaining
the relationship between the concentrations of PO4-P with land use type in streams at the watershed
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scale. Hence, we observed considerable improvement of the GWR over the OLS model for BOD
and DO at the watershed scale. However, there was no significant difference between the models in
terms of explaining the relationships of the concentrations of NH3-N and PO4-P and land use type
at the watershed scale.

At the riparian scale, we observed very similar results indicating the better performance of
the GWR than the OLS model for BOD and DO. The higher R2 value and the lower AICc and Moran’s
I value of the GWR model for BOD and DO indicated its better performance relative to the OLS model
in terms of explaining the variances of the concentrations of BOD and DO. However, we were not
able to observe considerable differences between the GWR and OLS models in terms of explaining
the variances of the concentration of NH3-N and PO4-P at the riparian scale. All model performance
criteria of the GWR and OLS models for NH3-N and PO4-P were almost identical (Table 6).

Table 6. Performance indicators of OLS and GWR models at both scales. The higher value of R2 and lower
values of AICc and Moran’s I (absolute value) indicate better performance of the estimated models.

Water Quality Criteria
SWMA Scale Riparian Scale

OLS GWR OLS GWR

BOD Adj. R2 0.40 0.50 0.31 0.48
AICc 261.66 254.24 272.38 257.79

Moran’ I 0.21 0.004 0.28 0.004

DO Adj. R2 0.24 0.44 0.32 0.48
AICc 244.55 224.92 236.63 218.79

Moran’ I 0.18 −0.07 0.18 −0.05

NH3-N Adj. R2 0.25 0.25 0.20 0.24
AICc −33.78 −32.85 −29.34 −28.34

Moran’ I −0.17 −0.20 −0.14 −0.17

PO4-P Adj. R2 0.44 0.49 0.40 0.44
AICc −364.81 −367.61 −359.87 −362.53

Moran’ I −0.01 −0.10 0.03 −0.05

Overall, the GWR models for BOD and DO performed considerably better than the OLS models,
at both the watershed and riparian scales. However, no considerable difference between the two models
in terms of explaining the concentrations of NH3-N and PO4-P was observed. Despite these mixed
results, it could not be conclusively determined that land use effects on the concentrations of NH3-N
and PO4-P in streams are constant over space.

4. Discussions

4.1. Land Use Types and Water Quality

Based on the result of the OLS models employed in this study, it was found that agricultural
and forested areas were the dominant factors influencing water quality variations at both scales
considered, whereas, urban areas were not a good predictor. Several other studies have also noted
the importance of the impacts of agricultural and forested areas in watersheds on water quality. The OLS
models employed in this study for BOD and NH3-N at the watershed scale confirmed the results of
previous research reporting positive effects of forested areas on water quality in watersheds. Previous
studies have shown that greater proportions of forest coverage are associated with the health of aquatic
ecosystems [48,80–82], and improvements in water quality [24,25], as forest coverage plays an important
role in mitigating water quality degradation [18], and produces less sediment and pollutants [29].
Singh and Mishra [33] found that a decrease in the forest cover increased the quantity of sediment
yield, nutrients, and chemicals affected by turbidity and total suspended solids. Specifically, the forest
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cover reduces nitrates, and phosphorous loading into the stream and increases DO concentration in
the stream [27,83].

Our OLS models for DO and PO4-P at the watershed scale suggested that greater proportions
of agricultural areas are associated with poorer water quality parameters, which is consistent with
the results of previous publications. As agricultural nutrients from fertilizers and pesticides decrease
DO, which can lead to the degradation of aquatic ecosystem habitats, it is critical for the concentration
of DO to be appropriate in streams for the functioning of aquatic ecosystems. It was also reported in
previous studies that agricultural areas have a strong positive influence on nitrogen and sediment loads
from fertilizers, pesticides, herbicides, and diary manures in the cropland [84–88]. Specifically, animal
wastes and domestic sewage from agricultural areas could be the primary sources of phosphorus,
which greatly contributes to water quality degradation [20,83].

Many previous studies have shown that greater proportions of urban areas in watersheds are
a key factor affecting water quality [15,89–93]. Previous results have shown that urban areas are closely
related to water quality pollution indicators, such as nitrogen, phosphorus, and ammonia [41,44,45].
Additionally, DO concentration decreases because of the discharge of organic matter in urban areas [92].
Urban runoff contains a large number of pollutants accumulating on impervious surfaces, such as
parking lots, roads, and housing, thus influencing water quality [94–96]. However, in the current
study, there were no significant relationships between urban areas and water quality parameters in our
OLS models.

Many studies have shown that urban and agricultural areas were found to be major causes
of water quality degradation [15,87,92,94]. However, uncertainties regarding whether the urban
or agricultural land use is more important for the water quality of the streams still remain [50,73].
Lee et al. [25] and Ding et al. [73] identified that there was a strong relationship between urban
land use and water quality indicators, rather than agricultural land use, because of the significant
contribution of rapid urbanization and farming management practices in the study area. In contrast,
several other studies have reported that agricultural land use was a major consideration in water
quality degradation [20,97,98]. In specific, Wan et al. [20] found that agriculturally developed areas
lead to more pollutants than urban areas because of the lack of facilities in agricultural areas for
the treatment of pollutants from domestic sewage and human and animal excreta. These mixed results
are partly owing to the distinctive characteristics of each watershed. Furthermore, a few studies pointed
out that the percentage of urban land use in watersheds could determine the intensity of land use
impact [39,50,98], although this is still controversial. Osborne and Wiley [39] have reported that only
5% of urban areas in watersheds could explain most pollutant loadings. Hooda et al. [99] found that
agricultural land use influenced water quality more than any other land use type, when the percentage
of urban land use is less than 5%. In the current study, agricultural land use impacts on water quality
parameters were observed to be more intensive than those of urban land cover at both the scales,
because the urban land cover is low (about 7%) and agriculturally developed areas are extensive.

4.2. Scale Effect on Relationships between Water Quality and Land Use

As the watershed boundary is a critical factor for regulating and managing land use, and riparian
zones are important as an aquatic-terrestrial ecotone, it follows that both the watershed and riparian
scales should be considered [100,101]. Particularly, riparian forests have positive effects on stream
water quality and stream health, such as reducing pollutant loading from various land use types,
lowering stream water temperature, stabilizing stream banks, and providing physical habitats [28,83].
Riparian vegetation also reduces phosphorus, nitrates, and sediment loading into the stream [27,32,41].
However, riparian forests have been fragmented and are in danger of disappearing owing to human
activities and land development; such a development can affect the characteristics of hydrological
runoff processes by increasing flow velocity and decreasing residence time within riparian buffers [67].
The land use effect on water quality at the riparian scale, as identified in this study, verifies the findings
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of previous studies indicating the positive effect of riparian forests and the negative effect of agricultural
areas in riparian zones.

In our study area, the proportion of each land use type at the watershed scale appears to be more
important in determining water quality parameters than at the riparian buffer scale. We found that
the predictive power of the models was much higher at the watershed scale, except for the DO parameter.
Land use types have a stronger relationship with water quality parameters at the entire watershed
than at the riparian buffer, which reflects the scale effects and the existence of the effective spatial scale.
Despite many studies that have highlighted the importance of a multiscale analysis on the relationship
between land use and water quality, uncertainties regarding whether the watershed or riparian buffer
scale is more important in influencing water quality still exist [41,95,102]. Some studies have shown
that land use in a riparian zone is a better predictor of water quality than in the watershed [17,103,104],
although the effective buffer width is still a subject of significant debate. Other studies have emphasized
that stream water quality is better explained by land use at the entire watershed than at riparian
zone [25,40,95,105], as investigated in this study. Zhou et al. [94] also found that the effective spatial
scale varied for the given water quality parameters. These numerous studies suggest that a multi-scale
perspective must be adopted when establishing and implementing watershed management planning.
Based on our study, the entire watershed management process is extremely necessary, aiming at water
quality improvement, although it is still critical to prioritize the riparian zone for maintaining
water quality.

4.3. Comparison between OLS and GWR Models

In this study, both the estimated OLS and GWR models (Table 6) strongly indicated that
the agricultural and forested land use significantly impacted stream water quality. The GWR models
for BOD and DO performed considerably better than the OLS models, but there was no considerable
difference between GWR and OLS models in explaining the concentration of NH3-N and PO4-P.
Compared with the OLS models for BOD and DO, the GWR models performed considerably better in
explaining the spatial variance in the effect of land use on water quality. As previous studies have
reported, the relationship between land use and water quality was not constant over space, but varied
among sites depending on watershed characteristics [16,52,78,106,107]. Tu [55] also reported similar
results, indicating that land use effects on water quality parameters could vary by location with different
levels of urbanization. However, it is difficult to find the cause of the non-stationary effect, due to
the complex interactions among numerous variables, such as topographic features, meteorological
conditions, and the source of pollutants [108–110]. In other words, all watersheds and streams are
affected by adjacent environments in different ways and to different degrees. Although there were no
significant differences in the explanatory power and spatial autocorrelation between the OLS and GWR
models for NH3-N and PO4-P in this study, the results of GWR models for NH3-N and PO4-P are still
meaningful and can capture spatial variability among study areas and help explore the relationship
between land use and water quality parameters. The spatial variation in the impacts of land use on
water quality can explain factors that the OLS models are unable to identify. The results of GWR models
can be adopted for environmental policymakers in terms of maintaining, controlling, and improving
water quality.

4.4. Spatially Varying Relationships between Water Quality and Land Use

In order to find the spatially varying relationships between land use and water quality, we generated
maps of local parameter estimates and local R2 in GWR models for BOD, DO, NH3-N, and PO4-P
(Figure 3). Maps of the local parameter estimates show the spatial variance of coefficients which
represent the magnitude and direction of the relationship between land use and water quality. The local
R2 value indicates the abilities of independent variables to explain the spatial variance in the water
quality indicator at different sampling sites. In our study, spatial non-stationarity was present in
the relationships between forested areas and BOD (Figure 3a). Forested areas had a strongly negative
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relationship with BOD over the study area. The red points indicated the stronger effects of forested
areas on BOD. Higher coefficient values of the GWR model for the BOD were observed in less forested
areas, while lower coefficient values were mainly located in highly forested areas. This indicated
that forested areas were more important predictors of BOD in less forested watersheds than in highly
forested watersheds. Higher R2 values (red dots) of the GWR model for BOD (Figure 3a) were observed
mostly in the middle of the study area, while lower R2 values (dark green dots) were mainly located
in the east part of the study area. The result indicated that the ability of forested areas to explain
the spatial variation of the BOD greatly varied across the study area. There was also a clear spatial
non-stationarity in the relationships between agricultural areas and DO (Figure 3b). Higher agricultural
coefficient values were concentrated mostly in the middle of the study area, suggesting the higher
effect of agricultural areas on DO. Higher R2 values in estimated GWR models for DO were observed
in the middle areas.

The percentage of forested land exhibited negative relationships with NH3-N across the entire
study area and varying over space (Figure 3c). The R2 values from the GWR model for the NH3-N
showed clear spatial differences (Figure 3c). In the NH3-N model, higher R2 values were observed in
less forested areas, whereas, lower R2 values were mainly located in highly forested areas. In addition,
the percentage of agricultural areas showed significant positive relationships with PO4-P. In the PO4-P
model, higher coefficient values were mainly observed in higher agricultural areas and lesser forested
areas. The ability of agricultural land to explain the spatial variation in PO4-P varied significantly
across the study area. Higher R2 values were in higher agricultural areas and in lesser forested areas.

Figure 3. Cont.
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Figure 3. Spatial distribution of land use coefficient and local R2 in the estimated GWR models for
BOD (a), DO (b), NH3-N (c), and PO4-P (d). The GWR model showed significant spatial variation of
the land use coefficient and local R2.

We generated scatterplots in order to showcase the relationship between the coefficients of land
use in the estimated GWR models and the percentage of land use (Figure 4). Overall, we observed that
the relationship was not linear. A t-test was used to compare the means of the percentage of land use of
two groups: The group with percentages below the mean and the group with percentages above the mean
(Table 7). We divided the percentage of land use into two groups divided by mean, and the difference in
mean coefficients between the two groups were examined using the t-test. The result of the t-test indicated
that the mean coefficients were significantly different, suggesting that the effect of land use on water quality
would differ with the percentage of land use (except for the DO model). Specifically, the positive effect
of forests on water quality is greater if forested areas in watersheds are greater than a certain percentage
(i.e., the mean value in our cases). In other words, foresting in watersheds to improve water quality might
not be effective if the forested areas are not large enough. However, it is noteworthy that the critical
percentage of foresting in the watershed for improving water quality would depend on the various
characteristics of the region, such as elevation, slope, soil types, and configuration of landscape elements.

Table 7. t-Test results comparing group 1 (the percentage of land use is below the mean) and group 2
(the percentage of land use is above the mean).

Group Mean SD t-Value p-Value

Coefficient of % forest (BOD) low −0.475 0.010
−4.211 0.000 **high −0.299 0.023

Coefficient of % agriculture (DO) low −0.033 0.022
1.322 0.192high −0.041 0.026

Coefficient of % forest (NH3-N) low −0.006 0.0005
−5.622 0.000 **high −0.005 0.0005

Coefficient of % agriculture (PO4-P) low 0.0006 0.0004
−6.792 0.000 **high 0.0011 0.0002

** p < 0.01.
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Figure 4. Scatterplots of the percentage of land use and the coefficients of land use in the estimated
GWR models for BOD (upper left), DO (upper right), NH3-N (bottom left), and PO4-P (bottom right).

5. Conclusions

In this study, we examined the relationships between land use types and water quality indicators
at two spatial scales, namely, the watershed and riparian scales, using two statistical methods.
The results demonstrated that stream water quality is significantly related to agricultural and forested
areas at both scales. The results of this study indicated that a higher degree of agricultural area
negatively affects water quality, whereas, a higher percentage of forested areas has positive effects on
stream water quality. The results also suggested that the effects of land use on water quality are scale
dependent. Our study suggests that the entire watershed scale (SWMA scale) is a more effective spatial
scale for assessing and predicting the impacts of land use types on water quality, when compared with
the riparian buffer scale. As discussed in previous studies, it is critical to adopt a multi-scale perspective
when establishing watershed management planning. Numerous previous studies reported that GWR
models have better predictive performance than OLS models. Our study suggests that the GWR models
for BOD and DO performed considerably better than OLS models, but there was no considerable
difference in terms of explaining the concentration of NH3-N and PO4-P. However, maps of the local
parameter estimate and the R2 values from GWR models provide a visualization of the spatially varying
relationships among variables. The results of GWR models can serve as a useful tool for environmental
policymakers in terms of maintaining, controlling, and improving water quality. Although sound
watershed and stream management should be practiced based on the accurate assessment of the linkage
between land use characteristics and stream water quality, this has been increasingly difficult because
of many different land use practices in watersheds and their complex interactions. In this regard,
the results of this study can provide critical insights into preparing sustainable stream and watershed
management processes for planners, managers, and decision makers.



Int. J. Environ. Res. Public Health 2020, 17, 1673 17 of 22

Author Contributions: S.-R.P. was responsible for the study idea, collecting data, and writing the original draft.
S.-W.L. performed the additional statistical analysis and edited the manuscript. All authors have read and agreed
to the published version of the manuscript.

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIT) (No. 2019R1F1A1063823).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chang, H. Spatial analysis of water quality trends in the Han River basin, South Korea. Water Res. 2008,
42, 3285–3304. [CrossRef]

2. Khatri, N.; Tyagi, S. Influences of natural and anthropogenic factors on surface and groundwater quality in
rural and urban areas. Front. Life Sci. 2015, 8, 23–39. [CrossRef]

3. Allan, J.D.; Erickson, D.L.; Fay, J. The influence of catchment land use on stream integrity across multiple
spatial scales. Freshw. Biol. 1997, 37, 149–161. [CrossRef]

4. Hooper, L.; Hubbart, J.A. A rapid physical habitat assessment of wadeable streams for mixed-land-use
watersheds. Hydrology 2016, 3, 37. [CrossRef]

5. Giri, S.; Qiu, Z. Understanding the relationship of land uses and water quality in Twenty First Century:
A review. J. Environ. Manag. 2016, 173, 41–48. [CrossRef]

6. Huang, D. Quantifying Stream Bank Erosion and Deposition Rates in a Central US Urban Watershed.
Ph.D. Thesis, University of Missouri, Columbia, MO, USA, 2012.

7. Hubbart, J.A.; Freeman, G. Sediment laser diffraction: A new approach to an old problem in the central US.
Stormwater J. 2010, 11, 36–44.

8. Nichols, M.H.; Polyakov, V.O.; Nearing, M.A.; Hernandez, M. Semiarid watershed response to low-tech
porous rock check dams. Soil Sci. 2016, 181, 275–282. [CrossRef]

9. Su, W.C.; Ahern, J.F.; Chang, C.Y. Why should we pay attention to “inconsistent” land uses? A viewpoint on
water quality. Landsc. Ecol. Eng. 2016, 12, 247–254. [CrossRef]

10. Zeiger, S.J.; Hubbart, J.A. Urban stormwater temperature surges: A central US watershed study. Hydrology
2015, 2, 193–209. [CrossRef]

11. Johnson, L.B.; Richards, C.; Host, G.E.; Arthur, J.W. Landscape influences on water chemistry in Midwestern
stream ecosystems. Freshw. Biol. 1997, 37, 193–208. [CrossRef]

12. Zeiger, S.J.; Hubbart, J.A. Nested-scale nutrient flux in a mixed-land-use urbanizing watershed. Hydrol. Process.
2016, 30, 1475–1490. [CrossRef]

13. Zeiger, S.; Hubbart, J.A.; Anderson, S.H.; Stambaugh, M.C. Quantifying and modelling urban stream
temperature: A central US watershed study. Hydrol. Process. 2016, 30, 503–514. [CrossRef]

14. Carpenter, S.R.; Caraco, N.F.; Correll, D.L.; Howarth, R.W.; Sharpley, A.N.; Smith, V.H. Nonpoint pollution of
surface waters with phosphorus and nitrogen. Ecol. Appl. 1998, 8, 559–568. [CrossRef]

15. Gyawali, S.; Techato, K.; Yuangyai, C.; Musikavong, C. Assessment of relationship between land uses of
riparian zone and water quality of river for sustainable development of river basin, A case study of U-Tapao
river basin, Thailand. Procedia Environ. Sci. 2013, 17, 291–297. [CrossRef]

16. Pratt, B.; Chang, H. Effects of land cover, topography, and built structure on seasonal water quality at multiple
spatial scales. J. Hazard. Mater. 2012, 209, 48–58. [CrossRef] [PubMed]

17. Shen, Z.; Hou, X.; Li, W.; Aini, G.; Chen, L.; Gong, Y. Impact of landscape pattern at multiple spatial scales
on water quality: A case study in a typical urbanised watershed in China. Ecol. Indic. 2015, 48, 417–427.
[CrossRef]

18. Sliva, L.; Williams, D.D. Buffer zone versus whole catchment approaches to studying land use impact on
river water quality. Water Res. 2001, 35, 3462–3472. [CrossRef]

19. Uriarte, M.; Yackulic, C.B.; Lim, Y.; Arce-Nazario, J.A. Influence of land use on water quality in a tropical
landscape: A multi-scale analysis. Landsc. Ecol. 2011, 26, 1151–1164. [CrossRef]

20. Wan, R.; Cai, S.; Li, H.; Yang, G.; Li, Z.; Nie, X. Inferring land use and land cover impact on stream water
quality using a Bayesian hierarchical modeling approach in the Xitiaoxi River Watershed, China. J. Environ.
Manag. 2014, 133, 1–11. [CrossRef]

http://dx.doi.org/10.1016/j.watres.2008.04.006
http://dx.doi.org/10.1080/21553769.2014.933716
http://dx.doi.org/10.1046/j.1365-2427.1997.d01-546.x
http://dx.doi.org/10.3390/hydrology3040037
http://dx.doi.org/10.1016/j.jenvman.2016.02.029
http://dx.doi.org/10.1097/SS.0000000000000160
http://dx.doi.org/10.1007/s11355-016-0293-7
http://dx.doi.org/10.3390/hydrology2040193
http://dx.doi.org/10.1046/j.1365-2427.1997.d01-539.x
http://dx.doi.org/10.1002/hyp.10716
http://dx.doi.org/10.1002/hyp.10617
http://dx.doi.org/10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2
http://dx.doi.org/10.1016/j.proenv.2013.02.041
http://dx.doi.org/10.1016/j.jhazmat.2011.12.068
http://www.ncbi.nlm.nih.gov/pubmed/22277338
http://dx.doi.org/10.1016/j.ecolind.2014.08.019
http://dx.doi.org/10.1016/S0043-1354(01)00062-8
http://dx.doi.org/10.1007/s10980-011-9642-y
http://dx.doi.org/10.1016/j.jenvman.2013.11.035


Int. J. Environ. Res. Public Health 2020, 17, 1673 18 of 22

21. Yang, X. An assessment of landscape characteristics affecting estuarine nitrogen loading in an urban
watershed. J. Environ. Manag. 2012, 94, 50–60. [CrossRef]

22. Huang, Z.; Han, L.; Zeng, L.; Xiao, W.; Tian, Y. Effects of land use patterns on stream water quality: A case
study of a small-scale watershed in the Three Gorges Reservoir Area, China. Environ. Sci. Pollut. Res. 2016,
23, 3943–3955. [CrossRef] [PubMed]

23. Karr, J.R. Defining and measuring river health. Freshw. Biol. 1999, 41, 221–234. [CrossRef]
24. Yong, S.T.Y.; Chen, W. Modeling the relationship between land use and surface water quality. J. Environ.

Manag. 2002, 66, 377–393.
25. Lee, S.W.; Hwang, S.J.; Lee, S.B.; Hwang, H.S.; Sung, H.C. Landscape ecological approach to the relationships

of land use patterns in watersheds to water quality characteristics. Landsc. Urban Plann. 2009, 92, 80–89.
[CrossRef]

26. Ding, J.; Jiang, Y.; Liu, Q.; Hou, Z.; Liao, J.; Fu, L.; Peng, Q. Influences of the land use pattern on water quality
in low-order streams of the Dongjiang River basin, China: A multi-scale analysis. Sci. Total Environ. 2016,
551, 205–216. [CrossRef]

27. Ou, Y.; Wang, X.; Wang, L.; Rousseau, A.N. Landscape influences on water quality in riparian buffer zone of
drinking water source area, Northern China. Environ. Earth Sci. 2016, 75, 114. [CrossRef]

28. Yang, H.; Wang, G.; Wang, L.; Zheng, B. Impact of land use changes on water quality in headwaters of
the Three Gorges Reservoir. Environ. Sci. Pollut. Res. 2016, 23, 11448–11460. [CrossRef]

29. Calder, I.R. Forests and water—Closing the gap between public and science perceptions. Water Sci. Technol.
2004, 49, 39–53. [CrossRef]

30. Gonzales-Inca, C.A.; Kalliola, R.; Kirkkala, T.; Lepistö, A. Multiscale landscape pattern affecting on stream
water quality in agricultural watershed, SW Finland. Water Resour. Manag. 2015, 29, 1669–1682. [CrossRef]

31. Krutz, L.J.; Senseman, S.A.; Zablotowicz, R.M.; Matocha, M.A. Reducing herbicide runoff from agricultural
fields with vegetative filter strips: A review. Weed Sci. 2005, 53, 353–367. [CrossRef]

32. De Oliveira, L.M.; Maillard, P.; de Andrade Pinto, É.J. Modeling the effect of land use/land cover on nitrogen,
phosphorous and dissolved oxygen loads in the Velhas River using the concept of exclusive contribution
area. Environ. Monit. Assess. 2016, 188, 333. [CrossRef] [PubMed]

33. Singh, S.; Mishra, A. Spatiotemporal analysis of the effects of forest covers on stream water quality in Western
Ghats of peninsular India. J. Hydrol. 2014, 519, 214–224. [CrossRef]

34. Arheimer, B.; Lidén, R. Nitrogen and phosphorus concentrations from agricultural catchments—Influence of
spatial and temporal variables. J. Hydrol. 2000, 227, 140–159. [CrossRef]

35. Bolstad, P.V.; Swank, W.T. Cumulative impacts of land use on water quality in a southern Appalachian
watershed. J. Am. Water Resour. Assoc. 1997, 33, 519–534. [CrossRef]

36. Buck, O.; Niyogi, D.K.; Townsend, C.R. Scale-dependence of land use effects on water quality of streams in
agricultural catchments. Environ. Pollut. 2004, 130, 287–299. [CrossRef]

37. Harding, J.S.; Benfield, E.F.; Bolstad, P.V.; Helfman, G.S.; Jones, E.B.D., III. Stream biodiversity: The ghost of
land use past. Proc. Natl. Acad. Sci. USA 1998, 95, 14843–14847. [CrossRef]

38. Heathwaite, A.L. Multiple stressors on water availability at global to catchment scales: Understanding
human impact on nutrient cycles to protect water quality and water availability in the long term. Freshw. Biol.
2010, 55, 241–257. [CrossRef]

39. Osborne, L.L.; Wiley, M.J. Empirical relationships between land use/cover and stream water quality in
an agricultural watershed (US). J. Environ. Manag. 1988, 26, 9–27.

40. Hunsaker, C.T.; Levine, D.A. Hierarchical approaches to the study of water quality in rivers—Spatial scale
and terrestrial processes are important in developing models to translate research results to management
practices. Bioscience 1995, 45, 193–203. [CrossRef]

41. Wang, X.; Zhang, F. Effects of land use/cover on surface water pollution based on remote sensing and 3D-EEM
fluorescence data in the Jinghe Oasis. Sci. Rep. 2018, 8, 1–13. [CrossRef]

42. Zaccarelli, N.; Riitters, K.H.; Petrosillo, I.; Zurlini, G. Indicating disturbance content and context for preserved
areas. Ecol. Indic. 2008, 8, 841–853. [CrossRef]

43. Alberti, M.; Booth, D.; Hill, K.; Coburn, B.; Avolio, C.; Coe, S.; Spirandelli, D. The impact of urban patterns
on aquatic ecosystems: An empirical analysis in Puget lowland sub-basins. Landsc. Urban Plann. 2007,
80, 345–361. [CrossRef]

http://dx.doi.org/10.1016/j.jenvman.2011.07.025
http://dx.doi.org/10.1007/s11356-015-5874-8
http://www.ncbi.nlm.nih.gov/pubmed/26681324
http://dx.doi.org/10.1046/j.1365-2427.1999.00427.x
http://dx.doi.org/10.1016/j.landurbplan.2009.02.008
http://dx.doi.org/10.1016/j.scitotenv.2016.01.162
http://dx.doi.org/10.1007/s12665-015-4884-7
http://dx.doi.org/10.1007/s11356-015-5922-4
http://dx.doi.org/10.2166/wst.2004.0411
http://dx.doi.org/10.1007/s11269-014-0903-9
http://dx.doi.org/10.1614/WS-03-079R2
http://dx.doi.org/10.1007/s10661-016-5323-2
http://www.ncbi.nlm.nih.gov/pubmed/27154054
http://dx.doi.org/10.1016/j.jhydrol.2014.07.009
http://dx.doi.org/10.1016/S0022-1694(99)00177-8
http://dx.doi.org/10.1111/j.1752-1688.1997.tb03529.x
http://dx.doi.org/10.1016/j.envpol.2003.10.018
http://dx.doi.org/10.1073/pnas.95.25.14843
http://dx.doi.org/10.1111/j.1365-2427.2009.02368.x
http://dx.doi.org/10.2307/1312558
http://dx.doi.org/10.1038/s41598-018-31265-0
http://dx.doi.org/10.1016/j.ecolind.2007.01.010
http://dx.doi.org/10.1016/j.landurbplan.2006.08.001


Int. J. Environ. Res. Public Health 2020, 17, 1673 19 of 22

44. Zhao, J.; Lin, L.; Yang, K.; Liu, Q.; Qian, G. Influences of land use on water quality in a reticular river network
area: A case study in Shanghai, China. Landsc. Urban Plann. 2015, 137, 20–29. [CrossRef]

45. Kang, J.H.; Lee, S.W.; Cho, K.H.; Ki, S.J.; Cha, S.M.; Kim, J.H. Linking land-use type and stream water quality
using spatial data of fecal indicator bacteria and heavy metals in the Yeongsan river basin. Water Res. 2010,
44, 4143–4157. [CrossRef]

46. Park, S.R.; Lee, H.J.; Lee, S.W.; Hwang, S.J.; Byeon, M.S.; Joo, G.J.; Jeong, K.S.; Kong, D.S.; Kim, M.C.
Relationships between land use and multi–dimensional characteristics of streams and rivers at two different
scales. Ann. Limnol. 2011, 47, S107–S116. [CrossRef]

47. Sun, Y.; Guo, Q.; Liu, J.; Wang, R. Scale effects on spatially varying relationships between urban landscape
patterns and water quality. Environ. Manag. 2014, 54, 272–287. [CrossRef]

48. Allan, J.D. Landscapes and riverscapes: The influence of land use on stream ecosystems. Ann. Rev. Ecol.
Evol. Syst. 2004, 35, 257–284. [CrossRef]

49. An, K.J.; Lee, S.W.; Hwang, S.J.; Park, S.R.; Hwang, S.J. Exploring the non-stationary effects of forests
and developed land within watersheds on biological indicators of streams using geographically-weighted
regression. Water 2016, 8, 120. [CrossRef]

50. Baker, A. Land use and water quality. Hydrol. Process. 2003, 17, 2499–2501. [CrossRef]
51. Carey, R.O.; Hochmuth, G.J.; Martinez, C.J.; Boyer, T.H.; Dukes, M.D.; Toor, G.S.; Cisar, J.L. Evaluating

nutrient impacts in urban watersheds: Challenges and research opportunities. Environ. Pollut. 2013,
173, 138–149. [CrossRef]

52. Huang, J.; Huang, Y.; Pontius, R.G.; Zhang, Z. Geographically weighted regression to measure spatial
variations in correlations between water pollution versus land use in a coastal watershed. Ocean Coast.
Manag. 2015, 103, 14–24. [CrossRef]

53. Selle, B.; Schwientek, M.; Lischeid, G. Understanding processes governing water quality in catchments using
principal component scores. J. Hydrol. 2013, 486, 31–38. [CrossRef]

54. Tu, J.; Xia, Z.G. Examining spatially varying relationships between land use and water quality using
geographically weighted regression I: Model design and evaluation. Sci. Total Environ. 2008, 407, 358–378.
[CrossRef] [PubMed]

55. Tu, J. Spatially varying relationships between land use and water quality across an urbanization gradient
explored by geographically weighted regression. Appl. Geogr. 2011, 31, 376–392. [CrossRef]

56. Brunsdon, C.; Fotheringham, A.S.; Charlton, M.E. Geographically weighted regression: A method for
exploring spatial nonstationarity. Geogr. Anal. 1996, 28, 281–298. [CrossRef]

57. Fotheringham, A.S.; Brunsdon, C.; Charlton, M. Geographically Weighted Regression: The Analysis of Spatially
Varying Relationships; Wiley: Hoboken, NJ, USA, 2003.

58. Dabrowski, J.; Bruton, S.; Dent, M.; Graham, M.; Hill, T.; Murray, K.; Rivers-Moore, N.; van Deventer, H.
Linking land use to water quality for effective water resource and ecosystem management. Water Res. Comm.
WRC Rep. 2013, 984, 13.

59. Du Plessis, A.; Harmse, T.; Ahmed, F. Quantifying and predicting the water quality associated with land cover
change: A case study of the Blesbok Spruit catchment, South Africa. Water 2014, 6, 2946–2968. [CrossRef]

60. Miserendino, M.L.; Casaux, R.; Archangelsky, M.; Di Prinzio, C.Y.; Brand, C.; Kutschker, A.M. Assessing
land-use effects on water quality, in-stream habitat, riparian ecosystems and biodiversity in Patagonian
northwest streams. Sci. Total Environ. 2011, 409, 612–624. [CrossRef]

61. Namugize, J.N.; Jewitt, G.; Graham, M. Effects of land use and land cover changes on water quality in
the uMngeni river catchment, South Africa. Phys. Chem. Earth 2018, 105, 247–264. [CrossRef]

62. Yu, S.; Xu, Z.; Wu, W.; Zuo, D. Effect of land use on the seasonal variation of streamwater quality in the Wei
River basin, China. Proc. Int. Ass. Hydrol. Sci. 2015, 368, 454–459. [CrossRef]

63. Kellner, E.; Hubbart, J.A. Application of the experimental watershed approach to advance urban watershed
precipitation/discharge understanding. Urban Ecosyst. 2017, 20, 799–810. [CrossRef]

64. Kochendorfer, J.P.; Hubbart, J.A. The roles of precipitation increases and rural land-use changes in streamflow
trends in the upper Mississippi river basin. Earth Interact. 2010, 14, 1–12. [CrossRef]

65. Zell, C.; Kellner, E.; Hubbart, J.A. Forested and agricultural land use impacts on subsurface floodplain
storage capacity using coupled vadose zone-saturated zone modeling. Environ. Earth Sci. 2015, 74, 7215–7228.
[CrossRef]

http://dx.doi.org/10.1016/j.landurbplan.2014.12.010
http://dx.doi.org/10.1016/j.watres.2010.05.009
http://dx.doi.org/10.1051/limn/2011023
http://dx.doi.org/10.1007/s00267-014-0287-x
http://dx.doi.org/10.1146/annurev.ecolsys.35.120202.110122
http://dx.doi.org/10.3390/w8040120
http://dx.doi.org/10.1002/hyp.5140
http://dx.doi.org/10.1016/j.envpol.2012.10.004
http://dx.doi.org/10.1016/j.ocecoaman.2014.10.007
http://dx.doi.org/10.1016/j.jhydrol.2013.01.030
http://dx.doi.org/10.1016/j.scitotenv.2008.09.031
http://www.ncbi.nlm.nih.gov/pubmed/18976797
http://dx.doi.org/10.1016/j.apgeog.2010.08.001
http://dx.doi.org/10.1111/j.1538-4632.1996.tb00936.x
http://dx.doi.org/10.3390/w6102946
http://dx.doi.org/10.1016/j.scitotenv.2010.10.034
http://dx.doi.org/10.1016/j.pce.2018.03.013
http://dx.doi.org/10.5194/piahs-368-454-2015
http://dx.doi.org/10.1007/s11252-016-0631-4
http://dx.doi.org/10.1175/2010EI316.1
http://dx.doi.org/10.1007/s12665-015-4700-4


Int. J. Environ. Res. Public Health 2020, 17, 1673 20 of 22

66. Hwang, S.A.; Hwang, S.J.; Park, S.R.; Lee, S.W. Examining the relationships between watershed urban land
use and stream water quality using linear and generalized additive models. Water 2016, 8, 155. [CrossRef]

67. Yirigui, Y.; Lee, S.W.; Nejadhashemi, A.P.; Herman, M.R.; Lee, J.W. Relationships between riparian forest
fragmentation and biological indicators of streams. Sustainability 2019, 11, 2870. [CrossRef]

68. Chae, G.T.; Kim, K.; Yun, S.T.; Kim, K.H.; Kim, S.O.; Choi, B.Y.; Kim, H.S.; Rhee, C.W. Hydrogeochemistry of
alluvial groundwaters in an agricultural area: An implication for groundwater contamination susceptibility.
Chemosphere 2004, 55, 369–378. [CrossRef]

69. Korea Environment Institute; ChungNam Institute. Research on Water Environment Management Plan in Geum
River Metropolitan Area; GGWMC: Daejeon, Korea, 2016. (In Korean)

70. Tran, C.P.; Bode, R.W.; Smith, A.J.; Kleppel, G.S. Land-use proximity as a basis for assessing stream water
quality in New York State (USA). Ecol. Indic. 2010, 10, 727–733. [CrossRef]

71. Lee, S.W.; Hwang, S.J.; Lee, J.K.; Jung, D.I.; Park, Y.J.; Kim, J.T. In Overview and application of the national
aquatic ecological monitoring program (NAEMP) in Korea. Ann. Limnol. Int. J. Lim. 2011, 47, S3–S14.
[CrossRef]

72. Cheng, P.; Meng, F.; Wang, Y.; Zhang, L.; Yang, Q.; Jiang, M. The impacts of land use patterns on water
quality in a trans-boundary river basin in northeast China based on eco-functional regionalization. Int. J.
Environ. Res. Public Health 2018, 15, 1872. [CrossRef]

73. Ding, J.; Jiang, Y.; Fu, L.; Liu, Q.; Peng, Q.; Kang, M. Impacts of land use on surface water quality in
a subtropical river basin: A case study of the Dongjiang river basin, Southeastern China. Water 2015,
7, 4427–4445. [CrossRef]

74. Huang, J.; Zhan, J.; Yan, H.; Wu, F.; Deng, X. Evaluation of the impacts of land use on water quality: A case
study in the Chaohu lake basin. Sci. World J. 2013, 2013, 329187. [CrossRef] [PubMed]

75. Li, Y.L.; Liu, K.; Li, L.; Xu, Z.X. Relationship of land use/cover on water quality in the Liao River basin, China.
Procedia Environ. Sci. 2012, 13, 1484–1493. [CrossRef]

76. Munn, M.D.; Waite, I.; Konrad, C.P. Assessing the influence of multiple stressors on stream diatom metrics in
the upper Midwest, USA. Ecol. Indic. 2018, 85, 1239–1248. [CrossRef]

77. Schilling, K.E.; Jacobson, P. Spatial relations of topography, lithology and water quality in a large river
floodplain. River Res. Appl. 2012, 28, 1417–1427. [CrossRef]

78. Sun, H.; Zhang, H.; Yu, Z.; Wu, J.; Jiang, P.; Yuan, X.; Shi, W. Combination system of full-scale constructed
wetlands and wetland paddy fields to remove nitrogen and phosphorus from rural unregulated non-point
sources. Environ. Geochem. Health 2013, 35, 801–809. [CrossRef]

79. Wang, Q.; Ni, J.; Tenhunen, J. Application of a geographically-weighted regression analysis to estimate net
primary production of Chinese forest ecosystems. Glob. Ecol. Biogeogr. 2005, 14, 379–393. [CrossRef]

80. Wallace, J.B.; Eggert, S.L.; Meyer, J.L.; Webster, J.R. Multiple trophic levels of a forest stream linked to
terrestrial litter inputs. Science 1997, 277, 102–104. [CrossRef]

81. Welsh, H.H., Jr.; Lind, A.J. Multiscale habitat relationships of stream amphibians in the Klamath-Siskiyou
Region of California and Oregon. J. Wildl. Manag. 2002, 66, 581–602. [CrossRef]

82. Moore, A.A.; Palmer, M.A. Invertebrate biodiversity in agricultural and urban headwater streams:
Implications for conservation and management. Ecol. Appl. 2005, 15, 1169–1177. [CrossRef]

83. Mello, K.D.; Valente, R.A.; Randhir, T.O.; dos Santos, A.C.A.; Vettorazzi, C.A. Effects of land use and land
cover on water quality of low-order streams in Southeastern Brazil: Watershed versus riparian zone.
Catena 2018, 167, 130–138. [CrossRef]

84. Johnes, P.J. Evaluation and management of the impact of land use change on the nitrogen and phosphorus
load delivered to surface waters: The export coefficient modelling approach. J. Hydrol. 1996, 183, 323–349.
[CrossRef]

85. Mattikalli, N.M.; Richards, K.S. Estimation of surface water quality changes in response to land use change:
Application of the export coefficient model using remote sensing and geographical information system.
J. Environ. Manag. 1996, 48, 263–282. [CrossRef]

86. Basnyat, P.; Teeter, L.D.; Flynn, K.M.; Lockaby, B.G. Relationships between landscape characteristics
and nonpoint source pollution inputs to coastal estuaries. Environ. Manag. 1999, 23, 539–549. [CrossRef]
[PubMed]

http://dx.doi.org/10.3390/w8040155
http://dx.doi.org/10.3390/su11102870
http://dx.doi.org/10.1016/j.chemosphere.2003.11.001
http://dx.doi.org/10.1016/j.ecolind.2009.12.002
http://dx.doi.org/10.1051/limn/2011016
http://dx.doi.org/10.3390/ijerph15091872
http://dx.doi.org/10.3390/w7084427
http://dx.doi.org/10.1155/2013/329187
http://www.ncbi.nlm.nih.gov/pubmed/23970833
http://dx.doi.org/10.1016/j.proenv.2012.01.140
http://dx.doi.org/10.1016/j.ecolind.2017.09.005
http://dx.doi.org/10.1002/rra.1531
http://dx.doi.org/10.1007/s10653-013-9536-9
http://dx.doi.org/10.1111/j.1466-822X.2005.00153.x
http://dx.doi.org/10.1126/science.277.5322.102
http://dx.doi.org/10.2307/3803126
http://dx.doi.org/10.1890/04-1484
http://dx.doi.org/10.1016/j.catena.2018.04.027
http://dx.doi.org/10.1016/0022-1694(95)02951-6
http://dx.doi.org/10.1006/jema.1996.0077
http://dx.doi.org/10.1007/s002679900208
http://www.ncbi.nlm.nih.gov/pubmed/10085386


Int. J. Environ. Res. Public Health 2020, 17, 1673 21 of 22

87. Woli, K.P.; Nagumo, T.; Kuramochi, K.; Hatano, R. Evaluating river water quality through land use analysis
and N budget approaches in livestock farming areas. Sci. Total Environ. 2004, 329, 61–74. [CrossRef]
[PubMed]

88. Rothwell, J.J.; Dise, N.B.; Taylor, K.G.; Allott, T.E.H.; Scholefield, P.; Davies, H.; Neal, C. Predicting river water
quality across North West England using catchment characteristics. J. Hydrol. 2010, 395, 153–162. [CrossRef]

89. Morse, C.C.; Huryn, A.D.; Cronan, C. Impervious surface area as a predictor of the effects of urbanization on
stream insect communities in Maine, U.S.A. Environ. Monit. Assess. 2003, 89, 95–127. [CrossRef]

90. Miltner, R.J.; White, D.; Yoder, C. The biotic integrity of streams in urban and suburbanizing landscapes.
Landsc. Urban Plann. 2004, 69, 87–100. [CrossRef]

91. Ahearn, D.S.; Sheibley, R.W.; Dahlgren, R.A.; Anderson, M.; Johnson, J.; Tate, K.W. Land use and land cover
influence on water quality in the last free-flowing river draining the western Sierra Nevada, California.
J. Hydrol. 2005, 313, 234–247. [CrossRef]

92. Mouri, G.; Takizawa, S.; Oki, T. Spatial and temporal variation in nutrient parameters in stream water in
a rural-urban catchment, Shikoku, Japan: Effects of land cover and human impact. J. Environ. Manag. 2011,
92, 1837–1848. [CrossRef]

93. Calijuri, M.L.; Castro, J.S.; Costa, L.S.; Assemany, P.P.; Alves, J.E.M. Impact of land use/land cover changes
on water quality and hydrological behavior of an agricultural subwatershed. Envin. Earth Sci. 2015,
74, 5373–5382. [CrossRef]

94. Zhou, T.; Wu, J.; Peng, S. Assessing the effects of landscape pattern on river water quality at multiple scales:
A case study of the Dongjiang River watershed, China. Ecol. Indic. 2012, 23, 166–175. [CrossRef]

95. Ding, S.; Zhang, Y.; Liu, B.; Kong, W.; Meng, W. Effects of riparian land use on water quality and fish
communities in the headwater stream of the Taizi River in China. Front. Environ. Sci. Eng. 2013, 7, 699–708.
[CrossRef]

96. Camara, M.; Jamil, N.R.; Abdullah, A.F.B. Impact of land uses on water quality in Malaysia: A review.
Ecol. Process. 2019, 8, 10. [CrossRef]

97. Xie, Y.X.; Xiong, Z.Q.; Xing, G.X.; Sun, G.Q.; Zhu, Z.L. Assessment of nitrogen pollutant sources in surface
waters of Taihu Lake region. Pedosphere 2007, 17, 200–208. [CrossRef]

98. Fisher, D.S.; Steiner, J.L.; Endale, D.M.; Stuedemann, J.A.; Schomberg, H.H.; Franzluebbers, A.J.; Wilkinson, S.R.
The relationship of land use practices to surface water quality in the Upper Oconee Watershed of Georgia.
Ecol. Manag. 2000, 128, 39–48. [CrossRef]

99. Hooda, P.S.; Edwards, A.C.; Anderson, H.A.; Miller, A. A review of water quality concerns in livestock
farming areas. Sci. Total Environ. 2000, 250, 143–167. [CrossRef]

100. Strayer, D.L.; Beighley, R.E.; Thompson, L.C.; Brooks, S.; Nilsson, C.; Pinay, G.; Naiman, R.J. Effects of land
cover on stream ecosystems: Roles of empirical models and scaling issues. Ecosystems 2003, 6, 407–423.
[CrossRef]

101. Yirigui, Y.; Lee, S.W.; Nejadhashemi, A.P. Multi-scale assessment of relationships between fragmentation of
riparian forests and biological conditions in streams. Sustainability 2019, 11, 5060. [CrossRef]

102. Tanaka, M.O.; de Souza, A.L.T.; Moschini, L.E.; de Oliveira, A.K. Influence of watershed land use and riparian
characteristics on biological indicators of stream water quality in southeastern Brazil. Agric. Ecosyst. Environ.
2016, 216, 333–339. [CrossRef]

103. National Research Council. Riparian Areas: Functions and Strategies for Management; National Academies
Press: Washington, DC, USA, 2002.

104. Baker, M.E.; Weller, D.E.; Jordan, T.E. Effects of stream map resolution on measures of riparian buffer
distribution and nutrient retention potential. Landsc. Ecol. 2007, 22, 973–992. [CrossRef]

105. Nielsen, A.; Trolle, D.; Søndergaard, M.; Lauridsen, T.L.; Bjerring, R.; Olesen, J.E.; Jeppesen, E. Watershed
land use effects on lake water quality in Denmark. Ecol. Appl. 2012, 22, 1187–1200. [CrossRef] [PubMed]

106. Yu, D.; Shi, P.; Liu, Y.; Xun, B. Detecting land use-water quality relationships from the viewpoint of ecological
restoration in an urban area. Ecol. Eng. 2013, 53, 205–216. [CrossRef]

107. Chen, Q.; Mei, K.; Dahlgren, R.A.; Wang, T.; Gong, J.; Zhang, M. Impacts of land use and population density
on seasonal surface water quality using a modified geographically weighted regression. Sci. Total Environ.
2016, 572, 450–466. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.scitotenv.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15262158
http://dx.doi.org/10.1016/j.jhydrol.2010.10.015
http://dx.doi.org/10.1023/A:1025821622411
http://dx.doi.org/10.1016/j.landurbplan.2003.10.032
http://dx.doi.org/10.1016/j.jhydrol.2005.02.038
http://dx.doi.org/10.1016/j.jenvman.2011.03.005
http://dx.doi.org/10.1007/s12665-015-4550-0
http://dx.doi.org/10.1016/j.ecolind.2012.03.013
http://dx.doi.org/10.1007/s11783-013-0528-x
http://dx.doi.org/10.1186/s13717-019-0164-x
http://dx.doi.org/10.1016/S1002-0160(07)60026-5
http://dx.doi.org/10.1016/S0378-1127(99)00270-4
http://dx.doi.org/10.1016/S0048-9697(00)00373-9
http://dx.doi.org/10.1007/PL00021506
http://dx.doi.org/10.3390/su11185060
http://dx.doi.org/10.1016/j.agee.2015.10.016
http://dx.doi.org/10.1007/s10980-007-9080-z
http://dx.doi.org/10.1890/11-1831.1
http://www.ncbi.nlm.nih.gov/pubmed/22827127
http://dx.doi.org/10.1016/j.ecoleng.2012.12.045
http://dx.doi.org/10.1016/j.scitotenv.2016.08.052
http://www.ncbi.nlm.nih.gov/pubmed/27544350


Int. J. Environ. Res. Public Health 2020, 17, 1673 22 of 22

108. Chen, J.; Lu, J. Effects of land use, topography and socio-economic factors on river water quality in
a mountainous watershed with intensive agricultural production in East China. PLoS ONE 2014, 9, e102714.
[CrossRef]

109. Yu, S.; Xu, Z.; Wu, W.; Zuo, D. Effect of land use types on stream water quality under seasonal variation
and topographic characteristics in the Wei River basin, China. Ecol. Indic. 2016, 60, 202–212. [CrossRef]

110. Kellner, E.; Hubbart, J.A. A method for advancing understanding of streamflow and geomorphological
characteristics in mixed-land-use watersheds. Sci. Total Environ. 2019, 657, 634–643. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0102714
http://dx.doi.org/10.1016/j.ecolind.2015.06.029
http://dx.doi.org/10.1016/j.scitotenv.2018.12.070
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Spatial Scale of Analysis 
	Water Quality Parameters 
	Computing the Percentage of Land Use Types 
	Analysis and Model Estimation 

	Results 
	Descriptive Statistics and Spatial Distributions 
	Correlations between Land Use Types and Water Quality Parameters 
	Estimated OLS Models at Two Spatial Scales 
	Estimated GWR Models at Two Spatial Scales 
	Comparison between OLS and GWR Models 

	Discussions 
	Land Use Types and Water Quality 
	Scale Effect on Relationships between Water Quality and Land Use 
	Comparison between OLS and GWR Models 
	Spatially Varying Relationships between Water Quality and Land Use 

	Conclusions 
	References

