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A suitable environmental flow is critical for the functional maintenance of riverine

ecosystems. Hydropower plants alter the flow regime by decreasing or even drying up

the streamflow downstream of the dams, thereby affecting ecosystem sustainability. In

this study, we aimed to develop a robust environmental flow framework that can provide

scientific evidence for sustainable water resource management. Using ecological niche

modeling based on non-linear responses of species to habitat factors, we assessed the

environmental flow in the Xiangxi River Basin of Central China during dry and wet seasons

from a multi-year perspective. The most abundant macroinvertebrate taxon (i.e., Baetis)

was selected for model testing. The results showed seasonal differences in the minimum

ecological water requirements and optimal environmental flow. These two hydrological

metrics were higher during the wet season than during the dry season. During the dry

season, the minimum ecological water requirement of Baetis was 1.3 m3
· s−1, and

the optimal environmental flow was 1.6 m3
· s−1. During the wet season, the minimum

ecological water requirement of Baetis was 2.5 m3
· s−1, and the optimal environmental

flow was 2.6 m3
·s−1. This study provides a theoretical basis for the robust management

of water resources in river basins.

Keywords: Xiangxi River Basin, instreamflow incrementalmethodology, water requirement, optimal environmental

flow, non-linear ecological modeling

INTRODUCTION

River ecosystems have an enormous capacity to provide food and shelter for aquatic species and
offer a wide range of ecosystem services that directly affect human well-being (Kuriqi et al., 2021).
However, trade-offs exist between economic development and environmental protection. With the
vigorous development of the economy and modern industry, energy shortage has become a great
threat to restrict sustained economic growth. To develop water resources and narrow the economic

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.734716
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.734716&domain=pdf&date_stamp=2021-09-17
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:qhcai@ihb.ac.cn
https://doi.org/10.3389/fevo.2021.734716
https://www.frontiersin.org/articles/10.3389/fevo.2021.734716/full


Luo et al. Environmental Flow Framework for Macroinvertebrates

gap among regions, the construction of hydropower plants
and other water conservancy projects in mountain streams has
undoubtedly solved the huge problem of economic development
(Pang et al., 2015; Wang, 2019). Nevertheless, with the
development of clean energy, there are potential environmental
hazards (Premalatha et al., 2014). For example, the construction
of hydropower plants has destroyed the natural conditions
of streams. In addition, the original ecological balance and
seasonality of streams have been disrupted by the decrease in
flow, cutoff of water flow, and dry up of rivers (Wellnitz, 2014;
Ali et al., 2019; Branco et al., 2019; Ruocco et al., 2019). The
construction of small hydropower plants has a small impact on
the chemical factors, but it has a large impact on physical factors
such as the flow velocity and water depth of the stream (Wang
et al., 2013). In China, the construction of small hydropower
plants reduced the similarity of macroinvertebrate communities
in different river sections; the reservoir area is the region where
the impact is the largest (Zhao et al., 2015). There is evidence
that small hydropower plants, such as run-of-river hydroelectric
plants, damage macroinvertebrate communities (Prota Salomão
et al., 2019), affect vertical connections, and reduce lotic habitats
(Pragana et al., 2017). Furthermore, it may lead to water peaking
(Kuriqi et al., 2020) even at a low intensity, affecting riparian
plaques (Aguiar et al., 2016), and may alter other sediment
transport processes (Kuriqi et al., 2020). Therefore, suitable
environmental flow can provide a technical route for mitigating
the damage caused by hydropower plants in river and stream
ecosystems (Alsterberg et al., 2017; Hong et al., 2018).

Therefore, natural flow regimes play a fundamental role as
the primary driver in several biological processes and ensure the
long-term ecological viability of aquatic habitats (Poff, 2018).
Inadequate management of water resource exploitation may
seriously damage the integrity of river ecosystems (Bunn and
Arthington, 2002; Mittal et al., 2015). A water–energy–ecosystem
nexus represents a complex interrelationship that depends on
the type of habitat and flow regime. For example, an unsuitable
environmental flow may adversely affect river ecosystems and
hydropower revenue (Kuriqi et al., 2020). The environmental
factors that influence the habitats of aquatic organisms mainly
include river width, velocity, water depth, and physical habitat
structure. River width determines the living area of aquatic
organisms, and velocity is an important factor for aquatic
organisms to choose their habitats. In the same river course,
there are different submerged areas under different flows, and
the effective areas for aquatic organisms to grow, reproduce, and
forage are different. These factors are important determinants of
the abundance and distribution of aquatic organisms (Stalnaker
et al., 1995). Considering the importance of the effective habitat
area of river channels to riverine species (e.g., fish), the habitat
simulationmethod was used to establish the relationship between
the habitat area and flow discharge for riverine organisms (Li and
Xia, 2011).

Currently, the methods for assessing ecological water
requirements can be divided into the following four categories:
hydraulic, hydrological, habitat, and holistic methods (Tharme,
2003; Ahmadi-Nedushan et al., 2006; Halleraker et al., 2007).
Among them, the habitat method is relatively reliable for

river channels (Alsterberg et al., 2017; Yi and Zhang, 2019;
Zhang, 2019). The method is based on the relationship
between the preferred habitat conditions required by organisms
and hydrological environmental conditions. The relationship
between indicator species and suitable habitat is highly realistic
because it relies on a large number of field sampling and
monitoring data (Tharme, 2003; Alsterberg et al., 2017; Yi
and Zhang, 2019). Assessments and models of environmental
flow have gradually received attention when applied to limited
species (usually having commercial value or are endangered
aquatic organisms), a single biological community (e.g., riverine
invertebrates), and few ecosystem processes (e.g., primary or
secondary productivity) (Arthington et al., 2018).

To our knowledge, there is no research framework that
considers non-linear habitat suitability for macroinvertebrate
species based on the ecological water requirement of rivers
subject to small hydropower plants during dry and wet seasons,
especially in the monsoon or Mediterranean areas (e.g., Asia)
because monsoon and Mediterranean climates lead to seasonal
fluctuations under hydrological conditions. In a previous study,
the time series was simulated by using the simulated flow data
of the hydrological model of the selected basin (i.e., the Drin
River Basin located in the southwestern Balkans) to evaluate the
environmental flow under the influence of dams (Papadaki and
Dimitriou, 2021). Furthermore, an assessment of environmental
flow was carried out at a small impounding site in northwestern
England using velocity measurements and sample data from
typical species of macroinvertebrates (Hough et al., 2019).
Notably, habitat suitability models developed in different stream
and river systems have limited applications in target systems.
For example, one habitat suitability model developed in the
United States was applied to a diversion power station in the
mainstream of China (Fu et al., 2008); this model provided
unrealistic and unpredictable results. Therefore, a specific habitat
suitability model should be established for this river basin.
A previous study estimated the minimum ecological water
requirement based on the data from the impacted river reach
downstream of the hydropower station (Li et al., 2008). Seasonal
changes should be considered when the required ecological
discharge varies during different periods of the year (Li et al.,
2012a,b; Huang et al., 2019). However, many studies have not
considered the seasonal changes. In addition, natural rivers
without human interferences should be selected to accurately
estimate the environmental flow required to maintain the natural
flow regimes.

This study assessed the seasonal environmental flow
requirements of macroinvertebrates using non-linear ecological
modeling based onmulti-year data. Owing to climatic influences,
rainfall and stream hydrology inmonsoon Asia orMediterranean
regions have significant seasonal fluctuations. Maintaining the
maximum biodiversity of streams throughout the year and
the balance of ecosystems requires more accurate estimations
of ecological flow. Considering the Xiangxi River Basin of
Central China as a case study, the temporal rainfall is divided
into two periods, namely, the dry season (January–March and
October–December) and the wet season (April–September).
Based on the multi-year monitoring data, we selected the
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FIGURE 1 | Distribution of sampling sites in the Xiangxi River Basin.

dominant macroinvertebrate taxon, Baetis, for model testing
based on its presence at most sampling sites across the watershed
and a range of habitat affinities. In addition, the ecological water
requirement was obtained by constructing an ecological niche
model of this indicator taxon during different seasons. The
objective of this study was to investigate the ecological flow based
on niche modeling during dry and wet seasons and thus provide
theoretical guidance for the management of hydropower plants.
We hypothesized that seasonal changes in environmental flow
occur when climatic variability influences habitat heterogeneity
and life history of species.

MATERIALS AND METHODS

Study Area
This study was conducted in the Xiangxi River Basin of Central
China (Figure 1). The Xiangxi River Basin has a northern
subtropical monsoon climate, and some areas have temperate
climate characteristics. The annual average precipitation is 900–
1,200mm. Rainfall in spring accounts for 28% of the annual
rainfall; the summer climate is hot and humid, with rainfall
accounting for 41% of the annual rainfall for the longest season.
The autumn rainfall accounts for 26% of the annual rainfall;
winter is cold and snowy for a long period, and the rainfall
accounts for 5% of the annual rainfall (Wu, 1997; Hui et al., 2000;
Li et al., 2013).

The Xiangxi River is located at 110◦25′-111◦06′ E longitude
and 30◦57′-31◦54′ N latitude. It originates from the Shennongjia
Forestry region, known as the “roof of central China.” The forest

coverage rate is 60.3%, which is three times the national average
forest coverage rate. The mountains are high with an elevation
of more than 1,500m, among which Shennongding—the first
peak in Central China—reaches 3,105m and is the highest point
in Central China and the main peak of Dabashan Mountain.
Owing to its unique geographical advantages, the Xiangxi River
Basin has rich forest and aquatic biological resources, becoming
a transition region of animal and plant species in Central China
(Zhu, 1999; Jiang, 2008).

The water system of the Xiangxi River Basin is characterized
by a typical branch-shaped river network structure. The
mainstream of the Xiangxi River, with a total length of 94 km,
is a main tributary of the Yangtze River. It has a basin area
of 3,099 km2, a natural drop of 1,540m, and abundant water
energy resources (Zhu, 1999). In 1978, the Gengjiahe hydropower
station—the first hydropower plant in Xingshan County—started
its hydroelectricity service in the Xiangxi River Basin. To meet
the power demands, 84 hydropower plants were constructed
along the Xiangxi River in Xingshan County by 2019.

Data Acquisition
In this study, the data set was collected from the ecosystem
experiment stations of the Three Gorges Reservoir–Xiangxi River
(hereafter referred to as the Xiangxi River station). We selected
monthly data from July 2001 to June 2007. In addition, the
samples were collected in June 2004, January 2007, and May
2007 across the entire basin. In total, 154 sampling sites (i.e.,
based on monthly and whole basin sampling) were selected,
macroinvertebrates were collected, the physical and chemical
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factors of the water body were analyzed, and the river depth and
flow velocity were measured.

Unlike fish, macroinvertebrates are largely ignored in
environmental flow studies, which is surprising considering their
high diversity (Barbour et al., 1999; Gore et al., 2001) and variable
responses to environmental factors (Gore et al., 1998, 2001; Smith
et al., 1999). These samples were used to construct the niche
model for the mayfly genus Baetis (Insecta: Ephemeroptera), that
is, the abundant macroinvertebrate taxon in this watershed (Jiang
et al., 2009), during the dry and wet seasons. In the Xiangxi River
Basin, the occurrence frequency of Baetis at various sites is 100%,
and the relative abundances range from 20 to 52% (Fu et al., 2008;
Jiang et al., 2009). The mayfly taxon is an aquatic insect with
flying adult stages.

Subsequently, based on the niche model, one sampling site
(named JC09) was selected to assess the environmental flow
and ecological water requirements. The sampling site is a
natural river course without obvious human interference and is
located in the upstream reaches of the Jiuchong River Power
Station. The station is a typical diversion power station in
the mainstream of the Xiangxi River. The data used for the
environmental flow analysis were selected from the monthly
cross-sectional flow measurement data of site JC09 from April
2017 to November 2019.

Three representative sections of each sampling site were
selected to measure the width of the river using a tape measure.
The flow velocity was measured at a depth of 0.6 times using a
flow meter. For collecting macroinvertebrates, the D-frame net
was used before June 2004, and then the Surber sampler (mesh
size: 0.42 nm; sampling area: 0.09 m2) was used for quantitative
collection; 10% of formalin solution or 75% of alcohol solution
for storage. Macroinvertebrates were identified based on the
relevant literature (Morse et al., 1984).

Our stream reaches consist largely of riffles and runs. Based
on the substrate measurement following the EPA standards
(Barbour et al., 1999), the streambed of the Xiangxi River Basin
is mainly composed of gravel (2–16mm), pebble (16–64mm),
and cobble (64–256mm). The riparian vegetation in the basin
is mainly divided into broad-leaved forest, coniferous forest,
mountain shrub and grass, bamboo forest, economic forest, and
agricultural vegetation. The forest land area is 89,800 hm2, and
the forest coverage rate is 56.1%.

Niche Modeling
In this study, we used a generalized additive model (GAM) for
niche modeling. We constructed a niche model for the most
dominant macroinvertebrate taxon (i.e., Baetis). In this study,
data on water depth and velocity were highly available; hence,
they were selected as habitat factors to construct the niche model
of this indicator taxon. In the model, water depth and flow
velocity were taken as explanatory factors, and the occurrence
of the indicator taxon in habitats was taken as the response
variable. In a habitat, if the indicator taxon was present, the
occurrence value corresponding to the sampling habitat was
1. If the indicator taxon was absent from the sampling site,
the occurrence value was 0. We modeled the habitat suitability

for a single habitat factor. Suitability can reflect the degree of
preference of the indicator taxon and show the probability of its
presence based on habitat factors (Bovee, 1982). The suitability
value ranges between 0 and 1, where 0 is the least suitable,
indicating that species cannot survive under such conditions, and
1 is the most suitable (Bovee, 1982; Marchini et al., 2009).

The dynamic relationship between habitat suitability and
environmental factors has the characteristics of complexity, non-
linearity, and uncertainty. Therefore, we used a GAM with high
flexibility to estimate the functional relationship between the
response and explanatory variables. GAM reflects the essential
connection between the response variable and the explanatory
variable rather than the parameter form, and it is suitable for
explaining non-linear or non-monotonic data analysis (Ouyang
and Feng, 2013). In this study, the “mgcv” package of the R
language platform (Verbeke, 2007) was used to build the model.

Ecological Water Requirement and Optimal
Environmental Flow
By using GAM, relationships were established between the
weighted usable width (WUW) and flow discharge during the
dry and wet seasons. The niche model was used to assess WUW
based on the measured habitat factors. Based on the principle of
the wetted perimeter method (Zhong et al., 2006), the point on
the regression curve that intersects with a slope of 45◦ is taken
as the maximum turning point and is considered the minimum
ecological water requirement. Its WUW will be significantly
reduced and hence cannot meet the requirements of normal
growth and reproduction of organisms.

The instream flow incremental methodology (IFIM) was
applied to assess WUW. This methodology was first proposed
by the U.S. Fisheries and Wildlife Conservation Agency to
protect fish and macroinvertebrate habitats and meet the
requirements of river ecological habitat conservation, stream
regulation, and water resource development (Armour and Taylor,
2011). The width of the river determines the living area of
aquatic organisms, such as fish and macroinvertebrates, and
the flow rate is a restrictive factor that limits the choice
of habitat for aquatic organisms (Stalnaker et al., 1995).
In a river channel, a difference in the flow rate will alter
the river width, thereby changing the suitable living area of
aquatic organisms in the river (Li and Xia, 2011). The IFIM
applies to aquatic organisms as indicator species, based on a
large number of field sampling observations of hydrological
data, through niche modeling, using flow and biological
indicators after estimating the effective survival area, e.g.,
WUW (Midcontinent Ecological Science Center, 2001; Yang and
Zhang, 2003; Ahmadi-Nedushan et al., 2006) in this study, to
compute the minimum ecological water requirement of rivers
(Stalnaker et al., 1995; Midcontinent Ecological Science Center,
2001).

The channel section was divided into parts, and the
environmental factors of each part were measured. By inputting
these factors, the corresponding value of habitat suitability
through the niche model of indicator organisms was used to
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FIGURE 2 | (A) Velocity suitability for Baetis in Xiangxi River Basin and (B) depth suitability for Baetis in Xiangxi River Basin.

TABLE 1 | Generalized additive model results of the relationships between the

habitat suitability of Baetis and environmental factors.

Environmental

factors

The habitat suitability of Baetis

p-

value

Chi.sq edf Dev.

expl.#
Adjusted

R2

Depth 0.001503* 24.878 6.809 17.4% 0.119

Velocity 0.582975 0.302 1.000

Season 0.111609 1.417 0.534

*Means significant difference (P < 0.05).

edf is the estimated degrees of freedom accounting for the smoothing function.
#Deviance explained by the model with both factors.

calculate WUW in the section.

WUW =

∑

F
[

f (Di) , f (Vi)
]

Wi (1)

where Di is the water depth of section I, Vi is the water
velocity of section i, Wi is the water width of section i, f (Di) is
the suitability of section i based on water depth, f (Vi) is
the suitability of section i based on flow velocity,Wi is the
water width of section i, F[•] is the suitability combination
of section i, and WUW is the weighted usable width of
section i.

RESULTS

Habitat Suitability Model
The ecological niche model of the indicator taxon (i.e., Baetis),
with flow velocity and water depth as explanatory variables,
is shown in Figure 2. Water depth had a significant effect on

habitat suitability (P < 0.05), whereas velocity and season had
no significant effect (P > 0.05) (Table 1).

Themeasured velocity of themacroinvertebrates in the stream
was in the range of 0.0–1.5 m3

· s−1 (Figure 2A). The habitat
suitability in the flow velocity range was high, ranging from 0.9
to 1.0, and the changing trends of the two periods (i.e., dry and
wet seasons) were consistent. However, the suitability tended to
decrease in the still water area with a flow rate of 0.0 m3

· s−1.
The depth of collection of macroinvertebrates from streams

was between 0.1 and 1.0m (Figure 2B). The habitat suitability
during the dry and wet seasons changed with the same trend
under the influence of water depth. The relationship between
habitat suitability and water depth was non-linear. Overall, there
was a negative correlation. The suitability value was greatly
reduced in the stream section with a water depth of more
than 0.7m (i.e., the downstream section). The deep-water reach
was not conducive to taxon survival. However, when the water
depth exceeded 0.7m, the suitability decreased significantly. In
addition, in the interval of 0.0–0.3m, the habitat suitability was
relatively high without major fluctuations; the suitability value
was stable at 0.9–1.0. In the interval of 0.3–0.5m, the suitability
decreased with an increase in water depth; the suitability value
was between 0.8 and 1.0. At a water depth of 0.5–0.7m, the
suitability value increased with an increase in water depth; the
suitability value was between 0.8 and 1.0.

Environmental Flow in the Xiangxi River
Channel and WUW
The environmental flow and seasonal factors had significant
influences (P< 0.05) on theWUWof the Baetis species (Table 2).
During the dry and wet seasons, the weighted available width
increased with an increase in flow (Figure 3). Both WUW curves
presented unimodal patterns but exhibited diverse changes
during the dry and wet seasons. For example, when the discharge
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TABLE 2 | Generalized additive model results of the relationships between the

habitat suitability of Baetis and the flow discharge and seasonal factors.

Factors Weighted usable width of Baetis

p-

value

F-

value

edf Dev.

expl.#
Adjusted

R2

Flow

discharge

0.007196* 5.788 2.1976 67.5% 0.615

Season 0.007312* 716.179 0.9399

*Means significant difference (P < 0.05).

edf is the estimated degrees of freedom accounting for the smoothing function.
#Deviance explained by the model with both factors.

FIGURE 3 | Relationship between weighted usable width (WUW) and flow

discharge for Baetis in the Xiangxi River Basin.

ranged from 0 to 1.3 m3
· s−1, the WUW during the dry season

was higher than that during the wet season. When the discharge
value was 1.3 m3

·s−1, theWUWduring both dry and wet seasons
was 5.2m. At a flow rate >1.3 m3

· s−1, the WUW during the wet
season was always higher than that during the dry season under
the same discharge value. The highest weighted available width
was observed. According to the wetted perimeter method, the
maximum turning point of the curve in the ascending phase was
determined as the minimum ecological water requirement; the
values were 1.3 and 2.5 m3

· s−1 during the dry and wet seasons,
respectively. The flow corresponding to the highest point of the
curve was the optimal ecological flow, with a value of 1.6 m3

· s−1

during the dry season and 2.6 m3
· s−1 during the wet season.

DISCUSSION

In this study, the entire year was divided into dry and wet seasons
to construct habitat models of indicator species. Our results
support the hypothesis that the environmental flow differs during

the wet and dry seasons. However, the seasonal difference was
attributed to the hydrological influence on habitat heterogeneity
rather than on the life history of this study taxon.

Numerous studies have shown that species with specific
characteristics, such as fish, macroinvertebrates, and algae,
have consistent responses to flow changes (Mcmanamay and
Frimpong, 2015; Rolls and Sternberg, 2015). This alleviates the
estimation of environmental flow by IFIM. Species with the same
biological characteristics (such as functional traits, morphology,
and physiological needs) were selected as indicator organisms
for the construction of the niche model to further estimate
the minimum ecological water requirement (Poff, 1997, 2017;
Arthington et al., 2018), which is also the objective of our next
research. The construction and accuracy of the ecological niche
model is the basis for environmental flow assessment (Bovee,
1982; Fu et al., 2008; Li et al., 2008).

Importance of the Habitat Suitability Model
Using the robust and flexible statistical model (i.e., GAM), this
study selected water depth and flow velocity as habitat factors
to construct the niche model of the most dominant taxon in
the Xiangxi River Basin (i.e., Baetis). The results showed that
the habitat suitability was high at a minimum water depth
of 0.1m. However, when the water depth reached 0.0m, this
macroinvertebrate being aquatic and should not survive. In such
a situation, there was still flowing water in the reach, but the
depth was too shallow to be measured during sampling. When
the water depth was more than 0.75m, the suitability value
decreased significantly with the increase in depth and tended to
0. The effect of flow velocity on Baetis was relatively low and
insignificant; in the range of 0.0–1.5 m3

· s−1, the high suitability
value fluctuated between 0.8 and 1.0. Flow velocity may not be a
limiting factor in the Xiangxi River. The results of this study are
considerably different from those of a previous study (Li et al.,
2008), which was not based on niche modeling specific to this
study area.

Several factors are responsible for the differences between the
ecological effects of water depth and flow velocity. First, Baetis
was the dominant species among the macroinvertebrates in this
watershed. Its habitat range was relatively wide, and it could
survive within the flow-velocity range of 0.0–1.5 m3

· s−1 (Jiang
et al., 2008). Second, the maximum velocity of our streams was
1.5 m3

· s−1, and some areas with velocities higher than 1.5
m3

· s−1 have not yet been sampled due to safety and technical
limitations. In future studies, more environmental factors that
have a key impact on the community structure and biodiversity
of stream macroinvertebrates, such as substrates (Stalnaker et al.,
1995), need to be considered. In addition, data from different
years can be added to construct a more accurate niche model
to reveal the potential mechanisms of seasonal influences on the
environmental flow requirements of macroinvertebrates.

In this study, the dry and wet seasons had different
environmental flows. The ecological water requirements in
the river course are not constant because it depends on the
time fluctuation of river hydrology. The scientific research and
management guidance of environmental flow should benefit
based on the relationship between the natural flow regime and
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ecological response. Similarly, the ecological water requirements
of different organisms are generally not equal. Habitat suitability
and ecological water requirements of different species in the
same basin, the same species in different basins, and species
in different growth and reproduction periods vary (Poff, 1997,
2017; Frimpong and Angermeier, 2010). In this study, the habitat
suitability model of Baetis presented a consistent fluctuation
trend along the environmental gradients during the dry and wet
seasons. Baetis forms a dominant macroinvertebrate assemblage,
has a multivoltine life history, and its biodiversity is high in the
watershed throughout the year (Poff et al., 2006; Jiang et al.,
2009). However, the habitat suitability of species with other life
histories, such as univoltine and semivoltine, can vary in different
periods, and they will have their corresponding ecological
water requirements. These aspects should be considered in
the management of ecological water requirements, which need
more precise and detailed niche models. In this study, although
the Baetis species had similar suitability in different seasons,
their overall environmental conditions and environmental flow
requirements were remarkably different. This is the main
rationale, rather than the life history, based on which we expected
and studied the seasonal changes.

Determination of the Threshold of
Environmental Flow
The IFIM does not yield the minimum ecological water
requirement. The setting of its threshold should be synchronized
with the comprehensive consideration of water resource
management in ecological water, production water, and domestic
water (Ying and Li, 2006). Based on the wetted perimeter
method, this study estimated the minimum ecological water
requirement (Ji et al., 2006). Although this method is feasible, it
lacks a sufficient theoretical basis. The method to determine the
threshold of environmental flow needs to be further improved
based on the habitat conditions, characteristics of indicator
organisms, and related theories of river ecology. In addition,
this study showed the optimal environmental flow based on
the non-linear relationship between the WUW and stream flow.
This result presented a maximum threshold for ecological water
requirement when there was functional maintenance of excessive
flow of the river.

Limitations and Future Development of the
Environmental Flow Framework
Habitat suitability models need to be constructed with dominant
taxonomic groups as indicator species to calculate subsequent
environmental flow, and it is difficult to apply uncommon species
to these models. The dynamic relationships between indicator
organisms and habitat factors can be characterized by complexity,
non-linearity, and uncertainty due to the comprehensive effects
of water depth, velocity, and physicochemical factors, among
others. Therefore, we used the GAM to fit the indicator taxon
for effective modeling. This model requires a large amount of
baseline sampling survey data, which do not include short-
term and small-scale survey data, to avoid overfitting. Another
limitation of this study is that the influence of the streambed

substrate is not taken into account due to the lack of data.
However, the substrate composition is similar in the selected
study area. The method is feasible for this area, but it is
recommended to consider the environmental effect in other areas
with uneven substrate composition.

In this study, macroinvertebrates were selected as indicator
species due to their higher diversity than that of traditional
indicator species, such as fish in headstreams, which were
more likely to show changes in the environmental parameters.
However, in other watersheds, appropriate indicators should
be selected according to the local conditions to construct
habitat suitability models. Habitat suitability and ecological
water requirements of species at different periods of growth
and reproduction vary regardless of whether they are different
species in the same watershed or the same species in different
watersheds. Various elements in the ecosystem, such as water,
species, nutrients, and energy resources, can be distributed
actively or passively along the hydrological flow paths among
microhabitats in the same basin. Therefore, the integration of
metaecosystem approaches (i.e., multiple ecosystems interacting
by species dispersal and material transportation) should be
considered for the construction of prediction models in
the future.

CONCLUSION

This study showed that the habitat suitability of Baetis in the
Xiangxi River Basin exhibited the same pattern during the
dry and wet seasons. However, the minimum ecological water
requirements and optimal environmental discharge differed in
the two seasons. There has been an increasing shortage of water
resources and high ecological impacts of hydropower plants.
Under constantly changing social, economic, and environmental
conditions, environmental water strategies must surpass the
traditional water supply (Bond et al., 2008; Rockstrom et al.,
2014). For the determination of the environmental flow
threshold and management implementation, it is necessary
to maintain the functional value of the ecosystem and
simultaneously meet the needs of human populations and
social development (Cai et al., 2003). This management strategy
can be achieved through a variety of scientific frameworks
from a multidisciplinary perspective to jointly assess the
environmental flow.
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NOMENCLATURE

A. Abbreviations and acronyms in alphabetic order

IFIM Instream Flow Incremental Methodology

GAM Generalized Additive Model

WUW Weighted Usable Width [m]

C. Parameters

Di the water depth of section i

Vi the water velocity of section i

Wi the water width of section i

E. Variables

f(Di) the suitability of section i based on water depth

f(Vi) the suitability of section i based on flow velocity

F[•] the suitability combination of section i
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