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Abstract: A scientific understanding of the baseflow contribution to streams and watershed processes
is critical when dealing with water policy and management issues. However, most previous studies
involving physical habitat simulation have been performed without considering the seepage of
water from the underground into streams. Motivated by this, herein, we report an investigation
of the impact of baseflow using physical habitat simulations for both dominant fish and benthic
macroinvertebrate. The study area was located along the reach of the Ungcheon Stream, located
16.50 km downstream and 11.75 km upstream from the Boryeong Dam in the Republic of Korea.
For the physical habitat simulation, Zacco platypus and Baetis fuscatus were selected as the target
fish and benthic macroinvertebrate, respectively. The HydroGeoSphere (HGS) model (Aquanty Inc.,
Waterloo, ON, Canada) and the River2D model (Version 0.95a, University of Alberta, Edmonton, AB,
Canada) were used for hydrologic and hydraulic simulations, respectively. The Habitat Suitability
Index (HSI) model was used for the habitat simulations. Three habitat variables, flow depth, velocity,
and substrate, were used. To assess the impact of baseflow, this study performed a physical habitat
simulation using each representative discharge, with and without considering baseflow. It was found
that the baseflow effects significantly increase the habitat suitability in the study reach. To restore the
aquatic habitat, a scenario for modifying dam operations through natural flow patterns is presented
using the Building Block Approach (BBA). In the study, the adjusted minimum flow allocation concept
was used. It was revealed that the modified dam operations significantly increased the Weighted
Usable Area (WUA) by about 48% for both target species. The results indicate that modifying the dam
operations through restoration to natural flow regimes but also through inclusion of the baseflow are
advantageous to aquatic fish habitats.

Keywords: physical habitat simulation; baseflow; HydroGeoSphere model; Building Block Approach;
Weighted Usable Area

1. Introduction

In general, river flow is classified into two groups: surface flow and subsurface flow [1].
The subsurface flow is defined as the baseflow contributions to river flow. The baseflow refers
to the flow rate from underground to a stream. The baseflow is closely related to geological
catchment properties [2–4]. The importance of baseflow intrusion into aquatic ecosystem processes
and biodiversity in rivers has been addressed in previous studies [5–7]. Baseflow often influences
the surface channel and hyporheic zones that can maintain a river’s productivity and biodiversity,
habitat availability and aquatic species migration, and influence water quality [5–8]. The degree
of dependency on the baseflow is important for maintaining the biodiversity, habitat connectivity,
composition, and function of an aquatic ecosystem [7,9–14].
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Understanding the characteristics of the baseflow is important when dealing with various
environmental issues (e.g., aquatic ecosystem, water quality, and river restoration). However,
unfortunately, baseflow cannot easily be measured using direct methods and commonly it is estimated
by using a variety of methods [15–17]. The conventional approach to baseflow assessment is typically
based on hydrograph analysis on a long-term basis, for example, the displacement recession curve
techniques [18], the curve-fitting method [19], the Water Table Fluctuation (WTF) method [20],
the hydrograph-separation method [21,22], PART [23], BFlow [24], and the Web GIS-based Hydrograph
Analysis Tool [25]. Several fundamental approaches underlying the various analysis methods have
been developed, but these are not always correct. This is because hydrological cycle is a complicated
physical process and involves highly three-dimensional flows [26,27]. An alternative method is to
use techniques for computational modeling of fluid dynamics. It is true that this method can be used
to reveal the detailed mechanisms that are relevant to the entire terrestrial portion of the hydrologic
cycle [26,27].

Instream structures, such as dams, can affect the flow regimes, result in reducing or increasing
flows; changing the frequency, duration, magnitude, and timing; and altering the level of surface
and subsurface water. Dams also block the migration route for fish [28–30], reduce the density and
composition of aquatic species such as phytoplankton and benthic macro invertebrate [31–33], decrease
aquatic species growth and survival [34], and change the morphological and hydrological conditions
of the stream [35–39]. In addition, flow patterns are regularly changed by pumping or extraction of
surface and subsurface water [7,40,41]. The change of flow regimes affects both the aquatic ecosystems
and the biodiversity in the downstream reach from the dam [42,43]. To mitigate the dam effects, various
ecological models have been proposed and used. Nguyen et al. [44] pointed out that ecological models
are an important tool for investigating the impacts of dams on the aquatic habitat. They developed an
integrated conceptual model that can be used to select an appropriate ecological modeling method to
assess the complex interactions in aquatic ecosystems. Aquatic ecosystems are complex and ecological
indicators can be used to represent and understand them, which can be useful in restoring or designing
rivers. Before applying ecological models, ecological indicators should be reviewed by local experts
for applicability. In addition, physical habitat simulations have been applied to identify the impacts
of constructing dams on the aquatic habitat. Physical habitat simulation is a numerical tool that
quantifies the habitats for target species in terms of the physical habitat variables in a stream. Previous
studies showed that released water from a dam adversely affects the downstream fish habitat [45–48].
A variety of physical habitat simulations have been carried out, showing that hydropeaking and
thermopeaking flows decrease habitat suitability for target species in the downstream reach of the
dam [49–52]. However, most previous physical habitat simulations did not consider the baseflow
and modifying dam operations effects when investigating the impact of regulation by the dam on the
aquatic habitat [5,41–43,53–55].

The objective of the present study was to investigate the impact of baseflow on the aquatic
habitat using a physical habitat simulation. For this, 16.50 km and 11.75 km long reaches located
downstream and upstream from the Boryeong Dam, respectively, were selected for the study area.
Field monitoring revealed that Pale chub (Zacco platypus) and Baetis fuscatus are the dominant fish and
benthic macroinvertebrate in the study reach, respectively. The HydroGeoSphere (HGS) model was
used for hydrologic simulation to optimize the baseflow from the seepage of water from the ground
into the stream. Additionally, the River2D model and the HSI (Habitat Suitability Index) model were
used for the hydraulic and habitat simulations, respectively. The Habitat Suitability Curves (HSCs) of
target species were constructed using the method of Gosse [56]. As a general strategy, a scenario of
the modification of dam operations through natural flow patterns is presented. The determination
of the impact of the proposed scenario in physical habitat simulations was performed quantitatively.
The Composite Suitability Index (CSI), which is an aggregation of habitat suitability indices including
individual physical habitat variables and the Weighted Usable Area (WUA). under modified dam
operations were computed, and they are discussed.
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2. Materials and Methods

2.1. Study Area and Monitoring Data

The study area was in the Ungcheon Stream, Republic of Korea and is shown in Figure 1.
The Ungcheon Stream is a mid-sized gravel-bed river that is a tributary of the Geum River. The
Ungcheon Stream is located in Chungcheongnam-do in the Western part of Korea. The Ungcheon
Stream is 37.10 km long and has a basin area of 234.35 km2. The study reach was located downstream
and upstream from the Boryeong Dam, as shown in Figure 1. The dam was constructed in 1998 and
has a total storage of 116.90 × 106 m3. The water quality of both reaches and the released water from
the dam is very good. The downstream reach is 16.50 km in length and extends from the dam to
the closed estuary. The upstream reach extends 11.75 km from the dam. The downstream reach is
regulated by the Boryeong Dam. However, the upstream reach is an unregulated stream and has a
natural flow pattern in contrast to the downstream reach. For the study reach, the discharge rates for
drought flow (Q355), low flow (Q275), normal flow (Q185), and averaged-wet flow (Q95) were 0.04, 0.51,
1.39 and 3.28 m3/s, respectively [57]. Here, Qn denotes the average flow discharge that was exceeded
on n days of the year.
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Figure 1. The study area.

In the present reach, for the 2007–2010 period, field monitoring data were collected through
government R&D projects [57,58]. The monitoring data included the date, flow depth, velocity,
substrate, water temperature, concentration of suspended solids, and the number of individuals. Fish
monitoring was carried out using cast nets and kick nets, revealing the Zacco platypus (31%) to be a
dominant species in the study reach, followed by Zacco koreanus (16%), Tridentiger brevispinis (15%),
Rhinogobius brunneus (8%), and Pungtungia herzi (5%) [57]. The benthic macroinvertebrate was used as
a comprehensive indicator of the river’s health and as a food resource for most aquatic fishes [59–65].
Field monitoring by Choi et al. [66] revealed that the dominant benthic macroinvertebrate in the study
reach is Baetis fuscatus. Detailed data regarding this can be found in Kang and Choi [67]. For the
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success of physical habitat simulation, the choice of the target species is very important. The target
species should reflect the environmental constraints on the entire aquatic community. In addition,
overall aquatic community’s abundance should rely on environmental changes that affect habitat
variables [68]. In general, the target species can be candidates for dominant, endangered, protected,
and commercial species. In the present study, the dominant fish and benthic macroinvertebrate were
selected as the target species.

2.2. Physical Habitat Simulation

2.2.1. Hydraulic and Hydrologic Simulation

For the hydraulic simulation, the River2D model was used. The model was developed by Steffler
and Blackburn at the University of Alberta in Canada [69]. The River2D model solves two-dimensional
depth-averaged hydrodynamic equations using the finite element method [68]. The 2D shallow water
equations in the x-y horizontal plane are given by
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where t is 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(= HU) and
qy(= HV) are the respective unit discharges in the x- and y-directions, respectively; S0i and S f i are
the friction slopes in the x- and y-directions, respectively; g is the gravitational acceleration; ρ is the
water density; and τij is the horizontal stress tensor. The x and y components of the friction slope are
respectively estimated 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 HGS model was used for the hydrologic simulation. The model was developed by Aquanty

Inc. [27]. The model is based on a rigorous conceptualization of the hydrologic cycle that integrates
the surface water and variably-saturated subsurface with interactions [26,27]. In addition, the model
solves surface and subsurface flow, solute and transport equations simultaneously using the finite
element method. To validate the HGS model, various results, such as the depth of groundwater related
to hydraulic conductivity, flow rate, and reservoir water level, were compared with measured data.
In this study, a steady-state model was investigated to estimate the changes in baseflow in the study
reach calibrated by field measurements [70]. The simulated baseflow from the HGS model was used as
the input value of each node of the two-dimensional model to analyze the flow depth and velocity
under the boundary conditions.

2.2.2. Habitat Simulation

In the present study, the HSI model to simulate the habitats of both fish and benthic macroinvertebrate.
The HSI models describe the relationships between habitat variables and suitability. The HSI model is
a numerical tool that quantifies the habitat for target species. The HSI ranges from 0 to 1, representing
unsuitable and optimal habitats, respectively [71]. In this study, the HSCs for the target species
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constructed by the method of Gosse [56] were used. We evaluated the HSI model based on the range
and distribution of calculated suitability index. Thus, this method gave suitability index values of 1.0,
0.5, 0.1 and 0.05 to the range of habitat variables (flow depth, velocity, and substrate) that encompassed
50%, 75%, 90% and 95% of the number of individuals, respectively. For example, the HSC for the flow
depth of Zacco platypus was divided into 12 parts for each habitat variable, and habitat conditions that
scored in 3–5 received 1.0 points; 1–2 and 6–7 received 0.05 points; 7–10 received 0.03 points; and <1
and >11 received 0 points. The WUA is the Weighted Usable Area and spatially integrates the values
of the CSI. It is computed as

WUA = ∑ jCSIjAj (6)

where CSIj is the combined suitability index for the flow depth, velocity, and substrate
(HSIH ×HSIv ×HSIs) and Aj is the area of the j-th computation cell. To calculate the WUA in Equation
(6), the multiplicative aggregation method was used with three habitat variables: flow depth, velocity,
and substrate.

2.3. Building Block Approach

The Building Block Approach (BBA) was introduced to modify dam operations using hydrologic
and ecological data [72]. This approach has been used as a holistic method to estimate environmental
flows [43,73]. The procedures of modifying dam operations using the BBA can be divided into the
following three steps: (1) definition of the minimum in-stream flow using the averaged hydrologic
data for each month; (2) building the flushing flood for channel maintenance and habitat improvement;
and (3) increasing the discharge in the dry season for spawn habitat and migration. Attempts to restore
regulated streams by dam re-operation strategies have been proposed and used [42,43,67]. Postel and
Richter [43] introduced dam re-operation strategies based on natural flow patterns. They proposed
four methods: static minimum flow allocation, percent flow allocation, seasonally adjusted minimum
flow allocation, and seasonally adjusted minimum flow allocation with seasonal flushing flow.
In addition, Kang and Choi [67] determined the impact of natural flow patterns on downstream
aquatic species using physical habitat simulations. Three scenarios were constructed with using the
magnitude-duration concept, minimum flow allocation concept, and seasonally adjusted minimum
flow allocation concept. It was found that not only the changes in dam operations through natural flow
patterns but also the changes in morphology with the restoration of flood events are advantageous
to aquatic species. In the present study, among these, the adjusted minimum flow allocation concept
was used. This is because the releasing pattern from upstream dam was nearly constant over the
year. Therefore, in the present study, the monthly averaged data within a range was not significantly
different from the releasing patterns.

3. Results and Discussion

3.1. Model Validation

Figure 2 shows the flow modeling validation. In the figure, the longitudinal distributions of
the elevation of the water surface with baseflow in the downstream and upstream reaches from the
dam are presented. The distributions of the water surface elevation in the downstream reach (18
September 2012) and the upstream reach (22 August 2013) were obtained and compared. The discharges
were 21.3 m3/s and 14.5 m3/s, on 18 September 2012 and on 22 August 2013, respectively. In the
downstream and upstream reaches, six stations located near the Boryeong Dam were used for the stage
measurements, as shown in Figure 1. To measure the water surface elevation, a radar water gauge
(CS477, Campbell Scientific, Inc., Logan, UT, USA) and an air purge level gauge (HS40, HYQUEST
SOLUTIONS, Warwick Farm, NSW, Australia) were used. The predicted water surface elevation was
averaged over the width. In the downstream and upstream reaches, the stream and groundwater
pumping for drinking water and irrigation are located between 3.2 km and 11.4 km in the downstream
reach from the dam and between 2 km and 5.8 km in the upstream reach from the dam, respectively.
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The discharge rates of the water intake in the downstream reach and upstream reach were about 0.35
m3/s and 0.27 m3/s, respectively. In the present study, the calibrated roughness coefficient for different
field flow conditions and the proposed Manning’s n range of 0.030–0.046 were used [69]. To determine
the model performance in the validation assessment, the Mean Absolute Percent Errors (MAPE) were
calculated (Equation (7)).

MAPE =
1
n∑

|Hm − Hp|
Hm × 100(%) (7)

where Hp and Hm are the predicted and measured flow depths, respectively.
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Figure 3 shows the predicted versus measured flow depths for the validation of the 2D flow
model. The validation data were obtained (Figure 2). The 45-degree line indicates perfect agreement.
In the figure, the predicted flow depths with and without consideration of the baseflow are marked
by open circles and crosses, respectively. The respective values of MAPE were 4.12% and 11.68%.
This indicates that the 2D flow model predicts flow depths very accurately when considering the
baseflow. This is because the water-use by people from rivers and groundwater for irrigation, food
production, and drinking is extremely high. However, the predicted water surface elevation with the
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baseflow is in good agreement with the measured data. This indicates that the baseflow compensates
for the dam discharge and water intake in the river. Apparently, the baseflow and the water-use due to
human activities are expected to affect both CSI and WUA for the target species.
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3.2. Habitat Suitability Curve

Before performing the physical habitat simulations, the HSCs for each target species constructed
by the method of Gosse [56], given in Figure 4, were obtained. These HSCs can be used to predict
the CSIs by the multiplicative aggregation method. The total number of data for the constructed
HSCs was 1675. The number of individuals was plotted in the equally-divided range for each habitat
variable in Figure 4. The HSCs generally develop at a microscale level; the most important habitat
variables are flow depth, velocity, and substrate [74,75]. For the target fish, the preferred ranges
were 0.20–0.50 m, 0.25–0.45 m/s, and 2–5 for the 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, that is, they prefer shallow water, a high velocity, and coarse substrate. It can be
seen that the ranges for the physical habitat variables overlap.
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3.3. Flow Regime with Baseflow

Figure 5 shows the discharges with and without considering baseflow in the study reach. The dam
discharge and natural flow regime, as shown in Figure 5, were observed in 2015. The dam discharge
and natural flow pattern refer to the water released from the upstream dam and the inflow from the
upstream reach to the dam, respectively. Then, the baseflow data were calculated using the HGS
model. The natural flow regimes were the discharges measured at a station located 3.91 km upstream
from the dam, and the data for the dam discharges were obtained from the records of water discharge
at the dam. It can be seen that the averaged dam discharges rate was about 3 m3/s throughout the
year. However, the natural flow regime can be composed of low flow events and high flow events.
Additionally, the total discharge rates of the inflow to the stream were about 1 m3/s and 1.5 m3/s in
the downstream reach and upstream reach, respectively.
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Figure 6 shows the CSI distributions in the downstream reach for target species under the
flow conditions shown in Figure 6. The CSI values represent the habitat quality in the study reach.
The computed CSI distributions were averaged over the year. It can be seen that the baseflow
significantly increased the habitat suitability compared with the CSI distribution for the dam discharge.
It is also interesting to note that the preferred habitats for the target species were distributed more
widely than the result that did not consider the baseflow. The preferred ranges of the physical
habitat variables for the target species are shown in Figure 4. They prefer shallow water and a high
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velocity. Physical habitat simulations have taken the baseflow effects into account in habitat modeling,
by increasing the velocity increased which improves the habitat suitability. This indicates that the
baseflow has a significant effect on fish habitat suitability.Water 2018, 10, x FOR PEER REVIEW  9 of 16 
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Figure 6. The CSI distributions for the target species in the downstream reach: (a) Zacco platypus;
and (b) Baetis fuscatus.

The CSI distributions for the target species in the upstream reach are presented in Figure 7.
In the figure, the CSI distributions that were predicted by performing physical habitat simulations
with and without considering baseflow are compared. In general, it can be seen that the baseflow
increased the CSI relative to the CSI distribution for the natural flow regime. This is consistent with the
predicted results in Figure 6. However, the baseflow effect was smaller than the habitat suitability in the
downstream reach. This is because the downstream reach is a regulated stream, that is, the downstream
aquatic habitat for the target species was destroyed by the upstream dam. This result is consistent
with the previous findings of studies conducted by Bowen et al. [76]. It is important to note that the
modification of dam operations is expected to affect the habitat suitability for the target species in the
downstream reach.
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3.4. Modified Dam Operation Scenario for Physical Habitat Simulation

Figure 8 is the modified dam operation scenario for the physical habitat simulation using the
BBA. For comparison, the natural flow regime and dam discharges are provided. In the figure,
the natural flow regime is composed of the low flow events, high flow events, and flood events.
The peak discharge of natural flow regime was 51.3 m3/s in July. Additionally, the figure shows
the scenario using the adjusted minimum flow allocation, that is, the hydrologic data averaged over
each month. In general, previous studies have shown that released water from the dam adversely
affects the downstream habitat [45–47]. Physical habitat simulations have quantitatively shown that
hydropeaking flows reduce the habitat availability and suitability for certain aquatic species in the
downstream reach [49,51,67]. In addition, the change from a natural flow regime to constant flow
will directly affect the downstream habitat [67]. Therefore, the use of the modified dam operation
scenario (hereafter, this is referred to as the dam operational scenario) is expected to improve the
habitat suitability for the target species.
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3.5. Changes in CSI and WUA

Figure 9 shows the CSI distributions in the downstream reach for the dam operational scenario.
In each case, the CSI distributions obtained from the physical habitat simulations with and without
considering the baseflow are compared. Figure 9 shows that the dam operational scenario significantly
increased the CSI. This result is consistent with previous findings [67]. Additionally, when the impact
of the baseflow was also considered, the habitat suitability for the target species increased further.
This is because the dam discharge at the upstream end and the baseflow at each node in the study reach
were both considered. This indicates that the baseflow effect should be considered in the assessment of
aquatic habitat suitability, especially for streams with large baseflow influences.
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The changes in the WUA with time are presented for the target species in Figure 10. In the figure,
for comparison, two WUAs for the target species are plotted: the WUAs for the natural flow regime
and dam discharge. It can be seen that the effects of the WUAs for the dam operational scenario and
natural flow regime were larger than the WUA for the dam discharge, except during the flood season.
Quantitatively, the dam operational scenario and natural flow regime increased the WUA by 45.12%
and 50.33% for the target species, respectively. Similarly, when the WUA was computed from the
physical habitat simulation with the baseflow included, there was a further increase in the WUA of
about 9%. This indicates that the dam operational scenario significantly affects the habitat suitability of
the target species. The results demonstrate clear evidence that modifying the dam operations through
restoration to natural flow patterns but also including the baseflow is the most advantageous method
for aquatic species situated downstream from the dam.
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4. Conclusions

This study investigated the impact of the baseflow on downstream and upstream dominant target
species and proposed a method for modifying the dam operations through the natural flow regime.
Downstream and upstream reaches from the Boryeong Dam were chosen for the study area. In the
study reach, according to field investigations, the dominant fish and benthic macroinvertebrate species
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are Zacco platypus and Baetis fuscatus, respectively. The HGS model and River2D model were used to
predict the flow, and the HSI model was used for habitat simulation. For habitat simulation, HSCs
were used for both dominant fish and benthic macro invertebrate. Three habitat variables—flow depth,
velocity, and substrate—were used in the physical habitat simulations.

First, using the HGS model, the longitudinal distributions of the baseflow were presented in the
study area. It was found that the baseflow increases gradually with the longitudinal distance. For the
dam discharge with and without baseflow, the computed water surface elevations were compared
with the measured data. It was shown that the computed water surface elevation method considering
baseflow has good agreement. The CSI distributions were presented in the study reach using the
HSI model. It was found that the CSI for the baseflow increased significantly in comparison to the
CSI when baseflow was not considered. Additionally, the habitat connectivity for the target species
significantly improved due to the inclusion of baseflow. In the present study, the consideration of
baseflow in the physical habitat simulation satisfied the flow computation results as well as the habitat
suitability. Thus, baseflow is an important component which plays an important role in maintaining
suitable habitat conditions in the study reach.

In addition, the modified dam operation was proposed as a general strategy for the restoration of
the aquatic habitat in the downstream reach of the dam. The method can be used for physical habitat
simulation with data from the inflow to the dam. The method used the average hydrologic data over
each month. The CSI for the target species was predicted for the dam operational scenario and the water
release from the dam. The results indicated that the dam operational scenario significantly increased
the CSIs in comparison to the CSI distribution for the water release from the dam. Additionally,
the inclusion of baseflow in the physical habitat simulation further increased the habitat suitability.

However, most previous studies on physical habitat simulation did not consider the baseflow
from the seepage of water from the ground into the stream. Physical habitat simulations that do not
consider the baseflow may underestimate the habitat suitability. The applicability of the modified dam
re-operation strategies can be determined further by applying them to various target streams for which
the baseflow data are known. In addition, if data on various fish species and benthic macroinvertebrate
in streams are available, further research will be required. If the method that includes baseflow is
combined for physical habitat simulation, the methodology can support the ecological restoration and
management of rivers.
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