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Abstract

Algal blooms usually occur in semi-closed water bodies such as lakes or estuaries; however, it has occurred frequently in the mid-
downstream of the Han River (MSHR) in China since the 1990s. We made a comparative analysis of the hydrological conditions
and identified the hydrological condition thresholds that induce algal blooms. From the hydrodynamic point of view, the changes
and characteristics of the hydrological conditions in the MSHR were analyzed. Furthermore, the influence on the risk of algal
blooms under different design water transfer schemes for the middle route of the South-to-North Water Diversion Project
(SNWDP) was studied. The results indicated that (1) the flow in the MSHR less than 900 m®/s and water level in the Yangtze
River higher than 14 m provided a suitable hydrological environment for diatoms multiply. (2) The flow of the MSHR showed a
downtrend, while the water level of the Yangtze River showed an uptrend. There were variations in hydrological processes.
Through specific IHA index analysis, the fact of flow reduction in the MSHR was demonstrated, and further indicated that algal
bloom outbreak was in low flow period. (3) The water transfer in the middle route of SNWDP affected the risk probability of algal
blooms. The more the amount of water transfer, the greater the risk probability of algal blooms. It was the Water Diversion
Project from Yangtze River to Han River (WDPYHR) that replenished flow of the MSHR and was conducive to the prevention
and control of algal bloom risk.

Keywords River algal blooms - Hydrological inducement of bloom outbreak - The limiting thresholds of hydrological factors -
Hydrological condition change - Hydrological condition characteristics - Risk of river algal blooms

Introduction

As an important manifestation of water eutrophication, algal
blooms are a natural phenomenon wherein algae propagate,
grow, and accumulate in freshwaters such as rivers, lakes, and
reservoirs (Yang et al. 2012). Algal blooms usually occur in
lakes, reservoirs, and other water with low flow (Zhang et al.
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2019; Palagama et al. 2020; Zou et al. 2020). Large-scale algal
blooms have occurred in Taihu Lake (Zhang et al. 2019),
Dianchi Lake (Zhang et al. 2020), and Florida Lakes (Havens
et al. 2019) in the USA, as well as in The Three Gorges
Reservoir (Chuo et al. 2019) and Miyun Reservoir (Li et al.
2020) in China, which have caused serious impacts on water
quality. However, in recent years, algal blooms have frequently
appeared in rivers, such as the Nakdong River in Korea (Jeong
et al. 2007), the Thames River in the UK (Bowes et al. 2012),
the St. Lawrence River in Canada (Cattaneo et al. 2013), and the
Han River (Yang et al. 2017), Xiangxi River (Li et al. 2014),
Daning River, and Jialing River in China (Holbach et al. 2013;
Kaspersen et al. 2016). Considerable research has claimed that
the accumulation of nutrients in water promotes algal growth
and reproduction. Conversely, nutrient concentrations exceed-
ing a threshold value will inhibit algal growth (Elmgren and
Larsson 2001; Finlay et al. 2013). Jung et al. (2009) studied
the influencing factors of diatom blooms in the lower Han
River in South Korea and found that the growth of diatoms in
eutrophic rivers was mainly limited by water temperature and
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silicate concentration. When the water temperature is low (5 ~
10 °C), the diatom density reaches its peak, resulting in the
decrease of the silicate concentration in the water while other
nutrients remain at the eutrophication level. Compared with the
blooms in closed water areas, the problem of river algal blooms
mainly lies in the multiple influencing factors and scales under
complex conditions, which have more extensive impacts and
more severe consequences (Xia et al. 2019). Kiss (1994),
Hilton et al. (2006), and Bowes et al. (2012) analyzed the
Danube River in Hungary and Kennet River in Australia and
found that the relationship between nitrogen, phosphorus, and
other nutrients in the water and chlorophyll-a concentration of
algae was not unique, but showed different correlation charac-
teristics under different hydrological conditions. Due to the
unique hydrologic environment and regional particularity of dif-
ferent rivers, the effect and mechanism of algal growth are more
complicated. The occurrence of river blooms is not only restrict-
ed by nutrient and climatic conditions, but also significantly
influenced by hydrological situation (Whitehead et al. 2009).
Experiments (Lucas et al. 2009; McKiver et al. 2009) have
shown that algae growth had a strong response to changes in
hydrological conditions, and flow affected the spatial and tem-
poral distribution of algae. Slow hydrology (low water level,
low flow rate, slow flow rate) will reduce water exchange rate
and prolong the residence time of algae in the river, thus affect-
ing the migration, diffusion, and accumulation of algae (Neal
et al. 2006). The anthropogenic regulation of rivers, such as dam
construction and water extraction, can greatly change the hydro-
logical conditions in the rivers, causing severe environmental
loss of river connectivity (Zhou et al. 2013; Maavara et al.
2015). With the development of water conservancy projects,
the construction of dams made the trend to “lake and reservoir”
of rivers obvious, resulting in the consequences of slower flow
velocity and decreased river runoff, as well as reduction of self-
purification capacity. Consequently, hydrodynamic conditions
in the impoundment area and the backwater area of tributaries
become a crucial driving factor for algal blooms. Fornarelli et al.
(2011) demonstrated that there was a significant correlation be-
tween the number of diatom cells and the water transfer in the
upstream reservoir of Yarrunga Lake in Australia through the
observation of long sequence data. For hydrological condition
influence on river algal blooms, the algal density of
Stephanodiscus hantzschii and Microcystis aeruginosa was cor-
related with precipitation and dam flow by cross-correlation
analysis (Jeong et al. 2007). The results indicated that river algal
blooms were related to precipitation and dam flow. Yang et al.
(2017) confirmed that when the nutrient concentration in the
Pearl River tended to be stable, the key factors controlling the
growth and population composition of the downstream algae
were the fluctuation of water level in the upstream and down-
stream. It is generally believed that the occurrence of algal
blooms is attributed to low flow or water level, high nutrient
concentrations, and appropriate temperature. There is currently
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no authoritative standard and definition of thresholds for river
algal blooms, and research on river algal blooms under the in-
fluence of large water conservancy projects is extremely limited.

As the largest tributary of China’s Yangtze River, the Han
River is the core water source of the middle route of the
SNWDP. Since the first algal bloom event appeared in 1992,
there have been over 10 occurrences in less than 30 years. All
these bloom events have had negative impacts on river ecosys-
tem health and drinking water safety (Pretty et al. 2003; Dodds
et al. 2009). When the blooms broke out, the water was cloudy
and emitted foul odor, which seriously affected the ecological
landscape function of the river. The nutrient (total nitrogen (TN)
and total phosphorus (TP)) concentrations in the mid-
downstream of the Han River in the spring were usually far
above the eutrophication thresholds (i.e., TN = 0.2 mg/L, TP =
0.02 mg/L) as per China’s National Water Quality Standard
(GB3838-2002), and showed an increasing trend (Liang et al.
2012). In the years of blooms, the flow, water level, and flow
velocity of mid-downstream were generally lower than those of
the same period without bloom years. Bloom outbreaks have
been common in relatively stationary bodies, but large river
algal blooms were extremely rare all over the world (Xia and
Zhang 2008; Xia et al. 2012). By the end of 2014, after the
middle route of SNWDP was officially put into operation, the
water transfer of the Danjiangkou Reservoir had a tremendous
impact on flow changes. Yang et al. (2012) found that water
quality factors and climate factors were not the key factors that
restricted the occurrence of algal blooms in the Han River, but
hydrological factors, such as flow and flow rate under the influ-
ence of water transfer projects, were the driving ones. It is urgent
to identify the elements affecting the algal blooms in the MSHR,
and how to maintain the ecological environment and water re-
sources management in the future.

Our research analyzed the inherent relationships between hy-
drological regime change and algal blooms in the MSHR and
identified the threshold range of hydrological driving factors that
were easy to induce the algal blooms. In addition, the change
process of the hydrological regime in the MSHR and the flow
characteristics during were analyzed. Finally, we studied the
actual inflow of the MSHR and the impact of different design
water transfer schemes for the middle route of the SNWDP on
the algal blooms. Our study aims to developed reference values
for the middle route of SNWDP’s operation and dispatchment
and water environment protection of the MSHR.

Study area

As the largest tributary of the Yangtze River, the Han River
originates in the southern foothills of the Qinling mountains,
and main stream flows through Shaanxi and Hubei provinces,
and finally runs into the Yangtze River in Wuhan City. The
length of the main river is about 1577 km, and its total
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drainage area covers 168,400 km? (Xia et al. 2020a, b). The
middle stream of the Han River is defined from Danjiangkou
Reservoir to Zhongxiang (270 km) and the downstream is
defined from Zhongxiang to the mouth of the Han River
(406 km) where it joins the Yangtze River (Fig. 1). The total
drainage area of the mid-downstream of the Han River is
64,000 km?, with an elevation from 500 m at Danjiangkou
Reservoir to 110 m at Wuhan City (Li et al. 2008). The Han
River basin is located in the subtropical monsoon climate
distribution area, with distinct seasons and abundant rainfall.
The perennial average temperature is 15-17 °C. Annual pre-
cipitations range from 700 to 1300 mm from the middle
stream to the downstream of the Han River, and 80% of pre-
cipitation concentrates in the period from May to October.
The Danjiangkou Reservoir, located in the middle reaches of
the Han River, is the core source of water for the middle route
of SNWDP in China. The lower reaches have high population
density and rich land resources. Downstream flows through
areas with high population density and rapid industrial devel-
opment, and the Jianghan Plain is an important commodity
grain base and the core industrial base of economic develop-
ment in Hubei Province. In the past two decades, the rapid
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development of agriculture and social economy has resulted in
the discharge of organic pollutants and nutrients, which has
increased the pollution load of the mid-downstream of the
Han River, resulting in deterioration of the water environment.
There are frequent algal blooms in the middle and lower
reaches. During the algal bloom period, the algal density in-
creased gradually from the Danjiangkou Reservoir to the
Yangtze River estuary.

Because of the unique hydrologic environment and region-
al particularity of the river, the formation mechanism and in-
fluence of the blooms are more complicated. In our study, we
mainly focus on the effect of hydrological regime changes on
the algal blooms in the mid-downstream of the Han River. The
hydrological data of Huangzhuang station, Xiantao station,
and Hankou station respectively represent the hydrological
conditions of the middle reaches of the Han River, and the
lower reaches of the Han River and the Yangtze River. The
hydrological data (flow and water level) in the study were
from the Yangtze River Hydrology Bureau, and the data series
was from the years 1971 to 2017. In addition, the 10-day water
quality data and water temperature data involved in the study
were obtained from Zongguan station and Baihezui station,

/South-to-North Water Diversion Project
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Fig. 1 Distribution of water system and main hydrological and water quality monitoring stations in the mid-downstream of the Han River
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representative stations of water quality monitoring in the low-
er reaches of the Han River, and the data sequence was from
the years 1992 to 2014. For the flow sequence of Xiantao
station under different design water transfer schemes for the
middle route of the SNWDP, based on the 10-day scale flow
data of Danjiangkou Reservoir of the years 1956 to 2013
provided by Department of Yangtze River Water Resources
Commission, we established the regression relationship be-
tween the released flow from Danjiangkou Reservoir and the
flow of the Xiantao station to calculate the flow of Xiantao
station under the design water transfer schemes. To meet the
research needs, the data sequence was extended to the year of
2017 through interpolation.

Methods

The main research ideas of this paper are as follows: First,
summarize and analyze the previous bloom events in the
mid-downstream of the Han River, qualitatively identify the
key hydrological elements that induce the blooms in combi-
nation with existing studies, and divide the numerical interval
of key hydrological elements with different degrees of algal
blooms. Secondly, the hydrological variables of
Huangzhuang station, Xiantao station, and Hankou station
were analyzed to identify the hydrological variation points
on different scales by the hydrological variation diagnosis.
After comprehensive consideration of various influencing fac-
tors, different periods of hydrological situation were divided.
Then, based on the IHA method, the hydrologic indexes of the
mid-downstream of the Han River were selected to analyze
and compare the hydrologic regime characteristics of different
periods. Finally, according to different design water transfer
schemes of SNWDP, copula joint probability distribution
function for hydrological regimes of the Han River and the
Yangtze River in different hydrological conditions was built
to quantify the algal bloom risk under actual inflow situation
and different water transfer schemes. The research framework
was shown in Fig. 2.

Hydrological alteration diagnosis

In the long-term development process, with the change of
climate conditions, human activities, and the construction of
large-scale water conservancy projects, the hydrological re-
gime may have changed. The hydrological alteration diagno-
sis (HAD) (Xie et al. 2010) can identify variation point of
hydrological variables. We complete the analysis of hydrolog-
ic alteration through the following three steps:

(1) Preliminary diagnosis. The process line method, the slid-
ing average method, and the Hurst coefficient method
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were considered to determine whether the series exhibits
alteration.

(2) Detailed diagnosis. The Spearman rank correlation test
method and the Kendall rank correlation test method
were chosen to identify trends in alteration. Four
methods were selected to identify jump diagnosis, and
statistical experiments and vector similarity principles
were utilized to determine the weight of each method
(Table A.1 in the Supplementary information). If the
significant alteration is determined, the significance is
recorded as + 1; otherwise, itis — 1.

(3) Comprehensive diagnosis. If the comprehensive signifi-
cance value is > 1, the alteration is determined
significant.

The indicator of hydrologic alteration

The HAD can only judge the change trend and time of the
flow process over a long time. However, it cannot analyze the
flow of specific characteristics. The indicator of hydrologic
alteration (IHA) (Richter et al. 1998) is an effective method
to evaluate river hydrological and ecological variation; cur-
rently, it has been successfully applied to evaluate hydrolog-
ical alterations in a suite of watersheds located in arid, semi-
arid, and humid regions (Belmar et al. 2013; Puig et al. 2016).
Therefore, with the help of the IHA method, we further ex-
plored the hydrological and ecological conditions in the
MSHR. Considering that growth and reproduction of algae
are faster under low flow conditions, and algae are more easily
to agglomerate under the condition of low flow rate, 18 hy-
drological indicators, including the mean flow of each calen-
dar month, 1-day minimum, 3-day minimum, 7-day mini-
mum, date of minimum, low pulse count, and low pulse du-
ration, were selected to analyze the characteristics of hydro-
logical driving factors in algae growth and propagation.

The risk probability analysis for algal blooms

Copula function does not limit the marginal distribution of
variables and can describe the non-linear and asymmetric cor-
relation between variables (Schweizer 2007), so it is an excel-
lent tool to analyze multivariate probability problems. In this
study, the copula joint probability distribution function was
constructed for the flow of the Xiantao station and the water
level of Hankou station to calculate the joint probability.
Combining with the threshold value of hydrological condi-
tions under different degrees of bloom risk, the hydrological
encounter probability was classified into different levels of
algal bloom risk.

The marginal distribution of n-dimensional random
variables (X1, X5, ..., Xn) is Fx,(x) = Px, (Xi<x;), in which
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Fig. 2 Research framework
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N represents the number of random variables and .X; represents
the value of the random variable (X7, X5, ..., Xy). The function
is expressed as follow:

Hx, X, 30 (X1, X2, ..., XN)

:P{X1§X17X2§X27...,XNSXN} (1)

The multivariate joint distribution function H can be
expressed as:

axN)

= C(Fx,(x1), Fx,(x2), .., Fxy(¥n)) (2)

Hx, . xy(x1,%2, ...

where C ( * ) represents the copula joint probability

distribution function of random variables (X;, X5, ..., XN),
which corresponds to marginal distribution
Fx,(X1), Fx,(X2), ..., Fxy(Xx).

The construction of the copula function mainly includes the
fitting of marginal distribution and the determination of un-
known parameters of the copula function. In this paper, the
marginal distribution function selected for flow and water lev-
el was kernel density estimation, whose mathematical expres-
sion is as follows:

1) =z k(50 ®)

where K ( ¢ ) is the kernel function; / is the window width.
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In hydrological research, meta-Gaussian copula, Clayton
copula, Gumbel copula, and Frank copula are widely used
(Table A.2 in the Supplementary information). In our re-
search, these 4 types of copula function were selected. The
unknown parameters of the meta-Gaussian copula function
are determined by the maximum likelihood method.

For the goodness of fit evaluation of copula function, ordi-
nary least squares (OLS) (Simo 2010) and Akaike’s informa-
tion criterion (AIC) (Pei et al. 2019) were used. The construc-
tion of copula function systematically quantifies the risk prob-
ability of different degrees of algal blooms under different
water transfer schemes.

Results
Inducement analysis of algal blooms in the MSHR

River algal blooms are closely related to climate, hydrology,
and the composition and distribution of nutrients in rivers. At
present, a recognized standard and definition of algal blooms
threshold has not been developed (Xia et al. 2012; Zhang et al.
2017). In most studies, 1.0 x 107 cells/L was considered the
critical value for the occurrence of river algal blooms.
According to our analysis of the monitoring results, it was also
preliminarily confirmed that when the algal cell density
reached 1.0 x 107 cells/L, algal blooms were more likely to
appear.

Based on the summary of the main features of all the algal
bloom events in the MSHR, it was found that the occurrence
time of algal blooms was concentrated from January to March
(we called the prone period of algal blooms PPAB). When
algal blooms occurred, the total nitrogen (TN) density was
over 1.0 mg/L; total phosphorus (TP) density usually was
above 0.1 mg/L (Table 1). Both TN and TP were higher
than the critical eutrophication thresholds of 0.2 mg/L for
TN and 0.02 mg/L for TP. Xin et al. (2020) showed that TN
and TP in the Wuhan section of the Han River have reached
the medium eutrophication level, and the water has the condi-
tions for algae to grow and reproduce. This means that the
occurrence of algal blooms is not limited by nutrient condi-
tions. For the water temperature of algal growth and reproduc-
tion, previous studies (Zheng et al. 2017) have shown that
diatom reproduction would be active above 9 °C, and 10-17
°C was the optimum range. In the PPAB, the temperature was
about 10 °C, meeting the needs of diatom growth and repro-
duction, indicating that algal blooms were not limited by
temperature.

As there is no limitation of nutrients and water temperature
of the Han River, hydrological conditions are the more prom-
inent function. Early studies indicated that during the algal
blooms, the hydrological conditions of the Han River and
the Yangtze River showed differences (Dou et al. 2002).
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Under the joint action of the reduction for flow in the
MSHR and increasing water level in the Yangtze River, the
flow rate of the MSHR slowed down. The capacity of receiv-
ing pollution and self-purification was reduced and the flow
dilution of the water body weakened, resulting in the
accumulation of nutrients, which provided a suitable
environment for the growth and reproduction of
phytoplankton. Wu et al. (2017) found that from November
to the following March, the flow of the mainstream and the
water level was reduced, and the cross section velocity was
low, which were the factors for the occurrence of algal
blooms. In our study, the average flow and water level in the
years with algal blooms and the years without algal blooms in
the PPAB were analyzed. It also showed the flow of the
MSHR in the years with algal blooms was less than that of
the years without algal blooms (Fig. 3(a)). The difference of
mean value was 303 m?/s, while the water level was slightly
higher about 0.5 m. Therefore, hydrological factors were one
of the key factors to induce algal blooms. During the PPAB,
the lower flow of the MSHR and higher water level of the
Yangtze River were the hydrological conditions that promoted
algal blooms.

Our study found that the flow of less than 900 m?/s and
water level higher than 14 m provided a suitable hydrological
environment for algae reproduction (Fig. 3(b)). Further study
found that there were no blooms when the water level of the
Yangtze River was less than 14 m or more than 18 m.
Considered comprehensively, when the flow was over 900
m>/s, and the water level was more than 18 m or less than
14 m, it could be regarded as a risk-free range. When the flow
was 600 ~ 900 m>/s, and the water level was 14 ~ 15 m, there
was a light risk. When the flow was 400 ~ 600 m’/s and the
water level was 15 ~ 16 m, there existed a moderate risk. If the
flow was less than 400 m3/s, and the water level was 16 ~ 18
m, it was considered a heavy risk.

Identification of hydrological variation in the MSHR

In our research, the variation of hydrological series was iden-
tified synthetically in the PPAB, wet season, and annual series
of flow in the Han River and flow and water level in the
Yangtze River. Based on the analysis of hydrological process-
es in different scales, our research focused on the changes in
hydrological processes in the PPAB.

In the PPAB (Fig. 4), the change of flow in the
Huangzhuang and Xiantao stations was synchronous. The
flow process fluctuated around the multi-year average flow.
Both the 5-year sliding average and 10-year sliding average
showed downtrend. The flow of Hankou station was abnor-
mally large in the year of 2000. Not taking into account the
extreme flow conditions in 2000, there is no significant
change in the flow process. Both the 5-year sliding average
and 10-year sliding average showed slight uptrend. The 5-year
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Table 1 Summary of main

characteristics of algal bloom Years Months  Peak algal Dominant ~ Chl-a (ug/L) TP/TN(mg/L) Temperature (°C)

events density (10° cell/L) species
1992 23 16 Diatom 12.82 0.09/1.22 10.0
1998 23 26 Diatom — 0.2/1.65 114
2000  2-3 73 Diatom — 0.13/1.35 11
2003 1-3 17 Diatom 33.97 0.18/2.08 13.5
2008  2-3 53 Diatom 30.93 0.16/2.02 9.09
2009 14 28 Diatom 67.83 0.12/1.85 8.76
2010 2-3 22 Diatom 29.00 0.11/1.84 9.80
2011 2-3 38 Diatom 3533 0.17/2.20 11.66
2015 2-3 45 Diatom —_— 0.07/1.28 11.05
2016 3 34 Diatom 70.6 0.1/1.38 13.27
2018 2-3 32 Diatom — 0.06/1.70 11.96

sliding average and 10-year sliding average of water level in
the Hankou station had an obvious uptrend. The preliminary
diagnosis of the flow and water level in the PPAB showed that
the flow in the three representative stations and the water level
in the Hankou station may have trend or jump variation. For
the wet season and annual series, the results also showed so.
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Fig. 3 The relationship between the hydrological conditions and algal
density in the PPAB. a Average flow of the Xiantao station and water
level of the Hankou station for the years with algal blooms and the years
without algal blooms. b Relationship between flow, water level, and algal
density

The detailed diagnosis showed that the results of different
methods were not identical (Table A.3 in the Supplementary
information). It was difficult to determine the specific years of
the variation point and variation trend. Based on the compre-
hensive diagnosis of hydrological sequence variation, the pos-
sible variation points of the MSHR the Yangtze River were
shown in Table 2. According to relevant research (Ban et al.
2018), the annual runoff depth in the upper reaches of the Han
River changed in 1990 and 2012, and the slope of the double
mass curve of rainfall and runoff in the upper reaches and the
whole basin began to have an obvious downward trend after
1990. Through the analysis of hydrological characteristics in
the lower reaches of the Han River, Xia et al. (2020a, b) found
that the runoff process of the lower reaches of the Han River
changed significantly around 1990 and 2009, and the down-
stream flow showed a significant downward trend after 1990.
Besides, the variation point of the water level of the Yangtze
River in wet season and the PPAB was 2006. In May 2006,
the Three Gorges Dam (the largest concrete gravity dam in the
world) on the Yangtze River was completed. The operation of
the Three Gorges Project in the later period had been influenc-
ing the hydrological regime of the Yangtze River.
Considering that the low flow in the Han River and the high
water level in the Yangtze River were favorable hydrological
condition for algal bloom outbreak, the year 2006 was taken
as the second variation point. The hydrological time series
was divided into 3 different hydrological situation periods,
which were period I (1971-1990), period II (1991-2006),
and period III (2007-2017).

The flow characteristics under different hydrological
conditions

By the IHA method, it was found that compared with period I,
the monthly average flow in periods II and III decreased. The
variation of monthly average flow in different periods further
confirmed the decreasing trend of flow (Fig. 5). On the one
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Fig. 4 The results of the preliminary diagnosis

hand, the reduction of flow in the MSHR is caused by the
decrease of natural runoff. On the other hand, it is influenced
by human activities. The initial project of the Danjiangkou
water control project on the upper reaches of the Han River
was completed in 1974. In 2005, the SNWDP was started to
construct, and the Danjiangkou dam was upgraded. The pro-
ject was fully completed on April 19, 2012, which means that
the retention capacity of the Danjiangkou Reservoir was fur-
ther improved. On December 12, 2014, the middle route of the
SNWDP was officially opened to supply water, further reduc-
ing the flow of the MSHR.

The minimum 1-day, 3-day, and 7-day flow decreased from
periods I to II, then increased from periods II to III (Fig.
6(a)-(c)). The minimum flow occurred mainly in January to
April (Fig. 6(d)). The occurrence time of algal blooms

12 i i s i
1995 2002 2009 2016

Year

1974 1981 1988

coincided with that of the minimum flow, which indicated that
the algal blooms occurred in a low-flow hydrological condition.
The low pulse count increased, while the low pulse duration
gradually decreased (Fig. 6(e)-(f)). The operation of
Danjiangkou Reservoir and the water supply in the middle
route of the SNWDP have effect on the flow of the MSHR.

Risk analysis of algal blooms under different
hydrological conditions

According to the principle of the optimum fitting, the best
fitting function types of the actual inflow and different design
water transfer schemes of the middle route of SNWDP were
shown in Table 3. The theoretical distribution has a good fit

Table 2 Comprehensive

diagnosis results of different Stations Comprehensive diagnosis Trend comprehensive Jump comprehensive
stations of jumping year significance significance
Y w P Y W P Y w P
Huangzhuang 1990 1990 e 2 2 -2 0 2 2
Xiantao 1990 1990 2013 0 -2 -2 2 2 -4
Hankou (flow) — — 1999 -2 -2 2 -2 -1 -2
Hankou (water level) 1979 2006 2006 -2 -2 2 2 4 -2

@ Springer

Y means year; W means wet season; P means the prone period of algal bloom
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for the empirical distribution (Fig. A.1 and Fig. A.2 in the
Supplementary information).

In the case of actual inflow, the risk probability of algal
blooms gradually increased. The total risk probability in 3
periods was 13.64%, 16.02%, and 20.09%, respectively
(Fig. 7). For different degrees of algal bloom risk probability,
the light risk probability was the largest, the moderate risk
probability followed, and the heavy risk probability was the
smallest. The light risk probability accounted for about 63%
of the total risk probability, the moderate risk probability
accounted for about 31%, and the heavy risk probability
accounted for about 6%. Although the heavy risk probability
was low, it increased rapidly, so the occurrence of heavy risk

cannot be ignored. In addition, the occurrence of heavy risk
will bring more severe impacts on river water quality, liveli-
hood, and economy of coastal residents. The results showed
that the risk probability of algal blooms increased as time went
on, and the influence of algal blooms became more and more
serious.

There are differences in the risk probability of algal blooms
under different design water transfer schemes. The risk prob-
ability of algal blooms under the design scheme of 14.5 billion
m’ (scheme 2) was highest, followed by design scheme of 8.2
billion m* (scheme 1), and the design scheme of 14.5 billion
m> water transfer under WDPYHR (scheme 3) was the
smallest. The greater the amount of water transfer, the higher
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Fig. 6 The results of related IHA indicators. a-¢ The minimum 1-day, 3-day, and 7-day flow in different periods. d Time distribution of the minimum
flow in different periods. e Low pulse count in different periods. f Low pulse flow duration in different periods

@ Springer



19860

Environ Sci Pollut Res (2021) 28:19851-19865

Table 3 The best copula function

types of actual inflow and Schemes

Period I (1971-1990)

Period II (1991-2006) Period III (2007-2017)

different design water transfer

schemes in different periods Actual inflow Clayton copula Gaussian copula Clayton copula
Scheme 1 Gumbel copula Frank copula Gumbel copula
Scheme 2 Frank copula Clayton copula Frank copula
Scheme 3 Frank copula Gumbel copula Clayton copula

Scheme 1 means the design scheme of 8.2 billion m’ ; scheme 2 means the design scheme of 14.5 billion m’;
scheme 3 means the design scheme of 14.5 billion m® water transfer under WDPYHR

the risk probability of algal blooms. The algal bloom risk
probability of three different design water transfer
schemes from periods I to III all had varying degrees of
increase (Fig. 8). Scheme 2 had the largest increase,
which was about 6%. The increase in scheme 1 was about
4% and that in scheme 3 was about 3%. The analysis of
the flow process in the MSHR showed that the flow had a
downtrend in the PPAB. The flow reduced from periods I
to III, and the risk probability of algal blooms continued
to increase, which further showed that the low flow pro-
vided favorable hydrological conditions for diatom. For
the different degrees risk of algal blooms, the probability
of light risk was the highest, followed by moderate risk,
and the probability of heavy risk was the smallest.

The contribution rate (CR) refers to the ratio of the number
of effective or useful achievements to the consumption and
occupation of resources, that is, the ratio of output to input.
We used CR to characterize the discrepancies of risk proba-
bility between different designed water transfer schemes and
the actual situation of water inflow. The expression is as fol-
lows:

v = (CrC—Cw) x 100% 4)

w

where 7 represents the CR; C; is the algal bloom risk proba-
bility of the design water transfer schemes, and C,,, is the risk
probability of the actual inflow.

There were significant differences in CR of risk probability
of algal blooms under different design water transfer schemes.
The CR of'total risk probability and different degree risk prob-
ability in scheme 1 and scheme 2 were positive, while in
scheme 3, it was negative (Fig. 9). Scheme 1 and scheme 2
would increase algal blooms in the MSHR, but scheme 3
alleviated algal bloom risk probability.

The CR for dissimilar degrees of risk probability was
different. For scheme 1, the CR of total risk probability
and light risk probability in 3 periods were about 35.5%
and 25.5%, and the CR of moderate risk probability and
the heavy risk probability were both high. For scheme 2,
the CR of total risk probability in 3 periods was about
63%. The low risk probability was over 85% in period II,
and the moderate risk probability exceeded 85% in period 1.
For the CR of heavy risk probability, it was all over 100%
in the three periods, even reached to 166.3% in period II and
more than 390% in period III. The heavy risk probability
increased sharply during period II. The CR under total risk
probability, light risk probability, and moderate risk

Fig. 7 Risk probability of algal
blooms in different periods of
actual inflow
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&
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Fig. 8 Risk probability of algal blooms in different water transfer schemes under different periods

probability were all negative for scheme 3, and only the
heavy risk probability was a slight increase.

From different periods, the CR of the total risk probability,
the moderate risk probability, and the heavy risk probability in

Fig. 9 Risk contribution rate in
different periods under different
design water transfer schemes
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three schemes were smaller in period I and larger in periods II
and III. The CR of the heavy risk probability increased signif-
icantly during periods II and III. For the moderate risk prob-
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Furthermore, the risk probability of algal blooms under
scheme 3 was lower than other schemes in each period, and
algal blooms in the MSHR had been slowed down by
WDPYHR. It was the water transfer scheme that had a nega-
tive impact on the occurrence of algal blooms. The larger the
water transfer, the less the flow as well as the slower the flow
velocity, so the higher the risk of algal blooms. The scheme of
WDPYHR is beneficial to alleviate the adverse impact of wa-
ter transfer on the ecological environment and play a positive
role in the protection of the water environment of the MSHR.

Discussion

Influencing factors of algal bloom outbreak and
hydrologic factor thresholds in the MSHR

Algal bloom outbreak is a complicated interdisciplinary re-
search problem of environment, ecology, and hydrology.
Currently, the most widely accepted factors affecting eutro-
phication are pollution load, hydrological conditions, and
climate change (Padisak et al. 2010). From the ecological
point of view, water quality, climate, and hydrological fac-
tors are equally important for the occurrence of algal
blooms. However, in the future, it is undoubtedly the hy-
drological conditions that will have the greatest variation
and the greatest impact in the MSHR. Through comparative
analysis, our study found that during bloom events in the
MSHR, changes in pollution load and temperature are rel-
atively weak compared with hydrological conditions. The
water level of the Yangtze River was higher and the flow
of the Han River was lower during prone periods of algal
blooms, which is consistent with the special hydrological
situation during algal blooms in the Han River elucidated
by earlier studies (Wu et al. 2017).

Excessive or slow flow rate affects the occurrence of river
algal blooms, so there is an interval threshold for the hydro-
logical conditions affecting the occurrence of algal blooms.
During algal blooms of the Han River from 1992 to 2000,
350-500 m?/s is the threshold flow suggested by most studies
to prevent algal blooms (Xie et al. 2004). The analysis of the
algal bloom events after 2005 showed that the critical value
for preventing algal blooms in the PPAB was 500 m?/s, and
the minimum flow value for preventing blooms after 2009
increased to 800 m*/s (Ying et al. 2017). Our study compre-
hensively analyzed and summarized the algal bloom events of
the Han River from 1992 to 2018. Flows less than 900 m*/s in
the MSHR and water levels of the Yangtze River during 14-18
m are the suitable hydrological environment for algal bloom
outbreak, which is consistent with the effect section of the
water level of the Yangtze River (Xia et al. 2020a,
b). Studies by many researchers on the hydrological condi-
tions affecting the algal bloom in the mid-downstream of the
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Han River indicates that the threshold of hydrological condi-
tions for the occurrence of algal blooms is also changing con-
stantly under the influence of human activities and climate
change, and the flow threshold of the Han River to prevent
bloom outbreak has an increasing trend. Different from previ-
ous studies, this study considers not only the limit of the flow
of the Han River but also the limit of the water level of the
Yangtze River in determining the hydrological conditions af-
fecting bloom outbreak in the mid-downstream of the Han
River. The hydrological threshold values of the flow in the
Han River and the water level of the Yangtze River under
different degrees of bloom severity were presented in this
paper, which is a new breakthrough in the study of blooms
in the mid-downstream of the Han River. The flow and water
level threshold proposed in this study is more in line with the
requirements of blooms threshold under the new hydrological
situation in the MSHR.

Analysis of hydrological condition change and flow
characteristics in the MSHR

To some extent, the change of the hydrological situation af-
fects the structure and stability of river ecosystems. The hy-
drological regime of the mid-downstream in the Han River
changed significantly in the 1990s, while the hydrological
regime of the Yangtze River changed under the interference
of the Three Gorges Water Conservancy Project. The gradual
warming of the climate and the continuous strengthening of
human activities have changed the hydrological situation of
the Han River, showing different characteristics in different
periods. According to the analysis of monthly average flow,
the minimum flow of 1, 3, and 7 days is also concentrated in
the prone period of the algal blooms, which coincided with the
occurrence time of algal bloom outbreaks. It is further con-
firmed that the low flow period is suitable for algal bloom
outbreaks in the MSHR. As discussed earlier, the key hydro-
logical driving factor for bloom outbreak in the MSHR is the
occurrence of low flow in the MSHR and higher water level of
the Yangtze River, forming a “static” water body like lakes
and reservoirs. In the PPAB, the monthly mean flow of the
MSHR decreased from periods I to III, and the total risk in-
creased from periods I to III. Low pulse count increases con-
tinuously and low pulse duration decreases, which is because
the operation of many water conservancy projects in periods I1
and III had reduced flow during high flow periods and increas-
ing flow in the PPAB. Based on the comprehensive analysis
of hydrological condition change, representative IHA index
characteristics, and the risk of algal bloom outbreaks in the
MSHR, the algal blooms in the MSHR are the result of the
interaction of two hydrological conditions: the low flow of the
Han River and high water level of the Yangtze River.
Therefore, it is reasonable for us to choose the flow of the
Han River and the water level of the Yangtze River as the
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hydrological conditions to study the joint risk of algal blooms
in the MSHR.

Risk analysis of algal blooms in the MSHR under
different hydrological conditions

Although much attention has been paid to the formation
mechanisms of blooms in lake ecosystems (Paerl et al. 2011;
Carey et al. 2012; Su et al. 2019), little work has been done to
investigate the causes of harmful algal blooms taking place in
the highly regulated and low-flow rivers in China, let alone the
practice of prevention (Xin et al. 2020). In a previous study
(Xie et al. 2005), based on algal bloom events from 1992 to
2000, the probability of algal bloom occurrence in the MSHR
without water transfer, the design scheme of 8.2 billion m’
water transfer, and the design scheme of 14.5 billion m> water
transfer was calculated quantitatively as 9.2%, 10.2%, and
13.6%, respectively. In our study, the algal bloom risk under
the actual inflow and different design water transfer schemes
showed that the total risk probability means value of the algal
blooms under the schemes of actual inflow, the design scheme
of 8.2 billion m® water transfer, the design scheme of 14.5
billion m> water transfer, and the design scheme of 14.5 bil-
lion m> water transfer under WDPYHR was 16.58%, 20.8%,
27.2%, and 9.7%, respectively. Both studies showed that the
higher the designed water transfer volume, the higher algal
bloom risk in the mid-downstream of the Han River. The
implementation of the middle route of SNWDP has a great
effect on the increase of the probability of algal blooms and
changes the water environment capacity in the MSHR (Xie
et al. 2007). By comparing the risk of blooms from 1992 to
2000, it can be found that the algal bloom risk has nearly
doubled in the past less than 20 years. The increase of algal
bloom risk is due to the high intensity of human activity over
the past 20 years. The discharge of a large number of pollut-
ants further makes the river water environment deteriorated,
and climate change and water conservancy project change the
original hydrological situation of the Han River.

It is challenging to reduce the pollution loads to the Han River
in the near future due to large populations and rapid economic
development. Hydrological regulation is feasible and efficient to
implement to reduce the risk of river algal blooms (Mitrovic et al.
2008; Xin et al. 2020). The risk of algal blooms for the design
scheme of 14.5 billion m® water transfer under WDPYHR was
lower than that without the WDPYHR. The implementation of
the scheme of WDPYHR has a positive effect on alleviating the
algal bloom risk. Based on the two key hydrological conditions
(the flow of the Han River and water level of the Yangtze River),
and considering the difficulty of controlling river algal blooms by
changing the water level of the Yangtze River, a simple method
of preventing algal blooms by adjusting the flow in the Han
River is proposed. In the PPAB, when the flow is lower than
900 m>/s, algae growth in rivers should be observed and

analyzed in time. When the flow is less than 600 m*/s, monitor-
ing of water conditions and quality needs to be further strength-
ened. On the premise of guaranteeing the amount of SNWDP,
consideration also should be given to increasing appropriately
release of the Danjiangkou Reservoir and the diversion of the
water supply of the WDPYHR to the Han River should be
increased.

Conclusions

In this study, we have made a detailed analysis of the hydro-
logical conditions during the PPAB, and have proposed the
range of flow in the MSHR and water level of the Yangtze
River with different degrees of algal blooms. Based on the
copula function, a method was proposed to characterize the
risk probability of algal blooms by the association of flow in
the MSHR and the water level in the Yangtze River. This
method can easily and quickly obtain the risk level and risk
probability of algal blooms and provide a simple and effective
method for the identification and prevention of algal blooms.
The main results were as follows:

(1) Inthe PPAB, the main hydrological driving factors were
the low flow in the MSHR and the high water level of the
Yangtze River. Moreover, the risk ranges for the flow of
the Han River and water level of the Yangtze River cor-
responding to different algal bloom degrees were prelim-
inary given: When the flow was 600 ~ 900 m*/s, and the
water level was 14 ~ 15 m, there was a light risk. When
the flow was 400 ~ 600 m*/s and the water level was 15 ~
16 m, there existed a moderate risk. If the flow was less
than 400 m>/s, and the water level was 16 ~ 18 m, it was
considered a heavy risk.

(2) The hydrological series were divided into 3 different
hydrological regime periods according to hydrological
variation diagnosis: T (1971-1990), II (1991-2006), and
IIT (2007-2017). The monthly average flow decreased
from periods I to III, and the minimum flow appeared
in the PPAB. The decrease of flow changes the ecolog-
ical conditions of the MSHR and creates a more suitable
environment for the diatoms, which increases the risk
probability of algal blooms.

(3) Different design water transfer schemes had dissimilar
effects on the risk of algal blooms in the MSHR. The
larger the design water transfer, the higher the risk prob-
ability. Fortunately, the WDPYHR can reduce the risk
probability of algal blooms to some extent. Therefore, in
the process of water transfer, the coordination between
water transfer and residual flow should be taken into
consideration to avoid the occurrence of water en-
vironmental problems such as algal blooms caused
by water transfer.
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