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ABSTRACT ARTICLE HISTORY
In this paper, we describe a model system comprised of hydrodynamic, Received 12 April 2017
sediment transport, heat transfer and habitat models. We used this model Accepted 19 August 2017

system to assess the ecosystem situation and investigate the impacts of KEYWORDS

two ecological restoration strategies in the Mian River, China. Freshwgter Restoration strategy; habitat
Reeves shad (Tenualosa reevesii) was selected as the target fish species. suitability; Tenualosa reevesii
Model results indicate a low habitat suitability level for T. reevesii under riverbank reconstruction;
current hydrological conditions. Due to the habitat protection and groin, river model; side
restoration requirements in China, further numerical model simulations channel; Mian River

were conducted to investigate the effects of two ecological restoration

strategies: addition of a side-channel and riverbank reconstruction (groin

field installation). The long-term effects of the restoration projects were

also simulated. The analysis indicated that both restoration strategies

would significantly enhance the target fish habitat suitability level, with

the OSI (overall suitability index) increasing from 39.9% to 53.7% for the

added side-channel strategy and from 39.9% to 61.5% for the river bank

reconstruction strategy.

Introduction

Surveys and documents on the status of freshwater fish species show that many precious freshwater
fish species have declined dramatically since the beginning of this century and become endangered
(Zhong and Power 1996; Fu et al. 2003; Albanese et al. 2009). The decline of freshwater fish, espe-
cially rare species, is causing increasing concern (Moyle and Leidy 1992; Dudgeon 1995; Burkhardt-
Holm et al. 2002; Jones et al. 2004). One of the greatest threats contributing to the decline is the loss
of the suitable river habitats. Freshwater fishes are very sensitive to the physical conditions of river
and streams, including depth, current velocity, substrates, river bed shear stress and water tempera-
ture (Steffler and Blackburn 2002; Scheuerell et al. 2006; Yao et al. 2014, a, b). The decline of habitat
quality and the decrease of fish species have aroused a strong interest in stream restoration and hab-
itat improvement schemes.

River and habitat restoration is an attempt to recoup some of the losses in ecosystem services and
to do so in more long-term effective ways and at lower costs than through technological fixes such as
nutrient reduction programs through upgrades of sewage or sludge treatment plants (Palmer and
Allan 2005; Palmer et al. 2007). Currently, many efforts are underway throughout the world to
restore river ecosystems. For example, The United States has spent billions of dollars on the
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restoration of aquatic habitats and many endangered species are on the protected list (Bernhardt
et al. 2005). Beginning in 2000, China has implemented the most stringent water management rules
on streams to protect and restore river ecosystems (Chen 2009; Wang 2011). Australia has com-
pleted more than 2200 stream restoration projects, including riparian management projects, bank
stabilization, in-stream habitat improvement and habitat monitoring projects (Brooks and Lake
2007). In all of the successful and effective stream restoration projects, hydrology and riverbed evo-
lution have been very important factors (Bond and Lake 2003; Palmer et al. 2005). Thus, to provide
a scientific basis for effective stream restoration, it is important to link hydrodynamics, temperature
distribution and sediment characteristics of stream systems to habitat models. Such integrated
model systems can evaluate and improve stream ecosystems.

The goal of this research was to identify strategies to improve the ecological condition of Mian
River, China. In order to examine relations between restoration strategies and habitat improvement,
we evaluated the current habitat suitability level and investigated two river restoration strategies: a
groin field installation and an addition of a side-channel. The Mian River and Reeves shad (Tenualosa
reevesii) were chosen as the experimental river and the target fish, respectively, by the local water con-
servancy bureau for a restoration study. We utilized measured hydrology, water temperature and
topographic data as current conditions to simulate the flow velocity, water depth and water tempera-
ture on the experiment branch. We then used the simulated velocity, geology and substrates to
calculate the river bed evolution and river bed shear stress. The Reeves shad habitat quality was
also quantified. After that, the two restoration strategies were simulated to explore their immediate
influence and their post-restoration effects to identify the best opportunities for meeting restoration
goals.

Methods
Study areas

Our study was conducted in a planned reconstruction reach of the Mian River which is a tributary of
the Xiang River (Figure 1). The reach represents a field-scale laboratory for investigation of the resto-
ration effects on river dynamics, evolution and habitat formation based on information from surveys
and literature sources (Li et al. 2010). This reach is currently reconstructed in a planned way as part
of a larger effort to improve hydrodynamic and native fish species habitat. Three monitoring locations
were chosen which are evenly distributed along the river reach. The river has a single-channel,
meandering form with an average width of 350 m and average annual discharge of 300 m’/s. The bed
material grain-size distribution is shown in Figure 2 and the mean annual water temperature is 13 °C
in the middle of the river and 18 °C near the river bank. The water quality and chemical pollution
density meet the standard of GB3838-2002 (2002 GB; Yin 2016).

In the past, the Mian River had a rich diversity of freshwater aquatic organisms and supported
four common freshwater fish species: grass carp (Ctenopharyngodonidella), Reeves shad (T. reevesii),
bighead carp (Hypophthalmichthysnobilis) and black carp (Mylopharyngodonpiceus). Among these
fish species, Reeves shad is a very good representative of the local fish community based on the
aquatic ecological survey results. The river provides a habitat for a number of fish species, but the
number of species has decreased significantly along with destruction of the river bank. The river
bank destruction is mainly due to vegetation and surface soil damage.

In order to understand the science of the Mian River restoration and the best chance of meeting
restoration goals, two restoration strategies were proposed based on engineering experiences. Reeves
shad was chosen as the target species to evaluate the river restoration efficiency. Five critical indices
which were known to affect Reeves shad habitat were selected: velocity, water depth, substrate com-
position, water temperature and river bed shear stress distribution. The suitability index (SI) curves
for the Reeves shad are shown in Figure 3. These curves are constructed mainly from professional
judgment and from information contained in literature sources (Liu and He 1992; Liu et al. 2002).
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Figure 1. Map of the Mian River reach and computation domain. Study area was used to generate the topographic mesh for
hydraulic modeling, sediment transport, habitat calculation and restoration evaluation (A, B and C are monitoring locations).

Model system

The Mian River computational domain was adapted as shown in Figure 1. The Mian River model
system was developed by integrating three parts: (1) the hydrodynamic and heat transfer simulation
model, (2) the sediment transport model (3) the target fish species habitat evaluation model based
on preference curves. The flow chart of the model system is shown in Figure 4. In the hydrodynamic
model, the velocity, water depth and temperature distributions were obtained. The shear stress and
substrate distributions were calculated based on the sediment transport model. The habitat model
was used to calculate the habitat suitability index (HSI), weighted usable area (WUA), and the over-
all habitat suitability index (OSI).
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Figure 2. River bed sediment grading curves in locations A, B and C.
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Figure 3. Flow velocity, water depth, water temperature, substrates and river bed shear stress habitat suitability index curves
developed for the Reeves shad (Tenualosa reevesii) in the Mian River.

Mathematical description of hydrodynamic and heat transfer simulation model

The equations governing the flow and temperature characteristics simultaneously in the river are the
continuity equation, the shallow water equation and the heat transfer equation. For the simulation of
turbulence in the flow, the standard k-¢ turbulent viscosity model has been employed (Rodi 1993).
The notations used in the equations are defined in the list of symbols at the end of the paper.

Initial habitat suitability index [ R ] [ Sediment transport in Mian ]
evaluation River

[Lvelocity | [ Pepth | [Temperature | [_Evolution ][ River bed shear stress ]
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Figure 4. Schematic flow chart of model structure of the Mian River study.
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Turbulent kinetic energy equation
The k-¢ model is an empirical model which contains the turbulence kinetic energy (k) term and
its dissipation rate (¢) term.
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The model transport equation for k is derived from the nonlinear equations, while the model
transport equation for ¢ was obtained using physical reasoning and bears little resemblance to its
mathematically exact counterpart.

River bed shear stress and river bed evolution

River bed shear stress is one of the most important hydrodynamic parameters regarding fish habitat
and river bed evolution (Borchardt 1993; Namin et al. 2004). The calculation equation is as follows:

0 =3 pCalut, Wi 72 )
with
28 .
Cqi= WM“ 8

The riverbed evolution is calculated from the sediment continuity equation, also named the
Exner equation
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There are several capacity formulae which could be used for the bed load calculation (Einstein
1942; Meyer-Peter and Miiller 1948; Brown 1950; Van Rijn 1984). After carefully reviewing the grain
sizes and hydraulic conditions, the Meyer-Peter-Muller equation was chosen to calculate bed load

3/2 3/2 -1/2
c P
Q-8 (_) 66, <_5 gdgo) . 0, = 0.047; (10)
Coo P
Tp
PR 11
(05 — p)gdso )

Habitat construction procedure and restoration strategy evaluation

Similar to the concepts of PHABSIM, River2D and other models (Bovee 1986; Milhous et al. 1989;
Gard 2009, 2010), the habitat model is used to calculate and evaluate the HSI, WUA and the OSI for
the initial/current stage and restoration strategies. For the HSI calculation, variables which affect
growth, survival and abundance were considered in the habitat model (Statzner & Higler 1986). In
this model, velocity, water depth, substrates, water temperature and river bed shear stress distribu-
tion were selected as variables for the HSI calculation based on SI curves. The HSI was defined for
each grid mesh and for each time step. The value of HSI ranged from 0 to 1, with three types: LSP
(the percentage of low HSI values), MSP (the percentage of middle HSI values) and HSP (the per-
centage of high HSI values) (Table 1). The HSI is defined as follows:

HST;; = (SLy-STgSTys-STr-STys) '/ (12)

WUA and OSI are defined as follows:

M
WUA = ZAyHSL-_I (13)
i=1

M AHSL
M

OSI = x 100% (14)

=141

Model system and boundary condition setup

In applying the model, three simulations were setup for habitat quality evaluation, including the
Mian River current habitat situation and two restoration strategies. Two additional simulations
were setup for evaluating the post-restoration effects of restoration strategies in order to achieve the
best chances of successful restoration. For the addition of a side-channel strategy, the side-channel
length and width were 800 and 75 m, respectively. For the riverbank reconstruction (groin field
installation) strategy, the side bar length and width were 50 m and 8 m, respectively. There were 22

Table 1. Criteria of habitat suitability index for Reeves shad (Tenualosa reevesii) in Mian River. (HSI
is habitat suitability index).

HSI value Rating Percentage of low HSI value
0.0-0.3 Low LSP
0.3-0.7 Middle MSP

07-1 High HSP
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groins planned in the computation domain and the interval between them ranged from 120 to
130 m.

In the model system, the finite volume method was applied to solve the staggered grid system on
the partial differential equations. The entrance boundary, outflow boundaries and isothermal
boundary conditions were applied. The mean annual discharge, initial substrate distribution and
water depth were obtained (Li et al. 2010; Yin 2016). The simulation time step is 1 second and the
simulation results are saved as output with an interval of three months. The model system has been
developed based on the open source software TELEMAC (with authors’ subroutine) and Fortran
compiler. More detailed description can be found in the Telemac user manual and books which dis-
cuss model system development and application (Riadh et al. 2014; Yao 2016).

Results

The river restoration model was applied to the target fish in the Mian River reach which was 1.2 km
in length and 180 m in width (Figure 1). The velocity distribution, water depth, water temperature,
river bed shear stress, as well as the HSI of the initial stage, were calculated and the sensitivity analy-
sis was also performed.

Hydrodynamic simulation and validation

The hydrodynamic simulation of the Mian River indicated that the average velocity was 0.9 m/s in
the middle of the river with a maximum value of 1.4 m/s, while near the shore and back water areas
the velocity was about 0.1-0.3 m/s (Figure 5). The maximum water depth was 5.5 m which occurred
in the middle of the river (Figure 5). For the water temperature distribution, our simulation
results suggest that the near shore areas have a higher temperature (18 °C) than the middle of
the river (13 °C; Figure 5). The river bed shear stress distribution had the same trend as the velocity
distribution and had a maximum value of 0.9 (Figure 5).

The field-measured velocity and water depth at locations A, B and C acquired with a discharge of
300 m’/s were compared with the results from the hydrodynamic model. The agreement of the
model simulations with the measured data is shown in Table 2. To assess the simulated accuracy of
the hydrodynamic model, a statistical measure, i.e. mean absolute error, was applied and quantified.
The results show that the model simulated results agree well with the measured data, which means
the hydrodynamic model is reliable and can be expected to represent the real situation.

Habitat suitability level

The HSI was calculated on the basis of point values of water depth, flow velocity, substrates sedi-
ment, temperature and bed shear stress. The Reeves shad HSI distributions for the present situation
are shown in Figure 6. From the simulation results, we found that the Mian River branch would not
provide a very suitable living environment for the Reeves shad. Specifically, the majority of the river
branch has a low HSI for Reeves shad with only the nearshore areas, as well as the backwater nursery
areas, providing suitable habitat conditions for the fish. The proportions of the high, middle and low
habitat suitability for the fish are 27.4%, 16.3% and 56.3%, respectively (Figure 7). The correspond-
ing areas for high, middle and low habitat suitability were 5.6 x 10* m? 3.3 x 10* m* and 1.2 x 10°
m” (Figure 9). The WUA and OSI for Reeves shad in the Mian River reach were 8.15 x 10* m* and
39.9%, respectively.

When the side-channel is added on the Mian River’s right side, it is notable that the habitat suit-
ability indices for the Reeves shed have observed a significant overall change in the river reach
(Figure 8). When comparing the initial habitat situation to the case where a side-channel has been
added, it is apparent that the habitat level in the main stem of the Mian River has resulted in a
decrease in the low HSI proportion and an increase in the middle and high HSI percentages. The
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Figure 5. Velocity, water depth, temperature, river bed shear stress distribution under annual average discharge (300 m>/s).

Table 2. Correlation between simulated and measured velocity, as well as water depth, at locations A, B and C in the Mian River
(MAE is the mean absolute error).

Velocity (m/s) Water depth (m) MAE (%)
Simulation Measure Simulation Measure Velocity Depth
Location A 1.05 1.00 £ 0.05 5.53 5.50 + 0.10 4.8% 0.5%
Location B 0.74 0.75 £ 0.05 485 4.85+0.10 1.4% 0.0%

Location C 0.1 0.10 £ 0.05 4.62 4.65+0.10 9.1% 0.6%
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Figure 6. Initial habitat suitability index distributions for the Reeves shad (Tenualosa reevesii) in Mian River under the annual aver-
age discharge (300 m?/s).

habitat suitability level in the side-channel is filled with high HSI values. A comparison of the cur-
rent habitat condition with the case of the addition of a side-channel, it is shown that the low and
middle habitat suitability percentages for the target fish decreased to 32.8% and 15.4%, respectively,
while the high habitat suitability increased to 51.8% (Figure 9). The WUA and OSI have grown to
1.59 x 10° m® and 61.5% which is almost twice as much as original river condition. The river areas
for high, middle and low habitat suitability are 1.34 x 10> m?, 3.98 x 10* m® and 8.48 x 10* m?,
respectively.
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Figure 7. High, middle and low habitat suitability index percentages and areas for the Reeves shad (Tenualosa reevesii) under the
annual average discharge (300 m/s).
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Figure 8. The habitat suitability index distribution of Reeves shad (Tenualosa reevesii) under the added side-channel restoration
strategy applied under the annual average discharge (300 m*/s).

When the riverbank reconstruction was applied, the habitat quality was analyzed and presented
in Figure 10. In general, the habitat conditions improved on both sides of the Mian River, and espe-
cially on the left side, although there is little change in the middle of the river. In this hypothetical
strategy, the ratio of the high, middle and low habitat suitability for the Reeves shad are 42.8%,
23.9% and 33.3%, respectively (Figure 11). The corresponding high and middle suited areas for the
Reeves shad increased to 8.75 x 10* m” and to 4.88 x 10* m?, respectively, while the low suited areas
decreased to 6.81 x 10* m>. The WUA and OSI for the Reeves shad in the Mian River were 1.10 x
10° m? and 53.7%, respectively.
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Figure 9. High, middle and low habitat suitability index percentages and areas for the Reeves shad (Tenualosa reevesii) under the
added side-channel restoration strategy with the annual average discharge (300 m*/s).
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Figure 10. The habitat suitability index distribution of the Reeves shad (Tenualosa reevesii) for the groin field installation restora-
tion strategy under the annual average discharge (300 m?/s).
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Figure 11. High, middle and low habitat suitability index percentages and areas for Reeves shad (Tenualosa reevesii) under the
groin field installation restoration strategy with the annual average discharge (300 m%/s).

Discussion

It is notable that evaluating the success of the river restoration strategies largely depends on the pre-
monitoring and post-monitoring data (Lake 2001; Palmer et al. 2005, 2007). The restoration of the
Mian River has had poor habitat monitoring data archiving which has hampered progress in practi-
cal understanding of what a successful stream restoration project is. However, besides field monitor-
ing, numerical simulation is also a very effective and appropriate approach (Kasahar and Hill 2008;
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Table 3. Comparison of the LSP, MSP, HSP, WUA and OSI among initial stage and the side-channel and riverbank reconstruction
(groin field installation). (LSP is the percentage of low HSI values; MSP is the percentage of middle HSI values; HSP is the percent-
age of high HSI values; WUA is the weighted usable area; OSl is the overall suitability index).

Mian River LSP MSP HSP WUA oSl

Initial stage 56.30% 16.30% 27.40% 8.10 x 10* 39.90%
Added side channel 3331% 23.89% 42.80% 1.39 x 105 53.70%
Riverbank reconstruction 32.78% 15.39% 51.83% 1.26 x 105 61.50%

Yao et al. 2014). Thus, we chose to evaluate the outcome of the Mian River restoration strategies
through simulation results in order to determine whether they had the potential for a healthier and
ecologically sustainable river.

Restoration strategy comparisons

A comparison of the habitat condition between the two restoration strategies and the origi-
nal or current condition is summarized in Table 3. As depicted there, the values of the
WUA, OSI and the high habitat suitable areas for the side-channel restoration strategy and
the groin field installation strategy are much higher than those under current conditions.
The figure also demonstrates that the side-channel restoration strategy is better than the riv-
erbank reconstruction restoration strategy according to the values of highly suitable areas,
WUA and OSL

Post-restoration effects of restoration strategies

Although we found that both the added side-channel and riverbank reconstruction restoration strat-
egies could significantly improve the habitat and ecological situation, we needed to further investi-
gate and compare these two restoration strategies based on a long-term simulation. In order to
identify a better restoration strategy, a five-year river habitat level after the proposed restoration
strategies has been simulated. The simulation results of WUA, as well as OSI, are shown in Figure 12.
The corresponding HSI distributions with both restoration strategies at the Mian River reach are
shown in Figures 13 and 14. From these figures, we could observe that the WUA and OSI in both
restoration strategies are quite stable to a considerable extent but they also show different trends.
For the addition of side-channel restoration strategy, the WUA and OSI values increased slightly in
the first two years before decreasing tendencies set in during the last three years. In contrast, for the
over the five-year period restoration strategy riverbank reconstruction (groin field installation), the
WUA and OSI values are always showing a slightly decreasing trend over the five-year period. It is
noted that even though decreasing trends in the WUA and OSI values in both restoration strategies
have been observed, the alteration is too small to change the overall habitat situation in the Mian
River.

Through the analysis of the two restoration strategies and the analysis of the long-term post-
restoration effects of the restoration strategies, we could conclude that both restoration strategies
are likely to be very successful and could be applied in the Mian River. From the point view of
the reach of Mian River that is the focus of this study, the habitat suitability level of the addition
of side-channel strategy is better than the riverbank reconstruction (groin field installation)
strategy. But from the point of view in the main river, the riverbank reconstruction (groin field
installation) strategy would be better than addition of side-channel strategy. If the riverbank
reconstruction (groin field installation) strategy is implemented, the habitat at the side of the
river may become fragmented and the fish larvae habitat spatial configuration may also need
further monitoring.
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Figure 12. The WUA, OSI curves for the Reeves shad (Tenualosa reevesii) after both the added side-channel and riverbank recon-
struction (groin field installation) restoration strategies have been applied.

Figure 13. The habitat suitability index distribution of the Reeves shad (Tenualosa reevesii) in Mian River after the added side-
channel restoration strategy has been applied.
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Figure 14. The habitat suitability index distribution of the Reeves shad (Tenualosa reevesii) in Mian River after the riverbank recon-
struction (groin field installation) restoration strategy has been applied.

Conclusions

In this study, we have presented simulation results from two restoration strategies and highlighted
the best opportunity for meeting restoration goals. The study has provided a unique opportunity to
improve our knowledge about restoration success. We evaluated the initial habitat and ecological sit-
uation based on three different indices (HSI, WUA and OSI) and assessed the habitat situation
improvement for two proposed restoration strategies. After that, the long-term habitat alterations
for both restoration strategies were simulated and these results provided a scientific basis for effec-
tive stream restoration.

Through the model simulation in the Mian River, it can be noted that the HSI, WUA and OSI
values are relatively low at initial stage which indicates the river is not suitable for Reeves shad sur-
vival. For the two river restoration strategies, we found that both addition of side-channel and river-
bank reconstruction (groin field installation) strategies can improve the habitat suitability level
substantially. In addition, through the simulation of long-term post-restoration effects after the res-
toration strategies have been implemented in the Mian River, the success of these two restoration
strategies would be further improved. From the analysis, we can therefore conclude that both resto-
ration strategies can be very successful for the Mian River and provide sufficient ecological require-
ment for fish by reshaping the lost habitats.

It should be noted that these two restoration strategies could further be compared from economic
perspectives. It should also be noted that the restoration strategies obtained from this study are spe-
cific to the Mian River and the target fish species based on five important indices: velocity, water
depth, temperature, substrates and river bed shear stress. However, the methodology is easily
adapted to other applications. By applying stream restorations to other fluvial or lacustrine environ-
ments, other strategies such as built artificial islands and flood flushes, as well as other relevant suit-
ability variables, also should be taken into account.
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The area of the mesh i

Archimedes number

Heat transfer diffusivity scalars

Turbulence diffusivity scalars

Diffusivity scalars

Non-dimensional skin friction number/shields number
Critical shields value

The eddy viscosity

The constant values 1.44, 1.05 and 1, respectively
Chezy friction coefficient

Particle size parameter at 50 percent

Gravitational acceleration

The production of turbulent kinetic energy due to shear and due to buoyancy,
respectively

Fluid column height
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Kinetic energy
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Water surface elevation

The total number of grid mesh

Manning friction (0.035 was chosen)

Overall suitability index

The non-cohesive bed porosity

Bed-load flux

Suitability index for velocity, water depth, substrates, temperature and bed
shear stress

Time

Temperature

Average depth, average velocity components in x and y directions,
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Weighted usable area

Bed shear stress

Sediment density

Water density
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