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A B S T R A C T   

The construction of dams has tremendously altered the water flow and environmental conditions of natural 
rivers, severely affecting the habitat and reproduction activities of aquatic organisms. In this study, we con
structed a reproduction suitability model for the four major Chinese carps (FMCCs) in the upper reaches of the 
Yangtze River and related this to a one-dimensional hydrodynamic model of the Three Gorges Reservoir (TGR). 
Stochastic flood modelling was used to simulate a series of river floods before and after construction of the Three 
Gorges Dam (TGD). The simulated floods were used as the input boundaries of the hydrodynamic model to then 
simulate complex flow conditions in the upper reaches of the Yangtze River before and after dam construction, so 
as to simulate the spatial distribution and changes in the spawning grounds of the FMCCs. We found that the 
reproduction suitability for the FMCCs in the TGR decreased during the post-dam period, and most of the 
spawning grounds moved to the river reach above Zhongxian. The FMCCs were found to initially have a total of 
nine spawning grounds, but during the post-dam period there were six spawning grounds likely in the 60-km 
stretch of Zhutuo–Jiangjin section and in the 255-km stretch of Banan–Zhongxian section. By setting four 
different water levels in front of the dam (corresponding to no-dam, low-dam, middle-dam, and high-dam sce
narios), we examined the effects of dam sizes on the spatial distribution of the FMCCs’ spawning grounds. The 
results showed that the area of affected spawning grounds positively correlated with the dam’s size, with high- 
dam scenario (corresponding to the construction of the TGD) being especially impactful through a net loss of 
spawning grounds extending 101 km upstream from the dam. The results of this study offer scientific guidance 
for the ecological regulation of the TGR.   

1. Introduction 

Dam construction impacts both of river ecology and human society. 
The construction of dams not only alters the original runoff and sedi
ment transport of rivers, but also profoundly affects the resident aquatic 
organisms. Dams block the migration of fish and other aquatic organ
isms, and affect water regime elements such as river flow velocity, water 
levels, and water temperatures during reservoir operation (Corbacho 
and Sanchez, 2001; Morita and Yamamoto, 2002; Santos et al., 2006; 
MacDougall et al., 2007). These alterations, in turn, affect the spawning 
and survival of aquatic organisms. Understanding these impacts may 
benefit the entire river ecosystem by guiding macro-level ecological 
regulations that attempt to balance the relationship between social 
development and ecological protection. 

The four major Chinese carps (FMCCs)—namely, black carp (Mylo
pharyngodon piceus), grass carp (Ctenopharyngodon idella), silver carp 

(Hypophthalmichthys molitrix), and bighead carp (H. nobilis)—are 
important economic fishes in China and are widely distributed in the 
Yangtze River basin. The Yangtze River has become an important 
breeding ground and habitat for the FMCCs. A survey by Yi et al. (1988) 
identified 30 spawning sites used by the FMCCs in the main stream of the 
river prior to construction of the Three Gorges Dam (TGD). In particular, 
the river sections above Yichang spanned 29.6% of the total area and 
contained 11 spawning sites (at Chongqing, Mudong, Changshou, 
Fuling, Gaojiazhen, Zhongxian, Wanzhou, Yunyang, Wushan, Zigui, and 
Sandouping) (Yi et al., 1988). However, aquatic ecosystems are 
vulnerable to interference from various human activities (Wang et al., 
2020). The impoundment of the TGD in 2003 blocked the natural river 
course, preventing fish migration. This has hindered fish reproduction, 
triggering a steep decline in the spawning volume of the FMCCs, as the 
cross-sectional shape of the river channel, hydrological processes, water 
temperature regimes, and water quality conditions have undergone 
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major changes since the dam was built (Galat and Lipkin, 2000; Lytle 
and Poff, 2004; Liu et al., 2018). Because of these changes, the eggs of 
the FMCCs must drift for a longer time to complete hatching, and the 
locations of the spawning grounds have gradually shifted toward the 
upper reaches of the Yangtze River (Jiang et al., 2010). Therefore, 
research on the FMCCs’ spawning grounds is urgently needed (Jiang 
et al., 2010; Liu et al., 2018). Not only will it help to clarify the impact of 
the dam’s construction on the spawning behavior of the FMCCs in the 
upper reaches of the Yangtze River, but it will also further expand our 
understanding of the serious ecological threat to the river following 
construction of the dam. 

Numerous researchers have expressed concern about the breeding 
and habitat conditions of the FMCCs in the Three Gorges Reservoir 
(TGR) during the post-dam period (Li et al., 2008; Jiang et al., 2010; 
Wang et al., 2020; Yang et al., 2021). Li et al. (2008) suggested that 
construction of the TGD would lead to a decline in the number of 
spawning ground available for the FMCCs in the reservoir area. How
ever, throughout the natural evolution of hydrological and hydrody
namic conditions, the FMCCs have actively spawned in some river 
reaches of the reservoir, and spawning has increased since 2008. 
Although the proportion of the FMCCs’ broodstock is usually less than 
4% of the catch in a given year, the proportion of the annual catch by 
weight exceeds 10% (Yang et al., 2017). This indicates that the reservoir 
area still provides suitable spawning grounds and habitat for adults of 
the FMCCs. Previous studies reported that in the post-dam period the 
FMCCs more often spawn in the river reach above Zhongxian than in the 
lower reach, and that important spawning grounds have been estab
lished at the downstream end of the TGR (Mu et al., 2014; Wang et al, 
2015; Li et al., 2020; Mu, 2014). 

Numerous studies have explored the impact of the TGD on the 
spawning activities of the FMCCs, especially in waters downstream of 
the dam. Yu et al. (2019) found that large-scale cascade reservoirs had 
changed the frequency distribution of flow, sediment, and water tem
perature, and these changes affect the spawning of the FMCCs below the 
TGR. Upstream reservoir releases significantly changed the water tem
perature of the downstream river, which has resulted in a spawning 
delay of 4–5 weeks for the FMCCs spawning (Wang et al., 2020). Ban 
et al. (2019) used the range of variation method with selected hydro
logical indicators to examine the impacts of changes of hydrological 
variability on spawning by the FMCCs downstream of the TGR; they 
found that the high-pulse duration, rate of increased inflow, and rise in 
the water level are key factors affecting spawning success. Wang et al. 
(2014b) asserted that the TGD changed the thermal state of the 
discharge water below the dam, which has led to delayed spawning by 
the FMCCs. Liu et al. (2018) established a two-dimensional hydrody
namic model of the downstream reach to determine the correlation 
between vorticity in the spawning grounds and the distribution of the 
FMCCs. In addition, Wang et al. (2014a) used a genetic programming 
calculation to quantitatively uncover (linearly or nonlinearly) the 
impact of various hydrological indicators on the spawning behavior of 
the FMCCs during the pre- and post-dam periods, taking into account the 
decrease in water temperature when the water flow increases. 

The above-mentioned studies focused on the impact of the dam’s 
construction on the spawning activities of the FMCCs. Though some 
studies comprehensively simulated the indices affecting the FMCCs’ 
spawning activities as a whole system, they used only measured flood 
simulations or steady-state simulations (i.e., constant flood conditions 
such as 10,000 m3/s, 20,000 m3/s, and so on). Few studies have 
considered the impacts of time-variable inflow hydrographs. Addition
ally, previous studies on changes in spawning ground locations during 
the pre- and post-dam periods tended to focus on a single spawning 
ground and failed to assess changes in the spatial extent of spawning 
grounds in the TGR. There is also a lack of relevant quantitative research 
on the general distribution of fish spawning sites relative to dams. More 
importantly, because the flow conditions are significantly altered in 
dammed rivers, quantitative research is needed on the extent of the 

impact of dams on river flow conditions. For instance, traditional steady- 
state flood simulations would hardly reflect the response of the FMCCs 
to changes in flow conditions caused by different inflow hydrographs. 
Moreover, the simulation of one specific or several measured flood 
processes usually would not accurately predict the entire spatial distri
bution of the spawning grounds. Instead, simulation of a large number of 
stochastic flood events in the reservoir area would effectively increase 
the number of simulated samples and thereby reliably reflect changes to 
the spatial distribution of spawning grounds under complex inflows. 
With a large number of simulations, it is also possible to further explore 
the impact of dams on the hydrodynamic processes in the reservoir area, 
which is unattainable with traditional simulations of constant flood flow 
rates. Therefore, stochastic flood modelling can be indispensable to 
studying the habitat and reproduction suitability for aquatic organisms 
in dammed rivers. 

This study addressed these knowledge gaps by investigating the 
reproductive suitability of the FMCCs in different river reaches of the 
TGD reservoir area. A two-step method was applied. (1) To determine 
changes in the spatial distribution of the spawning grounds of the FMCCs 
in the upper reaches of the Yangtze River (specially between Zhutuo and 
the TGD) in the pre- and post-dam periods, complex inflow scenarios 
were simulated based on a model of FMCCs reproduction suitability in 
the TGR. (2) To analyze the impact of different dam scenarios on the 
locations and extent of spawning grounds of the FMCCs, different dam 
sizes (defined as the water level immediately in front of the dam) were 
further assumed and simulations were carried out. 

2. Study area 

The TGR is a narrow river-type reservoir, and in the dry season its 
backwater area extends from the dam site to Chongqing (Fig. 1). How
ever, the discharge process of the TGR showed large differences based on 
the inflow hydrographs of Cuntan and Zhutuo stations, respectively 
(Zhang et al., 2017). Thus Zhutuo station was regarded as the upstream 
boundary to calculate the water discharge, incoming runoff, reservoir 
capacity, and sediment load of the TGR (Zhang et al., 2017; Ren et al., 
2021). Hence, this study considered the 756-km stretch between Zhutuo 
and the dam site as the study area (Fig. 1). Owing to the complex vertical 
composition of the water body and the suitable flow conditions, this 
section of the river now constitutes an important aquatic ecosystem in 
China. Many small bays once existed on both sides of the river channel, 
in which aquatic plants and plankton inhabited, and the bays provided 
natural shelter as well as nutrients for resident aquatic organisms. 
Changes in water flow and water temperature provided suitable habitat 
and spawning conditions for the FMCCs. Following the construction of 
the TGD, the water level in the reservoir area rose, and the original water 
flow conditions and regional climate changed dramatically. The spatial 
distribution of spawning grounds in the TGR also underwent tremen
dous changes. To assess the impact of the dam on the spatial distribution 
of the FMCCs’ spawning grounds, we allocated 394 cross-sections of the 
TGR into 14 river sections that are potential spawning grounds, based on 
the topography and distribution of spawning grounds in the pre-dam 
period (Fig. 1, Table 1). 

3. Methods 

3.1. Research approach 

The TGR (between Zhutuo and the TGD) was selected as the study 
area. A hydrodynamic model was established and validated with 
measured data, using MIKE 11 software developed by DHI. A large 
number of floods based on a stochastic model were generated as the 
input boundaries of the hydrodynamic model intended to simulate the 
flood evolution process during the pre- and post-dam periods. The 
habitat suitability index (HSI) was used to describe habitat suitability for 
the FMCCs in different sections of the TGR. The specific research steps 
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were as follows: 

(1) Based on the HSI method, the key indices affecting the repro
duction activities of the FMCCs in the Yangtze River were 
selected, and a habitat suitability evaluation system for the 
FMCCs in the upper reaches of the Yangtze River was constructed. 

(2) MIKE 11 software was used to establish a one-dimensional hy
drodynamic model of the TGR. Based on the available statistics 
and stochastic hydrology, a periodic stationary autoregressive 
model of daily flow was constructed to generate a large number of 
potential flood processes. Thereafter, the progression of a large 
number of stochastic inflow floods was simulated to obtain 
changes in the hydrological index. Combining the simulation 
results for water temperature, we evaluated the reproductive 
suitability of the FMCCs in the reservoir area under complex 
inflow scenarios to determine the spatial distribution of the 
spawning grounds. 

(3) Based on the flow conditions during the pre- and post-dam pe
riods, the spatial distribution of the spawning grounds of the 
FMCCs in the river reach between Zhutuo to the TGD was 
analyzed, and the impact of different dam scenarios on the 
spawning grounds of the FMCCs was further investigated. The 
overall research approach is depicted by the flow chart in Fig. 2. 

3.2. Reproduction suitability curves for the four major Chinese carps 

The HSI is a classic method for quantitatively describing habitat 
suitability (Brown et al., 2000). It can be used to characterize the 
response of organisms to various environmental factors in the sur
rounding habitat (Cho et al., 2012; Knudson et al., 2015). The FMCCs 
produce eggs in response to changes in water flow conditions and the 
environmental factors in specific river sections, and these river sections 
become suitable spawning grounds. In this study, three important 
indices that can trigger the spawning behavior of the FMCCs (i.e., flow 
velocity, water temperature, and water level fluctuation) were selected 
to determine the HSI, and a model of FMCCs’ reproduction suitability 
was constructed to locate the spawning grounds in the TGR. 

3.2.1. Water flow velocity 
The FMCCs are pelagic river spawners with drifting, semi-buoyant 

eggs that must remain in suspension in the water column until hatch
ing. The newly produced eggs have a water-swelling density slightly 
greater than that of water and require a certain flow rate to hatch (Yi 
et al., 2010). While drifting down the river, the fertilized eggs hatch into 
juveniles. A flow velocity of 0.25–0.9 m/s can provide suitable spawning 
conditions by the FMCCs; the eggs of these carps begin to sink when the 
flow velocity is less than 0.27 m/s; most of the eggs will fall on the 
riverbed at a velocity of less than 0.25 m/s, and all eggs will sink at a 
velocity of less than 0.1 m/s (Cao et al., 1987; Yi and Le, 2011). Some 
studies have shown that only a portion of the eggs can hatch out if they 
settle on the riverbed (Garcia et al., 2015; Prada et al., 2018). This study 
assumed that the drifting fluvial eggs would die outside the suitable flow 
velocity ranges, to be determined by the hydrodynamic model in this 
study. 

Fig. 1. Map of the Three Gorges Reservoir and locations of spawning grounds of the four major Chinese carps before construction of the Three Gorges Dam. The 
numbers correspond to the designated river sections listed in Table 1. 

Table 1 
Designated sections of the Three Gorges Reservoir.  

Serial 
number 

River section name Starting 
and ending 
position of 
cross- 
section 
(km) 

Number of 
cross- 
sections 

Length of 
each river 
section (km) 

X1 Zhutuo–Jiangjin 0 60 28 60 
X2 Jiangjin–Banan 60 131 34 71 
X3 Banan–Xiakouzhen 131 159 25 28 
X4 Xiakouzhen–Luoqi 159 211 17 52 
X5 Luoqi–Fuling 211 274 34 63 
X6 Fuling–Puzituo 274 315 26 41 
X7 Puzituo–Zhongxian 315 386 38 71 
X8 Zhongxian–Wanzhou 386 465 41 79 
X9 Wanzhou–Yunyang 465 519 24 54 
X10 Yunyang–Guling 519 552 17 33 
X11 Guling–Fengjie 552 590 18 38 
X12 Fengjie–Wushan 590 632 21 42 
X13 Wushan–Badong 632 686 28 54 
X14 Badong–TGD 686 756 43 70  
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3.2.2. Water temperature 
Water temperatures in the TGR from late April to late July each year 

are suitable for the FMCCs to spawn and reproduce. During this time, the 
main stream of the Yangtze River generally fluctuates between 18 ◦C and 
28 ◦C. The FMCCs in the Yangtze River do not breed at temperatures 
below 18 ◦C. Since the completion of the TGD, the reproduction time of 
the FMCCs has been gradually delayed (Wang et al., 2020). The peak 
spawning period is at water temperatures of 21–24 ◦C (Yi et al., 1988), 
which occurs from May to June (Chen and Li, 2015); so long as the river 
water temperatures are above the lower temperature threshold of 18 ◦C 
(Wang et al., 2008), the FMCCs can spawn. 

3.2.3. Water level fluctuation 
Water level fluctuation is an important index influencing the 

spawning activities of the FMCCs. Provided that the water temperature 
and flow velocity are suitable, the mature broodstock requires an in
crease in water flow to exhibit spawning behavior (Yi et al., 2010). In 
most cases, the spawning activities of the FMCCs are carried out during a 
period of rising water; when the water level drops and the flow rate 
slows, the spawning activities tend to stop. The FMCCs can be induced to 
spawn when the water level rises continuously for 4–5 days (Wang et al., 

2008; Yi et al., 2010) and when high water levels are maintained for 2.5 
days (Wang and Gao, 2017). 

In summary, the spawning activities of the FMCCs in the Yangtze 
River are affected by many factors; thus, it would be impossible to 
accurately simulate the spawning situation in a certain section of the 
river by considering only isolated factors. A model of FMCCs repro
duction suitability was established based on the averaged water tem
perature from 1 May to 10 June at seven stations (i.e., Zhutuo, 
Tongguanyi, Cuntan, Qingxichang, Wanzhou, Guandukou, and Nanjin
guan) in both the pre- and post-dam periods, because various indices 
reveal that conditions in this period are suitable for the FMCCs to spawn. 
According to the response degree of the FMCCs to the changes in 
different indices, the reproduction suitability curves to the changes in 
water flow velocity, water temperature, and daily average water level 
fluctuation were obtained (Fig. 3). The data applied to the reproduction 
suitability curves were based on expert suggestions and references to the 
literature (Ban et al., 2009). The formula for calculating HSI was based 
on the geometric average method (Yi et al., 2010): 

HSI = (IV IT Idz)
1
3 (1)  

where the value of HSI ranging from 0 to 1; and IV, IT, and Idz represent 

Fig. 2. Flow chart of the research approach. FMCCs: four major Chinese carps (namely, Mylopharyngodon piceus, Ctenopharyngodon idella, Hypophthalmichthys 
molitrix, and H. nobilis). 
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the water flow velocity index, water temperature index, and water level 
fluctuation index, respectively, with values that likewise range between 
0 and 1. 

The determinations of mean velocities and water level fluctuations 
came from the one-dimensional hydrodynamic model (described 
below). Finally, the HSI values of each river cross-section along the 
reservoir area were calculated based on the FMCCs’ reproduction suit
ability model. Considering suitability based on different values of HSI 
(Jiang et al., 2019) (Table 2), the reservoir locations of cross-sections 
suitable for spawning of the FMCCs could then be evaluated. 

Owing to discontinuous conditions across each channel cross- 
section, the distribution of HSI values at different positions in the 
channel was relatively scattered. This study divided the reservoir area 
into multiple river sections, as listed in Table 1. To clearly describe the 
habitat suitability of the sections for the FMCCs, we defined a suitability 
proportion, W, which represents the proportion of the number of cross- 
sections having HSI values greater than 0.5 among the total number of 
sections in the study area. Moreover, W could represent the scale of the 
spawning grounds within a given river section, as well as the possibility 
that a river section would become a spawning ground for the FMCCs 
under stochastic flood conditions. A higher W value indicates propor
tionately greater suitability for the FMCCs, meaning the more likely the 
river section is to become a spawning ground. The formula is: 

W =
n
N
× 100% (2)  

where n represents the number of cross-sections with HSI greater than 
0.5 in a given river section; N represents the total number of cross- 
sections in this river section; and W represents the proportion of suit
able area (that is, the overall suitability in a certain river section of the 
FMCCs). The range of the values of W is 0–1. 

3.3. Hydrodynamic model of the Three Gorges Reservoir 

3.3.1. Stochastic inflow floods 
The spatial distribution of the FMCCs’ spawning grounds under one 

or several actual flood simulations is often subject to uncertainty 

because of various influencing factors each year. Stochastic flood 
simulation can generate a large number of flood sequences and predict 
future water regimes based on statistical and actual hydrological data 
(Gharari and Razavi, 2018). Our study established a stochastic flood 
model to simulate changes in water flow conditions under complex in
flows, to evaluate changes in the spatial distributions of the FMCCs’ 
spawning grounds. In this study, we established a periodic stationary 
autoregressive model of daily flow in the TGR to realize the stochastic 
simulation of the flood process at three main inflow stations— (Zhutuo, 
Beibei, and Wulong)— referenced from Jing et al. (2020). This model 
divided a year into several periods based on the consistency of changes 
in the autocorrelation structure of the daily flow, and it established a 
corresponding stationary autoregressive model for each period. The 
model used the measured daily flow data of the main inflow stations 
from 1957 to 2016 (60 years, with 28 days in February each year) as the 
modeling data. According to the statistical characteristics of the daily 
flow data and the differences in autocorrelation coefficients in different 
periods, combined with the principle of staging, the annual daily flow 
process was specifically divided into r periods. The periodic stationary 
autoregressive model of daily flow was expressed according to the 
formula: 

Zt =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑P1

i=1
φ1

i Zt− i + ε1
t 1 ≤ t ≤ T1

∑P2

i=1
φ2

i Zt− i + ε2
t T1 < t ≤ T2

⋯⋯
∑Pr

i=1
φr

i Zt− i + εr
t Tr− 1 < t ≤ 365

(3)  

where Zt is the flow simulation sequence of day t, which is standardized 
and normalized; Td (d = 1, 2, …, r-1) is the start day of the different 
periods, and r is the number of periods; φj

1, φj
2, …, φj

Pj 
is the autore

gressive coefficient of the period j; Pj is the level of the period (j = 1, 2, 
…, r); and εj

t is the normal independent stochastic variable (mean value 

is 0, square error is σj
ε
2
). The autoregressive coefficients were estimated 

using the Yule–Walker equations as follows: 
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

φj
1

φj
2

⋮
φj

Pj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 ρj
1 ρj

2 ⋯ ρj
Pj − 1

ρj
1 1 ρj

1 ⋯ ρj
Pj − 2

⋮ ⋮ ⋮ ⋯ ⋮
ρj

Pj − 1 ρj
Pj − 2 ρj

Pj − 3 ⋯ 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρj
1

ρj
2

⋮
ρj

Pj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4)  

where ρj
1, ρj

2, …, ρj
Pj 

is an average value of the autocorrelation co

Fig. 3. Reproduction suitability curves for the four major Chinese carps in the Yangtze River.  

Table 2 
Habitat Suitability Index (HSI) values for the four 
major Chinese carps in the Three Gorges Reservoir.  

HSI Suitability 

0–0.5 Poor 
0.5–0.8 Generally suitable 
0.8–1 Suitable  
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efficients γi,j of level 1, 2, …, Pj in different periods. The residual vari

ance σj
ε
2 

was calculated using the formula: 

σj
ε

2
= 1 − φj

1ρj
1 − φj

2ρj
2 − ⋯ − φj

Pj
ρj

Pj
(5) 

According to the generated stochastic flood process of the main 
inflow stations, 2000 inflow scenarios at the Zhutuo, Wulong, and Beibei 
hydrological stations were formed. 

3.3.2. Simulation of three indices 
MIKE 11 was used to build a one-dimensional hydrodynamic model 

to simulate the evolution of different flood processes. This model was 
based on the Saint-Venant equations and solved using the 
Abbott–Ionescu format. The governing equations are as follows. More 
model details can be found in Yan et al. (2021). 

The continuity equation is: 

B
∂Z
∂t

+
∂Q
∂x

= q (6)  

and the momentum equation is: 

∂Q
∂t

+
∂
∂x

(
Q2

A

)

+ gA
(

∂Z
∂x

+
Q|Q|

K2

)

= 0 (7)  

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

To reflect as much as possible the influence of the different forms of 
all stochastic flood processes and the statistical laws on the simulation 
results, we selected 2000 flood processes as the inflow conditions of the 
one-dimensional hydrodynamic model. This sample size of 2000 is 
representative of the water flow patterns of most possible flood pro
cesses and can generate the flood evolution under complex inflow con
ditions. The one-dimensional hydrodynamic model simulated the 
changes in water level and water velocity throughout the study reach in 
various periods, which provided relevant data support for the evaluation 
of FMCCs reproduction suitability. The channel shapes were generalized 
from the 414 measured cross-section data in 2012, provided by 
Changjiang Water Resources Commission of the Ministry of Water Re
sources, China, and the initial water surface elevation was calculated by 
the hydrodynamic model under different inflow conditions. Thereafter, 
the one-dimensional hydrodynamic model was used to simulate each 
flood using the pre- and post-dam conditions. During the pre-dam 
period, the water level–water discharge relationship curve of Yichang 
station was fit under natural flow conditions based on the measured data 
from 1990 to 2003, to be used as the outflow boundary condition for the 
model. During the post-dam period, the model calculation used the 
water level change regime of the TGR from 1 May to 10 June as the 
downstream boundary condition (Li et al., 2018); that is, the starting 
water level was 155 m, dropping to 145 m. 

Daily average water temperatures in the pre- and post-dam periods 
were calculated based on the daily measured data at seven stations in the 
Zhutuo–TGD section. The formula is as follows: 

Ti =

∑n
j=1Tj,i

n
(8)  

where Ti (i = 1, 2, 3, …, n) is the water temperature on the ith day in the 
simulated water temperature; Tj,i (j = 1, 2, 3, …, n; i = 1, 2, 3, …, n) is the 
water temperature value of the ith day in the jth year in the actual 
measured water temperature. 

Thereafter, this study took the daily water temperature calculation 
results from 1 May to 10 June as the daily water temperature state under 
stochastic flood conditions. The water temperature data came from the 

actual daily average water temperature data of seven hydrological sta
tions for the pre-dam period (1994–2002) and post-dam period 
(2003–2017). Finally, the flow velocity and water level fluctuation of 
each flood process were calculated and combined with the changes of 
water temperature to form the basic calculation data of the FMCCs’ 
reproduction suitability model. 

3.4. Reproduction suitability model of the four major Chinese carps in the 
Three Gorges Reservoir 

3.4.1. Model validation 
The one-dimensional hydrodynamic model established by MIKE 11 

was verified by fitting the measured and simulated water level data. This 
study used measured flood processes in July 2010 and July 2012 to 
calibrate and verify the roughness of the hydrodynamic model respec
tively based on the measured water level regime at 17 hydrological 
stations along the reservoir area. The simulated water levels of the 
model fit well with the measurements, and the water level error ranges 
of different stations were 0.03–0.64 m during the calibration period, and 
0.02–0.38 m during the verification period (Yan et al., 2021). The 
simulation sequence generated by the periodic stationary autoregressive 
model of daily flow was evaluated by the moment method. The statis
tical parameters included the dispersion coefficient CV, coefficient of 
skewness CS, mean X, root-mean-square deviation S, and level 1 auto
correlation coefficient γ1. When the statistical parameters of each day 
meet a certain pass rate, it can be considered that the model calculation 
is accurate and meet the research needs (Jing et al., 2020). The overall 
pass rate of CS is (N/365) × 100%, where N is the number of qualified 
days in a year. The accuracy of spawning ground positioning also needed 
to be verified. Based on the measured flood process (i.e., 2011, 2012, 
2014), this research simulated the spatial distribution of spawning 
grounds in the reservoir area in the corresponding years according to the 
suitability proportion W of each section along the river. This was then 
compared with the measured spatial location of the spawning ground to 
prove the accuracy of the FMCCs reproduction suitability model. 

3.4.2. Modelling scheme 
The spatial distribution of the spawning grounds of the FMCCs under 

the condition of 2000 stochastic inflow flood events was then simulated 
and analyzed based on the verified hydrodynamic model and repro
duction suitability model. This analysis was mainly carried out in two 
parts. First, based on the two conditions during the pre- and post-dam 
periods, the distribution and changes of the spawning grounds of the 
FMCCs in the Zhutuo–TGD river section under different current condi
tions were analyzed. Then, to clarify the impact of different dam sce
narios on the spawning behavior of the FMCCs, this study further 
assumed and calculated the suitability of the FMCCs in the TGR under 
two of the scenarios: the low-dam and middle-dam scenarios. In this 
study, the no-dam and high-dam scenarios demote the flow condition of 
the pre- and post-dam periods, respectively. The TGR is currently in a 
period of normal operation, which corresponds to the high-dam scenario 
in the simulation process, and the water level in front of the dam is 
maintained at 155 m. On 1 May of each year, the flow discharge from the 
TGR is increased in preparation for flood control; thus the water level in 
front of the dam drops continuously from a starting level of 155 m to 
145 m on 10 June. The middle-dam scenario corresponds to the initial 
operation period of the TGR. The scheduling mode in this scenario is the 
same as in the normal operation period, but the water level is lower. In 
the dry season, the water level in front of the dam gradually drops from 
140 m to 135 m. In this hypothetical low-dam scenario in this study, the 
water level in front of the dam follows the same scheduling mode, 
dropping from 115 m to 105 m. Thus, the four dam scenarios (no-dam, 
low-dam, middle-dam, and high-dam) were expressed as the different 
water levels in front of the TGD (Table 3). 
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4. Results 

4.1. Calibration and verification of the stochastic flood model 

In this study, the passing rate of each key parameter of the stochastic 
simulation sequence was tested. Among these parameters, the relative 
error between the simulated and measured values of the coefficient of 
skewness CS was less than 15%, which is qualified; the pass standard for 
the remaining statistical parameters is no more than 10%. Table 4 shows 
the passing rate of the statistical parameters of the main inflow stations 
in the TGR. 

According to the parameter passing rate of each station, the simu
lated value of the parameter fits well with the measured value. The 
simulation sequence generated by the periodic stationary autoregressive 
model of daily flow adequately reflects the hydrological characteristics 
of the measured sequence. 

4.2. Simulation accuracy of the four major Chinese carps’ reproduction 
suitability model 

Based on the measured floods during the normal operation of the 
TGR in the post-dam period (i.e., in 2011, 2012, and 2014), the spatial 
distribution of the spawning grounds under the measured flood situa
tions was analyzed. The results are presented in Table 5. 

Against the three measured floods in 2011, 2012, and 2014, the 
simulated distribution of the spawning grounds was consistent with the 
situation reflected in the actual annual survey of the TGR. In 2011, the 
simulated suitable spawning area for the FMCCs in Banan–Xiakouzhen 
section accounted for 42.3% of the river section. The measured data 
from Mu et al. (2014) confirmed that this river section was the main 
spawning ground for the FMCCs in 2011, consistent with the results of 
this study (Table 5). In 2012, the Banan–Xiakouzhen section was again 
the main spawning ground for the FMCCs at 65.4% of the river section, 
consistent with the location of the spawning grounds identified in field 
investigations by Mu (2014). In 2014, the suitability proportion W of the 
Zhutuo–Jiangjin, Jiangjin–Banan, and Fuling–Puzituo river sections 
aligned with the measured data given in Wang et al. (2015), thereby 
indicating that the spawning grounds were correctly determined by our 
model. Therefore, the model of FMCCs reproduction suitability estab
lished here can be used to accurately locate the spawning grounds of 
these fishes in the upper reaches of the Yangtze River. 

4.3. Distribution of spawning grounds of the four major Chinese carps 
during the pre- and post-dam periods 

4.3.1. Location of the four major Chinese carps’ spawning grounds under 
stochastic flood conditions 

This study examined the reproduction suitability of the FMCCs under 

pre- and post-dam scenarios. The suitability proportion, W, of different 
river sections under 2000 stochastic flood events was counted to 
determine the location of the FMCCs’ spawning grounds (Table 6). A 
comparison of the suitability proportions in the pre- and post-dam pe
riods is shown in Fig. 4. 

The calculations indicated that construction of the TGD has greatly 
impacted the spawning activities of the FMCCs. The scale and locations 
of the spawning grounds underwent tremendous change. In Table 6, ΔW 
is the change in W after dam construction relative to before dam con
struction. Simulation of the pre-dam scenarios (Table 6) shows that the 
Zhutuo–TGD river section under natural flow conditions is suitable for 
spawning by the FMCCs with average values of W ranging from 9.3% to 
58.5%. The W values for all river sections (except for Puzituo–Zhongxian 
and Yunyang–Guling at <10%) indicate that the spawning grounds of 
the FMCCs in the pre-dam period are densely distributed in the upper 
reaches of the Yangtze River, which is consistent with historical survey 
results and measured data (Yi et al., 1988). Based on the simulated re
sults, the evaluation accuracy of the FMCCs’ reproduction suitability 
model has been further confirmed. 

In the pre-dam period, the FMCCs exhibit some spawning activities 
in the river between Zhutuo and the TGD. However, since the comple
tion of the TGD, the impact on the water body in the reservoir area has 
become prominent. The reach downstream from Zhongxian is signifi
cantly affected, and the flow conditions in front of the dam are not 
suitable for the FMCCs to reproduce. The spawning activities of the 
FMCCs show an upstream shift, and some spawning grounds gradually 
disappear. In the post-dam period, the reach above Zhongxian contains 
nine spawning grounds for the FMCCs, in the reservoir area between 
Zhutuo and Yunyang. Especially, the FMCCs have a higher reproduction 
suitability proportion in the Zhutuo–Jiangjin section with a length of 60 
km and in the Banan–Zhongxian section with a length of 255 km 
(Table 6). 

4.3.2. Impact of dam size on the four major Chinese carps’ spawning 
grounds 

To clarify the impact of dam size on the spawning behavior of the 
FMCCs, this study further assumed and calculated the suitability of the 
FMCCs in the TGR under two of the dam scenarios: the low-dam and 
middle-dam scenarios (Table 7). The dam size is related to the water 
level in front of it, as described in Section 3.4.2 and Table 3. Therefore, a 
simulation of the dam’s size can be obtained by controlling the water 
level at the front of the dam. According to the different dispatching 
water levels in front of the dam, the pre-dam situation corresponds to the 
no-dam scenario and post-dam to the high-dam scenarios (Table 6). 

The calculation results of the four dam scenarios are shown in Fig. 5, 
and the changes of W between the three dam conditions and the no dam 
conditions are listed in Table 8. 

Table 3 
The water level in front of the Three Gorges Dam under four dam scenarios.  

Dam scenario Water level fluctuation in front of the dam (m) 

No-dam – 
Low-dam 115 ~ 105 
Middle-dam 140 ~ 135 
High-dam 155 ~ 145  

Table 4 
The passing rate of statistical parameters of the main inflow stations in the Three 
Gorges Reservoir.  

Station name CV CS X S γ1 

Zhutuo 100% 96% 100% 100% 98% 
Beibei 95% 89% 96% 97% 73% 
Wulong 100% 92% 100% 100% 90%  

Table 5 
Suitability proportion of each river section under measured flood conditions 
during the post-dam period.  

Serial number River section 2011 2012 2014 

X1 Zhutuo–Jiangjin  10.7%  0.0%  89.3% 
X2 Jiangjin–Banan  2.9%  0.0%  40.0% 
X3 Banan–Xiakouzhen  42.3%  65.4%  7.7% 
X4 Xiakouzhen–Luoqi  27.8%  16.7%  0.0% 
X5 Luoqi–Fuling  8.6%  2.9%  5.7% 
X6 Fuling–Puzituo  0.0%  0.0%  74.4% 
X7 Puzituo–Zhongxian  0.0%  0.0%  3.7% 
X8 Zhongxian–Wanzhou  0.0%  2.4%  28.6% 
X9 Wanzhou–Yunyang  0.0%  0.0%  0.0% 
X10 Yunyang–Guling  0.0%  0.0%  0.0% 
X11 Guling–Fengjie  0.0%  0.0%  0.0% 
X12 Fengjie–Wushan  0.0%  0.0%  0.0% 
X13 Wushan–Badong  0.0%  0.0%  0.0% 
X14 Badong–TGD  0.0%  0.0%  0.0%  
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5. Discussion 

Based on the simulation results shown in Table 6, the spawning 
suitability of FMCCs in the river reaches upstream and downstream of 
Zhongxian changes with the construction of the TGD. At the head of the 
TGR, the Zhutuo–Jiangjin and Banan–Zhongxian river sections show 
relatively high suitability when compared with that in the pre-dam 
period. A possible explanation is that the high water depth in front of 
the dam usually changes slowly owning to the influence of backwater, 
which directly reduces the spawning suitability of the FMCCs in the 
lower reach of the TGR (Yang et al., 2021). Therefore, the FMCCs have to 
leave the original river reach to find a more suitable spawning ground in 
the backwater zone, where the water depth, velocity, water tempera
ture, and water level fluctuation meet the species’ spawning re
quirements (Yang et al., 2021; Yi et al., 2010). The Luoqi–Fuling river 
section can provide 50.4% of suitable spawning area for the FMCCs, 
whereas the Puzituo–Zhongxian river section near the middle reaches of 
the reservoir area can provide 18.9%. The reach above Zhongxian has 
gradually become a spawning ground for the FMCCs. Although there are 

cases of proportionally high suitability under certain water flow con
ditions in the area in front of the dam (e.g., the Wushan–Badong and 
Badong–TGD river sections can provide 13.6% and 13.9% suitable area 
during some unusual flood periods, respectively), this area showed a 
small probability of forming a spawning ground for the FMCCs only 
during the simulation of multiple floods. Therefore, compared with 
natural water flows, the impact of dam construction on the spawning 
grounds of the FMCCs is significant. 

Through comparisons of the suitability proportion W under the four 
dam scenarios, the W value of each spawning ground in the river section 
above Zhongxian hardly differs among scenarios in the post-dam period, 
regardless of the size of the dam (Table 8). The low-dam, middle-dam, 
and high-dam scenarios correspond to three operational periods of the 
TGD (i.e., dam water levels of 135 m, 156 m, and 175 m, respectively), 
which all result in a fluctuating backwater zone of the TGR in the reach 
above Zhongxian (Gao et al., 2010; Yang et al., 2021). This situation 
may explain the relatively uniform high suitability proportions in the 
reach above Zhongxian under the three dam scenarios in the post-dam 
period. There, the Luoqi–Fuling river section is the most suitable 

Table 6 
Suitability proportion W of different river sections during the pre- and post-dam periods.  

Serial number River section Pre-dam period Post-dam period ΔW 

The range of W The average of W The range of W The average of W 

X1 Zhutuo–Jiangjin 0–100%  58.50%  0–89.3%  14.70%  − 43.80% 
X2 Jiangjin–Banan 0–94.3%  40.00%  0–85.7%  5.40%  − 34.60% 
X3 Banan–Xiakouzhen 0–92.3%  53.80%  0–92.3%  34.10%  − 19.70% 
X4 Xiakouzhen–Luoqi 0–88.9%  41.50%  0–88.9%  35.90%  − 5.60% 
X5 Luoqi–Fuling 0–97.2%  36.10%  0–97.2%  50.40%  14.30% 
X6 Fuling–Puzituo 0–96.3%  21.30%  0–96.3%  37.00%  15.70% 
X7 Puzituo–Zhongxian 0–74.9%  9.30%  0–97.4%  18.90%  9.60% 
X8 Zhongxian–Wanzhou 0–53.8%  12.90%  0–59.5%  2.90%  − 10.00% 
X9 Wanzhou–Yunyang 0–44.6%  15.80%  0–33.3%  0.20%  − 15.60% 
X10 Yunyang–Guling 0–31.7%  9.70%  0.00%  0.00%  − 9.70% 
X11 Guling–Fengjie 0–34.8%  22.10%  0.00%  0.00%  − 22.10% 
X12 Fengjie–Wushan 0–29.6%  20.50%  0.00%  0.00%  − 20.50% 
X13 Wushan–Badong 0–39.5%  22.30%  0–13.6%  0.00%  − 22.30% 
X14 Badong–TGD 0–30.3%  21.80%  0–13.9%  0.00%  − 21.80%  

Fig. 4. Distribution of the spawning grounds of the four major Chinese carps in the upper reaches of the Yangtze River in the pre- and post-dam periods.  
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spawning ground for the FMCCs. However, significant differences in W 
exist in the sections downstream of Zhongxian under the different dam 
scenarios. The main reason for this difference could be an increase in the 
backwater distance caused by the dam construction, which leads to a 
decrease of velocity and less water level fluctuation in front of the dam. 
FMCCs cannot get enough flow and velocity stimulation to spawn, so 
they have to move away from their original spawning grounds and 
migrate upstream. Under the scenario of building a low dam in the upper 
reaches of the Yangtze River, the variation trend in values of W along the 
way is consistent with the calculated results of the no-dam scenario, but 
generally lower than that of the water level without the dam. The sec
tions downstream of Wanzhou will be most affected by the blockage of 
the dam, at a scale of 64 km. Under the scenario of building the middle 
and high dams, the river section below Zhongxian is severely affected by 
the backwater; accordingly, the W values are low and suitable spawning 
grounds gradually disappear from these reaches. Under the middle-dam 
and high-dam scenarios, 90 km and 101 km of spawning grounds 

disappear, respectively. Thus, construction of the dam not only directly 
prevents the downstream FMCCs from returning to spawn, but also 
causes a decrease in water velocity in front of the dam. The larger size of 
the dam, the larger influence on the water body in front of the dam, and 
the slower water level fluctuation. These impacts directly result in a 
longer backwater distance and a greater loss of spawning grounds with a 
larger dam. Consequently, the FMCCs gradually migrate upstream after 
losing suitable spawning conditions. The proportion of suitable spawn
ing ground in the river reach between Luoqi and Zhongxian increases 
under the three dam sizes, and that in the reach between Zhutuo and 
Luoqi loses 57 km, 54 km, and 59 km of spawning habitat, under the 
small, middle, and large-dam scenarios, respectively, accounting for 
90%, 60%, and 59% of the total spawning grounds loss. Even though 
spawning grounds are lost after dam construction, they are mainly 
distributed in the river reach above Zhongxian, and especially in the 
Zhutuo-Jiangjin and Banan-Zhongxian river sections. 

6. Conclusions 

By coupling a hydrodynamic model and a model of FMCCs repro
duction suitability, we simulated and analyzed the spatial distribution of 
spawning grounds of the FMCC, as well as changes in the extent of 
suitable spawning ground in each river section, in the pre-dam and post- 
dam periods, in the upper reaches of the Yangtze River under complex 
inflow conditions. The main conclusions are:  

(1) Through the simulation and analysis of the spatial distribution of 
the spawning grounds of the FMCCs under the stochastic flood 
process, we determined that locations of suitable spawning 
grounds shift upstream compared with natural river conditions. 
In the post-dam period, the FMCCs have a higher reproduction 
suitability proportion in the Zhutuo–Jiangjin (length 60 km) and 
Banan–Zhongxian river sections (length 255 km). The reproduc
tion suitability simulations results imply nine suitable spawning 
grounds for the FMCCs in the upper reaches of the Yangtze River 
between Zhutuo and Yuyang. 

Table 7 
Reproduction suitability of the FMCCs in different river sections under different 
dam scenarios.  

Serial 
number 

River section Low-dam Middle-dam 

The 
range of 
W 

The 
average 
of W 

The 
range of 
W 

The 
average 
of W 

X1 Zhutuo–Jiangjin 0–89.2% 17.2% 0–100% 17.2% 
X2 Jiangjin–Banan 0–85.7% 6.7% 0–94.3% 6.8% 
X3 Banan–Xiakouzhen 0–92.3% 32.7% 0–92.3% 37.4% 
X4 Xiakouzhen–Luoqi 0–88.9% 35.5% 0–88.9% 39.2% 
X5 Luoqi–Fuling 0–97.1% 51.6% 0–97.2% 48.7% 
X6 Fuling–Puzituo 0–96.3% 41.8% 0–96.3% 39.0% 
X7 Puzituo–Zhongxian 0–97.4% 17.9% 0–74.9% 19.5% 
X8 Zhongxian–Wanzhou 0–61.9% 11.3% 0–53.8% 3.3% 
X9 Wanzhou–Yunyang 0–22.2% 8.1% 0–44.6% 0.2% 
X10 Yunyang–Guling 0–17.3% 5.7% 0–31.7% 4.0% 
X11 Guling–Fengjie 0–18.7% 9.9% 0–34.8% 5.0% 
X12 Fengjie–Wushan 0–20.5% 10.3% 0–29.6% 3.0% 
X13 Wushan–Badong 0–22.7% 12.3% 0–39.5% 0.2% 
X14 Badong–TGD 0–12.5% 8.1% 0–30.3% 0.2%  

Fig. 5. Distribution of spawning grounds of the four major Chinese carps in the upper reaches of the Yangtze River under the four different dam scenarios.  
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(2) Through the simulation of four dam scenarios in the TGR in 
comparison with pre-dam river conditions, construction of the 
dam leads to FMCCs’ spawning ground losses of 64 km under the 
low-dam scenario, 90 km under the middle-dam scenario, and 
101 km under the high-dam scenario. The spawning ground lost 
in the reach between Zhutuo and Luoqi accounts for 90%, 60%, 
and 59% of the total net loss, respectively, under the three dam 
sizes. These results show that the ecological suitability of a 
dammed river for aquatic organisms is affected to varying de
grees depending on the size of the dam. 
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Table 8 
Changes in reproduction suitability of four major Chinese carps in the Three Gorges Reservoir under different dam sizes compared with the no-dam scenario.  

Serial number River section W of the pre-dam period △W Net loss of spawning grounds (km) 

Low-dam Middle-dam High-dam Low-dam Middle-dam High-dam 

X1 Zhutuo–Jiangjin  58.50%  − 41.30%  − 41.30%  − 43.80%  24.78  24.78  26.28 
X2 Jiangjin–Banan  40.00%  –33.30%  –33.20%  − 34.60%  23.64  23.57  24.57 
X3 Banan–Xiakouzhen  53.80%  − 21.10%  − 16.40%  − 19.70%  5.91  4.59  5.52 
X4 Xiakouzhen–Luoqi  41.50%  − 6.00%  − 2.30%  − 5.60%  3.12  1.20  2.91 
X5 Luoqi–Fuling  36.10%  15.50%  12.60%  14.30%  − 9.77  − 7.94  − 9.01 
X6 Fuling–Puzituo  21.30%  20.50%  17.70%  15.70%  − 8.41  − 7.26  − 6.44 
X7 Puzituo–Zhongxian  9.30%  8.60%  10.20%  9.60%  − 6.11  − 7.24  − 6.82 
X8 Zhongxian–Wanzhou  12.90%  − 1.60%  − 9.60%  − 10.00%  1.26  7.58  7.90 
X9 Wanzhou–Yunyang  15.80%  − 7.70%  − 15.60%  − 15.60%  4.16  8.42  8.42 
X10 Yunyang–Guling  9.70%  − 4.00%  − 5.70%  − 9.70%  1.32  1.88  3.20 
X11 Guling–Fengjie  22.10%  − 12.20%  − 17.10%  –22.10%  4.64  6.50  8.40 
X12 Fengjie–Wushan  20.50%  − 10.20%  − 17.50%  − 20.50%  4.28  7.35  8.61 
X13 Wushan–Badong  22.30%  − 10.00%  –22.10%  –22.30%  5.40  11.93  12.04 
X14 Badong–TGD  21.80%  − 13.70%  − 21.60%  − 21.80%  9.59  15.12  15.26 

Note: The negative value denoting a net loss of spawning ground represents a greater river reach length as compared with in the pre-dam period. 
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