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Abstract: This study presents the impact of natural flow patterns on downstream aquatic species
habitats in a reach of the Geum River, Korea. The study reach is a 13.4 km long, located downstream
of the Yongdam Dam. To assess such an impact, this study performed physical habitat simulations.
The River2D model was used for the computation of the flow field and morphology, and the Habitat
Suitability Index (HSI) model for the habitat simulation. Three habitat variables—flow depth, velocity,
and substrate were used. The Zacco platypus and Baetis fuscatus were selected as the target fish and
benthic macro-invertebrate, respectively. Using the building block approach (BBA), the scenarios
for modifying dam operations were constructed in the study reach. Scenario 1, scenario 2, and
scenario 3 were proposed by using the magnitude–duration concept, base flow allocation concept,
and seasonally adjusted minimum flow allocation concept, respectively. Simulation results indicated
that the scenarios’ effects significantly increased by about 14.3% for the weighted usable area (WUA).
In addition, the morphology change with the restoration of flood events was investigated. It was
revealed that the morphology change in the physical habitat simulations further increased by about
13% for the WUA. The change of dam operations through natural flow patterns is more advantageous
to aquatic species.

Keywords: natural flow patterns; Building Block Approach; physical habitat simulation; morphology
change; target fish and benthic macroinvertebrate

1. Introduction

During the latter half of the 20th century, 47,000 large dams were built worldwide to block the
flow of the rivers [1–3]. Dams provide substantial benefits, including hydropower, water supply, flood
control, and irrigation [3]. However, dam construction can cause the longitudinal connectivity of rivers,
affect aquatic species by interrupting migration, and reduce biodiversity [4]. Dams cause changes to
flow depth, velocity, and hydrologic processes [5,6].

Regulating a river results in consistent or pulsating flows due to hydropower generation, as well
as the cessation of the high flow events, which are significantly different from the natural flow regime.
The change of the flow regime due to hydropeaking affected the aquatic ecosystems, in many previous
reports, extending with a reach of hundreds of kilometers downstream [1,7,8]. That is, hydropeaking
changes physical habitat variables, as well as the intensity, duration, timing, and frequency
of the perturbations affect the habitat abundance (or availability) and diversity patterns [9–11].
Physical habitat simulations have been successfully used to solve various relevant problems.
Using physical habitat simulation has assisted with designing river restorations [12,13], as well as
evaluating river health [14,15] and the impact of flow regime change by dam construction [6,16–18].
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Similarly, a hydropeaking mitigation project [19–21] and the change of dam operation was investigated
with respect to the ecological requirements downstream from the dam [8,22,23].

Physical habitat simulations are heavily dependent on the given discharge, especially on a
regulated river by an upstream dam. Dams can significantly change the flow regime, including
magnitude, timing, frequency, and duration of flow events [8,22,24–26]. However, the natural flow
regime, including the low-flow events, high-flow events, and flood events, are heavily different
from the water releases from the dam. Such various flow events play important roles in the aquatic
ecosystem [8,22,24–28]. South Africa formally investigated the restoration of the natural flow regimes
of rivers in the 1980s and developed its first methodology for flow assessments during the early
1990s, namely BBA (the building block approach) [8,29]. King and Tharme [30] introduced the BBA
as a holistic environmental flow methodology. Specifically, the methodology is based on the concept
that various flows within the natural flow regime of a river are more important than others for
the maintenance of the aquatic ecosystem. Additionally, these various flows can be identified, and
described in terms of their magnitude, duration, timing, and frequency.

The goal of this study was to investigate the impact of the modification of dam operation through
the natural flow patterns in downstream habitats. For this, a 13.4 km long reach in the Geum
River, Korea was selected. For the physical habitat simulation, Zacco platypus and Baetis fuscatus
were selected as the target fish and benthic macroinvertebrate, respectively. The River2D model
(two-dimensional depth-averaged model of river hydrodynamics) [31] and the HSI (habitat suitability
index) model [32] were used for hydraulic simulation and habitat simulation, respectively. Using the
method of Gosse [33], the HSCs (habitat suitability curves) of target species were constructed for each
habitat variable. The scenarios for the modification of dam operations were proposed using the BBA.
First, the impact of modifying dam operation through the natural flow pattern in physical habitat
simulations was examined. Then, the bed elevation change with the restoration of flood events was
presented. The CSI (composite suitability index), which is an aggregation of habitat suitability indices
of individual physical habitat variables, was predicted, and change of the WUA (weighted usable area)
for the target species was compared.

2. Study Area and Target Fish

Figure 1 shows the area of the study in the Geum River, Korea. The study reach is 13.4 km long,
from the Yongdam Dam to the Daeti Bridge, and the average bed slope of the reach is about 0.011.
The flow in the study reach is regulated by the Yongdam Dam. The dam discharges water almost
constantly for one year, for both water demands and hydropower generation. That is, the Geum River
maintains a constant flow. For the study reach, the discharge for drought flow (Q355), low flow (Q275),
normal flow (Q185), and averaged wet flow (Q95) was 2.87, 5.73, 9.51, and 17.13 m3/s, respectively [34].
Here, Qn denotes the average discharge exceeded on n days of the year.
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The hydrologic data and monitoring data were collected for the study reach through government
R&D projects for the 2007–2010 period [34,35]. The field monitoring data include the date, flow
depth, velocity, substrate, water temperature, concentration of suspended solids, pH, and population
of the individual fish species. Various devices, such as float-type, sonar, and radar water gauges
were installed to measure the water level. Velocity was measured by means of a Price current meter.
Fish monitoring was carried out using cast nets and kick nets, revealing Zacco platypus as a dominant
species in the study reach, followed by Zacco koreanus and Coreoleuciscus splendidus. These species
account for 29%, 28%, and 22%, respectively, of the total fish population [34]. In this study, not only the
dominant species, but also a benthic macroinvertebrate was selected as a target species. The benthic
macroinvertebrate has become an important food resource for most aquatic fishes [36–42]. In the Geum
River, Choi et al. [43] carried out field investigations on benthic macroinvertebrates. They found that
the dominant species are Baetis fuscatus (25%), Epeorus pellucidus (22%), Hydropsyche kozhantschikovi
(19%), Hydropsyche valvata (18%), and Cheum atopsyche brevilineata (16%), respectively. In the present
study, the adult Zacco platypus and Baetis fuscatus, as shown in Figure 2, were selected as the target
species in the evaluation of the physical habitat.
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Figure 2. The target Fish and benthic macroinvertebrate: (a) Zacco platypus and (b) Baetis fuscatus.

3. Physical Habitat Simulation

3.1. Hydraulic and Bed Elevation Simulation

In the present study, the River2D model was used for the hydraulic and bed elevation simulation.
The model was developed by Steffler and Blackburn [31]. The River2D model is capable of computing
transient turbulent flows in an open channel. Additionally, the River2D model offers both wet and
dry solutions, by changing the surface flow equations to groundwater flow equations in dry areas.
The River2D model solves two-dimensional depth-averaged shallow water equations using the finite
element method. The continuity and longitudinal (x) and lateral (y) components of momentum
equations are given by the following, respectively,
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where t is the time; x and y are the streamwise and transverse directions, respectively; H is the flow
depth; U and V are the depth-averaged velocities in the x- and y-directions, respectively; qx and qy

are respective discharges per unit width (qx = HU, qy = HV); g is the gravitational acceleration; ρ is
the water density; S0i and S f i are the river bed slope and friction slope in the i-direction; and τij is the
horizontal turbulent stress tensor. The x- and y-components of the friction slope in Equations (2) and (3)
are expressed respectively by

S f x =
n2U
√

U2 + V2

H4/3 (4)

S f y =
n2V
√

U2 + V2

H4/3 (5)

where n is the Manning’s roughness coefficient. The two-dimensional bedload sediment continuity
equation for the bed elevation change is given by

(1− λ)
∂zb
∂t

+
∂qsx

∂x
+

∂qsy

∂y
= 0 (6)

where qsx and qsy are the components of volumetric rate of bedload transport per unit length in the x-
and y-directions, respectively. λ is the porosity of the bed material, t is time, and zb is the bed elevation.
In the present study, the formula by Meyer-Peter-Müller [44] is used to estimate the transport rate qsx

and qsy for a uni-size sediment in Equation (6).
Validation of the 2D flow model was carried out, and the result is given in Figure 3. Figure 3

shows the longitudinal distribution in the elevation of the water surface in the downstream direction
for a constant discharge rate of 55.0 m3/s. In the study reach, for the stage measurements, six stations
were located at 0.15, 2.95, 6.15, 9.15, 12.5, and 13.0 km downstream from the Yongdam Dam. The
predicted water surface elevation was averaged over the width, and the measured value was the
arithmetic mean of the measured data at three locations over the width. In the present computation,
the values of the roughness coefficient in the range of 0.035–0.062 for Manning’s n, which was obtained
through calibration by three different field data, were used. It can be seen that the predicted water
surface elevation was in good agreement with the measured data, and that the difference between
the predicted and measured data lay in the range of 0.02–0.15 m, resulting in relative errors of less
than 0.3%.
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3.2. Habitat Simulation

In order to characterize the habitat conditions for the target fish species, HSCs were developed
using the methodology outlined by the U.S. Fish and Wildlife Service [45] and Gosse [33]. The HSCs
provide values for a suitability index as a function of physical habitat variables. The HSI ranges from
zero to unity, representing the most unsuitable and optimal habitats, respectively. The HSI model is
assumed to have a positive linear relationship with the potential carrying capacity of the habitat [45].
In the present study, to construct the HSCs, the method proposed by Gosse [33] was used. This method
gives suitability index values of 1.0, 0.5, 0.1, and 0.05 for the range of the variable that encompasses
50%, 75%, 90%, and 95% of the populations, respectively.

The WUA is computed by

WUA = ∑ jF
[

f (Hj), f (Vj), f (sj)
]
Aj (7)

where f (Hj), f (Vj), and f (sj) are the suitability indices of flow depth, velocity, and substrate,
respectively (here, V =

√
(u2 + v2)). F is the function that makes the composite suitability index,

and Aj is the area of the j-th computation cell. For calculating the CSI, the multiplicative aggregation
method was used.

For the habitat variables, the HSCs for the target species constructed using Gosse’s method [33] are
given in Figure 4. With these HSCs, the CSIs were later predicted using the multiplicative aggregation
method. The total number of the monitored population is plotted in the equally-divided range for
the physical habitat variable in Figure 4. Adult Zacco platypus normally live in riffles and runs in the
midstream or downstream reach of rivers. For the target fishes, the preferred ranges were 0.25–0.50 m,
0.00–0.60 m/s, and 2–5 for flow depth, velocity, and substrate, respectively. Additionally, the respective
preferred ranges for the benthic macroinvertebrate were 0.40–0.50 m, 0.40–0.60 m/s, and 5 for flow
depth, velocity, and substrate, respectively. It appears that the ranges for flow depth and velocity
overlapped significantly, but their substrate ranges were clearly different.
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4. Results

4.1. Natural Flow Regime versus Dam Discharge

Figure 5 shows the natural flow regime and water releases from the Yongdam Dam. The discharge
data in Figure 5 were observed from 2007–2016. It can be seen in Figure 5 that the dam releases about
15 m3/s of water for hydropower generation throughout the year. However, the natural flow regime
consists of three flow regimes, namely the low-flows events, high-flows events, and flood events.
The natural flow regime plays a critical role in sustaining aquatic biodiversity and ecosystem integrity
in rivers [22].
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Figure 6 shows the CSI distributions predicted by the HSI model with HSCs by the method
of Gosse [33] in Figure 4 for natural flow regime and dam discharge. In the figure, the CSI for the
individual target species were predicted by the multiplicative aggregation method. The CSI ranges
from zero to unity, indicate the unsuitable and optimal habitat conditions, respectively. The predicted
CSI distributions are averaged over the year. In general, it can be seen that the dam discharge
significantly decreased the CSI when in comparison to the CSI distribution for the natural flow regime.
This is because the CSI increases with discharge up to the normal flow condition and then decreased.
That is, the water releases about 15 m3/s, this exceeds the maximum habitat suitability.
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Figure 7 shows the change in the WUA with time for the target species. It can be seen in Figure 7
that the WUA with dam discharge effect is smaller than the WUA for the natural flow regime, except
in high-flow events. This indicates that the water release from the dam significantly affects the habitat
suitability of the target species. This is consistent with previous findings [16–18,46,47]. Quantitatively,
the natural flow regime increases the WUA by about 25% for the Zacco platypus and Baetis fuscatus.
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The results also indicate that the physical habitat suitability of target species in the study reach is most
affected by the change in discharge.Water 2018, 10, x FOR PEER REVIEW  8 of 17 
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4.2. Scenarios Using the Building Block Approach

The BBA was developed for modifying dam operations through mimicry of the natural flow
patterns [8,48]. The BBA is one of the holistic methods for estimating environmental flows using
the hydrologic and ecological data. The BBA consist of three blocks [49]. The first block is defined
as the base flows, using the averaged hydrologic data over each month. The second block is to
build the high flows and overbank flows for channel and habitat maintenance. Finally, the third
block is to increase the base flow for spawn habitat and migration in the dry season. Additionally,
Postel and Richter [8] introduced modified dam operation scenarios based on the natural flow
patterns. They proposed four methods, namely static minimum flow allocation, percent flow allocation,
seasonally adjusted minimum flow allocation, and seasonally adjusted minimum flow allocation with
seasonal flushing flow.

Figure 8 show the scenarios, respectively, which were used in the present study. The methods
for constructing scenarios by using the magnitude–duration concept, base flow allocation concept,
and seasonally adjusted minimum flow allocation concept are used. For comparisons, the natural
flow regime and water releases are provided. Figure 8a shows scenario 1, using the analysis of the
magnitude and duration for the hydrologic data. In the figure, scenario 1 is composed of several
flow events, namely low-flow events, high-flow events, and flood-flow events. The peak discharge
of scenario 1 is 153 m3/s in June. Figure 8b,c show scenarios 2 and 3, using the base flow allocation
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concept and seasonally adjusted minimum flow allocation concept, respectively. In general, scenario 2
and scenario 3 consist of low-flow and high-flow events. The respective total volumes of scenario 1,
scenario 2, and scenario 3 were 692 × 106 m3, 701 × 106 m3, and 703 × 106 m3, which are very close to
the volume of 705 × 106 m3 released from the dam.Water 2018, 10, x FOR PEER REVIEW  9 of 17 
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4.3. Changes in the Composite Suitability Index and Weighted Usable Area

Figure 9 show the CSI distributions for the target species predicted by the HSI model for dam
discharge, scenario 1, scenario 2, and scenario 3. The CSI distributions obtained from the physical
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habitat simulations with HSCs for the target species are shown in Figure 4. The computed CSI
distributions are averaged over the year. It can be seen that the scenarios significantly increased the
CSI in comparison to the CSI distribution for the water releases from the dam. This is because the
habitat suitability for the target species increases with the increasing discharge from the drought flow
to the normal flow. However, the averaged water release from the dam is about 15 m3/s, exceeding
the normal flow condition through the year. This is due to the physical habitat variables that are not in
the preferable range of the target species.
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Figure 9. The distributions of the CSI for the target species: (a) Zacco platypus and (b) Baetis fuscatus.

Figure 10 show the change in the WUA over time for the target species. In the figure, for
comparison, the WUA with the natural flow regime and water releases from the dam are provided.
It can be seen that the effects of the WUA with scenario 1 and scenario 3 are larger than with the
WUA for the water releases from the dam, except during the flood season. Quantitatively, scenario 1,
scenario 2, and scenario 3 increase the WUA by about 11.40% and 17.25% for the Zacco platypus and
Baetis fuscatus, respectively. This indicates that the scenarios adversely affect the habitat suitability of
the target species.
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4.4. Restoration of Flushing Flood Events

Flow regulated by the dam results in water release due to hydroelectric power generation, as well
as the changes in the annual flow regime. That is, the magnitude of discharge is flattened over the year,
and the downstream reach no longer experiences flood events. Changes in the natural flow regime due
to hydropeaking may affect the aquatic habitat in the downstream reach from the dam [17,18,50–54].
However, the upstream dam often releases large amounts of water during the flood season. A large
amount of water plays important roles in the downstream habitat. A certain amount of water is
allowed to wash debris away and cause changes in the morphology and the water quality in the
downstream reach. Specifically, such morphological change alters aquatic ecosystems, resulting in
increases in the habitat suitability and the spawning habitats of the aquatic species.

Figure 11 shows the bed elevation changes for the peak discharge from the upstream dam.
The peak discharges were observed from 2007 to 2016. The dam discharge was about 20 m3/s for
hydroelectric power generation throughout the year, except for the flood season; the dam sometimes
released discharges up to 520 m3/s. The peak discharge of the release from the dam was 511 m3/s in
June 2011, which was used in this study. It was assumed that the peak discharge repeated the sequence
up to five times. The flow depth and velocity are computed first along the longitudinal direction of the
hydraulic model. Then, the bed elevation change is computed. Finally, CSI and WUA are evaluated
based on the updated information for the bed elevation and the computed flow field. The time period
of three days in June is a flood season, which is important to the fish habitat because the watershed
area increases, resulting in the increase in the habitat availability and spawning areas [6,14,55]. The bed
elevation changes from −1 to 1, indicating the erosion and deposition, respectively. In general, the bed
change is higher in the vicinity of the bend from downstream reaches. Stream morphology affects bed
sediment, resulting in fine particles at the downstream reach. The bed elevation change around the
bend and downstream reach increases by increasing the number of times up to five times.
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fifth flood.

Figure 12 presents the change in the WUA for the target species with the morphology change
effect. In the figure, for comparison, the WUA with the water releases from the dam is also provided.
It can be seen that the morphology change effect increased the WUA significantly in the study reach,
compared to the WUA without morphology change. This is consistent with findings by Moir et al. [56],
He et al. [57], Macura et al. [58], and Radinger et al. [59]. Quantitatively, the morphology change
increases the WUA by 10.28% and 16.48% for the Zacco platypus and Baetis fuscatus, respectively. This is
due to the habitat variables that are in a suitable range to the target species. The results indicate that
the inclusion of the flood events in the restoration of natural flow patterns is important for this type
of assessment.
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5. Conclusions

This study performed physical habitat simulations to investigate the impacts of modifying dam
operation through natural flow patterns on the downstream habitat. The study area is a 13.4 km long
reach located downstream from the Yongdam Dam in the Geum River, Korea. Field monitoring data
revealed that the dominant species in the study reach are the Zacco platypus and Baetis fuscatus, which
were selected as the target fish and target benthic macroinvertebrate, respectively. The River2D model
was used to predict the river flow, and the HSI model was used for the habitat simulation. Validation of
the River2D model was conducted with the water releases, and the predicted water surface elevations
were compared with the measured data, showing good agreement. For the target species, the method
of Gosse [33] was used to construct HSCs. Three habitat variables—flow depth, velocity, and substrate
were used in the physical habitat simulations.

Using the BBA, the scenarios for the modifying dam operations were presented in the study reach.
Scenarios 1, 2, and 3 were proposed by using the magnitude–duration concept, base flow allocation
concept, and seasonally adjusted minimum flow allocation concept, respectively. The total volume of
the three scenarios was close to the volume released from the upstream dam. The CSI for the target
species in the study area was predicted for water releases from the dam, scenario 1, scenario 2, and
scenario 3 by the HSI model. The results indicate that the three scenarios significantly increased the
CSIs in comparison to the CSI distribution for the water releases from the dam. Additionally, the
changes in the WUA over time for the target species were investigated. Quantitatively, on average,
scenarios 1, 2, and 3 increased the WUA by about 11.40% and 17.25% for the Zacco platypus and
Baetis fuscatus, respectively. This indicates that the natural flow pattern has significant effects on the
downstream habitat.

Finally, the bed elevation change with the restoration of flood events was presented. In general, the
bed change was higher in the vicinity of the bend from downstream reaches. The change in the WUA for
the target species with the morphology change effect was also given. It was found that the morphology
change effect increased the WUA significantly in the study reach. On average, the morphology change
increases the WUA by 13.38% for the target species. It is noteworthy that the impact of the flood
events on the habitat suitability changes depending on the morphology. This indicates that modifying
the dam operation through the restoration of natural flow patterns is more advantageous for aquatic
species. In addition, for a general strategy, the present study proposed scenarios for modifying dam
operations using the BBA, which can be used for physical habitat simulation more confidentially with
data from a natural flow regime.
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