
Science of the Total Environment 728 (2020) 138695

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Effects of spatial variation in water quality and hydrological factors on
environmental flows
C.S. Zhao a,b,f, Y. Yang a,b, S.T. Yang a,b,⁎, H. Xiang c, Y.R. Ge c, Z.S. Zhang c, Y. Zhao c, Q. Yu d,e

a Engineering Research Center of Ministry of Education on Groundwater Pollution Control and Remediation, College of Water Sciences, Beijing Normal University, Beijing 100875, PR China
b College of Water Sciences, Beijing Key Laboratory of Urban Hydrological Cycle and Sponge City Technology, Beijing Normal University, Beijing 100875, PR China
c Jinan Survey Bureau of Hydrology and Water Resources, Jinan 250013, PR China
d State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation, Northwest A&F University, Yangling 712100, Shaanxi, PR China
e School of Life Sciences, University of Technology Sydney, Sydney 2000, NSW, Australia
f ICube, UdS, CNRS (UMR 7357), 300 Bld Sebastien Brant, CS 10413, 67412 Illkirch, France
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• We studied impact of hydrological and
water quality factors variation on e-
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• The four methods are used to calculate
the e-flows for the typical stations.

• A geostatistical method is used to ana-
lyze the spatial variation of hydrological
and water quality factors.
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Environmental flow is the quantity, timing, and quality of water flows required to sustain freshwater and estua-
rine ecosystems and the human livelihoods and well-being that depend on these ecosystems. Environmental
flows (e-flows) are crucial parameters for ecosystem restoration. Understanding the effects of spatial variation
in the hydrological and water quality factors on e-flows aids the determination of recovery prior areas and
helps to improve the success rate of ecosystem restoration projects. However, few studies have investigated
the effects, which severely hinder the restoration of aquatic ecosystems and the sustainable use of water re-
sources in inland waters. This paper therefore presents a framework for studying such effects. Spatial autocorre-
lation, a geostatistical method, is used to analyze the spatial variation in the hydrological and water quality
factors and to further analyze the effects of various factors on the spatial heterogeneity of e-flows. Four different
methods including the Tennantmethod,wetted perimetermethod, AEHRA, and integratedwater qualitymethod
are integrated to comprehensively evaluate e-flows. The former threemethods consider the demands of biota on
the streamflow, whereas the latter considers the demands on both the streamflow and thewater quality. The re-
sults show that the Tennant andwetted perimetermethods, which focus on the statistics of only streamflow, re-
sult in similar spatial distribution of e-flows; theAEHRAand integratedwater qualitymethod,which consider the
effects of water quality and other hydrological factors such as flow velocity andwater depth on fish, also result in
a similar spatial variation. Consideration of both demands on the hydrological factors and the water quality
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environmental factors makes the integrated water quality method more practical, particularly in developing re-
gions with excessive pollutant discharge into rivers. In addition, spatial variation in the hydrological and water
quality factors influenced the presence of principal fish species and consequently affected the e-flows. Of the
37 water quality factors identified, water transparency had a negative impact on e-flow because the increase
in transparency could reduce the number of principal fish species. Of the four hydrological factors, flow velocity
and river width had positive impacts on fish because the increase in flow velocity can provide breeding sites and
habitats for more fish, respectively, both of which result in increases in the numbers of principal fish species. We
found that spatial variation in the hydrology and water quality factors had a profound impact on the living envi-
ronments of aquatic organisms; negative changes in these factors lowered the survival probability of principal
species, which changed the hierarchy and structure of the ecosystems and thus led to variation in e-flows. The
results can provide priori knowledge for e-flow methods selection and a reference for ecosystem restoration
helping improve the success rate of project elsewhere in the world.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Global increase in human pressures on freshwater environments
have led to severe water pollution and water resource shortages,
which have resulted in river blanking, river drying, soil loss, environ-
mental deterioration, and biodiversity loss (Tazioli, 2009; Joniak and
Kuczyńska-Kippen, 2010; Tazioli et al., 2012; Wilbers et al., 2014;
Aquilanti et al., 2016; Wang et al., 2019a, 2019b). However, the deteri-
oration of freshwater ecosystems and the uncontrolled use of water re-
sources have resulted in river flows that are insufficient for supporting
the aquatic biota.

Projected hydroclimatic changes and human activities affect the hy-
drological cycle and increase the pressure on water allocation (Li et al.,
2018). Environmental flows (e-flows) methodologies are practical
methods of environmental and ecosystemmanagement for river basins.
These methods focus on the inherent relationship between the ecolog-
ical environment and water resources (Almazán-Gómez et al., 2018);
emphasize the coordination of water resources, ecosystems, and society
(Rolls et al., 2018); and change traditional river basinmanagement con-
cepts centered on human activity. E-flows provide an important index
for evaluating whether water resources are reasonably exploited and
utilized and are critical for maintaining a balanced ecosystem (Yang
et al., 2013), particularly in river systems.

Numerous methods are used for calculating e-flows and can be
roughly divided into areas of hydrology (Armentrout and Wilson,
1987; Li et al., 2011, 2012), hydraulics (Wang et al., 2009; Peng et al.,
2012; Yu et al., 2015; Poff et al., 2010), and habitat (Wu et al., 2014;
Pan et al., 2015; Mackie et al., 2013); comprehensive measurement
(Shokoohi and Hong, 2011; Gopal, 2016); and other types (Chen et al.,
2011; Li, 2012). These methods have various data requirements and
can be applied to rivers with different datasets.

Among the methods used for calculating e-flows, the Tennant
method is representative of the hydrological method (Tharme, 2003).
Tennant (1976) used 11 different rivers in Montana, 58 cross-
sectional areas, 33 different flows, and hundreds of observations in ad-
dition to data from21other countries. Theflowpercentageswere deter-
mined on the basis of these observations. This method is simple and
convenient to use, and the results are easily combined with water re-
sources planning measures. The most commonly used method in hy-
draulics, the wetted perimeter method, has relatively fewer
requirements for data than those needed for hydrological methods,
and it considers biological habitat. This method includes a direct rela-
tionship between the wetted perimeter and the habitat conditions of
the river in riffle habitats. The adapted ecological hydraulic radius ap-
proach (AEHRA; Liu et al., 2011) is a method employed for estimating
the e-flows of rivers by using information of aquatic biology and river
channels. It fully considers the hydraulic characteristics required for
aquatic habitats in river channels and considers the suitable flow veloc-
ity andwater level required for the survival and reproduction of aquatic
organisms. Thus, AEHRA is particularly suitable for rivers lacking
hydrological and ecological data. The integrated water quality method
considers the effects of water quality factors on e-flows, which closely
links the tolerance of aquatic biota with water quality standards. This
method has relatively low data demands and is easily used in develop-
ing regions. In addition, it plays an important role in themanagement of
polluted rivers (Zhao et al., 2018). Therefore, all four were used in the
present study to comprehensively evaluate e-flows.

Changes in hydrology and water quality have important impacts on
the living conditions of the organisms and the structure of the ecosys-
tem (Bae et al., 2018), thereby influencing the hierarchy and structure
of ecosystems (Zhao et al., 2018), resulting in changes in e-flows. How-
ever, very few studies conducted thus far have investigated how the
spatial variation in the hydrological and water quality factors affect
the outcomes of different e-flowmethodologies. This consequently hin-
ders the restoration of aquatic ecosystems and the sustainable use of
water resources. Therefore, the effects of these variations on e-flows
are essential for providing scientific references for basinal aquatic eco-
system restoration and sustainable water resource management. Ac-
cordingly, these effects on e-flows are evaluated and clarified in the
present study. This research addresses the lack of existing relevant re-
search, and the conclusion of this study provides scientific guidance
for ecological restoration, particularly in areas with poor hydrological
and water quality conditions.

The objective of this paper is to study the influences of spatial varia-
tion in the hydrological and water quality factors on e-flows in rivers.
The four methods discussed above are used to calculate e-flows for typ-
ical stations, and a geostatistical method is used to analyze this spatial
variation to study the effects of various factors on the spatial heteroge-
neity of the e-flows. These results can help to identify the principal en-
vironmental factors and to prioritize regions for maintaining
ecosystems and the sustainability of water resourcemanagement in de-
veloping regions worldwide.
2. Study area

Jinan City (36.0–37.5°N, 116.2–117.7°E), also referred to as “Spring
City,” is a pilot city for the construction of a civilized and ecological
city in China. It is bordered by Mount Tai to the south and the Yellow
River to the north and west, and the topography is steeper in the
south than in the north (Fig. 1). Hilly areas, piedmont clinoplains, and
alluvial plains span the city from north to south. The elevation within
the area ranges from −30 to +937 m above sea level with highly con-
trasting relief. The semi-humid continental monsoon climate in the
city area is characterized by cold, dry winters and hot, wet summers.
The average annual precipitation is 636 mm, with 75% falling during
the high-flow periods, and the average annual temperature is 14 °C.
The average monthly temperature is highest in July and lowest in Janu-
ary, ranging from 26.8 °C to 27.4 °C and from 3.2 °C to 1.4 °C, respec-
tively (Cui et al., 2009; Zhi-guo et al., 2010).



Fig. 1.Map of the Jinan City ecological monitoring stations and typical stations. Regions I, II, III, and IV are the ecoregions of Ji'nan, Yellow River, urban area, Xiaoqing River, and Tuhaimajia
River, respectively (following Yu et al., 2015).
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With an area of 8227 km2 and a population of 5.69million, Jinan City
represents a typical developing city in China. Owing to the rapid indus-
trial development and urbanization in recent decades, the water re-
sources in Jinan are severely polluted and are reduced in quantity
through extraction. As a result, the spatial heterogeneity of the water
quality and quantity poses a great threat to ecosystems, drinking
water, and human health and well-being (Hong et al., 2010). These se-
rious ecological problems urgently need to be resolved. Therefore, it is
increasingly necessary to explore the effects of spatial variation in the
water quality and hydrological parameters to effectively evaluate the
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e-flows for sustainable management of water resources and to ensure
successful restoration of the water ecology throughout the city area.

For this research, we selected typical monitoring stations as rep-
resentative sites to analyze the effects of hydrological and water
quality factors on e-flows in 54 ecological monitoring stations
based on the differences in hydrology, water quality factors, and geo-
graphical location.

3. Materials and methods

3.1. Data

During the spring, summer, and fall of 2014 (dry year), 2015 (nor-
mal year), and 2016 (wet year), we measured 37 hydrologic factors
and water quality physical and chemical factors during 9 large-scale
field investigations (Table 1). The three representative years were
used to reflect the changes of the ecosystem under different climatic
conditions.

Thewater depth and flow velocityweremonitored at the aforemen-
tioned monitoring stations. The flow velocity was measured by using a
radio flow meter (Stalker II SVR V1.0) and a traditional flow meter
(LS25-1) to ensure the accuracy of the results. The water depth and
river width were measured with a tape measure, and the streamflow
was calculated from the flow velocity, water depth, and cross-
sectional area. An unmanned aerial vehicle (UAV) was used to retrieve
river-course cross-sections with high-resolution stereoscopic images
(Zhao et al., 2017a, 2017b).

During the 9 field investigations, 480 water samples were collected.
The physical parameters of the water quality (Table 1) were measured
in situ with portable equipment, and water samples obtained from the
monitoring sites were tested in the laboratory within 24 h. A spectro-
photometer (DR5000) was used to measure the amounts of ammonia
nitrogen, total phosphorus, total nitrogen, and hexavalent chromium,
Table 1
Hydrologic and physical and chemical water quality parameters in the Jinan Citymonitor-
ing program.

Parameter Abbreviation Name Unit Range (SD)

Hydrologic FV Flow velocity m/s 0–1.69 (0.31)
RW River width m 2.1–320 (60.2)
FL Streamflow m3 0–1110 (166)
WD Water depth m 0.01–4 (0.83)

Physical AT Air temperature °C 3.0–33.1 (8.35)
WT Water temperature °C 5.6–33.40 (5.6)
pH pH 6.9–9.20 (0.39)
EC Conductivity mS/m 287–5775 (863)
Tran Transparency cm 0–650 (94.14)
Turb Turbidity degree 0.52–924 (118.6)

Chemical Ca Calcium mg/L 17.63–486 (59.08)
Cl Chlorine 11.62–1156

(170.9)
SO4 Sulfate 43.47–1045.7

(185.8)
CO3 Carbonate 0–38.50 (4.69)
HCO3 Bicarbonate 50.05–2247 (158)
TA Total alkalinity 44.68–1057

(88.75)
TH Total hardness 119–1400 (240.7)
DO Dissolved oxygen 1.1–15 (2.296)
TN Total nitrogen 0.25–80.03

(6.286)
NH4 Ammonia 0.07–75.8 (4.7)
NO2 Nitrite 0–1.97 (0.272)
NO3 Nitrate 0–22 (3.51)
COD Chemical oxygen

demand
6.32–275 (21.42)

KMnO4 Permanganate index 0.57–71.5 (4.83)
BOD Biochemical oxygen

demand
0–57.5 (4.89)

TP Total phosphorus 0–8.06 (0.71)
F Fluoride 0.18–2.30 (0.33)
and an atomic absorption spectrophotometer (Thermo M6) was used
to measure the concentrations of copper, zinc, cadmium, and lead. An
ion chromatograph (DIONEX-600) was used to measure the sulfate,
fluoride, chloride, and nitrate concentrations (Zhao et al., 2015).

Concurrently, fish were collected during 30 min periods in three
habitat types (i.e., pools, riffles, and runs) along a 500 m length of
river at each sampling site. Individuals caught from the three habitats
were combined to represent a site. In wadeable streams, fish collection
was performed by a two-person team (Barbour et al., 1999); in
unwadeable streams, seine nets with mesh sizes of 30 mm and
40 mmwere used to collect fish from a boat. In addition, electrofishing
was conducted to ensure that a representative sample of fish species
was collected at each site. All individuals collected were identified in
situ at the species level according to Chen et al. (1987) and were then
counted, weighed, and recorded in field data sheets before being re-
leased. Specimens that could not be identified in the field were pre-
served in a 10% formalin solution and stored in labeled jars for
subsequent laboratory identification (Zhao et al., 2015).

3.2. Methods

Spatial autocorrelation analysis was conducted to study the spatial
variation in the hydrological and water quality factors to obtain their
spatial agglomeration, whereby the high and low values of the spatial
distribution of each factor were determined to select the typical stations
in the study area. Four widely used e-flow calculation methods includ-
ing the Tennant method, wetted perimeter method, AEHRA, and the in-
tegrated water quality method were then applied to comprehensively
identify the e-flows at each typical station. The results from the four e-
flowmethods were ultimately used to analyze the effects of spatial var-
iation in the hydrological and water quality factors on e-flows and to
provide references for ecological restoration of the entire area in Jinan
City.

3.2.1. Spatial variation analysis of hydrological and water quality factors
The spatial autocorrelation analysismethod is commonly used to as-

sess the degree of clustering, randomness, or fragmentation of a spatial
pattern. It includes global spatial autocorrelation, which estimates the
overall degree of spatial autocorrelation for hydrological and water
quality datasets, and local spatial autocorrelation, which identifies the
location and types of hydrological and water quality factors (Atikaimu
et al., 2015; Zhao et al., 2019). The spatial data of hydrological and
water quality factors are often analyzed by using ARCGIS (https://
www.arcgis.com) and GEODA (https://geoda.com) software (Atikaimu
et al., 2015), in which the Moran's I value of the global autocorrelation
analysis can be obtained intuitively. The spatial aggregation characteris-
tics of the hydrological and water quality factors can be obtained by
usingMoran's I index to obtain the spatial positive/negative correlation
of each factor. Thismethod is used to study the spatial aggregation char-
acteristics of each factor.

Global autocorrelation of the hydrological andwater quality physical
and chemical factors obtained by field sampling was analyzed by using
GEODA software, as shown in Supplementary Table 1. According to the
decline rate of theMoran I index of each factor, which is the proportion
of difference between the Moran I index of a factor and the sum of the
indices, the representative factors were selected from the three types
of factors for local spatial autocorrelation analysis. Supplementary
Table 1 shows that the spatial agglomeration of hydrological factors
was very poor and did not show a spatial cluster distribution. EC and
Tran as well as Cl, Na, SO4, and F (Supplementary Table 1) were selected
as representative water quality physical and chemical factors, respec-
tively, according to the index decline rate with 99% confidence
(α b 0.01). The Moran I indices of these factors were relatively high, at
0.26–0.64. The spatial agglomerations were the highest, and a signifi-
cant regional distribution of the high and low values was noted. These
factors can be used to analyze the impact of water quality on the

https://www.arcgis.com
https://www.arcgis.com
https://geoda.com
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variability in e-flows. Wang et al. (2019a, 2019b), Brown et al. (2016),
and Yang et al. (2016) suggested that hydrological factors are of great
significance for e-flow assessment. Zhao et al. (2018) reported that
river width (RW), water depth (WD), and streamflow (FL) are impor-
tant factors affecting the structure of aquatic ecological food webs. A
reasonable food web is the foundation for the survival of principal eco-
system species and therefore affects the amount of e-flows. Therefore,
we selected RW,WD, FL to analyze the spatial agglomeration of the hy-
drological factors.

3.2.2. Tennant method
The Tennantmethod, themostwidely usedmethod for evaluating e-

flows (Tharme, 2003; D'Ambrosio et al., 2018), calculates the e-flows
based on themeasured data and considers the effects of years of average
streamflows on the e-flows. Karakoyun et al. (2016) reported that
streamflowwas divided into two different streamflow groups from op-
timum rate (annual average rate 60–100%) to weak and very low (an-
nual average streamflow 10% or zero streamflow). In the Tennant
method, the year is divided into two parts, that is 6 months. According
to Arthington (2012), when Tennant and its derivatives are examined
around theworld, it was seen that these time intervals reflected consid-
ering seasonal changes. On the other hand, while creating the Tennant
flowmodel, it was stated that overflow andmaximum (200% of the an-
nual average streamflow) values also have positive effects on the sus-
tainability of the habitat quality. In determining percentages, 10% of
the annual average streamflow defines the shortest momentary
streamflow amount for sustaining short-term water life, and 30% or
more of the annual average streamflow is thought to be the necessary
for providing the biological integrity of the river and its sustainability
(Tharme, 2003).

3.2.3. Wetted perimeter method
The most commonly used method in the hydraulic approach is the

wetted perimeter method, which requires river channel information
and streamflow data and considers the influence of the river shape on
e-flows. The cross-section, water level of the river channel, and
streamflow are used in this method. By plotting the wetted perimeter
and streamflow relationship and deriving the point of greatest curva-
ture in the curve as the index point, the minimum environmental flow
can be determined. In thismethod, the discharge equivalent to themax-
imum curvature of the function is computed and applied as the mini-
mum e-flow (Gippel and Stewardson, 1998; Shang and Shang, 2018).

3.2.4. Adapted ecological hydraulic radius method
The AEHRA analyses the changes in principal fish species at var-

ious stations to obtain the ecological flow velocity and to further
evaluate e-flows. The core of the AEHRA is the determination of
the ecological flow velocity vecology and the ecological water depth
at stations, from which the e-flow QE can be estimated (Liu et al.,
2011) as

QE ¼ 1
n
R

2
3
ecologyAj

1
2
; ð1Þ

where QE is the e-flow in m3·s−1; Recology refers to the watercourse
hydraulic radius; A is the flow area for e-flows in m2; n is the rough-
ness or Manning's n-value; and j is the hydraulic slope in %. To eval-
uate e-flows by using AEHRA, the principal fish species and the
corresponding ecological flow velocity/water depth must be deter-
mined beforehand.

3.2.4.1. Principal fish species screening. The principal fish species deter-
mine the behavior of the entire fish community. Abundance and bio-
mass are fundamental indices for evaluation of the contribution of a
species to the entire community. The two indices often rank differently,
which makes it difficult to objectively assess the dominance or impor-
tance of a species in a community (Liu et al., 2011). To address this,
Zhao et al. (2014) combined these into one index using Eq. (2):

Impor tance ¼ ω1PCTabundance þω2PCTbiomass; ð2Þ

where Importance represents the dominance of a species; PCTabundance and
PCTbiomass represent the biomass and density of the species relative to
the entire community, respectively; and ω1 and ω2 are the weights of
PCTabundance and PCTbiomass, respectively, which are determined by the
weighting determination method of the center-of-mass-system (CMS;
Zhao et al., 2015):ω1+ω2=1.0. By determining the dominance of var-
ious fish species calculated using Eq. (2) the principal fish species at a
station can be screened by using the curvature method (Eq. (3)).

The curvature (k, Eq. (3)) is the rate atwhich a curve turns. Themax-
imum curvature suggests the location inwhichwhere the breakpoint of
the curve appears (Zhao et al., 2015).

k ¼
d2y
dx2

1þ dy
dx

� �2
" #3

2

ð3Þ

For the cumulative dominance curve, the dominance increment
after the breakpoint, i.e., the maximum curvature point, is rather
small compared with that before the breakpoint. That is, the species
showing dominance before the breakpoint contribute more to the
whole communities compared with those showing dominance after
the breakpoint. Therefore, the maximum curvature is used to iden-
tify the breakpoint, thus facilitating the selection of the dominant
species within the fish communities in the study area.

3.2.4.2. Determination of the ecological flow velocity and ecological water
depth. To make the calculated e-flows reflect the requirements for the
survival of principal fish species, we calculated the integrated ecological
flow velocity and ecological water depth required for principal fish
using the Habitat Suitability Index (HSI) model based on the sampling
data collected from the entire Jinan city area (Zhao et al., 2015).

In general, the appropriate range of factors affecting a species can be
identified by using the HSI model (Yi et al., 2017), as

Hi ¼ hi
m

;m ¼
X
i¼1

n

hi; ð4Þ

where Hi represents the habitat suitability index of a species, hi is the
number of species in the i-th gradient range of the habitat index (such
asflow velocity),m is the total number of this species, and n is the num-
ber of gradient intervals of the habitat index. This model can determine
the optimal range of the habitat index (e.g., flow velocity) for a certain
species.

Based on the above calculation, the ecological flow velocity
vecology and ecological water depth for each station at different pe-
riods can be obtained on the basis of the principal fish species pres-
ent at the station.

3.2.4.3. Calculation of e-flows. AEHRA can then be used to calculate e-
flows. By using the previously determined ecological flow velocity
vecology and ecological water depth as well as the channel roughness n
and the channel hydraulic gradient j, the ecological hydraulic radius of

the river cross-section Recology ¼ n
3
2
� v

−3
2

ecology � j
−3
4 (Liu and Men,

2007) can be calculated. Then, the ecological hydraulic radius Recology
is used to estimate the cross-sectional area A of the river. The relation-
ship between the cross-section and the hydraulic radius is discussed
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Liu and Men (2007). Finally, Eq. (1) is used to calculate e-flows QE

ased on n, A, j, and Recology.

.2.5. Integrated water quality method
The integrated water quality method combines both the require-

ents of the ecosystem and pollution control into e-flow assessment
nd closely couples the water quantity and quality requirements of
quatic ecosystems (Zhao et al., 2018). This method comprehensively
onsiders the tolerance of fish to water quality factors and the water
uality standards for pollution control to obtain suitable e-flows. This
accomplished by modifying the water quality criteria with fish ac-

ording to the pollutant tolerance. Traditional water quality criteria for
ollutants are usually determined on the basis based of the water use
pe, such as that used for industry, agriculture, or drinking. The toler-
nce offish to pollutant concentrations is integrated into the determina-
on of water-quality criteria with which the water environmental
apacity (WEC) of a river-section can be calculated considering both
uman and ecosystem requirements. The advantages of this method in-
lude the ease of operation and the relatively lower data requirements
s well as the recommended streamflow regulation and pollution con-
ol coefficients. These attributes give the method great potential to be
idely used in developing countries/regions that may lack long-term
atasets on hydrologywater quality, or ecology. The calculation process
given in Zhao et al. (2018).

.2.6. Effects of hydrological and water quality factors on e-flows
The principal hydrological and water quality factors were initially

elected by partial least squares regression (PLSR) analysis, which is
n extension of multiple regression analysis used to evaluate the effects
f linear combinations of several predictors on a response variable. This
chnique can be used to determine the relationship between two sets
f variables: the matrix Xm×n, which consists of m variables (columns)
nd n objects (rows), and a response vector Yn×1. The PLSR identifies a
w linear combinations of the original x values that describe most of
e inherent variables (Hu et al., 2018).
Variable Importance in the Project (VIP) is an indicator obtained

uring the calculation of PLSR that can be used to measure the impor-
nce of the independent variable to the dependent variable. A VIP of
e independent variable N1 indicates that the independent variable
as a more important role; when the VIP value is between 0.5 and 1,
e explanatory role of the independent variable is not obvious. A VIP
0.5 indicates that the independent variable has no explanatory role
r the dependent variable (Hu et al., 2018). The calculation method is
s follows:

IP j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp

X
h¼1

m

R Y; Thð Þw2
hj=

X
h¼1

m

R Y ; Thð Þ;
s

ð5Þ

here p is the number of independent variables; m is the number of
omponents extracted from the original variables by the PLSR method;
h represents the h-th component; R(Y,Th) represents the explanatory
ower of component Th to the dependent variable Y, which is equal to
e square of the correlation coefficient between the two; and whj is
e j-th component of the axis wh, which i the eigenvector.
Afterward, the relationships between the principal factors and

e e-flows are determined by using the correlation analysis module
SPSS software (https://www.ibm.com). The effect of each princi-

al factor on the e-flows was determined on the basis of the correla-
on coefficient, from which the principal factors of the e-flows can
e evaluated. The spatial distribution characteristics of the hydro-
gic and water quality principal factors were obtained on the basis
f the spatial autocorrelation analysis. The spatial distribution of
e e-flows at each station was compared with that of the hydrologic
nd water quality principal factors, and the spatial correspondence
etween them was summarized.
4. Results

4.1. Selection of typical stations

The local autocorrelation analysis module in ArcGIS was used to an-
alyze the spatial agglomeration for the nine factors selected from the
hydrological and water quality physical and chemical factors, including
RW,WD, FL, EC, Tran, Cl, Na, SO4, and F. The results are shown in Fig. 2.

As shown in Fig. 2a, b, and c, the high values of Cl, Na, and EC oc-
curredmainly in the northern part of Jinan City, whereas the low values
were distributed in the south. No significant variation was noted in
other areas. As shown in Fig. 2d, regions with high water transparency
were located mostly in the central and southern parts of the city, and
the transparency was low in the north. Because the Moran I index and
the confidence level of the hydrological factor were relatively low, no
spatial agglomeration was exhibited. Fig. 2e and f show that the F and
SO4 concentrations were low in the south and high in the north. More-
over, Fig. 2i shows that FL had a high value in the south, where the Yel-
low River flows through; no spatial agglomeration was noted in other
regions. Fig. 2g and h show that RW and WD were more affected by
the shape of the river channel; no spatial agglomeration was noted.

Based on the characteristics of spatial agglomeration of the above
factors, we selected six typical stations in the study area of Jinan City
(Fig. 2). Two stations, J39 and J1, were selected on the basis of the
high and low concentrations of Cl, Na, EC, F, and SO4 in the north and
the south. Two other stations in ecoregion II, J23 and J24, were selected
from the central area of the city, where the population is concentrated,
to represent the different surface water characteristics including signif-
icant hydrological (FL) and water quality (Cl, Na, EC) differences. J23 is
located in the Yellow River, where the streamflow is higher than that
at J24. The water quality factor of J24 was generally lower than that of
J23, which indicates that the water quality of the former was better.
Considering these factors, Station J11 was selected at the passage of
the Yellow River near the city center. Finally, Station J48 was selected
in the eastern region near the city center. The hydrological and water
quality conditions of this stationwere at medium levels. These selection
principals ensured the representativeness and scientific rationality for
the subsequent analysis.
4.2. E-flows calculated by Tennant method

The e-flows at each station were calculated by applying the Tennant
method, as shown in Table 2.

The Table 2 shows that the e-flow of Station J23was the highest, and
that of other stations was relatively low. This station was located near
the Yellow River in ecoregion II, which has sufficient streamflow. The
e-flow of Station J24 was medium, whereas that of J48 was lowest.
This occurred mainly because stations J39 J48 were located in the
plain areas at ecoregions IV and III, whereas Station J1 was located in
the southern mountainous region of the study area at ecoregion I,
where the streamflow was relatively low. Stations J39 and J48 were lo-
cated in agricultural areas, and the higher water demand has led to a
low streamflow in spring. J1 was located in the mountainous area,
with lower streamflow caused by the small river width. In addition,
the e-flow from April to September was significantly higher than that
fromOctober toMarch based on the e-flow values of each station at dif-
ferent times. From the e-flows values of the typical stations, it is con-
cluded that the e-flow of the downtown area (J23) was relatively
high, and those in the southern mountainous (J1) and northern areas
(J48) were relatively low.
4.3. E-flows calculated by wetted perimeter method

According to the cross-section data at each station and the mea-
sured streamflow from the ecological monitoring of Jinan city, the

https://www.ibm.com


Fig. 2. Results of local autocorrelation of each factor (The values of each factor gradually decrease from ‘high-high’ to ‘low-low’).
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streamflow (FL) and wetted perimeter (P) curve of each station
were fitted (Fig. 3).

The breakpoint of each curve is shown in Fig. 3, whereby the e-flows
values can be obtained. The shape of the lowerHTQ channel is rectangu-
lar, and an abnormal point is shown on the curve. This indicates that the
wetted perimeter method is not applicable for this channel shape. By
using the breakpoints, the e-flows of the other stations were deter-
mined to be 10 m3/s for BDK, 298 m3/s for BDSH, 21 m3/s for JYH,
39 m3/s for ZGNL, and 317 m3/s for LK. The e-flows in the downtown
area of Jinan city at Station J23 (Fig. 1) were the highest, followed by
those at J39 in thenorthern plain area; those at J1 in the southernmoun-
tainous area were the lowest.

4.4. E-flows calculated by AEHRA

The principal fish species were initially determined by using the
dominance model (Eq. (2)), as shown in Supplementary Fig. 1.

Supplementary Fig. 1 shows that the principalfish speciesMisgurnus
anguillicaudatus, Carassius auratus, Abbottina rivularis, and Hemiculter
leucisculus have larger weights. Among the six stations, J1 had the
most fish species (17 ind) and the highest density, whereas J24 had
fewer fish species (5 ind); the biomass of Carassius auratus was domi-
nant at these two stations. The overall number of fish species from 10
samples of Station J23 was lower (8 ind). Fewer fish species were re-
corded at J39 (8 ind), and the weights of Carassius auratus, Hemiculter
leucisculus, and Pseudorasbora parva were high. The principal number
of fish species at J48 was at a medium level (12 ind), with Carassius
auratus andMisgurnus anguillicaudatusdominating theprincipal species
at 48% and 26%, respectively.

On the basis of the selected principal fish species, the HSI model
(Eq. (4)) was used to obtain the ecological flow velocity and ecological
water depth of each station. To protect fish and their eggs during
spawning periods, the flow velocity andwater depth requirements dur-
ing such periods were also considered in updating the determined eco-
logical flow velocity and ecological water depth (Supplementary
Table 2).

The ecological water depth and ecological flow velocity were then
and combined with the river cross-section data, from which the e-
flows at each station were calculated by using AEHRA (Eq. (1)), as
show in Table 3.
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Table 3 shows that the e-flows at most of the stations in May and
June were high because with the increase of principal species in the
summer, the ecological flow velocity and ecological water depth
reached the highest levels. Stations J1, J23, J24, J11, J48, and J39 had
highest to lowest e-flows. Station J1 had the highest e-flows because it
is located in the southern mountainous region of the study area,
where it is less affected by human activities, resulting in aquatic organ-
ism enrichment and large biomass. Stations J23 and J24, located in the
downtown area with a high human population density, had the second
highest e-flows. Better management measures and governance effects
in the urban area resulted in well-maintained principal fish species
were, which in turn resulted in abundant principal species and higher
e-flows.

The area with the lowest e-flows was located in the north plains
area dominated by croplands. Excessive water withdrawal and sew-
age discharge in this area resulted in severe degeneration of the
water ecosystems and a reduction in principal fish species, causing
low e-flows. In general, the e-flows of Jinan city decreased spatially
from south to north.

4.5. E-flows calculated by the integrated water quality method

By using the integrated water quality method, the principal water
quality factors affecting fish survival in the study area, ammonia nitro-
gen and chemical oxygen demand (COD; Zhao et al., 2017a, 2017b)
were used as the water quality factors to analyze and calculate the
WEC,water regulation coefficientα, andwater quality adjustment coef-
ficient β to integrally determine e-flows that meet the water quantity
and quality demands for fish and socio-economic development (Sup-
plementary Fig. 2).

Supplementary Fig. 2 shows that the WEC at J23 and J24 was signif-
icantly higher than that at the other four stations, of which J23 had the
highest value at 528 m3/s. Stations J23 and J24 were located in the
downtown area near the Yellow River, where the hydrological condi-
tions such as streamflow and flow velocity were better than those at
the other stations. Moreover, these stations provide water resources
for populated urban places; thus, the pollutant load entering the river
is restricted to low levels, which results in higher WEC. Spatially, the
highest WEC was distributed in the downtown area; the next highest
was in the southern mountainous area; and the northern plain area
had the lowest value. Temporally, the WEC of each station was higher
in the summer and fall than in other seasons.

Supplementary Fig. 3 shows that the pollution control coefficient (β)
of Station J1 was b1 for each month. This indicates that the two water
quality factors of ammonia nitrogen and COD calculated at this station
did not exceed thewater quality standard and did not affect thefish sur-
vival. Therefore, β required no adjustment. The streamflow adjustment

coefficient α (α ¼ QE
Q
) was then calculated (Supplementary Fig. 4).

Supplementary Fig. 4 shows that the values of α were mostly N1,
which indicates that the calculated e-flows exceeded the actual
streamflow. Therefore, it was necessary to adjust α to reduce the e-
flow value and thus to reduce the requirement on flow velocity. More-
over, this ensured that the new flow velocity would still maintain α
and β values b1. The calculated e-flows are listed in Table 4. For some
stations at specific times (e.g., J11 in May 2016), a lack of streamflow
and flow velocity observations hindered the e-flow calculation.

4.6. Impact of hydrological and water quality factors on e-flows

The results obtained by the four e-flow calculationmethods showed
that the e-flows were highest in the downtown area and varied in the
southern mountainous and northern plain regions. The e-flows from
the four different methods are listed and compared in Fig. 4. The
Tennant method determined 10% of the average streamflow, show
poor or minimum results (D'Ambrosio et al., 2018).
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The e-flows calculated by the wetted perimeter method were rel-
atively high, whereas those calculated by the AEHRA and the inte-
grated water quality method were relatively low. To take full
advantage of the multiple methods and to effectively reduce the un-
certainty introduced by a single method, we selected the mean value
calculated by the four methods to analyze the effects of the hydro-
logical and water quality factors on the e-flows. The mean e-flows
values (annual) of each station were determined to be 3.05 m3/s
Table 3
E-flow results calculated by applying AEHRA. QE_min is given in m3/s; ZE_min is given in
m.

Station J1 J11 J23 J24 J39 J48

Date QE_min QE_min QE_min QE_min QE_min QE_min

5/2014 1.35 0.84 0.66 0.59 0.18 –
8/2014 6.18 – 0.66 0.59 – –
11/2014 0.66 0.38 0.66 0.59 0.09 –
5/2015 1.35 0.84 0.66 0.59 0.18 0.49
9/2015 0.66 0.38 1.39 – 0.09 0.24
1/2015 0.66 0.38 0.66 0.59 0.09 0.24
5/2016 1.35 0.84 0.66 – 0.18 0.49
6/2016 0.66 0.84 – – 0.09 –
9/2016 0.66 0.38 0.66 – 0.09 0.24
11/2016 0.66 0.38 – – – 0.24
for J1, 74.79 m3/s for J11, 91.68 m3/s for J23, 0.67 m3/s for J24,
9.84 m3/s for J39, and 5.41 m3/s for J48.

To quantitatively analyze the effects of the spatial variation in the
hydrological and water quality factors on the e-flows, further research
was conducted to include the nine selected factors (RW, WD, FL, EC,
Tran, Cl, Na, SO4, and F). Among the three hydrological factors (RW,
WD, FL), FL is the basis for calculating the Tennant andwetted perimeter
methods, and the correlation between FL andWDwas relatively high, at
Table 4
E-flows calculated by applying the integrated water quality method. QE_min is given in
m3/s.

Station J1 J11 J23 J24 J39 J48

Date QE_min QE_min QE_min QE_min QE_min QE_min

5/2014 0.68 – – 0.59 0.18 –
8/2014 1.26 – 0.66 0.59 – –
11/2014 0.66 0.38 0.66 0.59 0.09 –
5/2015 0.58 – – – 0.18 0.49
9/2015 0.66 – – – 0.09 0.24
1/2015 0.66 – – 0.59 0.09 0.24
5/2016 – – – – 0.18 –
6/2016 0.48 0.84 – – 0.09 –
9/2016 0.66 0.38 – – 0.09 0.24
11/2016 0.66 – – – – 0.24



Fig. 4. Comparison of multiple methods used for calculating e-flows.
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R = 0.7. Therefore, FL and RW were selected as principal hydrological
factors. Among the six water quality factors (EC, Tran, Cl, Na, SO4, F),
the spatial agglomeration of CI, Na, Tran, EC, SO4, and F was significant,
yet the correlation between CI, SO4, F, and ECwas relatively high, at R=
0.94, 0.86, and− 0.7. Therefore, EC, Na, and Tran were selected as prin-
cipal water quality factors. Afterward, the effects of FL, RW, EC, Na, and
Tran on the e-flows were analyzed by using VIP, as shown in Table 5.
The positive and negative correlations between each factor and the
mean value of the e-flows were obtained through correlation analysis
(Fig. 5).

It can be concluded from Table 5 that among the five factors, RW, FL,
and Tran were principal factors affecting the change in e-flow because
the mean values of VIP were all N1. The effects these factors were
large for FL, medium for RW, and small for Tran.

Fig. 5 shows that the principal factors RWand FLwere positively cor-
related with the e-flows and that Tranwas negatively correlated. This is
because the increase in RW and FL improved the species number and
density of principal fish, which caused the positive correlation of FL
with the e-flows. The increase in Tran could lower the number of prin-
cipal fish species in thewater (Lajus et al., 2015) to result in the lower e-
flow value.

Fig. 6 represents the mean value of the calculated e-flows at each
station. Those in the downtown area were relatively high, whereas
those in the north and southwere lower. Owing to the large streamflow
in the downtown area, the e-flows values calculated by the Tennant and
thewetted perimeter methods were larger than those calculated by the
AEHRA and integrated water quality methods. This result combined
with the spatial high and low value clustering of each factor in Fig. 2, in-
dicates that the Station J23 e-flow value in the downtown area was the
highest, mainly because the station is located in the Yellow River, and
the streamflow and river width are large. At Station J24, the e-flow
value was the lowest, and the transparency was high, which is the
same as the effect obtained by the above correlation between the factor
and the e-flow mean value. The e-flow values were lower at J1 mainly
Table 5
Results of variable importance in the projection analysis.

Variables Latent factors

1 2 3 Mean

RW 1.111 1.230 1.302 1.214
Na 0.383 0.559 0.538 0.493
EC 0.663 0.592 0.647 0.634
FL 1.418 1.236 1.290 1.315
Tran 1.082 1.159 1.161 1.134
because the that station is located in the mountainous area, where the
river width and streamflow rate are small.

5. Discussion

5.1. Spatial distribution of hydrological and water quality factors

In this paper, we used cluster analysis to obtain the spatial distribu-
tion of the high and low values of each factor. This method has been ap-
plied all over the world (Gonçalves and Alpuim, 2011; El-Hames et al.,
2013; Nguyen et al., 2015; Trancoso et al., 2016; Zhao et al., 2017a,
2017b). Hydrological factors did not have a regular pattern of spatial
distribution as per the spatial autocorrelation analysis, while water
quality factors (CI, Na, EC, and Tran) showed good spatial autocorrela-
tions and significant spatial distribution in our study. Li juan et al.
(2002) investigated the changes in hydrological and water quality fac-
tors considering the Lancang River Basin of China as the study area,
and found an increment in streamflow from upstream to downstream.
Changes in the hydrological factors increased, whereas stability de-
creased, indicating the absence of autocorrelation of hydrological fac-
tors. Similarly, the temporal and spatial changes in surface water
quality were also studied in the Ying River Basin of China. Liu et al.
(2016) analyzed the spatial autocorrelation and Morian's I index of
the water quality; complex changes in water quality factors with the
changes in season and geography were observed. Armt et al. (2017)
concluded that the spatial autocorrelation of groundwater quality was
highest for Na in the Sylhet region of Bangladesh. These results are gen-
erally consistent with analysis of the spatial distribution of hydrological
and water quality factors in our study. The hydrological factors are not
characterized by spatial agglomeration, and the spatial autocorrelation
of water quality factors is complicated. However, some water quality
factors, especially Na, have good spatial agglomeration. Hamidi et al.
(2018) investigated the spatial distribution of water quality chemical
factors in the coastal aquifer of Rmel-Oulad Ogbane, Morocco, and re-
ported no autocorrelations for these parameters. The study by Omo-
Irabor et al. (2008) in the western Niger Delta region found that the
water quality chemical factors had a random spatial distribution.
These conclusions are different from those indicated by our research.
As a consequence of the fragmentation of land use in these areas, the
area of industrial, agricultural and residential land is small and inter-
spersed, resulting in the randomization of the distribution of water
quality chemical factors; these do not exhibit good spatial agglomera-
tion. However, the land use in our study area is clearly different. The
northern plain is an agricultural area, the city center is a human settle-
ment, and the southern region is amountainous area. Therefore, the dis-
tribution of water quality chemical factors shows obvious spatial
agglomeration. High conductivity values occur mainly in northern
Jinan. EC values are lower in other regions. Most of the high-value
areas are plains, which have higher salt ion content in water due to ag-
ricultural activities and therefore have higher electrical conductivity.
The spatial distribution of transparency is the opposite of the electrical
conductivity, with higher values concentrated in the southwest and
southern hilly areas, while most northern areas have lower transpar-
ency. This is because in the mountains in the south of the city where
the Yellow River is the source of water. In summary, the spatial distribu-
tion of hydrological and water quality factors are closely related to land
use patterns and distribution characteristics. Later, differences in hydro-
logical and water quality conditions led to differences in environmental
flow results.

5.2. Comparison of e-flow calculation methods

Among the four e-flow methods used in the study, the Tennant
method requires accurate long-term hydrological data (Poff et al.,
2010), which are not yet available for several rivers (Sanderson et al.,
2012). In practice, it is more appropriate for natural rivers and is best



Fig. 5. Correlation between e-flows and hydrological and water quality factors.
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used as an estimative verification of other approaches (Liu and Men,
2007; Zhao et al., 2017a, 2017b). This method does not consider the
geometric variation of the river, which is the effect of sediment erosion;
this is particularly pronounced in areas with high anthropogenic activi-
ties. It has limited theuse of the Tennantmethod in areaswith extensive
human activity (Guo et al., 2009). The study area in our research is in-
tensely populated and affected by human activity. Due to a short time
series of the measured streamflow data, some unavoidable uncer-
tainties in the obtained results were observed.

The wetted perimeter method of e-flows requires the establishment
of a relationship between the wet perimeter and the streamflow (Men
et al., 2012); hence, it has higher data demands on the previous
streamflow and cross-section.When calculating the e-flows by thewet-
ted perimeter method, the channel shape of the HTQ station in our
study area was rectangular, and the obtained streamflow-wetted pe-
rimeter scatter plot was obviously abnormal. Thewet perimeter existed
when theflowvelocitywas zero, and the point in the FL-P curvewas not
the inflection point needed to determine the e-flows (Xiao et al., 2010),
indicating that the wetted perimeter method is not applicable for the
calculation of e-flows in rectangular rivers.

The AEHRA not only considers the survival and reproduction of the
principal organisms in the river but also refines the e-flows based on
the months. It can provide more detailed data to relevant departments
for ecological restoration and protection of the rivers (Liu et al., 2011).
Compared with the surrounding areas, the central area of Jinan City
(J23) has better hydrological and water quality conditions, where the
e-flows value and its satisfaction ratio are high (Zhao et al., 2017a,
2017b), resulting in a healthy aquatic ecosystem with a robust food-
web (Zhao et al., 2019). In the eastern region of Jinan City (J48), hydro-
logical conditions andwater quality are poor, and the e-flows value and
its satisfaction ratio are also very poor (Zhao et al., 2017a, 2017b),
resulting in a poor food-web structure (Zhao et al., 2019). In the
southern region of Jinan City (J11), the hydrological condition is poor
yet thewater quality is good, and the satisfaction ratio of e-flows fluctu-
ates over time between good and poor (Zhao et al., 2017a, 2017b),
resulting in a medium food-web structure (Zhao et al., 2019). In the
northern region of Jinan City (J39), the hydrological condition is rela-
tively good yet the water quality is poor; here also, the satisfaction
ratio of e-flows fluctuates but the situation is better than that in the
southern region (Zhao et al., 2017a, 2017b), also resulting in a medium
food-web structure (Zhao et al., 2019).

In brief, good hydrological and water quality conditions lead to a
robust food-web structure and consequently high e-flows, and vice
versa. Moreover, the variation in hydrological and water quality fac-
tors resulted in differing e-flow patterns in the study area. Consider-
ation of the effects of the variation in hydrological and water quality
factors on the determination of e-flows is an urgent necessity, which
justifies the last method in this study. In other words, consideration
of the demands of water ecosystem species on both hydrological and
water quality factors makes the last method feasible and practical,
especially in regions in which excessive quantities of pollutants are
discharged into rivers. Since hydrological and water quality factors
have important impacts on aquatic community and e-flows, only
the e-flows method that comprehensively considers the influence
of both these factors in those regions is reliable. In this study, the
Tennant method, wetted perimeter method, and AEHRA were
found to have their own advantages and disadvantages, but none of
them directly included the water quality factors. Zhao et al. (2018)
added the water quality factors control module, based on the
AEHRA, and proposed the integrated water quality method. This
method compares the water environment capacity with the actual
pollution to obtain the water organism bearing capacity after the
sewage is reduced, and this further improves the living environment
quality of the aquatic organisms.



Fig. 6. Spatial distribution of e-flows.
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5.3. Impact of hydrological and water quality factors on e-flows

From the correlation between the principal factors FL, RW, Tran and
themean value of e-flows, it can be concluded that there is a significant
negative correlation between Tran and e-flows, while FL, RW and e-
flows are positively correlated. The hydrological and water quality
changes caused by human activities have an impact on the fish and
the water ecosystem (Hemraj et al., 2017; Carvalho et al., 2016). A
study conducted by Hemraj et al. (2017) in the Ramsar coastal lagoon
of India showed that changes in streamflow and water quality affected
thefish and the ecosystems. These results are consistentwith the effects
of FL, RW and Tran on e-flows obtained in our study. Changes in the hy-
drology and water quality affect the survival of aquatic organisms and
further affect the e-flows. Sánchez-Carrillo et al. (2018) investigated
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10 lakes around the world and found that temperature and altitude are
principal factors leading to differences in aquatic organisms and ecosys-
tem structure. Similarly, our study showed that there is a significant dif-
ference in the e-flows betweenmountain and plain ecosystems. Tunney
et al. (2018) investigated 35 Canadian lakes and found that the water
transparency is a principal factor affecting the predation relationship
of the food web. A study by Lajus et al. (2015) in the Neva River and
the Eastern Gulf of Finland has found that the number of fish decreased
as transparency increased. There was a negative correlation between
transparency and e-flows in our study. The reason is that an increase
in transparency leads to a reduction in principal fish species, and ulti-
mately leads to a reduction in the e-flows. The findings of these studies
are generally consistent with our findings in Jinan City.

There are 21 large sewage treatment plants in Jinan, 16 in the central
region, 2 in the southern region, 2 in the northern region, and 1 in the
eastern region (Cai and Yang, 2019). Therefore, the sewage treatment
capacity in the central region is much larger than that in other areas.
The number of sewage treatment plants in each region has considerably
affected river water quality. River water quality affects the living condi-
tions of fish and eventually affects the determination of e-flows. The
presence of sewage treatment plants will improve river water quality.
Better water quality will help the survival of fish, which ultimately
leads to an increase in the environmental flow calculated by the
AEHRAmethod. Furthermore, in the southernmountain and the north-
ern plain areas in Jinan, a large number ofwater projects have been con-
structed for water supply (Zhang et al., 2014). The construction of these
water projects has reduced mean river flow velocity and led to river
fragmentation. These changes have also affected the survival and breed-
ing of fish, which have in turn affected the determination of e-flows. For
example, in the central region of Jinan, there are more sewage treat-
ment plants and less water projects, so the river water quality and con-
nectivity are good, which is extremely beneficial for the survival of fish.
Therefore, e-flows in the central region are high (Fig. 6). The construc-
tion of water projects will lead to a reduction in river flow velocity.
Many fish will not survive due to the reduction of flow velocity,
resulting in the decrease of the key fish species, and ultimately lead to
a decrease in the calculated environmental flow of AEHRA. In brief,
changes in hydrological and water quality factors affect the biodiversity
of fish communities, leading to changes in the e-flows.

5.4. Limitations of the study

In this study, four methods were used to calculate e-flows. The im-
pact of biological and environmental factors on e-flows was evaluated.
The results of this study provide a strong foundation for the restoration
andmanagement of ecosystems. However, the time series of the hydro-
logical datawas short, resulting in someuncertainties in the e-flows cal-
culated by the Tennant and wetted perimeter methods. In future work,
it will be necessary to reinforce the development of new methods for
the acquisition of hydrological and water quality factors in rivers to ex-
tend the hydrological data length of spatiotemporal changes at different
hydrological frequencies in order to reduce the uncertainty in the calcu-
lation of e-flows. When applying the results of this study, long-term
monitoring data should be guaranteed in the study area. Moreover,
the analytical method should be chosen based on the hydrological,
water quality, aquatic life and habitat data available.

6. Conclusions

In this study, four different methods were used to determine e-
flows. The results show that the Tennant and wetted perimeter
methods, which focus on the statistics of only streamflow, result in sim-
ilar spatial distribution of e-flows; the AEHRA and integrated water
quality method, which consider the effects of water quality and other
hydrological factors such as flow velocity and water depth on fish, also
result in a similar spatial variation. The spatial clustering results showed
that there was no spatial distribution of hydrological factors. The water
quality factors such as chlorine ions, sodium ions, conductivity, and
transparency showed good spatial autocorrelation and significant ag-
glomeration in their spatial distribution. Among the water quality fac-
tors, there was a significant negative correlation between
transparency and e-flows, because the increase in transparency could
impact the survival of principal fish species, resulting in a reduction in
principal fish species and a decrease in e-flows. However, among the
hydrological factors, there was a positive correlation between the
streamflow, river width, and e-flows, because the increase in river
width and streamflow could provide habitats and breeding sites for
the fish, resulting in an increase in principal fish species and an increase
in e-flows.
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