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Abstract: Although close relationships between the water quality of streams and the types of land
use within their watersheds have been well-documented in previous studies, many aspects of these
relationships remain unclear. We examined the relationships between urban land use and water
quality using data collected from 527 sample points in five major rivers in Korea—the Han, Geum,
Nakdong, Younsan, and Seomjin Rivers. Water quality data were derived from samples collected
and analyzed under the guidelines of the Korean National Aquatic Ecological Monitoring Program,
and land use was quantified using products provided by the Korean Ministry of the Environment,
which were used to create a Geographic Information System. Linear models (LMs) and generalized
additive models were developed to describe the relationships between urban land use and stream
water quality, including biological oxygen demand (BOD), total nitrogen (TN), and total phosphorous
(TP). A comparison between LMs and non-linear models (in terms of R? and Akaike’s information
criterion values) indicated that the general additive models had a better fit and suggested a non-linear
relationship between urban land use and water quality. Non-linear models for BOD, TN, and
TP showed that each parameter had a similar relationship with urban land use, which had two
breakpoints. The non-linear models suggested that the relationships between urban land use and
water quality could be categorized into three regions, based on the proportion of urban land use.
In moderate urban land use conditions, negative impacts of urban land use on water quality were
observed, which confirmed the findings of previous studies. However, the relationships were different
in very low urbanization or very high urbanization conditions. Our results could be used to develop
strategies for more efficient stream restoration and management, which would enhance water quality
based on the degree of urbanization in watersheds. In particular, land use management for enhancing
stream water quality might be more effective when urban land use is in the range of 1.1%-31.5% of
a watershed. If urban land use exceeds 31.5% in a watershed, a more comprehensive approach would
be required because water quality would not respond as rapidly as expected.

Keywords: generalized additive models (GAMs); urban land use; non-linear relationship; stream
water quality
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1. Introduction

Land use can have direct impacts on hydrologic systems within a watershed [1-4]. The negative
impacts of urban land use in watersheds on adjacent reservoirs, streams, and rivers have been
well-documented and are a key concern for restoration and management. In general, previous
studies have reported that watersheds with high percentages of developed areas (e.g., urban areas
and agricultural areas) tend to have higher concentrations of water pollutants and nutrients [1-10].
Different types of urban land use, including commercial, residential, and industrial development,
have significant impacts on water quality. The proportion of land use type in a watershed has been
shown to be closely associated with many water quality parameters in various aquatic systems [2,4].
The usefulness of water quality indices as indicators of water pollution has been verified for assessing
spatial changes and for classifying water quality. In many countries, chemical parameters, such as
dissolved oxygen (DO), pH, biochemical oxygen demand (BOD), chemical oxygen demand (COD),
total nitrogen (TN), and total phosphorous (TP), have served as the main criteria for determining the
condition of rivers and for managing aquatic ecosystem resources. Environmental Policy Law (EPL) in
Korea has also used various chemical criteria (e.g., pH, BOD, COD, TOC, SS, DO, TP, etc.) to manage
the water quality of rivers and streams.

In previous studies, the most commonly used techniques to determine the relationships between
land uses in watersheds and water quality indicators were correlation or regression analyses. These
approaches assume linear relationships between land uses in watersheds and water quality indicators,
suggesting that the degree of water quality variance is the same regardless of the degree of land use
intensity in watersheds. Recently, some studies have reported that the relationships between urban land
uses and the chemical, biological, and physical characteristics of streams might not be linear [6,9,11-15].
It has been reported that the average threshold of imperviousness at which water quality degradation
first occurs is 10% [11,16]. Similarly, Coles et al. [12] reported that significant changes in aquatic health
were observed between low and moderate levels (0 to 35) of urbanization intensity (0-100 scale, low to
high urbanization intensity) in New England coastal streams. In addition, they found a “threshold
effect” in which the water quality indicators no longer changed as the intensity of urbanization
increased. More recently, Crim [13] confirmed the presence of a threshold and suggested that it might
be much lower than 10% for an impervious surface. In his study, the concentrations of water quality
indicators increased considerably as the impervious surface in a watershed increased from 0 to 4% in
west-central Georgia, USA. Together with previous studies, his results imply that even a small increase
in the impervious surface in a watershed might have significant impacts on the chemical characteristics
of water and the biota of streams. This nonlinearity may be derived from the random nature of the
hydrodynamic conditions of river systems, meteorological processes, and a shortage of available
monitoring data [15,17,18]. It is also noteworthy that there was only one breakpoint (i.e., threshold) in
the relationships between land uses and water quality indicators, regardless of the different thresholds
reported in previous studies. The presence of a threshold and non-linear relationships between land use
and water quality increases the uncertainty and the degree of complexity in water quality management
and land use planning for decision makers and policy makers when attempting to enhance water
quality and minimize the adverse impacts of various land uses [19].

Despite the possible presence of a non-linear relationship between water quality and land uses,
linear correlation and regression analyses have been broadly used to investigate such relationships
in various fields of study, including water chemistry, ecology, and hydrology. It is very clear that
linear correlation and regression are useful techniques when quantifying the magnitude, direction,
and significance of the relationships between land use variables (i.e., impervious areas, developed
areas, agricultural areas, etc.) and water quality in a number of previous studies [1-4,20]. Despite the
various benefits, conventional linear-type approaches may not accurately represent the true nature
of the relationships between land uses and water quality [6,9,21]. In addition, this may lead to
a misunderstanding by stream managers, land use planners, and decision makers about the impact of
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different land uses on water quality, particularly during the stages of development with small and
large extents of urbanization.

To avoid nonlinearity issues when dealing with the relationships between land uses and water
quality, several approaches have been proposed, including stochastic, fuzzy, and interval mathematical
programs [19,22-26]. One popular method is to transform the data when making non-linear models
linear in the analyses of the relationships between urban land use and river water quality [22], and
when determining interval parameters in non-linear optimization models of stream water quality
management [15]. However, it is very clear that the presence and shape of the non-linearity in the
relationships should be examined prior to applying these methods.

Our first goal was to test for the presence of non-linear relationships between urban land use
and water quality indicators in streams in Korea. To test for the presence of non-linearity, this study
compared the ability of linear and non-linear models to explain the variance in water quality indicators
when responding to the degree of urbanization in watersheds. We hypothesized that a non-linear
model would explain the variance in water quality parameters in response to the degree of urbanization
better than would a linear model (LM), if the relationships between urban land use and water quality
indicators were non-linear. Otherwise, a LM would outperform a non-linear model.

Second, this study also investigated the number of breakpoints in the relationships when
non-linear relationships were present. Previous studies have reported that there is either one breakpoint
(i.e., threshold) or no breakpoint (i.e., linear regression or correlation) in the relationship. However,
if the relationships between land uses in watersheds and water quality indicators are sufficiently
complex, more than one breakpoint can exist in the relationships. Thus, the number of breakpoints can
represent the complexity of the relationships. If there is only one breakpoint (i.e., threshold), we need
to consider only two intervals, including areas with a small and large extent of urbanization in stream
management processes. We believe that the presence of non-linearity and the number of breakpoints
can provide useful insights into land use planning and stream management. Land managers, planners,
stream managers, and policy makers can apply different strategies for different levels of urbanization
to enhance the water quality and to minimize the adverse impacts of urban land uses on streams.

We adopted generalized additive models (GAMs) for investigation in this study. GAMs have
been shown to be very flexible, providing an excellent fit for non-linear relationships and for datasets
with significant noise among the predictor variables [22]. This model is a generalization of multiple
regressions, in which the additive nature of the model is maintained, but the simple lines of the linear
regression are replaced by nonparametric functional curves with multiple parameters. Compared
with an LM, GAMs are data-driven rather than model-driven, and GAMs allow determination of the
shape of the response curves from the data instead of fitting an a priori parametric model, which is
limited in its available shape of response [27]. GAMs have been widely used in various fields, such as
species distribution [28-33], plant ecology [34-36], and water quality dynamics [21,37,38]. For example,
Murase et al. [29] applied GAMs to fishery-survey data to reveal the influences of environmental
factors, including surface water temperature, salinity, chlorophyll, near-seabed water temperature,
salinity, and depth, on the distribution patterns of Japanese anchovy, sand lance, and krill. The results
of their study showed a non-linear response of fishes to environmental factors. Richard et al. [21]
applied GAMs to explore the functional relationships between four water quality indicators (TN, TP,
ammonia, nitrate) and environmental factors, such as catchment inflow, wind speed, and tidal current
in the Broadwater Estuary in the Gold Coast region of Australia, using short-term monitoring data.
Based on a GAM assessment, they reported that nutrient concentrations within a subtropical estuary
were non-linear for various environmental factors and were most dependent on catchment inflow.

2. Materials and Methods

2.1. Study Streams and Sampling Sites

South Korea is located between 127°30’ E and 37°00’ N and occupies an area of about 100,032 km?,
covering almost the entire southern half of the Korean Peninsula (Figure 1). Approximately two-thirds
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of the annual precipitation (1388.7 mm) is concentrated in the summer (June through September). Thus,
seasonal precipitation and water flow levels fluctuate widely, and stream flow generally diminishes
during drought periods, which are characteristic of winter and early spring. The annual average
temperature for 2006-2010 was 12.8 °C, with monthly averages ranging from a low of —12.8 °C in
January to a high of 29.32 °C in August.
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Figure 1. The five major river systems and the locations of National Aquatic Ecological Monitoring
Program (NAEMP) monitoring sites. Most streams on the east side can be characterized by a short
length, low water temperature, and fast flow rate.

Five major rivers (i.e.,, the Han, Geum, Nakdong, Youngsan, and Seomjin Rivers) and their
independent tributaries and small streams are distributed throughout the country. The Youngsan
and Seomjin Rivers are usually treated as one river system (Youngsan-Seomjin River) because their
watersheds are located close to one another. Among the five major rivers, the Han River has the largest
basin, occupying approximately a quarter of the country. The east side of the country is mountainous,
with watersheds that are less disturbed and are covered by dense pine, oak, and mixed forest. In the
eastern mountainous areas, most streams are small, flow down steep slopes, and run directly into
the East Sea. Most river systems and streams in the western and southwestern areas flow toward
the Yellow Sea. Seasonal fluctuations in water levels in the small streams in the eastern areas are
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particularly extreme because of the steep slopes and low groundwater levels. The headstreams of the
five major rivers are located in similar areas in the central part of the eastern mountains.

2.2. Water Quality Variables

As part of the National Aquatic Ecological Monitoring Program (NAEMP), South Korea’s Ministry
of the Environment (MOE) has monitored numerous aspects of streams and rivers using biochemical,
physical, and biological indicators at 720 long-term monitoring sites in tributaries and the main stem
of five rivers across the country. The assessment criteria and sampling protocol used by the NAEMP
were developed in a preliminary study from 2003 to 2006, and a geographic information system
(GIS) database for the locations of all sampling sites was also constructed in the study. The first
nationwide monitoring under this protocol started in 2007 at 720 preselected sampling sites. According
to the NAEMP protocol, all field survey teams consisted of staff from five universities who had to
complete the field survey and water sampling within a month, twice a year. Water samples used for
the determination of BOD, TN, TP, and other water quality variables were collected in prewashed
2/ bottles. All water samples collected from the five river systems by staff from the five universities
were transported in a cooler and analyzed in a commercial laboratory (Chungmyung Environmental
Co. Ltd., Seoul, Korea). Laboratory measurements were conducted to determine BOD, TN, and
TP following Standard methods [39]. BOD was determined by the difference of dissolved oxygen
concentration after a five-day incubation. TP was measured in the unfiltered water by ascorbic acid
method after persulfate oxidation. TN was determined by UV spectrophotometric method after
potassium sulfate digestion.

Five major river systems that included 527 of the 720 NAEMP sampling sites in 2007 were
investigated in this study. We excluded data sampled from sites in islands and estuary areas. We found
that some sites only had data during the spring or no data during the fall due to the streams drying
up. We excluded these data from our dataset for analysis. We also excluded data sampled from small
independent streams running directly into the sea rather than into one of the five major river systems.
These streams were mostly located in the eastern mountainous areas and were characterized by a very
short length, high flow rate, and low water temperature.

In this study, we focused on the common water quality indicators, including BOD, TN, and TP,
monitored in 2007 under the NAEMP. The reason for the use of a sampling dataset collected in 2007
was to match it with the year of the Land Use/Land Cover (LULC) GIS map released by the Ministry
of Environment (MOE), Korea. The MOE releases the LULC digital map irregularly, and they released
the 2007 LULC digital map in 2009.

BOD is a measure of the amount of dissolved oxygen required by aerobic biological organisms in
a body of water to break down organic material, where higher values indicate poorer water conditions
and higher pollution levels. TN is a measure of the mixture of organic, ammoniac, nitrite, and nitric
nitrogen, which contribute to the eutrophication of a water body. Nitrogen oxidizes into NO3 when
discharged into streams or lakes and consumes dissolved oxygen, acting like organic matter. The rapid
and high rate of consummation of dissolved oxygen degrades aquatic habitats. Representing the total
quantity of phosphorus compounds, TP is also used as an index of eutrophication in streams and
lakes. Phosphorus, together with nitrogen, is known as a nutritive salt that can cause eutrophication
and red tides. Phosphorus acts as a limiting factor in algae growth in water systems. Consequently,
the internal concentration of TP in a water body is a crucial element in controlling algae growth [40].
TP is discharged as organic phosphorus and PO4-P, with organic phosphorus being a component of
agricultural fertilizer that can be toxic in water bodies.

2.3. Measuring the Proportion of Urban Land Use

To calculate the proportions of each type of land use at each sampling site, we used the digital
land use and land cover (LULC) map from the Korean MOE. The LULC map is a representation of
the land surface based on satellite imagery and data from photographic analyses, and it has been
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widely used for environmental management. According to the MOE classification, land use types
were divided into seven major categories and 23 subcategories. The seven main LULC categories were
the following: (1) urban areas; (2) agricultural areas; (3) paddy areas; (4) forested areas; (5) grassland;
(6) wetland; and (7) bare soils. In this study, urban land use includes residential areas, commercial
areas, roads, and industrial areas.

Water contamination in a stream is highly dependent on storm water runoff in the surrounding
drainage areas. It is likely that land uses in drainage areas that are in close proximity to the streams
are more likely to have stronger influences on the chemical and biological conditions of streams than
are those farther away. Thus, we focused on the land uses in sub-drainage areas adjacent to the
sampling site. Another reason for using these sub-drainage areas was the policy issue of riparian land
management. The MOE has prioritized the management of riparian areas as an urgent policy area
and managing the entire watershed of a stream is a long-term policy in their stream and watershed
management strategies. At the same time, some streams have more than one sampling site. Thus,
using a watershed could be problematic, because water quality indicators could vary while land uses
are the same within the watershed.

To capture the proportion of each type of land use, we used sub-drainage areas from the sampling
site rather than the entire watershed area of the stream because small drainage areas can reveal the
effects of land use on adjacent streams more clearly. We delineated the drainage areas from the
locations of sampling sites using a GIS and digital elevation model (50 m resolution), and these small
drainage boundaries were overlaid on the LULC map (Figure 2). The NAEMP monitoring protocol
allows field surveyors of each monitoring area to select the best sampling point within a 50 m radius
of the sampling site. Figure 2 shows representative locations from all sampling areas (i.e., water
quality, biological indicators, and riparian habitats), rather than the exact location of each sampling
site. Despite the protocol recommendation that all areas use the same sampling site, there is the
possibility that each sampling area can have a different sampling location within a 100m radius from
a sampling site. In delineating the sub-drainage area for each sampling site, we tried to draw the
boundary slightly upward from the sampling site. Thus, the location of the sampling site within the
sub-drainage boundary used in this study is slightly upstream (approximately <200-m) from the outlet
point of each sub-drainage boundary.

Sampling Site & .

LULC (MOE, 2007)

[ JAgnculture
Barc soils

EZ5E] Grassland

[ Iwetland
[_JUrban

Figure 2. An example of a sub-drainage area used to measure the proportion of urban land use in an
area adjacent to a monitoring site. Sub-drainage areas were delineated using a geographical information
system (GIS) with a digital elevation map.
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2.4. Data Distributions and Transformation

Water quality data are often bounded at zero and highly skewed, containing infrequent points at
high values. This skewedness in the data is not surprising given that many water quality indices are
strongly related to stream flow, which is typically modeled as a lognormal or other highly skewed
distribution. Thus, data for groundwater quality are typically log-transformed prior to statistical
analysis [41]. A preliminary analysis indicated that the proportion of urban land use and all water
quality indicators in the study areas were considerably skewed, and thus all data used in the study
were log-transformed before the analysis.

2.5. Linear Models (LMs) and Generalized Additive Models (GAMs)

In this study, the LM and GAM were analyzed using the statistical software R (R Core
Development Team). To compare models, we used the coefficient of determination (R?) and Akaike’s
information criterion (AICc). The AICc was derived from information theory, which differs from
statistical hypothesis testing. The AICc method can be used to determine the relative likelihood that
two (or more) models can explain the data. This method can show whether one model fits the data
significantly better than another, allowing the user to reject unlikely models. The larger the AICc value
for a model, the less probable it is.

3. Results

3.1. Descriptive Statistics

The mean area of small zones was 130.08, and the mean proportion of urban land use was
8.74%, with a maximum of 75.42% within the sub-drainage areas. Urbanization values were relatively
normally distributed around the mean value, but the proportion of urban land use was high in some
particular sites. The mean values for BOD, TN, and TP were 2.09 mg/L, 2.52 mg/L, and 0.13 mg/L,
respectively, in the study areas (Table 1). According to the criteria of the Korean MOE, these values
were categorized as level II (moderately good), VI (extremely poor), and III (normal) for BOD, TN, and
TP, respectively. These results show that water quality was good based on BOD, but poor based on TN
and TP levels. The descriptive statistics and box plots for the water quality indicators suggest that the
physiochemical properties of the five rivers varied greatly from site to site.

Table 1. Descriptive statistics for water quality indices and the proportions of urban land use. A large
variation in the variables was observed in the study areas.

Variables Min. Max. Mean  Std. D.
Watershed Small Zone (ha) 7.46 573.79  130.08 7141
Land Use Urban Land Use (%) 0.38 75.42 8.74 0.097
BOD (mg-L~1) 0.0 18.7 2.09 1.64
Water quality TN (mg-L~1) 0.3 29.0 2.52 2.31
TP (mg- L~ 1) 0.1 1.75 0.13 0.19
Note: n = 527.

3.2. Relationships between Urban Land Use and Water Quality Indices

A correlation analysis was conducted to examine the relationships among water quality variables
and the proportion of urban land use (Table 2). The results indicated that the proportion of urban land
use values were significantly correlated with all water quality variables, including BOD (r = 0.419),
TN (r = 0.445), and TP (r = 0.438). The results also suggested a strong correlation among water quality
indicators. For example, BOD was correlated with TN (r = 0.592) and TP (r = 0.459). TN was also
strongly correlated with TP (r = 0.613). These results indicated that higher proportions of urban land
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use were associated with higher concentrations of BOD, TN, and TP in streams. Overall, the correlation
analysis revealed close relationships between urban land use types with extensive human activities
and poor water quality.

Table 2. Pearson-correlations between the proportion of urban land use and water quality indicators.
All variables used in the study displayed strong correlations with each other.

Variables TN TP Urban

BOD 0.59**  046* (0.42*

TN 1 048 **  (0.45**

TP 1 0.44 **
Urban land use 1

Notes: n =527. *p <0.05, * p < 0.01.

3.3. The Linear and Non-Linear Models

3.2.1. Linear Models (LMs)

The proportion of urban areas within a sub-drainage area was regressed against BOD, TN, and TP
(Table 3). In the LMs, the variables for urban land use significantly explained the variance in all water
quality indices(Table 3). Based on the linear models, the relationship with the percentage of urban
land use explained 18% of the variation in BOD and 20% of the variation in both TN and TP (p < 0.01).
In these models, urban land use negatively affected all water quality indices, including BOD (b = 0.33,
3 =0.42), TN (b =0.29, p = 0.45), and TP (b = 0.45, 3 = 0.44).To compare the goodness-of-fit between
LMs and GAMSs, the AICc values of linear models were calculated for BOD (288.32), TN (69.88), and
TP (561.72).

Table 3. Outputs from linear models of the relationships between the proportion of urban land use
and water quality indicators. All water quality variables were strongly influenced by the proportion of
urban land use.

Variable and Criteria BOD ™ v
b B b B b B
Urban land use 0.33 0.42 0.29 0.45 0.45 0.44
F 111.59 ** 129.47 ** 124.82 **
R? 0.18 0.2 0.2
AlICc 288.32 69.88 561.72

Notes: n =527. * p <0.05, ** p < 0.01.

3.2.2. Generalized Additive Models (GAMs)

Statistical link function selection for assessing non-linear models was conducted according to
the lower AICc and deviance values (goodness of fit) in Table 4. For BOD, there was no difference in
the deviances of the identity function (50.31) and log function (50.31), but the identity function had
a lower AICc value (273.69). For TN, the values of the AICc of the identity function (43.85) and inverse
function (43.95) were almost identical, but the identity function had a lower deviance value (32.64).
Similarly, the deviance values of the identity function and log function were the same (82.81), but
the identity function had a lower AICc value (537.82). The comparison of AICc and deviance values
among link functions indicated that the use of identity functions was appropriate to fit the models.
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Table 4. AICc and deviance values for BOD, TN, and TP used to select the statistical function for
assessing GAMs. The identity function had the lowest AICc and deviance values.

. . BOD TN TP
Link Function
AICc Deviance AICc Deviance AICc Deviance
Identity 273.69 50.31 43.85 32.54 537.82 82.81
Inverse 274.10 51.2 43.93 35.17 545.12 87.54
Log 274.63 50.31 47.52 34.69 538.18 82.81

From Table 5, it can be seen that urban land use had a negative impact on water quality. The mean
effects of urban land use on BOD, TN, and TP in the GAMs were 6.02, 5.94, and 6.76, respectively. All
models including BOD (F = 19.02, p < 0.01), TP (F = 23.87, p < 0.01), and TP (F = 20.73, p < 0.01) were
statistically significant, and the model explained 21.3%, 25.1%, and 24.5% of the variance of the BOD,
TN, and TP in streams, respectively. The AICc values of the GAM models for BOD, TN, and TP were
273.86, 44.02, and 537.99, respectively.

Table 5. The results of the generalized additive models (GAMs) for the relationships between the
proportion of urban land use and water quality indicators. The non-linear model for TN had the
highest R? value.

Variable and Criteria BOD TN TP
F 19.02*  23.87*  20.73 **
R? 0.21 0.251 0.245
AICc 273.86 44.02 537.99

Notes: n =527. * p <0.05, ** p < 0.01.

3.2.3. Comparison between LMs and GAMs

In the two types of regression models (linear and non-linear models), the urban land use had
a negative impact on water quality in terms of the BOD, TN, and TP in streams. The LM and GAM
explained 18% and 21.3% of the variance in the BOD level in streams, respectively. Compared with
the R? of the LM (20%), the higher R? of the GAM (25%) indicated that the non-linear model had
a higher explanatory power than that of the LM for the variance in TN. Similarly, the higher R? of
the GAM (R? = 0.24) better explained the variance in the TP concentration in streams than did the
LM (R? = 0.2). Thus, it was clear that, compared with the LM, the non-linear model (i.e., GAM) better
explained the variances in the BOD, TN, and TP in streams according to the proportion of urban land
use in sub-drainage areas. The greatest improvement in explanatory power was observed between the
LM and non-linear model (i.e., GAM) for the variance in the TN concentration in streams.

All AICc values of the assessed GAMs (Table 4) appeared to be lower than those of the LMs
(Table 2). Specifically, the non-linear model of BOD (AICc = 273.86) had lower AICc values than those
of the LM (288.32). A considerable decrease in AICc values was also observed between linear and
non-linear models for TN and TP. Specifically, the AICc value of the non-linear model (44.02) for TN
was lower than that of the LM (69.88). Similarly, the AICc value of the non-linear model for TP (537.99)
was significantly lower than that of the LM (561.72).

In all cases, the non-linear models (i.e., GAMs) had higher coefficients of determination (Rz) and
lower AICc values than those of the LMs. These results were indicative of the presence of non-linear
relationships between the proportion of urban land use and water quality indicators in the study areas.

4. Discussion

The GAMs better explained the relationships between the proportion of urban land use and
water quality and suggested that these relationships were non-linear. Interestingly, the shapes of all
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the relationships between urban land use and water quality variables in the assessed GAMs were
similar. In addition, the shapes of the relationships in GAMs suggested that there was more than one
breakpoint that divided the relationships of urban land use and water quality variables into several
regions. However, we divided the scatter plots of GAMs for BOD, TN, and TP into three regions
using two breakpoints (0 and 1.5 of the log transformed percentage urban land use) to characterize the
intervals, despite the possibility of another breakpoint around 0.7 of the log-transformed percentage of
urban land use (Figure 3).

In Region 1 (0% < urban land use <1%), each water quality variable almost invariably responded
non-linearly to a gradient of the proportion of urban land use, or even indicated a positive impact of
urban land use on water quality variables. However, only a few cases fell into Region 1, and the range
(£95% confidence intervals) of the cases was relatively large. The relationships in Region 1 were quite
different from our expectation, and the findings of many previous studies that have reported a negative
influence of urban land use on water quality indicators (e.g., [1-4,15,20]). Such a relationship was
not observed in Region 1. Areas where the proportion of urban land use in the watershed was less
than 1% might be undeveloped natural areas, which are very rare in Korea. The sampling sites falling
into the Region 1 category were in headstreams located in mountainous areas. The influence of urban
land use on stream water quality in Region 1 cases was likely to be modest at best, and stream water
quality would therefore be more affected by other environmental and anthropogenic variables, such as
agricultural land use [42], geology [43], soil type [44], plant litter [45], and waste water released from
scattered rural houses.

In Region 2 (1.1% < urban land use <31.5%), the relationships between urban land use and
water quality displayed similar patterns to those reported in many previous studies. An increase
in the amount of urban land use in the watershed had a significant negative impact on the BOD,
TN, and TP in streams. Most cases in this study fell into Region 2, and the range (+95% confidence
intervals) of the cases was relatively small. The BOD, TN, and TP rapidly increased as urban land
use increased. However, the slopes of the relationships were slightly different. Specifically, the slope
of the relationship between urban land use and BOD was relatively gentle, while the slope of the
relationships between urban land use and the concentration of TP was steep. In Figure 3, Region 2
of the BOD and TN model are divided into sub-regions at approximately 0.5 of the log-transformed
urban land use (approximately 3.2% of the actual percentage urban land use). Slopes were relatively
gentle until the percentage urban land use reached 3.2%, beyond which they became steeper.

In Region 3 (31.6% < urban land use), the relationships between urban land use and water quality
variables dramatically changed direction at the 1.5 breakpoint in the log-transformed percentage of
urban land use. Like Region 1, water quality variations at very high levels of urbanization in Region 3
were somewhat different from those reported in previous studies, which used mostly LMs. In the
GAMs, the variations in BOD, TN, and TP were independent of the variation in urban land use, or
even decreased as the proportion of urban land use increased. Compared with Region 1, few cases fell
in this region, and the range (=95% confidence intervals) of the cases was relatively large. In Region 3,
reducing urbanized areas might not be effective for enhancing stream water quality. There should be
additional considerations, such as the placement of riparian vegetation buffers.

The most important parameter in determining the abstraction of urban land use is frequently the
area of the impervious surface connected directly to the drainage system. This is because impervious
surfaces connected to the drainage system allow for a runoff volume that closely approximates the
amount of incident precipitation [6]. In contrast, precipitation that falls on pervious surfaces or on
areas not directly connected to the drainage system will infiltrate the ground surface and will not
contribute to the immediate runoff. Previous studies have shown that the effects of impervious surface
areas on stream water quality differ depending on the watershed, based on random effect solutions
and random coefficient model simulations [46].

As discussed earlier, previous studies indicated that a 10% cover of impervious areas in
a watershed is the average threshold at which water quality degradation first occurs [11,16].
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Coles et al. [12] reported that significant changes in aquatic health could occur at low and moderate
levels (0 to 35%) of urban land cover. Crim [13] suggested the threshold might be much lower than
10% cover of impervious surfaces. In his study, the concentrations of water quality indicators increased
considerably as the amount of impervious surface in a watershed increased from 0 to 4% in west-central
Georgia, USA. Similarly, Nagy et al. [6] reported that an alteration in stream conditions can occur at low
levels of development. It is difficult to compare our results directly with previous studies due to the
different measurements (e.g., proportion of impervious areas, degree of urbanization, and proportion
of urban land use) and different spatial scales (e.g., entire watershed, buffer zones, sub-drainage areas
in riparian areas) used in the analyses. Our results suggest that water quality degradation could
occur at extremely low levels of urban development (around 1% urban land cover), particularly in
sub-drainage areas near streams or riparian zones.

It was slightly surprising to observe the pattern of the relationships between urban land use and
water quality indicators, which were downward slopes in Regions 1 and 3. In this study, we were
unable to identify the cause of the patterns displayed in Regions 1 and 3. One possible explanation
could be the type of land cover across the entire watershed, for example, a high proportion of urban
land in riparian areas and a high proportion of forested area throughout the entire watershed. Other
variables could be the presence of sewage treatment facilities, drainage systems, pollution control
systems for non-point source pollutants established by local authorities, and a high vegetation density
in riparian areas. Thus further studies considering these factors are needed to explain the patterns
in Regions 1 and 3. The results of this study also suggested that different strategies should be used
corresponding to different degrees of urbanization for enhancing stream water quality. Decreasing
urban land use in a watershed could be an effective way to improve the water quality in moderately
urbanized areas. However, decreasing urban land use in a watershed might not be effective in highly
urbanized areas, because water quality might not be improved as much as expected.
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5. Conclusions

In general, streams in urbanized areas are likely to have higher levels of oxygen demand, nutrients,
suspended solids, ammonium, hydrocarbons, and metals. The negative impacts of urban land use
on adjacent reservoirs, streams, and rivers have been well-documented and are a key concern for
stream restoration, stream management, land planners, and land managers [2,5-10,47—49]. To establish
effective water quality management policies, it is essential to understand the true nature of the
relationship between water quality and urban land use.

In this study, we assessed LMs and non-linear models (GAMs) for the associations of BOD, TN,
and TP with urban land use in the sub-drainage areas of five major river systems in Korea. Regardless
of the type of model used, a higher proportion of urban land use had a significant impact on the
degradation of stream water quality. Comparisons between LMs and non-linear models, based on
R? and AICc values, indicated that the non-linear models (GAMs) could describe the relationships
between urban land use and water quality more accurately. The GAMs demonstrated non-linear
relationships between urban land use and water quality indicators (i.e., BOD, TN, and TP) in streams
and also revealed several breakpoints in the relationships. Based on two breakpoints, the relationships
could be categorized into three regions. Only Region 2 showed similar relationships between land
use and water quality to those reported in many previous studies using linear models. Regions with
extremely low or extremely high levels of urban land use had a somewhat different relationship with
the findings of previous studies. Stream restoration, stream management, and watershed land use
policies should differ among these different regions. Water quality might not be improved as much as
expected by reducing the extent of the urban area in areas with extremely low or high levels of urban
land use. In particular, a comprehensive approach, including the installation of sewage treatment
facilities or establishing riparian vegetation for filtering non-point source pollutants should be used.

In this study, we were not able to identify the cause of the unexpected pattern seen among the
relationships between urban land use and water quality in areas with extremely low or high levels
of urban land use. Further studies are needed, with a consideration of sewage treatment facilities,
drainage systems, and the land cover across the entire watershed. It is also noteworthy that previous
studies indicated that 3%—4% of impervious area cover in a watershed could cause degradation of
water quality in streams. Interestingly enough, our GAMs suggested that this value might be even
lower than 3%—4%. To understand the threshold value of urban areas, GAMs may need to be assessed
at other spatial scales.

The results of this study are useful for stream restoration and management, because they highlight
the negative impacts of urban land use and the non-linear relationships between urban land use and
water quality. Water quality variance might differ with the degree of urbanization. Thus, improved
water quality could be attainable by crafting management plans according to a region’s specific
urbanization characteristics.
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