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The reactivity of dissolved and suspended
particulate phosphorus pools decreases with
distance downstream in the Yellow River

Nana Hu'2, Yanging Sheng® "™ Changyu Li"%, Zhaoran Li'? & Qunqun Liu'

The Yellow River is a potentially important source of terrestrially derived phosphorus to the
phosphorus limited Bohai Sea. However, seasonal variation in concentrations, partitioning and
bioavailability of dissolved and particulate phosphorus along the length of the Yellow River
are poorly constrained. Here, we measure dissolved and suspended particulate phosphorus at
72 stations from the source to the estuary of the Yellow River during the rainy season in
2020 and dry season in 2021. Mean concentrations of total phosphorus, total dissolved
phosphorus and dissolved reactive phosphorus were higher in the rainy season than the dry
season. Analysis with sequential fractionation indicated that generally phosphorus associated
with calcium carbonate dominated the suspended particulate pool. However, phosphorus
content and the relative contribution of iron-bound phosphorus in suspended particles
increased during the dry season, suggesting seasonal variations in bioavailability. Reactivity of
the phosphorus pools decreased from source to estuary, suggesting low export potential of
bioavailable phosphorus to the Bohai Sea.
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isms, and it is also a common pollutant if it is excessive in

the ecosystem. Coastal areas have undergone remarkable
economic expansion since the industrial revolution. Large
quantities of P has been transported to the coastal zone as a result
of industrial emissions, run-off of chemical fertilizers and animal
manure from farmland, seriously polluting some offshore seas!. It
was estimated that from 1999 to 2018, the total net anthropogenic
P input from the seven major river systems to the coastal zone
and ocean was 206,464.8 kg P km~2 in ChinaZ. P input can supply
nutrients for marine organisms to survive, however, excessive P
input can trigger harmful algal blooms and threaten ecosystem
health?. It is possible that these two conditions will occur during
different seasons in the same river. Therefore, it is important to
explore the effect of P input from seasonal rivers from the source
to the coastal zone.

The Yellow River has the highest concentration of suspended
particulate matter (SPM) in the world and transports large
quantities of fluvial SPM to the coastal ocean®. P is often enriched
on SPM with particle size less than 63 um and is transported
associated with SPM>. Indeed, increases in fine particle content in
the SPM have been reported to increase P flux to the estuary in
the Yellow River basin®. The Yellow River is a seasonal river, with
high variability in precipitation, SPM concentration and flow rate
between the rainy and dry seasons. Studies have shown that the
Yellow River receives more than 50% of its precipitation for the
entire year in summer, while it receives only about 3% in winter’.
However, in recent decades, the concentration of SPM in the
Yellow River has decreased dramatically due to climate change
and human intervention, such as dam construction, soil and
water conservation, and water diversion8, with potential impli-
cations for the nutrient balance and trophic status of the Bohai
Sea’. Most studies have focused on the transport of P to the Bohai
Sea from the lower reaches of the Yellow River and the Yellow
River Delta. However, how phosphorus pools vary in size and
composition along the reach of the Yellow River and between
seasons are lacking despite their potential importance in helping
forecast fluvial P inputs to the Bohai Sea.

The standards, measurements and testing (SMT) method and
solution 3!P nuclear magnetic resonance (3!P-NMR) spectroscopy
are commonly used for sediment P analysis!®!!, The SMT method
can divide sediment P into NaOH extractable inorganic P (NaOH-P),

Phosphorus (P) is an essential nutrient for aquatic organ-

HCl extractable inorganic P (HCI-P) and organic P (OP)!2. NaOH-P
represents iron-manganese-aluminum bound P (Fe/Mn/Al-P); HCI-
P represents P associated with calcium carbonate (Ca-P). However,
this method can only determine the total amount of organic P in the
sediment, but not the specific composition and form of organic P.
Whereas, 3P-NMR spectroscopy enables rapid and accurate analysis
of the specific composition and form of organic P in sediments!3.
The P compounds in sediments can be classified by the 3/P-NMR
spectroscopy into six categories, namely phosphonate (Phos-P),
orthophosphate (Ortho-P), orthophosphate monoester (Mono-P),
orthophosphate diester, pyrophosphate (Pyro-P) and polyphosphate
(Poly-P)!4.

In this study, a cross-regional variation in SPM and P con-
centrations and composition from the Yellow River source to the
estuary was investigated in the rainy and dry seasons. The P
fractionation method and 3!P-NMR were used to investigate the
potential contribution of P from the Yellow River to the coastal
zone. The purpose of this study was to investigate the composi-
tion and distribution of P in water and SPM of along the Yellow
River during the rainy season and dry season. As the Yellow River
is an important source of nutrients to the P-limited Bohai Sea, the
potential delivery of fluvial P associated with fine suspended
particles may impact primary productivity in the coastal ocean
region.

Results and discussion

Changes of P concentration from source of the Yellow River to
the estuary. P concentrations at sampling points of the Yellow
River (Fig. 1) each section and estuary are listed in Table 1. The
concentrations of total phosphorus (TP), total dissolved phos-
phorus (TDP) and dissolved reactive phosphorus (DRP) in the
Yellow River ranged from below limits of detection (ND)
-11.98 mg-L~!, ND-0.36 mg-L~! and ND-0.34 mg:-L~! during the
rainy season, while the concentrations of TP, TDP and DRP ranged
from 0.03-2.05mgL~1, ND-0.57 mgL~! and ND-0.55mgL"!
during the dry season. The mean concentrations of TP, TDP and
DRP in the Yellow River during the rainy season were
1.66 +2.18 mg-L~1, 0.12+0.12mgL~! and 0.08+0.10 mg-L~1,
while their mean concentrations in dry season were
0.45+0.51 mgL~!, 0.03+0.07mgL~! and 0.02+0.07 mgL~],
respectively. The levels of DRP in both rainy and dry seasons were
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Fig. 1 Locations of the Yellow River Basin and sampling sites. "High” and “Low" represent the highest and lowest elevations in the Yellow River Basin,
respectively. The purple to green color transition represents the variations of corresponding elevations in the Yellow River Basin.
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Table 1 Result of descriptive statistical analyses of P in rainy and dry seasons of the Yellow River. Units: mg-L-.
Yellow River Statistical TP, TDP, DRP, TPy TDP4 DRP4
sections parameters
Upper reaches Mean+SD 0.76£1.14 0.21£0.M 0.12+0.M 0.32+0.35 0.03+0.06 0.04+0.M
Min 0.03 0.02 0.01 0.03 0.01 0.01
Max 6.92 0.36 0.34 1.80 0.31 0.55
cv 150% 55% 91% 110% 218% 274%
Middle reaches Mean+SD 3.55+3.49 0.03+0.02 0.04+0.02 0.16+0.14 0.02+0.01 0.02+0.00
Min 0.05 0.01 0.01 0.06 0.01 0.01
Max 1.98 0.09 0.07 0.51 0.06 0.03
cv 98% 72% 48% 83% 67% 27%
Lower reaches Mean+SD 2.47+0.95 0.03+0.02 0.03+0.01 1.04£0.54 0.02+0.01 0.01£0.01
Min 0.28 0.01 0.01 0.30 0.01 ND
Max 432 0.07 0.06 2.05 0.04 0.02
cv 39% 55% 40% 52% 35% 86%
The Yellow River Mean=SD 0.03+£0.03 ND ND 0.04%0.01 0.02+0.00 ND
estuary Min ND ND ND 0.03 0.02 ND
Max 0.07 ND ND 0.05 0.02 ND
Ccv 101% 0% 0% 18% 14% 0%
The Yellow River Mean=SD 1.66+2.18 0.12£0.12 0.08£0.10 0.45+0.51 0.03+0.07 0.02+0.07
Min ND ND ND 0.03 0.01 ND
Max 11.98 0.36 0.34 2.05 0.57 0.55
Ccv 132% 102% 121% 1M4% 264% 309%
Note: “TP”, “TDP" and “DRP" mean total phosphorus, total dissolved phosphorus and dissolved reactive phosphorus; “r" means rainy season; “d" means dry season; “CV" means coefficient of variation;
“SD" means standard deviation; “ND" means below limits of detection.

Table 2 Paired samples t-test for P concentration in
different seasons (95% confidence intervals).

TP,.q TDP, 4 DRP, 4
p value 0.000011 (two- 0.000022 (two- 0.001380 (two-
side) side) side)

Note: “TP”, “TDP" and "“DRP" mean total phosphorus, total dissolved phosphorus and dissolved
reactive phosphorus; “r" means rainy season; “d” means dry season.

higher than the world average level (0.0148 mg-L~1)1°. Meanwhile,
it indicated that the P concentrations in the rainy season were
generally higher than that in the dry season, especially the con-
centration of TP. Studies have shown that a reduction in river
runoff results in a sharp decline in SPM concentration!®. As most
inorganic phosphorus (IP) was adsorbed on the SPM or included in
the SPM, the increase in river flow and SPM may explain the higher
P concentration during the rainy season.

The degree of human interference on the physicochemical
characteristics of soil and sediment can be inferred from the
coefficient of variation (CV)17. The CVs of P in the four river
sections are shown in Table 1. The CVs of TP, TDP and DRP
were 132%, 102% and 121% for the rainy season and 114%, 172%
and 309% for the dry season, respectively. In addition, it showed
that the distribution of different forms of P in the Yellow River all
had high variability (CVs > 36%). Meanwhile, noticeable
differences were discerned in CVs among different river sections.
The CVs of both TDP and DRP in the Yellow River estuary were
0% in the rainy season and 14% and 0% in the dry season,
respectively. Thus, the distribution of different forms of P in the
Yellow River estuary had low variability (CVs <15%) and were
minimally affected by human activities. Furthermore, the CVs of
TP in the Yellow River estuary, DRP in the middle reaches and
TDP in the middle reaches in the dry season had moderate
variability (15% <CVs <36%)'8. The different forms of P in the
remaining sections of the river were all highly variable. These

differences suggested that P in most areas of the Yellow River may
originate from anthropogenic activities such as animal husban-
dry, agriculture and industrial emissions!?.

The spatial and temporal distribution of P concentration in the
Yellow River showed complex and drastic changes (Fig. 2).
Obvious differences were found in the distribution of different
forms of P in rainy and dry seasons. Paired samples t-test was
performed on the P concentrations in rainy and dry seasons, with
Prwo-side < 0.05 (Table 2). It indicated that the concentrations of
TP, TDP and DRP were significantly different in two seasons.
Moreover, pPone-side Prwo-side/2 < 0.05, indicating that the
concentrations of TP, TDP and DRP were significantly higher
in the rainy season than in dry season.

During the rainy season, TP concentrations gradually increased
from upper to lower reaches, but dropped sharply at the estuary,
while TDP and DRP concentrations gradually decreased (Fig. 2a-
c). Except for the Yellow River estuary, the TP concentration in
rainy season increased with the flow of the Yellow River due to
the influence of human activities, such as the discharge of
agricultural, industrial and domestic wastewater. It was note-
worthy that QH-3 to QH-8 and GS-2 to GS-7 have high
concentrations of dissolved organic phosphorus (DOP), account-
ing for 73-95% of TDP in rainy season. However, the high
concentration of DOP in QH-8 (DOP accounted for 83.6% of
TDP in rainy season) could not be transported to the next site
(QH-9, DOP accounted for 16.9% of TDP in rainy season), as was
the case with GS-7. Thus, DOP in the Yellow River water column
is also difficult to be transported from the source to the estuary.
From the Inner Mongolia section to the estuary, the concentra-
tions of TDP and DRP in rainy season were below 0.04 mg-L~!
except at some tributary sites (NM-7, SX-2, SX-8 and HN-3). It
has been reported that the Ulanbuh and Kubugqi desert and loess
plateau in western Inner Mongolia transport a total of about 1.6
billion tons of SPM to the Yellow River each year??. This caused
most of the P in the water column to be adsorbed to the SPM,
resulting in a decline in TDP in the water column!®. However, at
the estuary of the Yellow River, the TP concentration in rainy
season droped sharply as the channel widens and fresh water was
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Fig. 2 Spatial and temporal distribution of P concentrations in different forms in the Yellow River. (a) TP in the rainy season; (b) TDP in rainy season;
(c) DRP in rainy season; (d) TP in dry season; (e) TDP in dry season; (f) DRP in dry season. “TP", “TDP" and “DRP" mean total phosphorus, total dissolved
phosphorus and dissolved reactive phosphorus. There is no data for QH1-15 in dry season, which is represented in black.

Table 3 Average SPM concentrations in the upper, middle
and lower reaches of the Yellow River in different seasons.
Unit: kg:m™3.

Average SPMy

Yellow River Average SPM,

sections concentrations concentrations
Upper reaches  0.62 0.19
Middle reaches 5.22 0.27
Lower reaches  12.58 179

Note: “SPM" means suspended particulate matter; “r" means rainy season; “d" means dry
season.

diluted by seawater. In addition, the rapid aggregation and
sinking of SPM under the influence of saline water is also an
important reason for the decrease of TP concentration in the
Yellow River estuary?l. In Fig. 2d, e, during the dry season, the
concentrations of TP and TDP showed a trend of decreasing and
then increasing from upper to lower reaches, while the
concentration of DRP showed a gradual decrease. In general,
the TDP concentration in water column increased considerably in
dry season, which was caused by the decrease in SPM
concentration in dry season (Table 3 and Supplementary
Figure S1). The reduction in runoff during the dry season has
led to a decrease in the sand transport capacity of the Yellow
River (Table 3). And most of the P in the Yellow River is
concentrated in SPM?>. Therefore, the clear reduction in runoff
during the dry season likely led to a substantial decrease in the
inputs of suspended particulate matter and associated P from the

Yellow River to the estuary. According to Yellow River Water
Resources Bulletin 2020, the average runoff at each major
hydrological station in rainy season (July-Octomber) of the
Yellow River in 2020 accounts for 57.7% of the total runoff of the
Yellow River (Supplementary Table $3)7. In addition, the
previous study showed that the TP content of surface sediments
in the Yellow River Delta also showed a higher temporal
distribution in summer than in spring?2.

Low content of bioavailable P in SPM of the Yellow River. As
shown in Table 3 and Supplementary Figure S1, the SPM in
Yellow River continue to increase from upper to lower reaches.
The SPM suddenly and dramatically increase in the middle
reaches of the Yellow River when it crosses the Loess Plateau?3.
However, compared to the period before 1950, there is currently a
greatly decrease in the level of SPM concentrations in the Yellow
River?. Compared to the average SPM concentration transport
from 1956 to 2000, the SPM transport at each site decreases by
55.6% to 100% in 2020 (Supplementary Table S3). It was found
that anthropogenic influences such as the construction of land-
scape projects, terraces and barrages and reservoirs were the main
factors in the decline of SPM since the 1970s8. Since the SPM in
most sections of the Yellow River did not vary noticeably, 16
representative sampling sites were selected. As shown in Fig. 3,
except for GS-3 (719.8 mg-kg—1), the content of total particulate
phosphorus (TPP) in SPM ranged from 586.1 to 626.7 mgkg~! in
rainy season, which was lower than that in dry season
(677.7-827.0 mg-kg~1). It was obviously higher than the average
TPP content (466.8 mg-kg™!) of the Yellow River in the Ningxia-
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Fig. 3 The contents of different forms of P and TP in suspended particles in the Yellow River. (a) Rainy season; (b) Dry season. “OP", "HCI-P" and
“NaOH-P" mean organic phosphorus, phosphorus associated with calcium carbonate and iron-manganese-aluminum bound phosphorus, respectively.

Inner Mongolia section in 20152, In addition, the P distribution
in the SPM and water column of the Yellow River in different
seasons was opposite. The concentration of TDP in river water is
known to be buffered by interaction with inorganic SPM?%.
Meanwhile, the decrease in SPM, water temperature, and dis-
solved oxygen in the Yellow River during the dry season resulted
in a decrease in the P binding capacity of the SPM (Supple-
mentary Table S1). The research showed that the organism bio-
mass decreased as temperature decreased in water column, which
inhibited the conversion of Fe (III) to Fe (II) and was inconducive
to P release®.

During the rainy season, it can be seen from the Fig. 3a that
NaOH-P in the SPM of Yellow River accounted for only 2.9-5.2%
of the TPP, while HCI-P accounted for 59.0-83.5% of the TPP.
NaOH-P represents the Fe/Mn/Al bound P in the sediment,
which is the main fraction of P exchange with the Yellow River
water column26. HCI-P stand for P bound to calcium carbonate,
usually not bioavailable!227, Tt indicated that the SPM of Yellow
River have a low content of reactive Fe and a low ratio of
exchangeable P to TPP. This was consistent with the results of
Pan et al. (2013) of P fractionation content in the SPM of Yellow
River in 20071°. It was showed that the content of HCI-P was the
lowest in the Qinghai section, with 349-378 mg'kg~! (Fig. 3a).
QH-11 to QH-12 were located before Longyangxia Reservoir
(QH-13), which was a section of the Yellow River with a high
mountain valley flow path, rapid water flow and a sharp increase
in water volume. Therefore, the SPM in this section of the Yellow
River mainly come from the river scouring the canyon rocks,
resulting in the mineralization of OP in the SPM as HCI-P28.
However, HCI-P content increased to 507 mgkg™! most
suddenly in Gansu section, when entered the Loess Plateau and
then remained stable (~480 mg-kg™!). It proved that about 60%
of the P carried in loess is HCI-P, which was not directly
bioavailable. However, with the flow of the Yellow River, the OP
content of SPM decreased sharply and then increased slowly.
Especially between the sites of QH-12 and NX-3, the change of
OP content was -63.6%, a large decrease attributed mainly to the
reduction of the output value of animal husbandry and the
increase of SPM. It was reported that the output value of animal
husbandry in Ningxia was 19.7% lower than Qinghai in 2020
(Supplementary Table S4). In Fig. 3a, the average OP content of
the Yellow River in the Henan and Shandong sections was

114.5 mgkg~!, which was higher than the OP content in the
Ningxia, Inner Mongolia and Shanxi sections (86.0 mg-kg—1).
This is mainly attributed to the fact that Henan and Shandong
provinces are major agricultural provinces in China, whose
agricultural output in 2020 is greatly higher than that of other
provinces (Henan province, 624.48 billion yuan; Shandong
province, 516.84 billion yuan) (Supplementary Table S4). There-
fore, the consumption of P-containing fertilizers and organopho-
sphorus pesticides in these two provinces are likely higher than
that in other provinces obviously.

However, in dry season, the NaOH-P content in SPM was 2.5-
6.8 times higher than in rainy season, and the HCI-P content was
comparable to that in rainy season (Fig. 3a). The results indicated
that the bioavailable P content in dry season was higher than that
in rainy season. However, during the dry season, the runoff of the
Yellow River decreased dramatically and the water flow slowed
down (Supplementary Table S3 and Supplementary Figure S2). In
addition, the OP content of SPM was higher in the Ningxia-Inner
Mongolia section in dry season than in rainy season, while the
opposite was true for the Henan-Shandong section (Fig. 3). Some
reports have documented that soils with lower pH can weaken the
hydrolysis of organic phosphorus pesticide, therefore the acidic
soils were more vulnerable to OP pollution?>30. The pH of
Henan-Shandong section in the Yellow River in dry season was
generally higher than that in rainy season (Supplementary
Table S1). In addition, the low water temperature of rivers
during the dry season makes it difficult for OP to be degraded.
Methyl parathion was reported to be hydrolyzed in the dark with
a half-life of 2.25 days at a temperature of 45 °C and 68 days at a
temperature of 8°C3!. Meanwhile, the crops in Henan and
Shandong Province are ripened twice per year, and Shandong is
also a large vegetable producing province and has the second
highest cultivation area of any province in the country. According
to the Shandong Statistical Yearbook 2020, the total vegetable
production in Shandong in 2019 was 102.729 million tons,
accounting for 13.08% of the total vegetable production in
China32. In addition, according to the National Bureau of
Statistics in China survey showed that the use of pesticides in
Shandong Province (120,342 tons) is the highest of any province
in the country (Supplementary Table S5). Together this suggests
that the Henan-Shandong sections of the Yellow River have high
levels of OP in SPM during the dry season.
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Fig. 4 The relationship among physicochemical properties, SPM size and P concentration in different seasons in the Yellow River. (a) Rainy season; (b)
Dry season. The color transition from red to blue represents the degree of correlation from positive to negative correlation. “D50" means median particle
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matter, TP total phosphorus, TDP total dissolved phosphorus, DRP dissolved reactive phosphorus, DO dissolved oxygen, EC electrical conductivity, SAL

salinity, ORP oxidation reduction potential.

Correlation among physicochemical properties, SPM size and
P concentration in the Yellow River. The relationship among
physicochemical properties, SPM size and P concentration in
rainy and dry seasons of the Yellow River were illustrated in
Fig. 4. In general, P concentration and SPM size were weakly
correlated during the rainy season (Fig. 4a). During the dry
season, clay and TP concentrations displayed a significant nega-
tive correlation (Fig. 4b). Clay is a sediment that, when sus-
pended, typically has a small particle size (<4 pm) and large
surface area, thus is has a high capacity of P adsorption. In the
Yellow River Delta the SPM fine particle fraction has been shown
to be positively correlated with estuarine P flux®. However, our
data indicate that SPM and TP concentrations decreased in the
Yellow River during the dry season, despite an increase in clay
concentration. We attribute this to slow river velocity and low
flow during the dry season reducing the erosion and transport
capacity of the river. During the rainy season, dissolved oxygen
was positively correlated with TDP and DRP but negatively
correlated with these variables during the dry season (Fig. 4).
Lower dissolved oxygen concentrations during the rainy season
were likely linked to an increase in biomass and temperature in
the water column relative to the dry season. The lower TDP and
DRP concentrations during the rainy season were likely due to
high SPM concentrations favouring P adsorption and removal
from the water column'.

P forms of SPM in the Yellow River identified by 3P-NMR.
The 3!P-NMR spectra for the SPM in the Yellow River were
showed in Fig. 5. Four 3!P-NMR peaks were detected in the
NaOH-EDTA extracts of SPM. All NMR spectra showed peaks in
the areas of OP and IP, which included Ortho-P (6 ~7 ppm),
Mono-P (4 ~ 6 ppm), DNA-P (a kind of orthophosphate diester)
(0~—1 ppm) and Pyro-P (-3.5~-4.5 ppm). Phos-P (20 ppm)
and Poly-P (-20 ppm) were not detected in any of the SPM in the
Yellow River. In addition, previous study had showed that the P
extracted by NaOH-EDTA was not all the P in the sediment33. As
shown in Table 4, the extraction rates of NaOH-EDTA for the
SPM of the Yellow River ranged from 3.6% to 13.0%, except for
QH-12 (20.3%). This was different from the extraction rate of
NaOH-EDTA reported in other reports, such as Lake Erken

(15-36%), Lake Kasumigaura (39.7-61.3%) and Baltic Sea
(16-29%)34-3%, The main reason was that HCI-P in the SPM of
the Yellow River accounted for more than 59% of TPP and was
mainly derived from the river scouring the valley, resulting in
lower concentrations of biogenic-P (Fig. 3). The nonextractable P
may be Ca-bound and refractory organic P, which may not be
bioavailable. In addition to Ortho-P, biogenic-P included Mono-
P, DNA-P and Pyro-P in this experiment3®37. The content of
biogenic-P in the upper reaches exhibited wide fluctuations
during the rainy season, but that in middle and lower reaches
remained constant, with only a slight difference between the two
seasons (Table 4).

As shown in Fig. 5, the predominant form of P in the NaOH-
EDTA extract was Ortho-P, which was consistent with the results
of SMT extraction of P from SPM. Furthermore, Mono-P was the
most abundant OP in SPM of the Yellow River, with
0.8-59.3 mg-kg—!, accounting for 78.9-94.4% of biogenic-P
(except for Ortho-P). Remarkably, during the rainy season,
Mono-P in the upper reaches of the Yellow River first dropped
sharply by 81.2% from QH-12 to NX-2, and then the decline
decreased. Meanwhile, the content of Mono-P remained stable in
the Shanxi section of the middle reaches, with a slightly increase to
the lower reaches. Differently, during the dry season, Mono-P in
the lower reaches of the Yellow River was at very low
concentration levels, while there was a drastic increase to the
estuary of the river. Mono-P consists of labile monoester and
phytate-like P. Previously studies have shown that the bulk of the
Mono-P were derived from plants, algae and manure and are
considered Dbiologically unavailable and immobile in the
sediment3®3%, And, organophosphorus pesticides are also an
important component of Mono-P, such as glyphosate!3. More-
over, the lower reaches of the Yellow River were greatly influenced
by the Xiaolangdi Reservoir. Since the Xiaolangdi flooding in
2018, the Yellow River delta has been reshaped and large amounts
of P carried by SPM have entered the Yellow River estuary!®.
Meanwhile, the Yellow River estuary also has the most complete
and youngest wetland ecosystem in the warm temperate zone of
China, with the main dominant vegetations being Phragmites
australis, Tamarix cheinensis and Suaeda salsa*. Therefore, the
high Mono-P content of the Yellow River estuary was inevitable.
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Fig. 5 31P-NMR spectra of 0.25 M NaOH extracted from SPM in the Yellow River in different seasons. (a) Upper reaches in rainy season; (b) Middle
reaches in rainy season; (c) Lower reaches in rainy season; (d) Lower reaches in dry season. The colored lines are used to distinguish different 31P-NMR
spectra. "QH", "GS", "NX", “NM", “SX", “"HN" and “SD" stand for Qinghai, Gansu, Ningxia, Inner Mongolia, Shanxi, Henan and Shandong provinces of China,
respectively. The Arabic numerals “12", “3", “6", etc. represent the order of sampling points. For example, “QH—12" represents the 12th sampling site in
Qinghai Province and “SD-4" represents the 4th sampling site in Shandong Province.
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Table 4 Proportions and content of each group of P compounds in NaOH-EDTA extracts.
River Sampling TPP Extraction rate Content (mg-kg™1) Mono-P: Mono-P: Biogenic-P
sections Sites (mgkg") (% of TPP) DNA-P: Pyro-P (%)
Ortho-P  Pyro-P Mono-P DNA-P Pyro-P
Upper QH-12 593.1 20.3% 48.9 57 59.3 6.6 10.4:1.2:1 10.4:1 59.4%
reaches (r) GS-3 630.7 - - - - - 5.7:0.0:1 57:1 -
NX-2 5713 11.9% 56.0 0.9 ma 0.0 12.0: 0.0: 1 12.0:1 17.7%
NX-3 563.4 6.3% 324 0.5 2.8 0.0 5.6:0.0: 1 56:1 9.3%
NM-6 547.5 8.2% 39.3 0.3 5.0 0.0 17.0: 0.0: 1 17.0:1 1.9%
NM-9 5455 8.3% 419 0.4 2.8 0.0 7.1:0.0:1 7.1:1 7.0%
Middle SX-1 581.2 6.3% 334 0.2 3.1 0.3 17.6:1.5:1 17.6:1 9.5%
reaches (r) SX-6 626.7 7.1% 41.0 0.1 29 0.3 23.7:2.0:1 23.7:1 7.3%
SX-7 567.3 8.7% 46.5 0.2 2.7 0.0 1.6: 0.0: 1 1n.6:1 6.1%
HN-4 535.6 1.7% 56.0 0.3 6.4 0.6 19.6:1.8: 1 19.6:1 M.7%
Lower HN-7 535.6 12.7% 58.3 0.9 7.9 0.7 8.8:0.8:1 8.8:1 14.0%
reaches (r) SD-4 496.0 9.3% 40.3 0.5 4.7 0.6 10.1:1.2:1 10.1:1 12.4%
SD-8 535.6 8.4% 399 0.5 4.4 0.3 8.6:0.7:1 8.6:1 M.7%
SD-12 599.0 12.2% 64.7 0.8 7.1 0.5 9.1.0.7:1 9.1:1 1.6%
Lower SD-4 657.3 6.0% 385 0.5 0.8 0.2 14:0.4:1 1.4:1 3.9%
reaches (d) SD-8 634.6 3.6% 20.9 0.3 1.4 0.0 41:0.0:1 4.1:1 7.5%
SD-12 659.3 13.0% 83.0 2.7 101 0.0 3.7:0.0:1 3.7:1 14.9%
Note: “TPP" means total particulate phosphorus; “Ortho-P”, “Pyro-P" and “Mono-P" mean orthophosphate, pyrophosphate and orthophosphate monoester; “r" means rainy season; “d" means dry season;
“-" means no data.

Contributions of DNA-P and Pyro-P to biogenic-P were
minimal in the SPM of the Yellow River (Table 4). Pyro-P was
ubiquitous in the SPM of the Yellow River, but the contents were
less than 1 mgkg! except for the QH-12 site (5.70 mg-kg™!) in
rainy season and the SD-12 site (2.70 mg-kg™!) in dry season.
However, a 3!P-NMR study of a eutrophic shallow lake showed
that the Pyro-P content in the SPM was about 3 mgkg~! in the
lake3°. Pyro-P, which was considered as the most active P in the
SPM, can be directly used by aquatic organisms. Studies have
shown that the estimated half-life time of Pyro-P was about 10
years in sediments, whereas those of Mono-P and orthophosphate
diester were 2 decades’®. Meanwhile, the presence of Pyro-P
indicated the highly activity of microorganisms participating in the
biogenic-P cycle in SPM*!. This was also confirmed by the higher
biogenic-P content in QH-12 and SD-12 than in other regions.

In Fig. 5, DNA-P was detected only in orthophosphate diester,
which accounted for 0-14.8% of the biogenic-P. However, with
the exception of QH-12, DNA-P was difficult to be detected at
other sampling sites, especially GS-3 to NM-9 and SX-7 in rainy
season, and SD-8 and SD-12 in dry season. In general, the DNA-
P content was higher in the middle and lower reaches of the
Yellow River during the rainy season. Although the orthopho-
sphate diester contents were lower than the content of Mono-P
and Pyro-P in OP, DNA-P may be the main source of P for water
under frequent changes in redox condition. During the rainy
season, there was a notably increase of oxidation reduction
potential in the Yellow River starting from HN-3 (Supplementary
Table S1). However, previous studies have shown that orthopho-
sphate diesters are more susceptible to decomposition under oxic
conditions*?. Nonetheless, the 3!P-NMR studies of OP in
sediments revealed that bacterial activity not only increased the
concentration of orthophosphate diesters, but also the amount of
orthophosphate diesters in bacteria was extremely high#344. This
was also evidenced by the high water temperature and bacterial
activity in the middle and lower reaches of the Yellow River
during the rainy season (Supplementary Table S1).

Distribution of P compound ratios of SPM in the Yellow River.
Obviously differences were found between groups of P compounds
in SPM of the Yellow River at various spatial and temporal levels

(Table 4). The Mono-P and DNA-P were the most notable dif-
ference. This difference also reflected the difficulty of biogenic-P
input from the source of the Yellow River to the estuary.

Generally, Pyro-P made a greater contribution to the biogenic-
P in SPM of the Yellow River than DNA-P, as shown by the
Mono-P: DNA-P: Pyro-P ratios in Table 4. The low content of
orthophosphate diesters can be explained by their fast hydrolytic
degradation towards Ortho-P during the extraction®®. In addi-
tion, the contribution of Mono-P to biogenic-P in the Yellow
River was remarkably greater in rainy season than in dry season.
The Mono-P: Pyro-P ratios ranged from about 5.6-23.7 for rainy
season and from about 1.4-4.1 for dry season. During the rainy
season, the Mono-P: Pyro-P ratios showed a clear wave-like
upward trend in the upper and middle reaches of the Yellow
River, decreasing and leveling off in the lower reaches. This
indicated that only a small amount of P adsorbed or included on
the SPM of Yellow River can be transported to the next province.
Therefore, even less P from the source of the Yellow River was
transported to the Yellow River estuary. The reduction of SPM
delivery due to human causes was the main reason. The previous
study showed that landscape engineering, terracing and con-
struction of barrage and reservoir were the main factors for the
decrease of SPM in the Yellow River from the 1970s to the 1990s8.
The Yellow River water column stays in the reservoirs for a longer
period of time when it flows through some large reservoirs
(Supplementary Table S6). For example, the hydraulic retention
times in Longyangxia, Liujiaxia and Xiaolangdi Reservoir are
greater than 5 days. Thus, a large amount of SPM carrying P will
be deposited to the bottom of the reservoirs and the depth of
burial will increase. The reservoir capacity of Sanmenxia
Reservoir has dropped from 16.2 billion m3 to the current level
of about 10 billion m3 due to the deposition of SPM. Moreover,
the P carried by this siltation SPM was difficult to re-enter the
water column of the Yellow River unless they are artificially
flooded. Therefore, it was difficult to transport bioavailable P
from the source of the Yellow River to the Bohai Sea.

Conclusions
The input of bioavailable P from the Yellow River to the Bohai
Sea directly affects the nutrient structure of the Bohai Sea. In
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general, during the rainy season, TDP concentrations in water
column in the Yellow River were higher than that in dry season
(0.45+0.51 mg-L~! in rainy season; 0.03+0.07mgL~! in dry
season). The TPP content in SPM was higher in dry season
(746.8 + 57.2 mg-kg 1) than in rainy season
(610.2 +£31.0 mg-kg™!). It indicated that most of the P in the
Yellow River water column was adsorbed on SPM. In addition,
SPM of the Yellow River was prone to carry P for deposition in
reservoirs and rivers. Secondly, the SPM of the Yellow River
contained more than 59% of the TPP in HCI-P, which was
nonbioavailable P. Thirdly, the results of 3!P-NMR analysis of the
SPM of the Yellow River showed that only 3.6-20.3% of P in SPM
could be extracted as biogenic-P by NaOH-EDTA, which was
different from other rivers sediments. Meanwhile, Mono-P
accounted for more than 78% of biogenic-P (except Ortho-P),
and Mono-P was considered as P that was not directly bioavail-
able and immobile in SPM. Moreover, a clear wave-like upward
trend in the Mono-P: Pyro-P ratios indicated that only a small
amount of P can be transported from the source of the Yellow
River to the estuary. Therefore, it is unlikely that there is sufficient
transfer of bioavailable P from the Yellow River to the Bohai Sea
to alleviate P limitation in the Bohai Sea.

Methods

Study area. The Yellow River, fifth longest river in the world,
originates from the Qinghai-Tibet Plateau, flows through the
Loess Plateau and the North China Plain and empties into the
Bohai Sea (Fig. 1). The main stream of the Yellow River is
5464 km long and flows through nine provinces including Qin-
ghai, Gansu, Ningxia, Inner Mongolia, Shanxi, Shannxi (Shaanxi
and Shanxi are bounded by the Yellow River, and both are indi-
cated by Shanxi in this paper), Henan and Shandong. The average
concentration of SPM in the Yellow River is as high as 35 kg:m™3,
which is the the highest level of SPM in the world®. It is reported
that the Yellow River carries 1.6 billion tons of SPM downstream
each year, of which 400 million tons are deposited in the river
channel or irrigated farmland, and 1.2 billion tons are transported
to the Bohai Sea%¢. In addition, the Yellow River is a seasonal river.
The rainy season of the Yellow River refers to July, August, Sep-
tember and October every year, and the dry season refers to
December and January, February, March and April of the fol-
lowing year. As shown in the Supplementary Figure S2 in Sup-
plementary information, precipitation rates and flow rates in the
Yellow River basin are apparently higher in rainy season than in
dry season. The average flow rate of the Yellow River in rainy
season at all major monitoring stations is 2020.9 m3.s~1, while the
average flow rate in dry season is only 694.9 m3s~1 (Supple-
mentary Figure S2a). The average monthly precipitation in all
provinces of the Yellow River during the rainy season ranges from
76.3 to 216.0 mm month~!, while the precipitation during the dry
season is less than 15.3 mm month—! in 2020-2021(Supplemen-
tary Figure S2b).Therefore, there is also a huge difference in the
sand-carrying capacity of the Yellow River during the rainy and
dry seasons. As shown in Supplementary Figure S1, the average
concentration of SPM at each sampling site in the Yellow River is
4.0 kg-m™ in rainy season, while it is only 0.6 kg:m3 in dry season.

Sample collection and analysis. Water samples (20-40 cm below
the surface) were collected from 72 stations in the entire Yellow
River and 4 of them were located at the estuary of the Yellow
River (Fig. 1). There were 16, 7, 6, 9, 11, 7 and 12 samples were
collected from Qinghai, Gansu, Ningxia, Inner Mongolia, Shanxi,
Henan and Shandong provinces, where the Yellow River flows,
respectively (Specific details were provided by Supplementary
Table S1 in Supplementary information). SPM samples were also

collected at each site. The SPM concentration at each sampling
site was shown in Supplementary Figure S1 in Supplementary
information. The sampling sites were spaced 50 kilometers apart
along the river. The sampling time during the rainy season was
August-September 2020, and the sampling time during the dry
season was April 2021. It should be noted that samples from
Qinghai 1-14 could not be collected during the dry season in 2021
due to COVID-19 pandemic. Therefore, missing data is indicated
by black color in Fig. 2d-f. The samples were collected with a
polymethyl methacrylate water sample collector (2.5L). All
samples were transferred to polyethylene plastic bottles, kept at
4°C, and shipped back to the laboratory as soon as possible.

The dissolved oxygen, electrical conductivity, salinity, pH, and
oxidation reduction potential of samples were analyzed in the
field with a portable multi-parameter probe (YSI Professional
Plus, YSI Incorporated, USA). Details about the basic water
quality parameters and specific locations of sampling sites were
presented in the Supplementary information (Supplementary
Table 1). The concentration of dissolved active phosphorus
(DRP) in water samples was determined by phosphomolybdenum
blue method after filtration with 0.45 pm acetate fiber filter
membrane (Mosu Science Equipment Co. Ltd. Shanghai, China).
The concentration of total dissolved P (TDP) after filtration and
potassium persulfate digestion were analyzed by the same
method. The total P (TP) concentration referred to the
concentration of P determined by the phosphomolybdenum blue
method after the unfiltered and well-mixed water sample has
been digested with potassium persulfate. It was worth mentioning
that TP contains both dissolved P and particulate P (called TPP in
the SPM in this experiment). The detection limits of TP, TDP and
DRP were all 0.01 mg-L~!. P concentrations below the detection
limit are indicated as “ND”.

P fractions by SMT method of the SPM. A 500 mL water sample
was taken and filtered through a 0.45 pm membrane to determine
the SPM concentration. Meanwhile, the filtered SPM was used for
subsequent analysis. After freeze-drying, the SPM size was
determined by laser particle size analyzer (Marlvern Mastersizer
2000F, Marlvern, England). In addition, 16 representative SPM
samples were selected for sediment P extraction, which were QH-
14, QH-15, GS-4, NX-2, NX-3, NM-6, NM-9, SX-1, SX-6, SX-7,
HN-1, HN-4, HN-7, SD-4, SD-8 and SD-12. P fractions of the
SPM were analyzed by using the SMT procedure!?. The SMT
method extracted TPP in the SPM into five P fractions: TPP, IP,
OP, NaOH-P and HCI-P. NaOH-P represents the P bound to Fe,
Al, and Mn oxides and hydroxides. And HCI-P is the P associated
with Ca, principally apatite. For TPP, the 0.200 g lyophilized SPM
were calcined at 450 °C for 3h and then extracted with 20 mL
3.5mol-L~! HCI for 16 h. The DRP concentration in the super-
natant was subsequently determined by phosphomolybdenum
blue method. For IP, 0.200g lyophilized SPM were extracted
using 20 mL 1 mol-L~! HCI for 16 h. The residue from the IP
extracts was calcined for 1 h at 450 °C and then further extracted
with 1 mol-.L=! HCl for 16h to determine OP content. For
NaOH-P, 0.200g of lyophilized SPM was shaken in 20 mL
1.0 mol-L~! NaOH solution for 16 h and then centrifuged. Then,
10 mL of supernatant was taken, 4 mL of 1.0 mol-.L~! HCI solu-
tion was added, stirred vigorously for 20s, and left for 16 h. If
there was a brown precipitate, centrifuge at 200 x g for 15 min
and then measure the DRP concentration of the supernatant by
phosphomolybdenum blue method. The residue from NaOH-P
extracts was washed and extracted by adding 20 mL of 1 mol-L~!
HCI for 16 h for HCI-P determination. The specific extractants
and P fractions of the extraction procedure were showed in
Supplementary Table S2.
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3IP_NMR extraction and analysis of SPM. 31P-NMR samples
were prepared as follows: 3.0 g lyophilized SPM through 100
mesh sieve was extracted from three replicate composite samples
and shaken at 20°C and in 0.25M NaOH and 0.05M EDTA
solution for 16 h%’. After shaking, the supernatant was cen-
trifuged at 4 °C for 30 min at 15,294 x g. Then, the supernatant
was divided into two parts, part of the supernatant was used to
determine the TPP concentration (extract with NaOH-EDTA) by
phosphomolybdenum blue method. The remaining supernatant
was freeze-dried and prepared and set aside. For 3!P-NMR ana-
lysis, 600 mg of the lyophilized supernatant samples were re-
dissolved in 0.1 mL 10 M NaOH and 0.6 mL deuterated water
(D,0) were added for frequency-field lock. After vortexing for
2 min, the samples were ultrasonicated for 15 min to fully dis-
solve, and then centrifuged at 4°C, 17,571 x g for 15min. To
avoid small quantities of orthophosphate diesters being hydro-
lyzed to monoesters, the supernatant was tested within 2 h after
transferring it to a 5mm NMR tube!l. The NMR spectra were
recorded on a Bruker Avance Neo 500 MHz NMR-Spectrometer
operating at 202.47 MHz. The spectra of the samples were ana-
lyzed in a 5 mm NMR tube at 20 °C under the conditions of a 30°
pulses with an acquisition time of 0.68 seconds, a pulse delay of
4.32 seconds, and number of scans of ~15000 times. The time
consumed for testing each sample was approximately 12 h. The
chemical shifts were all referenced to H3PO, (85%). The
31p-NMR spectral measurement was performed at the School of
Chemistry and Materials Science, Ludong University. The P
species spectral signals were identified and quantified based on
the relative chemical shifts in the peak experimental and pub-
lished data, and the orthophosphate peaks in all spectra were
corrected to 6 ppm.

The extraction rate with NaOH-EDTA is calculated as [TPP in
NaOH-EDTA extract from SPM] + [TPP in SPM] x 100%.

Statistical analysis. The sampling site map and the spatial dis-
tribution map of P concentration were mapped by ArcMapl0.5.
Matched samples t-test analysis was performed by SPSS Statistics
20. All 3IP-NMR spectra were processed using the Bruker Soft-
ware (TopSpin 3.6.5, Germany).

Data availability

The raw data and datasets used in the Tables 1-4 and Figs. 1-5 can be downloaded at
Science Data Bank via https://www.scidb.cn/s/VRvamy (Private access links to datasets).
The data that support the findings of this study and Supplementary Table S1 are archived at
Science Data Bank via https://www.scidb.cn/s/VRvamy (Private access links to datasets).
Sediment transport and measured runoff of main control hydrology stations of main
tributaries of the Yellow River in 2020 (Supplementary Table S3) can be sourced from the
China Yellow River Conservancy Commission of the Ministry of Water Resources (http://
www.yrcc.gov.cn/). The output value of agriculture, forestry, animal husbandry and fishery
of the Yellow River flowing through each province in 2020 (Supplementary Table S4) can be
sourced from the China Statistical Yearbook 2020 in China National Bureau of Statistics
(http://www.stats.gov.cn/sj/ndsj/). The pesticide use by province in China of the Yellow
River flowing through each province in 2019 (Supplementary Table S5) can be sourced
from the China National Bureau of Statistics (http://www.stats.gov.cn/). The storage
capacity of the main reservoirs of the Yellow River (Supplementary Table $6) were from the
China Yellow River Conservancy Commission of the Ministry of Water Resources (http://
www.yrcc.gov.cn/). Average flow at main monitoring stations during the sampling period of
the Yellow River in 2020 and 2021 (Supplementary Figure S2(a)) can be sourced from the
China Yellow River Conservancy Commission of the Ministry of Water Resources (http://
www.yrcc.gov.cn/). Average precipitation in the provinces through which the Yellow River
flows during the rainy and dry seasons during the 2020 and 2021 sampling periods
(Supplementary Figure S2(b)) were from China Meteorological Administration (https://
www.cma.gov.cn/).
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