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Abstract: Understanding the complex human and natural processes that occur in watersheds and
stream ecosystems is critical for decision makers and planners to ensure healthy stream ecosystems.
This study aims to characterize the Han River watershed in Korea and extract key relationships
among watershed attributes and biological indicators of streams using principal component analysis
(PCA) and self-organizing maps (SOM). This study integrated watershed attributes and biological
indicators of streams to delineate the watershed and stream biological status. Results from PCA
strongly suggested that the proportions of watershed and riparian land use are key factors that
explain the total variance in the datasets. Forest land in the watershed appeared to be the most
significant factor. Furthermore, SOM planes showed that the biological indicators of streams have
strong positive relationships with forest land, well-drained soil, and slope, whereas they have inverse
relationships with urban areas, agricultural areas, and poorly drained soil. Hierarchical clustering
classified the watersheds into three clusters, exclusively located in the study areas depending on
the degree of forest, urban, and agricultural areas. The findings of this study suggest that different
management strategies should be established depending on the characteristics of a cluster to improve
the biological condition of streams.

Keywords: watershed characteristics; biological indicators; principal component analysis; self-
organizing map; cluster analysis

1. Introduction

Healthy watersheds provide a wide range of ecosystem services, such as water effi-
ciency, pollutant filtration, increased biodiversity, soil erosion control, sediment retention,
climate regulation, and recreational opportunities [1,2]. However, human activities within a
watershed can alter the watershed characteristics, including its land cover, geomorphology,
and soil properties, which can cause changes to the hydrological cycle in watersheds and
stream quality degradation [3-5]. In addition, recent extreme weather events (e.g., flood-
ing, droughts, and heat waves), as a result of global warming, have led to deteriorating
surface water quality and ecosystem integrity [6-8]. Reducing adverse anthropogenic
effects in watersheds and stream ecosystems at various spatiotemporal scales has become
increasingly important for sustaining the integrity of stream ecosystems and enhancing
their resilience [9].

Green infrastructure (GI) approaches, ranging from small site scale (e.g., rain gardens
and bioswales) to regional scale (e.g., riparian vegetations, wetlands, and watersheds), have
recently been applied in watershed management to solve urban and climatic challenges,
as well as to mitigate the impacts of untreated stormwater runoff [10,11]. Furthermore,
GI is beneficial for flood mitigation, stormwater management, pollutant control, water
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retention, and microclimate regulation [12]. Park et al. [9] reported that a stream ecosystem
is more resilient when watersheds are appropriately managed because streams collect
stormwater runoff, pollutants, nutrients, and sediments from watersheds. To improve
the resilience of a stream ecosystem, the primary function of a GI system is to reduce the
stormwater quantity and remove pollutants [13]. Specifically, GI can naturally reduce
the volume of stormwater runoff and restore the hydrological cycle in watersheds by
mitigating surface runoff processes (such as evapotranspiration, infiltration, absorption,
retention, and interception), by reducing peak flow rates and increasing the residence
time [14]. Furthermore, the mitigation of surface runoff processes can affect the processes
that filter out contaminants and remove runoff pollutants from watersheds [13]. Therefore,
through an understanding of the interrelated processes between watershed and stream
characteristics, we can establish effective watershed management strategies with GI systems
and enhance the resilience of stream ecosystems.

Based on previous studies, various watershed characteristics, as derived from an-
thropogenic and natural processes, are strongly associated with a wide range of stream
ecosystem characteristics. For example, previous studies have reported that most stream
physiological and biological indicators (e.g., water quality, nutrient and pollutant concen-
trations, and biological condition) appear to have strong relationships with watershed
characteristics (e.g., proportions of land use types, population density, impervious areas,
land use intensity, and composition/configuration of land use/land cover) [15-19]. In
addition, many studies have found that the watershed topography, soil properties, and
climate are important variables for stream health [7,20,21]. These complex interactions
between the watershed characteristics and stream ecosystems are site-specific, depending
on the combined characteristics of the streams (e.g., stream order, topography, depth, flow
speed, and shape) and watersheds (e.g., location, size, weather conditions, and geological
variables). Therefore, different management strategies should be implemented for different
watersheds and stream types [22].

Previous studies have quantified and simplified the heterogeneous effects that wa-
tershed attributes can have on a stream ecosystem using statistical methods, including
Pearson correlations, multiple linear regressions (MLRs), and generalized additive models
(GAMs) [23-25]. Moreover, multivariate statistical techniques, including factor analysis
(FA), principal component analysis (PCA), cluster analysis (CA), and self-organizing maps
(SOMs), have been widely applied to better understand and interpret the complex relation-
ships among watershed and stream variables [16,26,27]. In particular, previous studies have
shown that PCA and SOM are essential tools to evaluate the relationships between water-
shed characteristics and stream quality, which are characterized by large datasets [27-30].
Furthermore, numerous studies have proven that SOMs can be a robust tool for the
clustering of watershed attributes and stream variables characterized by inherent com-
plexities [31,32]. Characterizing watersheds into meaningful groups based on various
watershed attributes and stream condition can be useful for developing watershed man-
agement strategies at a regional scale. Furthermore, the spatial distribution of each group
can assist policymakers in establishing priorities for effective watershed management.

Integrating disparate watershed information into groups can allow a better analy-
sis of the relationships between watershed characteristics and the biological integrity of
streams [33]. In addition, considering the spatial variations in watershed and stream charac-
teristics, the clustering of watersheds can be a practical approach for developing watershed
management strategies at a regional scale [26]. However, there is a paucity of studies that
identify watershed groups based on watershed characteristics and biological indicators of
streams [34]. Within this context, the objective of this study is to characterize the Han River
watershed based on watershed attributes and biological indicators of streams. Specifically,
this study aims to (a) identify key watershed characteristics that can potentially influence
stream biological conditions, (b) examine the relationships among watershed attributes
and stream biological conditions, and (c) classify watersheds into clusters that share similar
watershed characteristics and stream biological indicators. The results of this study provide
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significant insights for building scientific and rational watershed management plans and
securing the integrity of stream ecosystems by enhancing stream resilience.

2. Materials and Methods
2.1. Study Area

For monitoring purposes, the Korean Ministry of Environment (MOE) has hierar-
chically identified watersheds across the entire country, such as the national watershed
management regions (NWMRs), base watershed management regions (BWMRs), and
sub-watershed management areas (SWMAs). In this study, we focus on the Han NWMR
(41,947 km?, Figure 1). The Han River is the largest river within the Han NWMR, and
covers approximately a quarter of the country. The Han NWMR is situated at the center
of the Korean Peninsula, covering approximately a quarter of the country, and consists
of 913 streams with a total stream length of 709 km. According to the Korean MOE, do-
mestic water consumption is the highest in the Han NWMR, followed by agricultural
and industrial water use [35]. The watershed is located in a temperate climate zone with
four distinct seasons. While the average annual precipitation is 1348 mm, the average
annual precipitation in the dry season (October—April) is 193 mm [35]. The mean annual
temperature varies depending on the region, ranging between approximately 12.5 and
13.6 °C at the main weather stations [35]. As of 2014, the watershed land use consisted
of urban areas (8.3%), forested areas (68.9%), agricultural land (14.9%), and other land
uses (7.9%) [35]. The Han NWMR spans across five administrative provinces, including
Seoul, Incheon, Gyeonggi-do, Gangwon-do, and Chungcheong-do. Major cities, including
Seoul—the capital of South Korea, are located to west side of the study area. Consequently,
the watershed has experienced pressure from gradual population growth and increased
land development [35]. Accordingly, to maintain the various ecosystem services provided
by the watershed, establishing watershed planning and management strategies based on
scientific and quantitative evidence is essential (e.g., by characterizing watersheds based
on their watershed attributes and stream biological condition) [36].
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Figure 1. Han national watershed management regions (NWMR), topography (see color bar), and monitoring sites

(red circles in enlarged image) of the National Aquatic Ecological Monitoring Program in Korea. Streams and lakes are

shown in blue.
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2.2. Stream Monitoring Program and Biological Indicators of Streams

Stream characteristics in South Korea, including riparian vegetation, habitat quality,
water quality, and biological indicators, are monitored across the entire region twice a
year under the National Aquatic Ecological Monitoring Program (NAEMP), established
by the Korean MOE. Although analyses of anion and cation concentrations have been
used to provide more specific explanations on how biological communities in streams
respond to changes in the environmental factors [37]; these factors were not monitored in
the NAEMP. Three aquatic organisms (diatoms, macroinvertebrates, and fish) were used
as indicators of the stream biological conditions in this study. Among the various stream
condition indicators, the status of an aquatic ecosystem based on biological indicators
can be used to monitor and evaluate the long-term effects of various disturbances. The
three metrics adopted by the NAEMP are the trophic diatom index (TDI), developed by
Kelly and Whitton [38] for diatom communities; the benthic macroinvertebrate index
(BMI), developed by the NAEMP for benthic macroinvertebrate communities; and the fish
assessment index (FAI), originally proposed by Karr [39] and developed by the NAEMP
for fish assemblages. More detailed information on these metrics can be found in the
literature [40]. The TDI describes the trophic conditions in streams based on species
abundance and sensitivity of benthic diatoms [38]. The BMI is widely used to evaluate
aquatic ecosystems because macroinvertebrates are highly sensitive to disturbances [41,42].
The FAI as an indicator of environmental quality, is applied based on the biological
characteristics of Korean fish assemblages, including the number and distribution of
species [43]. Scores for each indicator ranged from 0 to 100, indicating the relative biological
status of each stream. The biological indicators were categorized into five grades, from
class A (“very good”) to class E (“very poor”). This classification was based on the
nationwide distributions of each biological indicator with a similar number of observations
in each class after considering the reference streams and statistical method. The range of
scores for each grade varied across the indicators. Within this classification system, we
used monitoring data of 907 sampling sites during 20162018 obtained from the National
Institute of Environmental Research of Korea (NIER), with 754 sampling sites selected
for this study, owing to missing values and outliers in the stream monitoring data, land
use/land cover (LULC), and climate variables.

2.3. Watershed Attributes

To characterize the Han River watershed, we selected 18 watershed characteristics,
including physiographic features, watershed land use, soil drainage, and climate char-
acteristics. All explanatory factors were integrated and processed in ArcMap, with four
watershed physiographic features (the watershed area, watershed perimeter, mean eleva-
tion, and mean slope) calculated using the Spatial Analyst tool. Digital elevation model
(DEM), watershed boundary, and stream network datasets were acquired from the Han
River Flood Control Office and National Geographic Information Institute. LULC datasets,
obtained from the Korean MOE, were used to acquire the proportions of land use in the
watershed and riparian zone. We used a 1 km buffer width along each stream as the
riparian scale based on criteria from the Korean MOE to preserve and improve stream
water quality and aquatic ecosystems. The original LULC map was classified into the
following seven major categories: (a) urban areas including residential, industrial, com-
mercial, and roads; (b) agricultural areas including paddy, farm, and orchard; (c) forest
areas; (d) grassy areas; (e) wetlands; (f) bare soils; and (g) water. For the current study, we
included only urban, agricultural, and forest areas to simplify and facilitate the analysis. A
soil drainage grade map from the National Institute of Agricultural Sciences (downloaded
from National Spatial Data Infrastructure Portal, http:/ /www.nsdi.go.kr/ (accessed on
17 March 2021)) was used to analyze the degree of soil drainage in the basin. The original
map was classified into six categories based on the degree of soil drainage, from 1 (very
well-drained) to 6 (very poorly drained), according to the infiltration capacity of soils.
To simplify the dataset, we regrouped these categories into three classes: well-drained
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(1 to 2), moderately drained (3 to 4), and poorly drained (5 to 6). The percentage of each soil
drainage class was then calculated for each watershed. Automatic weather station (AWS)
datasets from the Korea Meteorological Administration (downloaded from Open MET
Data Portal, https://data.kma.go.kr/ (accessed on 17 March 2021)) were used to acquire
information on the total annual precipitation and annual maximum daily precipitation,
which were chosen as the climate characteristics.

2.4. Statistical Approach

Two multivariate analyses, PCA and SOM, were used in this study to characterize the
selected watersheds based on the watershed attributes and biological indicators of related
streams. Using PCA can reduce numerous datasets into several principal components
(PCs), thereby explaining the greatest variance within the original data [44]. Furthermore,
PCA biplots provide a graphical visualization that describes the interrelationships among
numerous datasets based on vectors [44]. The direction and angle of vectors in a PCA
biplot are suggestive of the correlation between the original datasets and PCs. Vectors
that are more parallel to PCs indicate a more significant influence on the corresponding
PCs [44]. An SOM, a type of artificial neural network (ANN), is an unsupervised learning
algorithm that can handle complex datasets with non-linear relationships, reduce high
dimensional space to fewer dimensions, and identify homogeneous regions with similar
characteristics [45-48]. As SOMs consist of neurons within a two-dimensional lattice,
the component planes in their output maps graphically display the correlation patterns
among the variables [27]. In summary, PCA and SOM are useful techniques for extracting
meaningful information from large raw datasets.

In this study, we first applied PCA to simplify and understand the complicated
processes among the watershed characteristics and biological condition of streams. An
SOM was then used to analyze the patterns of the watershed characteristics and biological
condition of streams, as well as to cluster the watersheds according to similar attributes.
A hierarchical cluster analysis was also performed to define the cluster boundary in the
SOM map. All analyses in this study were coded and run using the R statistical language
(R Development Core Team, 2014) with the “FactoMineR” and “kohonen” libraries.

3. Results
3.1. Descriptive Statistics

Table 1 lists the statistical descriptions for the watershed attributes and biological
indicators of streams. The mean values for the TDI, BMI, and FAI were 61.5, 67.4, and 60.7,
respectively. The biological indicators of streams were classified into five grades, from
A (“very good”) to E (“very poor”). The results indicate that the biological condition of
streams is “fair” based on the mean TDI value and “good” based on the mean BMI and
FAI values at most monitoring sites. The watershed areas range from 0.3 to 266.2 km?,
and the watershed perimeters range from 2.3 to 89.4 km, representing different sizes and
types of watersheds. The slope and elevation of the watersheds vary across the study areas,
ranging from 0.3% to 24.5% and from 1.8 to 1008.6 m, respectively. The mean slope and
elevation are 11.7% and 277.4 m, respectively, which are lower than the mean values for
the entire country. The proportions of each type of land use at the watershed and riparian
scale also vary across the study areas. Urban lands at the watershed scale account for
the smallest proportion, with a mean percentage of 9.6%. Forest lands at the watershed
scale account for the largest proportion of the watershed area, with a mean percentage of
59.2%. The mean values for urban, agricultural, and forested areas at the riparian scale are
11.5%, 19.2%, and 50.4%, respectively. Compared with watershed land use, the proportions
of urban and agricultural areas are higher, whereas that of forested areas is lower. The
mean values for the proportions of well-drained soil, moderately drained soil, and poorly
drained soil are 56.3%, 33.2%, and 10.6%, respectively. Climate characteristics showed total
annual precipitation values ranging from 684 to 2248 mm, and annual maximum daily
precipitation values ranging from 16.5 to 85 mm.
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Table 1. Descriptive statistics of the watershed attributes and biological indicators of streams in the Han River Basin.
Classification Variables Mean S.D. Min. Max.
Biological TDI (0-100) 61.5 25.1 0.0 98.7
) 13'0glca BMI (0-100) 67.4 22.1 0.0 96.1
indicators FAI (0-100) 60.7 247 0.0 100.0
Watershed area (km?) 29.2 33.1 0.3 266.2
Physiographic Watershed perimeter (km) 25.4 14.3 2.3 89.4
features Mean slope (%) 11.7 5.7 0.3 24.5
Mean elevation (m) 277 .4 2184 1.8 1008.6
W hed Urban area (%) 9.6 13.5 0.0 80.5
latecfs € Agricultural area (%) 14.5 13.8 0.0 79.8
and use Forest area (%) 59.2 255 0.0 98.6
Rivari Urban area (%) 11.5 14.5 0.2 89.4
1 1p§r1an Agricultural area (%) 19.2 159 0.0 83.7
anduse Forest area (%) 50.4 25.7 0.0 96.5
Well-drained (%) 56.3 24.7 0.0 97.0
Soil drainage Moderately drained (%) 33.2 19.1 0.0 96.7
Poorly drained (%) 10.6 14.1 0.0 98.0
Climate Total annual precipitation (mm) 1145.7 188.8 684.0 2248.0
characteristics =~ Annual daily maximum precipitation (mm) 44.1 13.5 16.5 85.0

n =754. S.D. = Standard Deviation, Min. = Minimum, Max. = Maximum, TDI = Trophic Diatom Index, BMI = Benthic Macroinvertebrate
Index, and FAI = Fish Assessment Index.

3.2. Principal Component Analysis

In our study, PCA was applied to simplify the watershed characteristics and biological
condition of streams into PCs. Five PCs from the PCA analysis explained 84% of the total
cumulative variance in the dataset with eigenvalues > 1 (Table 2). Table 3 presents the
rotated factor loadings of the five PCs extracted from the PCA. Notably, PCs indicate the
most meaningful variables with data reduction from the entire original dataset, while factor
loading aids in understanding the basic characteristics of the PCs. As listed in Table 3, the
first PC (PC1) accounts for 49% of the total variance in the dataset and has factor loadings
on the mean slope, watershed forest area, and riparian forest area. The second PC (PC2),
explaining 11% of the total variance, has positive loadings on agricultural areas at the
watershed and riparian scale, and negative loadings on urban areas at both scales. This
component represents land use variables that are anthropogenic pollution sources. Further,
PC3, which explains 10% of the total variance, has factor loadings on the watershed area
and perimeter, which are included in the watershed physiographic features. Next, PC4,
explaining 8% of the total variance, has positive loadings on moderately drained soil and
negative loadings on well-drained soil, which are both included as soil drainage vari-
ables. Finally, PC5 (6% of total variance) has factor loadings on the climate characteristics,
including the total annual precipitation and annual maximum daily precipitation.

Table 2. Initial eigenvalues and variance for the principal components (PCs).

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PCH

Eigenvalues 296 143 135 119 100 09 075 065 057
Proportion of variance 049 0.11 010 008 0.06 0.04 003 002 0.02
Cumulative proportion 049 060 070 078 084 0838 091 094 095
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Table 3. Rotated factor matrix extracted from the principal component analysis (PCA).
Component
Variable
1 2 3 4 5

TDI -0.23 -0.05 -0.01 -0.01 -0.16
BMI -0.27 -0.05 -0.05 0.09 -0.19
FAI -0.26 -0.01 0.03 0.12 -0.19
WA -0.19 0.06 0.52 -0.01 0.39
WP -0.19 0.07 0.51 0.01 0.39
MS -0.32 -0.01 -0.02 0.04 0.03
ME -0.28 0.04 0.16 0.07 0.06
Urban 0.22 -0.48 0.10 -0.10 0.10
Agricultural 0.23 0.47 0.07 0.00 -0.06
Forest -0.32 0.03 -0.07 0.06 0.01
Urban_R 0.21 -0.50 0.11 -0.10 0.11
Agri_R 0.21 0.51 0.10 -0.01 -0.03
Forest_R -0.31 0.01 -0.10 0.06 -0.02
Well-drained soil -0.24 0.03 -0.22 -0.50 0.12
Moderately drained soil 0.10 -0.12 0.18 0.72 -0.20
Poorly drained soil 0.28 0.10 0.13 -0.10 0.06
TAP -0.05 0.04 -0.40 0.35 0.43
AMP 0.11 0.04 -0.36 0.20 0.57

TDI = trophic diatom index; BMI = benthic macroinvertebrate index; FAI = fish assessment index; WA = watershed
area; WP = watershed perimeter; MS = mean slope; ME = mean elevation; Urban_R, Agri R, and
Forest_R = proportion of urban, agricultural, and forest land use at the riparian scale, respectively; TAP = total
annual precipitation; and AMP = annual maximum daily precipitation. Bold font indicates strong factor loading
on each component.

A PCA biplot, representing the loading vectors, was used to clarify the variables that
are the most influential and how they are related to each other. Figure 2 shows a biplot of the
first two PCs, which provides a general view on the variations in watershed characteristics and
biological indicators. Their spatial locations indicate the similarity between them. Specifically,
we assessed the relationships between the biological indicators of streams and watershed
attributes based on the biplot. The plot indicates that the three biological indicators, TDI, BMI,
and FAI, are positively correlated with mean slope, forest area, mean elevation, well-drained
soil area, watershed area, watershed perimeter, and annual total annual precipitation, which
are grouped together. In contrast, these three biological indicators are inversely correlated with
moderately and poorly drained soil areas, annual maximum daily precipitation, agricultural
land use, and urban land use, which are located on the opposite side of the biplot. In particular,
the mean slope and forest area at the watershed and riparian scale have strong positive impacts
on the biological indicators of streams, as indicated by the vectors that have a longer length and
are more parallel to the PCs (i.e., PCA characteristics that reveal stronger impacts).

3.3. Self-Organizing Map Analysis

Figure 3 shows the trained SOM results for the watershed attributes and biological
indicators of streams. Component planes of each variable with color gradients—from blue
to red, representing the lowest and highest values, respectively—show the contribution
of each variable. We interpreted the component planes by focusing on the relationships
between the watershed attributes and biological indicators of streams. The biological
indicators have similar patterns in their color gradients with watershed and riparian forest areas,
mean slope, and well-drained soil. Their highest values occur in the middle area, whereas lower
values appear at the top and bottom of the SOMs. Urban and agricultural areas at both scales
and poorly drained soils show slightly similar distributions, with a pattern of several neurons
at the top and bottom of the SOMs showing higher values than any other neurons, while the
patterns for the biological indicators are the opposite. The component planes of the biological
indicators have no notable common patterns with the watershed area, watershed perimeter,
mean elevation, moderately drained soil, and climate characteristics. The SOM results indicate
that the biological indicators have positive relationships with the mean slope, well-drained soil,
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and forest areas, whereas they have negative correlations with urban areas, agricultural areas,
and poorly drained soil.3.4. Cluster Analysis.

1.0

05

(%€ 11) T wig

0.0

-1.0
05 10
Dim 1 (48.6%)

Figure 2. Principal component analysis (PCA) biplot for the first two principal component (PC)
scores. TDI = trophic diatom index; BMI = benthic macroinvertebrate index; FAI = fish assessment
index; WA = watershed area; WP = watershed perimeter; MS = mean slope; ME = mean elevation;
Urban_R, Agri_R, and Forest_R = proportion of urban, agricultural, and forest land use at the riparian
scale, respectively; Soil_W = well-drained soil; Soil_M = moderately drained soil; Soil_P = poorly
drained soil; TAP = total annual precipitation; and AMP = annual maximum daily precipitation.

Forest

g _& 3 2

5 B

Figure 3. Component planes for the variables in the self-organizing map (SOM) results. Warm colors (reds) indicate high
values, while cold colors (blues) represent low values. TDI = trophic diatom index; BMI = benthic macroinvertebrate
index; FAI = fish assessment index; WA = watershed area (km?2); WP = watershed perimeter (km); MS = mean slope (%);
ME = mean elevation (m); Urban_R, Agri_R, and Forest_R = proportion of urban, agricultural, and forest land use at the
riparian scale, respectively; Soil_W = well-drained soil (%); Soil_M = moderately drained soil (%); Soil_P = poorly drained
soil (%); TAP = total annual precipitation (mm); and AMP = annual maximum daily precipitation (mm).
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Watersheds were clustered into three groups with similar watershed attributes and
biological conditions of streams based on the trained SOM units. Figures 4 and 5 show
the spatial distribution of the watersheds and radar plot for each cluster, respectively.
Watersheds in cluster 1 are clustered in the central and western parts of the Han River
Basin, where all watershed attributes and biological indicators have average values. The
watersheds in cluster 2, representing a poor biological condition of streams, are almost
completely dispersed in the western region, which is dominated by urban and agricultural
lands with higher proportions of poorly drained soils (i.e., less forested land). The wa-
tersheds in cluster 3 show a good biological condition and are distributed in the eastern
region, with greater values for watershed area, watershed perimeter, mean slope, mean
elevation, well-drained soil, and forest areas.

Legend

Cluster 1
0 Cluster2
I Cluster 3

Unmonitored
Watershed

0 125 25 50
- —— <

Figure 4. Spatial distribution of the three clustered groups, cluster 1 (yellow), 2 (red), and 3
(green), based on the self-organizing map (SOM) results. Unmonitored watersheds are denoted by
a gray color.

Boxplots showing the median, interquartile range, and outliers of the variables within
each cluster show notable differences among the groups (Figure 6). The values of the
biological indicators are the highest in cluster 3 (good condition) and lowest in cluster
2 (poor condition). The physiographic attributes, including watershed area, watershed
perimeter, mean slope, and mean elevation, have the highest values in cluster 3 and lowest
values in cluster 2, while annual maximum daily precipitation is the lowest in cluster 3.
Well-drained soil has the highest value in cluster 3 and lowest value in cluster 2. Forest
areas at the watershed and riparian scale are the highest in cluster 3, while urban and
agricultural areas at both scales are the highest in cluster 2.
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o \
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Forest

Figure 5. Radar plot for the three clusters, cluster 1 (yellow), 2 (red), and 3 (green), with watershed
attributes and biological indicators. TDI = trophic diatom index; BMI = benthic macroinvertebrate
index; FAI = fish assessment index; WA = watershed area; WP = watershed perimeter; MS = mean
slope; ME = mean elevation; Urban_R, Agri_R, and Forest_R = proportion of urban, agricultural, and
forest land use at the riparian scale, respectively; Soil_W = well-drained soil; Soil_M = moderately
drained soil; Soil_P = poorly drained soil; TAP = total annual precipitation; and AMP = annual
maximum daily precipitation.
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Figure 6. Boxplots of watershed attributes and biological indicators of streams for each group. (a) Biological indicators (TDI:
trophic diatom index; BMI: benthic macroinvertebrate index; and FAI: fish assessment index); (b) physiographic and climate
characteristics (WA: watershed area; WP: watershed perimeter; MS: mean slope; ME: mean elevation; TAP: total annual
precipitation; and AMP: annual maximum daily precipitation); (c) soil drainage characteristics; and (d) watershed (left) and
riparian (right) land use.
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4. Discussion
4.1. Relationship between Watershed Attributes and Biological Indicators

The results of our study indicate that the biological condition of a stream is positively
related to forest areas, well-drained soil, and slope. Previous studies have shown that
forests are closely associated with the transportation of pollutants and nutrients, surface
runoff speed, and sediment discharge [49-55], which significantly affect water quality
and aquatic ecosystems. Gu et al. [56] demonstrated that forests are the most important
land use type that influences water quality. In terms of the slope and soil, undeveloped
forested watersheds are generally located on steeper slopes, where there are no imper-
vious areas, such as parking lots, roads, and buildings, resulting in low concentrations
of pollutants, nutrients, and sediments, and a good biological condition of streams [57].
However, the effects of a slope on stream conditions may vary from region to region. Some
studies have demonstrated that steeper slopes are associated with a decrease in pollutant
concentrations [20,58], while others have shown that a higher slope increases the pollu-
tant concentrations in downstream water bodies, which results in stream water quality
degradation [59,60]. The results of our study also suggest that the biological condition
of streams has a negative relationship with urban and agricultural areas. Many previous
studies have reported that streams surrounded by urban and agricultural areas have poor
water quality and aquatic ecosystems [61]. Urbanization increases the area of impervious
surfaces, alters the watershed hydrology, and transports pollutants into waterbodies [62,63],
while agricultural activities increase the nutrient concentrations in water bodies due to
fertilizers and soil erosion [64]. The findings in our study highlight that land use planning
and management strategies at the watershed and riparian scale are of critical importance
for protecting and improving the biological condition of streams.

Furthermore, our findings indicate land use to have a greater effect on biologi-
cal integrity of streams than the shape of a watershed and its climatic variables [27].
Clément et al. [18] investigated the effect of watershed characteristics (e.g., size, perimeter,
land cover, and topographic variables) on stream water quality and biological conditions;
they found that land cover and topography were more important than watershed size and
perimeter for explaining the variations in stream water quality and biological conditions.
We observed that streams with large catchment sizes had better biological conditions. It
was more likely that larger watershed areas in this study had high proportions of forests.
Thus, the large watershed areas are beneficial for preserving more forested areas within
the watershed, resulting in better stream water quality and biological conditions. In addi-
tion, the biological conditions of streams can significantly vary due to differences in the
topography of the watershed, as this affects the hydrological characteristics of a watershed
and the transport of pollutants into streams [4]. If watershed and riparian land use are
similar, higher slopes and elevations yield a higher probability that a pollutant will enter
a water body, along with surface runoff [60]. However, if the proportions of land use are
significantly different, land use can be a more influential factor on the biological condition
of streams than topographic features, such as elevation and slope. For example, although
cluster 3 has the highest elevation and slope compared with the other clusters, streams
related to this cluster were in the best biological condition owing to the proportion of forest
area being dominant.

4.2. Implications and Suggestions for Improving Watershed Planning and Management

Our findings provide a foundation for several important policies and management
strategies for integrated watershed management. First, the results of our study highlight
that land use planning and management should be considered a priority for protecting
and restoring biological integrity of streams because land use is the most critical factor
among several watershed attributes that determine the biological indicators of streams.
Anthropogenic land use and land cover changes alter land surface features, such as eleva-
tion, slope, and soil, which affect hydrological processes in watersheds and cause aquatic
ecosystem degradation [65]. As anthropogenic pressures can be managed, as opposed
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to natural factors, we emphasize the importance of local, regional, and national land use
planning from a long-term perspective.

Second, similar to previous studies, our results reaffirm that acquiring forest cover in
watershed and riparian buffers is of great significance for biological integrity of streams [56,66].
Although conserving existing forests and increasing the proportion of forest cover is the
ideal method to improve the biological health of streams, maintaining the proportion of
forest areas is difficult owing to developmental pressure from urban areas. Therefore, for
responsible land use development, urban planning and the development process should
consider provisions of GI, as well as increasing the connectivity of GI, as an alternative
to forest areas, including bioswales, rain gardens, green roofs, and permeable pavement.
Furthermore, at the national level, the Korean government is planning to enforce the “no
net loss” policy for natural resources such as forests and wetlands. This policy states that
the total amount of natural resources should be conserved by restoring the quantity of
natural resources damaged by construction activities to offset the impacts of development.
Development should be strictly prohibited in riparian areas adjacent to streams. Any
existing built-up and cultivated land in these areas should be gradually relocated, and
the original area restored into vegetated area. Moreover, stream restoration should be
undertaken at the riparian scale, as riparian vegetation has various functions, such as
mitigating the anthropogenic impacts of watershed land use on streams.

Third, characterizing watersheds into meaningful groups can assist in detecting the
features of regional biological conditions, and establish priorities by adopting different
strategies based on watershed similarities. In the Han River Basin, most watersheds with
streams in a poor biological condition are distributed in the western region, where urban
and agricultural areas are dominant. In contrast, watersheds with streams in a good
biological condition are dispersed in the eastern region, where forest areas are dominant.
Management strategies in cluster 3 watersheds (good biological condition) should focus
on protection; however, in cluster 2, characterized by a high proportion of urban and
agricultural areas, strategies should be approached from the perspective of restoration.
In particular, the watersheds and streams in cluster 3 can be a reference for restoring
damaged watersheds and streams. However, even if watershed characteristics are similar,
hydrological processes and watershed responses can be spatially different. Therefore, there
is still a need for analyzing and comprehensively understanding watershed systems at
smaller scales [67].

5. Conclusions

In this study, we identified key watershed characteristics that affect stream ecosys-
tems across the Han River watershed in South Korea using PCA and SOM. Our findings
indicate that land use can have a larger effect on biological indicators than the topography
of a watershed and its climatic variables. The examined watersheds were classified into
three clusters, representing clear differences in land use variables and biological indicators
between clusters. The group with streams in a good biological condition was distributed in
the eastern region, with a high proportion of forest areas, while the group with streams in
a poor biological condition was dispersed in the western region, with a high proportion of
urban and agricultural areas. The findings of this study emphasize that land use planning
and management at the watershed and riparian scale, particularly related to an increase
in the amount of forest areas, are critically important for protecting and improving the
biological condition of streams. Our results also provide a foundation for managers and
policymakers to establish priorities by adopting different strategies based on similar water-
shed characteristics. In the studied area, management strategies in cluster 3 watersheds
should focus on protection, whereas, in cluster 2, strategies should be approached from
the perspective of restoration. However, further studies should be carried out to classify
watersheds into various regions with other variables.
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