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Abstract: Human alterations, such as hydropower development, are intensive and have negative
impacts on fish and ecological environment. However, fish habitat restoration projects based on
geographical morphology have not yet been reported in the Yangtze River. To explore engineering
measures used to restore fish habitat structure and function, a mesoscale fish habitat restoration project
was designed and constructed, which included restructuring of habitat topography in the fluctuating
area. Three-dimensional computational fluid dynamics (CFD) models were used to simulate and
predict the project’s effect on the hydromorphology prior to construction, and an Acoustic Doppler
current profiler (ADCP) was deployed to test and verify actual flow field improvement. Short-term
effects on fish species sorting and their main ecological traits were examined. The results showed that
vorticity and flow heterogeneity in the river reach increased, suggesting that the restoration projects
created flow conditions favourable to indigenous fishes. Thus, pre-optimization using computer
simulation is an essential and scientific procedure that could be used to increase the probability of
river restoration success. The promotion of habitat diversity had strong effects on fish aggregation,
especially for the rare and endemic fish species targeted. Fish abundance, catch biomass and species
richness increased by 98.1%, 62.7% and 22.5%, respectively. There were significant differences
(p < 0.05) in species number and catch abundance before and after the project. The number of rare
and endemic fish species increased from four to nine species. Overall, this research provides evidence
that the promotion of habitat hydraulic morphology heterogeneity accelerates the recovery of fish
diversity and biomass.

Keywords: restoration engineering; fish habitat; geographical morphology; flow conditions;
biodiversity conservation; Yangtze River ecosystem

1. Introduction

Rivers provide important environmental services by supporting biodiversity on
Earth [1–3]. The sharp deterioration of biodiversity in riverine ecosystems worldwide
remains a severe threat and ecological risk to sustainable human development. The diver-
sity of fluvial species is dependent on hydrogeomorphic variation, which is determined
by geographical heterogeneity and natural flow regime [1]. Unfortunately, a dynamic
system with high structural and functional complexity becomes more homogeneous and
less productive because of spatial alterations of multiple types of human activities, such
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as dam construction, waterway projects and urbanization [4]. Many researchers have
focused on the function of geographic variation to biodiversity from the microscale to the
global scale [5]. There is a consensus that anthropogenic impact on freshwater species
decrease is mediated by the degradation of multiscale habitats [6–8]. Dam construction
and operation has certainly led to the fragmentation of river corridors and diminished
stream-flow dynamics from basin to continental scales [8]. River revetment and channel
regulation have greatly simplified geographic variation and natural landscapes that shape
the heterogeneity of habitats at micro- to reach scales. As a result of the cumulative ef-
fects of human alterations, the homogenization of fluvial processes poses severe threats to
biodiversity on a global scale [9].

The Yangtze River is one of the most important rivers in the world. It is the third
longest river and the ninth largest in terms of drainage area. There are many environ-
mentally sensitive areas and natural ecological reserves in the Yangtze River basin, and
these areas are irreplaceable habitats for many rare and endemic aquatic organisms [10]. In
recent years, with the large-scale development and highly intensive construction of cascade
hydropower, revetments, wharfs, bridges and other water-related projects in the Yangtze
River, the natural ecological environment of river habitats has been seriously damaged.
Extensive engineering has resulted in the gradual reduction, or even disappearance, of
the space suitable for aquatic communities, and the ecological function of the shoreline
has deteriorated [11]. In particular, the construction of giant hydropower stations has
greatly changed the ecosystem and environment of the main stream and tributaries [12].
These detrimental factors were associated with the failure to fully meet the requirements of
fish spawning, feeding, migration and other ecological needs, especially for endemic fish
depending on strict hydrological conditions in the upper reaches of the Yangtze River [13].
Sand excavation for infrastructure development in successive years has changed the river
bottom morphology of the Yangtze River, gradually flattening the river topography. The re-
duction in geomorphic heterogeneity significantly influences the hydrodynamic conditions
and affects fish survival, which will lead to the deterioration of the aquatic ecosystem [14].

Habitats are the critical space required for the survival and reproduction of aquatic
organisms, where energy flows through organisms embedded in a food web and is the
basis of river health. Habitat changes make fish migration, growth, reproduction, and
other normal activities difficult, which directly affects the completion of fish life cycles [15].
The upper reaches of the Yangtze River provide the habitat needed by many rare and
endemic fish whose ecological functions are very important. To protect these fish, China
has established a National Nature Reserve, which includes the main stream and tributaries
of the Yangtze River, with a total length of 1162.61 km. Three rare species, including the
Yangtze sturgeon (Acipenser dabryanus) and sixty-six endemic fish species, are the focus of
conservation initiatives [13]. Engineering and overfishing have affected fish population
structure and ecological environment, as observed in fish population declines with current
to historical monitoring comparisons [10]. According to the survey results of fish in the main
stream of the reserve from 2010 to 2011, only 27 species of endemic fish were found, and the
total number of many different kinds of fish reached extremely endangered levels [13]. If
no protection measures are taken, some species may be locally extinct within a short period.
Currently, the maintenance of fish resources in the Yangtze River is mainly through stock
enhancement, fishing prohibition and deployment of artificial nests, while engineering
project methods are relatively lacking.

Numerous examples of river ecological restoration engineering have been constructed
in Europe and the United States in recent years to protect river ecosystems, especially
fish resources [16,17]. There are several commonly applied restoration techniques, such
as spawning gravel or boulder introduction, removal of bank fixation, overhanging bank
vegetation development and coarse woody debris deployment [18–23]. Compared with
the addition of wood or boulder introduction [24,25], channel reconfiguration may be more
effective in the river restoration process [26]. It is widely accepted that it is necessary to
restore natural flow regimes by improving the physical structure of fish habitats [27–32].
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Lorenz et al. [33] analysed the effects of 36 river restoration projects in Europe on improving
the morphology of fish assemblages and revealed that the abundance of juveniles was
significantly higher in restored reaches. Restoration measures that increased the physical
habitat heterogeneity fostered juvenile abundance. Fish reproduction benefited from the
optimization of hydrodynamics and the shallow, low-current areas created were suitable
nursery habitats for juveniles [34]. Moreover, the buffer function provided by gravel bars
prevented juveniles from being dislocated to a downstream reach, thereby reducing mor-
tality [34]. The enhanced productivity and reduced mortality combined guaranteed a
sustainable effect on populations rather than simply leading to a redistribution of individu-
als between locations.

However, this type of river ecological restoration project has not been reported in either
the main channel or the branches of the Yangtze River. Therefore, in this study, we selected
an appropriate reach in the reserve, implemented the design and construction of a fish
habitat restoration project, and explored engineering measures that could be used to restore
the physical structures and ecological functions of the fish habitat. The most direct impact
of topography restructuring is the change in the fluid characteristics of fish ecological
habits. Ecological behaviour traits such as migration type, trophic guild, spawning type,
flow preference and water layer explored are, therefore, ideal indicators for estimating the
impact of river restoration measures on ecological functions. Specifically, we hypothesized
that the restoration engineering project providing a fish habitat would support the water
flow towards the natural state, which could aid biodiversity recovery. We also assessed
whether the catch biomass would be greater than that prior to the implementation of the
project, and whether species composition would have higher proportional abundances of
rare, threatened, and endangered species.

2. Materials and Methods
2.1. Study Area

The restoration project (coordinates: 28◦51′45′′ N, 105◦39′33′′ E) is located in Sichuan
Province, in the core area of the rare and endemic fish nature reserve in the upper reaches
of the Yangtze River (Figure 1). It is 190.0 km from the Xiangjiaba Dam, a giant hydropower
station in the upstream reach of the project area. This area is one of the few river reaches that
still has a lotic flow pattern in the upstream region of the Yangtze River since the cascade
hydropower projects started running at full water capacity. Lotic conditions are of great
significance for fish breeding, feeding, and even basic survival. However, Sand excavation
and quarrying have flattened the landform of shorelines. Consequently, the topography
has become so homogeneous that the water velocity has become too fast because of the
lack of any blockage. This pattern represents a common situation in the upper reaches of
the Yangtze River.

2.2. Restoration Project

The restoration project was located at a side channel. Because the main channel is
protected by law for shipping purposes, it is a better option to implement river restoration
in the side channel, which is less influenced by anthropogenic activity. One aim of all
measures in this study is to enhance geomorphic heterogeneity. Therefore, we piled up
gravel in the area to form six gravel bars of different shapes with a height of 6.0 m (Figure 2).
The width of the ditches formed between the gravel bars was 16.0 m. The six gravel bars
were arranged in a straight line in the longitudinal direction. The distance between the
head gravel bar and the rear bar was 440.0 m. This measure attempted to support the
riverine fauna by re-establishing natural flow and diverse water depth gradients. A variety
of habitats would provide multifunctional spaces for different fish species or different life
stages. The focus was placed on the fish community structure since this was the main goal
of the restoration. The project was implemented and accomplished in August 2018.
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Figure 1. Location of the restoration project. The construction area selected for restoration is on the 
south bank of the Yangtze River. The existence of an island resulted in the formation of a side 
channel in this area. At high water levels, water enters the side channel from the west and discharges 
into the main channel from another side. The water depth within the reach is variable, ranging from 
1.0 m to 7.0 m. The average length of the side channel is 3.0 km, and the average width is 0.3 km, 
the draw-down area of which is covered with gravel. The main goal of the fish habitat restoration 
project was to recover geomorphic heterogeneity and was implemented in 2018. 
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Figure 1. Location of the restoration project. The construction area selected for restoration is on the
south bank of the Yangtze River. The existence of an island resulted in the formation of a side channel
in this area. At high water levels, water enters the side channel from the west and discharges into
the main channel from another side. The water depth within the reach is variable, ranging from
1.0 m to 7.0 m. The average length of the side channel is 3.0 km, and the average width is 0.3 km, the
draw-down area of which is covered with gravel. The main goal of the fish habitat restoration project
was to recover geomorphic heterogeneity and was implemented in 2018.
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northern portion as Area Ⅱ. (b) A geometric model of the project area. AA’, BB’, CC’, and DD’ are 
the four cross-section lines in the longitudinal direction. AA’ and BB’ were set in Area Ⅱ, while CC’ 
and DD’ were set in Area Ⅰ. “①” indicates sampling point Ⅱ-1; “②” indicates sampling point Ⅱ-2; 
“③” indicates sampling point Ⅱ-3; “④” indicates sampling point Ⅰ-1; “⑤” indicates sampling point 
Ⅰ-2; and “⑥” indicates sampling point Ⅰ-3. (c) Gravel bars under construction. (d) Aerial photograph 
of gravel bars at high water level period (water depth 4.0 m). 

2.3. Simulation of the Influence of Projects on Hydrological Conditions 
2.3.1. Numerical Computational Model 

To simulate and calculate the hydrodynamic characteristics of the fish habitat 
restoration project, a three-dimensional structure model of equal scale was established 
according to the gravel bar design prior to construction, and the flow field numerical 
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slope on the flow characteristics and the irregular slopes between the gravel bars were 
considered. The length and width of the computational model were 801.3 m and 486.8 m, 
respectively. The average depth of the normal water level was approximately 4.0 m, and 
the local water depth in the middle of the stream was approximately 5.0 m. 

  

Figure 2. Location of the 6 gravel bars constructed. Water flows in the west to east. (a) To study the
impact of constructed gravel bars on water flow and describe the geomorphic heterogeneity alteration
in different areas, we defined the southern area of the gravel bars as Area I and the northern portion
as Area II. (b) A geometric model of the project area. AA’, BB’, CC’, and DD’ are the four cross-section
lines in the longitudinal direction. AA’ and BB’ were set in Area II, while CC’ and DD’ were set in
Area I. “ 1©” indicates sampling point II-1; “ 2©” indicates sampling point II-2; “ 3©” indicates sampling
point II-3; “ 4©” indicates sampling point I-1; “ 5©” indicates sampling point I-2; and “ 6©” indicates
sampling point I-3. (c) Gravel bars under construction. (d) Aerial photograph of gravel bars at high
water level period (water depth 4.0 m).

2.3. Simulation of the Influence of Projects on Hydrological Conditions
2.3.1. Numerical Computational Model

To simulate and calculate the hydrodynamic characteristics of the fish habitat restora-
tion project, a three-dimensional structure model of equal scale was established according
to the gravel bar design prior to construction, and the flow field numerical computational
model was then extracted. In this model, both the influence of the bank slope on the flow
characteristics and the irregular slopes between the gravel bars were considered. The length
and width of the computational model were 801.3 m and 486.8 m, respectively. The average
depth of the normal water level was approximately 4.0 m, and the local water depth in the
middle of the stream was approximately 5.0 m.

2.3.2. Study Design for Water Flow Pattern Change

To study the impact of constructed gravel bars on water flow and describe the geo-
morphic heterogeneity differences in respective areas, we defined the southern area of the
gravel bars as Area I and the northern portion as Area II (Figure 2a).
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2.3.3. Governing Equations and Turbulence Models

The fish habitats were three-dimensionally meshed using ANSYS MESH 18.2 software,
and their simulations were conducted by ANSYS FLUENT 18.2. The liquid phase, gas phase
and solid phase in water were regarded as incompressible and continuous mixed fluid
phases, and the unsteady flow process satisfied the continuity equation and momentum
conservation equation [35]:
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where x, y, and z are rectangular coordinate components, ρ is the fluid density, µ is the
viscosity coefficient of fluid, Fx, Fy, Fz are the volume force components in a rectangular
coordinate system, and u, v, and w are the velocity components in a rectangular coordinate
system.

The RNG k-ε equation model was used in the turbulence model. The model can be
used to describe complex flow problems such as shear flow with a large strain rate, swirl
field and separation. The equations of turbulent kinetic energy k and turbulent dissipation
rate ε were expressed as follows: ρ
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Gk represents the kinetic energy generated by the change in fluid velocity:

Gk = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj

(4)

µt represents the turbulent viscosity coefficient:

µt = ρCµ
k2

ε
(5)

where σk and σε are related to the turbulent kinetic energy k and turbulent dissipation
rate ε. Sk and Sε are the calculation terms estimated from existing data according to
the actual situation. Gb represents the turbulent kinetic energy generated by external
influence. Ym is the term in a fluid that provides energy. The turbulent viscosity ratio µt/µ
is directly proportional to the turbulent Reynolds number and is generally taken as 1~10 in
hydraulics. The empirical coefficients are as follows: σk = 0.7179, C1 = 1.42, C2 = 1.68, and
Cµ = 0.09 [35].

2.4. Numerical Grid Parameters

To study the hydrodynamic characteristics of different areas, the oxz plane was used
to establish the coordinate system, and the x direction was the flow direction. Section AA’
was parallel to the x axis and perpendicular to the z axis, with 0A = 100 m. Sections BB’,
CC’ and DD’ were parallel to section AA’. The distance between parallel lines is shown in
Figure 2. Detailed grid refinement was conducted for gravel bars with different shapes and
irregular river banks where flow changed violently. A grid interface was adopted at the
grid junction, and a boundary layer grid was added in the area close to the slope surface.
The unstructured grid was divided and then verified for grid independence. The total
number of grids was determined to be approximately 20 million. The minimum grid size
was 5 mm and the maximum grid size was 100 mm.
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In the calculation model, the bank, bottom and gravel bars were set as the boundary
conditions without sliding, and the river roughness n was set as 0.03. The water surface
was defined as the axisymmetric boundary condition, and the entrance of the flow field
was defined as the inlet velocity boundary condition. The initial velocity was determined
according to the average value of the river reach recorded at different times, and the values
were v0 = 2 m/s, v0 = 3 m/s, v0 = 4 m/s, and v0 = 5 m/s. The flow field outlet was defined
as the pressure outlet boundary condition. The river’s water density was 1052 kg/m3, the
kinematic viscosity coefficient was 1.0565 × 106 m2/s, and the operating pressure was
101325 Pa. The SIMPLEC (Semi-Implicit Method for Pressure Linked Equations) algorithm
based on pressure coupling was adopted. The second-order upwind scheme was used for
both turbulent kinetic energy and turbulent dissipation rate.

2.5. Hydromorphological Survey and Model Validation

Water velocities were measured with a FlowQuest2000 ADCP (acoustic Doppler
current profiler) mounted to the side board of a moving fishing ship. ADCP surveys were
conducted in August 2018. Following the surveys, ADCP data were processed using the
software package Discharge to project replicates of the transects to a mean transect line [36].
The water depth, velocity and flow direction of different depth layers on each vertical line
were extracted. Then, the transverse and longitudinal velocities were calculated to generate
the flow pattern diagram. The numerical model was validated by comparing the measured
ADCP data with the depth-averaged velocity in the section of Area I.

2.6. Fish Survey

The evaluation of fish community structure variation followed “before–after” experi-
ment design [37]. Six sample points at 200.0 m intervals located on both sides of the gravel
bars were collected (Figure 2b). To compare the changes in fish species number, abundance,
and biomass before and after the implementation of the project, samples were obtained
in February, April and June of 2018 and February, April and June of 2019. Four gill nets
and four ground cages were placed at each sampling point. The gill nets were 100.0 m long
and 2.0 m high with mesh sizes of 2.0, 4.0, 6.0 and 8.0 cm. The placement direction was
vertical to the water flow direction, and the placement time was 12 h. Ground cages were
20.0 m long, 32.0 cm wide and 24.0 cm high, with the 0.5-cm-dimension of the mesh placed
parallel to the water flow. The ground cages were also placed for approximately 12 h. To
ensure the effectiveness of fish sampling, we selected lower flow conditions below 0.5 m/s
during each sampling time.

Data on the species number, biomass, abundance and ecological types of captured
fish were collected. The species were identified based on morphological traits [38,39]. The
abundance data were used to record the total catch of each species at each point, and the
biomass was determined using an electronic scale with an accuracy of 0.1 g to obtain the
fresh weight of each fish. The classification of ecological types is based on Wang et al. [40].

2.7. Statistical Analysis
2.7.1. Fish Composition Analysis

Fish species number, abundance and biomass were summed across the six sampling
points and all months sampled to compare the fish resource variation before and after the
project. One-way ANOVA was conducted between the total species number, abundance
and biomass before and after the implementation of the project. p < 0.05 indicates a
significant difference and p < 0.01 indicates an extremely significant difference. The relative
importance index (IRI) proposed by Pinkas was used to identify the significance of each
species in the fish community, and the species with IRI > 1000 were considered dominant
species while the species with 100 ≤ IRI < 1000 were defined as common species. The IRI
was calculated as follow [41]:

IRI = F(N′ + W′) × 10,000
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where N′ is the proportion of a certain species to the total, W′ is the proportion of the mass
of a certain species to the total, F is the proportion of the number of points of a certain
species to the total number of points investigated.

2.7.2. Fish Ecological Behavior Trait Analysis

The collected fish were divided into five categories according to their ecological habits.
The five categories were further divided into 16 subclasses as follows: migration types
included freshwater settlement type and river-lake migration type; trophic guild included
planktonic, carnivorous, omnivorous and phytophagous; spawning type included demersal
egg, pelagic egg, shellfish laying egg, drifting egg and adhesive egg; flow preference
included lotic type and lentic type; water layer explored included pelagic fishes, middle-
lower fishes and demersal fishes [42]. One-way ANOVA was conducted between the data
collected before and after the implementation of the project. p < 0.05 indicates significant
difference and p < 0.01 indicates extremely significant difference between each ecological
behavior trait.

2.7.3. Cluster Analysis of Fish Community Structure

Cluster analysis was conducted on the fish abundance in 12 quadrats composed
of various sampling points before and after the implementation of the project. The six
sampling points were marked as BPI-area I-1, BPI-area I-2, BPI-area I-3, BPI-area II-1,
BPI-area II-2, BPI-area II-3 before the project implementation and API-area I-1, API-area
I-2, API-area I-3, API-area II-1, API-area II-2, API-area II-3 after the project. First, the
reassembly analysis was carried out after the data table was established in PRIMER 7.0
software developed by Clarke and Gorley [43]. Through the Bray Curtis dissimilarity
method [44], the similarity matrix between quadrats was established and a cluster diagram
was drawn. Twelve quadrats were classified into groups and it was determined whether
the division of groups was credible using similarity test analysis. A significance level of
the sample statistic (Sig.) <0.05 indicated that it was credible [45]. In addition, nonmetric
multidimensional scaling (NMDS) was used to analyse the similarity matrix between
quadrats, and the stress coefficient was used to measure the effect of the NMDS two-
dimensional dot matrix distribution map. It is generally considered that the results are
very representative when stress < 0.05 and basically credible when 0.05 ≤ stress < 0.10 [46].
Similarity percentage (SIMPER) was used to measure the species composition difference
between groups, and to explore the main species causing the difference between groups and
their contribution to the dissimilarities [47]. Only species with a cumulative contribution of
70% for dissimilarities are presented.

3. Results
3.1. Analysis of Flow Characteristics
3.1.1. Hydromorphological Condition Verification

The field survey results after the implementation of the project showed that the velocity
at Area I had a water flow range of 0.29–2.45 m/s, with an average of 1.62 m/s (Figure 3a).
Because the flow velocity at Area II was too fast for the survey ship to enter, for safety
reasons, we measured the surface velocity near the river bank of Area II with a rotameter
instead, and the value was 4.30 m/s. This flow condition was similar to that of the inflow
velocity set as 4.0 m/s. Therefore, the simulation average flow velocity at v0 = 4.0 m/s of
Area I was compared with the ADCP measured result to test the accuracy. It was found
that the ADCP average velocity was an approximation of the simulation value (1.60 m/s),
with a minor difference of 0.02 m/s (see Supplementary Figure S4c for simulation velocity
distributions of the flow field at inflow 4.0 m/s). The bulk flow speed was matched between
the field measurements and the numerical simulation.
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Figure 3. Depth-averaged velocity from ADCP (Acoustic Doppler current profiler) field measure-
ments and the CFD (Computational fluid dynamics) model results. (a) Flow pattern diagram in
Area I scanned using an ADCP. Mapping was conducted following the methods of Fischer et al. [36].
(b) Flow velocity simulation result at inflow velocities v0 = 4.0 m/s.

3.1.2. Flow Field Simulation

Modelling the flow showed that there was an obvious water diversion phenomenon
when the water flowed through the gravel bars, with the part entering Area I with a
smaller velocity than in Area II (Figure 3b). It is noteworthy that the nephogram before
implementing the program indicated a more homogeneous water flow (Figure 4a). Due to
the water blocking effect of the gravel bars, the flow direction in Area I changed diversely.
By comparison, the flow in Area II was relatively fast with no obvious change in the flow
direction. A small eddy current structure and wake flow were formed between gravel bars.
Five large vortices were formed in Area I (Figure 4b). Moreover, it was seen that the shapes
of the vortex structure basically did not vary with the changes in the in-flow velocity. The
upwelling in the anticlockwise vortex was more obvious with a slightly higher velocity
than that in the clockwise vortices.

3.1.3. Turbulence Characteristics Simulation

It was found that the turbulent viscosity of Area I changed more greatly at different
inflow velocities than that at Area II. The average viscosity increased to 9.1 Pa s at Area I
compared with 4.6 Pa s at Area II as the inflow velocity was set at v0 = 3.0 m/s (Figure 4c).
Affected by the gravel bars, backflow and circulation were recreated in Area I, where the
flow field was more complex and disordered.
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Figure 4. The variation performance of gravel bar construction on the flow conditions and hydraulic
morphology heterogeneity in the fish habitat restoration project. (a) Nephogram of flow velocity
before the implementation of the project. The inflow velocity was set as v0 = 3.0 m/s. (b) Nephogram
of flow velocity at inflow velocities v0 = 3.0 m/s after the implementation of the project. (c) Changes
in turbulent viscosity at inflow velocities v0 = 3.0 m/s. The variation in turbulent viscosity at the
intersection of AA′, BB′, CC′, DD′ and the water surface was analysed to compare the turbulence
characteristics of Area I and Area II. (d) Velocity distributions of the flow field on cross-sections at
inflow velocities v0 = 3.0 m/s. AA′ and BB′ represent the current velocities at the water surface in
Area II, while CC’ and DD’ represent those in Area I. All simulations were conducted with the inflow
velocities of v0 = 2.0 m/s, v0 = 3.0 m/s, v0 = 4.0 m/s, and v0 = 5.0 m/s, respectively. This figure shows
the representative results when the inflow velocity was set at v0 = 3.0 m/s. Full details of the other
results are presented in the Supplementary Material (see Supplementary Figures S1–S4).

3.1.4. Velocity Distribution Simulation on Longitudinal Cross-Sections

Flow modelling showed that Area II presented a less variable and higher flow velocity
than Area I. The average velocities were 1.6, 2.4, 3.2 and 4.5 m/s at inflow velocities of 2.0,
3.0, 4.0 and 5.0 m/s, respectively. The average velocities at Area I were 0.7, 1.2, 1.6 and
1.8 m/s at inflow velocities of 2.0, 3.0, 4.0 and 5.0 m/s, respectively (Figure 4d).

3.2. Fish Resources
3.2.1. Fish Composition

The fish species collected before and after the implementation of the project are
provided in the Supplementary Material (see Supplementary Table S1).

It was found that the number of fish species was 40, the catch abundance was 670 and
the catch biomass was 19977.3 g before the implementation of the project. After the project,
the number of fish species was 49, the abundance was 1327 and the biomass was 32501.8 g.
One-way ANOVA results showed that there were significant differences in the number of
species (F = 5.066, p < 0.05) and the catch abundance (F = 4.856, p < 0.05) before and after
the project (Figure 5).
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Figure 5. Changes in total species numbers, total fish abundance and total biomass before and
after the implementation of the project. Error bars represent the standard deviation between all
samples collected within a year before and after the project. To compare the fish resource variation,
one-way ANOVA was conducted. The groups with significant differences (p < 0.05) are represented
by different lowercase letters (a, b), and those without significant differences are represented by the
same lowercase letters.

After the implementation of the project, nine more fish species were collected. The
number of rare and endemic fish species in the upper reaches of the Yangtze River increased
from 4 to 9. As a result, the proportion of these protected species among all the fish collected
increased by 8.37%. The analysis of the changes in fish species composition indicated that
few fish species were collected only before or after the implementation of the project
(Table 1). For rare and endemic fish species, Acrossocheilus monticolus was not caught, but
six additional species were collected after the project.

The calculation results of the relative importance index showed that there were
11 dominant and common fish species before the implementation of the project with a
corresponding total abundance of 577 and total biomass of 15,586.0 g. After the project, the
dominant and common fish increased to 15 species, with a total abundance of 1156 and a
total biomass of 27,148.6 g, respectively (Table 2).
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Table 1. Fish species caught only before the implementation of the project or after the project. “�”
indicates endemic fish; “N” indicates rare fish. “BPI” is the abbreviation of “before the implemen-
tation”; “API” is the abbreviation of “after project implementation”. Endemic or rare species were
classified according to Cao [10].

Species Rare and Endemic Fish Capture Period Abundance/Ind. Biomass/g

Monopterus albus (Zuiew) BPI 1 30.20
Acrossocheilus monticola (Günther) � BPI 2 35.80

Hemiculterella sauvagei � API 48 412.80
Ancherythroculter kurematsui (Kimura) � API 1 33.00

Xenocypris davidi (Bleeker) API 1 76.60
Culter mongolicus (Basilewsky) API 9 2095.20

Rhodeus sinensis (Kaer) API 7 130.10
Pseudobrama simoni (Bleeker) API 3 106.80

Procypris rabaudi (Tchang) � API 1 82.70
Squalidus argentatus API 17 207.70

Xenocypris yunnanensis (Nichols) � API 1 243.90
Acipenser dabryarus (Dumeril) N API 1 54.80

Rhinogobio ventralis (Savage et Dabry) � API 1 112.20

Table 2. Dominant and common species before and after project implementation, and their corre-
sponding abundance and biomass. Species with IRI > 1000 were considered dominant species while
species with 100 ≤ IRI < 1000 were defined as common species. “BPI” is the abbreviation of “before
the implementation”; “API” is the abbreviation of “after project implementation”.

Species
Abundance/

Ind. Biomass/g IRI

BPI API BPI API BPI API

Carassius auratus (Linnaeus) 135 224 3145 5105 2393 2353
Saurogobio dabryi (Bleeker) 69 230 1332 3329 848 1991

Hemiculter leucisculus (Basilewsky) 93 166 1742 2673 1632 1613
Cyprinus carpio (Linnaeus) 31 34 4029 4217 1102 691

Trilophysa bleekeri (Sauvage et Dabry) 77 107 346 369 808 613
Pseudolaubuca engraulis (Nichols) 34 59 825 1334 307 380

Culter ilishaeformis (Bleeker) 3 74 176 1770 \ 367
Culter mongolicus (Basilewsky) \ 9 \ 2095 \ 237
Abbottina rivularis (Basilewsky) 17 41 129 208 124 187

Rhodeus sinensis (Kaer) 8 29 54 161 \ 179
Ctenopharyngodon idellus (Cuvier et

Valenciennes) 2 9 1573 3082 \ 169

Hemiculterella sauvagei \ 48 \ 413 \ 163
Hemibarbus maculatus (Bleeker) 13 43 262 297 \ 139

Zacco platypus (Temminck et Schlegel) 12 15 898 1144 175 129
PelteobagrusVachelli (Richardson) 6 26 125 379 \ 122

Rhinogobius giurinus (Rutter) 39 21 196 78 302 \
Sinibrama taeniatus (Nichols) 19 13 248 263 136 \

Leiocassis crassilabris (Günther) 19 8 507 241 119 \

3.2.2. Fish Ecological Behavior Trait

The fish were divided into five categories according to their ecological habits: mi-
gration type, trophic guild, spawning type, flow preference and water layer explored,
which can be divided into 16 subcategories (Figure 6). Among them, the species numbers
of 10 subcategories increased after the implementation of the project. The differences
in freshwater settlement type (F = 4.227, p < 0.05), river–lake migration type (F = 6.359,
p < 0.05), demersal egg (F = 4.815, p < 0.05), omnivorous (F = 4.447, p < 0.05) and pelagic
fishes (F = 7.198, p < 0.05) were significant, while those of shellfish laying eggs (F = 11.769,
p < 0.01) and planktonic (F = 9.842, p < 0.01) were extremely significant before and after the
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project. For fish abundance, all 16 subcategories increased after the implementation of the
project. There were significant differences in freshwater settlement type (F = 4.007, p < 0.05),
demersal egg (F = 5.583, p < 0.05), drifting egg (F = 4.783, p < 0.05), omnivorous (F = 4.423,
p < 0.05), lentic type (F = 4.421, p < 0.05), pelagic fish (F = 6.117, p < 0.05), and middle–lower
fish (F = 4.422, p < 0.05) and extremely significant differences in river–lake migration type
(F = 9.140, p < 0.01), shellfish laying eggs (F = 7.611, p < 0.01), and planktonic (F = 11.703,
p < 0.01). For the biomass, fifteen subcategories increased after the implementation of
the project. There were significant differences in demersal egg (F = 4.231, p < 0.05), shell-
fish laying eggs (F = 5.514, p < 0.01) and extremely significant differences in planktonic
(F = 7.862, p < 0.01).
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Figure 6. Differences in fish ecological behavior traits before and after the implementation of the
project. The ecological habits of fish can be divided into 5 categories which can be specified into
16 subcategories. Error bars represent the standard deviation of each subcategory between all samples
collected within a year before and after the project. One-way ANOVA was conducted between the data
before and after the implementation of the project. “*” indicates significant difference (p < 0.05) and
“**” indicates extremely significant difference (p < 0.01). “B” indicates before project implementation;
“A” indicates after project implementation.

3.2.3. Analysis of Differences among Fish Communities

The cluster analysis results showed that the fish community could be divided into five
groups (groups A~ E) at the 65% similarity level (Figure 7). NMDS analysis indicated that
BPI-area II-1 and BPI-area II-2 were divided into group A; BPI-area II-3 was divided into
group B; API-area II-1, API-area II-2, and API-area II-3 were divided into group C; BPI-area
I-1, BPI-area I-2, and BPI-area I-3 were divided into group D and API-area I-1, API-area I-2,
and API-area I-3 were divided into group E. The results of the similarity single factor test
showed that the group division was credible with Sig. 0.1% (<0.05). The stress value shows
that the NMDS diagram was basically credible.
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Figure 7. Cluster analysis of the fish abundance in 12 quadrats composed of 6 sampling points
before and after the implementation of the project. “API-area I-1”, “API-area I-2” and “API-area I-3”
represent sampling point I-1, sampling point I-2 and sampling point I-3 after the project, respectively.
“BPI-area I-1”, “BPI-area I-2” and “BPI-area I-3” represent sampling point I-1, sampling point I-2
and sampling point I-3 before project, respectively. “API-area II-1”, “API-area II-2” and “API-area
II-3” represent sampling point II-1, sampling point II-2 and sampling point II-3 after the project,
respectively. “BPI-area II-1”, “BPI-area II-2” and “BPI-area II-3” represent sampling point II-1,
sampling point II-2 and sampling point II-3 before the project, respectively.

The results of SIMPER analysis (Table 3) showed that the dissimilarity rate between
group A and group B was 50.32%. The contribution rate of 8 fish species to the cumulative
difference between groups was 72.79%, including Trilophysa bleekeri (the average dissimilar-
ity between groups was 7.47, and the contribution rate was 14.85%), Hemiculter leucisculus
(the dissimilarity between groups was 7.16, and the contribution rate was 14.22%) and so
on. The dissimilarity rate between group A and group C was 52.22%. The contribution
rate of seven species to the cumulative difference between groups was 70.21%, including
Saurogobio dabryi (the average dissimilarity between groups was 10.07 and the contribution
rate was 19.28%), Hemiculterella sauvagei (the average dissimilarity between groups was
8.45 and the contribution rate was 16.18%) and so on. The dissimilarity rate between
group D and group E was 43.33%. The cumulative contribution rate of nine species of
fish to the difference between groups was 71.47%, including Saurogobio dabryi (the average
dissimilarity between groups was 7.33 and the contribution rate was 16.92%), Hemiculter
leucisculus (the average dissimilarity between groups was 6.12 and the contribution rate
was 14.13%) and so on.
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Table 3. SIMPER analysis of five groups of fish communities. Only species which sum > 70%
contribution to dissimilarities are presented. “\” indicates no data.

Species A Group and B Group A Group and C Group D Group and E Group

Av.Diss Contrib% Av.Diss Contrib% Av.Diss Contrib%

Trilophysa bleekeri (Sauvage et Dabry) 7.5 14.9 3.7 7.0 2.1 4.7
Hemiculter leucisculus (Basilewsky) 7.1 14.2 \ \ 6.1 14.1
Pseudolaubuca engraulis (Nichols) 4.7 9.4 \ \ 1.7 4.0

Carassius auratus (Linnaeus) 4.7 9.4 8.0 15.2 4.0 9.2
Liobagrus marginatus (Günther) 3.7 7.4 2.5 4.7 \ \
Abbottina rivularis (Basilewsky) 3.4 6.8 \ \ 1.7 3.9

Rhinogobius giurinus (Rutter) 2.7 5.4 \ \ 1.5 3.5
Sinibrama taeniatus (Nichols) 2.6 5.2 2.5 4.7 \ \
Saurogobio dabryi (Bleeker) \ \ 10.1 19.3 7.3 16.9

Hemiculterella sauvagei \ \ 8.5 16.2 \ \
Leiocassis crassilabris (Günther) \ \ 2.5 4.7 \ \

Culter ilishaeformis (Bleeker) \ \ \ \ 4.5 10.3
Hemibarbus maculates (Bleeker) \ \ \ \ 2.1 4.9
Cumulative contribution rate 72.8 70.2 71.5

4. Discussion
4.1. Projected Effect on Hydromorphology

More recently, river restoration projects have been well established at an increasing
rate in many regions to recreate habitats by improving substratum quality, especially
for spawning and recruiting [48–51]. The European Union reacted to the predicted loss
of biodiversity and resulting decrease in human well-being by proclaiming the Water
Framework Directive (WFD) in 2000 [52]. Within this framework, the effectiveness of all
river restoration techniques was comprehensively researched and detected [53–55]. To
increase the possibility of successful restoration of fish habitats in the Yangtze River, we
considered all major restoration efforts in successful cases. Finally, we opted for habitat
restructuring to stabilize river morphology, which has proven to be a powerful tool to
combat hydromorphological degradation [56–58]. A series of gravel bars functioning
as water current regulation facilities were constructed in a side channel on the Yangtze
River. The results of the numerical computational simulation showed that compared with
Area II, the construction of the gravel bars effectively changed the flow velocity in Area
I. Under the condition of an inflow velocity of 2.0–5.0 m/s, the average velocity of Area
I was approximately 0.7–1.8 m/s. The field survey using ADCP results also verified the
accuracy of the computer simulation data. This approach was very suitable for the survival
of protected fish in the reach. Other studies have shown that the survival of river fish
is highly dependent on hydrodynamic and morphological conditions, and the hydraulic
state of these two aspects is determined by the topography of the habitat [57,59]. In this
study, the gravel bars built based on the theory of habitat geomorphology diversity [60]
improved the hydrodynamic environment of fish survival. Eddy structures, turbulent
flows and upwelling were formed in the restoration project. Because vortices have field
characteristics and absorb material, this low-speed turbulent vortex structure was helpful
for fish assemblages. Recreated backflow and circulation made the flow field more complex.
These are important hydraulic conditions for improving fish diversity. The erosive forces
potentially caused by the vorticity increase are one of our key considerations. The stability
of the gravel bars is being monitored. So far, all the gravel bars have remained stable because
the gravels we deployed were relatively large (10~60 cm). The expected half-life of the
gravel bars is about 15 years. Additionally, the project was implemented in a side channel
which discharged into the trunk stream from downstream. So, the sharp contrast in flow
between the two areas is less likely to influence the biological connectivity downstream.
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4.2. Projected Effect on Fish Species

Our results showed that the main aim of the restoration measures to physically increase
habitat diversity was met, and more natural river structures were created. This led to a
greater variety of habitats and higher microhabitat diversity, increasing the availability
of good potential spawning and nursing habitats [61]. Fish species diversity increases
with the diversity of hydraulic morphology, which is determined by the topography and
geomorphology of the habitat [62–68]. Therefore, the foundations for a positive impact on
the fish fauna were laid. After the implementation of the project, nine additional kinds
of fish were collected, and six species of them were target species of protected fish in the
upper reaches of the Yangtze River. Among them, Yangtze sturgeon (Acipenser dabryanus)
is a national first-class protected wild animal [10]. The results showed that the response
of fish assemblages to river restoration was positive, especially for rare and endemic fish
in the upper reaches of the Yangtze River. In comparison, the catch biomass was 1.63-fold
higher than that before the implementation of habitat restoration, indicating that habitat
restoration could increase fish resources by providing a variety of habitats supporting
different ecological types of fish.

The results showed that our hypothesis that river restoration will lead to an increase
in fish abundance was supported. Most of the species of conservation concern in the reach
are small-bodied rheophilic fishes [66]. Compared with stagnophilic species, rheophilic
fishes are much more dependent on the river flow regime and more sensitive to hydraulic
condition changes [68]. Restoration projects created more stable and suitable water current
velocities by increasing physical habitat structure heterogeneity [68,69]. It was found
that the turbulent viscosity changed greatly as the project was implemented in this study.
Turbulent viscosity refers to the strong vortex diffusion and cascade dispersion caused by
random fluctuation when the fluid flow is in the turbulent state. It is an important parameter
used to characterize the turbulence. Its mechanism is that the vortex drives the fluid
particles to move randomly, resulting in a strong momentum transfer rate, which makes the
apparent viscosity far greater than the viscosity at the molecular level. Backwaters recreated
by gravel bar reconfiguration are essential environmental factors that are required for the
survival of rheophilic fish. If the flow is too slow, fish eggs will sink to the bottom and
die. If the flow is too fast, larval and juvenile fish will be flushed out of the habitat [70–73].
Therefore, adaptations in this research attempted to modify flow patterns to more natural
conditions and could provide nursery areas for larval and juvenile fish and shelters for
small-bodied fish such as Hemiculterella sauvagei [74–79]. More heterogeneous habitats
with diverse, near-natural flow velocities and water depth gradients indicated strong fish
assemblages in the Yangtze River.

4.3. Summary and Future Research Recommendations

The results of our research suggest that river restoration significantly enhanced fish
habitat conditions in the Yangtze River. Moreover, a positive effect of a restoration project
was found on fish diversity and abundance. The adopted measure succeeded in re-
establishing key abiotic factors befitting to fish species targeting. Fish habitat use is highly
variable between years [79]. Furthermore, it takes several years for fish habitat restoration
to reach an ecological balance and self-sustainability (generally 5 to 8 years). Therefore,
long-term monitoring of fish community status variation should be included to fully un-
derstand restoration effects. Finally, we strongly suggest that many more other restoration
measures should be conducted in the Yangtze River to protect fish following the differ-
ent ecological guides and life strategies. This diverse approach is crucial for identifying
the most feasible measures to reach the objective of a “good ecological potential” in the
Yangtze River.
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