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Abstract: In Republic of Korea, pronounced seasonal precipitation variability poses substantial
challenges for stream water quality management and the effective utilization of water resources.
Ecologically degraded streams are particularly vulnerable to these fluctuations, which can exacerbate
their already fragile condition. We assessed the resilience of reference and impaired streams in
response to rainfall through water quality system performance (WQSP). The WQSP is quantified
as the concentration of BOD, T-N, and T-P, which represent streams’ eutrophication and anaerobic
conditions and respond quickly to disturbances. Reference and impaired streams are classified
according to the biological condition and habitat environment of the streams in the Han River
watershed of Republic of Korea. The resilience of the stream ecosystem was estimated using WQSP,
the linear multiple regression model, and the generalized additive model for rainfall and WQSP. The
WQSP reference streams have a lower sensitivity to disturbance and recover more quickly from the
influence of rainfall; therefore, they have higher resilience than impaired streams to rainfall events.
This study facilitates understanding changes in stream ecosystems of varying conditions in response
to rainfall for ensuring long-term stability and adaptability.

Keywords: water quality; robustness; rapidity; climate change; system performance; generalized
additive model

1. Introduction

In Republic of Korea, seasonal precipitation patterns are predominantly shaped by
heavy rainfall during summer months and arid winters, influenced by monsoonal ac-
tivities [1]. Streams within this region, characterized by their limited extent and steep
gradients, are particularly sensitive to these seasonal precipitations, which is evident from
their high riverbed coefficients [2]. These seasonal fluctuations directly and indirectly affect
water quality and stream life by lowering the flow rate of streams and increasing the load
of pollutants when rainfall is low [3–5]. In contrast, periods of intense rainfall can lead
to the dilution of pollutants yet also risk the introduction of land-sourced contaminants
into streams, thus degrading water quality and disrupting habitats [6,7]. Streams already
impaired by poor water quality, habitat conditions, or ecological disturbances are especially
susceptible to the adverse effects of rainfall variability, often facing challenges in restoring
their pre-disturbance state [8]. Therefore, it is necessary to understand streams’ resilience
and rainfall’s impact on stream resilience.

Resilience is the capacity of a system to return to its state before a disturbance. In
stream ecosystems, resilience can be considered the ability to maintain the stream ecosys-
tem by quickly restoring a degraded system’s performance, such as its water quality and
living organisms, even when disturbances and disasters occur [9–11]. Resilience can be
characterized by four “Rs”, namely, robustness (minimum value of the remaining system
performance after the disturbance), rapidity (ability to restore original function within a
short time), redundancy (ability to replace system function), and resourcefulness (ability
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to recover after a disaster). The four Rs constituting resilience help identify vulnerabil-
ities in the stream ecosystem and set up disaster prevention measures according to the
characteristics of the stream [12,13].

However, as it is difficult to measure resilience quantitatively, resilience can be delin-
eated by estimating changes in system performance in response to various disasters [14].
Particularly, resilience can be estimated in stream ecosystems through an index of water
quality system performance (WQSP), which provides a time-varying measure of how well
stream ecosystems achieve a desired water quality criterion at a given time (t) [15]. Water
quality in the stream ecosystem plays a pivotal role in determining the condition of the
stream environment and the habitat for organisms, as well as having an important effect on
humans’ healthy use of water [16]. In addition, stream water quality responds more quickly
and sensitively to the watershed environment and meteorological dynamics than biological
indicators, facilitating an understanding of the effects of various watershed factors on the
stream [17]. The resilience of stream ecosystems through WQSP can differ depending on
the condition of the ecosystem. Accordingly, it is necessary to understand the relationship
between rainfall and stream resilience to respond to rainfall variability and manage water
quality appropriately according to stream conditions.

Therefore, this study aimed to examine the resilience of reference and impaired streams
to rainfall through the performance of water quality systems. The overall objectives of this
study were as follows: (a) to quantify the WQSP of reference and impaired streams for
the water quality indicators, and (b) to estimate the sensitivity and stability of the stream
ecosystem by identifying the robustness and rapidity of resilience through the WQSP
values of the reference and impaired streams and the relationship between rainfall and
WQSP. The findings of this study can provide profound insights into stream ecosystem
resilience for stream management.

2. Materials and Methods
2.1. Study Area and Selecting Reference and Impaired Streams

The Han River watershed, the focus of this study, is the largest in Republic of Korea,
contains the largest river, and is home to more than half of the country’s population. It is
concentrated in land development pressure and population growth [18]. The Han River
watershed consists of 913 streams, including 907 sampling sites from the National Aquatic
Ecological Monitoring Program (NAEMP). Through the National Aquatic Ecological Mon-
itoring Program (NAEMP), the Ministry of Environment (MOE) [19] is evaluating the
condition of stream ecosystems using biological indicators, such as tropic diatom com-
munities (TDI), benthic macroinvertebrate (BMI), the fish assessment index (FAI), and
habitat condition. The NAMEP conducts biannual assessments of biological indices at
a nationwide scale. These biological indices are quantified on a scale from 0 to 100 and
categorized into five classes, ranging from class A (“very good”) to class E (“very poor”),
to assess their ecological condition. Biological-grade results for each stream are obtained
from the Water Environment Information System (http://211.114.21.27/web, accessed on
16 November 2023).

In this study, reference streams were defined as those with measured values exceeding
80, while impaired streams were identified by values falling below 35. Of the 907 sampling
sites, 158 monitoring sites maintained continuous data records from 2013 to 2019. Reference
and impaired stream classifications were determined using data from these 158 monitoring
sites. Within these monitoring sites, 22 monitoring sites were designated as reference
streams, while 17 were classified as impaired streams (Figure 1).

http://211.114.21.27/web
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Figure 1. Han River watershed, land use classification, monitoring sites of reference, and impaired 
streams of the National Aquatic Ecological Monitoring Program in Republic of Korea. 
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Resilience is widely used to evaluate a system’s performance and condition. In the 

field of aquatic ecology, it has started to be quantified through system performance in 
water resources [20]. Simonovic and Peck [21] developed a system performance 
framework to measure and quantify changes in the dynamic resilience of a system after 
disturbances due to climate change (Figure 2). 

 
Figure 2. Change in the system performance after a disturbance. (a), the blue line represents a 
system performance with high robustness, characterized by a short recovery period and high 
resilience; (b), the red line represents a system performance with low robustness, featuring a long 
recovery period and low resilience. 

Figure 2 shows the system’s performance change after a disturbance. Line P(t) 
indicates the loss of system performance, t0 signifies when the disturbance occurs, t1 
indicates when the disturbance is finished, and tr signifies when recovery from the 
disturbance is complete. The system performance response to disturbance can be divided 

Figure 1. Han River watershed, land use classification, monitoring sites of reference, and impaired
streams of the National Aquatic Ecological Monitoring Program in Republic of Korea.

2.2. System Performance as a Concept of Quantifying Resilience

Resilience is widely used to evaluate a system’s performance and condition. In the
field of aquatic ecology, it has started to be quantified through system performance in water
resources [20]. Simonovic and Peck [21] developed a system performance framework to
measure and quantify changes in the dynamic resilience of a system after disturbances due
to climate change (Figure 2).
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Figure 2. Change in the system performance after a disturbance. (a), the blue line represents a system
performance with high robustness, characterized by a short recovery period and high resilience;
(b), the red line represents a system performance with low robustness, featuring a long recovery
period and low resilience.

Figure 2 shows the system’s performance change after a disturbance. Line P(t) indicates
the loss of system performance, t0 signifies when the disturbance occurs, t1 indicates when
the disturbance is finished, and tr signifies when recovery from the disturbance is complete.
The system performance response to disturbance can be divided into three categories: a
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blue line (a), a black line (P(t)), and a red line (b). If P(t) represents the general system
performance degradation and recovery, (a) has higher robustness, so the degradation of
system performance with disturbance is not severe, and the performance recovery rapidity
is short, resulting in high resilience. (b) shows a large drop in system performance with
disturbance due to low robustness, and the recovery rapidity of system performance is
longer, resulting in low resilience.

p(t) =
∫ t

t0

[P0 − P(t)]dt were t ∈ [t0, tr] (1)

System performance can be obtained through the cumulative value of the loss value
compared to the cumulative values of the system’s optimal value. System performance
loss and optimal values can be calculated through Equation (1). To obtain the optimal and
loss values of water quality system performance, 2013–2019 monthly average values of
Biochemical Oxygen Demand (BOD), Total Nitrogen (T-N), and Total Phosphors (T-P) for
the reference and impaired streams were used.

2.3. Analytic Framework

The analytical framework employed to assess the resilience of both reference and
impaired streams is systematically presented in Figure 3. The determination of resilience
robustness was based on assessing WQSP fluctuation ranges, utilizing WQSP values, and
the time lag of WQSP changes associated with rainfall, which were derived through LM and
GAM analyses. Resilience rapidity was quantified through the evaluation of the recovery
period of WQSP after rainfall, also using WQSP values, and the rainfall period showed a
significant relationship between WQSP and rainfall, determined through LM and GAM
analyses. Evaluating the stream ecosystem’s stability and sensitivity was founded upon the
results obtained from robustness and rapidity assessments. The rainfall used in the analysis
was averaged as the sum of monthly precipitation values in the sub-watershed containing
each stream. Additionally, the following rainfall used to analyze the relationship between
WQSP and rainfall was obtained by moving the sum of the previously calculated monthly
precipitation to 1 to 5 months later.
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2.4. Statistical Approach

A common approach to investigate the relationships between rainfall and water quality
indices in streams is to use linear regression analyses. The linear multiple regression model
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(LM) is an analysis method that explains the contributions of several causes to a result
through several independent variables (x1, x2, . . ., xn) that explain the dependent variable (y):

LMwqsp = α + B1x1 + B2x2 + · · ·+ Bnxn + ε (2)

Both linear correlation and regression analyses are useful for quantifying the direction,
magnitude, and significance of the relationship between variables, but if the two variables
are not linear, the relationship between the variables may not be accurately identified. To
consider the nonlinear relationship between variables, in this study, a flexible regression
model, the generalized additive model (GAM), was used along with linear correlation and
regression analyses. The GAM can express a nonlinear relationship between the dependent
variable and the independent variable while maintaining additivity and can be expressed
as Equation (3):

g
(
GAMwqsp

)
= α + f1x1 + f2x2 + · · ·+ fnxn + ε (3)

We performed LM and GAM analyses to investigate the rapidity and robustness
between streams through the relationship between rainfall and streams. LM and GAM
analyses were performed using the R package, and Akaike’s information criterion (AIC),
Bayesian information criterion (BIC), coefficient of determination (R2), and expected default
frequency (EDF) of the LM and GAM analysis results were compared. The AIC and BIC
are criteria for comparing the model’s suitability; the smaller the AIC and BIC values are,
the better the model. R2 is a statistic representing the model’s explanatory power; the
closer it is to 1, the higher the explanatory power. EDF is a value that indicates whether the
relationship between the explanatory variable and the independent variables is linear or
nonlinear. The closer it is to 1, the closer the relationship is to a linear one.

3. Results
3.1. WQSP Variability Recovery Period of Reference and Impaired Streams

As shown in Figure 4, the range of fluctuations in WQSP and the recovery period of
WQSP from rainfall were identified through the BOD, T-N, and T-P changes in the WQSP
of the reference and impaired streams. The most precipitation occurred in July and August,
and the least occurred in October, March, and January. The fluctuation ranges of the WQSP
of the reference and impaired streams for BOD were 0.473 and 1.046, respectively. For T-N,
the WQSP fluctuation ranges of the reference and impaired streams were 0.391 and 0.676,
respectively, and similar to the BOD, the impaired streams showed a higher fluctuation
range. However, the fluctuation range of WQSP for T-P was 1.223 for the reference stream
and 0.842 for the impaired stream, indicating higher variability in the reference stream.

The recovery period of the WQSP of BOD and T-N took 11.14 months and 11.43 months
on average, respectively, in the reference streams and 13.5 and 13.17 months, respectively, in
the impaired streams. The recovery period of the reference and impaired streams differed
by about 1–2 months but did not appear to be a significant difference. For T-P, the reference
and impaired streams showed a rapidity of 11 and 11.43 months, respectively, indicating
similar recovery periods.

3.2. Analysis of the Impact of Rainfall on WQSP
3.2.1. LM and GAM Analyses of Reference Streams for BOD, T-N, and T-P

To examine the relationship between the various rainfall values and WQSP of reference
streams, LM and GAM were determined for all rainfall events (Table 1 and Figure 5). In
LM, no rainfall variable was significantly associated with WQSP for BOD. The GAM
analysis revealed a significant relationship between the four months following rainfall and
WQSP. The EDF value was 4.69, which indicated a nonlinear relationship. The GAM better
explained the relationship between rainfall and the WQSP of BOD. The findings indicate a
four-month delay in the reference streams’ BOD levels. Additionally, the GAM revealed
that the rainfall period that showed a significant difference was limited to one month.
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Table 1. LM and GAM analysis results of the WQSP for BOD, T-N, and T-P in the reference streams.
The independent variables satisfied LM’s low variance inflation factor (VIF) condition.

Analysis Results of
Reference Streams

Variables Performance

P P1 P2 P3 P4 P5 Constant R2 AIC BIC

BOD

LM
Coefficients

b 0.0003 −0.0002 0.0003 −0.0001 0.0004 0.0003 0.841

0.12 −67.1 −47.9β 0.19 −0.09 0.16 −0.01 0.17 0.19 -

T-value 1.52 −0.7 1.2 −0.04 1.21 1.39 20.39 **

GAM
F-value 2.51 1.47 2.81 0.23 3.18 ** 3.5

0.94 ** 0.23 −78.3 −47.1
EDF 1.18 1 1 1 4.69 1
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Table 1. Cont.

Analysis Results of
Reference Streams

Variables Performance

P P1 P2 P3 P4 P5 Constant R2 AIC BIC

T-N

LM
Coefficients

b 0.0007 0.00003 0.0001 0.0001 0.0001 −0.0003 0.893

0.12 −67.1 −47.9β 0.34 0.02 0.07 0.35 0.06 −0.21 -

T-value 2.82 ** 0.14 0.59 0.29 0.49 −1.75 24.62 **

GAM
F-value 3.05 * 2.59 * 0.1 0.001 0.29 1.57

0.94 ** 0.23 −78.3 −47.1
EDF 2.45 3.47 1 1 1 1

T-P

LM
Coefficients

b −0.001 −0.001 −0.001 0.0001 0.001 0.002 1.13

0.41 67.9 87.3β −0.27 −0.09 −0.11 0.03 0.23 0.32 -

T-value −2.79 ** −0.94 −1.14 0.28 2.26 * 3.27 ** 12.10 **

GAM
F-value 5.72 * 0.7 0.61 1.12 6.43 * 13.12

** 1.17 ** 0.44 66.6 91.1
EDF 1 1 1 2.48 1 1

* p < 0.05, ** p < 0.01. AIC, Akaike’s information criterion; BIC, Bayesian information criterion; EDF, expected
default frequency. P means original rainfall, and P1 to P5 means 1 to 5 months following rainfall.

Land 2023, 12, x FOR PEER REVIEW 8 of 15 
 

 
Figure 5. Smooth functions of the relationship between WQSP of reference streams and rainfalls 
which have a significant relationship: (a) WQSP of reference streams for BOD in relation to four 
months following rainfall; (b) WQSP of reference streams for T-N in relation to original rainfall and 
one month following rainfall; and (c) WQSP of reference streams for T-P in relation to original 
rainfall and four to five months following rainfall. The dot represents the water quality system 
performance value, and the red area represents the confidence interval.  

3.2.2. LM and GAM Analyses of Impaired Streams for BOD, T-N, and T-P 
To examine the relationship between the various rainfall values and WQSP of 

impaired streams, LM and GAM were determined for all rainfall events (Table 2 and Figure 
6). In WQSP for BOD, a significant relationship was found between one and three months 
following rainfall in both LM and GAM, and both EDF values were 1, indicating a linear 
relationship. The impaired streams of BOD showed a time lag of one month, and the 
rainfall period with a significant relationship was three months for both LM and GAM. 

In WQSP for T-N, a significant relationship was established between the original 
rainfall and one to two months following rainfall in both LM and GAM, while the three 
to five months following rainfall did not significantly contribute to the WQSP of T-N. 
Based on these results, the impaired streams of T-N showed no time lag and a significant 
rainfall period of three months in both LM and GAM. GAM and LM had similar 
explanatory power in the WQSP of BOD and T-N. 

In WQSP for T-P, no rainfall had a significant relationship with WQSP in either the 
LM or GAM, so both models lacked explanatory power for the relationship between 
WQSP and rainfall. 

Table 2. LM and GAM analysis results of the WQSP for BOD, T-N, and T-P in the impaired streams. 
The independent variables satisfied LM’s low variance inflation factor (VIF) condition. 

Analysis Results of 
Impaired Streams 

Variables Performance 

P P1 P2 P3 P4 P5 Constant R2 AIC BIC 

BOD LM  
Coeffici

ents 
b 0.0005 0.001 0.001 0.003 0.0005 −0.0001 0.841 

0.53 35.4 54.5 
β 0.09 0.25 0.25 0.44 0.08 −0.04 - 

Figure 5. Smooth functions of the relationship between WQSP of reference streams and rainfalls
which have a significant relationship: (a) WQSP of reference streams for BOD in relation to four
months following rainfall; (b) WQSP of reference streams for T-N in relation to original rainfall and
one month following rainfall; and (c) WQSP of reference streams for T-P in relation to original rainfall
and four to five months following rainfall. The dot represents the water quality system performance
value, and the red area represents the confidence interval.

A significant relationship was found in LM between the original rainfall and WQSP
for T-N. In the GAM, the original rainfall and the one month following the rainfall had a
significant relationship. The EDF values were 2.45 and 3.47, respectively, indicating that
the relationship between rainfall and WQSP of T-N was nonlinear. Based on these results,
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the reference streams of T-N showed no time lag in either LM or GAM, and the significant
rainfall period was one month in LM and two months in GAM.

In the reference stream of T-P, a significant relationship was found between the original
rainfall and four to five months following the rainfall in both LM and GAM, and both EDF
values were 1, indicating a linear relationship. Excluding the original rainfall, which has a
low continuity with other significant rainfall events, the reference streams of T-P showed
a time lag of four months, and the rainfall period with a significant relationship was two
months in both LM and GAM.

3.2.2. LM and GAM Analyses of Impaired Streams for BOD, T-N, and T-P

To examine the relationship between the various rainfall values and WQSP of impaired
streams, LM and GAM were determined for all rainfall events (Table 2 and Figure 6). In
WQSP for BOD, a significant relationship was found between one and three months
following rainfall in both LM and GAM, and both EDF values were 1, indicating a linear
relationship. The impaired streams of BOD showed a time lag of one month, and the
rainfall period with a significant relationship was three months for both LM and GAM.

Table 2. LM and GAM analysis results of the WQSP for BOD, T-N, and T-P in the impaired streams.
The independent variables satisfied LM’s low variance inflation factor (VIF) condition.

Analysis Results of
Impaired Streams

Variables Performance

P P1 P2 P3 P4 P5 Constant R2 AIC BIC

BOD

LM
Coefficients

b 0.0005 0.001 0.001 0.003 0.0005 −0.0001 0.841

0.53 35.4 54.5β 0.09 0.25 0.25 0.44 0.08 −0.04 -

T-value 1.52 1.05 2.69 ** 2.67 ** 4.87 ** 0.85 −0.37

GAM
F-value 2.51 1.16 9.65 ** 8.07 ** 27.23 ** 0.84 0.21

0.56 34.5 60.5
EDF 1.18 1.81 1 1 1 2.05 1

T-N

LM
Coefficients

b 0.001 0.001 0.0005 0.0003 0.0001 −0.0002 0.893

0.74 −10.49 −85.4β 0.44 0.39 0.2 0.11 0.05 −0.1 -

T-value 2.82 ** 6.30 ** 5.41 ** 2.94 ** 1.66 0.67 −1.48

GAM
F-value 3.05 * 37.15 ** 28.40 ** 5.01 ** 2.13 0.42 1.23

0.73 −104.3 −80.9
EDF 2.45 1 1 1.59 1 1 1.45

T-P

LM
Coefficients

b −0.0004 0.0002 0.001 0.001 0.001 0.0004 1.13

0.04 113.4 132.9β −0.08 0.04 0.17 0.12 0.1 0.07 -

T-value −2.79 ** −0.63 0.33 1.32 0.97 0.82 0.57

GAM
F-value 5.72 * 0.43 0.2 1.94 0.89 0.66 0.17

0.05 113.7 135.4
EDF 1 1.55 1 1 1 1 1

* p < 0.05, ** p < 0.01. AIC, Akaike’s information criterion; BIC, Bayesian information criterion; EDF, expected
default frequency. P means original rainfall, and P1 to P5 means 1 to 5 months following rainfall.

In WQSP for T-N, a significant relationship was established between the original
rainfall and one to two months following rainfall in both LM and GAM, while the three to
five months following rainfall did not significantly contribute to the WQSP of T-N. Based
on these results, the impaired streams of T-N showed no time lag and a significant rainfall
period of three months in both LM and GAM. GAM and LM had similar explanatory power
in the WQSP of BOD and T-N.

In WQSP for T-P, no rainfall had a significant relationship with WQSP in either the LM
or GAM, so both models lacked explanatory power for the relationship between WQSP
and rainfall.
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3.3. Comparison of Sensitivity and Stability of Resilience
3.3.1. Comparison of Sensitivity through Robustness

To understand the sensitivity of stream ecosystem resilience, the fluctuation range
of WQSP and the time lag of WQSP change with rainfall were compared (Table 3). The
range of WQSP fluctuation for the reference streams for BOD and T-N was not larger than
that of the impaired streams. The low fluctuation of the reference streams indicated no
abrupt change in the WQSP due to rainfall. Therefore, it was concluded that the reference
streams had a stream environment that responded less sensitively to rainfall and had higher
robustness than the impaired streams. However, in the case of T-P, the range of the WQSP
fluctuation for the reference streams was larger than that of the impaired streams, but the
range of the fluctuations in impaired streams has been increasing since 2017, as shown in
Figure 4. Therefore, T-P management must provide a stable habitat for the reference and
impaired streams.

The time lag values derived through the LM and GAM indicated a one-month delay
in the change in WQSP for BOD in impaired streams following rainfall. For T-N, the WQSP
changed with the original rainfall event and reacted quite quickly to the rainfall. On the
other hand, in the reference stream, the BOD and T-P showed a change in WQSP after
three to four months, indicating that the time lag effect of rainfall was relatively long. The
reference streams were considered to have a longer time lag since their tolerance to external
environmental changes was not significant compared to that of the impaired streams, so
it was concluded that the reference streams had higher robustness and lower sensitivity
than the impaired streams. In the case of T-N, unlike other water quality indicators, the
reference and impaired streams responded quickly to rainfall because the time lag was
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short. Unlike BOD, which is indirectly measured through dissolved oxygen and changes its
concentration in decomposing organic matter that flows into the stream by microorganisms,
T-N does not have a large time lag since the nitrogen component is flowed into and the
concentration changes [22]. Furthermore, given that nitrogen readily dissolves in water,
this phenomenon is attributed to the swift fluctuations in nitrogen concentration resulting
from shifts in precipitation patterns [23,24].

Table 3. Robustness results include the WQSP fluctuation range and time lag for sensitivity comparison.

WQSP Classification
Fluctuation

Range
Time Lag Results

LM GAM

BOD
Reference 0.473 - 4 months

Impaired 1.046 1 month 1 month

T-N
Reference 0.391 No time lag No time lag

Impaired 0.676 No time lag No time lag

T-P
Reference 1.223 4 months 4 months

Impaired 0.842 - -

3.3.2. Comparison of Stability through Rapidity

To understand the stability of stream ecosystem resilience, the recovery period of the
WQSP according to rainfall and the rainfall period that showed a continuous significant
relationship with rainfall were compared (Table 4).

Table 4. Rapidity results include the recovery period and results of the rainfall period, which show a
significant relationship for stability comparison.

WQSP Classification Recovery
Period

Rainfall Period Showing a Significant
Relationship in Succession

LM GAM

BOD
Reference 11.14 - 1 month

Impaired 13.5 3 months 3 months

T-N
Reference 11.43 1 month 2 months

Impaired 13.17 3 months 3 months

T-P
Reference 11.0 2 months 2 months

Impaired 11.43 - -

The period between WQSP degradation and recovery was approximately two months
faster in the reference streams for BOD and T-N, confirming that the reference stream
has better rapidity. However, for T-P, the recovery periods of the reference and impaired
streams were similar, so it was concluded that management of the T-P is important.

The rainfall period that showed a significant relationship in LM and GAM in the
reference streams was one to two months, and that in the impaired streams was three to
four months. Therefore, the reference streams were affected by rainfall for a shorter period
than the impaired streams, which indicated that the reference streams recovered more
quickly from the effects of rainfall than the impaired streams and provided a more stable
stream environment. Therefore, the reference streams have higher stability.

4. Discussion
4.1. Nonlinearity of WQSP for Reference and Impaired Streams

In the BOD and T-N of the reference streams and the T-N of the impaired streams,
the relationship between the following rainfall and WQSP is generally nonlinear, and the
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smooth function for nonlinearity can be divided into three regions (Figure 7). Regions 1
and 3 showed a positive relationship with rainfall in this study, and Region 2 showed a
negative relationship. The positive relationship between rainfall and WQSP in Region 1
seemed to be because the concentrations of BOD and T-N in the dry season remained high,
but the effect of pollutant dilution due to rainfall was shown [25]. Kang et al. [26] showed
similar results: the high water quality during the dry season decreased due to precipitation
and runoff. However, for the BOD and T-N of the streams in Region 2, rainfall and WQSP
showed a negative relationship, which is thought to be because nonpoint pollution from the
watershed flows into the stream along with runoff due to the increased rainfall. According to
Won et al. [27], since forests have a high soil penetration ability, runoff does not occur with
low rainfall levels, and rainfall runoff increases as precipitation increases. Lee and Lee [28]
also confirmed that T-N can be absorbed into the soil; thus, runoff containing T-N does not
occur until a rainfall of 50 mm is reached. Therefore, in Region 2, where rainfall increased due
to the absorption characteristics of T-N and the permeability of the forest area of the reference
streams, the inflow of nonpoint pollution increased, showing a negative relationship.
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red area represents the confidence interval.

4.2. Robustness Comparison of Reference and Impaired Streams

To compare the robustness and rapidity of the reference and impaired streams, the
relationships between rainfall and WQSP, variability, and recovery period were examined,
and it was determined that the impaired streams had lower resilience. The difference in
resilience between the reference and impaired streams concerning rainfall was considered to
be due to the permeability and runoff of the watershed, according to its land cover. To identify
the difference in the land cover between the reference and impaired streams, a t-test was
conducted on the land cover proportions within a 1 km buffer of the reference and impaired
streams (Table 5). The reference streams had the highest proportion of forest area, and the
impaired streams had the most urban area. As a result of the t-test, a difference in land cover
was found for urban, forest, and grassy areas for the reference and impaired streams.

This difference in land cover affects the permeability of the soil and the rainfall–runoff
and runoff rate [29–32]. Urban areas are highly impermeable and respond more quickly
to rainfall due to the low penetration of rainfall, resulting in massive amounts of runoff
into streams [33–35]. By modeling watershed imperviousness, runoff, and peak discharge,
Huang et al. [36] and Braud et al. [37] confirmed that the higher the impermeability is, the
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faster the peak discharge is reached and the greater the amount of runoff. In addition, it was
confirmed that a large amount of runoff from rainfall dilutes the T-N, T-P, BOD, and COD
concentrations of streams that maintain high levels during the dry season [26]. Therefore,
the impaired streams have a high land cover in the urban area, so there is a large outflow
at once during rainfall, and this outflow water quickly dilutes the stream concentration,
which is judged to have a large and steep increase in the WQSP of the impaired streams.

Table 5. t-test results for land cover of reference and impaired streams.

Classification
Average Standard Deviation

t-Value
Reference Impaired Reference Impaired

Urban area 8.14 49.37 8.22 22.12 7.306 **
Agricultural area 19.02 20.10 10.95 20.78 0.195

Forest area 55.30 11.85 19.08 11.92 −8.219 **
Grassy area 3.25 6.93 3.43 3.53 3.278 **

Wetland 3.65 1.16 4.86 1.70 −2.013
Bare soil 4.67 3.43 3.79 3.16 −1.091

Water 5.97 7.16 4.83 9.50 0.510
** p < 0.01.

However, in the dry season after rainfall, the water quality is polluted due to nonpoint
pollution continuously flowing out from the urban and agricultural areas around the
streams, and the WQSP of the impaired streams, which increased during rainfall, drops
sharply and is judged to have a high fluctuation range [33,38]. Additionally, impaired
streams have a short time lag for rainfall because they are near highly impermeable urban
areas, and it takes very little time for runoff to reach these streams [31,32]. On the other
hand, in the case of the reference streams, the water permeability and penetration rate are
high due to the forest cover that is dominant in the area, so the peak flow is alleviated
such that the increase in WQSP for rainfall is relatively low and the time lag is longer than
that for the impaired streams [39,40]. Additionally, since the proportions of urban and
agricultural areas are small, the inflow of nonpoint pollution in the dry season is less than
that of impaired streams, so the fluctuation range of WQSP is not large [41,42].

5. Conclusions

To compare the sensitivity and stability of resilience according to the aquatic ecological
condition of the stream ecosystem in the Han River watershed, this study identified the
rapidity and robustness of the BOD, T-N, and T-P WQSP of reference and impaired streams.
The rapidity and robustness of the reference and impaired streams were derived from the
time lag for rainfall and the rainfall period, showing a significant relationship between
WQSP variability and the recovery period. The findings of this study suggested that the
reference streams were less sensitive to rainfall than the impaired streams and provided a
more stable ecosystem and, thus, had better resilience. Our research has elucidated that
reference streams exhibit markedly lower sensitivity to rainfall variability when compared
to their impaired counterparts, resulting in enhanced ecosystem stability and resilience.
The diminished resilience of impaired streams calls for strategic management interventions
to mitigate their heightened vulnerability to precipitation and reinforce their structural
and ecological integrity. Particularly, impaired streams exhibit heightened fluctuations in
resilience attributed to urban runoff, displaying swift responses to rainfall; this necessitates
measures to mitigate rapid runoff and nonpoint pollution inflow into streams. Proactive
strategies, including the establishment of robust waterside vegetation, the creation of small-
scale wetlands, and the integration of retention ponds, are recommended to bolster the
resilience of these streams. The findings of this study furnish foundational insights for
the formulation of comprehensive management plans. However, there is a limitation in
that flow data and soil permeability data that can confirm the dilution effect by rainfall are
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lacking, so further analysis of changes in WQSP considering the flow rate and geological
effect is required.
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