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Abstract: Anthropogenic activities have a tremendous impact on water ecosystems worldwide,
especially in China. To quantitatively evaluate the hydrological alteration connected with aquatic
lives and river ecological risks, we took the Beijiang River located in South China as the case study and
used ecosurplus (defined as ecological carrying capacity exceeding ecological consumption)/ecodeficit
(defined as ecological consumption exceeding carrying capacity) and Indicators of Hydrological
Alterations to evaluate hydrological changes. The Ecologically Relevant Hydrologic Indicators were
employed to select the key indices of Indicators of Hydrological Alterations, and the eco-environmental
water demand calculation provide an effective way for the reservoir operation. Results showed
that: (1) High flows contributed more to the ecodeficit, while low flows contributed more to the
ecosurplus; (2) the ecodeficit in some parts of the river basin might exceed the ecosurplus after reservoir
construction, especially along the main stream; and (3) the determination of eco-environmental water
demand is a feasible way for improving the environment by controlling reservoirs. The current study
can help guide the optimization of hydrological operation in the basin toward making the ecosystem
healthier and has potential to further provide a reference for other basins in terms of hydrological
alterations driven by anthropogenic activities.

Keywords: hydrological alteration; ecosurplus; ecodeficit; eco-environmental water demand;
Beijiang River

1. Introduction

Human activities have a substantial impact on aquatic ecosystems through the development
of social processes, population growth, urbanization, and the control of rivers [1-5]. In particular,
the resultant pollution of ecological environment has adverse impacts on aquatic organisms and causes
ecological damage [6,7]. There is an urgent need to analyze the hydrological changes as a result of
reservoir construction to better control hydrological regimes.

Along with increase in dams, the analysis of hydrological scenarios has become a matter of great
concern worldwide. Lian et al. [8] analyzed the change in Indicators of Hydrological Alterations
(IHA) caused by human activities, such as flow diversion, levee building, and the construction of
dams in the Illinois River, a tributary of the Mississippi River in United States, and found that
human activities had substantial effects on the magnitudes, frequency, and duration of hydrological
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regimes, and the hydroclimatic alterations led to the loss of submerged aquatic plants as well as
soil-moist plants. Soon after, McManamay [9] quantified and summarized the hydrological responses
that have been impacted by dams, while McDaniel and O’Donnell [10] used IHA and hydrological
model to evaluate the effects of two watersheds in southeastern U.S. caused by the urbanization.
Other developed countries with early dam constructions such as the European countries, have also
analyzed the effects of dams on rivers. Panagopoulos et al. [11] assess the present hydrologic stress
of European rivers by using IHA and model integration. Warner [12] explored the environmental
impacts of hydroelectric power and other human activities on the Durance channel in Southeast
France and found that the flow diversion caused by a hydropower development has resulted in the
shrinkage of the channel and reduction in habitat. Meifiner et al. [13] compared the water temperature,
discharge, and macroinvertebrate samples to determine a means of mitigating the negative impact of
the hydrological alterations resulted from downstream dams in Germany, while Alfredsen [14] used
IHA to assess the effect of ice on river flow in Norway. Yuichiro et al. [15] analyzed the impacts of dam
operation on the water discharge and capture fisheries in the lower Mekong basin in Southeast Asia.
Senay et al. [16] surveyed 25 rivers of six physiographic regions in Canada to compare different habitat
properties between unregulated and regulated rivers.

China has more than half of the world’s dams including the Three Gorges Dam with abundant
fishery resources [17], which necessitates the exploration of the degree to which dams can alter
hydrological regimes in China. Dam constructions have developed rapidly after the 1950s, and now
there are more than 90,000 dams. A subject of special significance is whether the reservoirs also
influence aquatic ecosystems in China. Richter et al. [18-20] proposed 32 hydrological parameters as
IHA indices and developed the Range of Variability Approach as threshold of IHA to characterize
the comprehensive hydrological alteration, and adjusted IHA indices to 33 parameters later on.
Black et al. [21] proposed the Dundee Hydrological Regime Alteration Method to evaluate hydrological
alterations, while Shiau and Wu [22] developed an overall index (D,) to assess comprehensive alterations
of rivers. Wang et al. [23] found that the Three Gorges project has substantial influences on the ecological
regimes in the downstream of Yangtze River; the changes in flow have negative effects on migratory fish
and greatly affect fish biodiversity. Yang et al. [24] used ecologically relevant hydrological indicators
(ERHIs) to simplify the IHA indices, and Shu et al. [25] proposed eco-environmental water demand to
develop a method for making ecosystems healthier by controlling dams. In addition, Vogel et al. [26]
combined flow duration curves (FDCs) with ecodeficit and ecosurplus to analyze the relationships
between dam construction and ecological flow regimes, which was applied in the Yangtze River
the Yellow River recently [27-29]. The Pearl River, the second-largest and the third-longest river
in China, is an important water resource for the Guangdong-Hong Kong—-Marco Greater Bay Area [30].
Some previous studies have been conducted across the entire Pearl River system regarding changes
in river flow and sediment load [31,32], and some have focused on the Dongjiang River, one of the
primary tributary of the Pearl River [33-35].The Beijiang River is another primary tributary of the
Pearl River and is known for its plenty fishery resources and high concentration of dams. Previous
studies have shown that human activities, especially reservoir construction, have greatly impacted the
Beijiang River [36,37]. However, most studies on hydrological alterations in the Beijiang River have
not utilized more in-depth approaches to improve the redundant IHA indices, nor have they assessed
the relationships between hydrological alterations and aquatic life and ecosystem. Considering the
importance of variability and availability of water resources and the conservation of fluvial ecological
health of the Beijiang River, there is an urgent need to use multiple hydrological indicators such as
ecosurplus and ecodeficit as well as IHA to characterize the effects that dam constructions have on
the river system. Moreover, for the purposes of ecologically relevant water resources management,
the eco-environmental water demand should also be considered.

The objectives of this study were: (1) To quantitatively evaluate the degree of hydrological
alteration in the Beijiang River using eco-flow metrics and IHA indices; (2) to specifically identify the
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current ecological risks faced in the Beijiang River; and (3) to calculate the eco-environmental water
demand to help develop a more environmental friendly program for the operation of reservoirs.

2. Study Area and Data

2.1. Study Area

The Beijiang River (23°09'25”-25°2147" N; 112°49"13"”-114°38'37” E, Figure 1) is the second-largest
tributary of the Pearl River in southeastern China, and is an important source for the Guangdong-Hong
Kong-Marco Greater Bay Area. It is also known for its abundant fish resources. The upper reach of the
Beijiang River contain the Wujiang River as the trunk stream, which originates in Hunan Province,
and the Zhenjiang River is the most important tributary originating in Jiangxi Province. The two rivers
provide much of the water supply to the upper reach of the Beijiang River. The average yearly runoff,
drainage area, and length of the rivers are shown in Table 1 [38].
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Figure 1. Locations of hydrological and meteorological stations (a) and reservoirs (b) in Beijiang
River basin.

Table 1. Detail information of river basins and corresponding hydrological stations and reservoirs.

River Basin Beijiang River Zhenjiang River Wujiang River
Drainage area (km?) 46710 7554 7097
Length (km) 468 211 260
Runoff (x10° m3) 429 5.91 6.08
Lechangxia reservoir
Main reservoir Feilaixi . . . (Changhe reservoir,
eilaixia reservoir Jinjiang reservoir

(other reservoirs) Xiniutan reservoir,

Muxi reservoir)

Hydrological station at the outlet Shijiao Station Yangshao Station Lishi Station
Data covering period 1952-2016 1954-2018 1956-2018
Dividing year 1999 1993 1972

There are twelve major reservoirs along the Beijiang River. Each of them plays an important
role in hydropower generation, water control, irrigation, shipping, and the ecological balance of the
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river system. The cascade reservoirs operate synergistically and have altered hydrology regimes
through dam construction and operation [39]. The Feilaixia reservoir is the largest comprehensive
reservoir in the Beijiang River and greatly affects the river basin since its operation [40]. The information
associated with the reservoirs is shown in Table 1. Thus, there is a need for more research to be
conducted on the Beijiang River as well as to develop a robust approach for solving the ecological
problems of the river basin.

2.2. Data

We selected three representative hydrological stations in the Beijiang River to evaluate the
relationship between reservoirs and the ecosystem: The Shijiao station, the Lishi station, and the
Yangshao station, which control the Beijiang River, the Wujiang River, and the Zhenjiang River,
respectively. The analysis of the river basins is based on the daily runoff at the time shown in Table 1.
In addition, we used the annual rainfall from 1960 to 2018 to assess the relationship between rainfall
and runoff. Hydrological data were acquired from the Guangdong Hydrological Bureau of China,
and there were no missing data. The quality of data was strictly controlled before their release.

The dividing years of the three stations were primarily based on the timing of the completion
of important reservoirs. The selection of these years was also based on the result of the MK test.
We selected 1999 and 1993 as the dividing years for the Shijiao and Yangshao stations given that these
years represent the times that construction of the Feilaixia hydraulic project and Jinjiang reservoir
were completed, respectively. Because the construction of the Lechangxia hydraulic project began late,
we selected the dividing year of the Lishi station based on the MK test results and the other important
reservoirs on the Wujiang River. The year 1972 was selected because the Changhe, Xiniutan, and Muxi
Reservoirs in the Wujiang River were built close to 1972; in addition, the results of the MK test revealed
that there was a noticeable ecological change in 1972. The corresponding relationships of these three
stations and other information are shown in Table 1.

3. Methodology

3.1. IHA Selection

IHA, which are widely applied in fluvial ecosystem researches, were initially developed in
1996 [18], revised in 1998 [20], and were divided into five groups (Table 2). Each group contains
different hydrologic parameters that reflect different impacts on the ecosystem. The Range of Variability
Approach boundary [19] is an auxiliary index of IHA expressed as a range between two percentages.
The IHA indices were used to measure the extent of hydrological alterations. However, we only used
32 indicators in this study except for “the number of zero-flow days” because zero-flow conditions
did not occur during the study period. Each indicator was related to the ecosystem [41]. We selected
25% and 75% as the default percentiles, instead of 33% and 67%, as the Range of Variability Approach
boundary to make the revised percentiles fit those in the FDC. In addition, Zhang et al. [33] used
principal component analysis to identify ERHIs from 32 indices defined in the IHA. These selected
indicators are mostly hydrologic metrics but can reflect impact on ecology.
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Table 2. Different groups of the Indicators of Hydrological Alterations (IHA) 33-based indicators and
different impact on the ecosystem of each groups.

IHA Parameter Group

(Subtotal Number) Hydrologic Parameters Impacts on the Ecosystem

Affect the availability of water (including habitat and
Median value for each calendar month ~ water use) by affecting hydrology, oxygen content
and water column photosynthesis

Magnitude of monthly water conditions
(12)

Annual minima 1-day means
Annual minima 3-day means
Annual minima 7-day means

Annual minima 30-day means Affect the competitive balance between organisms,
. . ini - anaerobic capacity and so on by affecting the
Magnitude and durationof annual Annual minima 90-day means h 11 ) pl Y i Y h ! lg h
xtreme Annual maxima 1-day means morphological structure of river channels, the
extrem Annual maxima 3-day means ventilation of river sediments, the conditions of
water conditions (12) . . . .
Annual maxima 7-day means natural habitats and the construction of aquatic
Annual maxima 30-day means ecosystems, thereby

Annual maxima 90-day means
Zero-flow days
Base flow index

Julian date of each annual 1 day

Timing of annual extreme water Affects the species’ behavior mechanism (such as fish

maximum . - o . .
iti by affecting th tibility with th
conditions (2) Julian date of each annual 1 day spawning) by affec ing the compatibiiity wi e
; life cycle
maximum
. Number of high pulse Affects the stability of sediments and substrates by
Frequency and duration Number of low pulse - . f
. . ; affecting water stress, thereby affecting the floodplain
of high and low pulses (4) Mean duration of high pulse . ; .
. habitat of aquatic organisms
Mean duration of low pulse
Rate and frequency of Rise rates Affects the drought pressure of the organisms (mainly
Fall rates

water condition changes (3) plants) by affecting the rise and fall of the water levels

Number of hydrologic reversals

3.2. Hydrological Alterations

The degrees of hydrological alterations were calculated using the approach of Shiau and Wu [22]:

N,;i—N,
% 100% (1)

D; =
i N,

where D; is the degree of hydrological alteration of the ith index, N, ; is the number of years that the
IHA values after reservoirs construction were between 25% and 75% of the ones before, and N, is
the presumptive number of years (N, = P x Nt, P is 50%, and N is the sample size of runoff after
reservoirs construction in years). According to D;, we calculated each hydrological indicator, and the
overall degree of the IHA after construction was expressed as [22]:

@)

Higher D, values imply that the ecological system of hydrological regimes experiences greater risks.
Black et al. [21] proposed another hydrological alteration indicator, Dundee Hydrological Regime
Alteration Method, to objectively evaluate the degree and range of hydrological regime alterations
that human activities can cause. Each of the IHA indicators generates a percentage change of the
mean and coefficient of variation (CV). By distributing equal weight to each IHA group in the Dundee
Hydrological Regime Alteration Method, the mean values are found successively for all of the absolute
changes in means and CVs of each class (Table 2), which contains five total indices for the average
alterations of the groups (la-5a) and five for CV alterations of groups (1b-5b). According to the
hydrological change thresholds [21] and the mean percentage alterations in five groups for the means
and CVs, each impact point is obtained for each index with three grades: Grade numbers indicate the
number of impact points and represent the lower, middle, and upper thresholds. Therefore, for the
total indices, the maximum number of points in theory of the total three pulse peak values is 30 points.
Dundee Hydrological Regime Alteration Method, which is expressed by point scores, shows the
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integrated degree of change and is divided into five grades: The grade with the larger number denotes
that there are heavier negative influences of the reservoirs on hydrological regimes. In this study,
D, and Dundee Hydrological Regime Alteration Method were used to evaluate the degree and the
negative effects of hydrological regime changes on ecosystems.

3.3. Ecosurplus and Ecodeficit

Vogel et al. [26] developed the ecosurplus and ecodeficit metrics for evaluating the river runoff
ecosystem. The calculations of ecosurplus and ecodeficit are based on the FDC and show the percentage
of time that the value exceeds the pre-defined one using daily runoff data. Daily runoff (Q;) was
arranged in descending order to calculate the exceeding probability [26]:

i

pi = 3)

n-1
where 7 is the total observed amount of daily runoff (Q;) and i is the rank of them. FDC is a function of
the independent variable p; and the dependent variable Q;. In addition, the FDC is based on daily
runoff data and can be used by the annual as well as seasonal FDC. Before analysis, the division or
change point of the daily runoff series was selected and the period was subdivided into two subseries.
The annual and seasonal FDC series, which were based on the daily runoff before the dividing point,
had 25% and 75% percentiles as the threshold values for analysis. Two boundaries of the FDC were
recognized as the critical interval for river ecological protection. According to the annual or seasonal
FDC figure, the area in which the FDC exceeded the 75% percentile boundary was defined as ecosurplus,
and the area below the 25% percentile was defined as the ecodeficit. The ecosurplus and ecodeficit
have been used in fluvial ecosystem studies as eco-flow indicators [26].

3.4. Eco-Environmental Water Demand

The eco-environmental water demand [25], which can be estimated by the IHA data and Range
of Variability Approach boundary, is used to determine the range of values indicative of healthy
hydrological characteristics for controlling the water ecosystem by determining the rate of flow.
The ecological flow month value, which indicates the minimum flow rate needed to maintain
ecosystem balance, was expressed as:

Seco == Save - (Sup - Slow) (4)

where S is the average of the monthly discharge, S, is the upper percentile threshold, and Sy, is
the lower percentile threshold. We selected the 75% percentiles for the threshold values as S, and 25%
as Sy for the analysis.

4. Results

4.1. Ecological Variability

Water ecological regimes are affected by ecosurplus and ecodeficit through ecological variability.
Figure 2 shows the annual and seasonal runoff to the reservoir construction by FDCs. Posterior runoff
differed little between the high and low-flow regimes (Figure 2). Therefore, low flow contributed more
to ecosurplus, while the high flow contributed more to ecodeficit, and this pattern was most obvious at
Yangshao station and less obvious at Shijiao station, especially in the winter. The seasonal FDC figures
showed that this pattern was less obvious in the winter (the dry season) and was more obvious in
the spring and summer (the flood season). The dry season also contributed much higher degrees of
ecosurplus than ecodeficit compared with the flood season.
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Figure 2. Prior (green curves) and posterior (pink curves) flow duration curves (FDC) due to the
construction of reservoirs. Two black lines mean the 25% and 75% FDCs of the prior flow component
(green spots). The ecosurplus means the difference values of the flow component over 75% FDC line,
and the ecodeficit means the difference values below 25% FDC line.

Figure 3 compares the precipitation between the ecosurplus and ecodeficit and shows that there
was a positive correlation between them. The peaks of ecosurplus and ecodeficit usually did not
coincide and happened alternately; in addition, the peak values of ecosurplus were much greater
than those of ecodeficit. Ecosurplus and ecodeficit in the flood season had more peaks, and the
maximum values of ecosurplus were greater than those of ecodeficit in the dry seasons compared
with the flood seasons. The Shijiao station had fewer peaks and smaller peak values because of its
more stable rainfall. The peak value of ecosurplus and ecodeficit in the Shijiao station decreased after
the demarcation time. Although annual precipitation was more stable than seasonal precipitation,
the seasonal ecosurplus and ecodeficit were less than the annual ecosurplus and ecodeficit, especially
in the dry season. Thus, the ecological variability depends critically on both the amount and deviation
in rainfall, which also means rainfall always leads to the hydrological uncertainty.
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Figure 3. Yearly variations of anomalous precipitation and eco-flow metrics. Bars show anomalous

precipitation and red curves show ecosurplus and blue curves show ecodeficit. The anomalous

precipitation is calculated as: Ppyomary = %, where Ppyomq1y denotes precipitation anomaly, P; denotes

annual or seasonal precipitation in ith year, P denotes average of annual or seasonal precipitation.

Figure 4 shows the ecosurplus and ecodeficit of the three stations during the ten-year circle in a
box diagram, showing that the ecosurplus was greater than the ecodeficit. The Shijiao station had the
least ecosurplus and the most ecodeficit of the three stations, and winter had the lowest ecosurplus of
the four seasons. The amount of annual ecodeficit in the Shijiao station approached the ecosurplus
after the dividing year, and the spring ecodeficit even exceeded the ecosurplus. The number of
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outliers slightly decreased after the dividing year overall, suggesting that the ecosurplus and ecodeficit

stabilized after the construction of dams.
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Figure 4. Decadal variations of eco-flow indicators in annual or seasonal time scales.

Figure 5 shows the total seasonal ecosurplus and ecodeficit with the 95% confidence intervals,
which reflected alterations at the annual scale. The seasonal ecosurplus and ecodeficit of the three
stations were also similar, and the ecosurplus showed an increasing trend, while the ecodeficit remained
stable overall. However, after 1999, the ecosurplus and ecodeficit in the Shijiao station destabilized,
suggesting that the construction of the Feilaixia Reservoir had a great impact on the trunk of the

Beijiang River as well as the other two stations in the upper reaches.

The four figures revealed that, aside from the effects of the environment and climate change,
the hydrological regimes had effects of their own after reservoir construction, which were most
obvious in the Shijiao station, the hydrological observation station in the trunk of the Beijiang River.
What is more, the large-scale reservoir construction will have an impact on the entire basin. As a result,
more attention needs to be given to river health.
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Figure 5. Yearly variations of the total seasonal ecosurplus and ecodeficit. The solid curves denote the
fitting curves and the gray shaded parts are the 95% confidence intervals.

4.2. Analysis of IHA Indices

IHA indices are generally used to evaluate changes in hydrology. Table 3 shows the rates
of change of all 32 IHA indices in each station. Indices tended to increase more than decrease.
The rates of change were divided by 33% and 67% and classified into three groups: Low, moderate,
and high-degree groups. The rates of decline of the Yangshao station and the Lishi station in months
were all less than 10%, and there were more than three months that had rates of increase that were
greater than 33%, which occurred in the moderate and high-degree groups. The negative and positive
numerical values of the monthly rates of change at the Shijiao station were closer together compared
with the other two stations. The months in the summer flood season and the winter dry season showed
more incremental values than the other two seasons. Most of the indices of the maximum and minimum
runoff showed small alterations in degree, except for the 30-day minimum in the Yangshao station and
the Lishi station. The Yangshao station also showed greater decreases in maximum and minimum
runoffs. Unexpectedly, the maximum indices in the Yangshao station all decreased. The base flow
of the three stations remained almost unchanged, and the date of the minimum runoff in the Shijiao
station showed a moderate degree of decrease. The low pulse and fall rate largely increased, and the
duration of low pulse largely decreased, especially in the Yangshao and Shijiao stations. Moreover, the
reversals showed high degrees of alterations in all three stations.
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Table 3. The changing rates comparing of prior and posterior numerical value based on the IHA

indicators (darker shading indicates higher group).

Changing Rates of the IHA Indicators of Prior and Posterior

IHA Indicators NUMERICAL Value (%)
Yangshao Lishi Shijiao
April -1.116 21.303 -6.521
May -4.719 15.877 -5.164
June -3.804 -3.562 -3.900
July 45.230 52.803 5.042
August 44.554 27.826 6.188
September 9.819 3.553 -9.722
October 27.712 16.508 —-2.388
November 17.123 18.531 9.659
December 58.060 22.047 37.504
January 40.780 80.734 13.567
February 28.166 15.999 -1.231
March 8.924 48.902 -15.830
1-day min -31.394 —0.748 0.350
3-day min -11.572 13.121 4217
7-day min 10.804 21.074 6.160
30-day min 33.148 34.107 19.398
90-day min 18.470 19.216 3.124
1-day max -3.288 14.968 14.652
3-day max ~7.794 13.059 12.146
7-day max ~7.804 7.396 6.911
30-day max -9.399 3.291 -2.711
90-day max -5.216 10.656 -1.973
Base flow 2.871 -1.577 4.598
Date min —6.560 10.645 -38.251
Date max 11.788 —7.940 -0.062
Low pulse 93.957 22.826 165.308
Low pulse Duration —74.808 -59.707 —77.624
High pulse 8.697 —0.447 20.676
High pulse Duration 6.054 -1.595 —-38.725
Rise rate -16.545 -25.618 18.103
Fall rate 78.175 39.217 90.607
Reversals 68.921 69.841 73.196

The IHA indices in the current study were so numerous that it is difficult to analyze and interpret
them individually. ERHIs are also considered key metrics for fulfilling ecological hydrological

requirements. There are many methods to analyze ERHIs, and we used principal component analysis.
Table 4 shows the collection of IHA indices of each station after analysis by principal component analysis.
Because some IHA indices, such as monthly indices, max runoff indices, and min runoff indices were
highly correlated, we only selected indicators with the highest loadings between similar indices.
Figure 6 shows the alterations of the ERHIs in the three stations. The runoff in April showed an
overall upward trend, and some abnormal peaks could be observed for several years. The 7-day
minimum runoff increased in the Yangshao and Shijiao stations, and only fluctuated in the Lishi station.

In addition, there were drastic fluctuations in the 30-day maximum runoff during the study period.

Table 4. Selection of ecologically relevant hydrological indicators (ERHIs) by the principle component

analysis method.

Yangshao Station

Lishi Station

Shijiao Station

PC1
pPC2
PC3
PC4
PC5
PCé6
PC7

April
90-day max
7-day min
Low pulse Duration
High pulse Duration
Reversals
Fall rate

April
Rise rate
30-day min
Date min
90-day max
Reversals
Low pulse

April
90-day min
Rise rate
High pulse
Date min
90-day max
High pulse Duration
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Figure 6. Yearly variations of ecologically relevant hydrologic indicators. X7.day.min denotes the
minimum 7-day streamflow, X90.day.max denotes the maximum 90-day streamflow, and Date.min
denotes the time when the minimum daily streamflow occurs (from April to March next year). Rise.rate
denotes the rise rates, and Reversals denotes the number of hydrologic reversals. The dashed lines
indicate the trend line of the construction time of the water reservoirs.

The IHA indices were comprehensively analyzed by D, and Dundee Hydrological Regime
Alteration Method (Table 5). The total scores of Dundee Hydrological Regime Alteration Method
showed that the river basin, which is controlled by all the three stations, was in level 2, which is a low
risk of impact, and the risk faced by the Shijiao station was greater than the other two stations. Based
on the use of 33% and 67% as the boundaries of the three degrees, the D, of each of the three stations
was around 33%, and all three D,s of the Lishi station were below 33%, although the other two stations
had D, values over 33%. According to the analysis with D,, the Lishi station showed the lowest degree
of change, and the Yangshao and Shijiao station showed moderate degrees of change. The results of
the three stations were similar, which essentially represents the situation of the entire Beijiang River.
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Table 5. The Dundee Hydrological Regime Alteration Method and Do of three stations and hydrological
alteration indicators of three stations.

Mean Changing (%) Impact Points
Stations IHA Subgroups Total Points Do (%)
Means cv Means cv
1 22.561 6.803 1 0
2 1.016 5.270 0 0
Yangshao 3 2.614 13.336 0 0 1(2) 37.629775
4 8.475 7.831 0 0
5 43.517 5.061 0 0
1 26.710 24.886 1 0
2 12.233 17.693 0 0
Lishi 3 1.352 13.992 0 0 1(2) 30.425076
4 9.731 0.251 0 0
5 27.813 21.716 0 0
1 2.267 9.179 0 0
2 6.079 8.737 0 0
Shijiao 3 19.157 32.765 1 0 2(2) 36.49904
4 17.409 4.972 0 0
5 60.635 42.685 1 0

4.3. Eco-Environmental Water Demand

Table 6 lists the water demand and the monthly average runoff in the three stations. The Yangshao
station demands the most water in April and the least water in March. The Lishi station demands the
most water in April and the least water in December. The Shijiao station demands the most water in
May and the least water in March. It is perhaps surprising that the water demand does not completely
correspond with the flood season and the dry season. All of the three stations have their maximum and
minimum water requirements in the spring. There are also some months of unusually high demand,
such as March and June in the Yangshao station, January and June in the Lishi station, as well as March
in the Shijiao station. Additional research is needed to understand this pattern more fully.

Table 6. The monthly average runoff (Save) and the water demand (Seco) in each station.

Yangshao Station Lishi Station Shijiao Station
Month

Save Seco Save SeCO save SECO

January 1.96 1.09 1.83 1.16 11.58 6.54
February 2.39 1.16 2.50 0.83 14.15 6.14
March 3.71 0.83 3.98 1.07 22.09 3.98
April 6.33 291 6.84 3.23 43.98 17.61
May 8.43 2.50 8.40 3.06 66.56 33.58
June 9.31 148 8.27 1.16 71.81 25.34
July 5.19 2.65 4.54 2.49 41.74 18.40
August 4.31 2.03 4.28 1.96 35.62 18.17
September 3.32 1.61 3.25 0.95 25.47 13.34
October 2.65 1.54 2.16 1.04 16.17 7.58
November 2.23 117 1.96 0.77 14.03 6.77
December 1.98 1.31 1.67 0.76 11.68 7.24

4.4. Comparison Between IHA-32 Indices and Eco-Flow Metrics

IHA-32 indices using is the popular way before to evaluate hydrological regimes, while eco-flow
metrics are new indicators of evaluating which related to ecology. Figure 7 shows the relationship
between IHA indices and stream flow indicators with a heat map, and Table 7 provides information on
the eco-flow metrics used in Figure 7. Nearly all of the monthly, maximum, and minimum indices have
strong positive correlation with eco-flow metrics, and the high pulse and rise rate were also positively
connected with them. However, the base flow, low pulse, and fall rate were negatively connected
with eco-flow metrics; while the reversals, the maximum and minimum date, as well as the duration
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of the high and low pulses, were mutually independent with eco-flow metrics. According to the
analysis above, eco-flow metrics can capture the primary features of most of the IHA indices, which can
provide a good representation without redundant indexes. The combination of IHA indicators and
eco-flow metrics can be a powerful way to measure the degree of hydrological alteration and protect
the river ecosystems by guiding reservoir operations [29,42].
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Figure 7. Heat maps of correlations between the IHA-32 indexes and eco-flow metrics. The information
of the abbreviations in the figure is shown in Table 7.

Table 7. The descriptions of abbreviations used in Figure 7.

Abbreviation Description Abbreviation Description

Spr Spring X30.day.min minimum 30-day runoff

Sum Summer X90.day.max maximum 90-day runoff

Aut Autumn Date.min time of minimum daily
runoff occurs

Win Winter Date.max time of maximum daily
runoff occurs

Aun annual Lo.pulse. low pulse count

Sea Total seasonal Lo.pulse.L low pulse duration

Esp ecosurplus Hi.pulse. high pulse count

Edf ecodeficit Hi.pulse.L high pulse duration

Ecochange

Total seasonal ecosurplus and ecodeficit
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5. Discussion and Conclusions

In this study, we used multiple indicators to evaluate changes in IHA indices as well as the
ecosurplus and ecodeficit in the Beijiang River, China with daily runoff data from the 1950s to 2010s.
We found that dam constructions stabilize hydrological regimes, which also results in reductions in
the peak and that the valley increases with reservoir construction. The D, and Dundee Hydrological
Regime Alteration Method, which represent the degree of river changes, showed that the three
stations had low risks of experiencing impacts. The Lishi station had the lowest degree of change,
while the other two stations exhibited moderate changes. The precipitation has great connection to
the hydrological uncertainty, which is also found in the whole Pearl River [43]. The important role of
human activities in aquatic ecosystems has also been studied in the Yangtze River, the Yellow River,
and the Pearl River. Research in the Yangtze River has revealed that the ecodeficit in high flows and
ecosurplus in low flows increase drastically as more reservoirs are exploited [44]. In the Yellow River,
the incidence of the high and low-flow regimes is decreasing, and the ecological risks faced by the
Yellow River have become increasingly series from the upper to the lower reaches [27]. Zhang et al. [33]
found that dam constructions decrease the high flow and increase the low flow and that ecosurplus
is affected by rainfall, while the ecodeficit is affected more by dams. Dam construction also causes
moderate alteration as well as declines in ecological diversity, which has a negative influence on all
life. Unlike the aforementioned watersheds, the high-flow reduction and the low-flow increase of
the Beijiang River were lower than those reported for other watersheds; thus, its degree of risk and
damage was weaker than that of other aforementioned river basins. In addition, the ecosurplus and
the ecodeficit of the Beijiang River are positively correlated with rainfall. The hydrological impact
caused by reservoir construction was weaker than that of the other three river basins. The quantitative
analysis we conducted provides some suggestions for what might be suitable for the Beijiang River.

Our study revealed meaningful results and special outcomes. First, the construction of the Feilaixia
reservoir had a great effect on the hydrological regime in the Beijiang River. Indeed, the construction
of Feilaixia reservoir also influences the ecosystem of the river basin to a large extent. In addition,
the Shijiao station had some differences compared with the other two stations in the upper reaches.
The Shijiao station has more ecodeficit and less ecosurplus as well as more flow reduction. The Shijiao
station had the most runoff of the three stations and thus requires more attention, especially when
the hydrological regimes are out of balance. The Feilaixia reservoir plays an important role in the
Beijiang River and has a great impact on the ecosystem in the Beijiang River basin, which has also been
mentioned in previous studies [39,40]. Otherwise, the hydrological regimes of the three stations were
largely similar, especially after the construction of reservoirs. We also observed that different parts of
the river basin can affect each other and that reservoir construction can strengthen the connections.
The results demonstrate a superposition effect of the reservoirs similar to that observed by Ge et al. [37].

One of the unexpected findings of this study was that the monthly runoff of the Yangshao
station decreased more than the other stations. Other anthropogenic factors might have contributed
to decreases in runoff; however, additional research is required to test this possibility. It was also
unexpected that the recent total seasonal ecosurplus showed signs of an increase. Han [45] found
that the Shijiao station experienced a complete cycle of change in abundance, flatness, and dryness,
while Wu et al. [31] and Zhou et al. [32] also observed periodicity in the runoff of the Beijiang River.
Wu and Huang [46] found that large-scale soil and water conservation measures implemented around
1990 reduced the peak flows, and Li et al. [47] found that the excess metal fluxes in the Beijjiang
River increased rapidly from 1988 to 1998 but decreased gradually after 1999 because of government
intervention. These may have contributed to explaining the above findings. Identifying the reasons
underlying why total seasonal ecosurplus increases is important for improving the environment in the
Beijiang River.

The outcome of the present study indicates that reservoir construction can have strong influences
on ecosystems. Although the risks of the three stations in the Beijiang River of the study were
less compared with the Yangtze River, the Yellow River, and the Dongjiang River, the hydrological
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changes caused by anthropogenic activities observed in the study need to be taken seriously [27,33,44].
The Beijiang River basin had less risk, which makes it easier to restore the normal operation of the
ecosystem. However, this basin will certainly be destroyed without appropriate protection measures
based on the trends observed in the study. Wu et al. [31] showed that the peak flow of the entire Pearl
River increased, but the upward trend in average flow was not obvious, which indicates that the risk
of flooding may increase. Therefore, future work should examine water demand to make the water
ecosystem in the Beijiang River as well as the entire Pearl River healthier.

The current study in the Beijiang River provides a framework for future studies, and the results
are also consistent with those from other water basins. First, the construction of dams has indeed
caused river basin risks, which should be more thoroughly considered. Moreover, the combination of
the eco-flow metrics and the IHA indices is an effective way to evaluate the water regimes. In addition,
the water demand calculation provides an effective way for making the water ecosystem healthier by
controlling the reservoirs. Overall, our findings are conducive to guide the hydrological operation
in the basin to make the ecosystem healthier and can also provide a reference for other basins where
hydrological alterations driven by anthropogenic activities are observable.

It should be noted that many of studies have only used IHA and Range of Variability Approach
for analyses of river ecology [48-51]. The current study represents an improvement of previous
research by combining IHA indices with eco-flow metrics (ecosurplus and ecodeficit), which enhances
the quantitative nature of the evaluation. Comparing with using genetic programming to select the
ERHISs [24], the principal component analysis can consider all of the IHA indices, which is more rounded
compared with the genetic programming. In addition, Ma and Su [52] used half of the difference value
as the monthly water demand, and the method in this study focused more on the average runoff,
which can reduce the effect of atypical conditions in Range of Variability Approach boundaries as well
as obviate the direct effect from the prior data. Overall, through the analyses we believe that the use of
combination of IHA indices, ecosurplus and ecodeficit as well as the eco-environmental water demand
is a feasible way to reflect ecology conditions. Certainly, if conditions allowed (e.g., availability of
water quality or other ecology-related data), future works should be conducted to have a closer look at
the ecology and biodiversity in the Beijiang River basin.
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