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Phosphorus (P) is an essential element for the metabolism, growth, and
development of living organisms, and it often limits primary production in
freshwater ecosystems. During flood events, rivers can transport considerable
amounts of particulate organic P (org-P) and inorganic P from the basin to the
ocean. Understanding the transport mechanisms and changes in P distribution
from upstream to downstream areas of rivers is crucial to estimate its flux to the
ocean. However, the processes involved in P transformation and cycling
among different forms in rivers are not well understood. To better
understand P transformation and total P (TP) concentrations in river basins,
this study examined various P forms in bottom sediments, river bank
sediments, parent rock material, and soil samples along the Tone River,
Japan. P forms such as org-P, Ca-bound phosphorus (apatite, Ca-P), P
bound with iron oxides/hydroxides (Fe-P), bio unavailable non-apatite
inorganic P (NAIP), and TP were analyzed. The results showed an increase
in TP concentration in bottom and bank sediment samples along the course of
the Tone River. This change in TP was mostly due to the increases in Fe-P and
bioavailable org-P, while Ca-P and NAIP decreased toward the downstream
area. Analysis of parent rock in three main mountain group areas (Mount
Tanigawa, Mount Akagi, and Mount Tsukuba) showed their downstream
impacts on TP and the distribution of P forms. Sediment grain size
distribution analysis suggested that Fe-P and org-P fractions increased with
decreasing sediment particle size, while Ca-P and NAIP were relatively evenly
distributed among all grain sizes. The data revealed the transformation of P
forms in sediments of the largest river in the Kanto region, Japan, which
influence its flux to the Pacific Ocean. The results suggest that Fe-P and
org-P may play a more significant role in P transport from river basins to
the ocean than previously thought. The findings of this study can be useful for
estimating P fluxes to the ocean and for the management of freshwater
ecosystems.
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1 Introduction

Phosphorus (P) is an essential and sometimes limiting nutrient in aquatic systems,
controlling the growth rate of algae and aquatic plants. Photosynthesis (primary
production) in aquatic ecosystems and the oceanic carbon cycle are also strongly
dependent on nutrient elements, such as nitrogen (N) and P (Holland, 1984). In the
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eastern Mediterranean Sea (Krom et al., 1991; Krom et al., 2010;
Lazarri et al.,, 2015) and other coastal areas (Fisher et al., 1992;
Hayashi et al., 2000; Kubo et al., 2019), P is the limiting nutrient
for primary production due to high N:P values in all external
nutrient inputs. Therefore, understanding the process by which P
is supplied to the terrestrial and aquatic ecosystems is an
important issue.

In soils, Ca-bound phosphorus (apatite, Ca-P) is the
dominant P-bearing primary mineral (Nezat et al, 2008). P
mainly originates as apatite in bedrock or in uplifted
sedimentary deposits. Several studies have been conducted on
the dominant P form (apatite) in many parent materials
(Williams, 1969; Kohler et al., 2005), but there has been little
research regarding the characterization of P forms. Parent
materials differ in P concentration, which may influence P
availability across the whole area of a river basin.
Furthermore, P weathering, leaching, and other processes are
strictly dependent on the origin of P source in parent rocks,
meaning that P flux is likely to differ in different geological
systems (Hartmann et al., 2014). As with silicate minerals, the
solubility of apatite is higher under acidic conditions, and it has
been reported that the concentration of phosphate in stream
water is higher in areas where the surface geology is andesite or
basalt (Wakamatsu et al., 2006). Once P is released from apatite,
dissolved phosphate ions can be transported via natural waters to
the ocean. Along this path, P can be adsorbed onto inorganic
particles or incorporated into various metabolic reactions and
pathways (Ruttenberg, 2004).

In aquatic systems, P occurs in a number of basic forms,
including dissolved inorganic P (IP, readily reactive P, which is
immediately bioavailable), dissolved organic P (org-P), particulate
organic P (detritus and living biomass), and particulate inorganic P
(mostly represented by Fe/Al-bound P). The availability of P in
water is influenced by various physical and chemical
transformations as well as biological processes. The adsorption of
P onto sediment particles plays a key role in P cycling, especially in
streams and rivers affected by agricultural land use (Withers and
Jarvie, 2008; Weigelhofer et al., 2018). Particle-bound P settles in
retention zones of rivers, such as pools, floodplain lakes, and
impounded sections, and can then be released into the water
column. The amount of P in the sediments is strongly dependent
on grain size, and is highest in mud (<63 um) and fine sand
(63-250 pm) and decreases with increasing grain size (Reddy
et al, 1999; Mainstone and Parr, 2002; Peng et al., 2021).
Therefore, it is necessary to gain an understanding of the
changes in P forms and grain sizes from upstream to
downstream areas of the rivers.

Phosphorus speciation in sediment provides useful information
on the reactivity and potential bioavailability of P in the aquatic
ecosystem. However, most experimental studies on phosphate
release from sediments have focused on static release in lakes or
estuaries, but there are not many studies about P in river sediments.
There is a need for more research on the interactions between
different forms of P, its spatial variability and other chemical, and
physical factors in the river sediments and water column.

This study was performed to determine the spatial variability of
P in bottom sediment and bank sediment along the Tone River,

Japan, to understand grain size changes from the upstream to
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downstream areas of the Tone River, and to identify and
compare different P forms and their interactions, and changes in
the sediment, with reference to its tributary zones with different
surface geology.

2 Materials and methods

2.1 Study site

A field survey was conducted along the Tone River, the largest
river in the Kanto region, which includes Tokyo, Japan. The river is
322 km long and has a drainage area of 16,840 km®. The mean
annual discharge of the Tone River varies depending on the year and
the season, however, the long-term average annual discharge is
approximately 20.5 x 10° m*/year.

The land in the Tone River basin consists of about 62%
mountainous land mostly covered with forest, 23% agricultural
land, such as rice paddies and fields, around 7% is urban land,
such as residential land, and 8% of water surfaces, mainly
represented by the Lake Kasumigaura (Ministry of Land,
Infrastructure, Transport, and Tourism, 2011). Therefore, the
supply of P-bearing parent rock is important over a wide area, in
addition to the supply of phosphate and org-P through treated
sewage water as possible local sources of P. As of 1 October 2022, the
estimated total population of prefectures within the Tone River
basin is approximately 15.9 million people (Ministry of Internal
Affairs and Communications, Japan).

The upper reaches of the Tone River basin are mostly represented
by two groups of parent rock material, i.e., dacite and rhyolite with
relatively low P concentrations, and andesite group rocks with high P
concentrations (Figure 1). Mount Tanigawa is mainly represented by
relatively low-P rhyolite and dacite (mean P concentration is 14.2 and
27.2 umol/g respectively), while Mount Akagi, located to the southwest,
consists almost entirely of andesite and basaltic-andesite rocks with
mean P content of 37.1 and 50.1 pmol/g respectively (National Institute
of Advanced Industrial Science and Technology Geological Survey of
Japan, GeomapNavi, 2018).

The downstream area is represented by plains covered by tablelands
consisting of unconsolidated agglomerates of shallow marine sediments
(Okamoto and Tkeda, 2000). River valley lowlands separate the hills and
tablelands into independent sections. While upstream reaches of the
valleys are gravelly and rather dry, the middle- and downstream
portions become deltaic, wet, and swampy. Decomposed red-brown
volcanic ash soil, called Kanto loam, covers the flat-topped tablelands.
Mount Tsukuba, one of the sources of P in the lower reaches of the Tone
River basin, is located to the north of the downstream area of the Tone
River and northwest of Lake Kasumigaura. Mount Tsukuba consists of
granitic and gabbroic rocks (mean P concentration is 31.1 and
26.1 umol/g respectively), which have relatively high P contents.
Data from whole-rock analyses obtained from the EarthChem
website (www.earthchem.org).

2.2 Sampling

Samples of sediments were taken at 23 sampling sites in the Tone
River basin (Supplementary Table S1). Sampling sites 1-3 represent
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FIGURE 1
Geological map of the Tone River basin.
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upstream areas; sites 1 and 2 are located at Mount Tanigawa, site 3 is
located in the Tone River area close to Maebashi City, and sites 3-
2 and 3-3 are located at Mount Akagi. Sample 3-2 was taken in the
western part of Mount Akagi at the Akagishirakawa River. Sample 3-
3 was taken southeast of Mount Akagi, at the Kasugawa River. Both
the Akagishirakawa River and Kasugawa River join the Tone River
via the Watarase River. The middle-stream area is represented by
sampling sites 4-6. Sites 4 and 5 are located downstream from
Isesaki City. Site 6 is located after the mixing of the Tone River and
Watarase River. The downstream area is represented by sampling
sites 7-9. Site 7 is located after the Kinugawa River merges with the
Tone River, site 8 after the Kokai River, and site 9 is located close to
Katori City. Sampling areas 10-12 represent a mixing zone of the
Tone River that is influenced by the salty water from the Pacific
Ocean with salinity ranging from 6.5 at site 10-9.1 at site 9. Sampling
site 10 is located downstream of the mixing of the Tone River and
Hitachitone River, site 11 is approximately 10 km from the estuary,
and site 12 is about 5 km from the estuary. Four samples (K1-K4) of
bottom sediment (0-10 cm depth) from Lake Kasumigaura were
collected using an Ekman grab from a boat with the help of the
National Institute for Environment Studies. Sample K5 was also
taken using Ekman grab at the Hitachitone River, which connects
Lake Kasumigaura and the Tone River.

Stream bank erosion is one of the main sources of suspended
sediments in stream water, and may be a source of P during flood
periods (Rahutomo et al., 2019). Therefore, nine bank sediment
samples—six from the Tone River (1, 2, 4-7), three from tributaries
of the Tone River (3-2, 3-3, and K5) —were collected by hand from
single point of surficial material, representing only modern
depositional surfaces. After collection, bottom sediment and bank
sediment samples were transported in cooling boxes to the
laboratory and frozen until analysis. Similar to bank sediments,
soil sediment samples were taken from four sites as potential P
sources. T1 represents Mount Tsukuba, AL-1 and AL-2 are soil
samples from agricultural lands located to the southwest of the main
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body of Lake Kasumigaura in the downstream area of the Tone
River, and soil sample K3-2 was taken from one of the bays of Lake
Kasumigaura. These samples were collected by hand.

The three largest mountain groups along the river course were
sampled for parent rock material, consisting of one sampling site at
Mount Tanigawa (R1-R3), two sampling sites at Mount Akagi close
to the Akagishirakawa River (R4) and Kasugawa River (R5), and one
site at Mount Tsukuba (R6 and R7), which is one of the main P
sources in the Kasumigaura area connected to the Tone River by the
Hitachitone River. Locations of sampling sites are shown on the map
in Figure 2.

2.3 Analytical methods

Bottom sediment, bank sediment, soil, and parent rock samples
were dried for 3 days at 105°C and then ground using a tungsten mortar
and pestle. These samples were divided into four subsamples, and
different forms of P were quantified as P bound with Fe oxides/
hydroxides (Fe-P), apatite P (Ca-P, CaCO5-P and possibly some
residual of Fe-, Al-, Mn-bound P), and non-apatite inorganic P
(NAIP), representing some hardly extractable P and silica-bound P.
The first subsample was extracted with citrate-dithionite-bicarbonate
solution at pH 7.6; this fraction represents Fe-P. The second subsample
was ashed for 6 h at 550°C and then extracted with 1 M HCl. The
difference between subsample 1 and 2 represented the apatite P fraction.
The third subsample was also extracted with 1 M HCI but without
ashing. The difference between these two subsamples (2 and 3)
represented the org-P fraction (Ruttenberg, 1992). Subsample 4, was
extracted with hydrogen fluoride (HF) digestion with HNO; and
HCIO, pretreatment, and represents total P (TP). The difference
between hydrogen fluoride and HCl 550°C subsamples represented
NAIP. Phosphate in solution, after filtration, was analyzed by the
standard molybdate-blue spectrophotometric method using a
spectrophotometer (U-1500; Hitachi, Tokyo, Japan).
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Locations of sampling sites in the Tone River basin. R1-R7 indicate the locations of parent rock sampling sites.

Although the SEDEX method (Ruttenberg, 1992) was originally
developed for use with marine sediments, this method is often used
for sequential extraction of P from freshwater sediments (Filippelli
etal,, 2006; Wang L. et al., 2013; Simon et al., 2009). For example, Liu
et al. (2018) and Zheng et al. (2016) used a modified method with
higher acid concentrations and longer extraction times. The reason
for using higher acid concentrations (or stronger acids) is that river
sediments can contain more mineral phases, such as iron and
aluminum oxides/hydroxides, and apatite-P, that can adsorb or
precipitate phosphorus, making it less available for extraction
with original Ruttenberg’s method. Using a stronger acid can
help dissolve these mineral phases and release the P that can
bind with them. Therefore, in this study, an additional phase of
HF digestion was performed. The standard deviation of replicate
measurements for each P form was less than 10% of the mean.

The non-ground subsample was used for grain size analyses.
First, subsamples were weighed and put into a sieving machine
(MVS-1; AS ONE, Osaka, Japan) with four sieves with mesh sizes
ranging from 4 mm to 250 pm to separate the gravel and coarse sand
fractions. All fractions were then weighed and the fraction with grain
size <250 um was put into a separate container for further laser
analysis using a laser diffraction particle size analyzer (SALD-2300;
Shimadzu, Kyoto, Japan). The sieved fraction was put into a glass
container with purified water and left to stabilize with stirring for
5 min before analysis. The obtained data were tabulated with data
for other grain sizes from the first step, and the overall grain size
distribution was calculated with weight-based method.

3 Results

3.1 Grain size distribution in the bottom
sediments along the Tone River

The upstream portion of the Tone River was mainly represented by
gravel sediment: 91.4% at sampling site 1, 72.7% at site 2, and 58.8% at
site 3. Approaching the middle-stream region of the Tone River,
sediment grain size changed from gravel to sand. Sediments at sites
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4-6 were composed mainly of the middle fraction of sand
(1,000-500 pm), at around 73%, and contained only about 9% and
8% coarse sand and fine sand fractions, respectively. In the downstream
area (sites 7-9), sediments were composed mainly of the middle sand
fraction (59.7% on average), and contained 1% coarse sand and 36.8%
fine sand. Among downstream samples, site 8 had the highest
proportion of the middle sand fraction, while site 9 had the highest
proportion of coarse sand. The mixing zone showed the most rapid
change in sediment grain size stratification. While site 10 (mixing area
of the Tone and Hitachitone rivers) mostly consisted of fine sand (grain
size: 63-250 pm; 75.1%), site 11 had only 36.6% fine sand and 51%
middle sand and 10.8% mud (grain size: <63 pm, ie, silt and clay).
Among mixing zone sites, site 12, the closest to the ocean, had the
highest percentage of mud (26.8%), although fine sand was the main
fraction (53.8%); the middle sand fraction was lowest at this site (17%)
(Figure 3; Supplementary Table S2).

3.2 Changes in TP concentration in the Tone
River basin

An notable increase in P concentration was observed between
Mount Tanigawa (sites 1 and 2) and Mount Akagi (sites 3-5),
resulting in an elevation of TP content in the bottom sediment from
the upper reaches of the Tone River to the downstream area. The mean
TP in the Tanigawa and Akagi areas were 9.7 and 14.5 pmol/g,
respectively, representing an almost 5 pumol/g increase in TP in the
latter (Figure 4A). From the middle-stream area, TP continued to
increase smoothly by about 1.5-2.5 umol/g among sampling sites. A
decrease in total phosphorus (TP) content of 7 jimol/g was observed at
site 9 compared to site 8, and a decrease of almost 10 umol/g was
observed at site 9 compared to site 10. On the other hand, the sampling
sites in the mixing zone, including sites 10, 11, and 12, exhibited the
highest TP contents, measuring 22.6, 25.7, and 26.6 tmol/g respectively.

Bottom sediment samples from the Lake Kasumigaura (K1-K5)
showed a slight increase in TP concentration at sampling sites
K1-K3, with an increase from 26.5 umol/g to 30.3 pmol/g (a
3.8 umol/g increase). Subsequently, there was a marked decrease
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FIGURE 4
(A) TP changes in bottom sediments of Tone River. (B) TP changes in bank sediments of Tone River.

TABLE 1 TP contents in parent rocks in the Tone River basin.

TP content (pmol/g) Rock type
Mean
Tanigawa R1 10.4 12.7 13.2 Rhyolite
R2 16.7 227 239 Dacite
R3 116 13.8 14.7 Rhyolite
Akagi R4 30.5 357 37.4 Andesite
RS 33.1 36.2 36.7 Andesite
Tsukuba R6 25.5 27.9 28.8 Granodiolite
R7 23.1 23.6 24.6 Granodiolite
in TP concentration towards sites K4-K5 (15.9 and 15.1 pmol/g Similar to the bottom sediment samples, bank sediment TP showed

respectively; Supplementary Figure S1A). Interestingly, site K3 also  notable increases between Mount Tanigawa and Mount Akagi (average
showed the greatest sediment thickness among all sites (about  of sites 1 and 2: 10.9 umol/g average of sites 4-6: 17 pmol/g)
100 cm) (GSI, 2021; Supplementary Figure S1B). (Figure 4B). Parent rocks also showed differences in TP levels from
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Mount Tanigawa to Mount Akagi and Mount Tsukuba. The mean TP
concentrations at Mount Tanigawa (samples R1-R3) were in the range
of 12.7-22.7 umol/g, with a maximum TP concentration of 23.9 pmol/g
in dacite rocks. The mean TP at Mount Akagi (R4-R5) showed higher P
contents compared to both Mount Tanigawa and Mount Tsukuba
(35.7 and 36.2 umol/g, respectively), with a maximum TP content of
37.4 pmol/g at site R5, which also corresponded to the mean TP content
in andesite rocks. The mean TP concentration in parent rock samples of
Mount Tsukuba was 25.8 pmol/g (range: 23.1-28.2 umol/g) (Table 1).
The TP concentration in soil samples varied markedly over the course
of the river, with the minimum concentration observed at site K3-2
(14.2 umol/g) and the maximum at site AL-1, representing agricultural
land (32.4 pmol/g).

3.3 Changes in P forms in the Tone River
basin

TP was dominated by inorganic forms (apatite-P, NAIP, and Fe-
P), which represented about 90% of the TP in the sediment samples
of the Tone River. The mean concentrations of Apatite-P (Ca-P), Fe-
P, NAIP, and org-P in bottom sediments along the course of the
Tone River were 5.2, 3.7, 4.1 and 1.4 pmol/g, respectively. This P
form distribution was also observed in parent rocks and bank
sediments, where the most dominant form was apatite-P,
followed in order by NAIP, Fe-P, and org-P (Figure 5).

Upper and lower error bars represent the largest value within
1.5 times interquartile range above 75th percentile and the smallest
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value below 25th percentile. Top and bottom of the boxplot stand for
75th and 25th percentile respectively. 50th percentile (median)
shown as the horizontal bold line inside of the boxplot.

The percentage of Ca-P decreased from the upper reaches of the
Tone River (46%) toward the downstream area (4% at site 12); similarly,
NAIP decreased from about 29% to only 3%, except at sites 9 and 10 in
the downstream area, where the proportion of NAIP increased to around
37%. In the mixing zone, NAIP showed the lowest concentration and
continued to decrease toward site 12, where it reached a minimum of
0.2% of total IP. Meanwhile, Fe-P and org-P showed increasing trends,
from 12% in the upper reaches to 37% in the mixing zone for Fe-P, and
from 7% to almost 50% in the mixing zone for org-P (Figure 6).

Comparison of P concentrations in the bottom sediment between
the mixing zone and other areas of the river showed that the increase in
TP was due to the increases in Fe-P (7.3 umol/g increase) and org-P
(4.2 umol/g increase) (Figure 7A). In contrast to the increases in Fe-P
and org-P, the Ca-P fraction in the mixing zone was 2.8 pmol/g less
than that in river bottom sediments. NAIP was relatively stable and did
not show a marked change (0.3 umol/g increase in the mixing zone).

There were small increases in all P forms in the bank sediments
compared to bottom sediment samples, and the TP increase was
mostly due to the inorganic forms (Figure 7B).

Soil samples collected in the downstream area of the Tone River
showed relatively high org-P concentrations compared to the bottom
and bank sediments along the entire course of the river (4.9 umol/g on
average, with lowest org-P of 3.2 umol/g at site K3-2 and highest of
5.5 umol/g at T1). Fe-P and Ca-P fractions varied significantly among
soil samples. Fe-P concentrations were 3.6, 15.2, 8.2, and 4.1 umol/g for
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sites T1, AL-1, AL-2, and K3-2, respectively. Ca-P ranged from
19umol/g at K3-2 to 10.6umol/g at AL-1, with a mean
concentration of 5.2 pmol/g. NAIP was mostly stable across all soil
samples, with a mean concentration of 5.5 umol/g.

4 Discussion

4.1 Influence of parent rock type on TP
concentration in Tone River sediments

The TP concentration in parent rock material in the Tone River

basin ranged from 9.7 pmol/g at Mount Tanigawa to a maximum of
38.9 umol/g at Mount Akagi. These values were consistent with
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previous reports that average P concentration ranges between
7.2 and 55 umol/g in igneous basaltic rocks, and between 0.9 and
27 umol/g in sedimentary rocks (Reinmann and de Caritas, 1998). One
reason for the increase of 5 umol/g in TP from Mount Tanigawa to
Mount Akagi in bottom sediments could be the different origins of the
parent rocks in these areas. The bottom sediments in sites downstream
of Mount Akagi showed higher overall IP concentrations than sites
1 and 2, resulting in an increase in TP. Furthermore, parent rock
samples and bottom sediments showed similar Ca-P and NAIP
distributions. For the Mount Tanigawa area, the mean Ca-P/IP
ratios in bottom sediments and parent rock material were 51.1%
and 51.7%, respectively, and the mean NAIP/IP ratios were 28.4%
and 26.5%, respectively. For Mount Akagi, the mean Ca-P/IP ratios in
bottom sediments and parent rocks were 49.6% and 45.9%, respectively,
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FIGURE 8

Ca-P and NAIP distributions in the bottom sediments and parent rock material in Mount Tanigawa and Mount Akagi areas

and the mean NAIP/IP ratios were 31.6% and 30.9%, respectively
(Figure 8). These data suggest that the P in parent rock can impact TP
and P form distribution in sediments located downstream of the
mountains (Wakamatsu et al., 2006).

4.2 Changes in P forms and dependence on
grain size

Phosphate rocks are the main natural source of P, where it mostly
exists as insoluble Ca-P, also known as apatite. In this study, the mean
percentage of Ca-P contained in the bed sediments from the upper to
the lower reaches of the Tone River was about 45%, and that in the bank
sediments was 38%. The Ca-P/Fe-P ratio in the Tone River bottom
sediments showed a negative correlation (r* = 0.81) (Figure 9). Although
the sum of Fe-P and Ca-P showed no significant changes, the
percentage ratio of the sum (Fe-P and Ca-P) to IP in the bottom
sediment samples of the Tone River ranged from 57% to 64%. Ca-P
seemed to be controlled by chemisorption on colloidal ferric and
aluminum oxides/hydroxides adsorbed on the surface of the Ca-
containing particles. The pH-dependent Ca-P variations were
reflected by the Fe-P fraction (Oxmann et al,, 2008; Oxmann et al,
2010; Golterman, 2001). Similar to this study, Oxmann et al. (2008)
showed that Al/Fe-P mirrored Ca-P in the pH range 4-8, and the sum
of these fractions remained mostly unchanged.

Several studies have examined the relationships of different
forms of inorganic P to sediment grain size (Andrieux-Loyer and
Aminot, 2001; Rao and Berner, 1997), and the Al/Fe-P form was
shown to be related to fine-grained sediments. In this study, Al/Fe-
bound P was also closely related to fine-grained particles (Table 2);
therefore, the concentrations in the upstream and middle-stream
areas, where the sediments were mostly represented by gravels (grain
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Correlation between the relative abundance of Fe-P and Apatite-
P in IP (%) within the bottom sediments of the Tone River basin.

size: 4-16 mm), were the lowest compared to the downstream area
of the Tone River where the range of the Fe-P form was between
0.3 and 10.9 pmol/g. In contrast to Fe-P, Ca-P was relatively evenly
distributed among different grain size classes (Andrieux-Loyer and
Aminot, 2001), leading to relatively smooth spread of Ca-P.

The NAIP fraction was relatively stable throughout all of the
samples and sampling sites from upstream to downstream areas of
the Tone River. The ratio of NAIP to total IP (NAIP/IP) was in the
range of 14%-38%. This fraction did not show any significant
correlation to any other P form or grain size.
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TABLE 2 Correlation matrix for grain size and P species in bottom sediments of the Tone River.

Parameters Fe-P Org-P Apat-P NAIP TP Gravel (%) Sand (%) Mud (%)

Fe-P 1
Org-P 0.72% 1

Apat-P —-0.11 -0.47 1
NAIP 0.03 ~0.43 0.60* 1
TP 074 041 0.51 0.44 1

Gravel (%) -0.55 ~0.24 0.02 -0.36 ~0.67* 1

Sand (%) 041 0.02 0.08 0.49 0.52 ~0.97+* 1

Mud (%) 0.65* 091 ~0.40 -0.43 0.69* ~0.24 0.01 1

The statistical significance for following levels: * p<0.05 and **p<0.01.

Despite the paucity of studies on the relationships between org-P
and sediment grain size, some reports have agreed that organic matter is
preferentially adsorbed in muddy sediments (Turner et al., 1994; Vilas
etal,, 2005). Sediments of smaller grain sizes have relatively large specific
surface area, which can enhance the adsorption of metals, organic
matter, and other contaminants (Turner et al, 1994). Moreover,
some portion of mud-sized sediment is thought to be derived from
bacterial and phytoplankton remains, which are rich in organic carbon
and org-P (Coppola et al,, 2005; Coppola et al., 2007). Org-P is often the
dominant component of the TP content in silt and clay fractions
(ie, mud), while in sandy fractions the org-P/TP ratio varies
significantly (Makarov et al, 2002). Finer sediments are normally
localized to areas with lower hydrodynamic forcing, such as the
deepest points of estuaries. Similar results were obtained in this
study; the org-P/TP ratio increased toward the mixing zone of the
Tone River, where the sediment grain size was smaller, from around 5%
to around 50% at sampling site 12, which was high in silty sediments.

4.3 Phosphorus forms change mechanisms
in sediments along the Tone River flow

The Tone River is one of the major river systems in Japan that plays
a critical role in the transport of nutrients, including phosphorus. P is
often the rate-limiting element for primary production, especially in
freshwater ecosystems compared to marine ecosystems (Doering et al.,
1995). Therefore, it is important to understand the supply of phosphate
to the water column and the underlying mechanisms. As water flows
downstream, the P concentration and binding forms in the bottom
sediments may undergo significant changes due to various
biogeochemical processes. There are several studies conducted on
temperature, pH, salinity, and dissolved oxygen (DO) effect on
release of phosphate from sediments into the water column (Bidle
et al,, 2002; Zhang et al., 2012; Koriyama et al., 2013; Muta et al., 2019).
However, not many researches are conducted on spatial distribution
and changes of P forms in the river bodies. The distribution of P in the
river bottom sediments can change from the up-stream to the down-
stream due to various natural and anthropogenic factors. This study
focused on understanding the longitudinal changes in the total
concentration and binding forms of phosphorus (apatite-P, Fe-P,
NAIP and org-P) in the bottom sediments of the Tone River.
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In the upper reaches of the Tone River, phosphorus in the sediments
is typically dominated by mineral-bound P forms, such as apatite and
iron-bound P, which are less bioavailable to aquatic organisms. This is
due to the geology of the watershed, which is dominated by granitic and
metamorphic rocks (dacite, rhyolite) that are relatively low in organic
matter and P. The total P concentration in the sediments is also relatively
low, reflecting low inputs from anthropogenic sources. This study showed
that TP concentration in the river bottom sediments in the up-stream
area is almost fully depending on the geological condition of the area (net
concentration of apatite-P in the parent rocks).

In the mid-lower reaches of the Tone River, the sediment P forms
content is shifting from apatite-P dominated towards Fe- and Al-bound
P (in this study Fe-P). This is due to the presence of iron and aluminum-
rich soils in the watershed, as well as inputs from wastewater treatment
plants and other point sources. Another reason for this shift is that
apatite-P can be converted to iron-bound P through several steps
(diagenesis). In general, this process involves the dissolution of
apatite particles, which releases the P, followed by the precipitation
of iron oxide/hydroxide minerals that bind the P (Palmer-Felgate et al.,
2011). The dissolution of apatite particles can be influenced by a
number of factors, including pH, temperature, and the concentration
of other ions in the water (Yang et al., 2017; Shi et al., 2020). The surface
area-to-volume ratio of the river bottom sediment particles can also play
an important role in the dissolution process. Finer sediment particles
have a greater surface area per unit volume than coarser sediment
particles, which means that they can potentially dissolve more apatite
particles and release more P into the water (Green et al,, 2014; Liao et al,,
2015; Zhou et al,, 2019), this was also observed in this study.

As the Tone River flows downstream towards the estuary, inputs of
organic matter and nutrients from agricultural and urban sources lead
to an increase in the organic- P fraction in the sediments. While the
bottom sediments in the up-, middle- and downstream of the Tone
River were dominated by inorganic P forms, the mixing zone was
dominated by org-P form. This change occurs due to a variety of factors.
Water chemistry can influence the transformation of P forms. Changes
in pH, redox potential, and the concentration of other ions, such as iron
and aluminium can affect the solubility and reactivity of P compounds.
For example, under reducing conditions, iron-bound phosphorus (Fe-
P) can be converted to organic phosphorus (Org-P) through microbial
processes such as microbial degradation of organic matter and/or
microbial reduction of Fe(Ill) to Fe(I). The microbial processes
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result in the formation of organic molecules that incorporate
phosphorus in their structure and contribute to the build-up of
organic phosphorus in soils and sediments (Reddy and DeLaune,
2008; Chen et al, 2017; Liu et al, 2021). Sedimentation processes
can also play a role in the transformation of P forms. The accumulation
of organic matter and other sediment components can create anoxic
conditions that promote the conversion of inorganic P to organic P.
Land use and management practices can have a significant impact on P
transformation in aquatic systems. Human activities such as agriculture,
urbanization, and wastewater treatment can introduce organic matter
and nutrients to aquatic systems, which can promote the formation of
organic P (Sharpley et al.,, 2000; Schindler et al., 2008).

Lake Kasumigaura is also an important source of P to the Tone
River. Several studies have shown that Lake Kasumigaura is a major
source of dissolved reactive phosphorus (DRP) to the Tone River. The
DRP inputs from Lake Kasumigaura can have a significant impact on
downstream P dynamics, especially during periods of high flow and low
dilution capacity in the river (Fujimoto et al., 2017; Nagano et al., 2020).
This study showed that in addition to DRP, Lake Kasumigaura can also
be a source of particulate phosphorus (PP) to the Tone River. PP is a less
bioavailable form of P that is bound to sediment particles and can be
transported downstream during high-flow events. While PP is generally
considered to be less of a concern for eutrophication than DRP, it can
still contribute to sediment accumulation and enhance P forms change
in the downstream portion of the Tone River.

In summary, understanding the changes in phosphorus forms in
the Tone River is critical for managing its water quality and the
associated ecological impacts. This study highlights the importance
of considering natural factors, such as geology and sediment particle
size, as well as anthropogenic factors, such as land use and
wastewater inputs, in understanding the distribution and
transformation of phosphorus forms in the river. This knowledge
can help inform effective management strategies to reduce nutrient
pollution and maintain the health of the river ecosystem.
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