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Abstract: Excessive phosphorus (P) application can alter soil P availability and limit plant growth by
compacting soil and fixation of P into different organic and inorganic forms. However, it remains
uncertain whether these changes happen after limited fertilization or an excessive rate applied under
the winter wheat cropping system. The current study aimed to identify the transformation of P into
different organic (P,) and inorganic (P;) fractions, and their role in the plant P uptake and winter wheat
(Triticum aestivum L.) production. A long-term study (12 years) was conducted to assess the changes in
soil P; and P, fractions in response to different P rates (0, 50, 100, 150, and 200 kg P,O5 ha™1) applied
to winter wheat. Phosphorus fractions were determined using the Hedley modified Tiessen and
Moir fractionation scheme. Our findings demonstrated that different P rates significantly increased
the available P, particularly NaHCO;-P;, in the inorganic P fractions compared to PO treatment.
NaHCOs-P; showed a strong relationship with grain yield (R?> = 0.91) and P uptake (R? = 0.80).
Grain yield was significantly higher in the P100 treatment, but no significant difference was observed
between P100 and P200 treatments. The P200 treatment had a maximum grain P content and plant
P uptake. Compared with the PO treatment, all organic fractions yielded the highest P, with the P
rate increase, ranging from 27.3 to 75.6 mg kg™!, 27.2 to 35.6 mg kg~!, and 58.8 to 124 mg kg ™! for
NaHCOj3-P,, NaOH-P,,, and HCI-P,,, respectively. Among all P; fractions, the maximum fraction,
known as apatite (HCIp-P;), was found in the P200 treatment with the range of 165 to 245.9 mg kg™
HClp-P; accounted for 32% of total P, which can be transformed into the available P form with the
passage of time. An increase of 78% in residual P was found under the treatment of P200. The residual
P fraction was positively correlated with grain yield, P uptake, and other inorganic fractions. It can
be concluded that application of P increases P availability and grain yield with an increase in its
application rate, but too much use of P can cause soil pollution and higher fixation of P. Consequently,
a balanced application of fertilizer is recommended to reduce its fixation and increase its availability
for higher crop yield.

Keywords: wheat; soil phosphorus fractions; Tiessen and Moir sequential fractionation; different P
rates; loess soils; grain yield
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1. Introduction

Phosphorus (P) is one of the most important nutrients that limits the production of crops in the
agricultural system [1]. Global P fertilizer use in agriculture has increased rapidly during the past five
decades to feed large populations. Global inorganic P fertilizer use increased from 11.0 Tg (10'2 g)
P,Osg year‘1 to 47 Tg P05 year‘1 during 1961-2017 [1]. Applications of P fertilizers increase the
available levels of P and crop production [2]. The application of P to soil yields only 10-20% output as
compared with its input to soil for crop utilization [3,4]. Furthermore, a 50% increase in representative
P nutrient used in agriculture from 2010 levels is projected in 2050 to meet rising food demand due
to global population growth [5]. This increase in the use of P fertilizer may also lead to losses of
P to the environment. Augmenting P losses in surface waters adversely impacts ecosystems and
biodiversity [6]. Most soils in North-West China are generally deficient in P. Thus, P fertilization is a
common practice to ensure sufficient P supply, leading to extreme soil environmental problems, e.g.,
P leaching, soil hardening and acidification, and reduction of soil fertility [7].

In an agricultural ecosystem, increasing the local application of P fertilizer can help to increase the
available P for crops temporarily, whereas higher application rates change the bioavailability in the
soil medium [8].

As an element, phosphorus is highly reactive. Large quantities applied to soils influence deposition
and affect P cycling [9]. The response to different soil conditions and P fertilization input is a common
study topic. Research has investigated whether P applied to the soil influences P limitations at a large
scale. However, significant uncertainty remains regarding the P found in different forms adsorbed on
the soil surface with different elements (i.e., iron (Fe), aluminum (Al), and calcium (Ca)), which differ
in their bioavailability, mobility, and behavior in the soil, depending on the pH, parent material,
and fertilization background [10,11]. Consequently, it is important to assess the effects of P application
on P limitation with different fertilizer rates and different mechanisms. It is also essential to study the
effects of different rates of P inputs on P fractions and their relationship with crop yield and availability.

P availability in soil is highly dependent on P fractions, which affect its primary production [12].
High rates of P fertilization result in the rapid formation of non-labile P forms [13]. The application of
P fertilizer exceeds the P output of crops; thus, P accumulates in the soil over time. Widely used P
fractionation schemes allow evaluation of the fate of P applied to soils and its relationship with plants’
P nutrition, forms of P, and uptake [14-16]. To strategically maximize the long-term use of P, the various
P forms and their characteristics must be measured after a long-term fertilization background.

Soil inorganic P (P;) refers to different fractions, such as labile (NaHCO3-P;), moderately labile
(NaOH-P;, NaOH-P; HClp-Pi), and non-labile (HClc-P;) P; Fe- and Al-P (non-occluded Fe- and
Al-bound P); and residual P; (P occluded within Fe oxides) [17]. Sequential P; fractionation and more
stable forms, such as those absorbed on the surface of Fe, Al, and Ca (Ca-P, Al-P, Fe-P, and Residual-P)
of P;, have been established [10]. HCI-P; fractions are generally not fractionated further because,
in non-calcareous soils, these sub-fractions are relatively small, whereas in loess soil they make a
greater contribution [18].

P application to soil may influence soil P forms by different biogeochemical processes. For example,
P input can change the microbial activities of soil, which leads to mineralization of organic P fractions
into inorganic P; [19]. Combining P with N application can alter the soil pH by nitrification, decreasing
the soil pH and organic P formation, which accelerates the primary crop production and P demand of
plants [20]. Application of N, which mobilizes Al and Fe in the soil and leads to P sorption on the
surface of the soil, can transform labile P; and P, into moderately available P or recalcitrant P [21].

Low plant uptake efficiency is a significant problem due to the high rate of P application. When P
fertilizer input increases relative to the P output of the crop, P fixation in the soil increases with time
due to the lower mobility of P nutrient [16]. Moreover, the application of P in combination with
N can also induce fixation, creating acidic conditions in the soil [22]. Thus, to address long-term P
fertilization, it is vital to reveal the forms and behavior of P in the soil after continuous fertilization in a
winter wheat cropping system.
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To investigate the P forms in the soil, the fractionation scheme of Hedley modified by Tiessen
and Moir has been widely used [23]. This scheme differentiates different P forms, either organic
and inorganic fractions fixed by the effects of different soil properties, such as pH, soil moisture,
and fertilization [24]. However, few studies have revealed the specific causes of P fertilization effects
on crop production and P fixation in loess soils due to long-term fertilizer application. Therefore,
this study aims to (I) clarify the variations in soil P fractions affected by long-term P application, and (II)
illuminate the influence of P fractions on the crop yield and P uptake in loess soils of North-West
China. This study will improve the understanding of the processes of soil P cycling driven by changes
in various organic and inorganic P fractions resulting from long-term fertilization.

2. Materials and Methods

2.1. Study Site

The long-term field experiment began in October 2004 at a site situated at Northwest A&F
University’s research field area (34°18’ N, 108°05" E) in Yangling, Shaanxi, China, in a typical
semi-humid climate. The weather and climate of the research station is considered humid with a high
probability of drought, a mean annual temperature of 12.9 °C, and average rainfall of 581 mm (about
60 to 70% of rainfall occurs during July to September, and has an evaporation potential of 1400 mm).
The site is rain fed, with annual average precipitation received during the wheat growing season of
about 541 mm, of which the wheat crop received 58% during June-Sept. 2015 to 2017. The mean
temperature measured throughout the study duration was 15 °C (Figure 1). The study site’s soil was
calcareous Udic Haplustalf (USDA system). The basic properties of the study from 2004 to 2015 for
a soil depth of 0-20 cm were pH 8.24, bulk density 1.24 g cm~3, available P 15.0 mg kg™, total N
1.07 g kg1, and organic matter 13.8 g kg~!.
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Figure 1. Monthly average temperature (°C) and distribution of precipitation (mm) during 2016-2017.

2.2. Experimental Design and Treatments

The field study with randomized complete design had five P,Os5 application rate treatments
with four replicates. The area of each treatment plot was 40 m?, with a distance of 1 m between the
treatment plots and 2 m between the blocks. P rates applied to blocks in the study area were 0, 50,
100, 150, and 200 kg P,O5 ha™!, combined with 160 kg N ha~!. The N fertilizer was applied in the
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form of urea (N 46%) and the P fertilizer was triple superphosphate (P,O5 46%). The same rates have
been continuously applied to the same blocks from 2004 to the present. The major local winter wheat
cultivar, Xiaoyan, was used as the experimental test crop. Fertilizers were applied manually on the soil
top layer in each treatment plot at the time of sowing and then plowed using a rotavator. Furthermore,
the other crop management methods used were compatible with those used by local farmers. To avoid
weeds and pests, herbicides and insecticides were employed.

2.3. Sample Collection and Analysis

2.3.1. Sampling and Analysis of Plants

Winter wheat plant sampling for the years 2016 and 2017 was carried out by taking 100 plants per
plot for the analysis. The plants were gently taken from each plot by hand, and the roots were instantly
cut off at the joining point of the root and stem. The aboveground parts of the plant from each plot were
incorporated into composite plant samples, and the stems were then taken from the samples, including
grains and glumes, for the determination of crop P uptake. After air drying, the plant samples were
oven dried for 30 min at 90 °C, and then for 48 h at 65 °C, to determine water content and dry weight.
The samples were crushed using stainless steel grinder and stored individually in plastic bags.

Winter wheat was harvested by combine harvester, and the fresh weight of grain in every treatment
plot was measured. To estimate the dry weight of the grain yield, a grain sample of approximately
500 g was collected from each plot. Four areas (4 X 1 m?) were picked at random from each parcel to
assess crop biomass.

2.3.2. Soil P Fractions Analysis

Phosphorus fractions were determined using the Hedley modified Tiessen and Moir fractionation
scheme. A soil sample of 1.0 g (1 mm sieved) was taken for the fractionation analysis and extracted
with 30 mL of 0.5 M NaHCO3, adjusting its pH to 8.5 and shaking the sample for 16 h continuously
(NaHCO3-P;, Py, and P). The remaining soil from the previous extract was washed with distilled water
and again shaken with 0.1 M NaOH for 16 h (NaOH-P;, P;), and then shaken with 1 M HCl for 16 h
continuously (HClp-P;). After obtaining the above extracts, the remaining soil was heated at 80 °C
for 10 min with 10 mL of concentrated HCl in a water bath and, then 5 mL HCl of 12 M, and distilled
water was added to bring the volume of the solution to 50 mL (HClc-P;). Finally, the residual soil
samples were mineralized by the addition of concentrated HySOy, and the samples were heated at
350 °C for 4 h (residual P). Between these sequential steps, the tubes were centrifuged for 10 min at
4000 rpm with 0.45 um cellulose nitrate channels using a membrane filtrating apparatus. Organic and
inorganic fractions of P were determined using the 0.5 M NaHCO3, 0.1 M NaOH, and 12 M HCl
extracts individually. Organic P fractions were measured by the difference of total P and the inorganic
P that was assessed after digestion with ammonium per sulfate. All P fractions were determined using
a UV spectrophotometer.

2.4. Data Analysis

Significant differences were measured at p = 0.05 using the least significant differences (LSD) test,
and one-way analysis of variance (ANOVA) was conducted using SPSS 20.0. Regression analysis was
used to calculate the changes in the biomass, grain yield, and different P fractions due to various P
application rates. Correlation analysis was conducted to determine the relationships between different
P fractions, grain yield, and total plant P uptake.
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3. Results

3.1. Grain Yield and Total Biomass

The grain yield showed a significant increasing trend with the increase in P fertilization rate
(Figure 2A). The grain yield in the PO treatment fertilizer was less than that of other treatments where
different P rates were applied. Grain yield was significantly higher in the P200 treatment and was
5850 kg ha=! (R? = 0.93). Similarly, the biomass compared with the PO treatment was higher in the
P200 treatment (R? = 0.91), which was 12,866 kg ha~!, but no significant differences were observed
between P100 and P200 treatments (Figure 2B).
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Figure 2. (A) Changes in grain yield and biomass in response to different P levels. (B) Relationship
between grain yield and total biomass in response to different P levels (0, 50, 100,150, and 200 kg P,Os
ha~1); bars over the markers show standard error (1 = 4).

Compared with the PO treatment, the grain yield increased by 97.4% in the P200 treatment.
Similarly, total biomass increased 81.0% and 79.5% in P100 and P200 treatments, respectively, compared
with the PO treatment (Table 1).

3.2. Grain P and Total P Uptake

The mean values of total plant P uptake and grain P uptake for two wheat growing seasons were
higher with the increase in P fertilizer addition (Figure 2A,B). The grain P uptake ranged from 5.7 to
17.0kg ha™!, and the total plant P uptake ranged from 6.4 to 19.6 kg ha~!. In all P treatments, increasing
the P fertilizer rate raised the P content in plants. Among all of the P treatments, the P200 treatment
had a maximum grain P content and plant P uptake, and showed a significant increase compared
to the PO treatment (R? = 0.98, 0.98) (Figure 2A,B). Compared with the PO treatment, P uptake was
increased by 208.3% in the P200 treatment (Table 1).
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Table 1. The concentration of different P fractions (mg kg™!), grain yield, and P uptake (kg ha™!) in each fertilization treatment. ANOVA significance levels of the
effects of fertilization treatment.

Treatment NaHCO;3-P; NaHCO3-P, NaOH-P; NaOH-P, HCIp-P; HClc-P; HClc-P, Residual P Total P Grain Yield P Uptake

PO 13.1¢ 27¢ 245¢ 27 ab 16554 53.5¢ 59 b 54.4 bc 424 2964 © 6.44d
P50 2434 44b 403b 2b 189.2 ¢ 70.0P 59b 61.5abc 5104 5156 b 119¢
P100 405¢ 682 2954 362 216.3P 49.8¢ 72b 48.7 ¢ 551 ¢ 58452 17.5P
P150 487" 672 33.7°¢ 31ab 219.0b 8492 79b 825ab 646 5582 ab 17.8 ab
P200 61.32 762 4704 27b 2459b 83.82 1242 91.12 756 2 5851 2 19.62

Mean values followed by the lower case letters indicate significant differences among different P levels by the LSD test at P < 0.05. NaHCO3-P;, NaOH-P;, HClp-P; and Residual P refers to
the inorganic P fractions while NaHCO3-P,,, NaOH-P,,, HCIc_P,, to the oganic P fractions. ANOVA: one-way analysis of variance.
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3.3. Total P (P), Organic P (Po) and Inorganic P (Pi) Concentrations in the Soil

The soil concentrations of P, P;, and P, showed a significant increasing effect in response to P
addition compared to the P0 treatment, ranging from 424 to 755 mg kg~!, 311 to 529 mg kg™, and 113
to 226 mg kg1, respectively. Total P;, P,, and P fractions showed a significant increase with treatment
with a higher P application rate (200 kg P,Os ha 1) (Figure 3A).
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Figure 3. (A) Changes in grain P uptake and total P uptake in response to different P levels.
(B) Relationship between grain P uptake and total P uptake in response to different P levels; bars over
the markers show standard error (n = 4).

Compared with PO treatment fertilizer, P, P;, and P,, increased by 78%, 100%, and 70% under
the P200 treatment (Table 1). The regression analysis showed that increasing the P fertilization rate
significantly increased total P; (R? = 0.93), P, (R? = 0.93), and total P (R? = 0.98) (Figure 3B).

3.4. Organic P (P,) Fractions

The variation in P, fractions in response to different P rates is shown in Figure 4A. The changing
trend of P, followed the order of HClc-P, > NaHCOj3-P, > NaOH-P,. Compared with the PO
treatment, all organic fractions had the highest P, with the increase in the P rate, ranging from
27.3 to 75.6 mg kg~!, 27.2 to 35.6 mg kg~!, and 58.8 to 124 mg kg~! for NaHCO;-P,, NaOH-P,,
and HCl¢-P,, respectively. The regression showed a significant increase in all organic fractions
NaHCOj5-P,, NaOH-P,, and HCl-P, (R? = 0.88, 0.067, and 0.79, respectively) (Figure 5B).
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I Total-P; @) A Total-Po (y=27.908x+79.795 R = 0.93) ®)

= IZ:;‘]'gO v Total-P (y = 79.883x+ 337.63 R? = 0.98)

:
g 8

g

:

Total Pi, Po and P (mg kg ™)
g
1
-
Total Pi, Po and P (mg kg ')

g

¥
[ ]
b b _
200 -| .
c

T T T T T
PO P50 P100 P150 P200 PO P50 P100 P150 P200

Figure 4. Changes in total P; and total P, in soil in response to different P rates (A). Regression analysis
shows the significant changes in response to P fertilization (B). (Total P includes all organic, inorganic,
and residual P fractions).
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Figure 5. Changes in organic P fractions in response to different P fertilization (A). Regression analysis
shows the significant changes in response to P fertilization (B).

Compared with the PO treatment, the NaHCO3-P, and HCI-P,, fractions of P fertilization application
increased by 177% and 111% in the P200 treatment, whereas NaOH-P,, increased by 1 time compared
to the PO treatment (Table 1).

3.5. Inorganic P (P;) Fractions

The long-term P fertilizer application practices had a significant effect on the proportions of the
different P fractions (Figure 6A). P fertilization significantly enhanced the proportion of different P;
fractions, including the available NaHCOj3-P;, which varied from 13.1 to 61.3 mg kg™ compared to the
PO treatment, with the highest value observed in the P200 treatment. In contrast with the PO treatment,
the available P (NaHCO3-P;) increased by 4 times in the P150 and P200 treatments. Similarly, compared
to PO, the P200 treatment showed a significant rise in the P; fractions (NaHCO3-P; NaOH-P;, HCIp-P;,
and HClc-Pi). The average values for the 2-year inorganic fractions showed an increase in NaHCOj3-P;
(61.3 mg kg™!); most of the inorganic fractions were maximized in the P200 treatment, such as NaOH-P;
(47.0 mg kg™!) and HClc-P; (83.8 mg kg™!). Among all inorganic fractions, the maximum HClp-P;,
which is known as apatite, was found to be the highest in concentration (165 to 245.9 mg kg~!) under
the P200 treatment. Compared to the PO treatment, HClp-P; increased by 48.5% in the P200 treatment
(Figure 6A). The pattern of increase in the above inorganic fractions in response to the different P
rate treatments showed an increasing trend compared to the PO treatment in the order of HCIp-P; >
HClc-P; > NaOH-P; > NaHCOs-P; (R? = 0.96, 0.52, 0.47, and 0.99, respectively) (Figure 6B).

3.6. Residual P Fractions

Residual P is termed as the recalcitrant P fraction, which is highly bonded with the soil particles.
Residual P in this study showed an increasing trend that ranged from 54.4 to 91.1 mg kg~! in PO
and P200 treatments, respectively (R? = 0.73) (Figure 7A,B). Comparing the changes in residual P
in different P rate fertilizer treatments with respect to PO, an increase of 78% was found in the P200
treatment (Table 1).
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Figure 6. Changes in inorganic P fractions in response to different P rates (A). Regression analysis
showing the significant changes in response to P fertilization; error bars shows the standard deviation (B).
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Figure 7. Changes in residual P in response to different P fertilizer rates (A). Regression showing the

significant increase in residual P in response to P fertilizer rates (B).

3.7. Relations of Different Fractions to Yield and P Uptake

A Pearson correlation coefficient was computed to assess the relationship between different P
fractions, grain yield, and the total P uptake (Table 2). The available P; fraction (NaHCOs-P; and
NaHCO3-P,) was significant positively correlated (R? = 0.92, 0.91, and 0.72) respectively with the P
uptake and grain yield. Moderate available P; fractions, NaOH-P; and HClp-P;, showed significant
(R? = 0.63, 0.95) positive correlations with the grain yield and total P uptake. Recalcitrant P; fractions
HCl¢-Pj and residual P; were significantly and positively correlated with grain yield and total P uptake.
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Table 2. Pearson’s correlation among different P fractions, grain yield, grain P, biomass, and total uptake.

10 of 16

NaHCO;3-P; NaHCOs3-P, NaOH-P; NaOH-P, HClp-P; HClc-P; HClc-P,  Residual-P  Grain Yield Total Biomass  Grain P Uptake

Total P Uptake

NaHCO3—Pj 1
NaHCO3-P, 0.92 ** 1
NaOH-P; 0.63 ** 0.51* 1
NaOH-P, 0.19 0.33 -0.38 1
HClp-P; 0.95 ** 0.91 ** 0.65 ** 0.28 1
HCl-P; 0.60 ** 0.42 0.66 ** -0.35 0.54* 1
HClc-P, 0.75 ** 0.64 ** 0.60 ** 0.17 0.76 ** 0.38 1
Residual-P 0.72 ** 0.52% 0.66 ** -0.12 0.64 ** 0.85 ** 0.69 ** 1
Grain yield 0.79 ** 0.87 ** 0.59 ** 0.18 0.80 ** 0.44 0.42 0.40 1
Total Biomass 0.75 ** 0.84 ** 0.58 ** 0.17 0.76 ** 0.38 0.39 0.36 0.99 ** 1
Grain P uptake 0.91 ** 0.93 ** 0.56 * 0.26 0.91 ** 0.49 * 0.59 ** 0.52* 0.93 ** 0.91 ** 1
Total P uptake 0.91 ** 0.93 ** 0.56 ** 0.25 0.91 ** 0.49 * 0.59 ** 0.53 * 0.92 ** 0.90 ** 0.99 **

**: Correlation is significant at the 0.01 level (2-tailed); *: Correlation is significant at the 0.05 level (2-tailed).
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4. Discussion

4.1. Effect of Different P Rates on P Fractions

Continuous P fertilization significantly increases P accumulation in soils [25,26]. Long-term P
fertilization causes a prominent increase in different P; forms, including labile P; (NaHCO3-P;, which is
a bioavailable inorganic fraction [27]), moderately labile P; (NaOH-P; and HClp-P;), and recalcitrant P;
(HCl-Pj and residual P;). The results of the present study revealed thatlong-term P fertilizer application
affects the soil P directly in loess soils. Compared with the PO treatment, other P application treatments
significantly increased the accumulation of total P in the soil (Figure 4). The labile P; (NaHCO3-P;)
fraction accounted for 3.1% and 6.4% of the total P, and in the PO and P200 treatments, respectively
(Table 1). Moderate labile P; fractions (NaOH-P; and HClp-P;) were the highest contributors to total
P; and P. This was possibly due to different P; rates, which can have different effects on P forms,
and their accumulation and movement in the 020 cm layer of soils [28,29]. The shift in the content
of the recalcitrant P fraction HClp-Pi indicated that such fractions may be involved in long-term P
cycling (Table 1). The HClp-P; fraction, consisting mainly of stable and insoluble forms of P, including
Al, Fe, and Ca-bound P [30,31], indicates the non-labile forms of P fractions in the soil. Our findings
demonstrated that the HCl¢-P; concentrations showed an opposite trend compared with the available
P fractions (Figure 5A). The average NaHCO;3-P; and NaHCO3-P,, concentrations were maximized
in the highest P fertilizer application treatments. This might be due to (I) continuous fertilization
in the soil, which can influence P binding in soil by increasing the available P; at Al and Fe to stop
the added P from adsorption, and (II) changing the charges and pH on the mineral soil surface,
which reduces the absorbance and ultimately increasing the soil P [27]. Similar results were reported
by [32], who revealed that P fertilization affects the residual and organic P fractions but generally
increased soluble P;. This demonstrated that the available P supply was better able to be verified by
the application of P; fertilizer [33]. Zhao [34] reported that P adherence with Ca-phosphate reduces the
available P for crops.

Sources of P that contain higher concentrations of P can induce significant responses for maximizing
the P, content in soils, and this P, retention could be caused by the adsorption of P in organic materials,
which are generally converted into available P; [35]. NaHCOj3-P, is considered to be an easily
mineralizable organic P, and NaOH-P,, is a source of P [30,35]. NaHCOj3-P,, accounted for 75.6 and
26.9 mg kgl in response to the highest rate of P (200 kg P,Os ha™!). Among all P, fractions, that of the
moderately labile HCl-P, was the highest, and its deposition in the soil contributed significantly to
total P,. Similarly to the moderately labile P fraction, the HClc-P,, extractable P fraction also increased
in the high P treatment (Figure 6). Previous studies have also shown that NaHCOj3-P,, and HCIC-P,
increase significantly with the application of various forms of organic fertilizers, with limited increases
in the NaOH-P,, fractions. This increase was due to the P; fertilizer addition; an annual long-term
application, from a normal to a high rate, enhanced the formation of NaOH-P,, and an increase in the
fertilizer addition linearly increased NaHCO3-P, and HCl¢-P,, fractions [36-38]. Similar results were
reported by previous studies [13,35], which confirmed that continuous P fertilization increased the
P fixation and resulted in an increase in non-available P pools. This may also by due to high P rate
application leading to the formation of organic acids, which results in the formation of P Fe and Al
complexes by decreasing the P availability in the soil. Our results are also consistent with previous
studies [39,40] that reported that the soil content of labile P; and P, decreased under long-term crop
cultivation without application of fertilizers, whereas the application of inorganic fertilizer significantly
elevated the soil content of labile P; and P,.

Residual P, which is mainly composed of insoluble and stable forms of P, and Fe- and Al-bounded
P [30,31], is considered a recalcitrant form of P that is highly fixed and not available for plants.
Our findings showed that residual P results in a slightly increasing trend with the addition of P,
which increased by 12% (Figure 7) compared with the PO treatment. These results are consistent with
the findings of Dobermann [32], who reported that the application of P fertilizers had low effects
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on residual P fractions, but increased soluble P;. The variance in residual P fraction concentrations
observed in our study indicates that the residual fraction may involve long-term P cycling (Figure 7),
which could be the result of numerous processes occurring in the soil system. Applied P fertilizers
adsorbed on to the primary mineral’s surface can play a vital role in increasing residual P [27].
The residual P concentration was higher in the high P rate compared to the PO treatment, possibly
because of excessive fertilization effects that caused P saturation in the form of residuals that may be
converted to the moderately labile (NaOH, HCp-P fractions) or labile P (NaHCO;-P fractions) with the
passage of time.

4.2. Relationship of Available P with Different P Fractions

In comparison to the initial concentrations of total and available P; fraction, the application
of P; fertilizers showed significant differences in the total and available P; fraction concentrations.
Our findings indicated the positive relationship between available P and different inorganic and
organic P fractions (Table 2). This could be due to a long-standing addition of P to land and previous
plowing residues before winter wheat, which increased the total and available soil content of P.
Previous studies have examined the possibility of increasing the available P, total P, and P fixation
after long-term P fertilization [41]. In our study, the total and available P; (NaHCOs3-P;) content was
maximized in the P200 treatment compared to the PO treatment, and showed a high positive correlation
with HCIp-P; (Table 1). Zhang [42] found that the soil content of available P; that ranged between
5 and 10 mg kg~! would be enough for plants, whereas a concentration <5 mg kg™ would cause
P-deficiency. In another study, Bravo [43] reported that the available concentration of P should be above
the critical 6 or 7 mg kg~! level for optimal cultivation growth. In our findings, P application treatments
showed a significant increase in total P and available P content compared to the treatment of PO,
thus demonstrating interactive effects on the soil concentrations of available P; under the application
of P; fertilizers. The long-term effects of the P application could be associated with the continuous
addition of different rates of inorganic P in a balanced quantity, which induced the available P; and
avoided high fixation of different P forms [44,45].

Some studies have reported that P fractions in the soil are generally influenced by the soils
biogeochemical properties, various microbial activity management practices, and fertilization [46,47].
In our study, the concentration of P fractions was significantly greater in the highest P; treatment,
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however, considering the balance was a positive approach of fertilizer application. Regarding the
increase in HCIp-P; fractions, P fertilizer application resulted in a high fixation of HCI-P fractions and
decreased the other fractions. These results are in line with those of previous studies [48].

Different findings indicated that excessive application of P leads to P fixation in soil, which results in
further soil environment problems. Therefore, suitable management of rates of P fertilizer application
is necessary under long-term fertilization for better crop production and to reduce the different
environmental impacts on soil [49,50]. Compared with the PO treatment, the long-term addition of P
fertilizers significantly increased the yield of grains (Figure 3). This could be because of the long-term
addition, which yields positive effects to improve the P availability in the soil by changing the substrate
that plants need during the grain filling period [51].

4.3. Grain Yield, P Uptake and P Fractions

P status in the soil in terms of available and fixed forms can significantly affect grain quality, yield,
and crop production. In the findings of the current study, grain yield increased with an increase in the
rate of P fertilizer application (Figure 3).

Long-term application of P significantly increased grain yield and P uptake compared with PO
and P200 treatments (Table 1). This increase could be due to the availability of the soil NaHCO3-P; and
NaHCO3-P, resulting from long-term P application. These results are in line with the study findings of
Dobermann [32], who found that the application of P fertilizer increases P; soluble fractions. Higher P
application with long-term fertilization can also contribute to high crop production, which eventually
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helps to achieve higher P absorption and yields [52,53]. These findings indicate that long-term
P application leads to the highest P uptake. Decreased availability of P can reduce grain yield.
Xin et al [54] reported that P applications have an immense impact on P uptake and grain yield.

In previous research, the average yield was 4.9 Mg (10°) ha™! for wheat in Henan province,
where the experiment was conducted between 1995 and 2018 [55]. A similar but higher yield of 5.85
Mg ha~! (Figure 2) was obtained using the current optimum rate of application (200 kg P,Os ha™!).
The results show that this rate of application is acceptable for high crop production in North-West
China. From our results, and in contrast to the results of many other studies, P applied in a balanced
amount no greater than 100 kg ha~! could improve the grain yield of wheat. Diacono and Montemurro
(2010) [56] summarized the results of over 20 years of long-term experiments, and P application was
found to increase crop yield. Other studies also reported that the long-term use of inorganic fertilizer
can improve crop yields in a wheat—corn system [57-59]. The primary reason for this difference is that
fixation is a natural problem of P, and a planned application of a given amount can reduce this problem
and increase yield [60,61].

P fertilizer application affected the P uptake content, which increased by 3 to 4 times compared to
the PO treatment. Different P fertilizer application rates enhanced the P uptake in winter wheat because
they increased the labile P; and P, fractions (NaHCOs-P; and NaHCO;3-P,,), NaOH-P, and HClp-P;
(Table 1). Similar results were reported by Yonathan et al [47], who showed that P fertilizer increased
P uptake while enhancing the plant biomass. Our results showed the same pattern of increase in P
uptake, which is consistent with an increase in P and has a positive correlation with different fractions
(Table 2).

The study results enhanced the understanding of winter wheat behavior and the transformation
of P under long-term P fertilization. A balanced rate of P application enhanced the uptake and yield,
and P100 and P200 had similar effects on the P uptake and grain yield. Long-term P fertilization of a
balanced amount of fertilizer, with an application of around 100 kg ha~!, was found to be the best
strategy to optimize the availability of soil P for plants.

5. Conclusions

In this study, we compared the responses of soil P fractions and wheat grain yields to different
rates of P fertilizer added to a winter wheat crop in a long-term field experiment. The available
P increased significantly due to the application of different rates of P compared with the control
treatment. HCI diluted P fractions significantly increased, and were the largest P contributors to
total P. The increased HCI-P; fractions may have been transformed from labile P due to the induced
acidification of weather and precipitation in the soil. This finding has useful implications for winter
wheat fertilizer application management to reduce fixation. A well-balanced fertilizer application of
100 kg ha~! is recommended to attain maximum grain yield and P uptake in these cropping systems,
thus aiding local farmers by reducing the environmental effects of fertilizers.
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