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Abstract: Effects of phosphorus (P) fertilizer 
application rate on soil transformation processes of P 
fraction are still unclear in the riparian zone. Purple 
alluvial soils in the riparian zone of the Three Gorges 
Reservoir were collected to conduct a 21-day 
incubation executed by two hydrological 
environments (drying and flooding) and ten 
application rates of P fertilizer. Transformation 
percentages of P fertilizer (TPPF) were calculated as 
content differences of soil P fractions between 
fertilizer addition and none fertilizer addition divided 
by soil total P increases caused by fertilizer addition. 
TPPF to inorganic P extracted by sodium hydroxide 
(NaOH-Pi) and hydrochloric acid (HCl-Pi) increase by 
20.91% (9.71%) and 24.26% (40.72%) under the 
drying (flooding) environment. Instead, TPPF to the 
other fractions decrease. Phosphorus fertilizer input 

mainly has indirect positive and negative effects on 
organic P via precipitated P under the drying and 
flooding environments and finally has indirect 
positive effects on labile P (p<0.001). Percentage 
changes of water-soluble inorganic P (H2O-Pi) and 
HCl-Pi under the flooding environment are higher 
than that under the drying environment, and 
percentage changes of organic P extracted by sodium 
hydrogen carbonate (NaHCO3-Po) and NaOH-Pi show 
an opposite trend (p<0.01). ∆ (differences in soil P 
fraction content between flooding and drying 
incubations) H2O-Pi is negatively correlated with 
∆NaHCO3-Po, and ∆NaHCO3-Po is positively 
correlated with ∆NaOH-Pi (p <0.001). In conclusion, 
P fertilizer is transformed more into precipitated P 
than into other P fractions with an application rate 
increase. Phosphorus fertilizer input mainly increases 
organic P via precipitated P under the drying 
environment and decreases organic P via precipitated 
P under the flooding environment, and organic P is 
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further transformed into labile P. With P fertilizer 
input, P release caused by flooding is derived from 
NaHCO3-Po release triggered by NaOH-Pi release. 
The results can be helpful for the understanding of P 
fertilizer migration processes from the riparian zone 
soil to the Three Gorges Reservoir under rain leaching 
and flooding. 
 
Keywords: Hedley fractionation; Phosphorus 
fraction; Hydrological environments; Three Gorges 
Reservoir; Application rate; Riparian zone 

1   Introduction  

The riparian zone is a transition of land and 
aquatic ecosystems. Drying and flooding 
environments are the main hydrological 
environments in the riparian zone (Chen et al. 2019). 
Phosphorus (P) fertilizer input from agriculture has 
become an important factor for soil P release increase 
from the riparian zone to its surrounding water under 
the drying environment, resulting in eutrophication 
(Chen et al. 2021; Fu et al. 2021; Xiang et al. 2021). 

Soil P fraction distribution as affected by applied 
P fertilizer determines further P release potential to 
surrounding water (Yan et al. 2017; Zhu et al. 2012) 
since different soil P fraction has different migration 
ability. Under P fertilizer input, there are differences 
in the distribution and transformation of soil P 
fractions between the drying and flooding 
environments (Wang et al. 2021). Studies have been 
conducted on this issue under drying and flooding 
environments in recent years. Under the drying 
environment, inorganic P fertilizer is mainly 
transformed into inorganic P fractions (Chen et al. 
2022a; Yan et al. 2018; Cao et al. 2022; Mitran et al. 
2016), leading to a decrease in organic P percentage 
in soil total P, while it is not clear into which 
inorganic P fraction inorganic P fertilizer is 
transformed. Inorganic P fertilizer is mainly 
transformed into iron(Fe)-bound P and 
aluminum(Al)-bound P in acidic soil (Chen et al. 
2022a), whereas mainly transformed into calcium 
(Ca)-bound P in saline soil (Meena et al. 2018). Under 
the flooding environment, inorganic P fertilizer input 
reduces residual P content and increases Ca-bound P 
content in paddy soil (Ahmed et al. 2019; Huang et al. 
2014). Meanwhile, it has also been found that organic 
P increases and adsorbed P decreases in paddy soil 
(Huang et al. 2014). In terms of fraction 

transformation mechanisms, scholars believe that 
inorganic P fertilizer is first transformed into labile P 
and precipitated P under the drying environment 
(Audette et al. 2016; Jiménez et al. 2019). Meanwhile, 
there is a controversy on the further transformation 
direction of P fractions. One opinion is that soil P 
fractions are further transformed into more stable 
fractions (Audette et al. 2016), and the other opinion 
is that soil P fractions are further transformed into 
more labile fractions (Jiménez et al. 2019). In 
summary, current studies have explored soil fraction 
distribution after P fertilizer application under the 
drying and flooding environments, and P 
transformation mechanisms under the drying 
environment. However, there are still shortcomings. 
Transformation mechanisms of soil P fraction as 
affected by applied P fertilizer are cursorily studied 
under the drying environment, needing further 
investigation, especially for mutual transformation 
processes between P fractions. In addition, soil P 
fraction distribution as affected by applied P fertilizer 
is rarely reported under the flooding environment, 
and transformation mechanisms of soil P fraction are 
still unclear. Moreover, related issues have been 
mainly investigated in acidic soil, saline soil, and 
paddy soil. Caused by soil property differences, P 
fraction distribution, and transformation mechanism 
are still controversial. Therefore, other soil types 
should be selected to clarify key factors affecting the 
distribution and transformation processes of P 
fraction affected by applied P fertilizer. 

The Three Gorges Reservoir (TGR) area is located 
upstream of the Yangtze River, stretching from 
Yichang City in Hubei Province to the Jiangjin City in 
Chongqing. This area is characterized by a humid 
subtropical monsoon climate with a frontal rainfall 
pattern, an average annual temperature of 16°C–19°C, 
and average annual precipitation of 1000–2000 mm. 
In addition, the annual average flow of the Yangtze 
River is 13,200 m3 s-1 in the Wanzhou section, and the 
maximum storage capacity of the TGR is 39.3 billion 
m3. The water level of the TGR is artificially controlled, 
dropping from 175 m in January to 145 m in July and 
then gradually rising to 175 m in September, forming 
a riparian zone with a total area of 349 km2 after the 
operation of the Three Gorges Dam (Bao et al. 2015). 
Alternating drying and flooding processes inevitably 
trigger soil redox potential changes, which affects the 
distribution and transformation of soil P fractions in 
the riparian zone (Wang et al. 2021). In addition, the 
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land use pattern around the riparian zone is farmland 
and grassland, resulting in exogenous P input to the 
riparian zone. Scholars have carried out some studies 
on soil P fractions in recent years, since releasing of 
soil P from the riparian zone to the TGR (Ye et al. 
2019; Wang et al. 2020). Calcium-bound P is the 
main soil P fraction of the riparian zone, followed by 
organic P and Al/Fe-bound P in descending order 
(Zhang et al. 2018). In addition, drying and flooding 
processes significantly increase soil contents of 
organic P, Ca-bound P, and residual P in the riparian 
zone (Wang et al. 2021). Furthermore, inorganic P 
fractions were found to be the main source of labile P 
under alternating environments of drying and 
flooding, which is closely related to microbial P, 
organic P, and amorphous Fe (Wang et al. 2021). The 
above studies have explored P fraction distribution 
and the effect of alternating drying and flooding on it 
in the riparian zone soil. However, the effects of P 
fertilizer input on P fraction distribution and 
transformation are still unclear in the riparian zone 
soil.  

To investigate soil P fraction distribution and 
transformation mechanism as affected by applied P 
fertilizer under the drying and flooding environments, 
we collected purple alluvial soil in the riparian zone of 
the TGR to conduct an incubation experiment 
executed by two soil hydrological environments (the 
drying and flooding environments) and ten 
application rates of P fertilizer. The objects of the 
study were (1) to clarify P fraction distribution in the 
purple alluvial soil of the riparian zone as affected by 
applied P fertilizer under the drying and flooding 
environments; (2) to reveal transformation processes 
of soil P fractions as affected by applied P fertilizer in 
terms of P release. (3) to assess the effects of flooding 
on soil P fraction distribution and transformation 
after P fertilizer application. The modified Hedley 
sequential P fractionation procedure is a method that 
adopts solutions with gradually increasing extraction 
strength to extract soil P fraction from diverse 
inorganic and organic compounds of different lability 
(Maranguit et al. 2017b; Redel et al. 2008). This 
method differentiates soil P fractions into labile P, 
precipitated P, organic P, and residual P, which is 
widely accepted for assessing the release risk of soil P 
and exploring P cycle processes (Gu and Margenot 
2021). Because of the high contents of Al and Fe 
oxides/hydroxides and Ca carbonate in the purple 
alluvial soil (Li et al. 2007) and the dominant roles of 

microorganisms in soil P cycle processes (Han et al. 
2022; Saia et al. 2021; Zhang et al. 2021), we 
hypothesize that (1) P fertilizer is mainly transformed 
into precipitated P, and increase in P fertilizer 
application rate will increase transformation 
percentages of P fertilizer to precipitated P; (2) 
Precipitated P can be further transformed into 
organic P and labile P by microorganisms under the 
drying and flooding environments; (3) Flooding will 
result in transformation of Fe-bound P and adsorbed 
organic P to water-soluble P and Ca-bound P.  

2   Materials and Methods 

2.1 Soil sampling and pretreatment 

Purple alluvial soil is a major soil type of the 
riparian zone of the TGR in the Wanzhou section, 
which is derived from sand shale, and vermiculite is 
the dominant clay mineral (China Soil Database, 
http://vdb3.soil.csdb.cn). The riparian zone is sloping 
land, and the land use type of which is grassland 
during the drying period. Soils (0–20 cm) were 
randomly collected from the riparian zone 
(N30°47.28′–30°50.10′, E108°21.35′–108°23.41′) by 
a soil corer with a diameter of 5 cm in June 2018 (Fig. 
1). The soils were mixed and divided into two parts 
after freeze-drying and the removal of gravel, animal, 
and plant residue. One part was sieved through a 2 
mm sieve and utilized for soil physicochemical 
property analyses including particle composition, pH, 
water-holding capacity (WHC), total carbon (TC), 
total nitrogen (TN), C: N ratio, cation exchange 
capacity (CEC), total P (TP, Table 1) and soil content 
of P fractions (Table 2). The other part was sieved 
through a 12 mm mesh and utilized for incubation 
experiments. 

2.2 Soil incubation 

Ten application rates of P fertilizer (0, 5, 20, 35, 
50, 65, 80, 95, 140, 230 kg P ha-1 corresponding to 0, 
11.74, 46.95, 82.16, 117.37, 152.58, 187.79, 223.00, 
328.64, 539.91 mg kg-1) and two hydrological 
environments (drying and flooding) were set with 
three replicates for each treatment. In total, 60 soil 
samples were incubated (10× 2 ×3). First, 100 g soils 
were evenly placed in plastic bottles (3 cm depth) with 
soil moisture content adjusted to 50% WHC by 
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deionized water addition. Second, the samples were 
stabilized at ambient temperature for three days to 
avoid soil disturbance. Then, different concentrations 
of KH2PO4 solution were added so that P fertilizer 
application rates were equal to the above 
experimental design. Meanwhile, soil moisture 
content was adjusted to 60% WHC, the optimum 
value for microbial growth (Zhang et al. 2019). Last, 
soils in each bottle were thoroughly mixed for 
following incubations. 

For the drying incubation, bottles were sealed 
with parafilm, and holes were left on the parafilm 
through acupuncture for ventilation. For the flooding 
incubation, deionized water (200 mL) was added to 
each bottle with air blown out (dissolved oxygen 
concentration<1 mg L-1) by nitrogen gas (99.99%); 
subsequently, bottles were sealed with parafilm. All 
the samples were incubated in dark for 21 days at 
20°C (the mean annual temperature of this area). Soil 
moisture content was maintained at 60% WHC by 

gravimetric method (deionized water addition) during 
the drying incubation. 

2.3 Soil P fractionation 

The modified Hedley sequential P fractionation 
procedure was utilized to analyze soil P fractions 
before and after the incubations (Maranguit et al. 
2017b; Redel et al. 2008). In this method, soil P is 
distinguished as water-soluble P (H2O-Pi), inorganic 
and organic P extracted by sodium hydrogen 
carbonate (NaHCO3-Pi, NaHCO3-Po) and sodium 
hydroxide (NaOH-Pi, NaOH-Po), inorganic P 
extracted by hydrochloric acid (HCl-Pi) and residual P. 
After the drying incubation, triplicate 1 g air-dried 
(room temperature for 5 days) soils from each sample 
were weighted in 50 ml plastic centrifuge tubes with 
screw caps. Subsequently, the soils were sequentially 
extracted with 30 mL deionized water, 0.5 M NaHCO3, 
0.1 M NaOH, and 1M HCl for the determinations of 

 
Fig. 1 Soil sample sites in the riparian zone of the Three Gorges Reservoir (TGR) in the Wanzhou section. Y1-
Y14:sample points of Yangzi River；Z1-Z3:sample points of Zhuxi River；M1-M2: sample points of Mixi Valley；W1: 
sample point of Wuqiao River. 
 
Table 1 Soil physicochemical properties of the riparian zone in the Wanzhou section. Values represent the means of 
three replicates with standard deviations behind them. 

a Clay (%) a Silt (%) a Sand (%) b pH c WHC (%) d bulk density (g·cm-3) 

4.95±2.61 13.30±3.89 81.75±16.97 8.15±0.08 21.60±2.58 1.42±0.09 

e TC (g·kg-1) e TN (g·kg-1) C: N ratio f CEC (cmol·kg-1) g TP (g·kg-1)  

12.02±0.20 1.31±0.01 9.18±0.59 19.89±2.36 0.84±4.19  

Notes: a hydrometer method (Ashworth et al. 2001); b 1:2.5 soil-water ratio by a digital pH meter in deionized water; c 
ring knife method; d gravimetric method (Wei et al. 2015); e detected by an element analyzer; f determined by the 
method of barium chloride buffer (Hendershot and Duquette 1986); g measured by the method of alkaline oxidation 
(Dick and Tabatabai 1977). 
 
Table 2 Phosphorus fraction contents detected by the modified Hedley sequential P fractionation procedure 
(Maranguit et al. 2017b) in the riparian zone soil (mg·kg-1). Values represent the means of three replicates with 
standard deviations behind them.  

H2O-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po HCl-Pi Residual P
5.60±0.46 16.93±0.67 6.77±0.10 23.46±0.56 4.35±0.06 170.37±0.92 617.23±5.12
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H2O-Pi, NaHCO3-Pi (NaHCO3-Po), NaOH-Pi (NaOH-
Po) and HCl-Pi, respectively. Finally, residues were 
digested by H2SO4 (18M) and H2O2 (30%) for residual 
P determination. After the flooding incubation, the 
bottles were directly centrifugated, the supernatant 
was utilized for H2O-Pi determination, and the other 
P fractions were detected by the method described 
above. 

After shaking for 16 hours in a reciprocal shaker 
operated at 6 rpm and centrifuging at 3500 rpm for 15 
minutes, the extracts or digests of each step 
abovementioned were filtered through filter paper 
(Whatman no. 42) and stored in small vials at 4°C 
within 24 h for inorganic P determination. The total P 
of filtrates extracted by sodium hydrogen carbonate 
and sodium hydroxide was determined after digested 
by ammonium-persulfate and H2SO4, and filtrate 
organic P was calculated as the difference between the 
total P and the inorganic P of the filtrates. 

According to the recalcitrance of soil P fractions, 
the above-mentioned P fractions were grouped into 
the following pools: (1) labile P including P dissolved 
in soil solution (H2O-Pi) along with loosely adsorbed 
P (NaHCO3-Pi); (2) precipitated P including Fe (Al, 
Ca)-bound P (NaOH-Pi and HCl-Pi); (3) organic P 
including NaHCO3-Po and NaOH-Po; (4) residual P 
comprising highly stable organometallic complexes 
and organic materials such as lignin (Jiménez et al. 
2019; Maranguit et al. 2017b).  

2.4 Chemical analyses 

Soil pH was determined in a 1:2.5 soil-water 
ratio by a digital pH meter in deionized water. Soil TC 
and TN were detected by an element analyzer 
(EA3000, Euro Vector, Milan, Italy). Soil particle 
composition and WHC were measured by the 
hydrometer method and the ring knife method, 
respectively (Ashworth et al. 2001). Soil bulk density 

was detected by the gravimetric method (Wei et al. 
2015). Total P and CEC were determined by the 
alkaline oxidation method (Dick and Tabatabai 1977) 
and the barium chloride buffer method (Hendershot 
and Duquette 1986), respectively. Inorganic P of 
filtrates and digests were detected by the method of 
ascorbic acid-molybdenum blue (Murphy and Riley 
1962). 

2.5 Statistical analysis 

To clarify soil P fraction distribution as affected 
by applied P fertilizer, percentage changes of P 
fractions after the incubations were calculated as P 
fraction contents after the incubations minus original 
contents of soil P fractions divided by original 
contents of soil P fractions. Meanwhile, to evaluate 
the effect of P fertilizer application rates on P fraction 
distribution, transformation percentages of P 
fertilizer (TPPF) to soil P fractions were calculated as 
content differences of soil P fractions between 
fertilizer addition and none fertilizer addition divided 
by soil TP increases caused by fertilizer addition. Soil 
P fraction differences between the flooding and drying 
incubations under the same application rate of P 
fertilizer (∆H2O-Pi, ∆NaHCO3-Pi, ∆NaHCO3-Po, 
∆NaOH-Pi, NaOH-Po, ∆HCl-Pi, and ∆residual P) 
were calculated to analyze the effect of flooding on 
soil P fraction transformation. Percentage change 
differences of soil P fractions and TPPF to soil P 
fractions between the drying and flooding incubations 
were detected by one-way ANOVA. Multivariate linear 
regression models were applied to detect the 
relationships among ∆H2O-Pi, ∆NaHCO3-Pi, 
∆NaHCO3-Po, ∆NaOH-Pi, ∆NaOH-Po, ∆HCl-Pi, and 
∆residual P (Table 3). Structural equation models 
were used to analyze multivariate effects of P 
application rates on labile P via soil P fractions (Fig. 
2). Potential relationships (causes) between the 

Table 3 Multivariate linear regression analyses for soil P fraction differences between the drying and flooding 
environments.  

P fractions Equations R2 p 
H2O-Pi ∆H2O-Pi=-3.719−1.760∆NaOH-Pi−2.443∆NaHCO3-Po 0.927 <0.001
NaHCO3-Pi ns ns ns 
NaHCO3-Po ∆NaHCO3-Po=-0.972+0.744∆NaOH-Pi−0.366∆H2O-Pi 0.989 <0.001
NaOH-Pi ∆NaOH-Pi=6.924−0.822∆HCl-Pi+0.176∆NaHCO3-Po 0.978 <0.001
NaOH-Po ns ns ns 
HCl-Pi ∆HCl-Pi=2.286−0.987∆NaOH-Pi 0.975 <0.001
Residual P ns ns ns 

Notes: n=30; ∆ represents content differences of soil P fractions between the drying and flooding environments. ns 
denotes no significance. 
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variables in structural equation models were detected 
using a partial regression coefficient (direct effect), 
which is referred to as path coefficients (β), and 
indirect effects are referred to as the effects between 
two variables that are mediated by another 
intervening variable (Appendix 1). The fits of 
structural equation models were evaluated using the 
χ2 test, the degree of freedom (df), the P-value, the 
root mean square error of approximation (RMSEA), 
and the comparative fit index (CFI) (χ2(p>0.05), χ2/ 
df≤2, RMSEA≤0.06, CFI≥0.95). All the statistical 
analyses were performed by IBM SPSS Statistics 17 
(IBM SPSS Inc.), and graphs were drawn by 
SigmaPlot 12.0 (Systat Software Inc.). Structural 
equation model analyses were performed by IBM 
SPSS Amos 24 (IBM Corp., 2016).  

3   Results 

3.1 Percentage changes of soil P fractions after 
incubation 

Percentage changes of H2O-Pi, NaOH-Pi, and 
HCl-Pi increased with P fertilizer application rates 
after incubation under the drying and flooding 
environments (Fig. 3). Percentage changes of 
NaHCO3-Pi and NaOH-Po increased gradually with P 
fertilizer application rates and then remained stable 

under the drying and flooding environments. 
NaHCO3-Pi remained stable at 50 kg P ha-1 under the 
drying environment and at 150 kg P ha-1 under the 
flooding environment, and NaOH-Po remained stable 
at 35 kg P ha-1 under the drying and flooding 
environments. NaHCO3-Po increased with P fertilizer 
application rates under the drying environment, while 
an opposite trend was observed under the flooding 
environment. 

Compare with 0 kg P ha-1, as the P fertilizer rate 
was increased to 230 kg P ha-1, H2O-Pi, NaHCO3-Pi, 
NaOH-Pi, NaOH-Po, and HCl-Pi were increased by 
11.85 mg kg-1, 18.03 mg kg-1, 108.67 mg kg-1, 0.40 mg 
kg-1, and 86.30 mg kg-1, respectively, under the drying 
environment and by 17.00 mg kg-1, 22.86 mg kg-1, 
46.57 mg kg-1, 0.48 mg kg-1, and 142.57 mg kg-1, under 
the flooding environment. In addition, NaHCO3-Po 
was increased by 1.16 mg kg-1 under the drying 
environment and was decreased by 2.93 mg kg-1 
under the flooding environment. Correspondingly, the 
percentage changes of H2O-Pi, NaOH-Pi, HCl-Pi, 
NaHCO3-Pi, and NaOH-Po were increased by 215.74%, 
465.73%, 52.56%,116.85%, and 6.81%, respectively, 
under the drying environment and by 309.78%, 
199.59%, 85.49%, 149.17%, and 8.50%, respectively, 
under the flooding environment. In addition, the 
percentage change of NaHCO3-Po was increased by 
6.15% under the drying environment and was 
decreased by 15.47% under the flooding environment. 

 
Fig. 2 Structural equation model analyses show multivariate effects of P fertilizer application rates on labile P via soil 
P fractions under the drying (a) and flooding (b) environments. Arrows indicate hypothesized directions of causation. 
The thickness of the arrows indicates the strength of the correlation between the variables. Positive and negative 
effects are displayed by red and blue one-way arrows. Standardized path coefficients are shown next to the arrows. 
Solid and dashed arrows represent significant (p < 0.05) and non-significant (p > 0.05) relationships. * and *** 
represent p < 0.05 and p < 0.001. Proportions of variance explained (R2) are shown below each response variable in 
the models, and the results of goodness-of-fit statistics are shown alongside the models. Labile P includes H2O-Pi and 
NaHCO3-Pi, organic P includes NaHCO3-Po and NaOH-Po and precipitated P includes NaOH-Pi and HCl-Pi; n=30. 
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The proportion of labile P in total P increased with P 
fertilizer application rates and then remained stable 
(Fig. 4). The proportion of precipitated P in total P 
increased with P fertilizer application rates, while 
residual P showed an opposite trend. 

The percentage changes of H2O-Pi and HCl-Pi 
under the flooding environment were higher than that 
under the drying environment, and opposite trends 
were observed for the percentage changes of NaHCO3-
Po and NaOH-Pi (Fig. 3, p<0.01). For the percentage 
change of NaHCO3-Pi, significant differences between 
the drying and flooding environments were only 

detected below 95 kg P ha-1 (p<0.05). For the 
percentage changes of NaOH-Po and residual P, no 
significant differences were observed between the 
drying and flooding environments (p>0.05).  

3.2 Transformation percentages of P fertilizer 
to soil P fractions 

Compare with 0 kg P ha-1, as the application rate 
of P fertilizer reached 230 kg P ha-1, the 
transformation percentages of P fertilizer (TPPF) to 
H2O-Pi, NaHCO3-Pi, NaHCO3-Po, and NaOH-Po were 

decreased by 8.91%, 25.81%, 
6.89%, and 3.46%, 
respectively, under the drying 
environment and by 13.94%, 
31.14%, 2.81%, and 3.82% 
under the flooding 
environment (Fig. 5). Instead, 
the TPPF to NaOH-Pi and 
HCl-Pi were increased by 
20.91% and 24.26%, 
respectively, under the drying 
environment and by 9.71% 
and 40.72% under the 
flooding environment. No 
significant differences were 
observed for the TPPF to 
residual P among the P 
fertilizer application rates 
under the drying and flooding 
environments (p>0.05). 

The TPPF to H2O-Pi and 
HCl-Pi under the flooding 
environment was higher than 
that under the drying 
environment, and the TPPF to 
NaHCO3-Po and NaOH-Pi 
showed an opposite trend 
(p<0.01). For the TPPF to 
NaHCO3-Pi, significant 
differences between the drying 
and flooding environments 
were only detected below 65 
kg P ha-1 (p<0.05). For the 
TPPF to NaOH-Po and 
residual P, no significant 
differences were observed 
between the drying and 
flooding environments 

Fig. 3 Effects of P fertilizer application rates on percentage changes of soil P 
fractions after incubation under the drying and flooding environments. Bars 
represent standard deviations of means (n=3). 
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(p >0.05).   

3.3 Pathways of soil P fraction 
transformations as affected by applied P 
fertilizer  

Structural equation models show multivariate 
effects of P application rates on labile P via soil P 
fractions under the drying and flooding environments 
(0 ≤ χ2 /df ≤ 2, 0.05 < p ≤ 1, RMSEA ≤ 0.06 and CFI 
≥ 0.95, Fig. 2, Appendix 1). Phosphorus fertilizer 
application rates had direct positive effects on 
precipitated P with path coefficients (β) of 0.996 and 
0.994 (p <0.001) under the drying and flooding 
environments. In addition, P fertilizer application 
rates had indirect positive and negative effects on 
organic P with β of 0.606 and -0.985 mainly via 
precipitated P (p <0.001) under the drying and 
flooding environments. Moreover, P fertilizer 
application rates further had indirect positive effects 
on labile P with β of 0.594 and 0.883 via organic P (p 
<0.001) under the drying and flooding environments. 
Phosphorus fertilizer application rates also had a 
further indirect positive effect on labile P with β of 
0.294 via precipitated P (p <0.001) under the drying 
environment. Residual P had direct positive effects on 
organic P under the drying and flooding 
environments (p <0.05). Organic P had direct positive 
and negative effects on labile P under the drying and 
flooding environments (p <0.001). Residual P had a 
direct negative effect on labile P under the drying 
environment (p <0.001). Organic P, residual P, and 

precipitated P explained 96.4% of the total variance in 
labile P under the drying environment. Organic P 
explained 76.1% of the total variance in labile P under 
the flooding environment. Residual P had a direct 
positive effect on precipitated P under the flooding 
environment (p <0.001). Precipitated P had a positive 
(negative) effect on organic P, and organic P had a 
positive (negative) effect on labile P under the drying 
(flooding) environment.  

3.4 Relationships among soil P fraction 
differences between the drying and 
flooding environments 

Multivariate linear regression analyses were 
performed on soil P fraction differences between the 
flooding and drying environments (Table 3). ∆ H2O-Pi 
was negatively correlated with ∆NaOH-Pi and 
∆NaHCO3-Po (p <0.001). ∆NaHCO3-Po was positively 
correlated with ∆NaOH-Pi, and ∆NaOH-Pi was 
negatively correlated with ∆HCl-Pi (p <0.001). 

4   Discussion 

4.1 Soil P fraction distributions affected by 
applied P fertilizer 

The percentage change of H2O-Pi increased with 
P fertilizer application rates, and the percentage 
change of NaHCO3-Pi increased with P fertilizer 
application rates and then remained stable under the 

 
Fig. 4 Effects of P fertilizer application rates on P fraction proportions in soil total P. Labile P includes H2O-Pi and 
NaHCO3-Pi; Organic P includes NaHCO3-Po and NaOH-Po; Precipitated P includes NaOH-Pi and HCl-Pi. 
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drying and flooding environments (Fig. 3). Gradual 
transformation of precipitated P into labile P by 
microorganisms could be responsible for the results 
(Wang et al. 2022; Brucker et al. 2020; Pastore et al. 
2020), supported by the indirect effects of P fertilizer 
application rates on labile P 
via precipitated P in the 
structural equation models 
(Fig. 2). Phosphorus fertilizer 
application increases labile P 
content of paddy soil and 
alkaline sandy loam soil (Chen 
et al. 2022b; Cao et al. 2022), 
which are consistent with our 
results.   

The percentage changes 
of NaOH-Pi and HCl-Pi 
increased with P fertilizer 
application rates (Fig. 3), 
which is consistent with our 
first hypothesis. Alkaline soil 
environment (pH = 8.15, 
Table 1) with high contents of 
Ca, Al, and Fe ions (we did not 
measure contents of Ca 
carbonate and Al/Fe 
(hydro)oxides in the tested 
soil, but Li et al. (2007) did) 
could be the reason for the 
results. The results indicated 
that inorganic P input 
increased soil P release risk 
(especially for Fe-bound P) 
from the riparian zone to the 
TGR under rain-leaching and 
flooding environments. The 
increases of NaOH-Pi and 
HCl-Pi were also observed in 
black soil, fluvo-aquic soil, 
and red soil under the drying 
environment (Luo et al. 2017). 
Calcium-bound P is the main 
fraction increased by P 
fertilizer application in 
submerged calcareous soil 
rather than Fe-bound P 
(Abolfazli et al. 2012), which 
partly agrees with our results. 
Compare with calcareous soil, 
the high content of Al (Fe) 

oxides/hydroxides in the purple alluvial soil 
measured by Li et al.(2007) as mentioned above could 
be the reason for simultaneous large increases of 
NaHCO3-Pi and NaOH-Pi in our study. Manure 
application decreases Ca-bound P in calcareous soil 

Fig. 5 Effects of P fertilizer application rates on transformation percentages of P 
fertilizer to soil P fractions under the drying and flooding environments. Bars 
represent standard deviations of the means (n=3).  
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(Yan et al. 2018), which is opposite to our result. Soil 
pH decrease caused by manure application should be 
the reason for this controversy (Yan et al. 2018). 
Hence, the effect of organic P fertilizer application on 
soil P fraction distribution in the riparian zone should 
be further investigated in the future. Residual P and 
NaOH-Pi are the main fractions presenting in paddy 
soil after 40 years of continuous fertilization (Yan et 
al. 2017), which is consistent with our result of NaOH-
Pi but disagrees with the result of residual P. Our 
study is a short-term incubation experiment with only 
one fertilization, whereas the above study is a long-
term experiment with intermittent fertilization. In 
addition, long-term microbial processes could result 
in residual P increase (Audette et al. 2016). Therefore, 
differences in experiment duration and fertilization 
frequency may be the main reasons for this 
inconsistency, which needs to be explored in the 
future.   

In the drying environment, NaHCO3-Po 
increased with P fertilizer application rates, while an 
opposite trend was observed in the flooding 
environment (Fig. 3). Precipitated P transformation 
to organic P by microorganisms (Menezes-Blackburn 
et al. 2016; Tian et al. 2021) could be responsible for 
the result in the drying environment, supported by 
the direct positive effect of precipitated P on organic P 
in the structural equation model (Fig. 2). Organic P 
release caused by Fe-bound P reduction (Bai et al. 
2020; Maranguit et al. 2017a) could be the reason for 
the result in the flooding environment, supported by 
the direct negative effect of precipitated P on organic 
P in the structural equation model (Fig. 2). NaOH-Po 
initially increased with P fertilizer application rates 
and finally kept stable under the drying and flooding 
environments (Fig. 3). Since chemically bonded P is 
more stable than physically adsorbed P, we presume 
that NaOH-Po is chemically bonded organic P, 
needing further investigation. Inorganic P fertilizer 
application leads to soil organic P accumulation in the 
organic layer of a forest ecosystem (Spohn et al. 2018), 
which is consistent with our result. Long-term organic 
fertilizer application has little effect on soil organic P 
in the topsoil of a slightly acidic luvisol under the 
drying environment (Annaheim et al. 2015), and 
animal manure input increases organic P content in 
paddy soil under the flooding environment (Chen et al. 
2022b). Both of the results of the above studies 
disagree with our results. The effect of organic 
fertilizer input on soil pH is different due to soil type 

differences, affecting microbial P assimilation 
processes (Dai et al. 2020; Kong et al. 2018; Audette 
et al. 2016; Soltangheisi et al. 2018). Therefore, the 
differences in P fertilizer and soil types could be the 
reason for the controversy.  

The results of TPPF to P fractions showed that P 
fertilizer transformed more into precipitated P than to 
labile P and organic P with the increase of P fertilizer 
application rate under the drying and flooding 
environments (Fig. 5), agreeing with our first 
hypothesis. The high content of Al (Fe) oxides/ 
hydroxides and Ca carbonate tested by Li et al.(2007) 
in the purple alluvial soil could be the reason for the 
results. Our results indicated that the increase of 
inorganic P fertilizer input increased soil P release 
risk (such as Fe-bound P) from the riparian zone to 
the TGR under the environment of alternating drying 
and flooding. Measures, such as prohibiting 
agricultural activities during the drying period and 
building ecological barriers between the riparian zone 
and agricultural fields, should be taken to control 
exogenous P input for the reduction of soil P release 
risk from the riparian zone to the TGR. 

An application rate increase of inorganic P 
fertilizer significantly increases soil organic P content 
under the drying environment (Mahmood et al. 2020), 
which is consistent with our result. The increase of P 
fertilizer application rate (a mixture of organic and 
inorganic P fertilizer) increases labile P content and 
decreases Ca-bound P content in calcareous sandy 
loam soil under the drying environment (Ahmad et al. 
2018), which is consistent with our result of labile P 
but opposite to the result of HCl-Pi. Soil pH decrease 
triggered by organic P fertilizer input could be 
responsible for the inconsistency (Ahmad et al. 2018). 
It has also been reported that both labile P and Ca-
bound P are increased by the increase in manure 
application rate in a calcareous soil under the drying 
environment (Weyers et al. 2016), which is consistent 
with our results. The unconformity in Ca-bound P 
change caused by the addition of organic P fertilizer in 
the above studies may be related to buffering property 
discrepancy of different soil types (Ahmad et al. 2018), 
which needs to be further investigated. High 
application rates of inorganic P fertilizer led to labile 
P content increase under the drying environment in 
an in situ study, while no significant differences in 
labile P content were observed among low application 
rates of P fertilizer (Coelho et al. 2021), which only 
agrees with our result at high application rates. Plant 
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P uptake in the in situ study may be the reason for the 
discrepancy, indicating that in situ study should be 
conducted in the future. Soil characteristics of P 
fraction distribution affected by P fertilizer 
application are still unclear in the riparian zone. The 
results deepen our understanding of soil P fraction 
distribution as affected by applied P fertilizer and 
provide help to assess soil P release from the riparian 
zone to the TGR.  

4.2 Soil P fraction transformation processes 
affected by applied P fertilizer  

Under the drying environment, P fertilizer 
application rates had a direct positive effect on 
precipitated P, further mainly had an indirect positive 
effect on organic P via precipitated P, and finally 
mainly had an indirect positive effect on labile P via 
organic P (Fig. 2, p <0.001). The results showed that 
P fertilizer was first transformed into precipitated P, 
and then further transformed into organic P and 
labile P, which is consistent with our second 
hypothesis. The results could be explained by 
chemical precipitation processes of inorganic P 
fertilizer and further microbial transformation of 
precipitated P. Phosphorus fertilizer input promoted 
precipitated P formation, supported by the increases 
of NaOH-Pi and HCl-Pi with P fertilizer application 
rates (Figs. 3 and 4). Subsequently, phosphate-
solubilizing microorganisms can dissolve the 
precipitated P (Han et al. 2022; Zhang et al. 2021), 
and the dissolved P could be transformed into organic 
P through microbial assimilation (Dai et al. 2020; 
Gross et al. 2020), supported by the increases of 
NaHCO3-Po and NaOH-Po with P fertilizer 
application rates under the drying environment (Fig. 
3). Further, the organic P could be mineralized to 
labile P, supported by the increases of NaHCO3-Pi and 
H2O-Pi with P fertilizer application rates (Figs. 3 and 
4). 

Inorganic P fertilizer is finally transformed into 
labile P, precipitated P, and organic P under the 
drying environment (Ahmad et al. 2018; Luo et al. 
2017), which is consistent with our results. An 18-
week incubation experiment found that labile P and 
moderately labile P are transformed into more stable 
P fractions under P fertilizer application (Audette et al. 
2016), which disagrees with our results. The 
incubation time difference may be the reason for this 
discrepancy (Audette et al. 2016), which needs to be 

discussed in the future. With the increase of P 
fertilizer application rates, labile P originates from 
organic P mineralization in soil lacking organic matter 
(Jiménez et al. 2019), and P fertilizer application 
promotes the transformation of precipitated P to 
labile P in agricultural soils (Liao et al. 2021), both of 
which are consistent with our results. We further 
pointed out that organic P could be the intermediate 
link in the transformation processes from precipitated 
P to labile P in riparian zone soil.  

Under the flooding environment, P fertilizer 
application rates had a direct positive effect on 
precipitated P, mainly had an indirect negative effect 
on organic P via precipitated P, and finally had an 
indirect negative effect on labile P via organic P (Fig. 2, 
p <0.001). The results show that P fertilizer was first 
transformed into precipitated P, and the precipitated 
P increase led to the organic P decrease and the labile 
P increase under the flooding environment. The 
results are consistent with our second hypothesis in 
terms of the transformation of P fertilizer to 
precipitated P but disagree in terms of the further 
transformations from precipitated P to organic P and 
labile P. Chemical precipitation could be still 
responsible for the direct positive effect of P fertilizer 
application rate on precipitated P as interpreted 
above. NaHCO3-Po desorption caused by Fe-bound P 
reduction release under the flooding environment 
(Bai et al. 2020; Maranguit et al. 2017a) could be the 
reason for the inconsistent results, supported by the 
lower contents of NaOH-Pi and NaHCO3-Po under 
the flooding environment than that under the drying 
environment (Fig. 3), positive correlation between 
∆NaOH-Pi and ∆NaHCO3-Po and negative correlation 
between ∆H2O-Pi and ∆NaHCO3-Po (Table 3, p 
<0.001). The effect of P fertilizer input on the 
transformation processes of soil P fraction is still 
unclear under the flooding environment. Our results 
point out that labile P originated from organic P 
release caused by precipitated P dissolution under the 
flooding environment. The results deepen our 
understanding of the transformation processes of soil 
P fraction affected by inorganic P fertilizer application 
under the drying and flooding environments and 
could provide a scientific basis for preventing and 
controlling soil P release from the riparian zone. 

4.3 Effect of flooding on soil P fraction 
distribution  
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Negative linear relationships between ∆H2O-Pi 
and ∆NaHCO3-Po and between ∆HCl-Pi and ∆NaOH-
Pi were observed (Table 3, p <0.001). The results 
indicated that H2O-Pi release came from NaHCO3-Po 
mineralization, and the HCl-Pi increase was caused by 
further precipitation of NaOH-Pi release under the 
flooding environment, which is consistent with our 
third hypothesis. NaHCO3-Po and NaOH-Pi release 
caused by microbial reduction dissolution of Fe-
bound P under the flooding environment (Maranguit 
et al. 2017a) could be the reason for the results. This 
explanation was supported by higher percentage 
changes of NaHCO3-Po and NaOH-Pi and TPPF to 
NaHCO3-Po and NaOH-Pi under the drying 
environment than that under the flooding 
environment (Fig. 3, Fig. 5, p <0.01). Since the 
alkaline soil environment (pH=8.15, Table 1) and high 
content of Ca ions in the purple alluvial soil tested by 
Li et al. (2007), the released NaOH-Pi could be 
further precipitated with calcium ions to form HCl-Pi. 
Flooding leads to a P availability increase and a Fe-
related P decrease in wetland soil (Maranguit et al. 
2017a; Kinsman-Costello et al. 2014; Bai et al. 2020), 
which is consistent with our results of NaOH-Pi and 
H2O-Pi. However, HCl-Pi increase was not observed 
under the flooding environment in these studies. 
Differences in fertilizer application (no P fertilizer 
input in the above studies) and soil pH (soil 
environment is acidic in the above studies but is 
alkaline in our study (pH=8.15, Table 1)) could be 
responsible for this discrepancy.  

Generally, it is believed that soil P release mainly 
comes from NaOH-Pi release caused by flooding (Gu 
et al. 2019; Maranguit et al. 2017a). We further reveal 
that, with P fertilizer application, NaHCO3-Po release 
due to Fe-bound P reduction was the final source of P 
release caused by flooding. The results deepen our 
understanding of soil P release processes and can 
provide help for preventing and controlling soil P 
release caused by flooding. 

5   Conclusions 

Inorganic P fertilizer is mainly transformed into 
labile P (i.e., H2O-Pi, NaHCO3-Pi) and precipitated P 
(i.e., NaOH-Pi, HCl-Pi) in the purple alluvial soil of 
the riparian zone of the Three Gorges Reservoir under 
the drying and flooding environments. Meanwhile, 
except for NaHCO3-Po release under the flooding 

environment, inorganic P fertilizer is also 
transformed into organic P (i.e., NaHCO3-Po, NaOH-
Po) by microbial assimilation. With the application 
rate increase of P fertilizer, inorganic P fertilizer is 
transformed more into precipitated P than into labile 
P and organic P. Inorganic P fertilizer mainly 
increases organic P via precipitated P under the 
drying environment and decreases organic P via 
precipitated P under the flooding environment. 
Finally, the organic P is transformed into labile P. 
With P fertilizer input, P release caused by flooding is 
derived from NaHCO3-Po release triggered by the 
reductive release of NaOH-Pi. The results is helpful 
for the understanding of soil migration processes of 
inorganic P fertilizer from the riparian zone to the 
Three Gorges Reservoir under rain leaching and 
flooding and can provide scientific reference for the 
prevention and control of soil P release from the 
riparian zone. There are also shortcomings in our 
study. Phosphorus fertilizer transformation processes 
should be investigated under periodic drying and 
flooding hydrological environments. In addition, the 
chemical and microbial transformation mechanisms 
of P fertilizer should be further discussed. Moreover, 
it should be concerned with the effects of different 
kinds of P fertilizer, application frequencies of P 
fertilizer, plant uptake, and incubation time extension 
on the distribution and transformation of soil P 
fraction. 
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