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Hydrologic (water temperature) and hydrodynamic (water depth, flow velocity,
and Froude number) factors affect fish spawning activities, and spawning
grounds provide suitable hydrologic and hydrodynamic conditions for fish
spawning to occur. However, locating fish spawning grounds is encumbered
by uncertainty, particularly for pelagic spawners. This may be because such fish
species have unique hydrologic and hydrodynamic requirements during their
spawning periods, resulting in the wide-ranging approaches used to locate
their spawning grounds. Accordingly, this study was designed to accurately
locate fish spawning grounds through means of spatial suitability evaluation.
For this experiment, the four major “Asian carp” target species were selected in
the Dongta spawning reach, a tributary of the Pearl River. First, we investigated
the historical information on the location of the spawning reaches. An acoustic
doppler current profiler (ADCP) was used to measure topographic and
hydrodynamic data of the spawning reaches during the spawning period.
Then, based on the spatial clustering method, cluster analysis on spatial
attributes (water depth, flow velocity, water temperature, and Froude
number) was conducted on potential spawning grounds. The cluster analysis
method uses k-means clustering; a method often employed to classify large
amounts of data. Finally, we analyzed and evaluated the spatial suitability of
spawning reaches by combining fish spawning suitability curves to obtain
spatial preferences associated with fish spawning activities. Proportionally,
results revealed a high suitability (>0.4) area (60.86%). Moreover, spawning
suitability in curved river sections and deep pools in straight river sections were
significantly higher than bifurcated sections. Furthermore, areas near the
riverbanks were more suitable than mid-course sections of the river. Finally,
the locations of six potential Asian carp spawning grounds were determined
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according to their spatial suitability. This study provides technical support to
accurately locate spawning grounds for the fish that produce drifting eggs.
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1 Introduction

Fish spawning grounds play an important role in fish
reproduction by providing suitable environmental conditions.
Fish species that produce drifting eggs have particularly high
topographic, hydrodynamic, and hydrologic preferences
associated with their spawning cycles (Nilsson et al., 2005;
Kemp et al., 2011; Gorski et al., 2012; Baumgartner et al.,
2014). This will cause some spatial uncertainty in locating
spawning grounds (Winfield et al,, 2015; Langangen et al,
2016). Additionally, anthropogenic activities (i.e., river
damming, sand mining, shipping, etc.) have led to a decline in
suitable spawning grounds (Quinones et al., 2015). It is therefore
critical to locate these spawning grounds to restore and protect
targeted fish species (Boucek et al., 2017; Miesner et al., 2022).

Initially, locating spawning grounds was based mainly on the
information and experience of fishermen (DeCelles et al., 2017);
however, the limitation of this approach is that it can only
determine an approximate spawning ground range. Thereafter,
the location of spawning grounds has been determined through
the collection of fish eggs (Fuji et al,, 2020). This approach is
effective in identifying the spawning grounds of fish that build
nests and attach their eggs to a specific substrates (i.e., pebbles or
vegetation). For example, Moir et al. (2006) compared the channel
morphologies and hydraulic functioning of six study sites used by
spawning Atlantic salmon, and determined the location of
spawning sites by a handheld global positioning system (GPS).
However, the effectiveness of this approach is greatly reduced for
drifting fish eggs. The Survey Team of Spawning Grounds of
Domestic Fishes in Yangtze River uses DNA detection technology
to judge the developmental stages of collected fish eggs. Then the
developmental time of collected eggs can be estimated based on
the stage, which equals to the time between spawning and
sampling. Combined with the flow rate and collection location,
the drifting distance of the eggs can be determined. In the
direction of the river, the survey team speculated that
longitudinal length of spawning ground ranges from 20 river
kilometers to 70 river kilometers (Survey Team of Spawning
Grounds of Domestic Fishes in Changjiang River, 1982).
Additionally, Hayer et al. (2021) located grass carp spawning
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grounds, which ranged from 47 to 107 river kilometers. These
studies have provided good technical support for the protection of
fish species that produce drifting eggs. However, maintaining the
ecosystem health of such largescale spawning grounds necessitates
enormous amounts of water and applicable resources,
subsequently leading to a conflict between water resource
management and ecological protection.

To resolve this issue, progressively more studies have
focused on how to accurately locate the spawning grounds of
fish that produce drifting eggs (Yi et al., 1988a; Coulter et al.,
2016; Zhu et al., 2018; Embke et al., 2019). The difficulty in
locating the spawning grounds for fish producing drifting eggs
can be concluded as two reasons. First, it has been reported that
a certain level of error exists in estimating the development
status of drifting eggs (Coulter et al., 2013; Embke et al., 2016).
This is a biological issue that must further be developed and
resolved. Second, it is difficult to estimate the distance that
drifting eggs drift (Stuart and Sharpe, 2020). This is because the
process is affected by many environmental factors (i.e.,
velocity, flow, egg weight fluctuation, etc.) (Schiemer et al.,
2002; Ekau et al., 2010; Boavida et al., 2018; Sparks et al., 2019;
Chen et al,, 2021). Fish spawning usually occurs when the
environmental factors are all suitable. Thus, calculating the
comprehensive state of these environmental factors in different
space positions is an alternative solution to find the location for
fish spawning. It would be more judicious to deduce spawning
ground locations by evaluating the spatial suitability of
spawning grounds.

This study proposes a method to locate spawning grounds of
fish that produce drifting eggs based on spatial clustering. The
method involves measuring hydrologic and hydrodynamic data
during fish spawning periods in the study area. Cluster analysis is
used to classify the data according to similarity. Data are divided
into clusters with similar hydrologic and hydrodynamic
characteristics. The data is then combined with suitability curves,
wherein suitability values of hydrologic and hydrodynamic factors
in each cluster are calculated. The spatial suitability of fish spawning
in these clusters can then be determined through a size comparison
of suitability values. Using this method, we can determine highly
suitable fish spawning ground areas that produce drifting eggs.

frontiersin.org


https://doi.org/10.3389/fmars.2022.947908
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhou et al.

2 Materials and methods

2.1 Study area

Dongta spawning reach in Xijiang River is selected as a case
to carry out the research. Based on existing research, Dongta
spawning reach is the second largest existing spawning area in
China, and very important spawning area for Asian carp in Pearl
River (Wan et al., 2018; Liu et al., 2022). Meanwhile, this reach
will be designated as an ecological reserve according to the local
Fisheries and Fisheries Administration, which is of great
significance to the reproduction and protection of fish in the
Pear] River. It is situated within the middle reaches of the Pearl
River Basin, namely, at the confluence of the Yujiang, Xuanjiang,
and Qianjiang Rivers (Figure 1). The terrain here is diverse, with
alternating deep pools and shallows. Dongta spawning reach has
abundant water. The annual average flow is 5266m’/s. The
average annual rainfall is 1717.5mm. This exceptional
geographical location provides fish with sources of abundant
food, suitable hydrodynamic conditions, etc. The migration and
spawning of fish during spawning seasons mainly occur in the
section of the river below the Datengxia Reservoir. For this
reason, we chose the 4 river kilometers downstream of the
Datengxia Reservoir as the starting, to 18 river kilometers
downstream (covering upstream and downstream of the
Dongta Village) as the case study area.

2.2 Data collection

Asian carp were the target species investigated in this study.
Asian carp comprise of four typical fish species, bighead carp
(Hypophthalmichthys nobilis), black carp (Mylopharyngodon
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FIGURE 1
Location of the study area.
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piceus), grass carp (Ctenopharyngodon idellus), and silver carp

(Hypophthalmichthys molitrix) that produce drifting eggs.
Owing to their rapid growth and strong disease resistance,
Asian carp are the main targets of freshwater aquaculture and
fishing activities. The Dongta spawning reach is one of the main
Asian carp spawning areas in China (Wan et al., 2018). The
method used in this study necessitated the collection two section
data sources: 1) hydrologic, hydrodynamic, and topographic
data of the Dongta spawning reach and 2) suitability curves that
characterize the hydrologic and hydrodynamic demands of
Asian carp during spawning.

On the one hand, according to Cai et al. (2017), June is the
spawning time of the Asian carps. Thus, the investigation was
completed during June, 2019. An acoustic doppler current
profiler (ADCP) was used to obtain topographic and
hydrodynamic data of the spawning reaches to measure flow
fields. The ADCP was RiverRay sailing ADCP. The system
frequency of the sensor is 600 kHz. The beam structure is
planar four beam. The communication baud rate used for
measurement is 115200. To obtain the hydrological and
hydrodynamic data of the spawning period of Asian carp, we
chose to conduct field data collection on two days, June 4 and 5,
2019. Considering the size of the study area, we conducted field
sampling in the shortest possible time. The climate and
hydrological changes during these two days are small. On June
4, the temperature during the day (for safety reasons, the
sampling time was arranged during the day) was 29~33°C.
There was no rainfall during sampling. The discharge of
Dahuangjiangkou hydrological station (located about 20
kilometers downstream of the sampling area) is 10300m*/s.
The water level is 25.05m. On June 5, the daytime temperature
was 28~33°C, which was basically the same as on June 4. There
was no rain. The discharge of the Dahuangjiangkou hydrological
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station was 9340 m>/s, a decrease of 960 m>/s compared with
that on the 4th, and the change rate was 9.3%. The water level is
24.21m, which is 0.84m lower than that on the 4th, and the
change rate is 3.4% Therefore, the range of climatic and
hydrological variability is acceptable. The hydrological and
hydrodynamic data collected on these two days are valid. The
data comes from the China Meteorological Administration
(https://weather.cma.cn/) and the Bureau of Hydrology and
Water Resources of the Pearl River Water Resources
Commission (http://www.zwswj.com/cms/).

The specific data collection method used was as follows: Prior
to taking measurements, monitoring cross sections were first
established in the study area. Sections were spaced 200 m apart
to ensure that no two adjacent sections overlapped. There were 78
cross sections in total. The ADCP and GPS device were fastened to
a ship, which was used to measure flow field data along preset
cross sections. During the measurement process, the measuring
ship sails along the preset cross-sections. The ship carries acoustic
doppler current profiler (ADCP) and Global Positioning System
(GPS) at the same time. ADCP is used to measure cross-sectional
flow field data. WinRiver II was used for data collection and post
processing. GPS was used for navigation, providing necessary ship
parameters (i.e., ship speed, forward azimuth, and distance) and
assisting in improving the accuracy of flow field measurements.
The ADCP was used to extract data following measurements,
wherein velocity profiles were measured each time a sound wave
was emitted. A velocity profile has multiple measuring points at
different water depths. Multiple velocity profile contained cross-
sectional data. The cross-sectional data were exported as ASCII
data files in WinRiver II. Velocity profile were extracted every
50 m from the cross-sectional data, which were determined based
on the actual width of the river within the study area. Measuring
point data (taken 0.45m below the water surface) were extracted
on the velocity profile for investigation. This was because Asian
carp spawning activities take place close to the river surface
(Deters et al., 2013).

The ADCP collects a variety of flow field data at measuring
points. According to previous studies, the hydrologic and
hydrodynamic data to be sampled in this study were
determined before the sampling work. We investigate and
summarize previous studies on the assessment of the
suitability of spawning grounds for Asian carp, and found
that the most commonly used water environmental indicators
in existing studies were water depth, flow velocity, water
temperature and Froude number. Therefore, in this study,
the sampling plan was formulated including four indicators
of water depth, flow velocity, water temperature and Froude
number. The water temperature was the temperature of the
measuring points near the water surface. The water depth was
the water depth at the location of the velocity profile (i.e.,
measuring points). The flow velocity was the flow velocity at
the measuring points. The Froude number was obtained using
the following formula:
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(1)

where Fr is the Froude number; V is the velocity of the
measuring point (m/s); g is gravitational acceleration (9.81m/s’
2); D is the water depth at the location of the measuring
point (m).

On the other hand, the study also collected suitability curves
of Asian carp. Suitability curves have widely been used in fish
spawning ground research. They reflect the available range of
fish respective to the hydrologic and hydrodynamic factors.
Since studying the suitability of the spawning grounds of
Asian carp, we collected the suitability curve of the spawning
period of Asian carp. The suitability curves of Asian carp in the
middle reaches of the Yangtze River were finally adopted. The
middle reaches of the Yangtze River and the study area belong to
the monsoon climate. The annual flood season and non-flood
season are basically the same with our study area. The spawning
of Asian carp generally occurs during the flood season. In
addition, the research technology for the suitability of Asian
carp in the middle reaches of the Yangtze River is very mature
(Yietal, 2010). Therefore, it is appropriate to cite the suitability
curve of Asian carp in the middle reaches of the Yangtze River.
Considering the actual Asian carp spawning demands, the four
most common indicators were selected for this study: water
depth, flow velocity, water temperature, and Froude number. Yu
et al. (2018) investigated hydrologic and hydrodynamic
characteristics of Asian carp spawning grounds, establishing
water depth, flow velocity, and Froude number suitability
curves during spawning periods (Figure 2). At present,
researchers generally believe that Asian carp spawning
activities can typically occur when river water temperature
reaches 18°C or above. The optimal temperature range for
spawning is 20~24°C. After the water temperature exceeds 24°
C, hatching rates decrease rapidly. Temperature suitability
begins to decrease (Yi et al., 1988b; Li et al., 2013; Wang et al.,
2020). Water temperature suitability curves during Asian carp
spawning periods were determined accordingly. Suitability
curves collected in this study were piecewise functions. The
suitability curves of water depth, flow velocity, and Froude
number comprised of 10 segments, while the water
temperature suitability curve comprised of five segments.

2.3 Cluster analysis

This section describes how we conducted cluster analysis on
all the measuring points extracted above. k-means clustering was
used as the cluster analysis method, which is a commonly used
and unsupervised classification method (MacQueen, 1967;
Sabetian et al., 2021). Its effectiveness is due to its independent
nature and how it can accurately calculate all data (Koonsanit
et al,, 2012; Alrabeei et al., 2021). Euclidean distance is typically
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Suitability curves during Asian carp spawning periods.

used to calculate distance. It can quickly group measuring point
data sets into multiple clusters composed of measuring point
data that are similar to hydrologic and hydrodynamic
characteristics. K-means clustering is suitable for the cluster
analysis of a large amount of data (Jain, 2010), which satisfied
the cluster analysis requirements of the large number of
measuring data points used in this study. Additionally, the
number of clusters and cluster centers must be determined
prior to employing k-means clustering. We used the Davies-
Bouldin index (DBI) to evaluate the cluster analysis methods
(Davies and Bouldin, 1979), which was calculated as follows:

per=1% N+ Ny
7zzmax i

i=1,j#i i,j

2

where k is the number of clusters; N; and N; are the average
distances from all points in the clusters to their cluster centers
(within the range of cluster dispersion); M;; is the distance
between cluster centers. The smaller the index value is, the more
compact the clusters will be and the further their centers will be
dispersed (Sitompul et al., 2019). For DBI, the smallest number
of clusters is regarded as the optimal number of clusters.

To visualize clustering results, this study used the measuring
point as the center, employing two straight lines parallel to flow
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direction at 25 m left and right of the measuring point, while
using the two midlines of the upper and lower cross-sections as
well as cross-sections where the measuring point is located.
These four lines form a unit (a quadrilateral) as shown in
Figure 3. The area of each unit is equal. The flow field state
(including water depth, flow velocity, water temperature, and
Froude number) of the entire unit is represented by the value of
the central measuring point. When drawing the spatial
distribution map of the clusters, the units in each cluster were
colored the same. Adjacent units belonging to the same cluster
were amalgamated into one unit. The map provides different
colored flow field distributions. In this way, a spatial distribution
map of different hydrologic and hydrodynamic characteristics
was generated on the basis of the original flow field.

Calculating fish spawning spatial
suitability values

A suitability value is a criterion that characterizes Asian carp
spawning period suitability. The clusters formed by cluster
analysis showed differing hydrologic and hydrodynamic
characteristics. Combined with suitability curves, suitability
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FIGURE 3
Cluster unit graph.

values of single and total hydrologic and hydrodynamic factors
in each cluster can be calculated. The following describes the
specific calculation method used in this study. The formula for
calculating the suitability value of a single factor is as follows:

1
Asingle = EEA‘I (3)

The formula for calculating the total suitability value is as
follows:

1
Atotal = EzAsingle (4)

where Agnge is the single factor suitable value; a is the
number of suitability curve segments covered by the factor value
range; YAa is the sum of suitability values that correspond to a
suitability curve segment covered by the factor value range; Aol
is the total suitable value; b is the number of factors. The
suitability values of different hydrologic and hydrodynamic
characteristic clusters were calculated and compared. The
larger the suitability value is, the more suitable the area of the
cluster will be for Asian carp spawning activities.

3 Result and discussion
3.1 Overall data analysis

3.1.1 Morphological river characteristics

Some studies have shown that the overall morphologic
complexity of spawning reach is significantly higher than that
of non-spawning grounds (e.g., Crowder and Diplas, 2002).
Asian carp spawning grounds are typically divided into
multiple types: straight section, curved section, branched
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section, etc. (Li et al., 2010). The direction and velocity of
these river sections are variable. The flow pattern is relatively
turbulent, with back flow, slow flow, and rapid flow. Researchers
have shown that river reaches under certain flow conditions
(such as turbulent flow, high-flow event and so on) are favorable
for Asian carp spawning (Crowder and Diplas, 2002; Li et al,,
2010). Figure 4 shows the morphologic characteristics of the
study area, including two straight sections, two curved sections,
and one branched section. Field measurements showed that the
appearance of the pools and riffles of curved section I and
straight section II alternated. Branched section III bifurcated at
an island where tributaries converge, making its flow field
extremely complex. Deep pools formed from scouring in the
convex bank of curved section IV where large tracts of rocky
beaches are located. There were only slight elevation changes
between the streambed and shape of the river along its course for
straight section V. As shown in Table 1 and Figure 4, the river
comprises of complex and diverse cross-sectional shapes. It was
therefore concluded that the river section selected for this study
is composed of straight, curved, and branched sections as well as
various cross-sectional shapes, making this river suitable for
Asian carp spawning activities.

3.1.2 Hydrologic and hydro-dynamic
characteristics

Table 2 provides all measured data of the study area. A total
of 78 cross sections and 585 measuring points, where each
measuring point includes water depth, flow velocity, and water
temperature, were calculated along with the Froude number.
The size range of each hydraulic factor collected should cover the
range of suitability curve (suitability Index greater than zero).
The data collected on site are as follows: Water depth is
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FIGURE 4

Plan and typical cross-sectional characteristics of the study area. (A—I) Directionally represent the downstream to upstream reaches along the

study area.

2.44~30.36m; Flow velocity is 0.14~4.09m/s; Water temperature
is 25.38~28.50°C; Froude number is 0.013~0.523 (see Table 2).
The range of suitability curve was as follows: Water depth was
10.98~25.30m; Flow velocity is 0.63~1.83m/s; Water
temperature is 18~29°C; Froude number is 0.049~0.129 (see
Figure 2). Among them, water temperature is one of most
important factors that trigger the spawning of Asian carp, and
is within the range of suitability curve for Asian carp (20~24°C;).
The other sampled indicators are greater than range.

The histogram (Figure 5) shows that the frequency
distribution of water depth, flow velocity, and Froude number
was close to normal distribution. However, water temperature
was not. Water depth distribution was skewed to the right. The
frequency distribution of flow velocity was similar to normal
distribution. The distribution of the Froude number was skewed
to the right. Water temperature was mainly distributed (skewed)
to the left, which may indicate that the sampling area was too
small. However, different areas exhibited a degree of distinction.
This study used a total of 564 measuring points with water
depths between 2 and 22m, accounting for approximately
93.33%. There were 495 measuring points with flow velocities
between 0.2 and 2.2 m/s, accounting for approximately 84.62%.

TABLE 1 Cross-sectional shape.

Cross-section f d, g

Cross-sectional shape V shape U shape

There were 509 measuring points whose water temperatures
were between 25.4 and 27.2°C;, accounting for approximately
87.01%. Finally, there were 477 measuring points with
Froude number between 0.025 and 0.225, accounting for
approximately 81.54%.

As shown in Figure 6, the maximum water depth, the
average water depth, and the average flow velocity of each
cross section were extracted along the main stem of the river,
after which a thalweg line was constructed in a longitudinal
direction. The upstream average flow velocity was generally
greater than the downstream average flow velocity, while the
upstream average water depth was less than the downstream
average water depth (Figure 6). Riftles dominated the upstream
area. Water depth in most areas was less than the average water
depth (12.02m) in the study area. In branched section III, pools
and riffles near the island alternately appeared. The water in this
section is turbulent, forming a complex flow field. Moreover,
flow velocity was significantly higher compared to other areas.
This may be due to topographic changes (i.e., river islands,
tributary confluence, etc.). Pools and riffles dominated the
downstream reaches. There were two pools with water depths
of 30.36m and 28.26m in curved section I and straight section II,

b h ac el

Multi-stage pool- shallow Wide shape

a-i directionally represent the downstream to upstream reaches along the study area.
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TABLE 2 Distribution of measured data.

Water depth (m)

Minimum 2.443 0.14
Maximum 30.359 4.092
Average 12.02 1.553
Standard deviation 5.855 0.663

respectively. The complex flow field that had formed within the
complex river terrain provides habitat, foraging, reproduction,
and shelter for fish.

3.2 Cluster analysis

3.2.1 Determining optimal cluster numbers

This study partitioned hydrologic and hydrodynamic factors
into a set of distinct clusters, where the number of clusters ranged
from 2 to 20. The DBI was employed to evaluate the optimal
number of partitions. The “evalclusters” function in MATLAB
was used for calculations. From this, we obtained the relationship

Flow velocity (m/s)

10.3389/fmars.2022.947908

Water temperature (°C;) Froude number

25.38 0.013
28.5 0.523
26.31 0.157
0.804 0.082

between the DBI and the number of clusters (Figure 7). As the
number of clusters increased, the overall DBI trend decreased
before slightly increasing again. The DBI value was lowest when
there were 10 clusters (0.95), and the clustering effect was better.
Additionally, three and 17 clusters were observed with apparent
troughs in the index series. The clustering scale was determined by
how flow field characteristics were distinguished at each scale and
for the convenience of discussion. Hydraulic characteristics of
three clusters will have less detail than 10 clusters. On the other
hand, hydraulic characteristics of 17 clusters would be similar to
that of 10 clusters, namely, providing no greater detail. Therefore,
10 was determined to be the initial k value of k-means clustering.
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3.2.2 K-means clustering results

Data retrieved from the 585 measurement points were divided
into 10 clusters, 10 being the number of clusters selected for k-
means clustering. After being divided into 10 clusters, the
statistical hydrologic and hydrodynamic characteristics of each
cluster were determined (see Table 3 and Figure 8).

To ascertain the hydrologic and hydrodynamic characteristics
of the 10 clusters, the data were sorted according to the numerical
value and then divided into three (i.e., at one-third and two-third
positions). Among them, average values of the hydrologic and
hydrodynamic data of the various clusters were divided into high (a
value greater than two-thirds), medium (a value between one-third
and two-thirds), and low (a value less than one-third). For example,
if the average water depth of a cluster is higher than two-thirds, the
water depth of this cluster is defined as being high. By analogy,
hydrologic and hydrodynamic characteristics of each cluster are
shown in Table 4. The water depth tri-sectional quantile group was
2.44~8.47m, 8.47~14.39m, and 14.39~30.36m. The flow velocity tri-
sectional quantile group was 0.14~1.24m/s, 1.24~1.70m/s, and
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TABLE 3 Statistical characteristics of hydrologic and hydrodynamic quantities in each cluster.

Cluster  Units Water depth (m)
Range (Average) SD
1 53 2.828-18.02 (7.535) 2.8
2 98 15.527-28.196 (19.365)  2.84
3 82 4738-15.558 (11.734) 246
4 21 7.635-23.44 (15.922) 478
5 80 3.311-16.699 (8.339) 3.15
6 15 2.443-5.7408(3.857) 0.83
7 107 2.584-15.861 (8.126) 3.02
8 35 14.154-30.358 (22.126)  4.22
9 33 5.703-10.249 (7.97) 1.37
10 61 5.196-19.196 (13.123)  3.39

Flow velocity (m/s)

Range (Average)

1.457-2.813 (2.085)
1.098-2.83 (1.671)
1.08-2.498 (1.553)
2.05-4.092 (2.921)
0.14-1.198 (0.744)
1.787-2.833 (2.331)
0.976-1.979 (1.424)
0.489-1.966 (1.24)
2.491-3.437 (2.911)
0.21-1.479 (0.977)

1.71~4.09m/s. The water temperature tri-sectional quantile group
was 25.4~25.6°C;, 25.6~26.7°C;, and 26.7~28.5°C;. The Froude
number tri-sectional quantile group was 0.013-0.114, 0.114-0.166,

and 0.166-0.522.

SD

0.3
0.32
0.26
0.51
0.25
0.31
0.23
0.41
0.24
0.29

Water temperature (°C;)

Range (Average)

25.38-25.56 (25.49)
25.5-27.31 (26.67)
25.81-27.19 (26.6)
26.56-28.5 (27.58)
25.38-26.56 (25.84)
25.44-25.69 (25.52)
25.38-26.38 (25.6)
27.13-28.5 (27.91)
25.38-26.31 (25.57)
26.38-28.5 (27.13)

SD

0.03
0.33
0.28
0.52
0.33
0.05
0.24
0.43
0.23
0.48

10.3389/fmars.2022.947908

Froude number

Range (Average) SD
0.174-0.304 (0.249) 0.02
0.073-0.19 (0.121) 0.02
0.101-0.212 (0.146) 0.02
0.168-0.336 (0.241) 0.05
0.013-0.144 (0.086) 0.03
0.319-0.522 (0.384) 0.06
0.106-0.241 (0.165) 0.02
0.033-0.138 (0.085) 0.02
0.276-0.387 (0.332) 0.03
0.026-0.169 (0.087) 0.02

3.2.3 Determining the spatial distribution
of clusters
K-means analysis was used to construct the spatial distribution

of the 10 clusters. A map of summary statistics was constructed,
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FIGURE 8

Characteristics of the 10 hydrologic and hydrodynamic types as determined by cluster analysis (see the Materials and Methods section for more
detail). Each cluster defined by four hydrologic and hydrodynamic factors: water depth, flow velocity, water temperature, and Froude number
Cross shapes show the average value of each factor in a cluster, which indicates the average position of a cluster. Box plots show the parameter
dispersion values in the clusters. For box plots, lines represent the lower, median, and upper quartiles. Whiskers are the lines extending from the
two opposite ends of the box plots, showing the range of the remaining data. Outliers are the data whose index value exceeds the whiskers
(where whisker length is limited to 1.5 of the interquartile).
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TABLE 4 Hydrologic and hydrodynamic characteristics of the 10 clusters.

Hydrologic and hydrodynamic characteristics

Water depth Low V
Medium
High
Flow velocity Low
Medium
High V
Water temperature Low v
Medium
High
Froude number Low
Medium
High V

showing the measured hydrodynamic clusters at each geographical
position. In the study area, significant spatial differences were
observed in the 10 clusters representing areas of hydrologic and
hydrodynamic characteristics. As shown in Figure 9, each cluster
can basically be connected into blocks in space. The 10 clusters can
be described as follows:

1. Cluster 1 is located at the upstream and downstream
reaches of branched section III and the convex bank of
curved section IV and straight section V. Compared to
the other clusters, this cluster was characterized by low
water depth, high flow velocity, low water temperature,
and a high Froude number.

2. Cluster 2 is located at mid-course section of the river
between curved section I and straight section II. This
cluster is characterized by high water depth, medium
flow velocity, medium water temperature, and a
medium Froude number.

3. Cluster 3 is also located at the mid-course section of the
river between curved section I and straight section II
and is spaced apart from cluster 2. Its characteristics
are similar to cluster 2 (i.e, medium flow velocity,
medium water temperature, and a medium Froude
number) except for water depth (i.e., medium). This
cluster reflects the alternate appearance of pools and
riffles in curved section I and straight section II.

4. Cluster 4 is located on the right side of the branched
section III island and upstream of straight section II,
where space is extremely limited. It is characterized by
high water depth, high flow velocity, high water
temperature, and a high Froude number.
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Cluster 5 is located on the left bank of curved section I
and straight section II and on the right bank of curved
section IV and straight section V. It is characterized by
low water depth, lowest flow velocity, medium water
temperature, and a low Froude number.

. Cluster 6 is located at branched section III and straight

section V, which is extremely restricted spatially. It is
characterized by lowest water depth, high flow velocity,
low water temperature, and the highest Froude
number.

. Most of cluster 7 is located at curved section IV and

straight section V, while a small proportion of it is on
the left bank of curved section I and straight section II
where it intermittently shares space with cluster 5. It is
characterized by low water depth, medium flow
velocity, medium water temperature, and a medium
Froude number.

. Cluster 8 is located at the confluence of the tributaries

and the right bank of straight line II. It is characterized
by the highest water depth, medium flow velocity, high
water temperature, and a low Froude number.

. Cluster 9 is located at branched section III and straight

section V, and its distribution is similar to that of
cluster 6, where space is also extremely limited. It is
characterized by low water depth, the highest flow
velocity, medium water temperature, and a high
Froude number.

Cluster 10 is located on the right bank of curved section
I and straight section II. It is characterized by medium
water depth, low flow velocity, high water temperature,
and a low Froude number.
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Distribution map illustrating areas of hydrologic and hydrodynamic characteristics for each cluster.

3.3 Determining the location of fish
spawning grounds

This section attempts to accurately locate fish spawning
grounds by evaluating the suitability of fish spawning in each
cluster. We used a 95% confidence interval for each hydrologic
and hydrodynamic factor range of each cluster to calculate the
suitability value of each hydrologic and hydrodynamic factor
(see Figure 10). To more easily interpret the evaluation results of
fish spawning ground suitability, we refer to previous studies
(Gillenwater et al., 2006; Yi et al., 2016; Zhou et al., 2019) to
divide suitability values into two classes, representing areas of
high (a suitability value greater than 0.4) and low (a suitability
value less than 0.4) suitability. Cluster 2, cluster 3, cluster 5,
cluster 8, and cluster 10 indicated high suitability, with suitability
values of 0.485, 0.410, 0.466, 0.467, and 0.510, respectively.
Cluster 1, cluster 4, cluster 6, cluster 7, and cluster 9 indicated
low suitability, with suitability values of 0.236, 0.238, 0.136,
0.365, and 0.125, respectively. Proportionally, the high suitability
area was 60.86%, which was higher than that of the low
suitability area (39.14%).
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Curved section I and straight section II yielded the highest
suitability cluster values among the different river shapes,
accounting for 95% and 81.15% of the total area, respectively
(see Table 5). A comparison between upstream curved section
IV and straight section V indicated that these two river sections
are characterized by deep pools and large vertical water depth
changes. Additionally, highly suitable areas were mainly
distributed in areas near both riverbanks. For example,
cluster 5 was mainly distributed on the left bank of curved
section I and straight section II; cluster 8 was mainly
distributed on the right bank of straight section II; cluster 10
was mainly distributed on the right bank of curved section I
and straight section IL. In the study area, Asian carp spawning
grounds are likely to be distributed near both riverbanks of
curved section I and straight section II. By comparing the
suitability values of the different areas, spawning suitability was
significantly higher in specific six areas (Figure 11). These six
areas were as follows: the concave bank of curved section IV,
the tributary confluence of branched section III, the junction of
straight section IT and branched section III, the right bank of
straight section II, the concave bank of curved section I, and the
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TABLE 5 Suitability values of the different river shapes.

River shape

Cross section  Units

High suitability (cluster)

Low suitability (cluster)

2 3 5 8 10 Total Percentage 1 4 6 7 9 Total Percentage
Curved section I 1-16 160 43 57 19 1 32 152 95.00% 0 1 0 7 0 8 5.00%
Straight section II 17-41 191 54 25 30 22 24 155 81.15% 3 12 0 21 0 36 18.85%
Branched section 111 42-56 69 0 0 3 12 5 20 28.99% 7 8 5 5 24 49 71.01%
Curved section IV 57-63 56 1 0 13 0 0 14 25.00% 8 0 0 34 0 4 75.00%
Straight section V 64-78 09 0 0 15 0 0 15 13.76% 3 0 10 40 9 94 86.24%
Spatial suitability
High
Low

FIGURE 11

Spatial suitability distribution map of Asian carp spawning activities.
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right bank of curved section I. Therefore, these six areas are
likely to be Asian carp spawning grounds.

4 Conclusions

Hydrologic and hydrodynamic factors have an important
influence on fish spawning. This study measured hydrologic and
hydrodynamic data of Asian carp that spawn in the Dongta
spawning reach. In total, 78 sections were measured, and 585
measurement points were selected, where water depth, flow
velocity, water temperature, and Froude number data were
taken at each measurement point. The 585 measurement points
were classified into 10 clusters based on similarity using the cluster
analysis method. The hydrologic and hydrodynamic
characteristics of each cluster differed, while spatial distribution
characteristics of each cluster also differed. Suitability values of
each influencing factor and the total suitability of each class cluster
were calculated by comparing hydrologic and hydrodynamic
factor demands during the fish spawning period. A high
suitability value means that hydrologic and hydrodynamic
clustering conditions are suitable for fish spawning and
reproduction. Thus, potential Asian carp spawning grounds can
be determined. Results from this study showed that six potential
Asian carp spawning grounds were found based on their spatial
suitability. In addition, we found that the high suitability area of
Asian carp spawning accounted for 61% in the Dongta spawning
reach. In the future, we will use hydrodynamic model to
simulating the changes of hydrologic (water temperature) and
hydrodynamic (water depth, flow velocity, and Froude number)
factors under different runoff and reservoir operation strategies.
The area of high suitability area in the river was maintained
through ecological regulation during the spawning period of
Asian carp. The aim of this study was to provide technical
support for accurately locating Asian carp spawning grounds.
Furthermore, this study offers a reference for locating spawning
grounds of Asian carp.
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