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Abstract: After the completion of the Three Gorges Reservoir (TGR), there was a significant and
drastic transformation of the original river habitat. These changes led to the loss of the original
fish habitat and the emergence of a new habitat. To effectively classify and assess fish-spawning
habitats in the TGR, a novel coastal complexity index (CCI) was developed. The CCI was formulated
utilizing satellite remote sensing data and considering the river coastal line and river centerline on the
river-reach scale. By integrating the CCI with river morphology, five river habitats were identified:
the backwater bay, point bar, straight river channel, convex-bank point bar, and concave-bank deep
pool. In order to evaluate the suitability of these habitats for sticky-egg-spawning fish, a single-
factor habitat suitability curve was constructed using three key habitat factors: the CCI, slope, and
vegetation coverage. This process involved the employment of two distinct methods: the habitat
utilization method and the habitat preference method. The former only considered the survey data
of spawning grounds, while the latter integrated the overall distribution of habitats in the TGR.
Subsequently, a habitat suitability index (HSI) was established to assess the overall suitability of
the identified habitats for sticky-egg-spawning fish. The results demonstrated a high classification
accuracy, with the backwater bay representing the most prevalent habitat type, accounting for 43.31%
of the total habitat types. When considering slope and vegetation coverage, the optimal ranges
obtained through the two habitat suitability analysis methods were similar. However, for the CCI,
there were variations in the optimal ranges obtained using the two methods. The habitat utilization
method indicated an optimal interval of 2—4, while the habitat preference method provided an
optimal interval of 4-8. Nonetheless, the assessment results for the spawning habitats’ suitability
using both methods yielded essentially identical outcomes. Specifically, the backwater bay, convex-
bank point bar, and concave-bank deep pool habitats exhibited higher suitability for spawning than
point bar and straight river channel habitats. Further analysis revealed that approximately 75% of the
230 identified backwater bays were categorized as high-quality or higher-quality spawning habitats.
In the time since this research was conducted, its findings have served as a theoretical foundation for
the protection of aquatic biological resources and habitats.

Keywords: habitat classification; coastal complexity index (CCI); remote sensing; habitat suitability;
Three Gorges Reservoir (TGR)

1. Introduction

The Three Gorges Reservoir (TGR) is an important ecologically sensitive area in
China [1]. The reservoir began to store water in 2003 and reached its normal water level of
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175 m in 2010. With the construction of the TGR, the water body has changed dramatically
from “river facies” to “river reservoir”, resulting in great changes in the surrounding
ecosystem’s structure, processes, and function. In recent years, an increasing number of
studies have been published on the ecosystem and habitat of the TGR, including habitat
quality evaluation [2,3], habitat suitability analysis [4,5], the ecological operation of the
reservoirs [6-8], and the impacts of riparian vegetation [9,10]. However, the TGR contains
reservoirs and many tributaries, and the relevant aquatic habitats and ecosystems are
complex. It is necessary to study the key habitats of aquatic organisms by studying the
classification of physical habitats, understanding the relationship between physical habitats
and functional habitats, and analyzing and evaluating the suitability of different types of
habitats [5].

With the exploration of river structures, processes, and functions, the classification of
river habitats has gradually developed. Early river classification studies were mainly based
on river plane morphology [11] or the characteristics of hydrodynamic processes [12] on the
macro-scale. Subsequent research has been carried out from the macro- to micro-scale. The
classification of river habitats is mainly based on the characteristics of river geomorphology,
hydrology, and ecology. Habitat classification using Rosgen’s method is the most common
approach. In this method, rivers are divided into categories I, II, and III [13]. Bisson’s
classification is mainly based on water depth, current velocity, riverbed topography, and
water surface slope [14]. In addition, there are many studies using the index system, and
methods of river habitat classification were constructed based on stream order, elevation,
slope, sinuosity and river network density, water quality, and flow patterns [15-17]. River
habitats can be divided into riverway habitats and riparian habitats. Most of the above
studies analyzed the habitat units in riverways, with few studies exploring classification
based on river shoreline morphology.

River habitat classification refers to the description and management of river topog-
raphy and riverbank morphology [18]. Understanding the spatial distribution of these
habitat types is crucial for assessing the ecological significance and functioning of ripar-
ian ecosystems. It provides insights into the availability and arrangement of different
habitats, which are essential for various ecological processes and the overall health of the
riverine environment. The study of habitat function can help us to establish the relation-
ships between ecological factors and fish habitats (such as spawning grounds). In habitat
function research, habitat suitability analysis can be used to predict the possible areas
of fish distribution and assess the suitability of different habitats [19]. For example, the
suitability of the spawning habitat of lake trout can be analyzed based on water depth,
sediment, and current velocity; these data can then be used to locate spawning populations
in rivers [20]. In a previous study, the habitat suitability of four domestic fish species was
evaluated based on the parameters of water quantity, water level, water temperature, and
flow velocity [21]. Five environmental variables—sea surface temperature (SS5T), mixed
layer depth (MLD), sea surface height anomaly (SSHA), chlorophyll-a concentration (CHA),
and ocean bathymetry (BAH)—were used in another study to predict habitat suitability
index values [22]. The above-mentioned studies on habitat suitability mostly investigated
hydrological characteristics and water physical and chemical properties, such as water
depth, sediment, river current, riverbed morphology, and environmental characteristics.
However, to our knowledge, there are few studies on the habitat suitability evaluation of
sticky-egg-spawning fish based on habitat classification results, and no relevant reports
have been found thus far.

In view of these issues, we aimed to address several challenges by developing a
method for classifying riparian habitats using remote sensing data and focusing on riparian
morphological characteristics. The primary objective was to assess the suitability of these
habitats for sticky-egg-spawning fish, offering a more efficient and cost-effective alternative
to traditional field survey methods. In order to achieve this goal, a coastal complexity
index was constructed based on water body vectors and the river center, enabling the
classification of riparian habitats. By integrating this index with river morphology, five
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distinct riparian habitat types were identified. Subsequently, the suitability of these habitats
for sticky-egg-spawning fish was analyzed using two methods: the habitat utilization
method, and the habitat preference method. The findings of this study have practical
implications for habitat management and aquatic habitat protection. The results provide
valuable insights and support this new method for the classification of riparian habitats,
which can contribute to the development of more effective habitat management strategies.

2. Materials and Methods
2.1. Study Area

The TGR is located in the upper reaches of the Yangtze River, China, having a humid
monsoon climate in the middle subtropical zone, with an average annual temperature
range from 17 to 19 °C. When the water level of the reservoir reaches 175 m, the water
area expands to 1084 km?, with a total storage capacity of 39.3 billion m? [23,24]. The main
stream of the Yangtze River crosses the TGR area from west to east. The study area starts
from Mudong Town, Banan County, Chonggqing (106°47'56.789" E, 29°35'29.962" N), in the
west and extends to the Three Gorges Dam (111°00'0.068” E, 30°49'34.815” N) in Yichang
City, Hubei Province, in the east. The study area represents the main channel of the TGR,
excluding tributaries, with a length of approximately 573.46 km (Figure 1).
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Figure 1. Study area. The legend represents the extraction results of the water body information and
the lower right corner shows the Yangtze River Basin.

2.2. Data Acquisition and Processing
2.2.1. Satellite Data Acquisition and Preprocessing

RapidEye and Sentinel-2 satellite (Table 1) data from the same period as the field
survey data (March to April 2017) were utilized to extract water body information for the
TGR. The RapidEye data were received from the data provider, covering a spectral range
of 440-850 nm with a spatial resolution of 5 m. The data acquired imagery in five bands
(i.e., blue, green, red, red edge, and near-infrared) [25]. The Sentinel-2 data were down-
loaded from the ESA Sentinel-2 Pre-operation Hub (https://scihub.copernicus.eu/,
accessed on 1 March 2021). The spatial resolution of the blue, green, red, and near-infrared
bands was 10 m [26]. The images underwent preprocessing steps, including orthorectifica-
tion, geometric correction, atmospheric correction, and resolution resampling (resampling
to 10 m), to derive surface reflectance data.
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Table 1. RapidEye and Sentinel-2 satellite spectral band parameters.

RapidEye Sentinel-2
Band Centre Wavelength ~ Bandwidth ~ Centre Wavelength Bandwidth
Blue 475 70 490 65
Green 555 70 560 35
Red 657.5 55 665 30
Red edge 710 40
Near Infrared 805 90 842 115

2.2.2. Extraction of Water Body Information

Based on the differences in reflectance between water bodies and other objects in the
near-infrared band, the Normalized Difference Water Index (NDWI) is constructed. The
NDWI combines the green band and near-infrared band, which effectively enhances water
body information while suppressing vegetation information. The NDWI can be used to
identify water and other objects and is commonly used to extract water body information.
The calculation method is shown in Formula (1) [27,28]:

p(Green) — p(NIR)

NDWI= p(Green) + p(NIR)

)

where p(Green) represents the reflectance of the green band, and p(NIR) represents the
reflectance of the near-infrared band. River water body information was extracted using
the Otsu method [29], and the results are shown in Figure 1.

2.2.3. River Centerline

The centerline of a river plays a crucial role in capturing its characteristics, such as
its trends, length, longitudinal gradient, and bending coefficient. In this study, the river
centerline was manually drawn based on the extracted river water body vector information.
In addition, the estimated river width was approximately 939 m. This information served
as fundamental data for the classification of riparian habitats on the river scale.

2.2.4. Field Data

In the Wanzhou to Yunyang reach of the TGR, fish eggs, larvae, and juveniles were
collected along the riverbanks using hand nets from March to April 2017. Most fish in
the TGR produce sticky eggs, which adhere to Bermuda grass (Cynodon dactylon) [30,31].
The specific survey method was based on the resources used in the early life stages of fish
species with sinking and sticky eggs [32]. Specifically, for fish that use plants as a spawning
substrate, we picked the fish eggs attached to them. Then, the areas where the eggs and
larvae were collected were identified as the sticky-egg-spawning grounds.

2.3. Riparian Habitat Classification

On the river scale, riparian habitats can be categorized into five types based on the
morphology of the river shoreline. These types include the backwater bay, point bar,
straight river channel, convex-bank point bar, and concave-bank deep pool. The backwater
bay refers to an area where the water flow is slow. The point bar represents a jagged beach
on a straight river, with isolated beaches. The convex bank at a bend in the river forms a
point bar with a gentle slope, while the concave bank undergoes scouring and forms a deep
pool [33].

To classify the riparian habitats, the coastal complexity index (CCI) was developed,
taking into account the differences in shoreline length among the three habitat types: the
backwater bay, point bar, and straight river channel. The CCI considers the length of both
the river shoreline and the centerline. The calculation method for the CCl is illustrated in
Formula (2):

CCI=C/L, 2
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where C and L represent the lengths of the river shoreline and centerline, respectively. A
higher CCI value indicates greater coastal complexity. When the CCI is equal to or greater
than 2, the riparian habitat type is classified as a backwater bay. When the CCl is equal to
or greater than 1.5 and less than 2, the habitat is a point bar. When the CCl is less than 1.5,
the habitat is a straight river channel. It should be noted that the point bar and straight
river channel habitat types apply to straight sections of the river.

For concave-bank deep pools and convex-bank point bars, these two habitat types
occur in curved river sections. It is worth noting that these two habitat types are related to
shoreline morphology and geometric shape, and it is generally believed that concave banks
form deep pools and convex banks form point bars. In this study, the CCI was not used
to identify these two habitats. The classification of these two habitat types is determined
by the geometric shape of the coastline, with convex banks bending into the rivers and
concave banks bending into the land. Figure 2 illustrates the five typical habitat types.
Finally, the number, proportion (Formula (3)), and density (number of habitat types per
kilometer, Formula (4)) of each habitat type were calculated. We also calculated the CCI
values for all the habitat types:

proportion = N/TN, (©)]
density = N/TL, 4)

where N, TN, and TL represent the number of a certain habitat type, the number of habitats
of all types, and the total length of the river centerline in the TGR, respectively.

convex-bank point bar J; }

(e

backwater bay point bar straight river channel concave-bank deep pool

Figure 2. Schematic diagram of the 5 habitat types.

2.4. Suitability of Spawning Habitats

Using the three habitat factors of the CClI, slope, and vegetation coverage [34], in
combination with the survey data obtained from the sticky-egg-spawning grounds of the
fish, a univariate factor habitat suitability curve was constructed for the TGR. The slope and
vegetation coverage values were the average values within the riparian range of the 50 m
buffer zone surrounding the habitat unit. Slope, as an angle of inclination to the horizontal
plane, has values in the range of 0 to 90. In this study, the slope was calculated using
DEM data. For vegetation coverage, we used the normalized difference vegetation index
(NDVI) parameters as the main input parameters and a pixel binary model to perform the
calculation, with the result expressed as a percentage.

In this study, we used the habitat utilization method and habitat preference method [35],
respectively, to construct a univariate habitat suitability curve. The habitat suitability value
obtained with the former is called the use value, while the value of the latter is the pref-
erence value. It should be noted that the habitat utilization method only considered the
survey data of the spawning grounds and was mainly based on the frequency distribution
of habitat characteristics, while the habitat preference method integrated the overall dis-
tribution of habitats in the TGR. Then, using the arithmetic average method, the habitat
suitability index (HSI) was calculated by combining the habitat suitability curves of the
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three factors with the same weight [36,37]. The calculation method for the HSI is shown in

Formula (5):
HSI = (IS + IV + ICCI)/Br (5)

where Ig, Iy, and Iccy represent the habitat suitability value of slope, vegetation coverage,
and the CCI, respectively. The HSI value is based on hypothesized species-habitat rela-
tionships rather than proven cause-and-effect relationships. It can reflect the suitability
of a certain area as a fish habitat, with a range from 0 to 1; the larger the value is, the
higher the suitability is. The value also serves as a basis for improved decision mak-
ing and an increased understanding of species-habitat relationships. In this study, the
following classification criteria were applied: an HSI in the range of 0-0.25 indicates a
low-quality spawning habitat, 0.25-0.5 represents a medium-quality spawning habitat,
0.5-0.75 denotes a high-quality spawning habitat, and 0.75-1 represents a higher-quality
spawning habitat. The HSI calculated using the habitat utilization method is recorded as
the HSI_use value, while the HSI calculated using the preference method is recorded as the
HSI_preference value.

3. Results
3.1. Spatial Distribution of Habitat Types in the TGR

The spatial distribution of different habitat types in various sections of the TGR is
shown in Figure 3. It can be observed that the backwater bays are widely distributed,
whereas point bars or straight river channels are relatively scarce. The backwater bays
exhibit longer lengths and larger scales from Badong to Zigui, while they are shorter
from Yunyang to Fengjie. Conversely, point bars and straight river channels are widely
distributed in the Yunyang to Fengjie section. Convex-bank point bars and concave-
bank deep pools are predominantly found in the Fuling, Zhongxian, and Wanzhou river
sections. Through visual interpretation of the riparian habitats, it was found that the visual
interpretation results were similar to the classification results based on the riparian habitat
classification method, indicating that the accuracy of riparian habitat classification in this
study was high.
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Figure 3. Spatial distribution of habitat types in the Three Gorges Reservoir, China. (a) Spatial

distribution of habitats in the main stream of the Three Gorges Reservoir; (b) habitat types in the
Wanzhou-Fengjie section; (c) habitat types in the Wushan-Zigui section.

Table 2 shows the statistical results of the number, proportion, and density of habitat
types in the TGR. The results show that the backwater bay is the main habitat type observed
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in the TGR (accounting for 43.3% of the total number of habitat types, with an average of
approximately 0.4 per kilometer), followed by point bars (18.3% and 0.17) and straight river
channels (17.3% and 0.16). The concave-bank deep pools and convex-bank point bars are
distributed almost symmetrically, with 57 and 55, respectively (around 10% and 0.10).

Table 2. The results according to habitat type in the Three Gorges Reservoir, China.

Habitat Type Number Proportion/(%) Density
Backwater bay 230 43.3 0.40
Point bar 97 18.3 0.17
Straight river channel 92 17.3 0.16
Convex-bank point bar 55 104 0.10
Concave-bank deep pool 57 10.7 0.10

3.2. Habitat Factor Analysis of Spawning Grounds

Through laboratory identification, we found that the collected sampling species pri-
marily consisted of carp (Cyprinus carpio) and crucian carp (Carassius auratus). Taking
habitat type as the research unit, the field survey results revealed a total of 27 spawning
grounds for fish with sticky eggs, including 14 spawning grounds in backwater bays, 2
in point bars, 2 in straight river channels, 5 in convex-bank point bars, and 4 in concave-
bank deep pools. The statistical results of the maximum and minimum values of slope,
vegetation coverage, and the CCI corresponding to each habitat type are shown in Table 3.

Table 3. Statistical table of the habitat types and habitat factors of spawning grounds in the investi-
gated river section.

Number of Slope/(°) Vegetation Coverage CCI

Habitat Type .
Spawning Grounds Min Max Min Max Min Max
Backwater bay 14 8.98 23.02 0.39 0.73 2.16 8.98
Point bar 2 25.64 32.12 0.41 0.52 1.52 1.77
Straight river channel 2 26.15 30.40 0.48 0.49 1.34 1.45
Convex-bank point bar 5 13.03 21.71 0.30 0.65 1.59 2.30
Concave-bank deep pool 4 14.86 20.82 0.52 0.63 2.40 4.66

It can be seen from Table 3 that there are significant variations in slope and the
CCI among the different habitat types, while the difference in vegetation coverage is
relatively small. For the slope, its value is less than 35° overall, with a minimum value of
approximately 9° for backwater bays and 15° for convex-bank point bars and concave-bank
deep pools. On the other hand, the point bar and straight river channel types exhibit larger
slopes. The vegetation coverage of each habitat type is no less than 30%, with backwater
bays having the highest maximum value of 73%. The CCI of backwater bays is the highest,
with a maximum value of approximately 9. In contrast, the CCI values of the point bars
and the straight river channels are below 2, indicating a simpler shoreline structure in the
straight river channels. The CCI range of convex-bank point bars is smaller than that of the
concave-bank deep pools.

To further analyze the distribution of sticky-egg-spawning grounds in different ranges
of slope, vegetation coverage, and the CCI, the number of spawning grounds for each
habitat factor was counted at different intervals, and the results are shown in Figure 4.
The X-axis represents the different interval ranges of slope, vegetation coverage, and the
CCI, while the Y-axis represents the number of spawning grounds in the habitats within
different interval ranges.
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Figure 4. Distribution histogram of spawning grounds at different intervals for three habitat factors:
(a) slope; (b) vegetation coverage; and (c) the CCL The X-axis represents the different interval ranges
of slope, vegetation coverage, and the CCI, while the Y-axis represents the number of spawning
grounds in habitats within different interval ranges.

For the number of spawning grounds, the slope is concentrated in the range of 10-20°,
the vegetation coverage is in the range of 40-60%, and the CCl is in the range of 2—4. In
the above three ranges, the number of sticky-egg-spawning grounds is no less than 13,
accounting for approximately 50% of the total number.

3.3. Habitat Suitability Index Curve

The use values and preference values of the three habitat factors—namely, the slope,
vegetation coverage, and CCl—in the sticky-egg-spawning grounds are shown in Figure 5.
The X-axis represents the different interval ranges of slope, vegetation coverage, and the
CClI, while the Y-axis represents the habitat suitability (use value and preference value)
of a single variable. The change trends of the usage curve and preference curve for slope
and vegetation coverage are similar. With an increase in the slope and vegetation coverage
value, both the usage value and preference value initially increase and then decrease,
showing a consistent pattern. The curves for slope and vegetation coverage align well with
each other. However, for the CCl, although the two curves show a trend of first increasing
and then decreasing, the region where the curves reach their maximum values differs
between the two.
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Figure 5. The usage and preference values of spawning grounds for a single variable: (a) slope;
(b) vegetation coverage; (c) CCIL.

From a suitability point of view, when the slope is in the range of 10-20°, the use value
and preference value are the highest. When the slope is 20-30° or 30—40°, the values of
the two methods are different, with a use value of 0.50 or 0.13 and a preference value of
0.72 or 0.70, respectively. For vegetation coverage, the maximum values for both use and
preference are observed in the range of 40-60%. When the vegetation coverage is 60-80%,
the difference between the use value and the preference value is the largest, at 0.32 and
0.61, respectively. For the CCI, the maximum usage value corresponds to a range of 2—4,
while the preference value is 6-8. In the range of 2—4, the preference value is approximately



Sustainability 2023, 15, 12773 9of 15

0.58, while in the range of 6-8, the usage value is only approximately 0.15. In summary, we
believe that when the use value and preference value are maximal, the corresponding range
of slope, vegetation coverage, and the CCI indicates a more suitable spawning habitat for
sticky-egg-spawning fishes.

3.4. Mapping the Suitability of Spawning Habitats

The prediction results for the suitability of the habitats of sticky-egg-spawning fish in
TGR using the HSI_use value and HSI_preference value are shown in Figure 6. The predic-
tion results obtained using the two methods are fundamentally identical. The results show
that there are more regions with high-quality sticky-egg-spawning habitats. Moreover, the
suitability of sticky-egg-spawning habitats in the Fuling-Yunyang River section is higher.
The HSI_preference value slightly exceeds the HSI_use value, and the HSI_preference value
indicates fewer regions in low-quality spawning habitats.
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Figure 6. Spatial distribution map of fish-spawning habitat suitability in the Three Gorges Reser-
voir. (a) Three Gorges Reservoir subsection HSI_use value; (b) Three Gorges Reservoir subsection
HSI_preference value.
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The prediction results were validated using data from eight sticky-egg-spawning
grounds in the Fengdu County-Wanzhou District and Yunyang County—Badong County
sections of the TGR. The HSI_use value was found to be lower than the HSI_preference
value. The accuracy of the HSI_use value predictions is approximately 75%, while that of
the HSI_preference value is around 87.5%.

The numbers of different sticky-egg-spawning habitat types in the low-, medium-,
high-, and higher-quality categories are shown in Figure 7. High-quality and higher-quality
spawning habitats were predominantly concentrated in backwater bays, convex-bank point
bars, and concave-bank deep pools. In terms of the HSI_use value and HSI_preference
value, backwater bays accounted for approximately 74.35% and 81.30% of the high-quality
and higher-quality spawning habitats, respectively. Concave-bank deep pools accounted
for 90%, while convex-bank point bars accounted for approximately 70%. The spawning
habitats in the point bars were concentrated in the middle-quality and high-quality areas.
For the straight river channels, no higher-quality spawning habitats were found; instead,
these areas showed mostly low-quality and medium-quality spawning habitats, with the
HSI_use value and HSI_preference values accounting for 75.00% and 58.70%, respectively.
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Figure 7. Statistical map of fish-spawning habitat suitability in the Three Gorges Reservoir:
(a) HSI_use value; (b) HSI_preference value.

To summarize, both methods were found to accurately predict the suitability of
habitats for sticky-egg-spawning fish in the TGR. The spawning habitats of backwater
bays, convex-bank point bars, and concave-bank deep pools were concentrated in the
high-quality and higher-quality regions, mainly in the Fuling—Yunyang section. The habitat
suitability of point bar and straight river channel environments was low.

4. Discussion
4.1. Comparison of River Habitat Classification Methods

Due to the complexity of river habitats and the different academic backgrounds
and application aims of researchers, our understanding of river habitats is diverse. The
characteristics of river habitats are affected by geomorphology, precipitation, temperature,
development history, and other factors [38,39]. There is no uniform standard for river
habitat classification due to the spatial heterogeneity of various factors [40]. For example,
based on the stream order, elevation, slope, sinuosity, and river network density, the
habitats in the Chishui River basin were divided into six sub-groups: steep tributaries,
high-altitude headwater habitats, upstream dense river net habitats, midstream low-curved
habitats, low-altitude estuary tributaries, and downstream flat habitats [15]. The habitats in
the Taizi River basin were divided into five classes (excellent, good, fair, poor, or seriously
polluted) based on water quality [17]. In addition, based on the morphology of the river’s
geomorphic and water conservancy properties, the habitats were divided into rapids and
slow-flowing units [41]. Both the index selection and classification results were diverse in
the above analyses. In this study, a CCI was constructed based on the characteristics of
the shoreline. The CCI can be used to describe the complexity of the shoreline. Based on
the index and morphological parameters, riparian habitats were divided into five types:
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backwater bays, point bars, straight river channels, convex bank point bars, and concave
bank deep pools. This classification method achieved good results for the shoreline habitat
classification of the TGR and has reference value for research on other reservoirs (especially
river reservoirs). In future research, the applicability of the classification of natural river
riparian habitats will be tested further.

4.2. Assessment Methods for Habitat Suitability

The construction of a suitability curve of key factors is an important task in fish
functional habitat suitability assessment [2,42]. Previous studies have found that water
depth, velocity and sediment, vegetation coverage, and slope, among other factors, are
commonly used for assessing habitat suitability [43—47]. In this study, the CCI, vegetation
coverage, and slope were selected to construct the habitat suitability curve. The advantage
of this approach is that no field measurements are required, and the three indicators can
be quickly obtained through remote sensing data, enabling continuous observations over
a large range. In addition, the CCI can characterize the river shoreline complexity and
flow velocity along the shore. The larger the CCI value is, the more complex the shoreline
is, and the smaller the shore velocity is. Vegetation is the main spawning medium for
sticky-egg-laying fish. Additionally, the slope has an impact on the velocity and depth of
the river bank. In this study, we did not employ the current mainstream habitat suitability
models, because it is difficult to obtain continuous and large-scale data for parameters such
as velocity and water depth.

There are many studies on habitat utilization methods for constructing habitat suit-
ability curves [47-49]. However, the proposed method is based on frequency distribution,
which can be obtained from the habitat use of the target species in a specific life stage, with-
out considering the availability of a given habitat type. In this study, the habitat utilization
method and habitat preference method were compared. The former only considered the
survey data of spawning grounds, while the latter integrated the overall distribution of
habitats in the TGR, considering the availability of a given habitat type. For slope and
vegetation coverage, the optimal ranges of the two methods were found to be consistent,
but the value of the habitat preference method was larger in the other intervals. For the CCI,
the optimal range of the two methods was different. When the use value is the maximum,
the corresponding CCl is 24, while when the preference value is the maximum, the CCI is
6-8 (Figure 5). This is because, when considering the distribution of all habitats in the TGR,
the number of habitats within the 6-8 range of the CCl is less than that within the 2—4 range.
That is to say, when the CCl is 6-8, the proportion of this habitat number to the number of
all habitats is lower compared to the proportion with a CCI between 2 and 4. This decrease
in the habitat proportion may lead to an increase in the preference values, consequently
resulting in different CCI ranges when both the use value and preference values are at
their maximum. In practical applications, appropriate indicators and methods should be
selected for the habitat simulation according to different purposes and research scales.

In addition, it should be pointed out that the survey results of the spawning grounds
in this study were consistent with our expectations; the largest number of spawning ground
habitats were located in backwater bays, while the point bars and straight river channels
had the fewest spawning grounds (Table 3). However, the limitation of our study was
that only one year’s worth of spawning ground survey data were available, and long-
term survey data were lacking. The number and stability of spawning ground data could
potentially influence the accuracy of our habitat suitability assessment. In future research,
we intend to address this limitation by conducting ongoing investigations of spawning
grounds and incorporating long-term survey data for a more comprehensive analysis.

4.3. Application Prospects

With the utilization of rivers, the number of reservoirs is increasing, and the pro-
tection of fish resources in reservoirs has attracted the attention of researchers [50-54].
The application prospects of the main results of this study concern two aspects: (1) the
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zoning protection of important habitats, and (2) the protection of backwater sections in
the tributaries.

The prediction results for the suitability of the spawning habitats showed that ap-
proximately 75% of the 230 backwaters had an HSI value greater than 0.5, indicating the
presence of high-quality or higher-quality spawning habitats. There are many widely dis-
tributed backwater bay habitats in the TGR, most of which are suitable sticky-egg-spawning
grounds. Therefore, the protection of habitats in backwater bays is of crucial importance
and should be strengthened in the future. In addition, the water level of the main stream
rises as the water returns to the tributary estuaries, which slows the flow velocity of the
tributaries. The tributaries can change from river channels into backwater bays, and their
water environments and species diversity can also be affected [55-57]. In habitat protection,
in addition to paying attention to the reservoir itself, the inflow tributaries also represent
key areas required for fish to complete their lifecycles. The comprehensive consideration of
tributaries, reservoir basins, and river basins will help to improve the effective management
of the fish populations, communities, and habitats in the reservoir.

In this study, the main stream of the TGR was investigated, but we still employed
the habitat classification methods for tributaries and river basins. In future research, we
will focus on differences between habitat types in different inflow tributaries and provide
a scientific basis for the habitat protection of aquatic biological resources, as well as the
sticky-egg-spawning habitats of fish.

5. Conclusions

This paper proposes a novel approach for classifying river habitats, resulting in the
identification of five distinct habitat types: the backwater bay, point bar, straight river
channel, convex-bank point bar, and concave-bank deep pool. A habitat model was
developed to assess the suitability of these habitats as spawning grounds for sticky-egg-
laying fish. The results demonstrate a high accuracy in habitat classification, highlighting
backwater bays as the predominant habitat type in the TGR. This study shows that the
C(I, slope, and vegetation coverage can be used to evaluate spawning habitat suitability,
achieving good results. Our analyses indicate that the backwater bay, convex-bank point bar,
and concave-bank deep pool areas exhibit high suitability for the spawning of fish, whereas
point bar and straight river channel areas show lower suitability in the TGR. Moreover,
the presented method provides a valuable foundation for further research assessing fish
habitat suitability and can also be applied to evaluate habitats in other rivers.
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