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Abstract: Irrational phosphorus (P) nutrient management practices often fail to match of P fertilizer
type, soil P transformation and crop P demand, lead to increased accumulation of legacy P, reduced
PUE, and pollution, affecting crop production. A pot experiment incorporating soil types and P
fertilizer types (SSP, simple superphosphate; CMP, calcium magnesium phosphate; DAP, diammo-
nium phosphate; TSP, triple superphosphate; APP, ammonium polyphosphate; CK, no P application)
to establish coupling of the soil and P fertilizer types, soil P pool characteristics, crop P uptake. In
calcareous soil, the available P concentrations in rhizosphere soil were higher under TSP and DAP,
with the increase in NaHCO3-Pi concentration the most. In non-calcareous soil, the NaHCO3-Pi
and NaOH-Pi increased the most under SSP, DAP, and TSP at anthesis. Shoot P accumulation at
maturity was highest under TSP and APP, TSP and DAP, respectively, in the two soil. TSP and APP
significantly increased yield and PUE in the calcareous soil, while TSP and DAP performed better in
the non-calcareous soil. NaHCO3-Pi and NaOH-Po are potentially available P sources in calcareous
and non-calcareous soil, which remarkably affect shoot P uptake through H2O-P. Comprehensive
assessment of the relationship between soil P pool characteristics, yield and PUE, TSP and APP are
recommended for application in calcareous soils and TSP and DAP for application in non-calcareous
soils in wheat cropping systems.

Keywords: soil available P; soil P pool characteristics; root morphology; shoot P uptake; PUE;
structural equation model

1. Introduction

Phosphorus (P) fertilizers are critical to crop production and global food security.
Strengthening intensive agricultural production will also increase the demand for P fertil-
izers [1,2]. China produces and consumes 34.0% and 22.5% of global P fertilizer [3]. The
output of high-concentration P fertilizer accounts for 95.9% of the total P fertilizer produc-
tion, mainly as ammonium P fertilizer [4]. However, the P supply capacity of different soils
varies significantly due to soil properties, P fractions and P fertilizer types, resulting in
different soil types requiring different P fertilizer types [5–7]. In calcareous soils, due to the
high content of calcium carbonate in the soil, the fixation effect of calcium carbonate on P is
the main factor. In contrast, P is mainly fixed by a large amount of amorphous iron oxide
and alumina in acid soils. From this, P fertilizer is easily fixed and accumulated after being
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applied to the soil. As a result, the availability is reduced, resulting in the average in-season
P use efficiency (PUE) being 3.0–21.2% [8,9]. In addition, to maximize the effectiveness of
all P fertilizer types, corresponding fertilization measures should be taken according to
the characteristics of different P fertilizer types [7,10]. Therefore, strategies are needed to
improve fertilizer PUE by matching the soil types—P fertilizer type—cropping system in P
nutrient management.

Numerous studies have investigated the effect of P fertilizer type on soil P bioavailabil-
ity and crop yield [10–12]. However, due to differences in physical and chemical properties
(e.g., solubility, acidity, and alkalinity) among P fertilizer types, fertilizer use efficiency is
inconsistent between different soil types [13–15]. For example, whether in the neutral fluvo-
aquic soil (pH 7.2) or the Eum-Orthric Anthrosols (pH 8.4), diammonium P (DAP) had the
highest concentration of availability P, with 18.2–223.7% greater P uptake and 22.0–420.0%
higher PUE for summer maize than simple superphosphate (SSP), calcium magnesium
P (CMP) monoammonium P (MAP) and ammonium polyphosphate (APP) [7,16]. Other
studies have shown that MAP and APP significantly improved available P concentration,
PUE, and maize or cotton yields in calcareous soil (pH 7.81) with coarse texture compared
with other P fertilizer types udder drip irrigation [17,18]. In acid yellow cinnamon soil (pH
5.0) and weakly acidic red soil (pH 6.5), DAP increased rape seed yield and PUE the most
but while MAP and CMP decreased them the most [7,19]. Thus, P fertilizer has different
effects on different crops and soil types.

Soil P availability can reflect crop P uptake and utilization to a certain extent but
depends on the dynamic changes of various P fractions in soils [20,21]. Plant P absorp-
tion and utilization are affected by the different soil P fractions [22,23]. Classifying the
different soil P fractions can quantify and explain changes in soil P pool characteristics
and bioavailability [24,25]. The modified Hedley fractionation method is widely used,
with soil P fractions divided into seven components: H2O-P, NaHCO3-Pi, NaHCO3-Po,
NaOH-Pi, NaOH-Po, HCl-P, and residual-P [23,26,27], with further division into labile P
fractions (H2O-P, NaHCO3-Pi, and NaHCO3-Po), moderately labile P fractions (NaOH-Pi
and NaOH-Po), and stable P fractions (HCl-P and residue-P) according to the degree of
availability [28]. Long-term P fertilizer application can significantly increase the proportion
of labile inorganic P and moderately labile inorganic P but decrease the proportion of mod-
erately stable inorganic P [29,30]. Furthermore, labile P and moderately labile P contents
positively correlated with soil available P content, which can be easily absorbed and used
by crops [31–33]. While the effects of single P fertilizer types, application rates, cropping
systems, tillage, and fertilization methods on P fertilizer use efficiency and crop yield are
well-known [34–38], it is not known how the matching pattern of P fraction transformation
of different P fertilizer types in different soil types and crop P fertilizer use efficiency.

To achieve this, it is necessary to make a thorough investigation of soil P pool transfor-
mation characteristics and their bioavailability and crop requirements when P is applied to
the soil. The main objectives of this study were to: (i) investigate how P fertilizer types affect
soil P fraction transformation and its availability in calcareous soils and non-calcareous
soils, (ii) clarify to what extent P fertilizer types effects wheat grain yield and P accumu-
lation relate to soil P fraction concentrations and availability, (iii) identify the optimal P
management practice in different soils under winter wheat. This study will provide a
systematic understanding of the matching mechanism of the P fertilizer-target soil-winter
wheat cropping system to help realize the highly efficient and sustainable utilization of P
fertilizer and reduce the risk of environmental pollution.

2. Materials and Methods
2.1. Experimental Soils

A pot trial with winter wheat (Triticum aestivum L. cv. Fanmai 8) was conducted in
a mesh greenhouse at Anhui Agriculture University (117◦25′ E, 31◦87′ N), using two soil
types: a calcareous (fluvo-aquic) and non-calcareous (yellow cinnamon) soil from long-term
no P fertilizer application plots in Bengbu, Anhui (117◦38′ E, 32◦96′ N) and Agricultural
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High Technology Zone of Anhui Agricultural University (117◦20′ E, 31◦93′ N), respectively.
The bulk soils were collected, sundried, shade dried, crushed, and passed through a 3 mm
nylon screen before filling the white plastic flowerpots. Table 1 lists the physical and
chemical characteristics of the soils.

Table 1. Physical and chemical properties of the soil before sowing.

Soil Types Texture
OM TN AN AP AK pH

(g kg−1) (g kg−1) (mg kg−1) (mg kg−1) (mg kg−1)

Fluvo-aquic Sandy loam 11.7 ± 0.2 0.65 ± 0.01 56.1 ± 2.3 4.9 ± 0.1 101.3 ± 0.7 8.04 ± 0.1
Yellow cinnamon Clay loam 14.9 ± 0.3 0.93 ± 0.01 69.9 ± 1.2 4.1 ± 0.2 150.0 ± 3.9 7.17 ± 0.1

OM, TN, AN, AP and AK are used to express organic matter, total nitrogen, Alkali-
hydrolyzed nitrogen, available phosphorus and available potassium, respectively. Data are
presented as means of four replications with standard errors.

2.2. Experimental Design

The six fertilization treatments were no P fertilization (CK), calcium superphosphate
(SSP, P 5.24%), calcium magnesium P (CMP, P 6.55%), diammonium P (DAP, P 20.07%),
triple superphosphate (TSP, P 20.07%), and ammonium polyphosphate (APP, P 24.44%).
Before sowing, nitrogen (N), P, and potassium (K) were mixed into the soil: 100 mg N kg−1

soil as urea, 57.2 mg P kg−1 soil as the P fertilizer corresponding to the treatments, and
91.3 mg K kg−1 soil as K2SO4, with a second N fertilizer, dosage (100 mg N kg−1 soil
as urea) at wheat jointing. Each 5 L pot (height: 17 cm, diameter: 21 cm) was filled
with 3.5 kg of low P soil, and the application rate of N, P (except CK) and K fertilizer
was kept the same for each treatment. The experiment comprised a completely random
design. Each P fertilizer treatment was executed with nine replications for 54 pots. Fifteen
sterilized seeds were sown in each pot, with the seedlings thinned to eight plants per
pot after emergence. The pot positions were randomly arranged and changed regularly.
The pots were irrigated with tap water to maintain the soil moisture at 70% field water
capacity. Pests and diseases were controlled with insecticides and fungicides according to
the manufacturer’s instructions.

2.3. Sample Collection and Laboratory Analysis

At anthesis and maturity, wheat shoots were randomly collected from three replicate
pots per treatment, harvested, and divided into stems, leaves, glumes, and grain. The
plant samples were washed with tap water and ultrapure water three times, over-dried
at 105 ◦C for 30 min to kill enzyme activities, and then dried at 65 ◦C until to constant
weight and weighed. The crushed plant samples were digested with H2SO4-H2O2 in a
graphite-digestion device (DigiBlock ST 36, LabTech, Hopkinton, MA, USA), with the P
concentration of digesting solutions measured with an automatic continuous flow analyzer
(San++, Skalar, Breda, Netherlands). Standard samples (GBW-10011 wheat, China) were
used to verify the digestion and determination procedures. At anthesis, cleaned root
samples were scanned with a WinRHIZO (Regent Instruments Inc., Québec, QC, Canada)
root scanning system. The digital images were analyzed to obtain root growth parameters
(root length and surface area).

Soil samples were collected at the same time as the plant samples, with the hand-
shaking method adopted to obtain the non-rhizosphere and rhizosphere soil [39]. The soil
samples were dried in the shade and passed through 1 mm and 0.15 mm nylon sieves to
determine available P and P fractions, respectively. Soil available P was extracted with
0.5 mol L−1 NaHCO3, with the filtered liquid measured by an automatic continuous flow
analyzer (San++, Skalar, Breda, Netherlands). Soil P fractions were determined following
the modified Hedley continuous extraction method [26,27] (Figure 1), with the seven P
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fractions determined by molybdenum-antimony resistance colorimetry and UV-visible
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan).
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Figure 1. Modified Hedley sequential soil P fractions extraction method. Pi and Po denote inorganic
and organic P, respectively.

2.4. Calculation and Statistical Analysis

P accumulation, P agronomy efficiency (PAE), P use efficiency (PUE), P partial factor
productivity (PPFP), and P physiological efficiency (PPE) were calculated according to
Dhillon et al. [8], Yu et al. [9], and Zhao et al. [7].

Shoot P accumulation (mg pot−1) = shoot P concentration × shoot biomass

PAE (kg kg−1) = (YP − YCK)/P application rate

PUE (%) = [(UP − UCK)/P application rate] × 100

PPFP (kg kg−1) = YP/P application rate

PPE (kg kg−1) = (YP − YCK)/UP

YP and YCK are wheat grain yield under P fertilizer and the control, respectively; UP and
UCK are shoot P accumulation under P fertilizer and the control, respectively.

All statistics were completed in SPSS version 22.0 (IBM SPSS Statistical, Chicago,
IL, USA) and SAS version 8.0 (SAS Institute Inc., Cary, NC, USA). Two-way analysis of
variance (ANOVA) was used to evaluate the effects of P fertilizer types and soil types
on grain yield, soil P pool characteristics, shoot P accumulation, and P efficiency. Means
and standard error of the mean were calculated for each P treatment combination, with
significantly different P treatment means (according to ANOVA) compared by the least
significant difference (LSD, p < 0.05). Sigmaplot version 12.5 (Systat, San Jose, CA, USA)
and OriginPro version 2016 (OriginLab, Wellesley Hills, MA, USA) were used to draw
graphs and regression analyses.
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3. Results
3.1. Grain Yield and Its Components

In the calcareous soil, TSP and APP had the highest grain yield among the differ-
ent P fertilizer types, significantly increasing by 19.9–40.3% and 15.6–35.2%, respectively
(Figure 2a). TSP also had a significantly higher spike number (14.0–58.4%) than the other
P fertilizer types (Figure 2c). However, no significant differences in kernels per spike or
thousand kernels weight occurred between P fertilizer types, except SSP (Figure 2b,d).
In the non-calcareous soil, P fertilizer significantly increased grain yield by 21.2–90.5%
compared with no P application; TSP, CMP, and DAP had the greatest effect, increasing
by 79.7%, 90.5%, and 74.0%, respectively (Figure 2a). However, no significant differences
occurred between treatments for spike number, kernels per spike or thousand kernels
weight (Figure 2b–d).
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Figure 2. Grain yield (a) and its components (b–d) for winter wheat as affected by P fertilizer types in
calcareous and non-calcareous soil. Data are presented as means of three replications with standard
errors. Different lowercase letters indicate significant mean differences between P fertilizer types in
the same soil (LSD, p < 0.05). Probabilities of F-statistics for P fertilizer types effects are presented at
the top of each figure. (**, ns) significantly difference at p < 0.01 and p > 0.05, respectively.

3.2. Soil Available P and Soil Alkaline Phosphatase Activity

In the calcareous soil, TSP and DAP had the highest available P concentration in rhizo-
sphere soil at wheat anthesis. Still, no significant differences occurred in non-rhizosphere
between P fertilizer treatments (Figure 3a,b). At maturity, TSP had significantly higher soil
available P (30.3–77.9%) than the other P fertilizer types, followed by DAP and APP, with
no significant difference between TSP and CMP (Figure 3c). In the non-calcareous soil, no
significant differences in the available P concentration in rhizosphere soil occurred between
P fertilizer treatments. In contrast, DAP had the highest concentration in non-rhizosphere
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soil, similar to APP. At maturity, CMP and APP had 27.3–34.1% and 25.4–32.2% higher soil
available P concentration, respectively, than the other P fertilizer types, with no significant
differences between SSP, DAP, and TSP.
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Figure 3. Soil available P concentration and soil alkaline phosphatase activity as affected by P
fertilizer type in calcareous and non-calcareous soil. Data are presented as means of three replications
with standard errors. Different lowercase letters indicate significant mean differences between P
fertilizer types in the same soil (LSD, p < 0.05). Probabilities of F-statistics for P fertilizer types effects
are presented at the top of each figure. (*, **, ns) significantly difference at p < 0.05, p < 0.01 and
p > 0.05, respectively.

In the calcareous soil, DAP had the highest alkaline phosphatase activity in rhizosphere
and non-rhizosphere soil at wheat anthesis. Still, no significant differences between P
fertilizer treatments occurred at maturity (Figure 3d–f). CMP had the highest alkaline
phosphatase activity in rhizosphere soil in non-calcareous soil at wheat anthesis, similar to
TSP. APP had the greatest increase in alkaline phosphatase activity in non-rhizosphere soil
between anthesis and maturity but did not significantly differ from TSP and CMP.

3.3. Root Morphological Characteristics

Phosphorus fertilizer type significantly increased wheat’s total root length and surface
area by 14.9–30.3% and 18.7–42.2% in calcareous soil and 30.2–52.1%, and 25.5–31.8% in
non-calcareous soil, respectively, compared with no P (Figure 4a,b). Only CMP significantly
reduced the root surface (8.5–14.4%) in non-calcareous soil compared with other P fertilizers.
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Figure 4. Total root length (a) and total root surface area (b) as affected by P fertilizer type in
calcareous and non-calcareous soil. Data are presented as means of three replications with standard
errors. Different lowercase letters indicate significant mean differences between P fertilizer types in
the same soil (LSD, p < 0.05).

3.4. Soil P Fraction

In the calcareous soil, TSP had a significantly higher concentration and proportion of
H2O-P in rhizosphere soil than the other P fertilizer treatments. In contrast, NaHCO3-Pi and
NaOH-Pi did not significantly differ between TSP, SSP, DAP, and APP (Figures 5a and 6).
CMP had significantly lower concentrations and proportions of H2O-P (20.1% and 14.3%),
NaHCO3-Pi (31.0% and 25.9%), and NaOH-Pi (20.1% and 14.2%), but a higher proportion
of HCl-P (8.0%) than the other P fertilizer treatment. No significant differences in P
fractions concentration and proportion occurred in non-rhizosphere soil under the different
P fertilizer types. In the non-calcareous soil, SSP had the highest concentration of H2O-P,
NaHCO3-Pi, NaHCO3-Po, and NaOH-Pi in rhizosphere and non-rhizosphere soil, while the
concentrations of NaHCO3-Pi and NaOH-Pi in non-rhizosphere soil did not significantly
differ between DAP and APP (Figure 5b). Moreover, CMP significantly increased the
concentration and proportion of HCl-P in rhizosphere soil (64.1% and 35.9%) and non-
rhizosphere soil (62.1% and 32.4%) (Figures 5b and 6). SSP had a significantly higher
proportion of residual-P in rhizosphere soil than the other P fertilizer types, but it was
8.6–22.1% lower than the non-rhizosphere soil.

The concentrations of H2O-P, NaHCO3-Pi, and NaOH-Pi positively correlated with
available P, with a 1 mg kg−1 increase in the calcareous and non-calcareous soil, increasing
soil available P by 0.48 and 0.13 mg kg−1, 0.80 and 0.24 mg kg−1, 1.03 and 0.42 mg kg−1,
respectively (Figure 7a,b,d). However, when NaHCO3-Po increased by 1 mg kg−1, soil
available P decreased by 0.34 mg kg−1 in non-calcareous soil (Figure 7c).
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Figure 7. Relationships between soil Olsen-P and H2O-P (a), NaHCO3-Pi (b), NaHCO3-Po (c), NaOH-
Pi (d), NaOH-Po (e), and HCl-P or residual-P (f) in calcareous and non-calcareous soil. ** significant
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3.5. Shoot P Uptake

In the calcareous soil, CMP had significantly higher shoot P uptake (42.4–63.0%) at
wheat anthesis than the other P fertilizer types, followed by APP, with no significant
difference between DAP and TSP (Figure 8a). At maturity, shoot P significantly increased
by 69.0–134.4% under different P fertilizer types compared with no P application, more
so in TSP and APP (Figure 8b). Using the data of all P fertilizer treatments, when soil
available P concentration increased by 1 mg kg−1, shoot P uptake increased by 1.21 and
0.60 mg pot−1 at anthesis and maturity, respectively (Figure 8c,d). In the non-calcareous
soil, DAP had significantly higher shoot P uptake at anthesis than CMP, but no significant
differences occurred with the other P fertilizer types (Figure 8a). At maturity, TSP, DAP,
and CMP had significantly higher shoot P uptake than SSP and APP, but no significant
differences occurred among the other three P fertilizer types (Figure 8b). Moreover, among
the P fertilizer treatments, when soil available P increased by 1 mg kg−1, shoot P uptake
increased by 1.56 mg pot−1 (Figure 8d).
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Figure 8. Effect of P fertilizer type on shoot P accumulation at anthesis (a) and maturity (b), and
the relationships between soil Olsen-P and shoot P accumulation at anthesis (c) and maturity (d) in
calcareous and non-calcareous soil. Data are presented as means of three or six replications with
standard errors. Different lowercase letters indicate significant mean differences between P fertilizer
types in the same soil (LSD, p < 0.05). Probabilities of F-statistics for P fertilizer types effects are
presented at the top of (a,b). (**, ns) significantly difference at p < 0.01 and p > 0.05, respectively.

3.6. Direct and Indirect Effects of Soil P Fractions on Shoot P Uptake

Structural equation model analysis (SEM) showed that the soil P fractions had signif-
icant direct and indirect effects on shoot P uptake. The constructed SEM explained 64%
and 51% of the total variation in shoot P uptake in the calcareous and non-calcareous soil,
respectively (Figure 9). Of all the comprise variables, the soil H2O-P, NaHCO3-Pi and
NaHCO3-Po had direct or indirect (via other P fractions and soil alkaline phosphatase activ-
ity, ALP) effects on shoot P uptake. Among multiple variables, the influence of P fertilizer
on shoot P uptake was mainly explained by H2O-P and NaHCO3-Pi in the calcareous soil
and by H2O-P and NaOH-Po in non-calcareous soil.
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Figure 9. Structural equation model analysis (SEM) examining the direct and indirect effects of soil
P fractions on shoot P uptake of winter wheat grown on the calcareous soil (a) and non-calcareous
soil (b). ALP, alkaline phosphatase activity. The numbers within the boxes show the explained
percentages of the variance by the predictor variables. The blue and red lines/arrows indicate
positive and negative relationships. The numbers above the lines denote the standardized path
coefficients (* p < 0.05, ** p < 0.01), the thickness of the lines indicates the magnitudes of the causal
relationship. Solid and dashed lines indicate significant and insignificant paths, respectively.

3.7. P Use Efficiency

In the calcareous soil, TSP had the highest PAE, or the PUE, PPFP, and PPE, but they
did not significantly differ from APP (Figure 10a–d). In the non-calcareous soil, CMP had
the highest PAE, PPFP, and PPE, but they did not significantly differ from TSP for the first
two parameters. TSP had the highest PUE but did not significantly differ from DAP and
CMP. SSP had relatively low PAE, PUE, PPFP, and PPE.
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Figure 10. Phosphorus agronomy efficiency (a), P use efficiency (b), P partial factor productivity (c)
and P physiological efficiency (d) as affected by P fertilizer type in calcareous and non-calcareous
soil. Data are presented as means of three replications with standard errors. Different lowercase
letters indicate significant mean differences between P fertilizer types in the same soil (LSD, p < 0.05).
Probabilities of F-statistics for P fertilizer-type effects are presented at the top of each figure. (*, **)
significantly difference at p < 0.05 and p < 0.01, respectively.
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4. Discussion
4.1. Soil P Fraction Transformation and Availability Response to Different P Fertilizer Types

The applied TSP in calcareous soil had the most significant effect on improving
soil available P concentration at wheat anthesis and maturity (62.7–690.4%), followed by
DAP (31.6–221.3%). Some studies have shown that applying TSP in calcaric fluvisals soil
significantly increased soil available P concentration by 122.2% compared with DAP [40,41].
However, Wang et al. [42] found that applying different P fertilizer types in irrigated
meadow soil improved soil available P, with MAP being the best, followed by TSP and
APP. Soil available P is absorbed and used by cereal crops, with the amount depending
on the soil P budget, which varies with soil properties [6,11]. Soil pH value and calcium
content are the main factors affecting the adsorption and desorption of P in calcareous
soil, among which the change of soil pH value significantly affects the chemical fixation
and precipitation and dissolution process of P [43]. When the pH value of calcium and
magnesium phosphate compounds changes with the application of different P fertilizer
types, the adsorbed P can have a desorption reaction, which makes P transfer from the
solid phase to the liquid phase and improves the availability of soil P [44,45]. For high crop
yields, an adequate soil P pool must be established to improve soil fertility gradually. P
fertilizer application is the primary measure for improving the soil available P pool [32,46].
Meanwhile, the effectiveness of P fertilizer, shoot/root P uptake, and crop yield are related
to P fertilizer type and the soil P fractions [47–49]. In our study, the dominant P fractions in
non-calcareous soil were residual-P and HCl-P, in line with the finding of Shaheen et al. [50],
who reported that the HCl-P fraction made up 58% of calcareous soil of Egypt, with the
relative proportion of P fractions in the order HCl-P > residual-P > NaOH-P > NaHCO3-P.
Residual-P is the component of occluded soil P, a predominantly organic P mixture of
slightly soluble Ca-P and lignin, while HCl-P is mainly apatite-P in calcareous soil [51].
Due to the high concentration of calcium ions in calcareous soil, P and calcium ions easily
precipitation to form calcium-P, creating acid-soluble components and reducing soil P
availability [49,52]. Various studies have indicated that the higher the correlation between
soil available P and a P fraction, the higher the availability of the P fraction [6,10,16]. In this
study, soil available P positively correlated with the concentration of H2O-P, NaHCO3-Pi,
and NaOH-Pi, which significantly increased with TSP and DAP in the calcareous soil while
significantly reducing the proportions of HCl-P and residue-P. This indicates that TSP and
DAP can promote the conversion of moderately active and stable P fractions to active P
fractions in calcareous soil, improving the availability of P, which agrees with the findings
of Mahmood et al. [49], who reported that NaHCO3-Pi was the main fraction absorbed
by crops due to its high absolute concentration. The NaOH-P pool had a complementary
effect on soil available P in calcareous cinnamon soil.

In contrast to calcareous soil, applied TSP and DAP or SSP has a good effect on in-
creasing the concentration of soil available P, NaHCO3-Pi, and NaOH-Pi in non-calcareous
soil. According to Pearson’s correlation between each P fraction and available P concen-
tration, NaHCO3-Pi and NaOH-Pi had significant positive correlations with soil available
P, indicating that they are critical supplies of available P in non-calcareous soil, and their
increased concentration could directly improve P availability. Similarly, NaOH-Pi (compris-
ing Al-P and Fe-P) also had a significant positive correlation with available P in vertisols in
the central highlands of Ethiopia and Himalayan acid alfisol in India [53,54]. In contrast,
Ca2-P and Al-P had a significant positive correlation with available P in cinnamon soil, but
Fe-P had a negative relationship with available P in northwest China [55]. In this study,
the texture of the non-calcareous soil is relatively heavy, and the P fractions are mainly
residual-P, followed by NaOH-Pi and NaOH-Po. According to the results of a long-term
field experiment, the P fertilizer on P reaction products is related to soil particle size frac-
tionation. Still, P fixation in clay can be divided into (1) adsorption by the iron-aluminum
oxide exchange complex and (2) fixation by the layered lattice of silicate clay [56,57]. Un-
der SSP and DAP, the proportion of residue-P in the rhizosphere soil at wheat anthesis
significantly decreased relative to the other P fertilizer types, possibly because P fertilizer
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hinders/curtails the conversion of active P to stable P and reduces soil P fixation, whether
in Eum-Orthic Anthrosols (pH 8.24) on the Loess Plateau of China or in a Mollisol (silt-loam
soil, pH 6.5) in Kansas, US [49,58]. It is also possible that wheat root activity has a higher
rate of proton secretion at anthesis than at the early vegetative growth stage or late growth
stage, accelerating soil organic P mineralization and releasing inorganic P required by
microorganisms and plants, thus activating stable P in soil [59,60].

4.2. Relationship between Shoot P Uptake and Soil P Fraction

In the present study, significantly positive correlations were observed between wheat
P uptake and labile and moderately labile P fractions, indicating that these variables have
potential control effects on wheat P uptake. The application of P fertilizer increased soil Pi
and resulted in a greater proportion of labile P in Andisols [61]. In our study, labile and
moderately labile P fractions represent phyto-available P, and three P fractions (NaHCO3-
Pi, NaOH-Pi and NaOH-Po) have positive and negative through H2O-P effects on wheat
P uptake. Additionally, the contribution of soil H2O-P to wheat P uptake in calcareous
soil was greater than that in non-calcareous soil. In calcareous soil, applied P fertilizer
increased the NaHCO3-Pi concentration and decreased the NaOH-Pi and HCl-P, while the
non-calcareous soil was dominated by an increased NaOH-Po concentration. Moreover,
HCl-P was an important source of P profited from wheat in addition to H2O-P, NaHCO3-Pi,
and NaOH-P, which was in line with the results of field trails carried out on the paddy
soil (sandy loam, pH 5.22) [62]. Other field experiment has shown that soil microbial
biomass P was the most crucial intruded factor controlling P uptake in high available P
level soil. In contrast, soil microbial biomass C and NaOH-Pi were the best-intruded factors
in low available P level soil [63]. This is because there are differences in the P fractions of
microbial biomass, mineralization rate of Po and microbial community structure after P
application in the two soils. Therefore, further research is needed to elucidate the microbial
community structure changes after P application, especially the microorganisms with P
solubilizing function, to provide new insights for accurately matching soil P pool-crop
demand-P fertilizer.

4.3. Shoot P Accumulation and Grain Yield Response to Different P Fertilizer Types

Crop yield is the primary goal of intensive agricultural production. That is, P fertilizer
that matches high grain yield must be preferred under the premise of efficient utilization of
P. Although many studies have investigated the effect of P fertilizer on crop P accumulation
and yield, P fertilizer efficiency is directly related to its composition and forms [6,16], crop
variety [8,34], and soil type [7,11]. Applying TSP and APP in the calcareous soil and TSP and
DAP in the non-calcareous soil increased shoot P accumulation and grain yield the most.
In a pot experiment using cinnamon soil as calcareous soil (pH 8.06), shoot P accumulation
and PUE under APP significantly increased by 59.3% and 70.2% compared with those
under SSP [64]. Another study showed that MAP increased crop yield by 10.1% and 28.1%
compared with SSP and DAP, respectively [65]. Moreover, field experiments have shown
that aboveground biomass and crop yield under TSP did not significantly differ from
APP and DAP in calcareous soil [16,66]. Our results align with those of Phillips et al. [67],
who found that DAP did not reduce winter wheat forage and grain yield on acid soil
compared with TSP. In some studies, a significant positive correlation occurred between
shoot P accumulation and soil available P concentration [16,37]. In contrast, no significant
relationships between grain yield and soil available P concentration have been reported
in the major wheat-growing regions of China [11,68]. In addition, Mariotte et al. [69]
found no significant relationship between plant P uptake and soil available P in a well-
drained sandy loam red kurosol with pH 5.5 in Australia. In the current study, a positive
correlation occurred between shoot P accumulation and soil available P irrespective of
soil type, indicating that TSP or DAP can increase soil available P concentration, promote
P uptake, accumulation, and transport in aboveground organs, and improve grain yield
and PUE.
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5. Conclusions

Different P fertilizer types applications significantly assumed soil P transformation
characteristics, grain yield, P uptake and PUE in calcareous and non-calcareous soil-grown
winter wheat. In calcareous soil, the Olsen-P concentration in the rhizosphere soil of TSP
and DAP treatment was the highest, and the concentration and proportion of H2O-P and
NaHCO3-Pi in the labile P fractions were significantly increased, while the proportion
of the stable P fraction was decreased. Moreover, the application of TSP and APP can
rapidly supplement the P consumption of calcareous soil and continue to maintain the
optimal P concentration required by wheat, resulting in higher P uptake, yield and PUE.
In non-calcareous soil, the P fractions were primarily residual-P and NaOH-Pi/o, with
TSP and DAP significantly increasing the concentrations of NaHCO3-Pi and NaOH-Pi,
which positively correlated with soil available P, thus promoting wheat P uptake, as to
achieve high grain yield and high PUE. Comprehensive analysis showed the opportunity
to increase wheat production with P fertilizer and sustainability through integrated soil P
pool-crop P demand-P fertilizer systems. TSP and APP are recommended for calcareous
soils, and TSP and DAP for non-calcareous soils. This study provides fundamental data for
rational P management practice and offers useful information for policymakers, fertilizer
producers, agricultural technology extenders and farmers.
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