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Abstract: Ecological flow (E-flow) determination is an essential component of stream management
and the preservation of aquatic ecosystems within a watershed. E-flow should be determined while
considering the overall status of the watershed, including the hydrological cycle, hydraulic facility
operation, and stream ecology. The purpose of this study is to determine E-flow by considering
watershed status through coupled modeling with SWAT and PHABSIM. SWAT was calibrated to
ensure reliability when coupling the two models, using observed data that included streamflow
and dam inflows. The calibration result of SWAT showed that the averages of R?, NSE, and RMSE
were 0.62, 0.57, and 1.68 mm/day, respectively, showing satisfactory results. Flow duration analysis
using the SWAT results was performed to apply to discharge boundary conditions for PHABSIM.
The averages of Qg5 (mid-range flows) and Qy75 (dry conditions) were suitable to simulate fish
habitat. The habitat suitability index derived through a fish survey was applied to PHABSIM to
estimate E-flow. E-flow was estimated at 20.0 m?/s using the coupled model and compared with
the notified instream flow by the Ministry of Environment. The results demonstrate a high level
of applicability for the coupled modeling approach between the watershed and physical habitat
simulation models. Our attempt at coupled modeling can be utilized to determine E-flow considering
the watershed status.

Keywords: ecological flow; SWAT; PHABSIM; watershed status; habitat suitability index; coupled
modeling

1. Introduction

In 1999, South Korea amended its river laws, shifting the focus towards water con-
servation, regulation, and the protection of the environment and ecology during their
development. This led to an increase in the utility of rivers, but it also resulted in direct
harm to the river environment due to the construction of hydraulic facilities such as dams
and reservoirs. This construction had a significant impact on the habitat of aquatic or-
ganisms [1]. The climate change that has occurred since 1999 has also led to changes in
precipitation patterns, resulting in increased variability in water resources. Furthermore,
the ongoing construction of hydraulic facilities has posed a further threat to the health of
the aquatic ecosystem [2—4].

Aquatic ecosystems, which are composed of organisms living in rivers, are highly
responsive to changes in water quantity and quality [5-7]. The response of aquatic organ-
isms to disturbances, such as changes in streamflow and water quality, can be used as
an indicator [8]. To manage and conserve these ecosystems, many countries have been
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estimating the ecological flow (E-flow) using various methods. Generally, E-flow can
be defined as the minimum flow that must be maintained in a stream to ensure that ex-
isting ecosystems thrive under appropriate hydrological and environmental conditions
that respect the ecological balance [9]. The methods of estimating E-flow are classified
as the hydrological method, hydraulic method, hydraulic rating method, habitat simu-
lation method, and holistic method [5]. Among these, the habitat simulation method is
widely used. The hydrological method was also widely used and is suitable for water
resources planning; however, it is non-stationary and lacks considerations of actual habi-
tat requirements [10]. The hydraulic method is easier than other methods and does not
require detailed aquatic ecosystem data, but it lacks an objective approach [11]. The holistic
method considers physical, ecological, and socio-cultural aspects, but it is expensive to
implement continuously and relies on the subjective opinions of experts [12]. The habitat
simulation method is considered the most scientifically and legally defensible approach for
E-flow, and it helps clarify hydrological-ecological relationships [13,14]. The estimation
of E-flow using the habitat simulation method involves a combination of field surveys
and modeling. The modeling process typically includes the analysis of fish habitats using
physical habitat models to manage water resources and aquatic ecosystems, as outlined in
the physical habitat modeling approach described in [15]. By modeling fish habitats, it is
possible to estimate the minimum flow required to maintain good conditions for aquatic
organisms based on the hydrological and environmental conditions. The physical habitat
simulation system (PHABSIM) is a widely used model for estimating E-flow by analyzing
fish habitats [16-18]. In particular, K-water, a public corporation responsible for managing
water resources in South Korea, utilizes PHABSIM to quantitatively manage E-flow [19].

Globally, stream environments and aquatic ecosystems have been managed using E-
flow through various methods. India has primarily managed E-flow using the hydrological
method to ensure water security [20]. However, India, like South Korea, is still in the early
development phase. India defines E-flow as the natural or regulated flow of a specific
quantity, timing, duration, frequency, and quality of streamflow required to manage the
ecological system, including the sustainability of freshwater, estuarine, and near-shore
ecosystems [20,21]. Japan has managed E-flow using the hydraulic method for 30 years,
and this is regulated by national law [22]. In Europe, especially in Mediterranean regions
including Spain, Greece, Italy, Portugal, France, Cyprus, and Malta, E-flow has been
determined using various methods considering each country’s characteristics to conserve
non-perennial rivers. Among the methods used in each country, the most used methods
were determined to be the hydrological method and the habitat simulation method [14].

However, a stream is influenced by the hydrologic cycle in the watershed, and its
influence affects the aquatic ecosystem and habitat. Physically based habitat models can
easily estimate E-flow through the hydrological-ecological relationship, but streamflow is
highly variable in space and time [23,24] and affected by operations from hydraulic facilities
such as dams, reservoirs, and sewage treatment plants. The European Commission [25]
has emphasized that when setting E-flow, it should be done considering all components
of the natural watershed, as well as the relationships between hydrology, ecology, and
morphological aspects. In the past, instream flow (IF) and E-flow have been regarded
the same concept. However, now that E-flow is encompassed within the concept of IF, it
should be estimated considering the overall watershed status including the hydrologic
cycle, operation at hydraulic facilities, and so on. To complement these points, one needs
to link habitat model with a model that can simulate long-term streamflow and consider
overall watershed status.

The Soil and Water Assessment Tool (SWAT), a semi-distributed long-term simulation
model, is globally applied to gain insights into hydrology-driven ecological processes, and
it can be used as an ecohydrological model [26-28]. The reason SWAT can play this role is
because it can consider the overall watershed status. SWAT is basically composed of land
use/cover and soil maps, and it can help to operate reservoir and sewage treatment plants.
There are many studies that link SWAT with other models using these advantages, but there
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are few studies about its linkage with PHABSIM. Ref. [29] tried to generate PHABSIM input
data by applying SWAT results and found that SWAT, which uses a high-resolution digital
elevation model (DEM), is suitable for coupling with PHABSIM. In this way, the mode
of coupled modeling between two models is sufficiently suitable, and if the advantages
of SWAT are utilized and coupled with PHABSIM, E-flow will be able to be estimated
considering the overall watershed status.

The main objectives of this study are: (1) to perform coupled modeling between SWAT
and PHABIM using the flow duration results of SWAT, and (2) to determine the optimal
E-flow considering overall watershed status.

2. Data and Methods
2.1. Study Area

South Korea has five major rivers. Among the five major rivers, the Nakdong River
has the poorest water quality and aquatic ecosystem compared to the other major rivers.
Water management issues in this basin include high rates of water pollution, including
algal bloom [30], and a lack of E-flow for aquatic ecosystem. Based on these issues, the
South Korea Dam Operation Council has implemented partial releases for certain dams in
the Nakdong River [31]. Andong (ADD) and Imha (IHD) dams are located upstream of the
Nakdong River in the southeastern area of South Korea (Figure 1a). The Gudam upstream
basin (GDUB) area is 4584.8 km? with a target stream length of 410.0 m (Figure 1b). The
Gudam wetland located downstream of ADD and IHD is composed of many sand bars,
and so it has ecological value as it is used as a habitat for various aquatic organisms. The
watershed outlet of GDUB has a Gudam streamflow gauging station (GD) (Figure 1c)
and an IF notification spot named Jibo (JB), which is managed by the Ministry of the
Environment (ME) in South Korea. The annual average temperature and precipitation in
the study area were 11.8 °C/year and 1072.3 mm/year, respectively, over the past 40 years
(1981 to 2020). Table 1 shows the characteristics of the target stream and streamflow gauging
station investigated by the Ministry of Land, Infrastructure and Transport in South Korea
(MOLIT) [32].

Table 1. Characteristics of the target stream investigated by MOLIT for the fish habitat study.

Channel Average Bed structure (%)

Streamflow width streamflow Roug.hpess
gauging station (m) (m3/s) Rock Gavel Sand Silt coefficient
GD
(GD) 400-440 120-230 51.0 0 5 95 0 0.025
2.2. Dataset

The data include geographic information system (GIS) spatial data, meteorological
data, hydrological data (such as dam inflow, dam release, and streamflow), and field survey
data of the target stream. GIS spatial and meteorological data were mainly used for SWAT.
Hydrological data were used for model calibration and validation.

In this study, 30 m-spatial resolution DEM, 1:25,000 precision land use, and soil
textures were used to compose the SWAT. The average elevation of the study area is 407.4 m
(Figure 2a). The forest cover is 77.3%, and rice paddy and upland crop areas occupy 16.2%
(Figure 2b). Silt loam and loam are the dominant soil types, representing 47.4% and 20.8%,
respectively (Figure 2c).
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Figure 1. (a) The location of the study area, (b) description of the study area showing the locations
of observation stations (streamflow gauging, and weather), IF notification spot, target stream, and
two multi-purpose dams (ADD and IHD), and (c) satellite images of target stream for estimating
E-flow using PHABSIM modeling.
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Figure 2. GIS spatial data: (a) DEM, (b) land use, and (c) soil textures.

In total, 46 years (1975-2020) of daily meteorological data, including precipitation
(mm), maximum and minimum temperature (°C), wind speed (m/s), relative humidity
(%), and solar radiation (MJ/m?), were collected from 6 weather stations (Figure 1) for
SWAT modeling.

For PHABSIM modeling, the field survey data for the target stream included water
depth, velocity, stream topographic, and discharge. The hydraulic data, including cross-
section data of the target stream, were provided by MOLIT [32]. The field survey and
cross-section data were used in PHABSIM modeling.

The field survey was conducted intensively during the dry season when the streamflow
was at its lowest point throughout the year. The fish survey was conducted 4 times on
26 March, 26 April, 15 May, and 3 June 2021. There is a weir operating in the upstream
area of GD, making it unsuitable for use in the fish survey. Therefore, the fish survey was
conducted downstream of GD near to JB with similar river and physical characteristics.
Fish were collected from the downstream area of GD using casting nets and skimming nets.
Field data regarding the physical habitat of the survey location, as well as water depth,
velocity, and bed materials, were recorded.

Figure 3 shows the results of the fish and physical habitat surveys undertaken in the
field. The casting nets were applied more than 10 times in riffles and pools inhabited by
various fish. The skimming nets were used under the rock and at the waterfront. For
substrate assessment, the size of the bed material was measured using a 50 by 50 cm
quadrat. The substrate structure was calculated as the area ratio. In this study, the 8 sets
of cross-sectional topographic data of the target stream were taken at intervals of about
51.1 m, and the hydraulic data provided by [32] were used to generate the hydraulic input
data for PHABSIM.

2.3. Hydrological Modeling

Using the data, PHABSIM was constructed and coupled with SWAT (Figure 4). To reduce
uncertainty when linking the models, it is important to ensure reliability by verifying the
models using objective functions. SWAT was calibrated (2012-2016) and validated (2017-2020)
using the daily observed dam inflow (ADD and IHD) and streamflow (GD) data. The
calibration and validation were performed manually using a trial-and-error approach based
on physically realistic parameter ranges reflecting the study area’s characteristics.
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Figure 3. Description of fish and physical habitat monitoring in field: (a) casting net, (b) skimming
net, (c) investigation of depth and velocity, and (d) fish (Zacco platypus) collected in the field.
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Figure 4. Flowchart of the study.

The statistical performance of SWAT was assessed using various objectives, such as
the coefficient of determination (R?), the Nash-Sutcliffe model efficiency (NSE), the percent
bias (PBIAS), the root mean square error (RMSE), and others. R? is used to assess the
proportion of the variance between the observed and simulated values. It has a value
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between 0 and 1, where an R? of 1 indicates perfect model simulation, with no deviation
from the observed values. NSE represents the efficiency of the model by comparing the
relative magnitude of the residual variance with the variance of the measured data [33].
NSE has a range of —oo to 1, and the model’s simulation output is considered better than
the mean of observed values when the NSE is greater than zero. PBIAS means the average
tendency of the values of the simulated data to be greater than or less than the values of the
observed data. A negative value of PBIAS indicates the model’s results are overestimated
compared to the observed data, while a positive value of PBIAS indicates that the model’s
results were underestimated [34]. In particular, a PBIAS value of zero indicates perfect
model simulation. RMSE refers to the statistical error between the observed and simulated
values as the standard deviation of the residual [35].

For PHABSIM modeling, the calibrated streamflow of SWAT was used to determine
discharge boundary conditions. The initial boundary conditions of the water surface’s
elevation and velocity were established using the calibrated streamflow of the target stream
and cross-section data. Normal and dry boundary conditions, derived from the flow
duration analysis (FDA) results for nine years (2012-2020), were applied to estimate the
E-flow.

2.3.1. SWAT Description

SWAT is a watershed-scale continuous hydrological model developed by the United
States Department of Agriculture-Agricultural Research Services (USADA-ARS) to eval-
uate the impact of water resources, water quality, and agricultural chemicals on various
soil characteristics, land use and management conditions [36,37]. SWAT can simulate the
overall hydrologic and nutrient cycles, including evapotranspiration, surface runoff, later
flow, base flow, groundwater flow, soil erosion, and nutrients transport, under the various
watershed environmental conditions for each of the hydrologic response units (HRUs)
based on the water balance equation [38]. The theories of SWAT are elaborated in [38].

2.3.2. PHABSIM Description

PHABSIM was developed to support and establish E-flow, IF, and water resource
management. PHABSIM consists of two subsystems, namely, hydraulic and habitat models.
These two subsystems provide a variety of simulation tools, which characterize the physical
microhabitat structure of a stream and describe the flow-dependent characteristics of the
physical habitat in the light of selected biological responses of target species and life
stages [39].

PHABSIM can simulate hydraulic relationships at various streamflows using water
surface elevations, velocities, and substrates for each cross-section [39]. It quantifies the
hydraulic relationship and parameters (water depth, velocity, and substrate) related to
habitat suitability for target species. PHABSIM is calibrated using measured hydraulic
parameters, and it then estimates the same physical habitat parameters for other discharges.

PHABSIM analyzes the physical habitat changes of the target species based on species
and life stages according to changes in the streamflow, water depth, and velocity of the
stream. Subsequently, PHABSIM estimates the weighted usable area (WUA) based on the
Instream Flow Incremental Method (IFIM) for each discharge by increasing the streamflow,
and defines the streamflow when the WUA is maximum as the optimal E-flow [16,39,40].
WUA is calculated by multiplying the area of cells and the HSI. The equation is expressed as:

n
WUA = Y A; x G )
i=1

where WUA is the weighted usable area at a specified discharge, A; is the area of cell i, and
C; is the combined suitability of cell i.

The combined suitability of the cell is derived from the component attributes of each
cell, which are evaluated against the species and life stage habitat suitability coordinates for
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each attribute to derive the component suitability. The combined suitability is calculated
as follows:
Ci=V;xD;Xx§; ()

where C; is the combined suitability of cell i, V; is the velocity suitability in cell i, D; is the
depth suitability in cell i, and S; is the substrate suitability in cell i.

3. Results
3.1. SWAT Calibration and Validation

SWAT was calibrated for 5 years (2012-2016) and validated for 4 years (2017-2020)
to assess its capability to simulate the watershed hydrology of the GDUB. The SWAT was
adjusted to have 10 parameters for simulating the watershed hydrology. The adjusted
parameters are SCS curve number, Manning’s “n” value, effective hydraulic conductivity,
soil evaporation compensation coefficient, maximum canopy storage, available water
capacity of the soil layer, saturated hydraulic conductivity, delay time for aquifer recharge,
threshold water level in shallow aquifer, and base flow recession constant (Table 2). For
operating two multi-purpose dams, the five parameters related to hydraulic facilities’

specification were adjusted.

Table 2. The adjusted parameter lists for SWAT calibration.

Adjusted Value
Parameter Definition Range Default
ADD IHD GD
CN2 SCS curve number for moisture condition 35 to 98 Ggli%];y 77 69 67
CH_N(2) Manning’s “n” value for main channel 0.01t0 0.3 0.04 0.05 0.05 0.05
CH_K(2) Effective hydraulic cgnducthlty in main —0.01 to 500 0 0 5 0
channel alluvium (mm/h)
ESCO Soil evaporation compensation coefficient Oto1l 0.95 0.3 0.3 0.2
CANMX Maximum canopy storage 0 to 100 0 0 7 0
Available water capacity of the soil layer Given by
SOL_AWC (mmH,O/mm soil) Oto1l HRUs 0.16 0.22 0.35
SOL_K Saturated hydraulic conductivity (mm/h) 0 to 2000 Ggli%];y 35.8 23.9 29.2
GW_DELAY Delay time for aquifer recharge (days) 0 to 500 31 200 200 200
GWQMN Threshold water level in shallow aquifer for 0 to 5000 1000 500 3000 500
base flow (mm)
ALPHA_BF Base flow recession constant Otol 0.048 0.2 0.7 0.048
RES_ESA ReserYoir surface area wher} the reservoir is } B 5617 2640 _
filled to emergency spillway (ha)
RES_EVOL Volume of water needed tq fill the reservoir ) ) 124,800 595,000 )
to the emergency spillway (ha)
Reservoir surface area when the reservoir is
RES_PSA filled to the principal spillway (10* m3) i ) >384 277 i
Volume of water needed to fill the reservoir
RES_PVOL to the principal spillway (10* m3) ) B 121,642 56,558 )
RES_VOL Initial reservoir volume (10 m3) - - 58,289.7  23,612.1 -

The calibration and validation results are summarized in Table 3 and Figure 5. The
average R2 values of ADD, IHD, and GD were 0.74, 0.61, and 0.52, respectively. The average
NSE values of ADD, IHD, and GD were 0.74, 0.61, and 0.52, respectively. The average
RMSE values of ADD, IHD, and GD were 1.62 mm/day, 2.51 mm/day, and 0.92 mm/day,
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respectively. The average PBIAS values of ADD, IHD, and GD were —14.9%, —32.1%, and
—2.7%, respectively. Unlike the results of ADD, the statistical results of IHD were assessed
as relatively poor. The annual average precipitation during calibration and validation
periods of IHD was 947.8 mm/year, which is lower than the annual average precipitation
of the watershed. Especially, in 2013, 2015, and 2017, the annual average precipitation
levels were 839.0 mm/year, 606.8 mm/year, and 732.2 mm/year, respectively, representing
drought periods. These droughts influenced the overall statistical calibration and validation
results, and the error caused by the droughts continued to the end of the validation periods.
At the GD station, the average values of R> and NSE were assessed as relatively poorer than
those of two multi-purpose dams. The observed streamflow data of GD in 2016 and 2018
are missing. In addition, the average annual runoff ratios for the observed and simulated
values are 37.1% and 35.9%, respectively.

Table 3. Calibration and validation results for SWAT dam inflows and streamflow during 2012-2020.

ADD IHD GD
Year RMSE PBIAS RMSE PBIAS RMSE PBIAS
2 2 2
R® NSE  mbay) (%) R* NSE  (mDay) (%) R* NSE  (may) (%)
Cal 073 00 1.36 T130 058 047 1.85 "3 056 053 0.60 22
Val. 0.75 0.72 1.95 —17.0 0.65 0.57 3.32 —25.7 0.46 0.42 1.33 —3.2
Avg. 0.74 0.71 1.62 —14.9 0.61 0.51 2.51 —32.1 0.52 0.48 0.92 -2.7

Note(s): Cal.: calibration periods (2012-2016). Val.: validation periods (2017-2020). Avg.: average values for the
total periods (2012-2020). R?: coefficient of determination. NSE: Nash-Sutcliffe model efficiency. RMSE: root
mean square error. PBIAS: percent bias.
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Figure 5. Comparison of daily observed and simulated dam inflows and streamflow during 2012-2020:
(a) ADD, (b) IHD, and (c) GD.
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3.2. Flow Duration Analysis Based on the SWAT Simulation Result

The FDA was performed to determine the discharge boundary condition for PHABSIM
using both observed and SWAT calibrated data from GD during 2012-2020. The FDA can
analyze temporal changes in the streamflow at a point in the river. A flow duration curve
(FDC) is often used to graphically illustrate the impacts of regional differences in geology,
climate, and physiography on the hydrologic responses of the river basin. For GD, the FDA
analyzed various flow conditions, including high flow (Qj), moist conditions (Qgs), mid-
range flows (Q;gs), dry conditions (Qy75), and low flows (Qs55), based on SWAT simulation
results. Figure 6 shows the observed and simulated FDCs at GD during 2012-2020. Figure 6a
shows the observed FDCs, Figure 6b indicates the simulated FDCs, Figure 6¢ presents the
boxplots of the results of the observed and simulated FDA for Qos, Q1s5, and Qy75, and
Figure 6d shows the scatter plot results between the averages of observed and simulated
FDA.

10,0000 ¢ .
[ ] observea [ SWAT simulated
80
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70
E E\ 60
-2 @
% = 50
g E T
Z 1000 | E 40
= - = = x =
£ i : S £ 30 '
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; : 3
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Figure 6. The FDCs at GD (2012-2020): (a) the observed FDCs, (b) the simulated FDCs, (c) the
comparison of the streamflow observed and simulated in Q 95, Q1g5, and Qyys. In the boxplot, the
interquartile ranges (IQR, i.e., 25th—75th quartiles) are represented by boxes, and whiskers extend to
quartile 5 and quartile 95. (d) The scatter plot between the averages of observed and simulated FDA.

In Qq, the simulated results from 2016 to 2020 were smaller than the observed results
(Figure 6a,b). The simulated Qo from 2016 to 2020 was influenced by the average of the
simulated runoff ratio of 38.5%. In particular, in 2020, the simulated Q9 was underesti-
mated with a big difference of —255.7 m3/s compared to the observed Qjg. The difference
was caused by the summer flooding that occurred across the country in South Korea in 2020.
In Qgs, the simulated result was underestimated in 2015 when a drought occurred. It was
overestimated in 2020 during a flood event. The average of simulated Qg5 showed a slight
difference of 0.5 m3/s compared to the average of observed Q;g5. For Qy75, the simulated
Qy75 in 2015 was overestimated with a difference of +7.0 m3/s. The drought in 2015 affected
model simulation. So, the model simulation did not reflect the trend of the observed data
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effectively. In the case of Q3s5, the average of the simulated results was bigger than the
average of the observed results, with a difference of +3.9 m?3/s. However, the simulated
Q355 in 2020 was smaller than the observed Q355 with a difference of —11.8 m3/s. These
results indicate that extreme values, such as Q1o or Qss5, were not suitable for application
as discharge boundary conditions in PHABSIM due to their high variability. The model did
not effectively capture the observed data’s trends during droughts or floods. High flows
can have significant impacts on instream conditions, including accelerated geomorphic
changes in stream channels, and increased sedimentation, scour, and channelization. This
combination can lead to a reduction in the quality and quantity of biotic habitats [41-43].

In Figure 6¢, the black horizontal line indicates the median. The multiplication sign
(x) means mean value. The observed and SWAT simulation results for 9 years in Qgs, Q1g5,
and Q,75 were analyzed to be similar. In particular, the interquartile range (IQR) of Q1g5
and Qy75 showed the same distributions for the streamflow. However, according to the
SWAT simulated results (gray), the IQR was comparatively increased compared to what
was observed (yellow) in Qgs. In other words, the Qgs results from SWAT simulations show
significant variation for 9 years.

The 9-year averages of the observed and simulated FDA results are compared one-to-one
for the same durations to verify the relationship between the observed and simulated FDA
(Figure 6d). The result shows an R? value of 0.9579, indicating that the simulated streamflow
closely followed the average trends of the observed streamflow during 2012-2020. However,
for a streamflow over 200.0 m3/s, the SWAT simulation results show an underestimating
tendency compared to the observed streamflow.

3.3. Results of Field Surveys for Selecting Dominant Fish Species and Constructing HSI

For estimating the optimal E-flow of fish species using PHABSIM, field surveys and
the evaluation of HSI must be conducted [44]. In this study, the field surveys downstream
of GD were conducted intensively during the dry season when the streamflow was the
smallest throughout the year. These field surveys were conducted four times. Through these
field surveys, the number of fish individuals sampled was 203 in 12 species of five families.
Relative abundance (RA) was classified based on the number of fish observed, and dominant
and subdominant species were identified. In addition, the distribution range by fish species
was calculated by analyzing the depth and velocity data for each individual fish.

Table 4 shows the results of RA for the collected fish. The RA of Zacco platypus was
assessed as 54.2% with a total 110 individuals and Cobitis hankugensis was assessed as
16.7%. The dominant species was Zacco platypus, which is widely distributed throughout
the Nakdong River basin in the South Korea. The sub-dominant species were Cobitis
hankugensis and Pseudogobio escocinus.

Table 4. List and individual numbers of collected fish during survey period.

Surve

Species Y Total RoA

1st 2nd 3rd 4th (%)

Rhodeus uyekii 1 1 0.5

Pungtungia herzi 1 2 2 1 6 3.0

Hemibarbus labeo 2 1 3 15

Cyprinidae Pseudogobio esocinus 4 5 10 2 21 10.3
Microphysogobio yaluensis 1 1 2 1.0

Zacco platypus 24 21 42 23 110 54.2

Opsarichthys uncirostris 1 2 3 1.5

Cvpriniformes Misgurnus anguillicaudatus 1 1 0.5
yP Cobitis hankugensis 3 20 11 34 16.7
Centropomidae Coreoperca herzi 1 1 0.5
Odontobutidae Odontobutis platycephala 1 2 3 15
Gobiidae Rhinogobius brunneus 7 2 9 18 8.9

Number of species 40 33 88 42 203

Number of individuals 6 6 9 8 12
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The dominant species was selected as the representative fish species, and the HSI for
the representative fish species was calculated for water depth, velocity, and substrate. The
representative methods of calculating the HSI are set out by the Washington Department of
Fish and Wildlife (WDFW) [45] and Instream Flow and Aquatic Systems Group (IFASG) [15].
The WDFW method requires the number of fish observed in different depth and velocity
sections within the fish survey area, as well as percentage data on the area occupied by
each depth and velocity. The IFASG method determines the fitness based on the number
of populations for each depth and the velocity of sections. The main difference between
the two method is that the fitness of the WDFW method is determined based on the
population density.

In this study, the HSI was calculated using the WDFW, which can effectively reflect
the physical characteristics of rivers. The HSI is displayed as a graph by synthesizing the
observation expectations and suitability index for each cross-section and survey period.
An HSI of 1.0 provides an optimal physical habitat for target fish. The HSI of Zacco platy-
pus was estimated at 0.4~0.6 m (depth), 0.3~0.5 m/s (velocity), and sand to fine gravel
(substrate). Table 5 shows the range of HSI for Zacco platypus, and Figure 7 shows the
HSI curves of depth and velocity with frequency of Zacco platypus observations. Despite
the fish investigated being from the same river basin, the fish might differ in terms of
their preferred habitat conditions in each stream because each stream has different physical
characteristics. HIS is an important and sensitive factor when estimating the optimal E-flow,
and it significantly influences the estimation of WUA. So, it is important to investigate
in the specific stream that represents the physical habitat characteristics of the target fish.
In this study, the HSI was constructed following field surveys, ensuring that our results
effectively reflect the physical characteristics of the stream.

Table 5. Results of optimal HSI range regarding depth, velocity, and substrate for Zacco platypus.

HSI
Dominant Species Number of Individuals Depth Velocity Substrate
(m) (m/s) Size *
Zacco platypus 110 0.4~0.6 0.3~0.5 2.0~3.0

Note(s): * 1.0 (silt): <0.062 mm. 2.0 (sand): 0.062~2.0 mm. 3.0 (fine gavel): 2.0~16.0 mm. 4.0 (coarse gravel):
16.0~64.0 mm. 5.0 (cobbles): 64.0~256.0 mm. 6.0 (boulders): >256.0 mm.
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Figure 7. HSI curves of depth and velocity for Zacco platypus (a) depth and (b) velocity.

3.4. PHABSIM Simulation and Estimation of E-Flow

In this study, the applicability of the SWAT model for providing PHABSIM input
data was evaluated by simulating PHABSIM using the observed and SWAT-simulated
streamflow and comparing the results of water surface elevation and velocity. For the
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PHABSIM discharge boundary condition, the averages of the observed Qg5 (36.5 m3/s)
and Qyy5 (23.8 m®/s) were applied to calibration discharges, and the averages of simulated
Q85 (36.0 m3/s) and Q,75 (23.8 m3/s) were applied to simulation discharges.

Table 6 shows the comparisons of water surface elevation and velocity when the
observed and SWAT simulated discharge are respectively applied as boundary conditions of
PHABSIM. As a result of the water surface elevation simulation, the water surface elevations
of the observed Qig5 and Q75 were 60.35 m and 60.11 m, respectively, and the SWAT-
simulated discharges Q;g5 and Q75 were 60.23 m and 60.11 m, respectively. The SWAT-
simulated results showed a tendency to underestimate compared to the observed results.

Table 6. Comparisons of hydraulic factors between observed and SWAT-simulated discharges.

Mid-Range Flow (Q1g5) Dry Conditions (Q375)
Hydraulic Factors Obs. Sim. ) Cal. Sim. ,
G65m’s) (360m¥s) P (38mds) @3smis)  DiF
Water surface 60.35 60.23 ~0.12 60.11 60.11 0.0
elevation (m)
Velocity (m/s) 0.53 0.50 ~0.03 0.46 0.42 —0.04

Note(s): Obs.: observed. Sim.: SWAT simulation results. Diff.: Sim.-Obs.

In the velocity simulation results, the velocities of the observed Qg5 and Q75 were
0.53 m/s and 0.46 m/s, respectively, and the SWAT-simulated Q1g5 and Q75 were 0.50 m/s
and 0.42 m/s, showing differences of —0.03 m/s and —0.04 m/s, respectively. The velocity
was affected by the differences between the observed and SWAT-simulated discharges, as
well as the input hydraulic data such as slope and roughness coefficient. Despite the error
in the hydraulic model simulation, the water surface elevation and velocity were simulated
effectively within an acceptable range.

PHABSIM calculates WUA and defines the flow that secures the largest WUA as the
optimal E-flow. Figure 8 shows the WUA curve for Zacco platypus. Fish habitat area was
generated with the area of 850.5 m?/1000 m from a discharge of 12.0 m?/s. This means
that the average observed Qss5 over 9 years satisfied the minimum flow duration required
for the representative fish species of the target stream to survive, and that there was a large
habitat area between the average observed Q355 and Q,75. The optimal E-flow of the target
stream was estimated at 20.0 m?®/s, with an area of 110,058.8 m2/1000 m as the largest
WUA, and the average WUA for the Zacco platypus was estimated at 31,905.3 m? /1000 m.
When the WUA is at its maximum value, it means that the physical habitat conditions
for the target fish species are the best. The optimal water velocity and depth of the target
stream were evaluated at 20.0 m3/s.

The ME manages IF for 114 spots across South Korea based on the River Act. They
report on the amounts of IF, available IF, and future IF needed to be secured according
to stream environmental criteria. These criteria include factors such as the average of
Q3s55, water quality, salinity damage, landscapes, and ecology for each spot. There are
35 notification spots, including the JB spot, within the Nakdong River Basin. As mentioned
earlier, E-flow is encompassed within the concept of IF. In South Korea, IF is designed to
maintain the normal functions and state of rivers considering the various uses of river
water for daily life, industry, agriculture, fishery, environmental improvement, and stream
ecology. This indicates that the E-flow estimated by habitat modeling should be lower
than the notified IF. In other words, it is important to compare the IF and E-flow, and to
revise the errors between them by reviewing the E-flow result. The IF of JB downstream
of PHABSIM modeling was reported to be 20.8 m?/s by ME. This means that the E-flow
estimated by SWAT-PHABSIM coupled modeling was in an appropriate range compared to
the notified IF, and that the modeling coupled with watershed and habitat models yielded
effective simulations.
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Figure 8. The relationship of discharge and WUA with the average of observed FDA during 2012-2020
for Zacco platypus.

4. Discussion

E-flow is an essential component of future water management that must be considered
when trying to maintain a healthy aquatic ecosystem. One of the challenging tasks that
water management agencies face is how to extrapolate monitoring and field data to the
watershed scale, especially in the context of water management planning. The presented
SWAT and PHABSIM coupled modeling attempt provides insights into watershed-scale
modeling for E-flow estimation. The evaluation of coupled modeling has demonstrated its
ability to realistically depict the observed watershed and stream conditions. The coupled
modeling successfully captured the major drivers relevant to estimating E-flow.

Our studies have confirmed previous research that coupled modeling approaches
to for evaluate E-flow. Ref. [29] simulated model coupling between SWAT and PHAB-
SIM to develop long-term discharge data in ungauged watersheds based on watershed
characteristics and weather records. They suggested that the application of the integrated
watershed-habitat model should confirm the accuracy of the predicted hydrologic curve
used to estimate the WUA of the downstream habitat. They also found that the average
relative error between the observed and simulated hydrographs was the smallest when
the SWAT was simulated using a DEM with a 30 m by 30 m spatial resolution. Our study
confirms these suggestions and supplements them based on the results of past research
cases. The reasonable result regarding E-flow ensures the reliability of our study, indicating
that the coupling of SWAT and PHABSIM is successful.

When linking two models with different scales, it is important to secure reliability
through model calibration in the model that provides input data. We performed multi-
points calibration at the two multi-purpose dams (ADD and IHD) and one streamflow
gauging station (GD) using the observed dam inflows and streamflow data for the sake of
improving the accuracy of the coupled modeling approach (Table 3 and Figure 5). The NSE
at the three calibration points was 0.48 to 0.71. In particular, the result of the averaged NSE
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at the target stream (GD) was 0.48, which is not very high. The bed materials of GD mainly
consisted of sand and fine gravel, which have good permeability (Tables 1 and 5). Compared
to the graphical results of the two multi-purpose dams (Figure 5), the recession curve of GD
decreased steeply because the streamflow was rapidly discharged into the base flow. Also,
the annual runoff ratio results of the observed and simulated streamflow were 37.1% and
35.9%, respectively, and these are determined by the R? and NSE results. However, despite
the relatively poor model efficiency, the average quantitative model calibration results
of GD, such as the RMSE and PBIAS, were better than those of the two multi-purpose
dams. Because the result of GD was directly used to determine the boundary conditions
of PHABSIM, we focused on reducing the quantitative errors between the observed and
simulated streamflow of GD.

A few models have used multivariate methods. CASiMiR (Computer Aided Sim-
ulation Model for Instream Flow Requirements) is a representative model that uses the
multivariate method [46]. Refs. [47-53] used multivariate methods, such as fuzzy ap-
proaches. In general, aquatic ecosystem data can be expressed numerically through fuzzy
rules based on expert opinions. Evaluations based on fuzzy approaches can reflect inter-
actions between environmental factors and utilize experts’ opinions to develop physical
habitat criteria [54]. Also, one of the most important advantages of the fuzzy approach is
that it can better utilize inaccurate and inconsistent investigation results, as well as expert
knowledge [48]. However, the fuzzy approach demands the selection and recruitment of
experts, and the complexity increases with the number of experts involved. One of the
most important disadvantages is that it relies entirely on the opinions and perspectives of
experts, and fuzzy habitat simulation is thus not suitable for optimizing E-flow [51,52,55].
We found that the method is often used when there is insufficient data on the physical
habitats of fish. Also, there have been many such cases in South Korea. Since we secured
enough field data through field investigations, we used the univariate model. To derive
an HSI more reflective of recent phenomenon, it should be selected based on monitoring
data. Therefore, in the case of an HSI based on expert opinions, the experts” subjective view
is included, and there is a possibility that differences from the actual measurement data
may be yielded through verification. Refs. [47,49] compared PHABSIM with other habitat
simulation models, including River2D and CASiMiR, for urban and natural reach. The
target reach here was longer than in our study. The main results show that E-flow esti-
mated by the multivariate method was overestimated compared to other model univariate
methods. These results indicate that PHABSIM is more suitable for estimating E-flow than
other models, and the univariate method could effectively estimate the E-flow.

In South Korea, E-flow and IF are mainly managed during the dry season, rather than
during the flood or normal seasons. Our results show that the IQR of the observed and
simulated streamflow had smaller variabilities in Qg5 and Q75 than in Qgs. However,
Qq0 and Q355 were not particularly suitable for determining the boundary conditions of
PHABSIM because the extreme values showed large variabilities between the observed
and simulated streamflows (Figure 6¢,d).

Our previous study estimated the optimal E-flow in the same target stream [56]. The
overall watershed environmental conditions and modeling procedures were similar. The
HSI for Zacco platypus was determined with referencing to a previous study in the Geum
river basin, which is one of the five major rivers in South Korea. The HSI for Zacco platypus,
as derived in the previous study, showed wider ranges of preferred water depth and
velocity. The optimal E-flow estimated in the previous study was calculated as 20.0 m3/s,
which is the same as in this study. However, the average WUA (76,817.0 m2 /1000 m) and
maximum WUA (111,904.5 m? /1000 m) in the previous study were much larger than in
our study. Even if the HSI calculated at the different basins or streams is applied to the
same fish species, the same E-flow may be calculated, but there will be a big difference in
the estimated WUA, and the habitat area may be estimated inaccurately. The preferred
habitat characteristics of fish are sensitive to hydrological alterations and differ according to
seasonal and basin characteristics [57,58]. The hydrological alterations caused by seasonal
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changes can disrupt stream channel conditions and trigger chain reactions in fish habitats.
These natural factors make it difficult to estimate the E-flow and WUA accurately. To
estimate the E-flow and WUA accurately, it must be considered that a fish survey should
be carried out in a season that represents the physical habitat characteristics of the fish, and
the HSI should be appropriate.

The result of optimal E-flow derived through coupled modeling is included in the
IF notified by ME (Figure 8). Because the IF notified by ME considers hydraulic facility
operation and human activities, such as daily life, industry, agriculture, fishery, and envi-
ronmental preservation, the estimated E-flow must be smaller than the notified IF. However,
many studies do not consider this point, and only derive a quantitative E-flow result by
modeling. To estimate the E-flow within an appropriate range, it must be compared with
the IF notified upstream or downstream of the watershed.

We propose that SWAT-PHABSIM coupled modeling is suitable, given our results,
and expect it will be useful for assessing the impacts of various watershed environmental
change factors on aquatic ecosystems and E-flow in future study. Previous studies focused
on coupled modeling between PHABSIM, and other models were focused on coupling with
2D models to visualize the habitat in aquatic ecosystems. While there are many studies
focused on coupling with 2D models, there are few studies that focus on the changing
watershed environments. While it is important to assess the current quality of habitats and
estimate E-flow accordingly, it will also be important to evaluate future changes in terms
of water management and ecosystems. Our study can make up for this defect and help
in assessing past or future aquatic ecosystems by using various watershed environmental
data. Many studies have predicted and assessed the impacts of watershed hydrology
and water quality on environmental change using SWAT [59-65]. Also, [66] evaluated the
aquatic ecosystem health index using stream water temperature and quality by applying
the random forest technique. Furthermore, the SWAT development team has developed
and provided the SWAT-WET tool, which can independently simulate the distribution or
related characteristics of aquatic organisms in a lake or water body. Finally, these studies
and characteristics of SWAT can be used as evidence that SWAT is a suitable tool for
evaluating aquatic ecosystems and can be linked with PHABSIM.

5. Conclusions

This study performed coupled modeling, using watershed and physical habitat models
SWAT and PHABSIM, and estimated the optimal E-flow for a target stream. To reflect
the real basin and stream conditions and ensure the reliability of coupled modeling, we
calibrated the SWAT using the observed hydrological data, considering two multi-purpose
dams. For the calibration of SWAT, the average values of R?, NSE, RMSE, and PBIAS
were 0.62, 0.57, 1.68 mm/day, and —16.6%, which are satisfactory. Through the FDA, we
determined that the Qi85 and Q75 were appropriate boundary conditions that could be
applied to PHABSIM instead of the extreme flow duration components.

We selected as the representative fish species Zacco platypus, based on four field surveys
of the target stream, and constructed the HSI via the WDFW method for this species in
order to estimate the optimal E-flow. The optimal HSI ranges for Zacco platypus were
evaluated as 0.4 to 0.6 m in depth, 0.3 to 0.5 m/s in velocity, and sand to fine gravel as
regards the substrate. Using the average Qg5 and Q75 values of SWAT and HSI, PHABSIM
was simulated and estimated the optimal E-flow for the target stream. The optimal E-flow
was estimated as 20.0 m?/s via coupled modeling, which is lower than that given by IF
(21.0 m3/s), as notified by the government for the JB location. These results show that the
applicability of coupled modeling using watershed and physical habitat models was high.
Comparing the IF and estimated E-flow shows that the IF could be used as an effective tool
to determine whether the E-flow has been estimated appropriately.

Overall, this study explains in detail the coupling process combing watershed and
physical habitat models. However, aquatic ecosystems and habitats react to chemical
characteristics such as water quality, as well as physical characteristics. Realistically, because
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aquatic ecosystem, E-flow, and habitat are closely related to chemical characteristics such
as water quality, as well as physical characteristics, these should be considered in further
studies, which will allow us to consider comprehensively the physiochemical characteristics
and estimate an E-flow that appropriately reflects the chemical characteristics.
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