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Hydraulic Engineering, Nanjing, China

The water-sediment regulation scheme (WSRS) imposed on dams throughout
the Yellow River not only alleviates siltation in the downstream section but also
alters the nutrient characteristics, which indirectly affects the enrichment of
nutrients in the estuary. Nevertheless, the long-term changes in the nutrient
contents and their causes in the lower Yellow River (LYR) remain unclear, and
the nutrients characteristics during the years with and without WSRS have yet to
be compared. Therefore, the purpose of this study was to explore the variations
in the nutrient contents and limitations at the Lijin station on the LYR over the
past decade, especially during the annual WSRS period, and to compare the
water quality characteristics at Lijin between the years with and without WSRS.
The results reveal that WSRS significantly changed the seasonal nutrient
concentrations (nitrogen, phosphorus and silicon) at the Lijin station. The
fluxes of these nutrients during WSRS (excluding 2016 and 2017) accounted
for 11.64-40.63% of the total annual fluxes. The N concentration in the LYR was
higher than that in some global rivers, while the concentrations of dissolved
inorganic phosphorus (DIP) and dissolved silica (DSi) were lower than the
average levels in other rivers. In addition, higher values of dissolved
inorganic nitrogen (DIN), DSi and the Redfield ratio indicated that the
growth of phytoplankton at the Lijin station was strongly restricted by P.
However, during the 2 years without WSRS (2016 and 2017), the proportions
of the nutrient fluxes in June were less than 66% of those in the WSRS period in
other years. Additionally, there was a potential Si limitation in June in these
2 years. Furthermore, due to the occurrence of floods upstream of the Yellow
River and the low-level operation of the Xiaolangdi Reservoir, the fluxes of
nutrients during WSRS in 2018 were approximately 0.90-4.20 times those
during the same period in 2009-2015 and 6.30-35.76 times those in June
2016 and June 2017. This study shows that WSRS effectively changes the
nutrient balance in the LYR and provides a reference for the multi-objective
collaborative optimization of WSRS to improve siltation and control flood in
the LYR.

KEYWORDS

water and sediment regulation scheme, lijin station, nutrient variations, nutrient
limitations, the lower yellow river

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2022.900508/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.900508/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.900508/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.900508/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.900508&domain=pdf&date_stamp=2022-07-18
mailto:zlwang@nhri.cn
mailto:yjlu@nhri.cn
https://doi.org/10.3389/fenvs.2022.900508
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.900508

Li et al.

1 Introduction

As an important mode of material transport, rivers carry
tremendous amounts of sediment and nutrients into the sea,
which significantly affects regional biogeochemical cycle
(Seitzinger et al., 2010; Ching and Mukherjee, 2015; Bi et al.,
2019). Changes in river runoff and sediment concentrations,
especially under the influences of human activities, can strongly
disturb the temporal and spatial variations of water quality
characteristics in both the
estuaries of rivers (Zhang et al, 2004). With the rapid
development of the global economy and society in recent

downstream sections and the

years, a large number of reservoirs have been built on most
major rivers around the world. While the construction and
operation of reservoirs can prevent flooding and drought
disasters, allow water resources to be better utilized, and
improve the water environment (Zarfl et al., 2015). Dams can
also indirectly change the nutrient levels entering the sea by
altering the runoff and sediment loads of rivers (Carriquiry et al.,
2010). For example, dams can change the concentrations and
fluxes of nitrogen (N), phosphorus (P) and silicon (Si), which are
important sources of environmental problems such as coastal
eutrophication events (Seitzinger et al., 2010; Wu et al., 2017).
Consequently, it is meaningful to quantitatively investigate the
impacts of reservoir regulation measures on the downstream
water quality of dammed rivers.

To date, many studies have examined the impacts of reservoir
operations on downstream river environments. For example,
damming reduced the flow of the Nile River into the
Mediterranean by 90% and sharply decreased the fluxes of N, P
and other organic matter into the coastal waters (Maavara et al,
2020). In addition, the concentration of dissolved silica (DSi) in the
Danube estuary decreased by more than 60% due to the construction
of large reservoirs such as the Iron Gates (Humborg et al., 1997).
However, these impacts greatly differ among different rivers because
the contributions of various factors to the total nutrient load vary
substantially (Vilmin et al.,, 2018). Hence, targeted measures taken to
the same problem on different rivers ultimately have completely
different impacts on the downstream water quality, and therefore, the
factors affecting the nutrient status should be explored according to
the specific characteristics of different basins.

The Yellow River (YR) once had the highest sediment load of
any river in the world; at present, the YR continues to face serious
water and sediment problems (Milliman and Meade, 1983; Wang
etal., 2007). More than 3,000 reservoirs have been built throughout
the Yellow River Basin (YRB) since the 1950s (Wang et al., 2015).
Asaresult, the sediment load has fallen by approximately 90% over
the past six decades (Wang et al., 2015), resulting in a nearly 10-
fold increase in the sediment concentration in the period without
water flow in the lower Yellow River (LYR) from 1972 to 1997 and
an increase in flood risk due to the rising riverbed (Zhang et al,,
2001; Hou et al, 2021). To alleviate siltation in the LYR and
guarantee the reservoir’s storage capacity, a water and sediment
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regulation scheme (WSRS) was first implemented in 2002 by the
Yellow River Water Resources Commission (YRCC) via the joint
operation of multiple reservoirs (Yu et al., 2013). Every year since
2002, WSRS has been implemented for nearly 20 days between
June and July. Although WSRS was discontinued temporarily in
2016 and 2017 owing to low inflow from the upper YR and
resumed in 2018 (Chen J. Q. et al,, 2019). When WSRS is being
enacted, large amounts of water and sediment are transported
from the YR to the sea in a short time. Specifically, nearly 30-50%
of the annual runoff and sediment load were transported into the
Bohai Sea during WSRS (Wang et al., 2017). This engineering
measure evidently changes the hydrological conditions and
nutrient behaviours throughout the LYR (Xu et al, 2016),
including the concentrations and migration of nutrients
through runoff and the sediment load. However, even though
such extensive alterations of the hydrological regime caused by
WSRS inevitably affect the concentrations and fluxes of terrestrial
matter entering the sea (e.g., sediment and nutrients) (Yang and
Liu, 2007; Li et al., 2009; Liu et al., 2012; Xu et al., 2016), few studies
have attempted to quantify the long-term impacts of WSRS. In
particular, the responses of the nutrient transport patterns in the
LYR have not been examined in depth.

The Lijin (LJ) hydrological station in the LYR is the closest
station to the estuary that is not affected by the tide. Therefore, the
data from the L] station are important in reflecting the hydrological
processes and water quality characteristics of the LYR. Accordingly,
some scholars have investigated the effects of WSRS on nutrient
transport in the LYR. For instance, Yao et al. (2009) described the
changes in monthly nutrient concentrations and transport based on
observations from March 2002 to February 2003. Liu (2015)
summarized the response of the nutrient transport mode to
WSRS  around the Yellow River Estuary (YRE) during
2001-2011. Gong et al. (2015) reported the seasonal variation of
nutrients at L] in the YRB and evaluated the potential nutrient
limitation in the LYR during 2002-2004. However, although these
studies have shown that the annual nutrient flux from the YR to the
Bohai Sea during WSRS accounts for 23-68% of the total flux (Liu,
2015), their conclusions are mostly based on monthly data for some
individual years. In contrast, although short-term observations can
provide references for changes in nutrient content within a specific
period of time or the occurrence of special events, it is difficult to
reveal the long-term regularity of changes in nutrient content.
daily nutrient
observations/estimations at LJ are particularly important for

Therefore, long-term monthly or content
quantitatively assessing of the impact of WSRS on the water
quality of the LYR. In addition, new hydrological conditions
emerged during the absence of WSRS during 2016 and 2017
(Chen S. L. et al, 2019). Nevertheless, few comparative studies
have examined the changes in and caused of nutrient concentrations
in the LYR between the years with and without WSRS.

In this study, long time series of hydrological and nutrient data
recorded at the LJ station over the past decade (2009-2018) were
collected. The nutrient variations caused by WSRS were
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FIGURE 1

Location of the LJ station in the YRB.

investigated quantitatively through these long time series, and a
comparative analysis was carried out between the years with and
without WSRS. The main objectives of this study were to 1) explore
the characteristics and relationship between the nutrient contents
and hydrological processes during the WSRS period over the past
decade, 2) compare the nutrient contents and nutrient limitations
between the years with and without WSRS, and 3) evaluate the
nutrient contents and nutrient structure at L] and compare them
with those among other rivers worldwide.

2 Materials and methods

2.1 Study area

The Yellow River is well known worldwide for its high
sediment concentration (Meybeck, 1982; Milliman and Meade,
1983). It originates from the Qinghai-Tibet Plateau and stretches a
length of approximately 5,464 km before finally flowing into the
Bohai Sea, and the area of the YRB is approximately 795,000 km*
(Wang et al., 2007). In general, the LYR with a length of 786 km
refers to the reach from Taohuayu in Henan Province to the YRE
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(Gongetal,, 2015). The area of the LYR is nearly 23,000 km? and is
home to a population of more than 1.895 million. Therefore,
intensive human activities are an important feature of LYR
(Milliman and Saito, 1987). The LJ gauging station is the
closest station to the estuary and is not affected by tides and
seawater, and thus, this station is a good reference point for
the quality,
transported to the estuary (Figure 1). The annual average water

estimating water sediments, and nutrients
discharge and annual average sediment load of the L] station were
2928 x 10°m® (1952-2015) and 6.74x10°t (1952-2015),
respectively (YRSB, 2018), both of which are among the highest
among rivers globally (Milliman and Meade, 1983; Wu et al,
2017). The maximum and minimum annual water discharges at L]
generally appear in September and April-May, respectively.

In recent decades, great changes have taken place in the YRB,
with variations in natural conditions (e.g., precipitation and
temperature) and the construction of reservoirs along the YR
(Wang et al, 2015). At the L] station, the average water
discharged in the flood seasons reached 749 m’/s since 2000,
which was only approximately 31% of the 1950-1985 level (Ji
et al, 2020). The annual sediment load also significantly declined

from 10.5x10° t/yr before 1985 to 1.13x10° t/yr after 2000 (Ji et al.,
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TABLE 1 Historical hydrological data during the WSRS.

10.3389/fenvs.2022.900508

Year  Duration Days  Water discharge  Percent of Sediment load  Percent of
(10®* m?) annual discharge  (10°t) annual load
(%) (%)
2002 July 7-21 14 22.94 55 032 59
2003 Sep 6-18 12 27.19 14 1.207 33
2004 Jun 19-July 13 19 48.01 24 0.697 27
2005 Jun 15-30 16 42.04 20 0.613 32
2006 Jun 15-July 3 19 48.13 25 0.648 43
2007 Jun 19-July 7; July 29-August 7 27 61.76 30 09733 66
2008 Jun 19-July 3 14 46.05 32 0.2007 26
2009 Jun 19-July 7 20 34.88 25 0.3429 61
2010 Jun 10-July 7; July 24-August 3; August 11-21 47 39.31 20 045 27
2011 Jun 19-July 12 30 22.57 12 0.24 36
2012 Jun 19-July 9 27 38.57 14 0.34 19
2013 Jun 19-July 8 26 48.16 20 0.40 23
2014 Jun 29-July 9 10 17.50 15 0.12 41
2015 Jun 29-July 15 17 26.35 19 0.17 53
2018 July 6-30 24 60.52 18 137 46

data from http://www/yellowriver.gov.cn/nishagonggao.

2020). In addition, the sediment grain size recorded at the L] station
has displayed an increasing trend since the WSRS was first
implemented (Ji et al., 2020).

2.2 Water-sediment regulation scheme

WSRS was designed to adjust the hydrological conditions in
the LYR through the joint operation of several upstream
reservoirs (Ji et al., 2020). This scheme is complex and can be
divided into several different modes (Gong et al., 2015). Based on
the water level of the Xiaolangdi Reservoir and the occurrence of
floods upstream, the most common measures involve the joint
operation of multiple reservoirs and artificial regulations (Liu,
2015). WSRS has been continuously implemented since
2002 except in 2016 and 2017, when the regulations were
paused due to significant reductions in the upstream water
discharge and sediment load. The water discharge of these
2 years reached 8.175 x 10°m® and 9 x 10° m’, respectively.
The sediment load of these 2 years were 100x10° t and 200x10° t,
respectively. WSRS was resumed in 2018. Overall, the water
discharge and sediment load during WSRS have accounted for
14-55% (average 23%) and 19-66% (average 39%), respectively,
of the corresponding annual total (Table. 1).

The implementation of WSRS in 2015 is described as an
example. By June 2015, the reservoirs on the mainstream
(including the Sanmenxia, Wanjiazhai, and Xiaolangdi
Reservoirs) stored enough water to satisfy the conditions
the WSRS before flood The
implementation of WSRS in 2015 was divided into a

required by

season.

draining stage and a desilting stage. During the first stage,

Frontiers in Environmental Science

04

the Xiaolangdi Reservoir released large amounts of clear water.
During the second stage, water with a high sediment
concentration was discharged from the Xiaolangdi Reservoir
through the joint operation of the Sanmenxia Reservoir and the
Woanjiazhai Reservoir (Wang et al., 2015). WSRS extended this
high-discharge period by loading more water and sediment to
the YRE in a short time, thus changing the seasonal patterns of
the hydrological conditions downstream (Liu et al., 2012). In
addition, water contaminated by both point sources (e.g.,
industrial wastes and domestic sewage) and nonpoint
sources also increase the downstream nutrient concentrations.

2.3 Data sources and statistical methods

Hydrologic data (daily runoff and sediment load) and
nutrient concentrations data were used in this research. The
hydrological data before 2009 and during 2009-2018 were
obtained from a paper published by Wang et al. (2015) and
the Hydrological Yearbook. Nutrient data collected during
2009-2018 at the LJ station were obtained from the Shandong
Provincial Environmental Protection Department.

The following equation was used to be calculate the nutrient
fluxes at the LJ station:

F=CxQ

where F (g) is the flux of nutrient; C (g/m?) is the concentration of
nutrient; and Q is the water discharge (m*/s).

The Mann-Kendall trend test (MK; Mann, 1945; Kendall,
1975) is a nonparametric statistical method and has been widely
used to analyse the trends in hydrological and meteorological
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FIGURE 2

Annual levels of water and sediment discharged at the LJ station from 1950 to 2018. Grey shadow bars represent the year of each reservoir
construction and the years of implementation of WSRS in the YRB since 2002.

time series (Wang et al., 2015; Wang and Sun, 2021). Linear
fitting and MK test methods were used to explore the temporal
variations and trend analysis of nutrient contents from 2009 to
2018. The statistic S and standardized test value Z of the MK test
are calculated following Zuo et al. (2014). If the value of Z is
greater than or equal to 2.56, the trend is significant at the
significance of 0.01; if the value of Z is greater than or equal to
1.96, the trend is significant at the significance of 0.05. Besides,
the Kendall slope B is generally jointed with the MK test to
explain the change in long-term series. A positive value of {
indicates an upward trend, whereas a negative value represents a
downward trend.

In addition, Pearson’s coefficient was introduced to test for
correlations between the hydrological data and nutrient data
using SPSS 13.0 software.

3 Results

3.1 Variations in water discharge and
sediment supply

The annual water discharge and sediment load at the LJ
station have gradually declined over the past 60 years,
approximately consistent with the completion time of five
reservoirs (Figure 2). This trend has been particularly
obvious since 1968, when the Liujiaxia Reservoir began to
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operate. The annual water discharge and sediment load
decreased by 176.22 x 10°m® and 1.40x10%t in 2002-2018,
which corresponded to 36.33 and 10.48% of the 1950s levels,
respectively. It should be mentioned that after 2002, the annual
water discharge exceeded 100 x 10°m® in most years due to
WSRS (excluding 2016 and 2017). However, the annual water
discharge and sediment load were 81.75 x 10° m® and 0.11x10° t
in 2016, respectively. They were 91.33 x 10° m® and 0.08x10° t
in 2017, respectively. They were all lower than the values in the
years when WSRS was implemented since 2002. Subsequently,
after the resumption of WSRS in 2018, the annual levels of
water and sediment discharged into the Bohai Sea increased to
334.12 x 10° m® and 0.29x10%t, respectively. In general, the
average annual water discharge and sediment load in the years
with WSRS (2002-2015 and 2018) were about 32.15 and
257.63 times higher than those in the years without WSRS
(2016 and 2017), respectively (Figure 2).

Figure 3A shows the daily water discharge and sediment load
at the LJ station from 2009 to 2018. Water and sediment
transport showed obvious seasonal changes, and the process
of sediment transport was generally consistent with water
discharge trend. Water discharge increased during the flood
reason (July to November) in the YRB. Notably, before the
WSRS was paused in 2016, the maximum monthly water
discharge exceeded 1,500 x 10°m’ in 2012, especially in July
(almost 2,000 x 10* m?) (Figure 3B). After the resumption of
WSRS in 2018, this high water discharge level lasted almost the
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FIGURE 3

(A) Daily runoff and sediment load and (B) monthly runoff and (C) monthly sediment load at the LJ station during 2009-2018.

entire flood season, reaching 2,512.26 x 10°m® in November
(Figure 3B). The same phenomenon also appeared for the
sediment loading (Figure 3C).

3.2 Nutrient variation at the lijin station

Higher N and DSi contents but lower P levels are the main
features at the LJ station (Figure 4). The concentrations of
dissolved organic nitrogen (DON) were higher during flood
season (July to October), but the concentrations of total
nitrogen (TN) and dissolved inorganic nitrogen (DIN) were
higher during the non-flood season (November to June)
(Figures 4C,F). However, the monthly concentrations of TN
and DIN in this study decreased linearly by approximately
4 x 10*mg/L and 2 x 10 mg/L, respectively, from 2009 to
2018; in contrast, the monthly DON concentration increased
from 2009 to 2018at a rate of approximately 7 x
10° mg L"“month™" (Figures 4A,F).
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Figure 4 shows that the concentrations of total phosphorous
(TP), dissolved inorganic phosphorous (DIP) and dissolved
organic ~ phosphorus  (DOP)  were  0.01-0.19 mg/L,
0.0004-0.014 mg/L and 0.0009-0.0070 mg/L, respectively. DIP
concentrations were higher in the flood season, while DOP
concentrations were higher in the non-flood season. The
observed change in the DIP concentration is consistent with
that reported by Ma et al. (2015). However, relatively few studies
the DOP
concentration at the L] station (Chen et al., 2013; Liu, 2015).
The concentration of DIP decreased linearly during the study

have examined the long-term variation in

period, and this trend was particularly pronounced before 2014
(Figure 4D).

The monthly concentrations of DSi was 0-4.36 mg/L and
declined linearly at a rate of 6 x 10 mg L™"-month™" (Figure 4E).
The long-term variation in DSi was similar to the trends
presented by Ran et al. (2015) and Ma et al. (2015). Before
2014, DSi concentrations were highest in summer; however, this
changed significantly after 2014, after which the highest values
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FIGURE 4

Monthly N concentrations and fluxes (A,C,E); P concentrations and fluxes (B,D,F), and DSi concentrations (G) at the LJ station during
2009-2018. Winter: December to February; Spring: March to May; Summer: June to August; Fall: September to November.
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FIGURE 5

Nutrient limitation based on the Redfield ratio from 2009 to
2018 at LJ. Dotted lines mark the Redfield ratio of potential
nutrient limitations (Si:N:P of 16:16:1). Black dotted circles indicate
the summers of 2016 and 2017, and red dotted circles

indicate the other seasons of 2016 and 2017.

occurred in fall. In fact, several extremely low concentrations
were observed in the summers (June to August) of 2014-2017.

Nine events marked by particularly low nutrient
concentration were occurred from 2014 to 2017 (Figure 4).
Six of these events occurred in the summers of 2016-2017,
specifically in May, August and September 2016 and July,
August and September 2017. The concentrations of DIN, DIP,
and DSi during these events were 1.47 + 0.04 mg/L, 0.00045 +

0.00015 mg/L, and 0.01 * 0.006 mg/L, respectively, which

Frontiers in Environmental Science

08

10.3389/fenvs.2022.900508

accounted for 36, 9.6 and 0.5%, of the

corresponding average from 2009 to 2018.

respectively,

3.3 Nutrient limitation at lijin station

The diagram in Figure 5 illustrates the nutrient limitations
at the LJ station from 2009 to 2018; this diagram indicates the
dominant roles played by different nutrients in phytoplankton
growth according to the Redfield ratio (Redfield, 1958). From
2009 to 2018, the ranges of DSi/DIP, DIN/DIP and DSi/DIN
6.79-3,911.74, 369.23-12,666.65, and 0.0099-1.11,
respectively. Their average values were 654.53, 2,161.84, and

were

0.35, respectively. These values showed that the growth of
phytoplankton at L] was strongly restricted by P but
simultaneously was not restricted obviously by either N or
Si. In addition, significant seasonal variations occurred in
2016 and 2017, during which WSRS was not implemented.
The DIN/DIP ratios in the summers of 2016 and 2017 (black
dotted circles) were similar to those in the other seasons (red
dotted circles), but the DSi/DIP and DSi/DIN ratios were lower
in the summers than in the other seasons (Figure 6). This
suggested that the summers of these 2years may have
approached the Si limitation.

The temporal variation characteristics of the above nutrient
concentration ratios are not easily observed in Figure 6. In
particular, three dissolved nutrient ratios exhibited strong
discharge-related periodicities (Figure 6A). Both DIN/DIP and
DSi/DIP generally peaked from March to April each year, while
DSi/DIN usually peaked from July to August (Figure 6A). DSi/
DIN peaked in August or September from 2009 to 2018, when the
discharge rates were high. In general, DIN/DIP and DSi/DIP
have increased substantially since 2016, and DIN/DIP even
exceeded 12,000 in April 2016. In contrast, the trend of DSi/
DIN was clearly opposite of those of the other two ratios after
January 2016 (Figure 6A).

In addition, the mutations of these three ratios were
analysed with the MK test (Figures 6B-D). DIN/DIP showed
an increasing trend after November 2009, but this trend was not
significant before September 2014, except in individual months
(e.g., April to May 2010 and July to December 2012)
(Figure 6B). The growth trend mutated in September 2014,
and thereafter, growth increased significantly after May 2015
(Figure 6B). DSi/DIP showed a decreasing trend before March
2011 but increased from April 2011 to June 2013 and then
declined again until December 2014. However, a deviation
occurred in December 2014, followed by an increase after
March 2015 and a significant increase after September 2016
(Figure 6C). As with DIN/DIP, DSi/DIN fluctuated before
November 2014. Notably, the DSi/DIN mutation occurred in
November 2014, and DSi/DIN showed a significant decreasing
trend after July 2015 (Figure 6D).

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.900508

Li et al.
A 16000 14
—e—DIN/DIP —+—DSUDIP —=—DSi/DIN
14000 )
A, 12000
= 1
S
7 10000
a 08 7
5 8000 T e
& 1 06 £
s 6000 \ .&
40 .
3y A R e
2000 02
i
0 -3 3t 0
20082 20097 201011 20124 20138 201412 201615 2017/9 201972
Year/Month
C,
—UF —UBk
6 4
4
T R SRR .
< ™~
k= //\
L L W W N
zoifz*]\/ 2006\~ 2011710 201372 Qlifi‘ (20 171 20188
D S V..~ S 4V S,
4
6

Year/Month

FIGURE 6

10.3389/fenvs.2022.900508

Statistics

—UF —UBk

Year/Month

Statistics

—UF —UBkK

&

~

Year/Month
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TABLE 2 Correlations between the monthly water discharge (m®), sediment load (t), nutrient concentrations (mg/L) and nutrient fluxes (t) at LJ from

2009 to 2018.

Concentration Q S

TN -0.177 -0.156
TP 0.193* -0.145
DIN ~0.095 ~0.090
DIP 0.222* 0.116
DON 0.076 0.125
DOP 0.221* 0.228*
DSi 0.227* 0.309**

* represents p < 0.05.
** represents p < 0.0001.

SPM

—-0.159
0.188*
—-0.002
0.176
0.040
0.290**
0.303**

Flux

TN
TP
DIN
DIP
DON
DOP
DSi

Q

0.945%*
0.772**
0.947**
0.947**
0.800**
0.744**
0.613**

Q represents water discharge. S represents sediment load. SPM, represents suspended particulate concentrations. N = 128-140.

4 Discussion

4.1 Effects of water-sediment regulation

scheme on nutrient variations

This study explored the Pearson correlation between water-
sediment and nutrients at the LJ station (Table 2). Significant
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S SPM

0.803** 0.835**
0.648** 0.657**
0.804** 0.859**
0.600** 0.646**
0.768** 0.723**
0.508* 0.512*

0.489* 0.561**

positive correlations were found between the nutrient fluxes and

water discharge, which is consistent with the outcomes of a previous

study (Gong et al, 2015). Furthermore, the monthly fluxes of

nutrients and water discharge exhibited significant linear

correlations, as

shown in Figure 7.

Based on these results, daily

water discharge data were employed to estimate the daily nutrient
fluxes. Furthermore, the proportions of the nutrient load during the
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annual implementation of WSRS were calculated (Figure 8). The
water discharge and nutrient load during WSRS accounted for
1442-36.25% and 11.64-40.31%, respectively, of the annual
values (excluding 2016 and 2017). The proportion of the nutrient
load during the 2010 WSRS period was higher than that in other
years, which was related to the WSRS period being longer (47 days)
in 2010 (Table 1). Observations made in 2001 could serve as a
reference for the period before the initial implementation of WSRS
in 2002. Previous studies calculated the monthly fluxes in June and
July 2001, namely, the months when WSRS was frequently
implemented after 2002. The results showed that the monthly
water discharge accounted for only 6% of the total, and the
proportions of the dissolved nutrient fluxes were similar (Liu,
2015). In addition, the water discharges in June during
1950-1968, 1969-1985 and 1986-1996 accounted for only
2.5-5.0% of the annual values (Liu, 2015). Therefore, the
transport patterns of dissolved nutrients rely mainly on water
discharge.

The average time for WSRS was 21days since this
engineering regulation was implemented in 2002 (Table 1).
However, WSRS was discontinued in 2016 and 2017 owing to
low inflow, and no flood events occurred in the upper reaches of
the YR (Chen S. L. et al, 2019). Because WSRS was usually
executed in June or July of each year (Table 1), the proportions of
the nutrient fluxes in June 2016 and June 2017 were compared
with those during WSRS in other years (Figure 8). The
proportions of water discharge in June of 2016 and 2017 were
4.92 and 9.50%, respectively, which were lower than the average
values during the WSRS periods from 2009 to 2018. Similarly, the
proportions of the nutrient fluxes in June of the 2 years without
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WSRS were lower than 10%, which were also lower than those
during the WSRS in other years. In addition, some studies have
revealed a trend from siltation to erosion in the LYR after the
continuous implementation of WSRS from 2002 to 2015 (Chen
J. Q. etal, 2019; Ji et al., 2020). However, considering the impact
of WSRS on the water quality of the LYR, although the annual
WSRS is implemented for approximately 20 days, the fluxes of
nutrients are still heavily dependent on WSRS.

In addition, two floods occurred in the upstream region of the
YR in July 2018, and the water discharge at the Tongguan
hydrological station reached 265.7 x 10°m’, 48.1% higher than
the long-term average. Therefore, WSRS was re-implemented in
2018, and the Xiaolangdi Reservoir implemented a low water level
scheduling mode in advance, with the lowest water level dropping to
213.03 m (Figure 9). This situation made the water discharge and
sediment load of LJ increase rapidly in the short term. The
proportion of water discharge at the LJ station during WSRS in
2018 accounted for approximately 19.20% of the total, and the
proportions of the nutrient loads were all close to 20% (Figure 8).
Specifically, the fluxes of nutrients during WSRS in 2018 were
approximately 0.90-4.20 times higher than those during 2009-2015.
Moreover, the fluxes of nutrients during WSRS in 2018 (28 days)
were approximately 6.30-35.76 times higher than those in June
2016 and June 2017. This shows that although WSRS was
implemented for only 14 days in 2018 after a 2-year interruption,
the proportions of the nutrient fluxes during WSRS still reached the
pre-2016 levels. Moreover, these findings indicated that the nutrient
fluxes were most concentrated during WSRS throughout each year
and that the seasonal characteristics of the nutrient loads in the LYR
changed as a result of WSRS in 1 year.
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TABLE 3 Nutrient concentrations in some rivers worldwide (mg/L).

Rivers (sites) ™ DIN TP
Yellow River (Lijin) 4.69 4.04 0.075
Yangtze River (Datong) 2.02 1.66 0.046
Rhine (Bimmen/Lobith) 1.97 0.102
Pearl River (Guangdong) 1.59 0.048
Mississippi (Baton Rouge) 2.30 1.39 0.057
Rhone (Gulf of Lion) 2.32

Amazon (Morth)

Zaire (Malela-Boma) 0.10

4.2 Effects of water-sediment regulation
scheme on nutrient limitations

Numerous studies have shown that eutrophication is closely
related to nutrient contents and their ratios in water (Redfield,
1958; Wang et al., 2003; Jiang et al., 2010). DIN and DIP are the
main indicators of the nutrient levels in waters (Smith et al., 2003).
For instance, it has been reported that phytoplankton growth is
limited when DIP is lower than 1.5 x 107 mg/L (Nelson and
Brzezinski, 1990). Moreover, some studies have shown that the
levels of biogenic elements at the LJ station have seriously deviated
from the Redfield ratio (N:P:Si = 16:1:16) over the past two decades
(Yao etal., 2009; Liu, 2015). In this study, high concentrations of N
and DSi compared to P indicated that the nutrient ratios at LJ
showed high DIN/DIP and DSi/DIP but low DSi/DIN (Figure 4).
This nutrient imbalance limits the growth of phytoplankton in the
LYR due to limited P, which is consistent with the results of
previous studies (Chen et al., 2013; Gong et al., 2015; Liu, 2015).

As mentioned above, the fluxes of nutrients during WSRS can
account for more than 25.98% of the total annual flux (Figure 8),
which is consistent with the conclusions of previous studies (Yao
et al., 2009; Chen et al, 2013; Liu, 2015). However, there are
different views on the impacts of WSRS on the nutrient structure
in the LYR. Based on observations acquired in the LYR during
WSRS from 2009 to 2011, Chen et al. (2013) found that the
concentrations of DSi and P increased significantly, but the
concentration of DIN decreased, which made DSi/DIP and
DSi/DIN increase, while DIN/DIP was significantly lower. This
result shows that WSRS can change the state of this serious
nutrient imbalance in the short term, but the P limitation
remains prominent. Similarly, Sun et al. (2019) indicated that
WSRS could alleviate the imbalance of nutrient proportions in the
YRE to a certain extent based on observations from 2013. In
contrast, Wang et al. (2021) found that DIN/DIP (2,492.1) and
DSi/DIN (1.2) were significantly higher during WSRS than during
other times of the year in the YRE in 2015, suggesting that WSRS
aggravates imbalances in the nutrient proportions in the LYR.
Furthermore, Dortch and Packard (1989) and Justic et al. (1995)
indicated that the growth of phytoplankton could be absolutely
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DIP DSi N/P Reference

0.005 2.69 2162 This study

0.019 3.87 84 Liang and Xian, (2018)

0.035 2.60 Hartmann et al., (2011)

0.011 3.78 46 Cai et al,, 2004; Lu et al., 2009
0.039 2.38 15 Turner et al., (2007)

0.023 2.54 17.7 Madron et al., (2003)

0.011 4.03 14 Demaster and Pope, (1996)
0.012 4.62 Bennekom et al., (1978)

limited when the concentrations of DSi, DIN and DIP were lower
than 0.056 mg/L, 0.014 mg/L and 0.0015 mg/L, respectively.

A relative P limitation exists when DSi/DIP > 22 and DIN/
DIP > 22, a relative N limitation exists when DIN/DIP < 10 and
DSi/DIN > 1, and a relative Si limitation exists when DSi/DIP <
10 and DSi/DIN < 1 (Dortch and Packard, 1989; Justic et al.,
1995). According to this standard, the situation during the study
period was classified. Except for the relative Si limitation that
occurred from June to August 2016, the other months were
characterized by relative P limitations. This phenomenon can
also be seen in Figure 6, in which the nutrient ratios in the
summers of 2016 and 2017 are plotted as dotted black circles.
This figure shows that the flood season in the years without
WSRS led to an increase in the DIP content, but the
concentration of DSi decreased. Thus, there may have been a
potential Si limitation during the flood season in the years not
regulated by WSRS. Overall, the impacts of WSRS on the nutrient
structure of the LYR varied among different years.

4.3 Comparison of the nutrient status
between lijin and some major global rivers

The average nutrient concentrations at L] differed considerably
from those in some other global rivers (Table 3). The average
concentration of N at L] from 2009 to 2018 was twice that in
some European rivers and was also higher than that in other major
Chinese rivers. In addition, the average concentration of N at L] in the
study period was slightly higher than that in 2002-2004 (4.39 mg/L)
and was more than 40 times higher than that in some unpolluted
rivers around the world (Meybeck, 1982). In contrast, the average
concentration of TP at L] was slightly higher than that in the Yangtze
River and Pearl River, but lower than that in the Rhine River.
However, the average concentration of DIP at L] was almost half
of that in other Chinese rivers and far below those in rivers
throughout Europe and North America. The absorption of DIP
onto the high sediment load of the YR may be a main factor affecting
the low DIP concentrations relative to DIN (Gong et al, 2015). The
average concentration of DSi of 2.69 mg/L at LJ in this study was
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lower than the average value of 2002-2004 (Yao et al,, 2009; Gong
etal, 2015) and slightly lower than the concentrations in the Yangtze
River and Pearl River but close to the average levels in the Rhine River
and Rhone River in Europe (Table 3). The relatively low
concentration of DSi at L] may be attributable to chemical
weathering, mechanical erosion, or the strong evaporation of the
YR (Li and Zhang 2003; Cai et al., 2008; Liu et al., 2009).

LJ displayed a much higher value of the N/P ratio than other
rivers worldwide, with the N/P ratio reaching more than
approximately 61 times the average in some rivers (Table 3). In
addition, the average N/P at LJ from 2009 to 2018 was
approximately twice the average for 2002-2004 (1,003) (Gong
et al, 2015). This higher N/P was mainly due to the higher
of dissolved N, the
concentrations of dissolved P at L] were similar to those in

concentration whereas average
some other global rivers. The estimated value of N/P input to
the YR from fertilizer was higher than 44.6, which was also higher
than the average level of fertilizer used in China (Liu et al., 2003).
This is another important factor that causes the N/P of the LYR to

be much higher than those of the Yangtze River and Pear] River.

5 Conclusion

Due to the implementation of WSRS, the water discharge and
sediment load peaked at least 2 months ahead of the years in which
WSRS was not implemented. The average water-sediment budgets
during 2002-2018 corresponded to 36.33 and 10.48%, respectively,
of the levels in the 1950s. From 2009 to 2018, the main
characteristics of the monthly nutrient concentrations at the LJ
station were high N, high DSi and low p values. The nutrient
transport patterns were highly dependent on water discharge.
WSRS led to significant short-term increases in the water-
sediment budgets and nutrient fluxes at the LJ station. WSRS
also changed the seasonal patterns of nutrient transport in the
LYR. The annual average water discharge and the fluxes of
nutrients during WSRS were almost 14.42-36.25% and
11.64-40.31%, respectively, of the annual values from 2009 to
2018 (excluding 2016 and 2017). The proportions of the nutrient
fluxes in June of the 2years (2016 and 2017) without WSRS
(<10%) were higher than those during the WSRS period in other
years. The fluxes of nutrients seen during the WSRS in 2018 were
0.90-4.20 times higher than those in 2009-2015, close to the
2010 levels, and 6.30-35.76 times higher than those in June
2016 and June 2017. This was primarily caused by scheduling
the low water level operation mode at the Xiaolangdi Reservoir in
2018 because two floods occurred upstream of the YR in July 2018.
Higher DIN and DSi concentrations and Redfield ratios showed
that the LJ station was obviously P-limited during 2009-2018
(excluding 2016 and 2017). However, there were higher P levels
and higher concentrations of DIN and DSi in the years without
WSRS, which caused a potential Si limitation during the flood
season. In addition, the value of N/P at L] exceeded 61 times the
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average level in some other global rivers. This was mainly due to
the high N/P ratio of agricultural water entering the YR.

In general, the implementation of WSRS can result in the
transport of large amounts of water, sediment and nutrients to
the LYR in a short time each year. WSRS also significantly changed
the seasonal characteristics of nutrients in the LYR. Although WSRS
can, in most years, alter the nutrient imbalance in the LYR, the
opposite trend emerged in some individual years. Therefore, in the
future, more daily nutrient observations could be conducted before,
during, and after WSRS to better explore the mechanism by which
WSRS influences the nutrient structure in the LYR.
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