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The construction of dams changes the natural flow of rivers, affects the integrity of
river ecosystems, and causes a series of ecological and environmental problems,
such as habitat fragmentation and reduction in fish resources. This study took a
section of the Yellow River in China from the Xiaolangdi Dam to Gaocun as the
research area. The Yellow River carp (Cyprinus carpio) was selected as an indicator
species for its economic value. A habitat suitability model for the Yellow River carp
coupled with a one-dimensional hydrodynamic model was built. It was used to
simulate dynamic changes in the reproductive habitat suitability of the Yellow River
carp before and after the construction of the Xiaolangdi Dam. We demonstrated the
spatial distribution of the carp’s spawning reaches before and after the Xiaolangdi
Dam construction and investigated its influence on the spawning activity and larval
development of the species accordingly. The results apparently showed that the
construction and operation of the Xiaolangdi Dam delayed the breeding time of the
Yellow River carp and decreased its quality by 5.28%. In particular, the larval fish
development was greatly affected by the dam, with the quality being reduced by
8.95%. Furthermore, the habitat suitability of the spawning reaches slightly decreased
as the extent of spawning reaches decreased by 16.23%, and several spawning
reaches were lost entirely. This study shed light on the response of the Yellow River
carp to hydrological and physical changes in the period 1980–1990 before the
construction of the Xiaolangdi Dam and 2006–2018 after the construction. Thus, it is
a valuable reference for the ecological scheduling of discharges of the
Xiaolangdi Dam.
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1 Introduction

The construction of dams brings great social and economic benefits to human beings but
strongly interferes with river ecosystems, resulting in a variety of ecological problems (Liu et al.,
2013). Dams as obstructions on rivers, to a certain extent, change the hydrological conditions
and impact the environmental geology and biodiversity of rivers (Collier et al., 1996; Fantin-
Cruz et al., 2015; Wang et al., 2016). Up to 60% of river habitats worldwide might be affected by
dams, disrupting fish migration, fragmenting, or even disappearing aquatic habitats (Morita
and Yamamoto, 2002; Yi et al., 2014). Investigating the ecological effects of dams helps protect
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the river ecosystem, guide the ecological scheduling at the macro level,
and achieve a balance between development and ecological protection.

Fish are top aquatic food chain animals in freshwater river basins
(Muñoz-Mas et al., 2012) yet sensitive to environmental changes.
Individual aquatic species are taken as an indicator of the physical and
biological environment of rivers (Karr, 1981) and play an important
role in ecosystems (Sun and Sheng, 2000). The Yellow River carp
(Cyprinus carpio) inhabits mainly in the Ning–Meng section, Xiaobei
mainstream, and the lower reaches of the Yellow River; meanwhile, it
is an economically important species of the Yellow River. However,
since the 1950s, due to human activities, climate change, and other
factors, the natural spawning grounds of fish have been disconnected,
and the migration channels have been blocked, which seriously
damaged the ecological balance of the Yellow River. By 2008, the
total number of fish species recorded in the Yellow River had
decreased by 71.72% (Han et al., 2013). Biodiversity loss and
ecology destruction can seriously endanger sustainable
development, economy, and environmental functions. The scale
and quantity of the fish habitat is important to the ecosystem and
the high-quality development of the Yellow River Basin. Fish habitat
assessment helps understand the impact of dam construction on carp
reproduction in the Yellow River. Furthermore, it makes a potential
contribution to the restoration of the fish habitat, ecological quality,
and biodiversity in the Yellow River Basin.

Hydrological and habitat simulations are mainly used to assess the
habitat status, in which physical habitat models are widely applied for
the protection and restoration of river ecosystems affected by water
conservancy projects. Mouton et al. (2007) applied a physical habitat
model built by HEC-RAS and CASiMiR software applications to the
Zwalm River in northern Belgium and assessed the impact of dam
removal on the habitat quality of the bullhead (Cottus gobio L.). Yi and
Yue (2011) established a fish habitat suitability function combined
with ecological factors to evaluate the impact of dams on the four
major Chinese carps in the Yangtze River; Chang et al. (2013) studied
the short-term and long-term effects of spur dikes on the extent of the
fish habitat; Im et al. (2018) used an adaptive neuro-fuzzy inference
system (ANFIS) to simulate the physical habitat of fish populations
downstream of a dam. Habitat simulation is considered a complex and
scientific method (Ahmadi-Nedushan et al., 2010), which takes into
account the physical habitat requirements of organisms and
establishes the assessment index between indicator species and
habitats.

Researchers have carried out many studies on the survival and
reproduction of the Yellow River carp through habitat simulation.
Wang et al. (2020) established a habitat model of the Yellow River carp
on two reaches of the Yellow River (Huayuankou and Lijin), explored
the quantitative response relationship between the habitat area and
flow, and determined the downstream ecological flow. Jiang et al.
(2010a) applied the River2D hydrodynamic model to reveal the
relationship between the ecological habitats of the Yellow River
carp and the discharge. They studied habitat areas of the carp
under different flow conditions and found that from April to June,
after the Xiaolangdi Dam construction, the large flow decreased
significantly, which was not conducive to spawning of the Yellow
River carp. Zhang et al. (2008) took the Lanzhou to Shizuishan section
of the main Yellow River as the research area and the Yellow River carp
as the indicator species. They calculated the available ecological flow
before flooding through hydraulic factors such as the flow velocity and
the water depth. The studies on the influencing factors of the Yellow

River carp reproduction are mostly based on the two-dimensional
hydrodynamic model of characteristic section flow simulation. There
are few measured inflow processes to reflect the complex inflow of a
continuous reach. As a one-dimensional hydrodynamic model has
generalized the hydrological conditions of the same section, its
calculation efficiency for a long river is far higher than that of the
two-dimensional model, which realizes the flow simulation of a long
river reflected by a measured inflow process. Furthermore, there is a
lack of study on changes in the locations, scale, and habitat quality of
fish spawning grounds before and after dam construction on the
Yellow River.

It is crucial to analyze the status of fish habitats before and after the
dam construction to reveal the impact of dams on river ecosystems. In
this study, the river section between Xiaolangdi and Gaocun in the
lower reaches of the Yellow River in China is selected as the study area.
In addition, the Yellow River carp, a typical economically valued fish,
is selected as the indicator species of river ecology. A habitat suitability
model coupled with a one-dimensional non-constant flow
hydrodynamic model is built to study the carp’s breeding period.
We analyzed the changes in the Yellow River carp reproduction before
and after dam construction based on the habitat suitability index and
assessed the impact of the dam on species’ reproduction.

2 Materials and methods

2.1 Study area

The Xiaolangdi–Gaocun reach in the lower part of the Yellow
River is selected as the study area with a total length of 337 km (shown
in blue in the Figure 1). The reach is wide and shallow, with dense
sandbars and variable water flow, and the broad beaches along the
river are rich in food organisms. These conditions provide fish with
foraging and spawning habitats, making them ideal for studying the
ecology of rivers under the dam. The Yellow River Carp National
Aquatic Germplasm Resource Reserve (YRCNAGRR) in the
Zhengzhou section of the lower Yellow River was established in
2008 and chosen as a part of our study area (shown in gray in the
Figure 1). Its main protection objects are the Yellow River carp and its
spawning grounds, feeding grounds, and wintering grounds, as well as
the aquatic ecology and terrestrial ecosystems (Zhang and Han, 2016),
among which the Huayuankou reach is one of the important spawning
grounds. For our study area, it is necessary to select a sufficiently long
enough reach downstream of the dam as the study area in order to
explore the influence of the dam on the different reaches. Meanwhile,
there should be many relatively stable spawning grounds in the study
area, which could make it a representative reach of the lower part of
the Yellow River for studying fish and their habitats. The natural
hydrological cycle of the river has changed since the construction of
the Xiaolangdi Dam at the end of 2001, thereby affecting the quality
and scale of aquatic habitats and the breeding activities of fish in the
study area.

2.2 One-dimensional hydrodynamic
modeling

In simulating the physical characteristics of river flows, one-
dimensional hydrodynamic modeling can be used to calculate the
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hydrological and hydrodynamic parameters of different sections at
various times and, therefore, provide data to gauge fish habitat
suitability. In this study, a one-dimensional hydrodynamic model
of the lower Yellow River was constructed based on MIKE11 software,
which could simulate the vertical homogeneous water flow of the river
according to the terrain and the boundary of the water flow. The Saint-
Venant equations and the Abbott–Ionscu 6-point implicit scheme are
applied for the numerical simulation. Thus, the governing equations
for the one-dimensional hydrodynamic model are as follows:

B
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where x (m) is the distance along the river; t (s) is the time; Z (m) and
Q (m3/s) are the water level and water flow of the section, respectively;
A (m2) is the cross-sectional area; q (m2/s) is the lateral inflow per unit
length; B (m) is the river width; g (m/s2) is gravitational acceleration;
and K (m3/s) is the flow modulus.

The data files of the MIKE11 hydrodynamic model mainly include
files of sections, river networks, boundaries, and model parameters.
The HD (hydrodynamic) module is the basic calculation module of
MIKE11, and its module parameters are mainly numerical and
physical parameters. Numerical parameters are related to the
iterative solution of the equations, such as the number of iterations
and iterative calculation accuracy. The physical parameter is mainly
the roughness of the river bed. There are 152 measured post-flood
sections in the study area. After considering that the two tributaries in
the study area have little influence on the model simulation results, no
tributaries are added to the one-dimensional hydrodynamic model.
The measured flows at the Xiaolangdi Hydrological Station and water
levels at the Gaocun Hydrological Station are used as the upper and
lower boundary conditions, respectively. The time step of the

hydrodynamic model is 1 min. We adjust the roughness of the
river bed as model calibrations to improve the simulation accuracy.
The outputs of MIKE11 are hydrological elements, such as the water
level, flow, and velocity at each moment for 152 sections of the
study area.

2.3 Habitat suitability model for the Yellow
River carp

The habitat suitability index (HSI) is for evaluating the suitability and
quality of wildlife habitats, and it is the biological basis of habitat
simulations (Boavida et al., 2015; Morales-Marín et al., 2019; Sharma
et al., 2022). Habitat suitability curves present the relationship between a
species’ growth and its influencing factors (Cho et al., 2012; Knudson
et al., 2015), which is generally determined by the appearance frequency
and distribution of the species. TheHSI varies from 0 to 1 to quantitatively
indicate the habitat suitability. In this study, the Yellow River carp is
selected as the indicator species for the habitat in the lower reaches of the
Yellow River. For the breeding period (including the parent fish spawning
period and the larval fish development period), four important habitat
factors are selected to determine the habitat suitability of the Yellow River
carp. They are water depth h, flow velocity v, water temperature t, and
water-level rise dz, and their definitions are as follows.

(1) Flow velocity v: The Yellow River carp is a kind of benthic
omnivorous fish and mostly inhabits on the soft riverbed or in
water with plentiful aquatic plants. It can lay sticky eggs in various
water bodies but prefers slow-flowing or still water with aquatic
plants. Its hatching time is 3–7 days in general. Then, its larval fish
usually requires a stable water flow for 3–4 days to stay alive. The
suitable flow velocity for larval development is in the range of
0–0.15 m/s (Wang et al., 2020).

FIGURE 1
Geographical location of the Yellow River in China and the study area comprised the Yellow River downstream of the Xiaolangdi Dam, between
Xiaolangdi and Gaocun.
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(2) Water depth h: Neither too shallow nor too deep waters are
suitable for fish movements; thus, the water depth of spawning
grounds should generally be deeper than 1 m (Jiang et al., 2010b).
Larval fish are survivable with a water depth in a free range of
.2 m–1.5 m. In addition, a tiny fluctuation of water levels is more
conducive to larval fish growth.

(3) Water temperature t: Water temperature is a crucial factor in the
process of fish spawning because of its dependence for its occurrence,
duration, and its temporal and spatial distribution of the spawning
activity (Li et al., 2021). TheYellowRiver carp can spawn inwater with
temperatures of 18°C–28°C, and its optimum spawn temperature
range is 18°C–24°C. The water temperature of 18°C is a critical value
for Yellow River carp hatching. The water temperatures above 18°C
could greatly improve the hatching, survival, and emergence rates.

(4) Water-level rise dz: The process of rising water is a necessary
condition for stimulating fish to spawn. The rise of water levels is
more important for fish dynamics processes no matter what its
initial water level is. A certain flow pulse and water-level rise can
promote fish spawning, reduce dystocia, and shorten the time of
spawning and fertilization. It is also productive for the spawning
quantity, spawning rate, and fertilized egg development (Li and
Gao, 2013).

To summarize, the four different habitat factors of parent fish and
larval fish are obtained, and its suitability curves of each single index
are represented by step functions (as shown in Figures 2, 3). Then, the
parent fish spawning suitability index (HSIpf) is formulated of water
depth h, flow velocity v, and water-level rise dz by Eq. 3, and the larval
fish development suitability index (HSIlf) is formulated of the flow
velocity v, water depth h, and water temperature t by Eq. 4. In this
paper, we propose the Habitat Suitability Index HSI of the Yellow
River carp by the mean values of HSIpf and HSIlf in Eq. 5 as follows.

HSIpf � SIh + SIv + SIdz( )
3

, (3)

HSIlf � SIh + SIv + SIt( )
3

, (4)

HSI � HSIpf +HSIlf
2

, (5)

where HSIpf, HSIlf, andHSI represent the parent fish spawning
suitability index, larval fish development suitability index, and habitat
suitability index of the Yellow River carp, respectively, and
SIh, SIv, SIt, and SIdz represent the water depth index, flow
velocity index, water temperature index, and water-level rise index,
respectively.

FIGURE 2
Parent fish spawning suitability index of the Yellow River carp in the study area. (A) Water depth h; (B) flow velocity v; (C) water-level rise dz.

FIGURE 3
Larval fish development suitability index of the Yellow River carp in the study area. (A) Water depth h; (B) flow velocity v; (C) water temperature t.
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We have the water temperature t, and we calculate the water depth
h and flow velocity v of the river cross section using the one-
dimensional hydrodynamic model. Then, the values of SIh, SIv,
SIdz, and SIt can be pointed out according to Figures 2, 3. It can
be seen that even under the same hydrological conditions, the
suitability of parent fish and larval fish is different, and the
comprehensive habitat suitability index HSI is obtained by Eqs 3,
4, 5. Different HSI values represent the different suitability of the
habitat (Table 1) (Jiang et al., 2019; Tang et al., 2022). We find that all
river suitable sections with a HSI value greater than .5 are suitable for
carp’s reproduction, according to Table 1. The reach between these
two continuous suitable habitat sections is defined as a suitable
spawning reach. The reach length is defined as Lsr, and the average
HSI value of up and down reach sections is defined as HSIsr. Lsr and
HSIsr are used to describe the scale and quality of a spawning reach,
respectively.

In this study, the habitat suitability index is used to build the
habitat suitability model of the Yellow River carp. Furthermore, it is
combined with the one-dimensional hydrodynamic modeling for
habitat factors to define the habitat suitability and assess the
suitability of the habitat.

2.4 Statistical analysis

The Nash–Sutcliffe efficiency (NSE) and the root mean square
error (RMSE) are selected to evaluate the accuracy of the
hydrodynamic model. The NSE is a statistical parameter that
describes the fitting degree between simulation and measurement.
The more it closes to 1, the better the simulation of the hydrodynamic
model is. The RMSE represents the deviation between the simulated
and the measured value. The more it closes to 0, the smaller the model
error is.

3 Results and discussions

3.1 Calibration and verification of the
hydrodynamic model

The flood from August 16 to September 11 in the year 2018 was
chosen to calibrate the riverbed roughness in the study area, and
another flood from September 15 to October 10, 2018, was chosen to
verify the hydrodynamic model. If the model can well simulate the
flood process, it shows that the model has good applicability at all
water levels and can also well reflect the hydrodynamic characteristics
during the spawning period.

Three hydrological stations (Xixiayuan, Huayuankou, and
Jiahetan) were selected to calibrate and verify this model. The

range of riverbed roughness in this study was determined as
.020 to .032. The water-level calibration and verification results of
the three hydrological stations are shown in Figure 4, which well-fitted
the water flow under different incoming waters and captured the
process of water-level fluctuation, such as the rise and fall in 8.28–9.4.
We listed the NSE and RMSE in Table 2 for the results of Figure 4. The
minimum NSE for calibration and verification was .769, and the
maximum RMSE was .161 m. This means that the model can
accurately reflect the process of hydrodynamic changes and can be
used for the construction of habitat models.

3.2 Validation of the habitat suitability model
for the Yellow River carp

April to June is the spawning period of the Yellow River carp every
year. It is the most critical and vulnerable stage for the Yellow River
carp to spawn and develop. To breed successfully, the Yellow River
carp has extremely high requirements on the ecological and hydraulic
conditions of the habitat during its spawning period. There are
16 spawning grounds marked by stars (Figure 5), which are
measured spawning locations in the Henan section of the Yellow
River studied by Hui et al. (2019). To verify the simulation of the
habitat model, the habitat factors from April 1 to June 30 of the year
2014 were chosen. The dailyHSI values of 152 sections were calculated
by these habitat factors, according to Eqs 3, 4, 5, and then, the daily
average HSI values of each section from April to June were obtained.
There were 19 suitable spawning reaches shown in red lines (Figure 5).
Their size Lsr and spawning habitat quality HSIsr are displayed in
Supplementary Table S1. Most of the 16 measured spawning grounds
studied by Hui et al. (2019) (black stars) fell within the spawning
reaches (red lines) simulated by the habitat suitability model
(Figure 5). This indicates that the habitat suitability model of the
Yellow River carp can simulate accurately the positions of spawning
habitats. For a measured spawning ground, its HSI value is the HSI
value of the nearest section among 152 sections. 87.5% of the
16 measured spawning grounds had their HSI values greater than
.5 except grounds 7 and 10 (Table 3). The spawning area is simulated
by the average value ofHSI from April to June; the measured spawning
grounds only need to meet their reproductive requirements for a long
enough time in April–June rather than the whole 3 months, so the
model simulation results have a certain deviation from the measured
spawning ground. These spawning grounds are generally suitable for
the Yellow River carp, which is consistent with Hui’s findings
(Table 1). This indicates that the habitat suitability model of the
Yellow River carp has a good simulation effect and can well represent
the quality of spawning habitats.

3.3 Effects of the Xiaolangdi Dam on the
Yellow River carp reproduction

3.3.1 Dynamic changes of HSI for the Yellow River
carp before and after dam construction

The Xiaolangdi Dam was built in 2001. Hence, April–June every
year in the 1980–1990 period was selected as the representative period
before the dam construction, and April–June in the 2006–2018 period
was selected as the representative period after dam construction. In
this study, we defined the HSI, HSIpf, and HSIlf values of the whole

TABLE 1 Suitability for the Yellow River carp under different values of the habitat
suitability index (HSI).

HSI Suitability

0–0.5 Poor

0.5–0.8 Generally suitable

0.8–1 Suitable
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FIGURE 4
Calibration and verification results of themeasured and simulatedwater levels of the three hydrological stations (Xixiayuan, Huayuankou, and Jiahetan) in
the study area during 2018.8.16–2018.9.11 and 2018.9.15–2018.10.10 periods. (A) Water-level calibration results; (B) water-level verification results.

TABLE 2 Criteria of fit for the simulation of the hydrological stations of the Yellow River. NSE = Nash–Sutcliffe efficiency; RMSE = root mean square error.

Hydrological station NSE RMSE (m)

Calibration Verification Calibration Verification

Xixiayuan 0.958 0.973 0.100 0.079

Huayuankou 0.769 0.919 0.161 0.084

Jiahetan 0.901 0.880 0.136 0.130

FIGURE 5
Predicted spawning groundmap by the habitat suitability model of the Yellow River carp in the reach from Xiaolangdi to Gaocun of the Yellow River from
April 1 to June 30, 2014.
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study area, i.e., the Xiaolangdi–Gaocun section of the lower Yellow
River by the average value of 152 cross sections located in it. The HSI,
HSIpf, and HSIlf daily values from April 1 to June 30 in these two
representative periods were simulated by the habitat suitability model
and are presented in Figure 6. Furthermore, it was quantitatively
described by the variations, as shown in Table 4.

From Table 4, the following could be observed: 1) the discharge
of the Xiaolangdi Dam from April to June is regulated. However,
the water-level rise index SIdz of the parent fish dropped
significantly by 35.75% after the dam construction (Table 4). It
meant that the water-level rise was no longer suitable for the
spawning activities of the Yellow River carp, and it led to a
decrease in the parent fish spawning suitability index HSIpf by
1.89%; 2) the low-temperature water released by the Xiaolangdi
Reservoir could affect the water temperature under the dam. The
water temperatures of the Xiaolangdi hydrological station in April,
May, and June are generally lower than that before the dam
construction (Table 5). Thus, the water temperature suitability
index SIt decreased by 26.41% after the dam construction (Table 4).
This caused the decrease by 8.95% of the larval fish developmental
suitability index HSIlf. 3). It could be seen that the habitat
suitability index HSI for the Yellow River carp in the study area
decreased by 5.28% after the construction of the Xiaolangdi Dam,
which was caused by the 1.89% decrease of the fish spawning
suitability index HSIpf and 8.95% decrease of the larval fish
developmental suitability index HSIlf (Table 4). Therefore, we
can get the conclusion that the construction of the Xiaolangdi
Dam reduced the reproductive quality of the Yellow River carp and
limited the larval fish development more. We explain the dynamic
changes and reasons of HSI before and after dam construction in
details as follows.

TABLE 3 HSI values of the spawning grounds of the Yellow River carp from April
1 to 30 June 2014.

Spawning
ground No.

HSI Spawning
ground no.

HSI

1 0.504 9 0.549

2 0.534 10 0.426

3 0.555 11 0.576

4 0.526 12 0.562

5 0.531 13 0.563

6 0.617 14 0.547

7 0.424 15 0.561

8 0.555 16 0.571

FIGURE 6
Simulation of the habitat suitability index (HSI), parent fish spawning suitability index (HSIpf), and larval fish development suitability index (HSIlf) of the
Yellow River carp at a daily scale during April 1–June 30 from 1980–1990 (before dam construction) to 2006–2018 (after dam construction). (A) Comparison
of the daily-scale habitat suitability index (HSI); (B) comparison of the daily-scale parent fish spawning suitability index (HSIpf); (C) comparison of the daily-scale
larval fish development suitability index (HSIlf).

Frontiers in Environmental Science frontiersin.org07

Ruan et al. 10.3389/fenvs.2022.1114448

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1114448


3.3.1.1 The influence of the water level and the water-level
rise on HSI

The period from mid-June to early-July after dam construction is
the pre-flood water and the sediment regulation period of the
Xiaolangdi Reservoir. The Xiaolangdi Reservoir releases its clear
water during this period, and its reservoir water level drops sharply
accordingly (Wang et al., 2019). Thus, released water creates a rapid
increase in the water level of the downstream river, as shown in the red
line in Figure 7A from June 15 to June 22. The continuous rising time
of the water level from June 15 to June 22 (Figure 7A) coincides with
the timing of the Yellow River carp spawning and hatching cycle,
which is bound to have an impact on the reproduction of the Yellow
River carp. The continuously rising water level creates the increasing
water-level rise index (SIdz) from June 15 to June 22, as shown by the
red line in Figure 7B. It also causes an increasing effect on the parent
fish spawning suitability index HSIpf (Figure 6B). We can get the

conclusion that the continuous increase in the water level from June
15 to June 22 has improved the reproductive ability of the Yellow River
carp. In late June, the average water level begins to drop from June
22 to June 29 (Figure 7A), which leads to corresponding decreases in
the water-level rise suitability index SIdz and the parent fish spawning
suitability index HSIpf. Figure 6A accurately figures out the increase of
habitat suitability HSI from June 15 to June 22 that is caused by the
continuous rise of the water level and the decrease of habitat suitability
HSI from June 22 to June 29 that is caused by the decline of the water-
level rise.

The continuous increase of the water level from June 15 to June
22 is beneficial to the breeding of the Yellow River carp. However, on
the whole, the operation of the Xiaolangdi Dam makes the flow
downstream of the dam smoother from April to June (excluding
pre-flood water and the sediment regulation period), resulting in a
35.75% decrease in the water-level rise index (SIdz) (Table 4).

3.3.1.2 The influence of water temperature on HSI
After the completion of the dam, the low-temperature water

discharge from the Xiaolangdi Reservoir in April and May had a
greater impact on the water temperature downstream of the dam
but had a less impact in June (Table 5). There is a huge gap
between the water temperature suitability index SIt before and after
the dam construction (Figure 8). This is because the water temperature
downstream of the dam in May is primarily controlled by the

TABLE 4 Percentage variation of each suitability index (SI) for the Yellow River carp of the whole study area before and after the dam construction.

Parent fish spawning suitability Variation Larval fish development suitability Variation

SIh −.49% SIh −.66%

SIdz −35.75% SIt −26.41%

SIv .49% SIv −12.65%

HSIpf −1.89% HSIlf −8.95%

Habitat suitability Variation

HSI −5.28%

Note: The variation is the relative change of the multi-year daily average of the whole study area from April to June before and after the dam construction.

TABLE 5 Multi-year monthly average water temperature of the Xiaolangdi
Hydrological Station from April to June before and after dam construction.

April (°C) May (°C) June (°C)

Before 14.07 19.02 23.80

After 6.30 13.40 21.30

FIGURE 7
Simulated averagewater level of the XixiayuanHydrological Station over the years and the daily-scalewater-level rise index (SIdz) of the YellowRiver carp
from June 1 to June 30 in 1980–1990 (before dam construction) and 2006–2018 (after dam construction). (A) Average water level of the Xixiayuan
Hydrological Station simulated by MIKE11; (B) the daily-scale water-level rise index (SIdz) of the Yellow River carp.
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construction and operation of the Xiaolangdi Reservoir. After the dam
construction, the water temperature suitability index SIt shows a
significant lag and a decrease from May 1 to June 12 compared with
the pre-dam construction period (Figure 8). This inevitably causes the
corresponding decrease of the larval fish developmental suitability index
HSIlf from May 1 to June 10 and the corresponding lag of the habitat
suitability index HSI from mid-May to early June (Figures 6A, C).

3.3.2 Changes in the spawning reaches of the Yellow
River carp before and after dam construction

The period of April, May, and June in the years 1980–1990 was
chosen as the representative period before the dam construction, and
April, May, and June in the years 2006–2018 was chosen as the
representative period after dam construction. The daily average
HSI values of each section for many years were calculated in
representative periods by the habitat suitability model, and the
habitat suitability index HSIsr and spawning reach size Lsr of the
Yellow River carp spawning reach were obtained (Table 6). The
corresponding spawning reaches are depicted in Figure 9.

From Table 6 and Figure 9, it is clear that the establishment of the
Xiaolangdi Dam has changed the size and locations of the spawning
reaches of the Yellow River carp. There were 22 spawning reaches
simulated in the study area before dam construction in 1980–1990,
with a total length of 101.757 km and an average habitat suitability
index (HSIsr) value (the average of all spawning reach HSIsr values) of
.565 (Table 6). However, after the dam construction, the number of
spawning reaches was predicted as 16, with their size reduced to
85.241 km, and the average habitat suitability index (HSIsr) value was
.546 during the years 2006–2018. The average habitat suitability index
(HSIsr) decreased slightly from .565 before dam construction to
.546 after dam construction, but the extent of the spawning reaches
decreased sharply by 16.23%, and some spawning reaches even
disappeared. We can also see the differences in size and locations
of the Yellow River carp spawning reaches (Figure 9). Thus, we
demonstrate that the establishment of the Xiaolangdi Dam has
changed the locations of the spawning reaches of the Yellow River
carp and likely reduced their size.

It can be seen that before and after dam construction, the
spawning reaches located in the Xiaolangdi–Huayuankou section,
which is directly downstream of the dam, have undergone great
changes (Figure 9). There are five spawning reaches that have
completely disappeared, which are reach No. 1, No. 3, No. 4, No.
6, and No. 7 marked in blue in Table 6. This is the direct result of the
Xiaolangdi Dam construction. These five disappearing reaches are the
principal domains affected by the low-temperature water released
from the Xiaolangdi Reservoir. After all, they are presumably no
longer suitable for the carp due to the low-temperature habitat
condition. In addition, the further downstream section from
Huayuankou to Gaocun is significantly less affected by the dam. Its
distribution of spawning reaches has only one spawning reach,
i.e., reach No. 16, that disappeared completely, and its average
habitat suitability index (HSIsr) drops slightly from .564 to .547.

3.4 Impact of dam construction on fish
reproduction

Based on the one-dimensional hydrodynamic model and the
habitat suitability model of the Yellow River carp, the simulation of
the habitat suitability before the dam construction (1980–1990) and
after the dam construction (2006–2018) shows that the habitat
suitability index reduces generally (Figure 6A), and the scale of the
Yellow River carp spawning reaches in the lower reaches of the Yellow
River decreases after the dam construction (Table 6; Figure 9).

3.4.1 Impact of dam construction on the water-level
rises

Water-level rises increase the chance of shoal flooding and the extent
of still-water areas. It is not only conducive to the spawning of the Yellow
River carp but also to the transfer of food organisms between nearshore
areas and the main river trough, thereby expanding the habitat for fish.
After the dam construction, the operation of the Xiaolangdi Reservoir
makes the flow downstream of the dam smoother from April to June
(excluding pre-flood water and the sediment regulation period). This
reduces the water-lever rise suitability index (SIdz) from April to June
each year (Figure 7B) and makes the carp lose its spawning stimulation,
which is one of the unfavorable factors for its reproduction. Therefore, the
parent fish spawning suitability index HSIpf of the Yellow River carp,
which characterizes the reproductive ability, is correspondingly reduced
after the dam construction (Figure 6C).

3.4.2 Impact of dam construction on water
temperature

The water temperatures above 18°C are critical for the Yellow River
carp to spawn and hatch. The appropriate temperature can greatly
improve its hatching, survival, and emergence rates. Otherwise, it will be
another unfavorable factor for reproduction. After the dam
construction, the large heat capacity of the impoundment in the
Xiaolangdi Reservoir causes a significant difference in temperature
between the discharged water and the natural river water. The low-
temperature discharged water released from the Xiaolangdi Reservoir
can influence hundreds of kilometers downstream. It delays and flattens
the water temperature downstream. The Xiaolangdi–Huayuankou
reach is the main affected section of the released low-temperature
water, and the impact period is mainly from November to June (Jiao
and Lei, 2021), coinciding with the usual breeding period of the Yellow

FIGURE 8
Comparison of the daily-scale water temperature index (SIt) of the
Yellow River carp before and after dam construction.
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TABLE 6 Habitat suitability index of the spawning reach HSIsr and the size of spawning reaches Lsr for the Yellow River carp, before and after the construction of the
Xiaolangdi Dam.

Spawning reach no. Before dam construction After dam construction

HSIsr Lsr/km HSIsr Lsr/km

1 0.526 3.922 — 0

2 0.583 1.465 0.529 1.465

3 0.546 9.284 — 0

4 0.567 2.352 — 0

5 0.589 5.05 0.549 5.05

6 0.555 7.138 — 0

7 0.559 1.543 — 0

8 0.599 4.106 0.567 4.106

9 0.573 4.659 0.537 4.659

10 0.587 3.412 0.558 3.412

11 0.568 10.061 0.534 10.061

12 0.546 2.711 0.517 2.711

13 0.603 1.287 0.565 1.287

14 0.586 7.251 0.563 7.251

15 0.582 18.966 0.555 18.966

16 0.551 0.705 — 0

17 0.539 1.049 0.532 0.486

18 0.568 2.586 0.55 2.586

19 0.589 8.856 0.553 8.856

20 0.536 1.414 0.528 1.414

21 0.563 1.066 0.563 1.066

22 0.518 2.874 0.54 12.138

Note: The spawning reaches marked blue in the table are the spawning reaches that disappeared after the dam was built.

FIGURE 9
Simulated distribution of the Yellow River carp spawning reaches from April 1 to June 30 in 1980–1990 (before dam construction) and 2006–2018 (after
dam construction).
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River carp. This released low-temperature water results in a decline and
lag in the water temperature suitability index (SIt) downstream which
directly delays spawning and affects the growth of larval fish. Therefore,
the Xiaolangdi Dam has delayed and hindered the development and
reproduction of the Yellow River carp in the downstream reaches, which
has reflected in the corresponding reduction of the habitat suitability
index (HSI) for the Yellow River carp, as shown in Figure 6A.

3.5 Impact of the dam on river ecology

The impact of the construction and operation of the Xiaolangdi
Dam on the river ecology is two-fold. The Xiaolangdi Reservoir has
changed the hydrological regime of the river downstream. The notably
changed flow velocity, water levels, water-level rises, and water
temperatures result in a decline in the quality of the Yellow River
carp reproduction and a reduction in the size of the spawning reaches.
The release of the lower-temperature bottom water from the reservoir
has a direct impact on the development and reproduction of fish
downstream of the dam. Furthermore, the dam has blocked channels
used by migratory species for feeding and reproduction, with sharp
declines for these fishes. For instance, some fishes in the Yellow River,
like the migratory Coreius septentrionalis (Nichols) and Coilia nasus,
are now endangered (Han et al., 2013).

However, the completion and operation of the Xiaolangdi Dam also
plays a role in improving the ecological environment to some extent. It
now ensures a continuous river flow downstream and increases the
guarantee rate of ecological flow (Gao et al., 2014). Meanwhile, the
sediment from the reservoir constantly scours the riverbed
downstream, the floodplain flux is increased, and the river
morphology tends to be stable. All of these changes provide a more
stable habitat for organisms. There are complex interactions among these
factors which affect the fish growth, and the responses of fish are also
unclear, which makes it more difficult to establish clear correlations
between fish habitat factors and habitat suitability. Deep research on the
impact of multiple factors on fish habitats is still merited.

4 Conclusion

This study implemented a one-dimensional hydrodynamic model
and built a habitat suitability model for the Yellow River carp to depict
dynamic changes of reproduction suitability in the lower reaches of the
Yellow River before and after the construction of the Xiaolangdi Dam.
By simulating and analyzing the habitat suitability and spawning
reaches of the Yellow River before and after the dam construction,
we get the main conclusions as follows:

(1) After the dam construction, the artificially controlled discharges
of the Xiaolangdi Reservoir mainly result in the water-level rise
and the water temperature drop. This operation reduces the
habitat suitability HSI of the Yellow River carp by 5.28% in
average, including 1.89% for the parent fish spawning
suitability index HSIpf and 8.95% for the larval fish
developmental suitability index HSIlf. It suggests that the larval
fish development is more affected by the dam.

(2) Dam construction reduces the habitat quality of spawning reaches
and may even lead to the disappearance of spawning reaches.
Compared with the periods of 1980–1990 before dam

construction and 2006–2018 after construction, the number of
spawning reaches downstream of the dam reduces from 22 to 16,
their extent reduces by 16.23%, and their habitat suitability
decreases from .564 to .547. In particular, the effect of dam
construction on the Yellow River carp reproduction is more
pronounced in the downstream section close to the dam from
Xiaolangdi to Huanakou, where five spawning reaches disappear.
However, in the reach between Huayuankou and Gaocun farther
away downstream from the dam, the effect works weaker.

This paper has studied the response of the Yellow River carp to
hydrological rhythm changes after dam construction. It also provides a
reference for restoring the spawning habitat of the Yellow River carp
and constructing the Xiaolangdi Reservoir’s ecological dispatch, which
considers the reproductive needs of the Yellow River
carp. Furthermore, the response and feedback relationship between
the hydrological situation, habitat demand, and fish behavior under
dam construction and operation will be further clarified. In the future,
the reservoir regulation mechanism that is conducive to fish survival
and river ecological health could be explored to serve the optimization
of the Xiaolangdi Reservoir and other large reservoirs.
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