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ABSTRACT ARTICLE HISTORY
Determining how soil-crop management practices affect phosphorus parti- Received 17 February 2020
tion and lability in soil may further our understanding of the soil P cycle. The ~ Accepted 14 December 2020
objective of the work was to assessed the long-term effect of P fertilization KEYWORDS

on different soil P fractions. This study evaluated changes in soil P fractions as Conventional tillage; soluble
affected by long-term P fertilization under conventional tillage. Different reactive P; humic acid P;
P level applied soil samples were sequentially extracted to separate P into calcium-bound P;
distilled deionized water-extractable, 2 M KCI solution-extractable, 0.1 M P management index;
NaOH-extractable, 4. 0.1 M HCl-extractable, 0.5 M NaOH-extractable, and stratification

HCI: HNO3 mixture (2:5) fractions. Changes of all soil P fractions were indicat-

ing the occurrence of soil P transformation and movement over the time. The

resin-extractable P, H,O-extractable and NaOH-extractable P were signifi-

cantly increased under long-term P fertilization. The highest P applied soil

had the highest total phosphorus (PT) contents. Also the percent distribution

of Ca and Mg-bound P CaMgP, humic HaP and fulvic acid, and FaP increased

with P fertilizer level increases. The other extraction P level did not increase

vary consistently with increasing levels of P fertilization. Also soil P lability

except soluble reactive phosphorus (SRP), KCl extractable phosphorus (EP),

and particulate organic phosphorus (POP) increased consistently by

P fertilization. Increasing P fertilization significantly (p < .001) increased the

phosphorus management index (PMI) of extracted P fractions except for EP.

The work demonstrated that P under long-term corn-wheat treated soils

changed as a result of changes in labile P fractions probably due to the

solubilization of residual fertilizer P joined with corn/wheat crop rotation

factors. The highest P applied soil had the highest total phosphorus (PT)

contents.

Introduction

Phosphorus (P) is one of the macro-elements crucial for crop production. Crop fertilization contains
the largest amount of P used in agriculture. Phosphorus nutrition has many central tasks in plants
physiology, the primary one being the storage and transfer of energy that control photosynthesis,
respiration, protein, and synthesis of and nucleic acid, and nutrient carriage through the plant’s cells.
Furthermore, P is essential for grain production and quality; promotes increased root growth and stalk
strength; and promotes resistance to root rot diseases and winter tolerance. While the benefits of P on
agricultural production are important; however, P can be a pollutant if it moves from the field.
Phosphorus transported from agricultural soils promotes eutrophication and is responsible for
water quality degradation and other environmental concerns.

CONTACT Ortas | @ iortas@cu.edu.tr @ Department of Soil Science and Plant Nutrition, University of Cukurova, Faculty of
Agriculture, Adana, Turkey.
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Phosphorus cycling and availability is controlled by a combination of soil physical, chemical, and
biological responses (McGill and Cole 1981; Murrmann and Peech 1969; Rocha et al. 2019). Phosphate
taken up by plants originates from the soil solution or the solid phase among various inorganic and
organic P fractions as influenced by P fertilization and soil-crop management practices (Negassa and
Leinweber 2009; Wuenscher et al. 2015). The effects of tillage and P fertilization on soil
P fractionations have reported that chemical fertilization increases the partition among soil
P fractions (Ciampitti et al. 2011; Vu, Tang, and Armstrong 2008; Yi-Chao et al. 2015; Zamuner,
Picone, and Echeverria 2008). Results from a long-term experiment indicated that higher rates of
P fertilization increased the labile inorganic fraction only in the first year, but the labile organic
fractions showed changes in response to the amount of P applied (Zamuner and Culot 1999; Zhang
et al. 2020). Other studies have reported that the P in organic forms are the main sources of available
P for plants (Beck and Sanchez 1994; Tiessen, Salcedo, and Sampaio 1992) in unfertilized weathered
soils while the Pi-NaOH and Pi-NaHCOj are the major fractions in the Mollisols (He, Honeycutt, and
Griffin 2003; Tiessen, Stweart, and Cole 1984). Verma, Subehia, and Sharma (2005) reported that
during last 29 years, soil annually fertilized with P and N, and cultivated with corn-wheat sequences
were the TP content increased compared with the initial soil P concentration. Blake et al. (2003) also
reported that after 35 years under crop cultivations, the changes in the total P content associated with
a positive or negative balance. According to Ciampitti et al. (2011) fertilization exerted a large
influence on the Po-NaOH fraction. Ciampitti et al. (2011) also reported that P fertilization increased
the Po-NaHCOj; form at the site with a high sand content, which could generate a low soil P sorption
capacity. But, there was no difference in Po-NaHCOj; concentration in soils with the similar proper-
ties. Herrera et al. (2016) indicated that P fertilizer application increase P availability.

From the agronomic point of view, the P remaining in the soil solution after plant uptake which is
expected to be replenished by labile P fractions that are in equilibrium with other inorganic or organic
P fractions, it is very important to know the distribution of soil P fractions to understand the
repositioning mechanisms. Phosphorus fractionation schemes have been widely used to describe
changes in concentration, partition, and distribution of P fractions as affected by P fertilization,
land use, and management practices (Hedley, Stewart, and Chauhan 1982; Negassa and Leinweber
2009; Ortas and Islam 2018; Ortas and Lal 2012). Garcia and de Iorio (2003) found that increasing the
organic matter load results in an increase in Po. More recently, sequential extraction processes are
used to isolate soil P in different fractions differing in their chemical extractability (Wang et al. 2013).
Also, easily available or labile phosphorus (LP) is the fraction of soil organic and inorganic P with
mineralization of soil total phosphorus is very important parameters. It is expected to be useful in
developing strategies for better management of soil phosphorus under long-term P fertilization. The
phosphorus management index (PMI) is also important as an indication of the P dynamics under
long-term P fertilizer system.

We hypothesized that the knowledge on the distribution of soil P fractions and the comprehension
of the biological- and physico-chemical mechanisms that account for the P equilibrium would be
useful to develop a P fertilizer management strategy that would provide a better P supply to crops. The
objectives of our study were to (1) assess the long-term effects (1998 to 2014) variable P fertilization
rates on the partition and distribution of P fractions in soil; (2) determine the accumulation and
lability of sequentially extracted different P fractions; (3) predict soil P availability, based on the
relationship between P fractions and TP contents, under similar management and environmental
conditions; (4) to determine P lability and management index.

Materials and methods
Location and experimental layout

The work was established in 1998 at University of Cukurova Agricultural Research Experimental
Center, Adana-Turkey (37°00".47.75 N lat. and 35°21'.31.92 E longitude). The region’s climate is
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a typical Mediterranean and the long-term average annual air temperature is 19.2°C and rainfall is
671 mm. About 80% of the annual rainfall falls between October and May, with a mean annual
humidity of 68% (Anonymous 2016). Arik soil series (Typic Haploxererts, fine clay) contains clay, silt
and sand 53.5-58, 27-29.1, and 15-17.4%, total soil organic C, 0.41-0.89%, total N 0.08-0.098%, CEC
38-47 Cmol*kg, and pH 7.6-7.8 at 0-40-cm depth.

The field experiment was set up in a randomized complete block design with four phosphorus
treatments [control (0), 22, 44, and 88 kg P ha™'] and each treatment was replicated in three plots
(10 m x 20 m). Phosphorus was applied as calcium phosphate Ca3(PO,4)2 for corn-wheat rotation
since 1998. In addition, 200 kg N/ha as (NH,),NO; and 50 kg K/ha as K,SO, were applied on corn and
on wheat. All the fertilizers were surface spread before plant sowing and incorporated into the soil with
a disc harrow. Post-harvest residues of corn and wheat were incorporated with the soil by moldboard
plowing.

Soil sampling, processing, and sequential phosphorus fractionation

Composite soil samples were randomly composed from each replicated plot at 0-20 and 20-40 cm
depth, respectively, after harvesting plants in October 2014 (after 16 years) in sealable plastic bags.
A small soil portion was 2-mm sieved, air-dried, and ground prior to analysis. A detailed analysis on
sequential extraction of soil P including soluble reactive (SRP), extractable P (EP), Fe and Al-bound
P (FaAlP), Ca and Mg-bound P (CaMgP), humic acid P (HaP) and fulvic acid (FaP), particulate
organic P (POP), and residual P was performed by modifying the procedure of Jalali and Tabar (2011)
and Wuenscher et al. (2015).

Five g air-dried soil was taken in 50-mL polyethylene centrifuge tubes, followed by the addition of
10-mL distilled deionized water and shaken for 2-hr. The suspension was centrifuged at 2000-rpm
followed by filtration to collect aliquot for SRP fraction. Exactly 20-mL of 2 M KCl solution (~pH 7)
was added to the residual soil and shaken for 2-hr. The suspension was centrifuged at 2000-rpm
followed by filtration using the same filter paper to collect EP fraction. Twenty mL of 0.1 M NaOH was
added to residual soil and shaken for 6-hr followed by centrifugation at 2000-rpm and filtration using
the same filter paper to get the clear aliquot of FeAlP fraction. A 20-mL solution of 0.1 M HCI was
added to residual soil and shaken for 24-hr. The suspension was centrifuged followed by filtration
using same filter paper to get clear aliquot of CaMgP fraction. After CaMgP extraction, a 20-mL
solution of 0.5-M NaOH was added to the residual soil followed by shaking for 6-hr, centrifuged at
2000-rpm, and filtered using same filter paper, and the extract was separated into humic (Ha) and
fulvic (Fa) acid fractions by adding 1-mL of concentrated H,SO, (Islam and Weil 2000). Finally, 14 mL
of concentrated HCl: HNO; mixture (2:5) was added to residual soil and slowly shaken to mix. The
acid-soil suspension was transferred to a 50-mL glass beaker and digested on a hot plate at 125°C for
an hour. After digestion, distilled deionized water was added to the digestate to make the volume up to
20-mL, followed by filtering the suspension to get clear aliquot of residual P (RP) fraction. Total
amount of particulate organic matter (POM) accumulated on the filter paper during sequential
extraction was collected, oven-dried at 55°C, weighted, ground and analyzed for POM phosphorus
(POP). All the P analysis was performed by using the standard method (Murphy and Riley 1962).

Phosphorus lability and management indices

Using the principle of soil carbon lability and management index (Blair et al. (1995) calculations, the
P lability and P management indices were calculated as follows:

PMI = (PPIx Li) ..........(1)

Where, PPI is the phosphorus pool index and Li is the lability index. The PPI and the Li were
calculated as PPI = [TP in treatment soil/TP in control soil] ................... (2)

The Li was calculated as Li = [L in treatment soil/L in control soil] ... ....... (3)

Where, L refers to the lability of phosphorus, which was calculated as:
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L = [Labile P/Non-labile P] ... . (4).

In our study, the control treatment soil represents the reference soil. The labile P was considered as
the portion of TP that was separated as SRP, EP, POP, FeAl-P, CaMg-P, HaP, and FaP, respectively.
The non-labile P was determined from the difference between TP and labile P.

Statistical analysis

Significant differences in the concentration, distribution, and lability and management indices of
sequentially fractionated P pools attributed to the impact of P fertilization was assessed in one-way
analysis of variance using ANOVA procedure of the SAS (SAS 2009). The P fertilization rate was
considered as a fixed variable and block was considered as a random variable. For all statistical
analyses, significant effect of P fertilization on dependent variables was separated Tukey test at
P <0.05.

Results and discussion
Phosphorus concentration and distribution

The concentration of all the P fractions except EP significantly increased due to the long-term effects of
P fertilization (Table 1). The concentration of SRP was 1.6 to 2.3% higher in 44 and 88 kg P applied/ha
over the control and 22 kg P applied/ha, respectively. The FeAl-P and CaMg-P contents were higher
with increasing P fertilization rates. The Ha-P was 2.2 to 13.9 higher in 88 kg P/ha as compared to

Table 1. Long-term effects of phosphorus fertilization on concentration of sequentially fractionated phosphorus pools at different
soil depths under continuous corn (1998 to 2014.

P level Depth SRP EP FeAlP  CaMgP HaP  FaP POP RP TP
(kg/kg) (cm) (mg/kg)
0 16 c* 2.0a 12.0d 7.5d 22d 1.4d 10.5d 158.1 ¢ 1953 ¢
22 16c¢C 1.9a 13.0c 9.2 ¢ 80c 19c 137c 1626¢c 2118 ¢
44 1.8b 1.9a 15.0b 11.6b 89b 3.2b 16.5b 195.3b 254.2b
88 2.3a 2.0a 17.9a 14.5a 13.9a 3.9a 19.0a 278.3a 351.7a
0-20 2.0x* 2.1x 19.0x 13.8x 10.5x  3.1x  21.2x 226.0x 297.6x
20-40 1.6y 18y 100y 7.6y 60y 22y 86y 1711y 208.8y
Phosphorus x depth
0 20 1.6 2.0 15.8 10.8 33 1.7 150 159.2 209.3
40 1.5 1.9 83 43 1.1 1.2 6.0 156.9 181.3
22 20 1.6 2.0 16.5 12.2 9.7 25 190 161.7 225.1
40 1.5 1.8 9.4 6.2 6.2 13 8.4 163.6 198.4
44 20 1.9 2.0 19.9 14.9 103 34 237 216.9 292.9
40 1.6 1.9 10.1 8.4 7.5 29 93 173.7 2154
88 20 2.8 2.2 238 17.5 185 46 273 366.3 463.1
40 1.8 1.7 121 11.4 9.2 32 106 190.2 240.2
Treatments Df
Soil Depth 1 <.0001 0.0006 <.0001 <.0001 <.0001<.0001<.0001 <.0001 <.0001
P level 3 <.0001 0.7957 <.0001 <.0001 <.0001<.0001<.0001 <.0001 <.0001
dept x P lev. 3 <.0001 0.0497 <.0001 0.9294 <.00010.06800.0007 <.0001 <.0001

SRP = Soluble reactive phosphorus, EP = KCI extractable phosphorus, FeAIP = NaOH extractable iron and aluminum phosphorus,
CaMgP = HCI extractable calcium and magnesium phosphorus, HaP = Humic acid phosphorus, FaP = Fulvic acid phosphorus,
POP = Particulate organic phosphorus, RP = Residual phosphorus, and TP = Total phosphorus.

¥ Means separated by same lower case letter under each column were not significantly different at p < 0.05 among P levels.

*Means separated by same lower case letter (x vs. y) under each column were not significantly different at p < 0.05 between soil
depths.
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other treatments. Likewise, the Fa-P was also higher in 88 kg P/ha treatment. The particulate organic
P (POP) content was 10.5 to 19.0% higher in response to P fertilization than that of the control.
However, both residual P (RP) and total P (TP) was higher at 44 and 88 kg P/ha, respectively, as
compared to the control and 22 kg P/ha. The results confirmed the recent work done by Zhang et al.
(2020).

When expressed the results of the extracted P fractions over TP, the percent distribution of all
P fractions varied significantly by P fertilization. Increasing P fertilization decreased percent distribu-
tion of SRP, EP, FeAlP, POP, and RP. In contrast, the percent distribution of CaMgP, Hap, and FaP
increased with P fertilizer level increase. In present work, there is a high correlation in between
extractions although the concentration of H,O extracted Pi is less; however, it is highly and positively
correlated with all extractions (Table 2). The percent distribution of P fractions was mainly associated
with RP (77.1 to 81.3%) followed by POP (5.2 to 6.3%), FeAl-P (5.1 to 6.1%), and CaMg-P (3.8 to 4.5%
pools (Table 3). Except for CaMg-P, Ha-P, and Fa-P, the percent distribution of SPR, EP, FeAl-P, POP,
and RP did not vary consistently with increasing levels of P fertilization. Among them, the percent
distribution of Ha-P increased by several folds (3.2 to 3.5 times) with increasing rates of P fertilization
as compared to the control. Similarly, He, Honeycutt, and Griffin (2003) reported that with sequential
P fractionation of soil, they observed distinctly different P distribution patterns.

The inorganic available P pool extracted with 0.5 M sodium bicarbonate (NaHCO3) which is
attributed mainly to being labile Pi in the solid soil phase attached to crystalline surfaces (Cross and
Schlesinger 1995; He, Honeycutt, and Griffin 2003). Moderately labile Pi extracted with 0.1 M NaOH
contains chemically sorbed Pi of lower plant availability related with amorphous and crystalline Fe and
Al hydroxides Hedley, Stewart, and Chauhan (1982); and no labile primary Ca-bound P is extractable
through 0.5 M HCI or H,SO,. Regarding to organic fractions, easily mineralizable NaHCO;-Po and
moderate labile NaOH-Po comprise P linked to organic matter (He, Honeycutt, and Griffin 2003).
According to Herlihy and McGrath (2007) the non-extractable recalcitrant Pi and Po comprise very
low availability of residual P.

Table 2. Under long term phosphorus fertilization application with corn-wheat systems (1998 to 2014), the correlations in between
chemical extractions and their P lability and lability index.

Total Residual POM Folvic. Humic. HCI NaOH KCl H,O(SRP)
Total 1
<.0001
Residual 0.98929 1
<.0001 <.0001
POM 0.80236 0.71201 1
<.0001 <.0001 <.0001
Folvic. 0.85308 0.81562 0.73389 1
<.0001 <.0001 <.0001 <.0001
Humic. 0.89654 0.85547 0.78497 0.89318 1
<.0001 <.0001 <.0001 <.0001 <.0001
HCl 0.82564 0.74177 0.92176 0.84437 0.84376 1
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001
NaOH 0.84819 0.77022 0.97294 0.73568 0.78238 0.94079 1
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
KCl 0.58264 0.53902 0.66643 0.38689 0.50497 0.56523 0.65655 1

0.0028 0.0066 0.0004 0.0618 0.0118 0.0040 0.0005 0.0001
H,O(SRP) 0.94230 0.93491 0.73496 0.80642 0.87677 0.76439 0.76245 0.60574 1
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0017 <.0001
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Table 3. Phosphorus fertilization impacts on percent distribution of sequentially extracted phosphorus fractions at different soil
depths under corn-wheat systems (1998 to 2014).

P level Depth SRP EP FeAIP CaMgP HaP FaP POP RP
(kg/kg) (cm) (% of total phosphorus)

0 0.8a* 1.0a 6.1a 3.8b (AN 0.7b 5.2b 81.3a

22 0.7b 0.9a 6.0a 4.3a 3.7b 0.9b 6.3a 771 ¢

44 0.7b 0.8b 5.8a 4.5a 3.5ab 1.3a 6.2a 773 ¢

88 0.7b 0.6 ¢ 5.1b 4.3a 3.9a 1.2a 5.2b 79.1b

0-20 0.7x* 0.7x 6.7x 4.9x 3.4x 1.0x 7.4x 753y

20-40 0.8x 0.9y 4.8y 3.5y 2.8y 1.0x 4.y 82.2x

Phosphorus x depth

0 20 0.7 1.0 75 5.2 1.6 0.8 7.2 76.1
40 0.8 1.0 4.6 24 0.6 0.6 33 86.5

22 20 0.7 0.9 73 54 43 1.1 8.4 71.8
40 0.8 0.9 4.8 3.1 3.1 0.7 42 824

44 20 0.6 0.7 6.8 5.1 35 1.2 8.1 74.0
40 0.8 0.9 4.7 39 35 14 43 80.6

88 20 0.6 0.5 5.1 3.8 4.0 1.0 5.9 79.1
40 0.7 0.7 5.0 4.8 3.8 1.3 4.4 79.2

SRP = Soluble reactive phosphorus, EP = KCl extractable phosphorus, FeAIP = NaOH extractable iron and aluminum phosphorus,
CaMgP = HCl extractable calcium and magnesium phosphorus, HaP = Humic acid phosphorus, FaP = Fulvic acid phosphorus,
POP = Particulate organic phosphorus, RP = Residual phosphorus, and TP = Total phosphorus.

¥ Means separated by same lower case letter under each column were not significantly different at p < 0.05 among P levels.

*Means separated by same lower case letter (x vs. y) under each column were not significantly different at p < 0.05 between soil
depths.

Although the differences were not statistically significant, in the soil where high rates of P were
applied, 5% more TP was quantified than in the non-fertilized soil in agreement with positive
P balance. This shows that TP changes require long times under cultivation and therefore
a 18 years’ period may not be sufficient to detect significant differences in this variable. In this context,
our results are supported by results of Wuenscher et al. (2015) in which extractable P pool may be
influenced by different soil properties such as OM to different extents. Studies of soils of this area agree
that 80% of TP in the arable layer is in the residual P form, which may be linked to the high Ca but low
organic matter content of the soils of the region. Fertilized soils had a significantly higher inorganic
P concentration than the control. Similarly, Takahashi and Anwar (2007), investigating the wheat yield
response to long-term fertilization and evaluating soil P fractions after 23-year fertilization on an
Aridisol, concluded that TIP was greater in the treatments with P applications than the without
P treatment. The Po extracted with NaHCO3 has been considered to be an active Po fraction because,
it represents compounds such as glycerophosphate and ribonucleic acid that are freely exchanged with
the soil surface (Bowman and Cole 1978). Also extracted Po-NaOH is associated with humic
compounds and adsorbed to Al and Fe (Schoenau, Stewart, and Bettany 1989). Therefore, as both
the soil organic matter and Fe concentration are reduced during cultivation, the capacity of the soil to
retain P in the form of Po-NaOH may also be reduced. The organic fractions were not affected by the
fertilization rate. This is in agreement with the TOP findings. Similarly, McKenzie, Parker, and Yen
(1992) concluded that inorganic fertilization increases inorganic P reservoirs but that it has no effect
on labile and moderately labile organic forms on the long term. Similarly, Kumar, Bolland, and Gilkes
(1994) reported that not only soil properties effects P extractability, also the fertilizers composition
influences P extractability by several extraction methods.

Among total inorganic P fractions, the readily available form, Pi-KCl, is called soluble reactive P,
accounted for 4.7% and 1.1% of the total phosphorus. Differences in between P fractionation occurred
mainly because of the differences of the physicochemical characteristics, biological environments and
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Table 4. Long-term effects of phosphorus fertilization on stratification of sequentially fractionated phosphorus pools at different soil
depths under continuous corn (1998 to 2014).

P level Depth SRP EP FeAl-P CaMg-P Ha-P Fa-P POP RP TP

(kg/kg) (cm) (Values were obtained by dividing P content with values at 40-cm depth)

0 10c* 1.0a 15¢ 1.8d 20¢ 12b 1.7d 10c1ic

22 1.0c 1.0a 1.6 c 22¢c 7.0b 1.6b 23 ¢ 1.0c1.2c¢

44 1.1b 1.0a 1.8b 2.7b 7.8b 2.7a 2.7b 1.2b 1.4b

88 1.5a 1.0 2.2a 3.4a 12.2a 3.4a 3.a 1.8a 1.9a
0-20 1.3x™ 1.1x 2.3x 3.2x 9.2x 2.6x 3.5x 1.4x 1.6x
20-40 1.1y 1.0x 1.2y 1.8y 5.3y 1.8y 1.4y 1.1y 1.2y

Phosphorus x depth

0 20 1.0 1.1 1.9 25 29 1.5 25 1.0 1.2

40 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

22 20 1.1 1.1 2.0 29 8.6 2.1 3.1 1.0 1.2

40 1.0 0.9 1.1 1.5 54 1.1 1.4 1.0 11

44 20 1.2 1.0 2.4 35 9.1 29 39 14 16

40 1.1 1.0 1.2 2.0 6.6 25 1.5 1.1 1.2

88 20 1.8 1.2 29 4.1 16.3 4.0 4.5 23 26

40 1.2 0.9 1.5 2.7 8.1 2.7 1.8 1.2 13

SRP = Soluble reactive phosphorus, EP = KCI extractable phosphorus, FeAIP = NaOH extractable iron and aluminum phosphorus,
CaMgP = HCI extractable calcium and magnesium phosphorus, HaP = Humic acid phosphorus, FaP = Fulvic acid phosphorus,
POP = Particulate organic phosphorus, RP = Residual phosphorus, and TP = Total phosphorus.

¥ Means separated by same lower case letter under each column were not significantly different at p < 0.05 among P levels.

*Means separated by same lower case letter (x vs. y) under each column were not significantly different at p < 0.05 between soil
depths.

hydrological conditions. The larger fractions of organic P showed that OM and vegetation could play
a serious role in recycling bioavailable P from either in water or soil. Vegetation and microbial biomass
uptake and accumulate P in their tissues (Richardson and Marshall 1986) which are the main
contributors to soil organic P.

Since under the Mediterranean soil conditions, decomposition of biomass is faster with subsequent
mineralization of organic matters in the soil, which might be the main reason why the largest organic
P was measured. A high proportion of inorganic labile P suggested that IP could be bound to the
abundant Ca already present in the high CaCOj; contained soils. The increase in total and Ca/Mg-
bound P suggests time-dependent progress in P precipitation with the abundant Ca. Although,
relatively Al-bound P is stable, redox potential has a strong influence on the stability of Fe-bound
P. On the other hand, under most circumstances, Ca/Mg-bound P is much more stable than Fe/Al-
bound P and this is less available for biological digestion (Sonzongni et al. 1982). Generally, since soil
have high CaMgCO; exchangeable Ca® and Mg?, the Ca/Mg-bound P is the dominant fraction and
may play an important role in P storage in soil. The results of Diaz et al. (2006) indicated that Ca/Mg-
bound P is for the 41-64% percentages of the total P. The RP was mainly accounted for the most of the
TP, and was associated with decreases in other P’s. While the decrease in TP was mainly because of
decreases in labile HCI-P, and NaOH-P and related decreases in other P fractions, the RP and other
stable fractions associated with an increase in TP content.

The increases in Soluble Reactive Phosphorus (SRP) followed with the decreases in other
P fractions, indicated that soil P transformation could be the pool of P in the conversion process
over winter. The increases of CaMg-P and decreases of FeAl-P supported the occurrence of greater
sorption and precipitation. Gburek et al. (2005) indicated that the cations such as Ca, Fe, and Al,
especially Al and Fe in acidic soils are the primary cations involved in desorption and dissolution of
P reactions. The results revealed that NaOH-Po, and NaOH-Pi had opposite directions showing that
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Table 5. Phosphorus fertilization impacts on lability of sequentially extracted phosphorus fractions at different soil depths under
corn-wheat systems (1998 to 2014).

P level Depth Phosphorus lability (PL)
(kg/ha) (cm) SRP EP POP  FaP HaP CaMgP FeAlP
0 0.008a* 0.010a 0.055b 0.007a 0.011 ¢ 0.039%b 0.065a
22 0.008a 0.009b 0.068a 0.010a 0.039ab 0.045a 0.065a
44 0.007b 0.008 c 0.068a 0.012a 0.036b 0.047a 0.061a
88 0.007b 0.006d 0.057b 0.010a 0.041a 0.045a 0.054b
20 0.007y’= 0.008y 0.082x 0.009x 0.035x 0.051x 0.072x
40 0.008x 0.009x 0.043y 0.010x 0.029y 0.037y 0.050y
Phosphorus x depth
0 20 0.007 0.010 0.077 0.007 0.016 0.054 0.082
40 0.009 0.011 0.033 0.007 0.006 0.024 0.048
22 20 0.007 0.009 0.093 0.010 0.045 0.057 0.079
40 0.008 0.009 0.043 0.010 0.032 0.032 0.050
44 20 0.006 0.007 0.090 0.010 0.036 0.054 0.073
40 0.008 0.009 0.047 0.013 0.036 0.041 0.049
88 20 0.006 0.005 0.067 0.010 0.042 0.040 0.055
40 0.008 0.007 0.047 0.010 0.040 0.050 0.053

SRP = Soluble reactive phosphorus, EP = KCI extractable phosphorus, FeAIP = NaOH extractable iron and aluminum phosphorus,
CaMgP = HCI extractable calcium and magnesium phosphorus, HaP = Humic acid phosphorus, FaP = Fulvic acid phosphorus,
POP = Particulate organic phosphorus, and TP = Total phosphorus.

¥ Means separated by same lower case letter under each column were not significantly different at p < 0.05 among P levels.

*Means separated by same lower case letter (x vs. y) under each column were not significantly different at p < 0.05 between soil
depths.

changes in these P fractions could be the result of conversion from residual P, HCI-P, and NaHCO;-
Po. OM and soil pH may be the main factors causing the transfer between HCI-P and NaOH-Pj, as soil
pH was negatively related with NaOH-Pi, but positively with HCI-P. The results of Yi-Chao et al.
(2015) indicated that under P fertilization, the resin-extractable P, NaHCO3-extractable inorganic P,
and NaOH-extractable Po were significantly increased.

Phosphorus lability and management indices

The PP, as a measure of total P accumulation in response to management practices, has significantly
increased by P fertilization especially at highest P fertilization (Table 4). Surface soil has higher PPI
than that of sub-surface soil. However, PPI was not influenced by P fertilization x depth interaction.
Results showed that all the P fractions except EP stratified in response to P fertilization and between
depths without a significant interaction. Highest P stratification was observed for HaP and the lowest
was observed for FeAlP. P stratification increased with increasing rates of P fertilization. The data are
supported by our early results in the same area (Ortas and Islam 2018). The highest surface stratifica-
tion of P was observed for POP and the lowest for SRP. Results showed a significant stratification of
P fractions except EP in response to long-term P fertilization (Table 4). When P was applied at 88 kg/
ha, there was an increased SRP stratification by 50% as compared to the control. Among the
P fractions, the Ha-P had the highest stratification followed by Fa-P, CaMg-P, and POP fractions,
with increasing P fertilization rates, as compared to others. Even both the RP and TP were stratified
also with increasing rates of P fertilization. Averaged across P fertilization rates, all the P fractions were
stratified except EP with depth. Highest P stratification was observed for Ha-P extraction (1.7 times).

Soil P lability except SRP, EP, and POP increased consistently by P fertilization (Table 5). Highest
P lability was observed for HaP as compared to lowest for CaMgP. The lability of P fractions was
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Table 6. Long-term effects of phosphorus fertilization on lability index of sequentially fractionated phosphorus pools at different soil
depths under continuous corn (1998 to 2014).

P level Depth Phosphorus lability index (PLi)
(kg/ha) (cm) SRP EP POP FaP HaP CaMgP FeAlP
0 1.00a* 1.00a 1.00b 1.00 ¢ 1.00b 1.00 ¢ 1.00a
22 0.93ab 0.92b 1.25a 1.30bc 4.02a 1.20b 1.01a
44 0.88ab 0.78 ¢ 1.23a 1.92a 4.03a 1.33ab 0.96a
88 0.86 ¢ 0.60d 1.10ab 1.78ab 4.63a 1.39a 0.88b
20 0.91x" 0.79y 1.06y 1.36y 2.20y 0.94y 0.88y
40 0.92x 0.86x 1.23x 1.64x 4.63x 1.52x 1.04x
Phosphorus x depth
0 20 1.00 1.00 1.00 1.00 1.00 1.00 1.00
40 1.00 1.00 1.00 1.00 1.00 1.00 1.00
22 20 0.97 0.94 1.23 1.46 2.84 1.06 0.97
40 0.90 0.89 1.27 1.13 5.19 133 1.05
44 20 0.86 0.71 1.16 1.59 2.28 0.98 0.89
40 0.89 0.84 1.30 2.26 5.78 1.68 1.03
88 20 0.82 0.50 0.86 1.38 2.68 0.73 0.67
40 0.89 0.70 1.34 2.18 6.57 2.06 1.10

SRP = Soluble reactive phosphorus, EP = KCl extractable phosphorus, FeAIP = NaOH extractable iron and aluminum phosphorus,
CaMgP = HCI extractable calcium and magnesium phosphorus, HaP = Humic acid phosphorus, FaP = Fulvic acid phosphorus,
POP = Particulate organic phosphorus, and TP = Total phosphorus.

¥ Means separated by same lower case letter under each column were not significantly different at p < 0.05 among P levels.

“Means separated by same lower case letter (x vs. y) under each column were not significantly different at p < 0.05 between soil
depths.
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Figure 1. Effect of increasing P level fertilizer on P management index.
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higher at surface except for SRP, EP and FaP. Similarly in the cultivated soil, the highest values of
labile-P fractions in surface soil layers were observed by Sheklabadi et al. (2015). The lability index of
P significantly influenced in response to P fertilization (Table 6). Among the P fractions, highest PLi
was observed for HaP followed by FaP as compared to the lowest for POP and FeAIP fractions. With
increasing P fertilizer rate, PLi of POP, FaP, HaP and CaMgP increased, but decrease in PLi of SRP, EP
and FeAlP fractions. The results of Coelho et al. (2020) shown that annual P rates improved
significantly the residual soil P accumulation in labile fractions which supports out founding.

The phosphorus management index (PMI) was designed to give an indication of the P dynamics of
the long-term P fertilizer system. The PMI significantly influenced by P fertilization and soil depth
with an interaction on POP and FaAlP (Figure 1 and Table 7). Increasing P fertilization significantly
increased the PMI of extracted P fractions except for EP. Highest PMI was observed for HaP,
intermediate in FaP and CaMgP and lowest for TP and SRP. While surface soil has highest PMI for
SRP and HaP, sub-surface soil has highest PMI for CaMgP. P fertilization x depth significantly
influenced the depth distribution of PMI for both POP and FaP. The results are shown that
P fertilization management significantly increased PMI. Similarly, Soltangheisi et al. (2018) and
Zhang et al. (2020) indicated that soil-crop management such as rotation and fertilizer level applica-
tion can promote changes in soil phosphorus (P) lability.

Conclusions

The impact of long-term P fertilization on significant changes in soil P fractions suggested that soil
P transformation could be influenced by P levels, corn/wheat crop rotation management factors. The
increases in labile, P fractions suggested that soil P changes were influenced by soil-crop managements
processes involving residual fertilizer P and P derived from previous crop residue decomposition.
Changes in soil labile P fractions confirmed that changes in soil P dynamics could be increased by crop

Table 7. Long-term effects of phosphorus fertilization on phosphorus management indices based on sequentially fractionated
phosphorus pools at different soil depths under continuous corn (1998 to 2014).

P level Depth Phosphorus management index (PMI)
(kg/ha) (cm) SRP EP POP FaP HaP CaMgP FeAlP
0 1.00 ¢ 1.00a 1.00 ¢ 1.01b 1.00 ¢ 1.00d 1.00d
22 1.01 ¢ 0.99a 1.36b 1.41b 4.37b 130 ¢ 1.10 ¢
44 1.13b 0.99a 1.59a 2.46a 5.03b 1.68b 1.24b
88 1.49a 1.02a 1.82a 2.92a 7.27a 2.17a 1.47a
20 1.26x™ 1.03x 1.45x 1.94x 3.27y 1.28y 1.19x
40 1.06y 0.98x 1.43x 1.95x 5.56x 1.79x 1.21x
Phosphorus x depth
0 20 1.00 1.00 1.00 1.00 1.00 1.00 1.00
40 1.00 1.00 1.00 1.01 1.00 1.00 1.00
22 20 1.04 1.01 1.32 157 3.06 1.14 1.04
40 0.98 0.98 1.40 1.24 5.67 1.46 1.15
44 20 1.21 0.99 1.63 2.23 3.18 137 1.25
40 1.06 1.00 1.55 2.68 6.87 1.99 1.23
88 20 1.80 1.10 1.86 2.96 5.82 1.61 1.47
40 1.18 0.93 1.78 2.88 8.72 2.73 1.46

SRP = Soluble reactive phosphorus, EP = KCl extractable phosphorus, FeAIP = NaOH extractable iron and aluminum phosphorus,
CaMgP = HCI extractable calcium and magnesium phosphorus, HaP = Humic acid phosphorus, FaP = Fulvic acid phosphorus,
POP = Particulate organic phosphorus, and TP = Total phosphorus.

¥ Means separated by same lower case letter under each column were not significantly different at p < 0.05 among P levels.

“Means separated by same lower case letter (x vs. y) under each column were not significantly different at p < 0.05 between soil
depths.
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rotation management practices and P fertilization. In general, there is a high correlation in between
extraction and with increasing P application extractable P concentration is increased. Increasing
P level fertilization changed the phosphorus management index (PMI) of extracted P fractions.
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