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Abstract

Purpose In this study, we investigated the temporal and spatial variations of the inorganic phosphorus (P) fractions and their
release using sediment collected from three weirs built along the Han River in South Korea.

Methods Sediment and water samples that were collected upstream of Gangcheon, Yeoju, Ipo weir in rainy and non-rainy
seasons were incubated during 0, 3, and 7 days. The inorganic P fraction concentrations of the sediment sample were ana-
lyzed after incubation.

Results The sum of the four inorganic P fractions was significantly higher in the non-rainy season than in the rainy season.
The P fractions with the highest concentrations, reductant soluble P- and Ca-bounded P, were also higher in the non-rainy
season than in the rainy season. From the incubation experiment, it was observed that the concentration of inorganic P in the
sediments tends to decrease with the incubation time in the non-rainy season resulting in the significant correlation between
changes in Al- and Fe-bounded P in the sediment and PO,-P concentration in the overlying water layer. Sediments of three
weirs were dominantly affected by non-point sources as indicated by EF (enrichment factor) value using P fractions. The
Al-bounded P release rate was positively correlated with the pH, while those of the Fe- and Ca-bonded P were correlated
with the organic matter.

Conclusion The fractionation and release of P in the sediments was affected by the rainfall and physiochemical factors. The
results of this study will enhance our understanding of the water quality, as well as the effects of impoundment and rainfall
on sediment, thereby aiding in an efficient management of the river environment.

Keywords Inorganic phosphorus fractions - Rainfall pattern - Phosphorus release - Sediments - Han River

1 Introduction Huang et al. 2018). The impoundment by hydraulic struc-

tures increases sediment deposition in the river bed, and

The element phosphorus (P), which has been recognized as
an important nutrient for primary productivity, is a limit-
ing element in the rivers (Kaiserli et al. 2002; Bao et al.
2020; Jin et al. 2020). An excessive loading and accumula-
tion of P on the river sediments can lead to the degradation
of water quality and cause frequent eutrophication—a fate
shared by many rivers around the world (Santos et al. 2015;
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these P-rich sediments release a significant concentration of
P into the water column, thereby degrading the water qual-
ity (eutrophication of impounded water; Chen et al. 2017,
Renwick et al. 2005; Table S1). Incidentally, all hydraulic
structures, ranging from large well-established dams to small
weirs, can efficiently retain P-rich sediments (Nemery et al.
2016; Bao et al. 2020).

External point sources such as domestic and industrial
wastewater, and non-point sources such as runoff and soil
leaching due to rainfall are the main source of P in rivers.
Sediment P concentration and its fractional composition can
be differentiated by P pollution sources. The P fractions in
river sediments are divided into several categories such as
labile P, the fraction associated with oxides and hydroxides
of Al, Fe, Mg, and Mn (non-apatite P), calcium-associated
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P, reductant soluble P (Red-P), and organic P (Wang et al.
2005; Bao et al. 2020). Sediments impacted by point sources
have a higher proportion of P associated with Al and Fe,
while those impacted by non-point sources have a higher
proportion of P associated with Ca. The P fractional com-
position could indicate P pollution sources to distinguish the
relative contribution of point and non-point sources which
support P control strategies of the watershed.

Rainfall introduces various combinations of P loadings,
which transfer from the sediment to the water column via
various physical and biochemical reactions such as precipita-
tion, ion exchange, and adsorption (Kim et al. 2003; Sun et al.
2009). Moreover, when the quality of the overlying water
changes, P can be released from the sediment to the water
column via diverse mechanisms such as molecular diffusion,
advection, and biologically mediated changes (Furumai et al.
1989; Kim et al. 2003). In addition, the release of P from
the sediment depends on the P fractions, water flow, and
physiochemical properties of the sediment and water column.
Among these P fractions, the P associated with Al and Fe
can affect the P sorption on sediment surfaces (Borggaard
et al. 1990). Under a low concentration of dissolved oxygen
in a water column, the P solubility is mostly related to the P
associated with Fe (Olia and Redy 1997). Non-apatite P as
well as organic P can be easily released or mineralized into
water and maintain the eutrophic state for a long duration.
Non-apatite P is well absorbed by plants, and it can be easily
released into the water layer by responding to environmental
changes (Ki et al. 2010; Kim et al. 2005). Therefore, it is nec-
essary to evaluate sediment P concentration and P-fractions
which determine the effect of sediment on water quality by
estimating P contamination levels, bioavailability, and poten-
tial mobility under different environmental factors.

Furthermore, the P release can vary depending on the
physiochemical factors of the sediment and water column,
such as the dissolved oxygen concentration, pH, tempera-
ture, concentration of nutrients, and flow conditions (Li
et al. 2013; Vilmin et al. 2015; Orihel et al. 2017). Accord-
ing to the previous studies, a larger amount of P is released
under alkaline, high-temperature, anaerobic, and high-nutri-
ent-concentration conditions (Jensen and Andersen 1992;
Liet al. 2013; Wu et al. 2014; Ma et al. 2018). However,
because the release of P from the sediments to the water
column results from a combination of various mechanisms,
it is difficult to identify the physiochemical factors that pre-
dominantly contribute to this process (Kaiserli et al. 2002).

In several studies, the potential P release was found to be
higher from the sediments retained by the hydraulic struc-
ture (Kim et al. 2003; Oh et al. 2017). However, the role
of rainfall-induced P-loading and P-fraction release rates
have been rarely investigated. Along the Han River in South
Korea, three consecutive weirs are present, which affect the
accumulation of P on the sediment. The P loading induced

by rainfall modulate the fraction and physiochemical fac-
tors, which may affect the P release and cause long-term
eutrophication of the impoundments. To date, several stud-
ies based on the physical and chemical properties of the
sediments such as particle size, organic matter, and nutrient
content in the weirs of Han River have been reported (Vo
et al. 2014). However, only a few investigations have been
conducted to assess the effect of rainfall on the P fraction
and its release. Therefore, this study was undertaken to (1)
investigate the temporal variations of inorganic P fractions
in the sediments of Han River; (2) estimate their release
to the overlying water, via incubation experiments; and (3)
analyze the physiochemical factors that determine the trans-
port of inorganic P in the sediments. The results obtained in
this study will improve the understanding of the effects of
impoundment and rainfall characteristics on the sediment
and water quality—crucial for an efficient management of
the river environment.

2 Methods
2.1 Site description

This study was conducted within the Han River watershed,
which is 375 km long, covers an area of 23,859 km? along
the primary river (Park et al. 2008; Lee et al. 2012), and
is located in the eastern region of South Korea. There are
three weirs in the Namhan River (Gangcheon, Yeoju, and
Ipo Weir). The length and height of Gangcheon weir are
440 m and 8 m. The length and height of Yeoju weir are
513 m and 8 m. The length and height of Ipo weir are 521 m
and 6 m (Korea Water Resources Corporation; Oh and Choi
2022; Table S2). In 2016 and 2017, the annual average tem-
peratures of this watershed were 13.0 °C (- 13.5-30.0 °C)
and 12.3 °C (—9.8-29.9 °C), respectively. Additionally,
its hydrologic characteristics are affected by the East
Asian summer monsoon climate, such that over 50% of the
recorded annual precipitation is observed from late June to
early September. In the Gangcheon, Yeoju, and Ipo weirs of
the Han River, the annual precipitation from 2013 to 2017
was 810.8 to 1314.6 mm, and the precipitation of summer
monsoon was 384.9 to 964.4 mm (Table S3). The amount
of summer monsoon precipitation ranged from 46 to 84%
of the annual precipitation (K-water, http://www.water.or.
kr, 2013-2017). From the ratio of summer monsoon and
annual precipitation, it can be seen that most precipitation
was concentrated in summer.

2.2 Sampling and pretreatment

As a part of a large river restoration project designed to
control flooding and water supply, multipurpose weirs have
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been constructed along the Han River (Fig. 1). Weir con-
struction facilitates the accumulation of sediments near
the weirs and thus significantly impacts the quantity and
quality of P concentrations in these accumulated sediments
(Bao et al. 2020). In addition, water quality issues such as
DO depletion in the bottom water and algal bloom can be
occurred in the 1 km upstream of the weirs. Therefore, the
temporal and spatial variation of the P fractions and their
release were investigated to analyze the effect of sediments
on the water quality in the 1 km upstream of the weirs. Dur-
ing 20162017, sediment samples were collected upstream
of the Gangcheon (37°16'29.50"N, 127°41'13.70"E),
Yeoju (37°19'9.10"N, 127°37'14.80"E), and Ipo weir
(37°24'8.30"N, 127°32'29.00"E) four times (August and
October 2016, May and June 2017). Because rainfall affects
the P concentration in the sediment (Vo et al. 2014), the
sampling was divided into two periods: rainy and non-rainy
seasons. Based on the rainfall pattern in the Han River
watershed, the samples collected in August and October
2016 were classified as the rainy season samples, whereas
those collected in May and June 2017 were classified as the
non-rainy season samples. The rainy season samples were
collected immediately after the heavy rainfall, whereas the
non-rainy season samples were acquired when there was no
rainfall for a long time, and the sediments were stabilized.

Fig.1 Map of the sampling
location in the Han River basin,
South Korea, showing the details
of the sampling sites (Gangcheon,
Yeoju, and Ipo weir)
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Incubation experiments were conducted on every sam-
pling event of three weirs. For incubation, acrylic core sam-
plers with top and bottom covers (diameter and height of 10
and 22 cm, respectively) were used by a scuba diver to col-
lect a 15-cm high sediment core together with the overlying
water. Three sediment cores were sampled for the incubation
(n=1), as well as for the analysis of the sediment (n=1) and
pore-water (n=1) chemistry at each weir. The bottom water
was separately collected in separate bottles using a Niskin
water sampler. The core tube and bottom water samples were
carefully placed in an upright position without disturbance
inside a closed ice box and transported to the laboratory
(Lee et al. 2018).

The sediment samples were retrieved from the upper
part (0-2 cm) of the core and homogeneously mixed in a
N,-purged vinyl bag (Cho et al. 2002). Homogeneously
mixed sediment (45 g) was placed in a 100-ml serum vial
containing 70 mL of bottom water filtered using Whatman
GF/F filters (0.7 pm, Thurman 2012). The top of each vial
was sealed with glass wool to prevent evaporation of the
overlying water. Then, these vials containing the sediment
and bottom water samples were incubated to estimate the
change in the P concentration in the sediments.

The laboratory incubation was carried out in a dark cham-
ber at a constant ambient temperature of 20 °C for up to
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7 days (Kalbitz et al. 2003; Luek et al. 2017). A total of nine
vials were incubated for each site (Gangcheon, Yeoju, and
Ipo weir). At 0, 3, and 7 days of incubation, three vials for
each site were sacrificed for analysis (triplicate analysis),
i.e., the sediment was collected without the supernatant, and
the P fraction was measured three times.

2.3 Phosphorus fractions

Depending on the bond formation with metals or organic
matter, the sediment P can be divided into various forms
such as labile P, inorganic P, metal-bounded P, and organic
P. Among these forms, the inorganic P is further divided into
soluble, Al-bounded phosphate (Al-P), Fe-bounded phos-
phate (Fe—P), Red-P, and Ca-bounded phosphate (Ca-P). P
can be efficiently released through inorganic phosphate by
fraction rather than total P content in sediment of freshwater.
The phosphate fractions were measured using the method
proposed by Petersen and Corey (1966), in which the for-
mation of inorganic phosphate via bonding with metals is
analyzed for each metal, and the corresponding procedures
are as follows (Fig. S1; Wang et al. 2005; Aydin et al. 2010;
Yang et al. 2020):

Remove the loosely bound P: Place approximately 1 g of
the sediment sample in the centrifuge tube. Next, add 50 mL
of 1 N NH,Cl and shake for 30 min to remove the soluble and
loosely bound P. Finally, discard the supernatant solution and
save the sediment in the tube for extraction of Al phosphate.

Al-P (n=108): Add 50 mL of 0.5 N NH,F (pH 8.2) to the
sediment sample and stir for 1 h. Next, add 3 mL of chloro-
molybdic boric acid solution and one drop of the chlorostan-
nous reductant to 3 mL of the supernatant, and measure the
absorbance at a wavelength of 660 nm.

Fe—-P (n=108): After the Al-P measurement, wash the
remaining sediment sample with saturated NaCl. Add 50 mL
of NaOH to the washed sample, stir for 17 h, and subse-
quently add H,SO, to 50 mL of the supernatant. Next, add
3 mL of chloromolybdic boric acid solution and one drop of
the chlorostannous reductant to 3 mL of the supernatant, and
measure the absorbance at a wavelength of 660 nm.

Red-P (n=108): After the Fe—P measurement, wash the
remaining sample with saturated NaCl, and then add 25 mL
of 0.3 M Na;C¢Hs0,-2H,0 and 1 g of Na,S,0, (solid) to it
and heat in a water bath at 75-80 °C. Add 1.5 mL of 0.25 M
KMnO,, 3 mL of an ammonium molybdate-sulfuric acid rea-
gent, and 10 mL of isobutyl alcohol to 3 mL of the supernatant,
and shake until the alcohol layer is mixed. When the alcohol
layer is separated, separate 5 mL of liquid from the alcohol layer
and add 3 mL of a stannous chloride reductant to it. Finally,
separate 3 mL of this resulting solution, add 3 mL of absolute
ethyl alcohol to it, and measure the absorbance at 660 nm.

Ca-P (n=108): Wash the soil sample used for Red-P frac-
tion measurement. Add 50 mL of 0.5 N H,SO, to this washed

sample and stir for an hour. Next, add 3 mL of chloromo-
lybdic boric acid solution and one drop of the chlorostan-
nous reductant to 3 mL of the supernatant, and measure the
absorbance at a wavelength of 660 nm.

The P-fraction release rate (g m~2 day™!) was calculated
that the difference of each P fraction concentration between
0 and 3 days was multiplied by the volume of the supernatant
in the sample vial which was divided by the surface area of
sediment and the number of incubation days.

The ratio of Al+Fe—P and Ca-P is used to differentiate the
relative contribution of point sources and nonpoint sources
(Liu et al. 2012). Many studies have reported that the urban-
ized area affected by point sources showed higher concentra-
tion of P with dominant Al-P and Fe-P, while the agricultural
area affected by nonpoint sources showed the lowest con-
centration of P with dominant Ca-P (Liu et al. 2012; Yang
et al. 2020; Zhang et al. 2022). The enrichment factor (EF)
is calculated by (Al+ Fe—P/Ca-P) of the surface sediment
dividing by (Al +Fe—P/Ca-P) of the background sediment
(n=108). The EF value of <1 indicates a greater contribu-
tion of nonpoint sources, and the EF value of > 1 indicates a
greater contribution of point sources in sediment P (Zhang
et al. 2022). The (Al + Fe—P/Ca-P) of the background sedi-
ment was set to be 1.753, achieved from the average ratio of
Fe + Al-P/Ca-P of the previous study in Namhan River (Jun
1990). Since Jun (1990) had measured the P fraction in the
sediment of the Namhan River at least 30 years ago, the value
was used as the value of background sediment in this study.

2.4 Analytical methods

The in situ temperature, pH, and DO concentration of the
surface and bottom water layers were measured using a
multiparameter instrument (professional plus, YSI, USA).
The physical and chemical characteristics of the sediments,
including the NO,-N, NO5-N, and dissolved organic carbon
(DOC) of the overlying water, as well as the surface sediment
particle size, total organic carbon (TOC) and chlorophyll-a
content, and PO,-P release rate, were evaluated.

The concentrations of NO,-N and NO;-N were measured
using ion chromatography (790 Personal IC, Metrohm, Swit-
zerland). The DOC concentrations were measured using a
TOC analyzer (V-CPH, Shimadzu, Japan). After removing
the particulate organic carbon using a GF/F filter, the DOC
was measured using a non-purgeable organic carbon method.

The particle size was determined by sieving the sediments
and using an automatic particle size analyzer after removing
the carbonate and organic matter using hydrogen peroxide
(Mastersizer 2000, Malvern, UK). The sediment samples
were freeze-dried and crushed in an agate mortar. Then, an
elemental analyzer (EA 1110, GV instruments, UK) was
used to determine the TOC after removing the inorganic car-
bonate using 1.0 N HCI acid. To measure the chlorophyll-a
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content, the surface sediment samples (2 mL) were extracted
in 10 mL of 90% v/v acetone for 24 h in a dark refrigerator,
and then centrifuged before decanting into a cuvette. This
cuvette was then analyzed using a UV-2401 PC (Shimadzu).

To estimate PO,-P release rate, the overlying water samples
were collected every 1 or 1 hup to 10 h during the incubation
and the changes of the PO,-P concentration were analyzed
using ion chromatography (790 Personal IC, Metrohm, Swit-
zerland). The PO,-P release rate was calculated by multiply-
ing the slope of PO,-P concentration changes and volume of
the supernatant divided by the sediment surface area.

2.5 Statistical methods

Statistical analyses were performed to identify the fac-
tors that significantly correlate with the characteristics of
P-fraction (p <0.05). A linear regression analysis of the
relationship between the P fraction characteristics and the
physiochemical factors was performed (Sigmaplot 10.0, Sys-
tat Software, USA). Further, principle component analysis
(PCA) was conducted to correlate the P fraction and the
physiochemical factors, using Unscrembler X 10.1 (CAMO
software, Norway). PCA is a multivariate discrimination
method that reduces the dimension of a group of data and
enables transformation with a reduced number of variables
to distribute the data intuitively (Anzano et al. 2011).

3 Results and discussion

3.1 Physical and chemical characteristics
of the Han River

The water depth, sediment particle size, temperature, pH,

and DO concentration of the surface and bottom water layers
were measured at the sampling sites, and the corresponding

Table 1 Physical and chemical characteristics of the Han River

results are shown in Table 1. The water depth ranged from
1.0 to 5.7 m over the entire sampling period, with the shal-
lowest water depth recorded at the Ipo weir in June 2017,
whereas the deepest depth was recorded at the Gangcheon
weir in June 2017.

The average surface and bottom water temperatures were
24.4+2.17 and 25.1+2.85 °C in the rainy season (August
and October 2016) and 20.61 +2.88 and 20.21 +2.86 °C
in the non-rainy season (Table 1). The temperatures of the
surface and bottom water layers were significantly higher in
the rainy season (August 2016) than in the non-rainy season
(May 2017; one-way ANOVA, p <0.05; n=12). Addition-
ally, the differences between the surface and the bottom
water temperatures were below 2 °C across all the sampling
sites and over the entire sampling period, and no stratifica-
tion was observed.

The DO concentrations of the surface and bottom water
layers were 8.91 +1.20 and 8.52 + 1.56 mg L', respectively.
Because the degree of DO saturation of the bottom water
layer was in the range of 71-135%, no oxygen depletion was
observed. The pH of the bottom water layer was 7.74 +0.44.
Evidently, the pH in the non-rainy season (May and Jun
2017) was higher than that in the rainy season (August and
October 2016; ¢ test, p=0.043; n=12). However, no signifi-
cant difference between the pH of the sampling sites was
observed (one-way ANOVA, p>0.05).

The NO, (NO,+ NO;) concentration and DOC of
the overlying water were in the range of 0.81-2.08 and
0.37-3.48 mg L', respectively. The NO, and DOC con-
centration of the overlying water was higher in the rainy
season (August and October 2016) than in the non-rainy
season (May and June 2017; ¢ test, p <0.05; n=12). How-
ever, no significant difference between sampling sites was
observed (n=12).

The sediment particle size ranged from 0.013 to
0.363 mm at the Gangcheon weir, from 0.029 to 0.068 nm

Water depth (m) Particle size Surface temp Bottom temp. Surface Bottom Precipitation
(mm) O O DO (mg DO (mg (average of
LY L™ 28 days; mm
day™")
Gang cheon Range  2.6-5.7 0.013-0.363 15.9-23.5 15.5-22.0 7.6-10.1 6.3-9.9 0.72-7.76
Average 3.6+1.5 0.135+0.197 20.6+3.3 20.1+£3.1 89+1.3 82+1.5 3.11+£3.27
Yeoju Range 1.7-2.2 0.029-0.068 19.3-25.7 18.5-27.6 7.7-9.8 6.8-10.2  0.42-3.73
Average 2.0+0.2 0.042+0.022 22.8+2.9 229+39 8.7+0.9 8.5+1.6 1.89+1.37
Ipo Range 1.0-3.5 0.056-0.230 18.2-25.6 18.1-25.7 7.5-11.4 7.5-11.5 0.86-10.08
Average 2.3+1.0 0.118 +0.097 21.3+£3.7 21.3+3.8 92+1.7 9.0+19 3.8+4.32
Rainy season Range 1.7-3.5 0.030-0.230 18.2-25.7 18.1-27.6 7.5-8.9 6.8-9.5 1.8-10.08
Average 2.5+0.6 0.097+0.115 224429 22.6+3.4 8.1+0.5 8.0+0.9 4.94+3.23
Non-rainy Range 1.0-5.7 0.013-0.363 15.9-24.4 15.5-24.4 7.7-11.4 6.3-11.5 0.42-1.59
season Average 2.7+1.7 0.100+0.131 20.8+3.4 203+3.4 9.7+12 9.1+19 0.93+0.39
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at the Yeoju weir, and from 0.056 to 0.23 mm at the Ipo
weir. The sediment distribution triangle contained silt loam
(October 2016, May 2017 at Gangcheon and Yeoju), sandy
loam (June 2017 at Gangcheon and Yeoju, and May and June
2017 at Ipo), sand (October 2016 at Ipo; Fig. 2). The particle
sizes, observed during the different sampling periods at the
different sampling sites, did not show any significant differ-
ence (n=12). The TOC and chlorophyll-a concentrations of
the surface sediment were in the range of 0.36-3.59% and
7.78-69.13 pg cm™>, respectively, and showed no difference
during the sampling periods at the different sampling sites.

The residence time was 0.58 +0.30 days in the rainy
season, and 1.91 +0.40 days in the non-rainy season. Fur-
thermore, the precipitation was 7.19+3.21 mm days~' in
the rainy season, and 1.52+1.01 mm days_1 in the non-
rainy season (Fig. 3). Evidently, significant differences were
observed between the residence times and precipitations dur-
ing the different sampling periods as well as during the rainy
and non-rainy seasons (one-way ANOVA, p <0.05; n=12).

3.2 Phosphorus fraction in the sediments

Figure 4 shows the different P fractions (Fig. 4a) and their
relative contributions (Fig. 4b) according to the sampling
locations and periods, indicating that the sum of the four inor-
ganic P fractions (Al-P, Fe-P, Red-P, and Ca-P) ranges from
197.88 to 505.89 mg kg~!. This sum is significantly higher

Fig. 2 Particle size distribution
of the Han River sediment

in the non-rainy season (May 2017, 427.68-458.04 mg kg_l;
June 2017, 437.43-505.89 mg kg™') than in the rainy sea-
son (August 2016, 197.88-232.51 mg kg_l; October 2016,
211.03-267.16 mg kg_l; one-way ANOVA, p <0.05;
n=36). Reportedly, the concentration of P released from
the sediments increases with the increasing flow rates due
to rainfall (Yao et al. 2016; Jin et al. 2020). Therefore, it
is estimated that the inorganic P concentration of the sedi-
ment was low in the rainy season (August and October 2016)
with high flow rate, whereas it was relatively high in the
non-rainy season (May and June 2017) with low flow rate.
However, no difference between the P concentrations of the
sampling sites at the Gangcheon, Yeoju, and Ipo weirs were
observed (one-way ANOVA, p>0.05; n=36).

For the sediment samples, the P fractions were in the
following order: Red-P > Ca-P > Al-P > Fe—P (one-way
ANOVA, p <0.05; n=36, respectively), similar to the distri-
bution pattern reported by Kaiserli et al. (2002). Sediment P
concentration and its fractions are important parameters that
indicated P pollution level and potential availability under
different environmental conditions. The concentrations of
Al-P and Fe-P fractions ranged from 21.28 to 79.32 mg kg™
and from 4.29 to 32.02 mg kg~!, respectively, lower than
those of the Red-P and Ca-P. The Al-P and Fe-P fractions
were used to estimate available P in the sediments which
results in P release and diffusion towards the water column
through pore water under anoxic condition in subsurface
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Fig.3 Water elevation and pre-
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sediments (Zhou et al. 2001). Because the P content can
be determined from the sediment properties, our analysis
showed that the concentrations of Al-P and Fe-P were
higher in the acidic sediment and lower in the others (Verma
et al. 2005). There was no difference between Al-P and Fe-P
according to the rainfall period (one-way ANOVA, p>0.05;
n=36). Reportedly, the Al-P and Fe-P fractions can vary
widely when anoxic conditions prevail at the overlying water
of the sediment (Sun et al. 2009). Since oxic conditions were
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maintained during the sampling period, it is estimated that
the loading and release of Al-P and Fe—P remained constant,
implying that there was no difference in the concentrations
of Al-P and Fe-P.

The Red-P concentration was in the range of
115.20-325.51 mg kg™, showing the highest concentration
among all the four inorganic P fractions as well as indicating
that this P fraction is sensitive to oxidation and is mainly
composed of Fe-hydroxide and Mn-compound bounded P
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(Kozerski and Kleeberg 1998). The high Red-P concentra-
tions both in the rainy and non-rainy seasons can be attrib-
uted to the oxic sediment surface that acts as boundary layer
for the upward diffusing P such as the Fe- and Mn-bounded
P (Kaiserli et al. 2002). The Red-P concentrations in the
three weirs were higher in the non-rainy season (May and
June 2017) than in the rainy season (August and October
2016; one-way ANOVA, p <0.05; n=36), same as the
result of the sum of the four P fractions. This difference
between the Red-P concentrations in the rainy and non-rainy
seasons might be related to the trophic status at the sam-
pling season. The lower organic content, especially DOC
in sediment—water interface, in the non-rainy season acts as
a favorable boundary layer for upward diffusing P, Fe, and
Mn. However, there was no significantly difference between
the Red-P concentrations of the three weirs.

The Ca-P fraction, which is mainly composed of apa-
tite P, exhibited a large variability in the sediments of the
three weirs. The concentration of Ca-P was in the range of
11.71-124.46 mg kg™, which was the second highest value
(after the Red-P concentration) among those of the four
P-fractions. According to the previously reported studies,
Ca-P exhibits the highest abundance among all the inorganic
P fractions present in surface sediments (Aydin et al. 2010;

Thin et al. 2020), leading to the oversaturation of calcite,
co-precipitation of phosphate, and mineralogical composi-
tion of the particles (Thin et al. 2020; Aydin et al. 2010).
Based on the sampling period, the concentrations of Ca-P
were higher in the non-rainy season (May and Jun 2017)
than in the rainy season (August and October 2016; one-way
ANOVA, p <0.05; n=36), similar to the concentrations of
Red-P. No significant difference between the Ca-P concen-
trations at the three weirs was observed.

3.3 Variations in the sediment phosphorus
release rates

The concentration of inorganic P during the incubation peri-
ods in the rainy (August and October 2016) and non-rainy
seasons (May and June 2017) are depicted in Fig. 5. The con-
centration of inorganic P in the sediments did not change with
the incubation time in the rainy season (August and October
2016; one-way ANOVA, p > 0.05). However, it tended to
decrease with the increasing incubation time in the non-rainy
season (May and June 2017; one-way ANOVA, p <0.05;
Fig. 5a). In the non-rainy season (May and June 2017), the
sum of the concentrations of the four fractions decreased by
8-28% for three days (one-way ANOVA, p <0.05; n=36);
afterwards, it was maintained or increased. Because the con-
centration of inorganic P in the sediment decreased with the
incubation time, it was assumed that P was released from the
sediment into the overlying water, similar to the results of the
previous studies (Sun et al. 2009).

Reportedly, the change in the sediment P content is related
to the composition of each P fraction (Nurnberg 1988; Jalali
2010). Therefore, the results of P concentration for each P frac-
tion were examined, and the corresponding results are shown
in Fig. 5b—e. In the rainy season (August and October 2016),
there was no change in the concentrations of the four P frac-
tions according to the incubation time. However, in the non-
rainy season (May and June 2017), the Al-P, Fe-P, and Ca-P
contents of the sediment decreased during the incubation time
(one-way ANOVA, p <0.05; n=36). A concentration decreases
of 45-71%, with a release rate of 0.34-1.04 g m2 day‘l,
was observed for the Al-P fraction during the 3-day incu-
bation period. In contrast, although the release rate of Fe—P
also decreased with the incubation time, but there was no
change until 3 days. After 3 days, the Fe—P content of the
sediment decreased by 59-89%, and the release rate was
0.24-0.38 g m~! day™'. For Ca-P, the concentration decrease
was 31-62% with a release rate of 0.50-1.43 g m~2 day ™' dur-
ing 3-day incubation period. This release rate was relatively
smaller than those of Al-P and Fe—P. The opposite trend
occurred for Red-P, which showed increasing concentration
and release rate after 3 days of incubation. However, no statis-
tically significant difference was identified (one-way ANOVA,
p>0.05; n=36).
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Al-P and Fe-P are classified as non-apatite inorganic P
(NAI-P; Nurnberg 1988). Al and Fe oxides combined with
P in the sediments contain a number of minerals such as
hematite, magnetite, amorphous Al oxides, and corundum
(Wu et al. 2020). Among Al and Fe oxides, amorphous or
amorphous form can be bind to P through co-precipitation of
surface (Khare et al. 2005; Zhang et al. 2022). Even though
NAI-P show different P adsorption or desorption capacity
depending on the structure with minerals (Wu et al. 2020),
NAI-P could indicate presence of mobile and bio-available
P and used for the estimation of available P in the sediment
(Zhou et al. 2001; Hou et al. 2014; Saha et al. 2022). Report-
edly, the binding capacity of NAI-P is correlated with the pH
of the water body (Jensen and Andersen 1992). Because the
binding force of Al-P and Fe—P decreases with the increas-
ing pH, a higher pH of the water implies a weaker bound-
ing between P and the metals Fe and Al in the sediment,
resulting in easy release of these inorganic P fractions into

@ Springer

the water layer. In this study, because the pH was higher
in the non-rainy season (7.76-8.25; May and June 2017)
than in the rainy season (6.91-7.61; August and October
2016), the decrease in the concentrations of Al-P and Fe-P
was more distinguishable in the non-rainy season than in
the rainy season.

Further, the correlation between the Al-P and Fe—P release
rates and the PO,-P release rate was examined (Fig. 6). The
Al+Fe-P release rate was obtained by examining the changes
in the Al-P and Fe—P concentrations in the sediment, whereas
the PO,-P release rate was determined from the change in the
PO,-P concentration in the overlying water layer. Therefore,
by comparing these two release rates, we tried to examine
the correlation between the inorganic P concentration in the
sediment and water layer. The Al+4 Fe—P release rate was
positively correlated with the PO,-P release rate (p =0.0343),
suggesting that a large amount of P is released into the water
layer when the Al+Fe-P release rate is high. As a result, the
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properties of the sediments, which were different for each
sampling period, significantly affected the P-fraction release
rates. As evident from Fig. 6, the correlation between the
Al+Fe-P release rate and the PO,-P release rate can be clas-
sified by the sampling period—rainy and non-rainy seasons.
Moreover, a higher PO,-P release rate is expected from the
sediments in the non-rainy season, resulting in a high P con-
centration in the overlying water layer.

The EF value of Al+Fe-P to Ca-P were ranged from
0.23 to 2.24 in day O sediment (n=36), and were ranged
from 0.12 to 4.10 in incubated sediment (3 and 7 days;
n=36, respectively; Fig. 7). The EF value of the initial and
incubated sediment was highest in Yeoju weir and lowest
in Ipo weir, with greater variability in Yeoju weir than in
Gangcheon and Ipo weir. According to previous studies,
the ratio of Fe + Al-P and Ca-P is an effective indicator to
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Fig.7 Changes in the enrichment factors (EF) of Fe+ Al-P to Ca-P
during the incubation (7 days) in the Gangcheon, Yeoju and Ipo weir

Ganglcheon

distinguish the relative contribution of point versus nonpoint
sources among sediment samples in each weir (Zhang et al.
2022). In addition, the areas more affected by point sources
showed dominant Fe/Al-bound P, while the areas more
affected by nonpoint sources showed dominant Ca-bound P
(Liu et al. 2012; Yang et al. 2020; Zhang et al. 2022). In the
Gangcheon and Ipo weir, inorganic phosphorus derived from
point source were 13% and 20%, respectively, and derived
from nonpoint source were 87% and 80%, respectively. In
Yeoju weir, inorganic phosphorus from point and nonpoint
sources was 41% and 59%, respectively. Although nonpoint
sources were dominant in the watershed of all weirs, there
were more inorganic phosphorus derived from point source
in Yeoju weir compared to other weirs. Most of the water-
shed of the Namhan River, where Gangcheon, Yeoju and
Ipo weir are installed, consist of forest and agricultural areas
(Lee et al. 2020). However, the point sources were high in
the upstream of Yeoju weir, as there are many residential
and commercial areas compared to other weirs. There is a
Paldang Dam that supplies drinking water to the Seoul met-
ropolitan area in the downstream of the Namhan River. The
government of South Korea designated the Namhan River
basin as a special water preservation area and has managed
water quality by the total water pollution load management
program and development restrictions. Therefore, as a result
of the EF value, it is necessary to manage nonpoint source
additionally to enhance the water quality downstream of the
Gangcheon, Yeoju and Ipo weir. Especially, based on the
results of EF value, more attention should be required on the
Yeoju weir watershed to reduce the impact of point sources.

3.4 Relationship between the physiochemical
factors and the P-fraction release rates

Linear regression analyses of the relationship between
the physiochemical factors (overlying water pH, NO,, and
DOC; surface sediment TOC and chlorophyll-a contents;
and PO,-P release rate) and the P-fraction release rates
were performed, and the corresponding results (Pearson’s R
values) are shown in Table 2 (n=12). A positive Pearson’s
R value indicates a positive correlation, whereas a negative
R value implies a negative correlation between the physio-
chemical factors and the P-fraction release rates. Evidently,
the Al-P release rate is positively correlated with the pH
(p=0.030), consistent with the results of the previous stud-
ies, which demonstrated that a higher pH value corresponds
to a weaker bonding between Al and P in the Al-P frac-
tion (Nurnberg 1988; Orihel et al. 2017). Thus, Al-P con-
tent is easily released from the sediment to the water layer
(Nurnberg 1988; Orihel et al. 2017). The organic matter
(NO, and DOC) in the overlying water showed correla-
tion with the Fe-P, Ca-P, and Al + Fe + Ca-P release rates.
The surface sediment TOC is correlated with the Fe—P
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Table 2 Pearson correlation
between the physiochemical
factors and the release rates of
the various P fractions (n=12)

Release rate pH Overlying water NO, Overlying Surface Surface

water DOC sediment TOC sediment
chlorophyll-a

Al-P 0.713* NS NS NS NS

Fe-P NS -0.767* —0.654* 0.716* NS

Red-P NS NS NS NS —0.658*

Ca-P NS —0.817%* —-0.611* NS NS

Al+Fe-P NS NS NS NS NS

Al+Fe+Ca-P NS —0.785% NS 0.712* NS

NS not significant

Significance level at p <0.05%; p<0.01**

(p=0.020) and Al + Fe + Ca-P release rates (p =0.020).
The metabolic activities of the microorganisms might be
promoted by the organic matter, thereby influencing the P
transformation in the sediment (Vincent et al. 2010; Shao
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et al. 2019). Therefore, it is considered that the mineraliza-
tion of the organic matter influenced the release of Fe—P
and Al+Fe + Ca-P.

The PCA analysis was performed on the physiochemical
factors with Pearson’s R values of + 0.6 or more, with no
missing values (n=12). PC1 and PC2 were used according
to the proportion of variance and cumulative proportion
results. The first two PCs explain more than 70% of the
data (PC1: 54.3% and PC2: 15.87%), and each point in
the scatter plot represents one spectrum. PC1 describes
the P fraction and precipitation, while PC2 describes the
degree of decomposition of the organic matter. Figure 8a
shows that PC1 and PC2 could lead to apparent clustering.
The data obtained during the rainy season (August and
October 2016) are located on the negative side of PCI,
whereas those obtained during the non-rainy season (May
and June 2017) tend to be distributed on the positive side
of PC1. However, no obvious difference between the sam-
pling locations is evident (Fig. 8b). Thus, the PCA results
show that the P-fraction release rates and physiochemical
factors changed with the sampling period rather than with
the sampling location.

4 Conclusion

In this study, we investigated the temporal and spatial
variations of the inorganic P fractions and their release
using the sediment of three weirs built along the Han
River in South Korea. Since three consecutive weirs of
the Han River affect the P accumulation induced by rain-
fall which may affect the P release and cause long-term
eutrophication of the impoundments; thus, this study
was performed in an attempt to bridge this gap. There
were significant temporal variations in the inorganic P
fractions, the P release rate from the sediment, and the
results of PCA analysis using physiochemical factors.
The inorganic P fractions were significantly higher in the
non-rainy season than in the rainy season. The Red-P and
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Ca-P concentrations were high in the non-rainy season
when there was less inflow of allochthonous organic mat-
ter. However, there were no significant spatial differences
in the concentrations of Red-P and Ca-P. The incuba-
tion experimental results showed that the concentration
of inorganic P in the sediments tended to decrease in the
non-rainy season. The higher pH in the non-rainy season
resulted in the more noticeable decrease of NAI-P, Al-P,
and Fe—P, which could enhance the availability of P in
the sediment. Inorganic P fractions could indicate relative
contribution of point and non-point sources through the EF
value. Sediments of three weirs were dominantly affected
by nonpoint sources, but there was more inorganic phos-
phorus derived from point source in Yeoju weir which has
residential and commercial areas in watershed. The posi-
tive correlation between the Al-P and Fe—P release rates
and the PO,-P release rate suggested that the amount of P
released into the water layer was large when the Al + Fe—-P
release rate was high. The correlation classified by the
sampling period, i.e., rainy and non-rainy seasons, indi-
cated a larger probability of a high PO,-P release rate
from the sediment during the non-rainy season. The PCA
results showed that the P-fraction release rate and physi-
ochemical factors changed with the sampling period rather
than with the sampling location. The results of this study
showed that the sediment induced by rainfall affects the
inorganic P fractions and the P release rate. To control the
P release from the sediment and the water quality of the
impounded water, it is necessary to establish water quality
management strategies according to temporal variations.
Measuring P releasing from sediment using the method
of this study will help to implement water quality man-
agement in various water bodies with different hydrologi-
cal characteristics and climates (Wang et al. 2005; Aydin
et al. 2010; Thin et al. 2020). In addition, further studies
are required to trace the sediment sources contributing to
the variation of P pools within a river and to evaluate the
dynamics of P in riverbed sediments. Extensive analysis
of phosphorus content in sediments below as well as above
the weir will be improve the understanding of change in
bottom sediments properties due to the presence of hydro
technical structure.
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