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Abstract: Hydropower operations significantly alter the natural hydrological conditions of rivers,
exerting adverse effects on riverine ecosystems. Accurate identification of fish habitats under hy-
dropower operation and maintaining suitable ecological flow are crucial for riverine ecological con-
servation and water resource management. Coreius guichenoti was selected as the target species and
the Yibin reach of the downstream Jinsha River was selected as the studied river reach. Subse-
quently, Weighted Usable Area (WUA) and Habitat Connectivity Index (HCI) were employed to
comparatively analyze the habitat quantity and quality before and after the construction and oper-
ation of the Xiangjiaba hydropower station, namely the natural period (1991-2005), construction
period (2006-2014), and operation period (2015-2020). Finally, correlations between WUA, HCI, and
flow were established to determine the optimal ecological flow corresponding to optimal fish habi-
tats. The results indicate that the average WUA and HCI during the construction period are similar
to the natural period. In comparison to the natural period, the average WUA decreases by 9.2%, and
the average HCI decreases by 0.05 during the operation period. It is determined that the habitat
conditions are optimal when the flow is between 3000 and 5000 m?/s. After further refining the flow
scenarios, the suitable ecological flow is determined to be 3500 m3/s. This study can provide a scien-
tific basis for the water resources management in the Jinsha River and contribute to the field of riv-
erine ecological conservation and restoration.

Keywords: fish habitat; suitable ecological flow; hydropower operation; habitat connectivity index;
Weighted Usable Area

1. Introduction

Water conservancy projects are of great significance in flood control, irrigation,
power generation and so on [1]. They ensure the rational utilization of water resources
and prevent large-scale droughts and floods [2]. With the growth of the population and
the development of socioeconomics, the number of water conservancy projects continues
to increase. However, despite the social and economic benefits, water conservancy pro-
jects like reservoirs inevitably disrupt river connectivity, modifying hydrological condi-
tions, including water level, flow, temperature, turbidity, and more [3-5]. These changes
result in a decrease in the habitat suitability for fish, notably impacting the existing fish
community structure and distribution within the watershed [6,7]. Preserving appropriate
ecological flow and habitat conditions is a prerequisite for ensuring the reproduction of
fish [8,9]. Therefore, determining the suitable ecological flow in rivers and understanding
the impact of water conservancy projects on the suitability of fish habitats has become
increasingly urgent and necessary for the restoration and protection of fish habitats.
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The protection of fish habitats has gradually become a hot point for the study of river
ecosystems in recent years [10-12]. Through ecological operation and the construction of
ecological engineering, suitable hydrodynamic conditions can be provided for the growth
of fish [13,14]. A prerequisite for this research is the accurate identification of fish habitats
and their susceptibility to the impacts of water conservancy projects [15-17]. To achieve
this, scholars have developed habitat models to assess the effects of water resource devel-
opment and water conservancy projects on habitats [18-20]. To establish habitat models,
a plethora of numerical models, such as HEC-RAS, MIKE11, River2D, PHABSIM, and
MIKES3, have been widely applied. Previous habitat models primarily utilized Weighted
Usable Area (WUA) to assess habitat conditions. However, this indicator can only evaluate
the quantity of suitable habitats and cannot describe habitat quality, such as habitat con-
nectivity. The habitat connectivity index (HCI) allows the determination of habitat con-
nectivity ensuring there is a range of fish activities, promotion of their spawning and re-
production (Yang, S. et al., 2023) [18]. The fragmentation of habitats caused by dam barri-
ers hinders the dispersion and migration pathways of fish, leading to a reduction in fish
species and resource abundance [21]. Therefore, precise identification of habitat connec-
tivity and the implementation of restoration measures are crucial for the conservation of
fish resources and the stability of river ecosystems.

Ecological flow refers to the water flow required to maintain the natural functioning
of riverine ecosystems while meeting the demands of human societies for water resources
[22,23]. The fundamental principle underlying the calculation of ecological flow involves
scrutinizing the hydrological, aquatic biological and geomorphological features of river
ecosystems to determine a water flow condition that not only satisfies societal needs but
also supports inherent ecological functions [24,25]. The methods for calculating ecological
flow can be categorized into four classes: hydrological, hydraulic, habitat, and holistic
methods [26]. The hydrological method is the most extensively employed due to its sim-
plicity and broad applicability; however, it lacks explicit ecological significance [27]. The
hydraulic method builds upon the hydrological method by incorporating river and bio-
logical information, though it falls short in considering the holistic aspects of ecosystems
[28,29]. The holistic method integrates multiple disciplines and is currently the most rea-
sonable method for ecological flow assessment, albeit with high data requirements and
operational complexity [3]. Habitat methods, by quantifying the relationship between
flow and the quality of indicator species habitats, provides ecological flow for different
life stages with a clear physical mechanism, making it widely applied [30]. Previous stud-
ies for the habitat method predominantly established correlations between WUA and flow
to determine the ecological flow corresponding to the maximum suitable habitat area
[31,32]. However, this method neglects the consideration of habitat quality, rendering the
outcomes less conducive to fulfilling the habitat requirements of fish species.

Therefore, considering the suitable habitat area and habitat connectivity, this study
employs WUA and HCI to assess both the quantity and quality of fish habitats. Subse-
quently, correlations between WUA, HCI, and flow are established to determine the opti-
mal ecological flow corresponding to the most suitable fish habitats. The outcomes of this
research can serve as a scientific foundation for water resource management and riverine
ecological restoration.

2. Materials and Methods
2.1. Study Area and Data Sources

The Jinsha River, situated in the upper reaches of the Yangtze (Figure 1), boasts abun-
dant hydroelectric and fish resources. Currently, a sophisticated cascade reservoir system
has been established, with the capacity for power generation reaching 37 million kw.
Among these, the construction of the Xiangjiaba Hydropower Station commenced in No-
vember 2006, and it commenced operations in July 2014, exhibiting a maximum reservoir
capacity of 5.16 billion m3. With the operation of the Xiangjiaba Hydropower Station, there
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has been a discernible transformation in the hydrological conditions downstream, exert-
ing a certain influence on the spawning, reproduction, and foraging of fish. This study
designates the downstream reach of the Jinsha River, proximal to the Xiangjiaba Hydro-
power Station, as the study area, spanning approximately 30 km from the station’s down-
stream point, 5 km beyond Xiangjiaba, to the Yibin hydrological station. This river reach
represents a crucial sanctuary for fish in the upper reaches of the Yangtze, harboring a
diverse array of rare species unique to the upper Yangtze, as well as economically signifi-
cant fish species. The study employs daily runoff data from the Xiangjiaba hydrological
station (2 km downstream of Xiangjiaba Hydropower Station) spanning from 1990 to 2020
and water level data from the Yibin hydrological station for 2020. These data sources are
derived from the Changjiang Water Resources Commission of the Ministry of Water Re-

sources.
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Figure 1. Location of the Jinsha River and study reach.

2.2. Methods

The procedural framework of this study is illustrated in Figure 2. (1) Hydrodynamic
model is employed to calculate water depths and velocities under varying flow conditions.
(2) Habitat model is utilized to establish suitability curves for water depth and velocity of
the target fish species. (3) Assessment of habitat quantity and quality for distinct periods
using WUA and HCI. (4) Relationships between WUA, HCI and flow are constructed,
facilitating the derivation of suitable ecological flow of various flow scenarios.
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Figure 2. The diagram elucidating the procedural framework in this study.

2.2.1. Hydrodynamic Model

The Hydrodynamic Model was employed to compute water velocity and depth dis-
tribution under different flow scenarios. The hydrodynamic distribution characteristics of
the habitat were analyzed using the MIKE 21 FM two-dimensional hydrodynamic model.
This software, crafted by the Danish Hydraulic Institute (DHI), represents a numerical
model. The hydrodynamic model adeptly captures the undulations in river water levels
and the dynamic shifts in flow velocity and water elevation induced by diverse forces.
Employing an unstructured irregular triangular mesh, this model could delineate the
shoreline conditions of the simulated region. In accordance with the hydrodynamic char-
acteristics of the studied river reach, this investigation forged a grid encompassing 7503
nodes and 13,165 elements. The total area of the river reach is 8,405,062 m2.

This study necessitates the calibration of riverbed roughness, specifically the Man-
ning coefficient within the model. Following meticulous calibration, a Manning coefficient
of 32 m'#/s is ascertained to meet the precision requisites of this investigation. Validation
is subsequently carried out using water level measurements from the Xiangjiaba hydro-
logical station for the period of 1 November to 30 November 2020. The results manifest a
high qualification rate for simulated water levels with an average error magnitude below
0.1 m and an accuracy of more than 90%. The model stands in accordance with the simu-
lation criteria. The results of the model validation are shown in Figure 3.
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Figure 3. The results of the model validation at Xiangjiaba hydrological station.
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2.2.2. Habitat Model

The Habitat Model, on the other hand, establishes suitability curves for the target
species” habitat, determining habitat suitability indexes based on the water velocities and
depths distribution at different flow scenarios. Then, WUA and HCI were used to evaluate
the quantity and quality of fish habitat. The calculation process is as follows:

WUA =Y CSF(V,,H,)x 4 1)
i=1

n represents the number of elements; CSFi denotes the Combined Suitability Factor
(CSF) for the i-th element; Visignifies the water velocity of the i-th element, m/s; Hi indi-
cates the water depth of the i-th element, m; and Ai corresponds to the area of the i-th
element, m2.

Concerning the CSF there are primarily four commonly employed computational
methods: the product method, geometric mean method, minimum value method, and
weighted mean method [11]. This study intends to employ the geometric mean method to
compute the combined suitability value, expressed by the following formula:

CSEWV, Hy) =S (V) * f(H)) )

f(Vi) and f(Hi) denote the suitability index of water velocity and depth for the i-th
element, respectively, as derived from the suitability curves corresponding to the water
velocity and depth.

HCI is a quantitative indicator used in ecology to assess the degree of connectivity
between different habitats. It provides a numerical representation of how well organisms
can move and disperse across various habitats. Higher HCI leads to better habitat connec-
tivity and more living space for fish. HCI can usually be expressed as Equation (3).

4
HCI = Z;j /MST 3)
J=

where P;j is the area of the jth habitat patch, m? and N is the number of habitat patches. A
is the total area of the river reach. A habitat patch is defined as a patch with a CSF greater
than 0.6 [18]. Minimum spanning tree (MST) is a concept of graph theory to solve optimi-
zation problems. Detailed calculations of MST are described in S. Yang et al. (2023) [18].

2.2.3. Target Fish and the Suitability Curves

Prior research has indicated that various factors, such as alterations in hydrological
conditions and habitat fragmentation induced by hydropower development in the middle
and lower reaches of the Jinsha River, have significantly impacted the fishery resources in
numerous sections of the river. This impact is notably observed in certain species, includ-
ing the Coreius guichenoti, Rhinogobio ventralis, and Schizothorax prenanti, all of which held
a dominant position in the pre-reservoir fish community structure of the Jinsha River [33].
Coreius guichenoti was selected as the target fish in this study due to its high sensitivity to
flow and important economic value. Coreius guichenoti serves as a vital catch in numerous
tributaries of the middle and lower reaches of the Jinsha River, with its spawning grounds
currently confined to the main stem of the Jinsha River and certain reaches of the Yalong
River above the city of Yibin.

The determination of the habitat suitability curves for fish is a pivotal step in the
habitat simulation method. The establishment of these curves is grounded in the suitabil-
ity index (SI), which quantitatively analyzes the relationship between the preferences of
fish for their habitat and the environmental factors. The suitability index curves, with hab-
itat factors on the abscissa and the suitability of the fish on the ordinate, construct contin-
uous curves depicting the preferences and relationships between habitat factors. This ap-
proach quantitatively characterizes the water dynamic features of the habitat and the sur-
vival quality of the fish under such conditions. Values ranging from 0 to 1 define the pref-
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Suitability index

erences of the fish for habitat factors, where 0 signifies complete unsuitability, and 1 de-
notes complete suitability. Through on-site investigations [34] and the relevant literature
[35], the suitability curves for water velocity and depth during the spawning phase (from
Late April to Early July) of Coreius guichenoti have been acquired, as depicted in Figure 4.
The optimal water velocity during the spawning phase ranges from 0.3 to 1.3 m/s, while
the ideal water depth varies from 1.2 to 11.5 m.
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Figure 4. Suitability index curve of water velocity and depth for Coreius guichenoti in the lower Jinsha
River.

2.2.4. Assessment of Fish Habitat and Suitable Ecological Flow

Considering the construction and operation timeline of the Xiangjiaba Hydropower
Station, along with the available runoff data, this study categorizes the runoff sequence
into three periods: the natural period (1991-2005), the construction period (2006-2014),
and the operation period (2015-2020). Through comparative analysis of habitat quantity
and quality during different periods, we seek to unravel the impact of hydropower oper-
ations on the spawning habitat of fish. For each period, the annual mean runoffs from late
April to early July were selected as input conditions for the hydrodynamic model. Em-
ploying the ten-day flow as the computational unit, the water velocity and depth for sce-
narios in late April, early May, mid-May, late May, early June, mid-June, late June, and
early July were calculated. Subsequently, WUA and HCI of the eight scenarios were used
for the assessment of habitat quantity and quality.

Based on the runoff sequence from 1991 to 2020, the measured maximum flow at the
Xiangjiaba station during late April to early July ranges from 1591 m?/s to 10,500 m?/s.
Consequently, considering a range of upstream boundary flow set from 1000 to 13,000
m?3/s in the hydrodynamic model, this spectrum sufficiently encompasses the actual flow
conditions in the study reach. Within this flow range, thirteen simulated flow conditions
are selected, ranging from 1000 to 13,000 m%/s at intervals of 1000 m?3/s. Subsequently, we
establish the relationship between WUA and flow, as well as HCI and flow, thereby de-
termining the suitable ecological flow. The flow is considered the ecological flow when,
at a given flow, both the quantity and quality of fish habitats are optimal (maximized).

3. Results
3.1. Assessment of Habitat Quantity and Quality
3.1.1. Runoff Pattern

The runoff during the spawning phase across the three periods is illustrated in Figure
5. It is distinctly observable that the runoff during the construction period is lower than
that in the natural period. During the operation period, the runoff from late April to late
May (dry season) surpasses the natural period, while the runoff from early June to early
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July (wet season) is lower than the natural period. This phenomenon is closely associated
with the operation of the hydropower station.

10,000
I 19912005
I 20062014
120152020
8,000 |-
~ 6,000 |
E
3
2
= 4,000
2,000
0

Late April Early May Mid. May Late May Early June Mid. June Late June Early July

Figure 5. Runoff during the spawning phase across the three periods.

3.1.2. Assessment of Habitat

WUA and HCI during the spawning phase across the three periods are depicted in
Figure 6. From late April to early June, the trends of WUA and HCI remain relatively
stable, but after mid-June, both indicators exhibit a rapid decline. Regarding WUA, the
proportion of the total area covered by the average WUA in the study reach during the
three periods are 64.1%, 63.2%, and 54.9%, respectively. From late April to early June,
WUA during the natural period exceeds that of the construction and operation periods.
In mid- and late June, WUA during the construction period exceeds that of the natural
and operation periods. With increasing flow, in early July, WUA during the operation
period is 2.58 million m?, surpassing the construction period which measures 2.29 million
m?, while the natural period records the minimum at 1.98 million m2. HCI exhibits a sim-
ilar trend to WUA. The average HCI during the three periods are 0.47, 0.47, and 0.41, re-
spectively. From late April to early June, HCI during the natural period exceeds that of
the construction and operation periods. In mid- and late June, HCI during the construc-
tion period surpasses that of the natural and operation periods. In early July, HCI attains
its pinnacle during the operational period at 0.18, followed by the construction period at
0.16, with the natural period registering the nadir at 0.13.

These eight phases are deemed equally significant since the peak spawning phase
cannot be accurately determined. The results indicate that average WUA and HCI during
the construction period are comparable to those during the natural period. Under hydro-
power operation, the suitable habitat area for Coreius guichenoti decreases by 9.2%, and
HCI decreases by 0.05. Moreover, larger flow volumes do not necessarily translate into
better habitat conditions for fish.
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Figure 6. WUA and HCI during the spawning phase across the three phases.

To further explore the impact of habitat changes on fish after hydropower operation,
we have generated spatial distribution maps for the combined suitability factor (CSF) of
fish spawning habitats in the study reach. Take late June as an example; the CSF in late
June for the three periods was illustrated in Figure 7. The CSF of the construction period
is markedly superior to the operation period and surpasses that of the natural period. In
the natural period, the average flow in late June is 6635 m3/s. According to the results
obtained from the two-dimensional hydrodynamic model, the average water velocity is
1.21 m/s; with an average depth of 11.11 m. The CSF in different regions is relatively small,
averaging 0.47. This suggests that, during this period, the CSF does not sufficiently meet
the hydrodynamic conditions required for the spawning of Coreius guichenoti. In the con-
struction period, the average flow in late June decreases to 4901 m/s, leading to an increase
in the CSF in different regions, with an average value of 0.65. In the operation period, the
average flow in late June decreases to 6028 m/s, and the average CSF is 0.62.
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Figure 7. Combined suitability factor (CSF) of Coreius guichenoti for natural (a), construction (b), and
operation (c) periods in late June.
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3.2. Assessment of Suitable Ecological Flow
The relationships between WUA, HCI and flow across the distinct flows of 1000

13,000 m?/s are illustrated in Figure 8. When the flow is at 1000 m3/s, WUA is minimal,
merely at 2,053,431 m?, constituting a mere 24.4% of the river reach’s total area. As the
flow increases, WUA exhibits an initial rising trend, achieving its peak when the flow
ranges between 3000 and 5000 m3/s. Subsequently, with further increase in flow, WUA
begins to decline, reaching 2,313,177 m? at a flow of 13,000 m?3/s, accounting for 27.5% of
the river reach’s total area. The relationship between HCI and flow mirrors that of WUA
and flow. Notably, the HCI attains its peak at a flow of 3000 to 5000 m3/s. This indicates
that during the spawning phase of Coreius guichenoti, both the habitat suitability area and
habitat connectivity index are minimized at either low or high flow, while they are more

suitable at moderate flow.
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Figure 8. Relationships between WUA, HCI and flow across the distinct flows of 1000-13000 m3/s.
To further delineate the suitable ecological flow, eleven simulated flow conditions
are selected, ranging from 3000 to 5000 m?/s at an interval of 200 m?/s. The relationships
between WUA, HCI and flow across the distinct flows of 3000-5000 m?3/s are illustrated in
Figure 9. It is evident that when the flows are 3400 and 3600 m?3/s, both WUA and HCI
reach their peak, respectively. Consequently, the derived ecological flow values for these
two indicators are 3400 and 3600 m?3/s, respectively. Ultimately, the average of the two
values is selected as the suitable ecological flow for the spawning phase of Coreius gui-
chenoti, namely 3500 m?/s.
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Figure 9. Relationships between WUA, HCI and flow across the distinct flows of 3000-5000 m?/s.
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4. Discussions
4.1. Impacts of Habitat Changes on Fish after Hydropower Operation

The construction and operation of hydropower stations lead to an increasingly
shrinking habitat for fish, causing fragmentation and weakening of the continuity and
integrity of the environment [21]. Although previous studies have explored the impact of
hydropower operation on fish habitats, most of these studies focused on the assessment
of the quantity of fish habitats, namely WUA [36,37]. Our study aims to comprehensively
reflect the changes in fish habitats before and after hydropower operation, providing tar-
geted information for researchers and managers. In light of this, our research utilizes both
WUA and HCI to assess the quantity and quality of the fish habitat, respectively. The op-
eration of the Xiangjiaba hydropower station has altered the natural flow regime, with an
increase in flow during the dry season and a decrease during the flood season. However,
fish exhibit varying suitability to different hydraulic conditions. For instance, during the
spawning period, the optimal water depth for these fish is in the range of 1.2-11.5 m, and
the optimal water velocity is between 0.3 and 1.3 m/s. Therefore, excessively high or low
flows are unfavorable for fish habitats. Our outcomes indicate that, after the hydropower
operation, there is a significant decrease in both WUA and HCI for fish.

4.2. Comprehensive Analysis of the Suitable Ecological Flow and Habitat Assessment Approach

Since 2017, the Xiangjiaba Hydropower Station has conducted ecological operation
experiments for the natural reproduction of fish every May to June. For pelagic-spawning
fish species, such as Coreius guichenoti and Four Famous Domestic Fishes, ecological opera-
tion prioritizes ensuring the suitable ecological flow required for fish spawning [38]. Sub-
sequently, it achieves a sustained rising water process by progressively increasing dis-
charge, fostering favorable conditions for fish reproduction. Ecological scheduling data
from 2020 indicates that during periods with an average flow of 3200 m?/s, the spawning
peak of Coreius guichenoti occurred in the Yibin reach. This suggests that the calculated
ecological flow in the paper is reasonable, providing valuable insights for the protection
of Coreius guichenoti in the downstream Jinsha River.

However, due to limited temperature data, the habitat model calculations simplified
the parameters, omitting considerations for the impact of temperature parameters on hab-
itat area. Therefore, it is necessary to develop more accurate suitability curves based on
additional observed data, considering the influence of temperature and other key factors
in further in-depth research. Additionally, we solely calculated the average WUA and HCI
for each phase. While this can reflect the overall trends in the quantity and quality of fish
habitats, it cannot capture their variation characteristics. In future research, a more de-
tailed exploration of the impact of hydropower operations on fish habitats, specifically
their detailed variations, should be undertaken. Beyond addressing the natural spawning
phase of the Coreius guichenoti, efforts should be directed towards safeguarding other crit-
ical life history stages of fish, such as juvenile growth and fish migration. This entails en-
hancing the ecological scheduling strategy in the Xiangjiaba Hydropower Station, utiliz-
ing research findings more effectively in the comprehensive protection of Coreius Qui-
chenoti throughout their entire life cycle.

5. Conclusions

In addressing the limitation of a single indicator for habitat assessment, this study
employs WUA and HCI to evaluate the quantity and quality of fish habitats, providing a
comparative analysis of the impact of hydropower operations on habitat conditions. Sub-
sequently, by configuring various flow scenarios, we establish the relationships between
WUA, HCI, and flow to derive the suitable ecological flow for the target fish species. The
conclusions are presented below:

(1) Inthisstudy, Coreius guichenoti was selected as the target fish. The accuracy of Mike21
meets the required standards, allowing for precise simulations of the hydrodynamic
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characteristics of Coreius guichenoti habitats under varying flow conditions. A habitat
model for Coreius guichenoti was established based on the relevant literature. The op-
timal depth for the fish ranges 1.2-11.5 m, and the optimal flow velocity ranges 0.3—
1.3 m/s during the spawning period.

(2) The spawning phase of Coreius guichenoti was divided into eight phases, and the hab-
itat conditions for the eight phases during different periods were assessed. The re-
sults indicate that the average WUA and HCI during the construction period are close
to those of the natural period. In comparison to the natural period, the average WUA
during the operation period decreased by 9.2%, and the average HCI decreased by
0.05 [38]. However, with an increase in flow, in late June and early July, both the
construction and operation periods exhibit higher WUA and HCI compared to the
natural period.

(3) Based on the historical flow records from the Xiangjiaba Hydrological Station, a
range of 13 flow scenarios was established, spanning from 1000 to 13,000 m?/s with
intervals of 1000 m?/s. Utilizing the curves depicting the relationships between WUA,
HCI, and flow, it was identified that the simulated habitat conditions are optimal
when the flow is between 3000 and 5000 m?3/s. Further refining the flow scenarios led
to the determination of the suitable ecological flow as 3500 m3/s.
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