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Abstract: Understanding the distribution and transportation of phosphorus is vital for the sustainable
development of aquatic environmental protection and ecological security. The spatial–temporal
distribution of phosphorus fractions in water–sediment phases in river systems and their relationships
remain unclear in Southwest China. In this study, the spatial and temporal distribution of phosphorus
fractions in water–sediment phases in the Tuojiang River, a primary tributary of the Yangtze River
which plays important roles in the economy and ecology of the region, and the relationships among
the different phosphorus fractions were analyzed. These fractions were soluble reactive phosphorus
(SRP), dissolved organic phosphorus (DOP), and total particulate phosphorus (PP) fractions in water,
and exchangeable phosphorus (Ex-P), organic phosphorus (Or-P), phosphorus bound by Fe oxides
(Fe-P), authigenic phosphorus (Ca-P), detrital phosphorus (De-P), and refractory phosphorus (Res-P)
fractions in sediment. The SPR and Fe-P were the dominant phosphorus fractions in the water and
sediment, respectively. The TP content was greater in the lower reaches than in the middle and
upper reaches. The average abundances of most phosphorus fractions in water–sediment phases
showed significant seasonal variations. The Fe-P, Org-P, and TP in sediments were released to the
water interface, resulting in the increase of phosphorus in the overlying water. Redundancy analysis
(RDA) indicated that the physicochemical properties of water and sediment have a certain influence
on the spatial–temporal distribution of the phosphorus fractions. Principal component analysis
(PCA) revealed that the main phosphorus source was anthropogenic activities. These results provide
primary data regarding phosphorus fractions and contribute to understanding phosphorus cycling
and controlling phosphorus pollution in the Tuojiang River.

Keywords: phosphorus fractions; water; sediment; transportation; phosphorus cycling

1. Introduction

Phosphorus is an essential nutrient element for biological growth, and excessive
phosphorus is a crucial factor causing eutrophication in aquatic systems [1,2]. Phosphorus
bioavailability is not only related to the concentration of total phosphorus (TP), but also
to the phosphorus fraction [3] as soluble reactive phosphorus (SRP), dissolved organic
phosphorus (DOP), and total particulate phosphorus (PP) in aqueous environments, and
exists as six phosphorus fractions (exchangeable phosphorus (Ex-P), organic phosphorus
(Or-P), phosphorus bound by Fe oxides (Fe-P), authigenic phosphorus (Ca-P), detrital
phosphorus (De-P), and refractory phosphorus (Res-P)) in sediment. Each fraction has
unique bioavailability, chemical reactivity, and environmental fate, which can play different
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roles in regulating water quality and the biogeochemical cycling of other bioactive elements
in aquatic environments [4,5]. Therefore, understanding the distribution of phosphorus
fractions is important in evaluating water quality and managing phosphorus pollution in
aquatic environments [1].

Sediment, a source and sink of water-soluble phosphates, is a significant medium of
environmental phosphorus, that acts [6]. Phosphorus could migrate and transform in water–
sediment phases under certain environmental conditions [7,8]. Additionally, not all of the
phosphorus fractions can be released from sediment into the surficial waters [9]. Hence,
knowledge of the relationships of different phosphorus fractions in water–sediment phases is
vital to better understand their environmental fate and ecological role in aquatic environments.

The Tuojiang River is located in Southwest China and is a primary tributary of the
Yangtze River. Water needed to sustain industrial agricultural, domestic, and natural
ecosystems within its basin is mainly provided by the river [10]. With rapid population
growth, and agricultural and economic development, increased environmental pressure
has resulted in severe phosphorus pollution in the Tuojiang River [11,12]. The resulting
pollution threatens both environmental quality and human health. Thus, quantifying
the phosphorus fractions, and revealing their relationships in the water–sediment phases,
provides useful reference for managing phosphorus pollution for sustainable development
in the Tuojiang. Several studies have focused on the source of TP emissions [13], phospho-
rus fractions, potential release characteristics of phosphogypsum [14], phosphorus-fixing
capacity of the sediment [15], and vertical distribution characteristics and the relationship
of phosphorus fractions in the sediment–water system [16] in the Tuojiang River. These
studies have contributed to a better understanding of the phosphorus pollution in terms
of sources and management strategies. However, less attention has been paid to the phos-
phorus fractions in the water–sediment phases. Previous study on phosphorus fractions
was limited to few and sparse stations along the river course. There is a knowledge gap
in comprehensively identifying the spatial–temporal distribution of phosphorus fractions
and their relationship in water–sediment phases in the Tuojiang River. Furthermore, prior
research has not covered the influence of seasonality and environmental factors as key
factors in affecting phosphorus fraction in the water–sediment phases. Understanding the
trends of seasonal variations and influence of environmental factors is critical to deriving
adaptive strategies for effective basin management. Investigating the temporal variations of
pollution in Dongting Lake in China found different phosphorus fractions varied between
wet and dry seasons [17]. The phosphorus fractions were influenced by pH, dissolved
oxygen (DO), organic matter (OM), and particle size in the Minjiang River and the Three
Gorges Reservoir [7,18].

This study aims to (a) characterize the spatial–temporal distribution of phosphorus
fractions and their relationship in water–sediment phases; (b) reveal the influence of
environmental variables on the phosphorus fractions; and (c) identify possible sources of
different phosphorus fractions. The results obtained can provide a basis for summarizing
the dynamics of phosphorus fractions migration and transformation and help to understand
the ecological role of different phosphorus fractions to effectively prevent and manage
phosphorus pollution in the Tuojiang River.

2. Materials and Methods
2.1. Study Region and Sampling Sites

The Tuojiang River is a tributary of the upper Yangtze River, located in Southwest
China (Sichuan Province). The Tuojiang River is 712 km long and covers an area of
32,900 km2 with an annual average precipitation of 1200 mm and runoff of 35.1 billion m3.
The Tuojiang River flows through Deyang, Chengdu, Meishan, Leshan, Ziyang, Neijiang,
Zigong, Yibin, and Luzhou (Figure 1), converging with the Yangtze River in the city of
Luzhou. The water and sediment samples were collected at twenty-nine sampling sites
(S1–S29, Figure 1) from the upper reaches to the lower reaches along the Tuojiang River in
September 2020 (dry season), and March 2021 (wet season). These samples can be divided
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into the upper reaches (S1–S8), middle reaches (S9–S17), and lower reaches (S18–S29). These
sampling sites were mainly based on the layout of national control and provincial control
monitoring sections of the Tuojiang River. Coordinates of the sampling sites are provided
in Table S1.

Figure 1. Locations of the 29 water and sediment sampling stations (S1–S29) in the Tuojiang River.

2.2. Sample Collection

The water samples were collected at a depth of 0.5 m into precleaned polyethylene
bottles. Several drops of chloroform were added to inhibit bacterial activity. The water
samples were then stored at 4 ◦C within a portable refrigerator. All water samples were
immediately transported to the laboratory for total dissolved phosphorus (DTP), SRP,
and TP analysis. During the sampling period, water temperature (T), pH (PH-W), DO,
electrical conductivity (EC), and reduction–oxidation potential (OPR) were measured using
a portable multiparameter meter (Orion Star A Portable, Thermo Scientific, Waltham,
MA, USA).

In this study, the sediments were collected from the riverbed. Approximately 1.0 kg of
surface sediment samples (0–5 cm) at each site were collected using a grab sampler and
placed into acid-rinsed polyethylene plastic bags. The sediment in contact with or within
1 cm of the metallic sides of the grab sampler was not collected [19]. Each sample consists
of a mixture of three samples from one sampling site and were transported to the laboratory
within a portable refrigerator at 4 ◦C. The sediment sample was then freeze-dried and
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sieved using a 100 mm diameter mesh before the experiment to ensure homogeneity prior to
analyze sediment pH (PH-S), organic matter (OM), particle size, and phosphorus fractions.

2.3. Sample Analysis

After digestion with potassium persulfate in an autoclave (120 ◦C, 0.5 h), TP, TDP, and
SRP (without digestion) were analyzed using the ammonium molybdate spectrophoto-
metric method [20], summarized briefly as the following: 1.0 mL ascorbic acid (C6H8O6)
solution was added to the 50.0 mL mixture of samples and deionized water (1:1, v/v),
after 30 s, 2.0 mL molybdate solution was added and mixed thoroughly. Absorbance
of the solution was measured at 700 nm by a UV–Visible spectrophotometer (UV-8000S,
Shanghai Yuantong Instrument Co., Ltd., Shanghai, China). The PP was assumed to be
equivalent to the difference between the TP and TDP. The DOP was calculated by sub-
tracting SRP from TDP. Six phosphorus fractions including Ex-P, Or-P, Fe-P, Ca-P, De-P,
and Re-P in sediment were determined using a modified sequential extraction method [1].
The contents of OM and PH-S were determined according to standard methods for soil
analysis [21]. In brief, the sediments were thoroughly mixed with deionized water at a
ratio (sediment/water) of 1:2.5, then the PH-S was measured. The OM concentrations
were determined using oil bath potassium dichromate–sulfuric acid (K2CrO7–H2SO4) and
ferrous sulfate (FeSO4) solution titration. The water content (WC) was analyzed by dry-
ing the sediment at 105 ◦C to a constant weight [22]. The grain-size distribution was
analyzed using a Mastersizer 2000 laser particle size analyzer to determine the median sed-
iment size (D50): clay (<4 µm), silt (4–63 µm), and sand (>63 µm). The sodium hydroxide
(NaOH), hydrochloric acid (HCl), sodium bicarbonate (NaHCO3), potassium persulfate
(K2S2O8), ammonium molybdate ((NH4)6Mo7O24·4H2O), potassium antimony tartrate
(C8H4K2O12Sb2), sulfuric acid (H2SO4), C6H8O6, acetic acid (CH3COOH), sodium acetate
(CH3COONa), sodium dodecyl sulfate (CHSO4Na), sodium bicarbonate (NaHCO3), and
magnesium chloride (MgCl2·6H2O) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Deionized water prepared by a Milli-Q ULPHW water purification
device (Millipore) was used throughout the experiments. All reagents and solvents used in
the samples analysis were of analytical grade.

2.4. Statistical Analysis

A one-way analysis of variance (ANOVA) was used to determine whether there
were significant seasonal differences in phosphorus fractions. SPSS 24.0 software (SPSS;
Chicago, IL, USA) was applied to analyze the data, with p < 0.05 considered significant.
Pearson correlation analysis was conducted to reveal the relationships between phosphorus
fractions in the wet and dry seasons by SPSS 24.0. Redundancy analysis (RDA) was
conducted to reveal the relationships between phosphorus fractions and influencing factors
by Canoco 5.0 (Biometris, The Netherlands). Principal component analysis (PCA) was
applied to identify possible sources of phosphorus using Canoco 5.0.

3. Results
3.1. The Physicochemical Parameters of Water and Sediments

The T values in the wet and dry seasons ranged from 16.1 to 24.6 ◦C (mean = 23.0 ◦C)
and 11.3 to 24.0 ◦C (mean = 23.0 ◦C), respectively (Figure 2). The water was alkaline in
general, and the PH-W values in the wet and dry seasons ranged from 7.8 to 8.4 (mean = 8.1)
and 7.7 to 8.5 (mean = 8.2), respectively. The OPR values ranged from 71.8 to 263.3 mV
(mean = 222.9 mV) and 283.7 to 576.3 mV (mean = 425.8 mV) in the wet and dry seasons,
respectively. The DO values ranged from 5.2 to 8.3 mg L−1 (mean = 7.0 mg L−1) and
6.0 to 9.5 mg L−1 (mean = 8.1 mg L−1) in the wet and dry seasons, respectively. The
DO concentrations were generally higher than 7.0 mg L−1, indicating that the water was
aerobic. The EC values in the wet and dry seasons ranged from 352.7 to 653.8 µs cm−1

(mean = 499.4 µs cm−1) and 456.2 to 929.0 µs cm−1 (mean = 675.2 µs cm−1), respectively.
There was little difference in PH-S, OM, WC, D50, clay, silt, and sand between the wet
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and dry seasons. The PH-S values ranged from 8.3 to 9.7 (mean = 8.7) and 7.5 to 9.1
(mean = 8.4) in the wet and dry seasons, respectively. The OM values ranged from 1.8 to
50.3 g kg−1 (mean = 14.2 g kg−1) and 2.3 to 29.4 g kg−1 (mean = 13.6 g kg−1) in the wet
and dry seasons, respectively. The D50 in the wet and dry seasons ranged from 9.3 to
755.5 µm (mean = 149.5 µm) and 12.3 to 695.5 µm (mean = 129.8 µm), respectively. The clay
ranged from 0.1% to 25.2% (mean = 7.1%) and 0 to 23.1% (mean = 8.2%) in the wet and
dry seasons, respectively. The silt in the wet and dry seasons ranged from 3.8% to 80.1%
(mean = 34.3%) and 4.0% to 80.1% (mean = 39.3%), respectively. The sand ranged from 3.2%
to 96.1% (mean = 58.7%) and 1.0% to 96.0% (mean = 52.6%) in the wet and dry seasons,
respectively. The PH-S, OM, D50, clay, silt, and sand were higher in the wet season than
in the dry season. The WC was higher in the dry season (mean = 30.0%) than in the wet
season (mean = 29.1%). The physicochemical parameters have obvious spatial differences
in the whole river. The T values exhibited a moderate increasing trend from the upper
reaches to the lower reaches, and EC and OM were higher in the lower reaches than in the
middle and upper reaches. The PH-W, OPR, DO, WC, PH-S, clay, and silt were higher in
the middle reaches than in the upper and lower reaches. The D50 and sand were higher in
the upper reaches than in the middle and lower reaches. In general, the sediment particles
are gradually refined from upper reaches to the lower reaches in the Tuojiang River.

Figure 2. Spatial–temporal of physicochemical parameters: (a) temperature, (b) pH, (c) dissolved oxy-
gen, (d) electrical conductivity and (e) reduction–oxidation potential of water, and (f) pH, (g) organic
matter, (h) water content, (i) median sediment size, and (j) particle size distribution of sediments in
the Tuojiang River (S1–S29 are defined in Figure 1).

3.2. Spatial–Temporal Distribution of Phosphorus Fractions in the Water

The TP-W concentrations were 0.022–0.350 mg L−1 (mean = 0.164 mg L−1) and 0.045–
0.170 mg L−1 (mean = 0.103 mg L−1) in the wet and dry seasons, respectively (Figure 3a).
This result was consistent with a previous study conducted in the Tuojiang River [11]. The
DTP concentrations were 0.012–0.204 mg L−1 (mean = 0.103 mg L−1) and 0.036–0.128 mg L−1

(mean = 0.079 mg L−1) in the wet and dry seasons, respectively. SPR was the dominant phos-
phorus fraction in all the samples, with concentrations ranging from 0.008 to 0.174 mg L−1

(mean = 0.083 mg L−1) and 0.021 to 0.109 mg L−1 (mean = 0.059 mg L−1) in the wet and dry
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seasons, respectively. The DOP concentrations were 0.001–0.070 mg L−1 (mean = 0.020 mg L−1)
and 0.011–0.036 mg L−1 (mean = 0.020 mg L−1) in the wet and dry seasons, respectively. The
PP concentrations were 0.008–0.285 mg L−1 (mean = 0.061 mg L−1) and 0.009–0.046 mg L−1

(mean = 0.025 mg L−1) in the wet and dry seasons, respectively. The TP-W, DTP, SRP, and PP
concentrations had significant seasonal variations (p < 0.05). DOP had no significant seasonal
variations (p > 0.05). The DTP and SRP concentrations shared the same spatial distribution
pattern as the TP concentration in the dry season (Figure 3b). The TP-W concentrations were
relatively high at S15, S10, and S26, and S6, S11, and S2 in the wet and dry seasons, respectively.

Figure 3. Phosphorus fractions distribution in different seasons (a) and sampling sites (b) in the
water of the Tuojiang River (S1–S29 are defined in Figure 1).

3.3. Spatial–Temporal Distribution of Phosphorus Fractions in the Sediment

The TP-S concentrations were 166.5–783.2 mg kg−1 (mean = 438.2 mg kg−1) and
380.8–786.6 mg kg−1 (mean = 594.7 mg kg−1) in the wet and dry seasons, respectively
(Figure 4a). The TP-S concentration was higher in the dry season than in the wet sea-
son. Compared with the background value of 453 mg kg−1 for soil phosphorus in Sichuan
Province [18], the sediment of the Tuojiang River exhibited a certain degree of phospho-
rus pollution. The Ex-P concentrations were 3.9–38.2 mg kg−1 (mean = 12.0 mg kg−1) and
2.7–41.0 mg kg−1 (mean = 16.6 mg kg−1) in the wet and dry seasons, respectively. Org-
P concentrations ranged from 10.0 to 124.0 mg kg−1 (mean = 53.8 mg kg−1) and 3.9 to
98.2 mg kg−1 (mean = 47.3 mg kg−1) in the wet and dry seasons, respectively. The Fe-P was
the dominant phosphorus fraction in all the samples, with concentrations ranging from 87.9
to 619.0 mg kg−1 (mean = 306.6 mg kg−1) and 154.0 to 388.0 mg L−1 (mean = 250.7 mg kg−1)
in the wet and dry seasons, respectively. Ca-P concentrations ranged from 7.9 to 88.6 mg kg−1

(mean = 27.5 mg kg−1) and 36.6 to 273.0 mg kg−1 (mean = 85.6 mg kg−1) in the wet and dry
seasons, respectively. The De-P ranged from 4.2 to 158.0 mg kg−1 (mean = 30.8 mg kg−1) and
36.6 to 273.0 mg kg−1 (mean = 114.2 mg kg−1) in the wet and dry seasons, respectively. The
Res-P concentrations ranged from 0.4 to 88.2 mg L−1 (mean = 7.5 mg kg−1) and 35.2 to 141.0
mg kg−1 (mean = 80.3 mg kg−1) in the wet season and dry seasons, respectively. The mean
concentrations of Org-P and Fe-P were higher in the wet season than in the dry season. The
TP-S, Ex-P, Ca-P, De-P, and Res-P concentrations had significant seasonal variations (p < 0.05).
The Fe-P and Org-P had no significant seasonal variations (p > 0.05). The Fe-P concentrations
shared the same spatial distribution pattern as the TP-S concentrations (Figure 4b). The TP-S
contents were relatively high at S24, S23, and S19 in the wet season, and at S20, S29, and
S17 in the dry season. The Fe-P contents were relatively high at S21, S23, and S24 in the wet
season and at S13, S19, and S25 in the dry season, which indicated significant phosphorus
pollution and high potential for sediment release at these sampling sites.
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Figure 4. Phosphorus fractions distribution in different seasons (a) and sampling sites (b) in the
sediment of the Tuojiang River (S1–S29 are defined in Figure 1).

4. Discussions
4.1. Relationship between Phosphorus Fractions in the Water–Sediment Phases

The TP-W was positively and strongly correlated with DTP, SRP, and PP. The DTP
was positively correlated with SRP and DOP in the Tuojiang River (Figure 5a,b). The
TP-W was positively correlated with DOP in the dry season (Figure 5b). These findings
indicated that the TP-W was affected by all phosphorus fractions of water in the dry season;
however, the influence of DOP on TP-W was not obvious in the wet season. In addition,
the PP was positively and strongly correlated with DTP and SRP in the dry season, which
indicated the conversion between PP and DTP and SRP. The TP-S was positively and
strongly correlated with Fe-P in both the wet and dry seasons, which indicated that Fe-P
was the dominating phosphorus fraction in the Tuojiang River. The Fe-P was considered to
be the major component entering the adsorption–desorption reaction when environmental
conditions change [3]. In the wet season, the TP-S was positively and strongly correlated
with Ex-P, and the Ex-P was positively correlated with Fe-P and Ca-P (Figure 5a). The Ca-P
is considered to be nonbioavailable and relatively stable in sediments, especially in alkaline
environments [7]. A previous study showed that Ex-P contains phosphorus released from
CaCO3-associated phosphorus [8]. However, in the dry season, the TP-S was positively and
strongly correlated with Res-P (Figure 5b), which was consistent with a previous study [16].
The Ex-P was negatively correlated with De-P, which suggests the conversion of Ex-P to
De-P. This may result in higher De-P in the dry season than in the wet season (Figure 4a).
In the wet season, the TP-S was positively correlated with DOP, the Fe-P was positively
and strongly correlated with DTP and DOP, and the De-P was negatively correlated with
TP-W, DTP, and SRP, which suggests that the TP-S and Fe-P might be exchanged with
phosphorus in the water [9]. In the dry season, Org-P was positively correlated with TP-W,
DTP, and SRP. The Fe-P was negatively correlated with TP-W, DTP, SRP, and DOP. It was
reported that the Fe-P could be easily released from sediments, hence being the major
fraction influencing the phosphorus distribution in the water [9]. The results indicated that
phosphorus contents in the water were influenced by the adsorption–desorption balance
between water and sediments. As a potential phosphorus source to water, the Fe-P, Org-P,
and TP-S were available for the evaluation of phosphorus interactions in water–sediment
phases in the Tuojiang River.
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Figure 5. Correlation analysis of different phosphorus fractions in water–sediment phases in the wet
season (a) and dry season (b) in the Tuojiang River.

4.2. Effect of Physicochemical Properties of Water and Sediments on Phosphorus Fractions

The temporal and spatial differences in physicochemical properties of water and sedi-
ment may have led to the differences of phosphorus fractions observed in this study, which
was consistent with previous studies [7,18]. These properties include T, PH-W, DO, EC,
and OPR of the water samples and PH-S, OM, WC, D50, and particle size of the sediment
samples. The first two axes of RDA were 43.40% and 9.20% in the wet season (Figure 6a),
and 54.23% and 10.20% in the dry season (Figure 6b), which explained a high proportion
of the variance. The spatial and temporal distribution of phosphorus fractions has a close
relationship with environmental factors. In the wet season, the PH-S was positively cor-
related with PP, Ca-P, De-P, and Res-P. The Tuojiang River presents high alkalinity values
and is usually above pH of 8. High PH-S can promote the release of Fe-P and decrease the
phosphorus-binding capacity of iron compounds [23]. The OM was positively correlated
with all the phosphorus fractions (except Fe-P and De-P). The increase in OM enhanced
the phosphorus adsorption of sediment [24]. PH-W had a negative correlation with all the
phosphorus fractions (except Fe-P and De-P). This was consistent with previous studies [18].
The PH-W can affect the mineralization rate of sediment, and acidic or alkaline water can
promote phosphorus exchange in water–sediment phases [7]. The T, DO, EC, OPR, and WC
values had few effects on the occurrence of phosphorus fractions. In the dry season, PH-S
had a negative correlation with all the phosphorus fractions (except Fe-P and De-P). The
T and OM were positively correlated with all the phosphorus fractions (except Fe-P and
De-P). The increased T values can strengthen microbial activity in water, thus promoting
phosphorus release from sediment [25]. The WC and EC had a positive correlation with all
the phosphorus fractions (except Fe-P, De-P, and Re-P), which indicated that WC and EC
increased, the Fe-P, De-P, and Re-P decreased, and the phosphorus fractions increased in
water. The PH-W, DO, and OPR had few effects on the distribution of phosphorus fractions.
In the wet and dry seasons, the D50 was negatively correlated with all the phosphorus
fractions (except De-P). The clay and silt were positively correlated with all the phosphorus
fractions (except De-P). The sand had a negative correlation with all the phosphorus frac-
tions (except De-P). Fine particles could adsorb more dissolved phosphorus due to their
larger surface area per unit mass of particles [1]. However, the De-P was mainly concen-
trated in medium and coarse sediments, which indicated that the coarser the sediments
were, the higher the concentrations of De-P [26]. This explained that the De-P was higher
in the upper reaches than in the middle and lower reaches (Figure 4b). The PH-S and OM
were the major environment factor that affected the abundance and distribution of phos-
phorus fractions, which explained 12.70% (p = 0.008) and 16.80% (p = 0.002) in the wet and
dry seasons, respectively. The abundance and distribution of phosphorus fractions were
attributed to the combined effect of physicochemical properties of water and sediments.
The concentrations of TP-W and PP were highest at S15. The highest concentrations of DTP
and SRP were found at stations S26. The concentrations of TP-S and Ca-P were highest at
S29 in the dry season. The highest concentrations of Ex-P and Res-P were found at S13 and
S16 in the wet season, respectively. The highest concentrations of Fe-P were found at S24
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in the wet season. The distribution of these phosphorus fractions was possibly due to the
discharge of local pollution sources. Other factors, such as the PH-S and the OM content of
sediment, can also affect the concentration of phosphorus fractions.

Figure 6. Redundancy analysis diagram between phosphorus fractions and environmental factors of
water and sediments in the wet season (a) and dry season (b) in the Tuojiang River.

4.3. Identification of the Sources of Phosphorus in the Tuojiang River

The first three PCs explained 63.02% of the phosphorus fraction variation, and PC1
explained 31.86% of the variation. PC1 was negatively correlated with Ca-P, De-P, and
Res-P, which suggested that the sources of these three phosphorus fractions may have
mainly originated from soil erosion and agricultural production [25,27]. PC1 was posi-
tively correlated with TP-W, DTP, SRP, and PP, which suggested that these phosphorus
fractions may have originated from anthropogenic activities other than soil erosion and
agricultural production. The PC2 accounts for 20.56% of the variation and was correlated
with TP-S, Fe-P, Ex-P, and DOP. Fe-P was an effective indicator of industrial and domestic
emissions [25]. Therefore, these phosphorus fractions may have been derived from great
quantities of domestic and industrial wastewater emissions into the Tuojiang River. The
PC3 accounts for 10.60% of the variation and showed a high positive loading on Org-P
only (Figure 7b). Aquatic plant residues, algae, and agricultural nonpoint-source pollution
all contribute to Org-P in sediments [28]. These results were consistent with previous
studies [13].

Figure 7. PC1 versus PC2 (a) and PC1 versus PC3 (b) of phosphorus fractions in water and sediment
in the Tuojiang River.
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The mean concentrations of all phosphorus fractions of water in the Tuojiang River
were higher in the wet season than in the dry season, likely due to increased surface
runoff and stream inputs, which are major pathways for phosphorus and organic matter
transport from terrestrial to aquatic environments [29,30]. The TP-S was higher in the
dry season, which may be due to aquatic plants being in a period of rapid growth and
sediments providing nutrients for plant growth in the wet season [22]. The TP-S was larger
in the lower reaches than in the upper and middle reaches, which may be attributed to
the anthropogenic phosphorus emissions being greater in the lower reaches [2]. Therefore,
strengthening anthropogenic pollution management will be necessary for controlling
phosphorus emissions into the Tuojiang River.

4.4. Comparison with Previous Studies

Compared to other rivers in China, the TP-W concentration was lower in the Tuojiang
River than in the Minjiang River and Qiuxi River (Table 1). The TP-S concentration was
lower in the Tuojiang River than in the Yellow River and Minjiang River. These results
indicated that phosphorus pollution in the Tuojiang River in 2020 was lighter than that
in the Minjiang River in 2016, Qiuxi River in 2018, and Yellow River in 2006–2007 and
2019. The Tuojiang River, Minjiang River, and Qiuxi River are located in Sichuan Province,
the upper reaches of the Yangtze River. Anthropogenic phosphorus pollution is serious
in Sichuan Province [31]. The TP input in the Yellow River was reported to be higher
compared to other major world rivers [32]. The TP-S concentration was higher in the
Tuojiang River than in the Yarlung Zangbo River in 2016–2017. This may be due to the
fact that the Yarlung Zangbo River is a typical plateau river. The river flows through the
Qinghai–Tibet Plateau, where the vegetation in the basin is mostly grassland and sparsely
populated, and the degree of industrialization and urbanization is very low [5]. The SRP
was the dominant fraction of phosphorus fractions in the water in the Tuojiang River, which
was similar to that in the Minjiang River and Qiuxi River. The Ca-P was the dominant
phosphorus fraction in the Yellow River and Yarlung Zangbo River. However, the Fe-P was
the dominant fraction in the Tuojiang River. Fe-P is usually used to indicate the extent of
phosphorus pollution and reflect the scales of the impact of anthropogenic activities on an
environment [5]. This result was similar to that reported in the Minjiang River and was
consistent with their environmental settings with both intensive industrial and domestic
phosphorus emissions in these areas [25].

Table 1. Comparisons of phosphorus concentrations in water–sediment phases in different aquatic
environments.

Study Area Sampling Time TP-W SRP Ca-P Fe-P TP-S Referencemg L−1 mg L−1 mg kg−1 mg kg−1 mg kg−1

Southern Caspian Sea Summer 2009 - - 146.0 45.7 287.0 [33]
South Eastern Arabian Sea August 2013 - - 294.0 10.0 508.0 [34]
South China Sea March–April 2014 - - 100.7 27.3 412.9 [35]
East China Sea shelf May–June, October–November

2014 - - 164.0 21.0 466.8 [26]
Three Gorges Reservoir October and November 2010 0.10 0.08 431.2–592.8 0.1–2.2 744.9 [7]
Qingcaosha Reservoir April–November 2011 0.11 0.05 481.7 41.1 649.0 [9]
Dongting Lake - 0.06 - 281.5 168 705.6 [17]
Haizi Lake April 2011 - 0.48 36.4 55.9 503.0 [36]

Yarlung Zangbo River August and November 2016,
April 2017 - - 355.6 12.4 408.2 [6]

Yellow River September and October 2019 - - 517.0 14.7 619.9 [27]
Yellow River November 2006, April 2007 - 0.01 586.5 15.3 650.1 [32]
Minjiang River December 2016 0.24 0.09 67.0 82.9 745.0 [18]
Qiuxi River June 2018 0.59 0.37 - - - [37]
Tuojiang River September 2020 0.16 0.08 27.5 306.6 438.2 This study

March 2021 0.10 0.06 85.6 250.7 594.7 This study

“-“: Not found in the reference.

Compared to some lakes and reservoirs in the Yangtze River basin, the TP-W concen-
tration was higher in the Tuojiang River than that in the Three Gorges Reservoir (upper
reaches of the Yangtze River) in 2010, Qingcaosha Reservoir (lower reaches of the Yangtze
River) in 2011, and Dongting Lake (middle reaches of the Yangtze River) (Table 1). The
TP-S concentration in the Tuojiang River was lower than that in the Three Gorges Reservoir,
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Qingcaosha Reservoir, and Dongting Lake, while the TP-S concentration was slightly higher
than that in Haizi Lake (middle reach of the Yangtze River) in 2011. This variation may be
due to the decrease in water velocity and the extension of hydraulic retention time, which
can lead to the retention of nutrients in the sediment of reservoirs and lakes. The SRP was
the dominant phosphorus observed in these aquatic environments.

Compared to the seas that were lightly affected by anthropogenic activities, the TP-S
and Fe-P concentrations were higher in the Tuojiang River than in the Southern Caspian
Sea in 2009, South Eastern Arabian Sea in 2013, South China Sea in 2014, and the East China
Sea shelf in 2014. These concentrations confirmed that high anthropogenic phosphorus
led to high phosphorus pollution in the Tuojiang River. In addition, the variation of the
phosphorus concentration in different aquatic environments may also be related to different
sampling time.

4.5. Study Uncertainties and Limitations

The phosphorus fractions in the water–sediment phases are complex due to their spa-
tial and temporal migration processes from various sources to water and sediments, which
are both controlled by natural and anthropogenic activities. The correlation of different
phosphorus fractions, effects of physicochemical parameters of water and sediments on
phosphorus fractions, and possible sources of phosphorus fractions were explored. These
results could help to understand the spatial–temporal distribution of phosphorus fractions.
However, the limited observations seem be inadequate for revealing the migration and
transformation of phosphorus; long-term monitoring is needed to obtain insight into tem-
poral variation of phosphorus fractions, which would improve efficiency of environmental
policy and phosphorus pollution management. In addition, sediment may be a source of
phosphorus in the water, which needs further confirmation in the future. Moreover, as the
environment is dynamic, the samples were collected at different times; therefore, the results’
representativeness of “comparison with previous studies” in Section 4.4 was limited.

5. Conclusions

The spatial–temporal distribution of phosphorus fractions in water and sediments
along the Tuojiang River were analyzed in the present study. The main findings of this
study can be summarized as follows:

(1) The average of most phosphorus fractions showed significant seasonal variations,
with relatively high contents of phosphorus fractions in water in the wet season and
high contents in sediment in the dry season. The SPR and Fe-P were the dominant
phosphorus fractions in the water and sediment, respectively. The TP-W, DTP, SRP,
and DOP in water and the TP-S, Ex-P, Fe-P, and Ca-P in sediment were larger in
the upper reaches than in the middle and lower reaches in the wet season. All the
phosphorus fractions (except De-P and Re-P in the sediment) in the water–sediment
phases were larger in the lower reaches than in the middle and upper reaches in the
dry season.

(2) The Fe-P, Org-P, and TP in the sediments of the Tuojiang River would be released to
the water interface, resulting in an increase in phosphorus in the water. The spatial–
temporal distribution of phosphorus fractions was attributed to a superposition
of various factors in the Tuojiang River. The PH-S and OM may majorly affect
phosphorus fractions with spatial–temporal variations in the Tuojiang River.

(3) Most phosphorus fractions mainly originated from anthropogenic activities (industrial
or domestic wastewater and agricultural production). More attention should be given
to strengthening the management of anthropogenic sources in the Tuojiang River.
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