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Abstract: Drought flow as the minimum flow rate required for restoration of the Mokgamcheon
stream was calculated by the Storm Water Management Model (SWMM) V.5.0. The adequacy
of drought flow to guarantee the minimum ecological environment was assessed using suitable
low-flows not exceeding the maximum pollution concentration of the ecosystem calculated by Design
FLOWs (DFLOW) V.4.1. Fish flows, which provide proper ecological habitat for fish, were calculated
using Physical HABitat SIMulation (PHABSIM) V.1.5.2 to provide proper ecological habitat for target
fishes such as Carassius auratus and Zacco platypus. The monthly expected instream flows were
determined as the largest value between drought flow and fish flow. In most cases, instream flows
were determined by drought flows exceeding fish flows that satisfy the condition of species habitat,
but in the case of Carassius auratus, drought flows were less than fish flows in April, September,
and October. Thus, structural measures for the supply of additional discharge were required. Instead,
when natural environment-friendly instream structures, such as stepping stones were used, affordable
ecological restoration that met the preferred conditions for discharge and depth of Carassius auratus
was possible. The stepping stones were assessed using River2D V.0.95a to measure their effectiveness
compared to other structural measures that would be costly and time-consuming to secure shortage
of fish flow. Finally, the stability of the habitat was assessed through flood analysis; in case of a flood
discharge of 5.2 m3/s obtained from time-series analysis, it was evaluated that the stability of habitats
could be reasonable.
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1. Introduction

River management projects all over the world, such as channel modifications and channel
adjustments, typically focus on only hydraulic engineering practices that are designed to supply water
and prevent flooding. In general, a lack of concern for conservation of the ecosystem and preservation
of pristine water systems has resulted in these projects changing the physical habitat of rivers [1–4] and
environmental conditions, which has adversely affected water quality [2,3,5] and thereby hampered
the ecosystem and the quality of aquatic habitat. Accordingly, stream restoration attempts and
related endeavors in the last two decades have focused on two related aspects: (1) rehabilitation
of the ecological condition of urban streams that have been affected by ecological degradation
and (2) preservation of integrity of the ecosystem and the environmental system. However, there
is increasing concern about river restoration technologies that combine hydraulics and ecological
engineering because such projects find it difficult to meet the planned ecological goals as they are
biased by hydraulic or environmental restoration [6,7].
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The restoration of the ecosystem involves complex approaches that combine field survey, analysis,
planning, construction, and maintenance of the instream habitat with its requirements of selected
target species [8], such as total fish abundance, species richness, diversity, and equitability, which are
crucial for habitat reach [9]. Such a process is only possible if the minimum amount of flow rate is first
obtained from the ecological stream restoration project [10]. In order to determine the minimum flow
rate that can sustain a stream, the amount of runoff from the watershed must be measured or estimated
accurately. However, for most small- and medium-sized streams, the amount of runoff is conducted
through rainfall runoff analysis because there are not enough observational data [11]. The minimum
flow rate of stream is defined as the drought flow of stream that would be estimated using runoff data.
According to various goals of stream restoration, the minimum flow rate for maintaining stream and
the required flow rate (ecological flow) are both necessary. Generally, ecological flows can include
multiple purposes, such as the abundance and variety of aquatic ecosystems, the assurance of water
quality, the provision of scenery, ship navigation, water recreation activities, the maintenance of
underground water level, and fishing [12,13]. When river restoration is performed, ecological flow
chosen for the main purpose, as well as drought flow, are secured and designed according to the
restoration goal. In the past decades, there have been considerations and attempts for the restoration
of rivers in these different areas. Despite all these diverse river restoration purposes, various measures
have been established for stream restoration by giving priority to the restoration of aquatic organisms,
securing sufficient flow rates, and improvement of water quality [13].

Generally, the method of water quality analysis requires a very complex task that involves input
of many meteorological and water quality factors; however, it is difficult to predict the results of an
accurate water quality model [13]. In the United States, a minimum amount of water to preserve the
aquatic ecosystem has been sought based on extensive ecosystem observations without conducting
additional water quality analysis. Accordingly, the minimum flow rate considering the water ecology
conditions has been proposed as the low-flow [14,15]. During a low-flow event, related aquatic criteria,
such as water quality and quantity, become more important because aquatic organisms can only
tolerate certain concentrations of pollutants for short periods. The US water quality criteria for aquatic
life are derived on the basis of the best ecological, biological, and toxicological information available
regarding the effects of contaminants on aquatic organisms [14,15]. However, there is no standard for
aquatic life—except that concerning human health—in Korea [16].

If sufficient flow rate has been secured in the stream, an evaluation of the adequacy of the
ecological habitat site in terms of aquatic ecosystem is required for the dominant or target species of
the stream [11]. The evaluation of ecological flow, such as fish flow, is essential for the analysis of fish
habitats for target species during restoration [11,17–22]. In case of an one-dimensional ecological habitat
model, the ecological habitat area is approximated when it is not appropriate to evaluate the spatial
distribution of ecological habitats needed for detailed river restoration. Because of the limitations of
the one-dimensional model, a two-dimensional model that is able to predict the distribution of the
ecological habitat for target species and assess the suitability of ecosystem conditions is needed [23,24].

This restoration of the stream in terms of water quality and water ecology is possible when
sufficient flow is ensured. However, in the case of urban streams, water shortages have occurred due to
climate change and changes of water usage patterns, and the depletion of stream flow in urban streams
have not only resulted in water shortages but often adversely affected the aquatic environment and
water quality as well [11]. Accordingly, various countermeasures using water resource management
have been studied over the past decades. This includes the Integrated Watershed Management
(IWM) or the Integrated Water Resources Management (IWRM) approach, which has been studied
as a representative method of water security. Although previous studies have suggested the use of
integrated watershed planning and management as a reasonable decision-making process for the
sustainable development of watersheds [11,13], the actual cost analysis of structural measures was not
specific and the actual policy implementation required enormous cost and duration. The application
of IWM has been evaluated as a useful measure of urban streams for large-scale watersheds. However,
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for streams in small- and medium-sized basins, a method to replace IWM is needed as relatively simple,
environmental friendly and inexpensive methods are required in these situations rather than methods
that entail huge budgets and long periods of construction. Thus, some small- and medium-sized basins
with limited water supply capabilities need different measures of restoration.

The use of instream structures for channel stabilization has become increasingly popular due to
their potential cost effectiveness as well as ecological benefits. When properly designed and maintained,
these structures help to protect channels from erosion and lateral migration and may also provide grade
control [25]. In addition, instream structures may improve the habitats of fish and macroinvertebrate
by increasing the hyporheic exchange [26,27]. By stabilizing a stream for various flow events, instream
structures may also engender greater ecological benefits [26]. The protection of infrastructures from
erosive conditions, as well as the improvement of refuge and spawning grounds needed to enhance
species diversity and biomass, is possible by enhancing the flow diversity that is typically encountered
in meandering streams and pool-riffle arrangements within natural streams [27,28]. Spurs and rock
weirs, which are intended for prevention of stream bank erosion, have also created new and stable
habitats for fishes and other organisms [27–30]. Above all, the construction of stepping stones as
a design planning element aimed at enhancement of the habitat quality has been chosen as one
of the simpler instream structures that increase macroinvertebrates’ biodiversity and the habitat of
fishes [9,23].

This study suggests the application and evaluation of the stream restoration design approach on
a target fish species. It is an effective and economical approach to improve aquatic ecosystem on the
basis of hydrodynamic characteristics and to rehabilitate the ecosystem based on environmental
criteria, such as the Criterion Continuous Concentration (CCC) and the Criterion Maximum
Concentration (CMC) without direct calculation of water quality [14,15]. The alternatives of urban
watershed management, such as large-scale construction projects (e.g., the installation of interceptor,
the construction of local wastewater treatment plant and combined sewer separation, etc.), should be
considered and is needed to rehabilitate and secure water as most of the urbanized watersheds
lead to stream flow depletion. This is contrary to the previous direct application of watershed
management [10,11,13].

Our proposed approach for ecological restoration will employ a more cost-effective restoration
technique to rehabilitate the distorted hydrologic cycle in a target stream. The stepping stone structure
is a representative method that can improve fish habitats very effectively without leading to any
increase in the stream flow in view of hydraulic engineering. Therefore, this study aims to create
effective habitats for the target species in a less expensive way based on stream ecosystem simulations
in order to improve the assurance of water quality and the abundance of aquatic ecosystems without
considering additional water quality simulation and structural measures for securing water quantity.

2. Methodology

The approach illustrated in Figure 1 consists of four steps: (1) Calculating the drought flow by the
flow-duration curve using the results of a surface runoff simulation. (2) Computing the low-flow with a
hydrologically and biologically based design flow method using Design FLOWs (DFLOW) Version 4.1
(US Environmental Protection Agency, Washington, DC, USA) [15] and assessing the adequacy of
drought flow by comparing the low-flow (if the water shortage is very great, the structural measures
of IWM should be considered selectively). (3) Determining the fish flow to herald the ecological stream
restoration and obtaining the instream flow by finding the maximum flow through evaluation of the
fish flow and the drought flow. (4) Suggesting an instream structure to improve fish habitats under the
condition of an aquatic ecosystem where the difference (i.e., the flow rate shortage of instream flow)
between fish flow and drought flow is lacking.
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Figure 1. Flow chart to form and determine the aquatic habitats: Q355 is drought flow; 1Q10 is the
lowest 1-day average flow in a 10-year return period; 7Q10 is the lowest 7-day average flow in a 10-year
return period; 4B3 is a biologically based 4-day average flow that occurs once every three years; 1B3 is
a biologically 1-h average flow that occurs once every three years and used to protect aquatic life from
acute effects.

2.1. Drought Flow

Drought flow is the minimum flow required to keep the function of streams in Korea. It is defined
as the mean value of annual daily flows that are exceeded by 355 days of a year, signified as Q355

(i.e., 355th daily flow in the flow-duration curve) or as the annual average daily flow with 97% of
flow-duration curve. The standard drought flow is an annual daily flow with a 10-year recurrent
interval. However, the drought flow has to be estimated using surface runoff simulation because the
historical flow records are not sufficiently long; there is no exception in most watersheds in Korea in this
regard [11,13]. Therefore, in this case, the surface runoff is computed by the Storm Water Management
Model (SWMM) Version 5.0 (US Environmental Protection Agency, Cincinnati, OH, USA) [31],
which is capable of both single-event and continuous simulations of runoff quantity to supply the
flow hydrograph.

2.2. Low-Flow

Low-flows can be estimated using hydrologically and biologically based design flow methods [14,15].
A hydrologically based design flow using statistical method is estimated based on selecting and identifying
the extreme values (using Log-Pearson Type III flow estimating technique) such as the 1Q10 (i.e., the
lowest 1-day average flow in a 10-year return period) and the 7Q10 (i.e., the lowest 7-day average flow
in a 10-year return period). On the other hand, biologically based design flow is based on frequencies
and durations specified in water quality criteria for each pollutant and whole effluents. Thus, they are
based on the available ecological, toxicological, and biological information concerning the stresses that
aquatic ecosystems and organisms can tolerate. This method directly uses site-specific durations and
frequencies specified in the aquatic life criteria, such as 4 days and 3 years for CCC and 1 day and 3 years
for CMC. According to CCC, the lower concentration for 4B3 should not exceed more than once every
year but 4B3 can be as long as 30 days if it is used to protect aquatic life from chronic effects. According to
CMC, the higher concentration for 1B3 should not exceed more than once every three years if it is used to
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protect aquatic life from acute effects. For toxic waste load allocation studies, US EPA recommends the
use of 1Q10 and 1B3 as the design flows for CMC and the 7Q10 and 4B3 as the design flows for CCC.

DFLOW using the criteria is a very useful way of estimating not only the low-flow (QL) but also
the aquatic life criteria using either a hydrologically or biologically based design flow method including
the water quality standards. However, in Korea, the average or standard drought flow is used instead
of the low-flow. Thus, the relationship between the low-flow and the drought flow needs to be
identified by comparing the flow rate to apply to Korea’s streams.

2.3. Fish Flow and Instream Flow

Although Physical HABitat SIMulation (PHABSIM) Version 1.5.2 (US Department of the Interior
Fish and Wildlife Service Research and Development, Washington, DC, USA) [22] has a few limitations
regarding the determination of population size of aquatic species, it is a very useful tool to estimate the
fish flow, which provides a suitable habitat environment for fish [17]. Habitat simulation transforms
information regarding channel structure, modeled water surface levels, and velocities into an index
containing the quantity of the available habitat using the Habitat Suitability Criteria (HSC). This index
is referred to as the Weighted Usable Area (WUA), which is the arithmetic sum of the available habitat
in each cell for a given discharge and target species [22].

The instream flow is defined as the minimum flow rate required in a stream to preserve its function.
As the ecological habitat of fish is a very important element of ecological restoration, we chose fish
flow as an ecological flow. Therefore, the instream flow was determined as the maximum value
between drought flow and fish flow depending on seasonal variation at a particular reach of stream.
The evaluation of instream flow is given in Equation (1):

QIN = max(QF, Q355) (1)

where QIN is the instream flow, QF is the fish flow, and Q355 is the drought flow.

2.4. Instream Structures

In this study, stepping stones were the simplest instream structures applied to enhance fish
habitats using River2D V.0.95a (University of Alberta, Edmonton, AB, Canada) [24]. Thus, River2D
was implemented to evaluate its habitats for the target species and calculate the critical tractive
force to check stability analysis for the material size of the instream structures (i.e., stepping stones,
pool-riffle, cross vane, etc.). River2D is a hydrodynamic habitat model containing two-dimensional,
depth-averaged de Saint-Venant equations in a conservative form, and it consists of three components:
R2D_Bed, R2D_Mesh, and River2D. To implement a detailed restoration design, River2D comprises a
more effective method that computes the calculated WUA as the product of a Composite Suitability
Index (CSI). Within this model, the habitat Suitability of Use Index (SI) curves for each fish species,
the life stage of interest, and the channel index defined over the entire computational mesh are used to
evaluate the WUA for one species/life cycle at a specified flow.

2.5. Numerical Modeling

Figure 2 shows a flow chart of the numerical model input and the output data to determine the
ecological stream restoration planning with respect to not only the hydrologic aspect but also the
ecological one. The drought flow (Q355) is computed by evaluating the hydrologic data (i.e., the analysis
of flow-duration curve) that are input into the SWMM; it is a mathematical model for simulation of
urban runoff quantity and quality in natural stream and storm and combined sewer system. DFLOW
determines the low-flow (QL) that satisfies the aquatic life criteria (i.e., CCC and CMC). The calculated
flow rate in SWMM is used as the input boundary condition of the Hydrologic Engineering Center
River Analysis System (HEC-RAS) Version 4.1.0 (US Army Corps of Engineers, Hydrologic Engineering
Center, Davis, CA, USA) [32] to calculate the boundary condition of water surface elevation at the
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desired location. The water surface elevation calculated by HEC-RAS can be entered as input as a
downstream boundary condition for PHABSIM. The upstream boundary condition of PHABSIM is
also entered for the calculated flow rate from SWMM. Furthermore, the HEC-RAS can estimate the
bed condition, such as fixed or movable bed, for sediment transport using the simulation result of
long-term bed change. The PHABSIM computes the fish flow (QF) using the HSC for dominant fishes.
If drought flow is equal to or greater than low-flow, we can determine the larger value as instream
flow (QIN) by comparing drought flow and fish flow. However, if the drought flow is less than the
low-flow, an amount that exceeds the drought flow must be secured using structural measures of the
IWM. Finally, the boundary condition of River2D is also entered using the output of HEC-RAS in the
same way as PHABSIM. When the drought flow is less than instream flow, in the hydraulic respect,
the shortage of instream flow can be compensated by installing instream structures evaluated by the
River2D without any increase in instream flow at the site where instream flow is insufficient.

Sustainability 2018, 10, x FOR PEER REVIEW  6 of 24 

the simulation result of long-term bed change. The PHABSIM computes the fish flow (
FQ ) using the 

HSC for dominant fishes. If drought flow is equal to or greater than low-flow, we can determine the 

larger value as instream flow ( INQ ) by comparing drought flow and fish flow. However, if the 

drought flow is less than the low-flow, an amount that exceeds the drought flow must be secured 

using structural measures of the IWM. Finally, the boundary condition of River2D is also entered 

using the output of HEC-RAS in the same way as PHABSIM. When the drought flow is less than 

instream flow, in the hydraulic respect, the shortage of instream flow can be compensated by 

installing instream structures evaluated by the River2D without any increase in instream flow at the 

site where instream flow is insufficient. 

 

Figure 2. Flow chart of the numerical model input and output data. 

3. Study Area 

The Mokgamcheon stream in the typical urbanized Anyangcheon watershed was selected 

(Figure 3) as the study area. This stream is a second-order tributary of the Han River in Korea. The 

watershed area of the Mokgamcheon stream is 56 km2, and the total length of the stream is 13.5 km. 

Historically, the Mokgamcheon stream was channelized with its sinuosity demolished as a result of 

flow modifications because of the urbanization of the Mokgamcheon watershed. The primary land 

cover types in year 2000 were 18.5% agricultural land, 35.5% forest, and 31% urban area. The average 

annual precipitation from 2000 to 2004 was 1468 mm, with 74% of the precipitation falling during the 

monsoon season of June to September. Table 1 gives a summary of the channel characteristics [33]. 

The channelized reach of average width 50 m has an average slope of 0.00116 m/m on the downstream 

reach of the Mokgamcheon watershed. There are four subwatersheds (Oryucheon, Yeokgokcheon, 

Gaesucheon, and Gahakchoen) in the Mokgamcheon watershed. As shown in Figure 3a, the term 

station is applied to any point whose position is given by its total distance from the confluence of the 

Anyangcheon stream and the Mokgamcheon stream (outlet of the Mokgamcheon stream). In general, 

total sediment discharge for engineering purpose directly relates to the total rate of transport to 

hydraulic variables, such as depth, velocity, and slope, and to sediment properties. When the 

riverbed variation was compared on the basis of observations [1,33], the four-year riverbed variation 

was found to be very small. The thalweg elevation was slightly changing within 0.1 m [33] because 

the channel slope was mild and the soil materials of channel were composed of granular materials, 

such as gravel and sand. The site has no bed vegetation, although short grass or concrete blocks are 

present on the riverbanks, as shown in Figure 4a,b. We considered sediment transport condition was 

 

PHABSIM

HSC for dominant fishes

Fish flow (QF)

Hydrologic data

River2D

Design of the stream restoration 

with instream structures

SWMM

Drought flow (Q355) 

using the flow-duration curve 

DFlow

Low-flow (QL) considering the

aquatic life criteria (CCC and CMC)

Runoff quantities

Q355 ≥  QL

IW
M

 o
p

tio
n

a
lly

 

c
o

n
s
id

e
re

d
Q

3
5

5 <
 Q

L

Instream flow (QIN)

QIN= max (QF,  Q355)

Completion of the stream restoration 

without any instream structure

Q355 ≥  QINQ355 < QIN

HEC-RAS

Discharge, velocity, 

water surface elevation,

tractive force, 

long-term bed change  

Providing 

boundary 

conditions

Figure 2. Flow chart of the numerical model input and output data.

3. Study Area

The Mokgamcheon stream in the typical urbanized Anyangcheon watershed was selected
(Figure 3) as the study area. This stream is a second-order tributary of the Han River in Korea.
The watershed area of the Mokgamcheon stream is 56 km2, and the total length of the stream is 13.5 km.
Historically, the Mokgamcheon stream was channelized with its sinuosity demolished as a result of
flow modifications because of the urbanization of the Mokgamcheon watershed. The primary land
cover types in year 2000 were 18.5% agricultural land, 35.5% forest, and 31% urban area. The average
annual precipitation from 2000 to 2004 was 1468 mm, with 74% of the precipitation falling during the
monsoon season of June to September. Table 1 gives a summary of the channel characteristics [33].
The channelized reach of average width 50 m has an average slope of 0.00116 m/m on the downstream
reach of the Mokgamcheon watershed. There are four subwatersheds (Oryucheon, Yeokgokcheon,
Gaesucheon, and Gahakchoen) in the Mokgamcheon watershed. As shown in Figure 3a, the term
station is applied to any point whose position is given by its total distance from the confluence of the
Anyangcheon stream and the Mokgamcheon stream (outlet of the Mokgamcheon stream). In general,
total sediment discharge for engineering purpose directly relates to the total rate of transport to
hydraulic variables, such as depth, velocity, and slope, and to sediment properties. When the riverbed
variation was compared on the basis of observations [1,33], the four-year riverbed variation was found
to be very small. The thalweg elevation was slightly changing within 0.1 m [33] because the channel
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slope was mild and the soil materials of channel were composed of granular materials, such as gravel
and sand. The site has no bed vegetation, although short grass or concrete blocks are present on the
riverbanks, as shown in Figure 4a,b. We considered sediment transport condition was on the dynamic
equilibrium, and the site could be considered fixed-bed channel and bank. Figure 4c,d show examples
of stepping stone structures in Korea.
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The selected study reach was 4.5 km long from the confluence of the Anyangcheon stream to that
of the Yeokgokcheon stream. The ecological restoration design was conducted along a 4.5 km reach
(Station No. 00+00–No. 45+00) of the Mokgamcheon stream, as shown in Figure 3b.

Table 1. Summary of site characteristics.

Distance from the
Anyangcheon

Stream (m)

Station
Number (No.)

Width of
River (m)

Channel
Width (m)

Bankfull
Depth (m)

Bed Slope
(m/m)

Median Particle Size,
D50 (mm)

0–200 00+00–20+00 52.0 10.0 1.80 1/1670 0.89

200–400 20+00–40+00 48.0 30.5 1.50 1/909 0.61

400–600 40+00–60+00 30.0 13.5 2.07 1/556 8.44

The dominant species in the Mokgamcheon stream, as identified by Lee [10] and Saman
and Hankuk Engineering Consultants [4], are Carassius auratus, Phynchocypris oxycepthalus,
and Zacco platypus. The population of Zacco platypus has continuously decreased within the target
stream for the past 20 years. This is an integral dominant species that can be targeted to improve the
ecological conditions of the Mokgamcheon stream; Carassius auratus and Phynchocypris oxycepthalus
remain the dominant species under the present conditions. The ecological criteria from earlier studies
were provided by the Korea Institute of Construction Technology [34] and Kim [35]. Thus, in this
study, two dominant species—Carassius auratus and Zacco platypus—were selected as the target species
to use for ecological stream restoration. The maximum WUA was obtained by PHABSIM using HSC
of each target fish, as shown in Figure 2.

3.1. Variables of Hydraulic Dynamics

For explaining the hydraulic properties, the physical quantities that best describe the hydraulic
characteristics are Froude number and shear stress (or shear velocity). The Froude number (Fr)
is defined as the ratio of inertial to gravity forces in open channel flow, as shown in Equation (2). If the
flow is classified as the Froude number, it is called subcritical flow if Fr is less than 1, critical flow if Fr
is equal to 1, or supercritical flow if Fr is greater than 1.

Fr =
V
√

g y
(2)

where V is the mean velocity, y is a length scale related to depth, and g is gravitational acceleration.
The shear velocity (u∗) is defined in Equation (3):

u∗ =
√

τ0

ρ
(3)

where τ0 is the shear stress on the wall, and ρ is the density of fluid. The shear velocity is the
hypothetical physical quantity expressed in terms of the shear stress as the components of force that
flow over the wall resist the viscosity.

3.2. Determination of Drought Flow and Low-Flow

In this study, the calibrated SWMM simulation was used to calculate the results of the long-term
run-off using the daily stream flow data (1964–2010). The simulation flow results were valid as
long as the drought flow (Q355) and low-flow (QL) could be successfully estimated. The SWMM
needs sensitivity analysis to identify the parameters to be used in the calibration step. Therefore,
the sensitivity analyses of watershed, channel roughness values, depression storage, and infiltration
parameters were conducted and evaluated to determine the effect of the total volume of runoff
as well as the peak flow. IMPN (impervious area Manning’s roughness), PERVN (pervious area
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Manning’s roughness), ROUGH (Manning’s roughness of conduit), IDS (impervious area depression
storage), PDS (pervious area depression storage), SUCT (average capillary suction), HYDCON
(saturated hydraulic conductivity), and SMDMAX (initial moisture deficit for soil) were selected
as hydrologic parameters. The SWMM was calibrated manually using the model efficiency from
Equations (4)–(6) [36].

max R2 =
F2

0 − F2

F2
0

(4)

F2
0 =

m

∑
i=1

(Mob −Qob,i)
2 (5)

F2 =
m

∑
i=1

(Qsim,i −Qob,i)
2 (6)

where i is the order of the days, m is the number of values, F2
0 is the initial variation in the observed

values, F2 is the index of disagreement between the observed and the simulated values, Mob is the
average of the observed values for all mth days, Qob,i is the observed value for the ith day, and Qsim,i is
simulated value for the ith day. The model becomes more efficient as R2 approaches 1. Table 2 showed
the results of the calibration and verification of flow rate. The calibration period was 31 January 2007
to 1 September 2007, and the verification period was 9 June 2006 to 22 December 2006.

Table 2. Calibration and verification results of Storm Water Management Model (SWMM).

Category Number of Data Model Efficiency RMSE

Flow rate
Calibration 26 0.908 1.325 m3/s

Verification 22 0.632 0.612 m3/s

Root Mean Square Error (RMSE).

Thus, the calibrated values of SWMM parameters were as follows: IMPN was 0.014, PERVN was
0.33, ROUGH was 0.03, IDS was 0.13, PDS was 0.5, SUCT was 100, HYDCON was 0.1, and SMDMAX
was 0.32. Using the results of the calibrated SWMM simulation, the average drought flow and the
standard drought flow, with a 10-year frequency, were determined without any consideration of the
watershed management alternatives, such as the installation of interceptor, the construction of local
wastewater treatment plan, or the combined sewer separation.

DFLOW was used to estimate the low-flow, as shown in Figures 1 and 2. DFLOW uses the
following formula (Equations (7)–(9)):

xQy = exp(u + σ K(g, y)) (7)

K =
2
g

[ (
1 +

g z
6
− g2

36

)3

− 1

]
(8)

z = 4.91

[ (
1
y

)0.14
−
(

1− 1
y

)0.14
]

(9)

where u is the mean of logarithms of annual low-flows, σ is the standard deviation, and K is the gamma
deviate corresponding to the standard normal deviate z and skewness coefficient g of the natural
logarithms of the non-zero entries in y. In addition, xBy calculates total allowed excursions over flow
record using the number of years in record divided by y. The long-term results by the SWMM as the
input data of DFLOW were used to compute the low-flow. In the next step, the respective low-flows,
estimated by two methods, were compared with the drought flow, as shown in Figure 1.
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3.3. Determination of Target Aquatic Species and Fish Flow

The parameters of PHABSIM include average water column velocities, water surface elevations,
riverbed elevations, cell cover categories, and site discharges. The HEC-RAS model uses the
step-backwater approach to compute water-surface elevation and hydraulic parameters, such as
velocity, depth, and shear stress based on the cross-sectional geometry of channel. PHABSIM was
calibrated and verified using measured time series data, such as water surface elevation from the
Neobu bridge provided on the Water Resources Management Information System (WAMIS) [37], Korea,
website. The important parameter for both HEC-RAS and PHABSIM is the Manning’s roughness.
The calibrated Manning’s n was chosen between 0.032 and 0.041. The PHABSIM and HEC-RAS models
were calibrated and verified under the same periods used for the SWMM model, as shown in Table 3.

Table 3. Calibration and verification results of Physical HABitat SIMulation (PHABSIM) and
Hydrologic Engineering Center River Analysis System (HEC-RAS).

Category Model Number of Data Correlation
Coefficient, R2

Water surface
elevation

PHABSIM
Calibration 26 0.9016
Verification 22 0.8024

HEC-RAS
Calibration 26 0.9513
Verification 22 0.9241

Correlation coefficients (R2) are the correlation coefficients between observed and numerical data.

3.4. Determination of the Instream Structure to Habitat Enhancement Design

As a representative case study, 300-m-long straight and 400-m-long meandering reaches were
selected, as shown in Figure 3b; the former was station No. 37+00 to No. 34+00, and the latter was
station No. 20+00 to No. 16+00. As shown in Figure 5, instream structures such as stepping stones
have to be added at the straight channel reach, while they are optional at the meandering channel
reach. In addition, the ecological effectiveness for the habitats of two target fishes can be evaluated by
the installation of stepping stones, as a simple instream structure, along the straight and meandering
channel. Accordingly, boulders were placed at 100 m intervals along the straight channel. In addition,
boulders were also installed along the meandering channel to analyze the effect of stepping stones.
The stepping stone habitat simulations were conducted by installing six 0.8 m boulders in a 20.73 m
width of the straight channel reach and three 1.4 m boulders in a 19.75 m width of the meandering
channel reach, as shown in Figure 5.
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Figure 5. Installation layout of stepping stones: (a) along the straight channel reach (No.
37+00–No. 34+00); (b) along the meandering channel reach (No. 20+00–No. 16+00). Note: A1,
A2, and A3 are the lateral measuring points for shear velocity magnitudes, and B1, B2, B3, B4, B5, B6,
and B7 are the longitudinal measuring points for shear velocity magnitudes.
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In order to use the River2D model for design of stepping stones, the calibration and verification
were validated under the same conditions as the preceding models such as PHABSIM and HEC-RAS.
The River2D model has important parameters, such as effective roughness height ks and eddy viscosity
coefficient νt. The velocity and water surface elevation were more sensitive to ks than νt, according to
sensitivity analysis. The calibrated effective roughness height (ks = 0.08 m) used in the River2D model
was on the Mokgamcheon stream restoration reach. The coefficient of determination, R2, for verification
of the velocity and water surface elevation between the two models were 0.976 and 0.981, respectively.
Three coefficients—ε1, ε2, and ε3—were used to weight the three assumed components of eddy
viscosity; the default values of 0, 0.5 and 0.1, respectively, were used in all runs.

4. Results and Discussion

4.1. Drought Flow and Low-Flow

4.1.1. Drought Flow

The standard and average drought flows were determined as 0.71 m3/s and 1.02 m3/s,
respectively (Table 4). In general, the standard drought flow is smaller than the average one. This is
because the former is for only a 10-year recurrent interval, while the latter is the average for the entire
runoff values. The low-flows were calculated using both hydrologically and biologically based flow
designs, as shown in Tables 4–6.

Table 4. Drought flow and hydrological low-flow in the Mokgamcheon stream.

Period
(Year)

Standard
Drought Flow

(m3/s)

Average
Drought Flow

(m3/s)

Probability
Distribution of
Drought Flow

Hydrological Low-Flow

1964–2010 0.71 1.02 LP3
1Q10 (CMC)(

m3/s
) 7Q10 (CCC)(

m3/s
) Probability

distribution

0.69 0.72 LP3

LP3 (Log-Pearson Type III).

Table 5. Biological low-flow for 1B3 at the Mokgamcheon stream.

Cluster Periods Excursion Periods

Start Day Number of Excursions Start Day Duration (Days)

27 June 1965 2 27 June 1965 2
4 April 1977 5 4 April 1977 10

24 March 1988 2 24 March 1988 1
3 May 1988 1

20 April 2000 5 20 April 2000 2
23 April 2000 12
13 May 2000 1

Total 14
Low-flow for 1B3 (CMC) 0.63 m3/s

Table 6. Biological low-flow for 4B3 at the Mokgamcheon stream.

Cluster Periods Excursion Periods

Start Day Number of Excursions Start Day Duration (Days)

24 June 1965 1.25 24 June 1965 5
30 March 1977 4 30 March 1977 16
20 March 1988 4 20 March 1988 10
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Table 6. Cont.

Cluster Periods Excursion Periods

Start Day Number of Excursions Start Day Duration (Days)

28 April 1988 6
23 March 1999 1.5 23 March 1999 6
13 April 2000 5 13 April 2000 31

Total 15.25

Low-flow for 4B3 (CCC) 0.71 m3/s

4.1.2. Hydrologically Based Flow Design

As shown in Table 4, the 1Q10 flow of 0.69 m3/s and the 7Q10 flow of 0.72 m3/s, as the low-flows,
were estimated. The standard drought flow of 0.71 m3/s was between 0.69 m3/s and 0.72 m3/s of
these low-flows, but they were less than the average drought flow of 1.02 m3/s. Therefore, it was
reasonable to select the standard drought flow for the Mokgamcheon restoration plan to make the
environmental regulation of the Ministry of Environment in Korea consistent with that of the US EPA
because the standard drought flow had already achieved the water quality and quantity criteria for
aquatic life.

4.1.3. Biologically Based Flow Design

The total numbers of days in excursion signifies the total numbers of days the minimum flow
occurs below a certain level within a period of several years, such as the CMC and CCC. The biologically
designed low-flows were estimated as the flows not exceeding the maximum numbers of days in
excursion calculated as 47/3 = 15.67 (47-year data divided by 3-year period due to both 1B3 and 4B3,
defined at 3-year recurrent intervals). As shown in Tables 5 and 6, the total excursion numbers within
the maximum limit of 15.67 were 14 for 1B3 (CMC) and 15.25 for 4B3 (CCC). Thus, the biologically
designed low-flows were determined as being 0.63 m3/s for 1B3 and 0.71 m3/s for 4B3.

The standard drought flow of 0.71 m3/s was within the range of low-flows between 0.63 m3/s
and 0.72 m3/s. The average drought flow was selected as it was somewhat equal to or greater than
the hydrological (1Q10) and the biological low-flows (1B3 and 4B3). In other words, the selection
of the standard drought flow was suitable for an ecological design of discharge with respect to the
restoration of the Mokgamcheon stream as it exceeded the low-flows considering both hydrologically
and biologically based design concepts.

4.2. Fish Flow and Instream Flow

As shown in Table 7, at a smaller flow rate, the appropriate conditions of the habitats were satisfied
regarding water depth and velocity required during the spawning season rather than between the fry
and adult season. Between the spawning and the adult seasons, the appropriate range of water depths
inhabited by Carassius auratus was either deeper than or equal to those of Zacco platypus. On the other
hand, the appropriate range of velocities of Carassius auratus was slower than that of Zacco platypus
based on the characteristics of the respective fish species.

In this study, the topographical data of Hyundai Engineering’s channel and the floodplain design
plan [33] was used to obtain the WUA of each fish species through PHABSIM simulation. Thereafter,
the fish flows were obtained at the discharges appearing in the maximum WUA of Carassius auratus
and Zacco platypus along the study-related reach of the Mokgamcheon stream (Table 8). Fish flows
were calculated according to the seasonal growth of target fishes, as shown in Table 9. As it is obvious
that the seasonal growth of fishes from fry to adult needs an increase in discharge to maintain and
satisfy their habitat conditions [34,35], the results of fish flows that were obtained by the PHABSIM
were reasonable, as shown in Table 9.
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As the fish flows were available to obtain the instream flow for the growing season
(spawning season to adult season) occurring from April to October, the respective fish flows of
Carassius auratus and Zacco platypus from Equation (1) could be determined, as shown in Table 10.
The fish flows for the growing season (from spawning season to adult season) were always lower than
the standard drought flows for Carassius auratus, except in April, September, and October. Therefore,
the fish flows in April, September, and October and the standard drought flows from November to
March and from May to August were chosen to satisfy the instream flow requirements. However,
the instream flows could be selected from the standard drought flow for Zacco platypus throughout the
seasons because the fish flows were smaller than the standard drought flow. According to the design
plan of Hyundai Engineering [33], the instream flows for most of the seasons were satisfactory without
the requirement of any additional water supply, except in April, September, and October. Most of the
time, the instream flows ensured the sufficient discharges that is necessary to preserve the habitat of a
target fish species with respect to ecological stream restoration.

Table 7. Habitat Suitability Criteria (HSC) of target species.

Target Species
Water Depth (m) Velocity (m/s)

Spawning Fry Adult Spawning Fry Adult

Carassius auratus 0.2–0.5
(May, June)

0.1–0.4
(Summer–Fall)

0.3–2.0
(Spring–Fall) 0.05–0.1 0.1–0.2 0.2–0.3

Zacco platypus 0.1–0.3
(April, May)

0.1–0.4
(Summer–Fall)

0.1–0.7
(Spring–Fall) 0.1–0.3 0.1–0.4 0.2–0.6

Table 8. Determination of discharges appearing in the Weighted Usable Area (WUA) for each target species.

Target
Species

Spawning Fry Adult

Discharge
(m3/s)

Maximum Weighted
Usable Area
(m2/1000 m)

Discharge
(m3/s)

Maximum Weighted
Usable Area
(m2/1000 m)

Discharge
(m3/s)

Maximum Weighted
Usable Area
(m2/1000 m)

Carassius
auratus 0.25 4399 0.45 5718 0.80 4868

Zacco
platypus 0.65 6346 0.65 6936 0.70 8287

Table 9. Fish flows according to the growing seasons of target fishes in the Mokgamcheon stream.

Target
Species

Standard
Drought Flow

(m3/s)

Fish Flow (m3/s)

April May June July August September October

Carassius
auratus 0.71 0.80 0.25 0.25 0.45 0.45 0.80 0.80

Zacco
platypus 0.71 0.65 0.65 0.65 0.65 0.65 0.70 0.70

Table 10. Instream flow for the Mokgamcheon stream (m3/s).

Target
Species

Month

January February March April May June July August September October November December

Carassius
auratus 0.71 0.71 0.71 0.80 0.71 0.71 0.71 0.71 0.80 0.80 0.71 0.71

Zacco
platypus 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71

4.3. Detailed Design

According to the design plan of Hyundai Engineering [33], the standard drought flow exceeded
the fish flows for the target species Zacco platypus in all months and Carassius auratus except April,



Sustainability 2018, 10, 4032 14 of 24

September, and October. Because resources and budgets are generally limited, it is not easy to consider
the use of structural measures (e.g., application of IWM) against stream flow depletion or flow shortage.
In such cases, it is possible to consider some instream structures capable of securing a water quantity to
replace structural measures. Instream structures, such as stepping stones, are the simplest and the most
inexpensively installable structures that can improve the ecological aspect and can be added to enhance
the target fish habitat environment in the detailed design phase. Stepping stone was therefore chosen
as the simpler and more effective method than structural measures to improve physical ecological
habitats of Zacco platypus and Carassius auratus.

4.3.1. Analysis of the Adequacy of the Stepping Stones Design Using Instream Flow Data

The adequacy of the habitat simulation was assessed through the evaluation of hydraulic factors.
The results of the River2D simulation are presented in Tables 11 and 12 and Figures 6 and 7 at each
reach of the straight and meandering channels. For the installation layouts of the stepping stones,
the observation positions of the Froude numbers and shear velocities (A1–A3 and B1–B7) are shown in
Figure 5a,b.

At straight channel reach without any instream structure, the point B2 to B4 were suitable for the
habitats of Zacco platypus (Figure 6a1) because of a gradually varied flow corresponding to subcritical
flow condition (Fr = 0.227− 0.259), while the Froude numbers (Fr = 0.336− 0.369) and shear velocities
(u∗ = 0.061− 0.068 m/s) slightly increased at point B1 and B5 in the contraction reach, as shown in
Table 11 and Figure 7b1,c1. The locations at B1 and B5 were not suitable as the habitat of Zacco platypus
as we were able to prove the existence of pool-riffle structures geographically. The straight channel
reach can only provide a suitable natural habitat due to the geographical stream features. On the
other hand, at meandering channel reach, the Froude number (Fr = 0.394) slightly increased in the
contraction reach (point B2 in meandering channel). Froude number (Fr = 0.511) and shear velocity
(u∗ = 0.082 m/s) also increased due to the effects of secondary currents and superelevation between
the inside and outside of the channel curvature (point B6 in meandering channel). The habitats of
Zacco platypus along the straight channel reach without any instream structure were more vulnerable
than those of the meandering channel, as shown in Figures 6a1 and 7a1. The original reach of
meandering channel provided a more friendly habitat for aquatic systems without the installation
of instream structure than that of the straight channel. Although the hydraulic characteristics of the
meandering channel flow were very complex, the reach was very suitable for various aquatic habitats.
This is because of a secondary flow, which made a difference in velocities between the outer and inner
channels and the superelevation occurring in the curvature of naturally created habitats for various
aquatic organisms along the meandering channel reach. Therefore, on the basis of such results, at the
meandering channel reach, this hydraulic phenomenon created a favorable habitat for fish without
the installation of instream structure. For straight channel reach, the installation of instream structure
needed to be considered because the reach was hydraulically vulnerable. In this case, the adoption of
additional flow supply or ecological habitat improvement techniques was essential for improvement
of the ecological habitat in the straight channel reach.

As shown in Figure 6a2–c2 and Figure 7a2–c2, fish habitats for both Zacco platypus and
Carassius auratus were relocated around the stepping stones because the diverse flow patterns occurred
and the velocities were accelerated near the boulders. This phenomenon occurred due to the increase
in velocity and the generation of an appropriate flow depth for the two species by the opening present
among the stepping stones. According to simulation results (Figures 6 and 7 and Table 11), at the
locations where stepping stones were installed, quasi-critical flow (Fr = 1.097− 1.070) occurred at point
A2 of the straight channel and at point B3 of the meandering channel. This hydraulic phenomenon
made a weak hydraulic jump; as the quasi-critical flow at the top of the stepping stones was rapidly
changed to subcritical flow in the downstream direction, the energy was dissipated. Repetitive
phenomena, such as weak hydraulic jump (from point B3 to B7 of meandering channel reach), between
the stepping stones could provide abundant fish habitats, as shown in Tables 11 and 12.
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Finally, on the basis of the hydraulic phenomena described above, it was shown that fish habitats
were improved when the stepping stones were installed (Table 12). When stepping stones were
installed in a straight channel, the WUA of Carassius auratus greatly increased from 663 to 1057 for fry
season and from 769 to 2394 for adult season. However, in the case of meandering channel, despite the
installation of stepping stones, there was only a slight increase in WUA, which depended on hydraulic
characteristics such as the secondary flow and superelevation, as previously mentioned.

Table 11. Simulated shear velocity magnitudes with or without the stepping stones along the straight
and meandering channel reaches.

Observation
Point

Straight Channel Reach
(No. 37+00–No. 34+00)

Meandering Channel Reach
(No. 20+00–No. 16+00)

Without Any
Instream Structure

With
Stepping Stones

Without Any
Instream Structure

With
Stepping Stones

u* (m/s) Fr u* (m/s) Fr u* (m/s) Fr u* (m/s) Fr

A1 0.045 0.349 0.098 0.964 0.087 0.411 0.018 0.108
A2 0.049 0.385 0.095 1.097 0.063 0.395 0.080 0.509
A3 0.032 0.313 0.074 0.947 0.065 0.353 0.082 0.494
B1 0.068 0.369 0.098 0.920 0.047 0.240 0.073 0.343
B2 0.045 0.227 0.031 0.355 0.065 0.394 0.084 0.488
B3 0.045 0.239 0.084 0.813 0.044 0.187 0.105 1.070
B4 0.051 0.259 0.032 0.363 0.029 0.096 0.016 0.074
B5 0.061 0.336 0.089 0.895 0.021 0.141 0.063 0.305
B6 - - - - 0.082 0.511 0.096 0.954
B7 - - - - 0.074 0.451 0.068 0.315

In the case of Zacco platypus, the WUA increased in both straight and meandering channels from
spawning to adult seasons. When stepping stones were installed in a straight channel reach, they acted as
a riffle-pool structure and were very effective in improving the ecological habitat from fry to adult season
for Carassius auratus and from spawning to adult season for Zacco platypus. Therefore, the installation
of stepping stones was a very effective way to improve the adverse situation in the ecological habitat
caused by water shortages, with stepping stones proving advantageous for improving the habitats of
Carassius auratus from fry to adult period and Zacco platypus during all life years.

Table 12. Simulated WUA of Zacco platypus and Carassius auratus with or without stepping stones
along straight and meandering channel reaches.

Reach
Instream
Structure Target Fish

WUA (m2/1000 m)

Spawning Fry Adult

No. 37+00–No. 34+00
Straight channel reach

Without any
instream structure

Zacco platypus 1963 1908 2962
Carassius auratus 368 663 769

Stepping stones Zacco platypus 1968 3038 3468
Carassius auratus 264 1057 2394

No. 20+00–No. 16+00
Meandering channel reach

Without any
instream structure

Zacco platypus 1424 2396 3771
Carassius auratus 1233 2164 3151

Stepping stones Zacco platypus 1984 3430 4508
Carassius auratus 1697 1934 3251
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Figure 7. Simulated results of Carassius auratus on adult season at the meandering channel reach
(No. 20+00–No. 16+00): (a1) WUA without any instream structure; (a2) WUA with stepping stones;
(b1) shear velocity magnitude without any instream structure; (b2) shear velocity magnitude with
stepping stones; (c1) Froude number without any instream structure; (c2) Froude number with
stepping stones.

4.3.2. Analysis of the Adequacy of the Stepping Stone Design Using Monthly Time Series Data

Figure 8 shows the results of simulated runoff using SWMM in the study site from January
2007 to December 2010. In order to assess the adequacy of the design of instream structure such as
the stepping stones, River2D simulations were performed using mean monthly flow rates (runoffs)
data from April 2009 to October 2009 (the growing season for target fishes). As shown in Figure 8,
the stability assessment of the fish habitats for flood event was very important because relatively large
floods occurred from July 2009 to October 2009. The results of the stability analysis of habitats for a
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flood discharge of 5.226 m3/s in September, when a relatively the peak flood occurred, are shown in
Table 13 and Figure 8.

The results of River2D by the flood discharge in September showed that the WUA conditions
without any instream structure (Figure 9a1,b1) were slightly greater than if the stepping stones were
installed (Figure 9a2,b2). In the absence of stepping stones, shelters were created for fish to be
evacuated along riverbank as the velocities in the middle of the stream were very high, as shown
in Figure 9c1,c2. When a large flood occurred and stepping stones were installed, the areas of the
shelter were relatively smaller than when there were no stepping stones installed because of faster
flow around the stepping stones. The stepping stones were submerged by floods, and velocities in the
middle of the stream and around stepping stones were very fast, as shown in Figure 9c2. However,
for some fishes, safety is ensured through vertical migration in stream to use the hyporheic zone of
stream bed as a shelter [38]. Therefore, additional measures will be needed to create shelter for fishes
to be evacuated. However, according to the theory of nature’s pulsing paradigm, if the structure is not
destroyed, the pulse, such as a flood of medium frequency and amplitude, leads to the biodiversity
and productivity of the ecosystem [39,40]. Even if the stepping stones are destroyed, it will provide a
space as another natural ecological habitat.
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Figure 8. Simulated runoff using SWMM from January 2007 to December 2010.

Table 13. Simulated WUA of Zacco platypus and Carassius auratus with or without the stepping stones
along the straight channel reach for flood discharge (5.226 m3/s).

Reach Instream Structure Target Fish
WUA (m2/1000 m)

Fry Adult

No. 37+00–No. 34+00
Straight channel reach

Without any
instream structure

Zacco platypus 154 839
Carassius auratus 260 386

Stepping stones Zacco platypus 218 603
Carassius auratus 153 216
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Figure 9. Simulated results at the straight channel reach (No. 37+00–No. 34+00): (a1) WUA of
Zacco platypus on adult season without any instream structure; (a2) WUA of Zacco platypus on adult
season with stepping stones; (b1) WUA of Carassius auratus on adult season without any instream
structure; (b2) WUA of Carassius auratus on adult season with stepping stones; (c1) shear velocity
magnitude without any instream structure; (c2) shear velocity magnitude with stepping stones.

5. Conclusions

This study provides the determination procedure of fish habitats to improve the environment for
target species during the restoration of a given stream. Although many urbanized watersheds in Korea
suffer from stream flow depletion, governments cannot afford to invest big budgets and construct
various available structural measures for water resource development by applying the IWM scheme.
Important factors regarding the ecological restoration procedure consist of the effective estimation
method and the substantive securing method of the instream flow for the target species. In this study,
the determination process of the instream flow was demonstrated for the Mokgamcheon stream in
Korea, which is an area undergoing various stream restoration projects.

One of the key findings was the appropriateness and usefulness of DFLOW, which was examined
to check whether drought flow satisfied the condition of a water ecosystem. The DFLOW quantitatively
expresses the aquatic life criteria by evaluating the CCC and the CMC, which is distinct from the
traditional approaches of determining the drought flow in Korea. The results of the DFLOW simulation
provided a robust evaluation of the low-flow, including the aquatic life criteria required to preserve
the ecological environment as well as the minimum stream flow.

Because the populations of aquatic species in the stream corridor are crucial factors and are the
minimum requirements for the purpose of ecological restoration, the calculation of fish flow is a very
important factor regarding the restoration of an ecological system. To assess the fish flow for target
fishes, the concept of WUA using the PHABSIM model was applied to evaluate the quantities of the
available habitats. For this, the instream flow was evaluated as the maximum value between the
drought flow and the calculated fish flow required to restore an aquatic ecosystem.

The River2D was applied in order to evaluate the population and habitat location of aquatic
fishes. The results of River2D simulation on two cases (without/with the installation of instream
structure, especially stepping stones) showed the change patterns of the habitats for the target species.
When the drought flow was much smaller than the fish flow to rehabilitate the targeted urbanized



Sustainability 2018, 10, 4032 22 of 24

stream, the stream flow depletion (the difference between the low-flow and the drought flow) provided
the choices of supplementary structural measures to achieve the desired water quantity as well as
the condition of ecological habitats. The other key finding from this study was the usefulness and
effectiveness of the hydraulic engineering technique (e.g., instream structure) to create the preferred
habitats for target species without additional water securing plan (i.e., the structural measures of the
IWM). Therefore, although the method for securing water resources should be considered with respect
to large-scale hydraulic and hydrologic facilities—which have carried tremendous costs in most of the
previous water management projects—in this study, the installation of stepping stones as the improved
alternative technique suggests the availability of a much more cost-effective instream structures with
respect to hydraulic dynamics. However, from the analysis results of the adequacy of the stepping stone
design using monthly time series data, the habitat with stepping stones was somewhat susceptible to
flooding compared to the habitat without any instream structure. Nevertheless, satisfactory results
were obtained for the entire period.

Future research will be needed on the hypothesis that pulses, such as medium floods, enhance
productivity and biodiversity as pulsing of medium frequency and amplitude provides an energy
subsidy for the ecosystem. Thus, in order to increase biodiversity [41] and productivity of the aquatic
systems, our future study will consider both maximum and minimum extreme pulses, such as flood
and drought, when performing river restoration. Through the understanding of vertical migration of
fishes and connectivity with the hyporheic zone, it is necessary to study ways to preserve endangered
fish species in the aquatic ecosystem from fall to spring [38]. Future studies should look at ways to
effectively create fish habitat under the riverbed from fall to winter [39].
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