
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Gabrijel Ondrasek,
University of Zagreb, Croatia

REVIEWED BY

Muhammad Musa Khan,
Zhejiang University, China
Weina Zhang,
Huanghuai University, China

*CORRESPONDENCE

Bryan G. Hopkins

hopkins@byu.edu

SPECIALTY SECTION

This article was submitted to
Plant Nutrition,
a section of the journal
Frontiers in Plant Science

RECEIVED 01 September 2022

ACCEPTED 03 January 2023
PUBLISHED 23 January 2023

CITATION

Jamal A, Saeed MF, Mihoub A, Hopkins BG,
Ahmad I and Naeem A (2023) Integrated
use of phosphorus fertilizer and farmyard
manure improves wheat productivity by
improving soil quality and P availability in
calcareous soil under subhumid conditions.
Front. Plant Sci. 14:1034421.
doi: 10.3389/fpls.2023.1034421

COPYRIGHT

© 2023 Jamal, Saeed, Mihoub, Hopkins,
Ahmad and Naeem. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 23 January 2023

DOI 10.3389/fpls.2023.1034421
Integrated use of phosphorus
fertilizer and farmyard manure
improves wheat productivity by
improving soil quality and P
availability in calcareous soil
under subhumid conditions
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Introduction: Low soil fertility and high fertilizer costs are constraints to wheat

production, which may be resolved with integrating fertilizer phosphorus (P) and

farm-yard manure (FYM). Study objectives were to evaluate P source impacts on

soil, P efficiency, and wheat growth in a calcareous soil.

Methods: Treatments included P fertilizer (0, 17, 26, or 39 kg P ha-1) and/or FYM (0

or 10 T ha-1) in a: 1) incubation experiment and 2) wheat (Triticum aestivum spp.)

field experiment.

Results and Discussion: Soil organic matter increased (30-72%) linearly for both

fertilizer and FYM, whereas pH decreased (0.1-0.3 units) with fertilizer only.

Addition of fertilizer and FYM increased plant available P (AB-DTPA extractable

soil P) an average of 0.5 mg P kg-1 soil week-1 with incubation. The initial increase

was 1-9 mg P kg-1, with further increase after 84 d of ~3-17 mg P kg-1. There was

also a significant increase of available P in the soil supporting plants in the field

study, although the magnitude of the increase was only 2 mg kg-1 at most for the

highest fertilizer rate + FYM. Grain (66 to 119%) and straw (25-65%) yield increased

significantly, peaking at 26 kg P ha-1 + FYM. The P Absorption Efficiency (PAE), P

Balance (PB), and P Uptake (PU) increased linearly with P rate, with the highest

levels at the highest P rate. The P Use Efficiency (PUE) was highest at the lowest

rates of P, with general decreases with increasing P, although not consistently.

Principal component analysis revealed that 94.34 % of the total variance was

accounted for with PC1 (84.04 %) and PC2 (10.33 %), with grain straw yield

significantly correlated to SOM, PU, and PAE. Regression analysis showed highly

significant correlation of PB with P-input (R2= 0.99), plant available P (R2= 0.85),
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fpls.2023.1034421/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1034421/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1034421/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1034421/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1034421/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1034421/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1034421&domain=pdf&date_stamp=2023-01-23
mailto:hopkins@byu.edu
https://doi.org/10.3389/fpls.2023.1034421
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1034421
https://www.frontiersin.org/journals/plant-science


Jamal et al. 10.3389/fpls.2023.1034421

Frontiers in Plant Science
and PU (R2= 0.80). The combination of FYM at the rate of 10 T ha-1 and fertilizer P

at 26 kg P ha-1 was found as the optimum dose that significantly increased yield. It

is concluded that FYM concoction with fertilizer-P not only improved SOM and

residual soil P, but also enhanced wheat yields with reasonable P efficiency.
KEYWORDS

manure, phosphorus, wheat, calcareous, phosphorus absorption efficiency, phosphorus
balance, phosphorus uptake, phosphorus use efficiency
1 Introduction

Wheat (Triticum aestivum L.) is the world’s leading agronomic

crop in production value and acreage (Hopkins and Hansen, 2019).

Wheat is Pakistan’s most important cereal crop, accounting for 8.7%

of agricultural value addition and 1.7% of the gross domestic product

(GDP) (Khan et al., 2022).

Although Pakistan’s soil and climate conditions are favorable and

high-yielding cultivars are available, wheat grain production is

reduced due to the calcareous nature of most Pakistani soils and

poor nutrient management, particularly that of phosphorus (P) (Ul-

Allah et al., 2018). Low soil fertility due to continuous cropping, with

little or no external inputs and crop residue removal, are other causes

of low production (NFDC, 2001).

Plants require P as an essential macronutrient to complete their

life cycles (Marschner, 2012; Hopkins, 2015; Ding et al., 2020;

Hopkins, 2020). In calcareous soils, a majority of applied P fertilizer

is adsorbed on the calcite surface and becomes temporarily

unavailable to plants, which can cause a yield reduction (Hopkins,

2015; Saeed et al., 2021). Plant-available P in soil is affected by

soil chemistry properties, especially pH and limestone content

(Lindsay, 2001; Fixen and Bruulsema, 2014). Calcareous soils are

commonly deficient in plant-available P due to poor solubility as a

result of fixation and sorption (Lindsay, 2001; Manzoor, 2013;

Hopkins et al., 2014; Mihoub and Boukhalfa-Deraoui, 2014;

Deraoui et al., 2015; Hopkins, 2020). The resulting effect of low P

solubility is relatively poor fertilizer P efficiency (Jamal et al., 2018;

Mihoub et al., 2019). Thus, a great majority of calcareous soils need

relatively high amounts of extraneous supplementation of P for

sustained crop yield (Fixen and Bruulsema, 2014; Hopkins et al.,

2014; Hopkins and Hansen, 2019; Pradhan et al., 2021). Therefore, P

dynamics in these soils must be known to evaluate their availability to

plants (Manzoor, 2013).

Furthermore, the present price boost in P fertilizers is reflected in

its decreased application to crops by resource-poor farmers,

potentially resulting in reduced crop production (Aboukila et al.,

2018). In some regions, including Pakistan, it is difficult to convince

the farming community to apply full-recommended fertilizer doses

for wheat, but it seems possible to improve fertilizer P use efficiency

(PUE) in calcareous soils by selecting efficient P sources and adopting

appropriate time and methods of application. To address the

aforementioned issues, cost-effective, environmentally friendly, and
02
more productive farming technologies must be developed (Hopkins,

2015; Mihoub et al., 2019; Hopkins, 2020).

Yields have steadily increased since the onset of the Green

Revolution, and as a result, there is an increasing need to efficiently

supply P to plants while minimizing negative impacts on the

environment (Hopkins and Hansen, 2019; Khan et al., 2022). Many

studies have shown that organic manures may partially or entirely

substitute chemical fertilizers, reducing dependency on limited rock

phosphate reserves (Khan et al., 2022; Mihoub et al., 2022). Manure

(commonly referred to as “farmyard manure” (FYM) in some regions,

including Pakistan) is less concentrated, and P is bound to various

molecules that must be decomposed to convert it to inorganic

phosphates that plants can take up (Hopkins, 2015; Mihoub et al.,

2022). However, an advantage of the FYM is that it also contains all

other essential plant nutrients, which can reduce the possibility of P-

induced deficiencies of other nutrients (Barben et al., 2011). It is also

considered a slow-release source of P (Hopkins, 2015). The FYM also

contains a wide variety of other molecules, including organic acids,

that can be beneficial as they improve P movement through soil and

bioavailability (Hill et al., 2015a; Hill et al., 2015b; Hopkins, 2015;

Summerhays et al., 2015). The addition of soil organic matter (SOM)

may improve soil chemical, physical, and biological properties, which

can then positively impact nutrient cycling and provide an enhanced

environment for vegetation growth (Wu et al., 2013).

As previously mentioned, animal manures are considered a

valuable nutrient source when applied to the soil with proper

management (Pradhan et al., 2021), although it has also been

reported that the sole application of organic amendments could

hamper nutrient availability due to fixation (Hazra et al., 2018). Its

decomposition rate is relatively faster than many other organic

nutrient sources (Rehim et al., 2020), but this decomposition can

lead to increases in SOM. This process can play a prominent role in

improving soil structure, which in turn provides favorable

environments for root development (Zhang et al., 2014) and

improves soil water-holding capacity (Wu et al., 2013). It has been

reported as a valuable fertilizer for wheat (Triticum aestivum L.)

production by increasing SOM content (Rehim et al., 2020).

In this regard, the integration of traditional chemical P fertilizers

and organic amendments, such as FYM, could be a possible option for

improving the efficiency of fertilizer P use in highly calcareous P-

sorbing soils (Hopkins, 2015). Although there are many studies

examining chemical fertilizer and manure P in wheat, there needs
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to be an evaluation of the changes in P transformations and grain

yield of bread wheat induced by the combined application of FYM

and chemical P fertilizer. Moreover, it needs to be clarified how P

fertilizer in combination with FYM may affect nutrient balance and

the need for, or not, chemical fertilizers in calcareous soils. This point

is considered one of the most important recent trends in studies

related to soil quality and soil-plant relations regarding P under

these conditions.

Therefore, studies were conducted to determine whether the

combination of P fertilizer with FYM in calcareous soils under

subhumid climatic conditions found in Pakistan can: (1) improve

soil properties and P availability; (2) improve phosphorus absorption

efficiency (PAE), phosphorus balance (PB), phosphorus uptake (PU),

and PUE in wheat; and (3) increase wheat productivity. For this study,

it was hypothesized that the application of inorganic P in

combination with FYM improves wheat grain yield by improving

soil properties, PAE, PB, PU, and PUE in calcareous soils.
2 Materials and methods

2.1 Experimental site and soil characteristics

The experiment was carried out at a greenhouse and a field

location immediately next to each other located at the Institute of

Biotechnology and Genetic Engineering at the University of

Agriculture, Peshawar, Pakistan (34° 01′, 14.2″ N and 71° 28′, 52.6″ E).
The preceding crop in the location wasmaize (Zea mays L.). This region

lies 340 m above sea level and is classified as a warm-temperate zone.

The average annual temperature is ~22°C, with the highest average in

June at ~33°C and the lowest in January at ~10°C. The average annual

precipitation is 640 mm, with the least amount of rainfall occurring

in November.

A composite soil sample was collected at 0–20 cm depth before the

experiment with the following results: pH = 8.4 (Richards, 1954),

salinity as electrical conductivity (EC) = 0.25 dS m−1 (Richards,

1954), SOM = 5.9 g kg−1 (Nelson and Sommers, 1982), total nitrogen

(N) = 5mg kg−1, and plant-available P and potassium (K) = 4.7 and 130
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mg kg−1, respectively, as determined through extraction with

ammonium bicarbonate-diethylenetriamine pentaacetate (AB-DTPA)

(Soltanpour, 1985).
2.2 Experimental design and measurements

2.2.1 Treatments: Laboratory incubation and
field experiment

Four chemical P fertilizer rates were applied without or with 10 T

FYM ha−1 in both studies (Table 1). The chemical fertilizer was single

superphosphate (SSP; 8% P). The FYM was derived from well-

decomposed cattle (Bos taurus) excreta (dung and urine) mixed

with some crop residues, such as rice and cotton straw. The

physiochemical properties and nutrient constituents of FYM were

as follows: brown to black color, pH = 8.0, EC = 2.1 dS m−1, total N =

13.6 g kg−1, total P = 1.5 g kg−1, and total K = 8.4 g kg−1.

2.2.2 Soil P release dynamics and mineralization
potential: Laboratory incubation

A laboratory experiment was carried out by applying fertilizer

and/or FYM (Table 1) to 1 kg of soil in plastic pots with no drainage

holes. Before filling the soil in pots, the soil and the fertilizer and/or

FYM were thoroughly mixed. Each treatment had three replicates,

and the pots were arranged in a completely randomized design (CRD)

and incubated under laboratory conditions of a 16-h light and 8-h

dark cycle at 25°C ± 1°C and 55%–65% relative humidity for 84 days.

Distilled water (DW) was added as needed to maintain adequate soil

moisture at near-field capacity.

Tr ip l i ca te so i l samples f rom each trea tment were

spectrophotometrically analyzed for plant-available P after 0, 7, 14,

28, 56, and 84 days of incubation. The change in P content (weekly

turnover) was calculated by subtracting the initial plant-available P at

0 days from the final P at 84 days and dividing by the total number of

weeks (12). Mineralization potential (kg ha−1 week−1) was calculated

by multiplying weekly turnover in milligrams of P per kilogram of soil

per week (the assumption is that the weight of 1-ha soil is

approximately 2 × 106 kg; Sarir et al., 2006).
TABLE 1 Phosphorus (P) treatment rates (kg ha−1) applied as single superphosphate (SSP) and/or farmyard manure (FYM) for a laboratory and a field experiment.

Treatment Chemical fertilizer (F) Manure fertilizer (M) Total P applied

ID P (kg ha−1) SSP (kg ha−1) P (kg ha−1) FYM (T ha−1) P (kg ha−1)

F0M0 0 0 0 0 0

F0M15 0 0 15 10 15

F17M0 17 220 0 0 17

F17M15 17 220 15 10 32

F26M0 26 330 0 0 26

F26M15 26 330 15 10 41

F39M0 39 500 0 0 39

F39M15 39 500 15 10 54
The ID is derived from the rates of SSP fertilizer (F) at 0, 17, 26, or 39 kg P ha−1 and manure (M) at 0 or 10 T FYM ha−1 with 0 or 15 kg P ha−1, respectively (FYM = 0.15% P).
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2.2.3 P efficiency and yield: Field experiment
A field study was conducted by applying the same fertilizer/FYM

treatments as described in experiment 1 (Table 1). The experimental

field was plowed to a 30-cm depth using a rotavator, and then the SSP

and/or FYM were applied to the soil in respective plots, each of 10 m2,

before crop sowing with tillage. The experimental treatments were

arranged in a randomized complete block design (RCBD) with three

replicates. The seeds of the wheat variety ATTA-HABIB-2010 were

surface disinfected with 1% sodium hypochlorite (NaOCl) to

minimize microorganism growth on the seed and then rinsed two

to three times with DW. The disinfected seeds were then sown at a

seeding rate of 120 kg ha−1 with a 25-cm row spacing.

The plots were furrow-irrigated. Fertilizer K was applied as

potassium sulfate (K2SO4) to all plots prior to the first irrigation at

22 kg K ha−1. At the first and second irrigations, fertilizer N was split

and applied in two equal doses as urea [CO(NH2)2] to all plots at 110

kg N ha−1. The N and K were not balanced, with plots receiving FYM

having an additional 136 and 84 kg ha−1 of N and K, respectively.

However, there was no evidence of deficiency or excess of either of

these or other nutrients, and, therefore, it is assumed that these

nutrients had no effect on the treatments.

The crop was generally raised using the best agronomic and

cultural management practices. The crop was largely free of insect and

disease damage. No pesticides were applied. Weeds were pulled by

hand as and when required. The wheat was hand-harvested using

a sickle.

At maturity, whole plant samples were randomly collected from

each plot to determine P concentration and accumulation by wheat

plants (Jackson, 1973). The total dry matter yield of each plot was

recorded; wheat grains were separated using a micro-plot thresher

(Kissan wheat thresher, Gojra, Pakistan), and grain yield was

recorded. Postharvest soil samples were collected from each plot

and the soil properties measured prior to planting were

determined again.

To assess changes in the efficiency of applied P fertilizer in the

presence of FYM, P uptake (PU; kg ha−1) was calculated by
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multiplying the nutrient concentration values with the total dry

matter yield (Eq. 1).

PU = P content in plant tissue  � total plant dry matter (1)

In addition, the percent P uptake efficiency (PUE) was calculated

by subtracting the PU in unfertilized soil from fertilized soil and

dividing by the P applied (Eq. 2) (Syers et al., 2008).

PUE =
PU in fertilized soil − PU in unfertilized soil

 P applied to the soil
(2)

The PAE (mg mg−1) was calculated by dividing PU by available

soil P (Eq. 3) (adapted from Castillo et al., 2013):

PAE =
PU

Available P 
(3)

Finally, the PB (kg ha−1) was calculated by subtracting the P

output in the harvested wheat crop (measured as PU) from the total P

input (P in fertilizer + P in FYM) (Eq. 4) (Sun et al., 2018).

PB  =  P input  −  PU (4)
2.3 Statistical analysis

The experimental data were statistically evaluated using the

statistical software MSTATC 8.1. A two-way ANOVA (in

randomized blocks) was used to analyze data, considering the

application rates of mineral fertilizer (SSP) and organic amendment

(FYM) as the two factors. The significant differences between

treatments were compared by critical difference at a 5% level of

probability using the F-test. A principal component analysis (PCA)

was done to classify the treatments according to the measured

parameters and to identify the parameters that determine yield

increases and P efficiency. A cluster analysis (CA) was performed

using Ward’s method to determine the most important traits related

to grain yield. A simple linear regression was performed to show the
TABLE 2 Laboratory incubation: effect of fertilizer phosphorus (P) and farmyard manure (FYM) applications on soil AB-DTPA extractable P transformation
during 12 weeks of incubation.

Trts

Incubation period (day)

Mean
Net

increase0 7 14 28 56 84

Plant-available P (AB-DTPA extractable; mg P kg−1 soil)

F0M0 6.13 ± 0.15 g 6.54 ± 0.55 e 6.38 ± 0.91 e 5.95 ± 0.19 d 6.48 ± 0.57 g 6.56 ± 0.31 g 6.34 ± 0.24 h 0.43d

F0M15 6.86 ± 0.14 f 7.73 ± 0.05 d 8.17 ± 0.04 d 8.84 ± 0.13 c 8.98 ± 0.22 f 9.14 ± 0.17 f 8.28 ± 0.88 g 2.28c

F17M0 9.30 ± 0.68 e 8.90 ± 0.27 c 7.55 ± 0.47 d 9.85 ± 0.24 c 10.70 ± 0.52 e 11.52 ± 0.29 e 9.63 ± 1.39 f 2.22c

F17M15 10.99 ± 0.22 d 9.25 ± 0.32 c 10.44 ± 0.86 c 13.40 ± 0.47 b 14.18 ± 0.19 d 14.48 ± 0.15 d 12.1 ± 2.18 e 3.49bc

F26M0 12.10 ± 0.10 c 11.02 ± 0.18 b 9.85 ± 0.13 c 13.17 ± 0.26 b 15.31 ± 0.26 c 16.23 ± 0.53 c 12.94 ± 2.46 d 4.13b

F26M15 13.94 ± 1.0 ab 12.44 ± 10.08 a 13.60 ± 0.39 a 15.89 ± 1.79 a 17.87 ± 0.98 b 18.43 ± 0.61 b 15.36 ± 2.43 b 4.49b

F39M0 15.21 ± 0.07 a 13.11 ± 0.01 a 12.10 ± 0.10 b 16.25 ± 0.04 a 20.22 ± 0.02 a 23.40 ± 0.01 a 16.71 ± 4.33 a 8.19a

F39M15 13.27 b ± 0.1 b 11.22 ± 0.01 b 12.38 ± 0.01 b 15.44 ± 0.01 a 18.44 ± 0.01 b 19.12 ± 0.01 b 14.97 ± 3.26 c 5.85b
frontiersin.o
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relationship of PB with PU, plant-available P (AB-DTPA), and P

input (Excel 2007 software). The PCA and CA analyses were

performed using the XLSTAT statistical package software (ver.

2022.1.1.1251, Excel Add-ins).
3 Results

3.1 Weekly turnover and mineralization
potential of P: Laboratory incubation

There were several statistical differences in the laboratory

incubation trial (Supplementary Table S1). In the control treatment

(F0M0), the plant-available P had only minor fluctuations over time

(Table 2). Initially (day 0 of incubation), there were significant

increases (~1–9 mg P kg−1) in plant-available P that were mostly

proportional to the applied P rate. By the end of the study (84 days),

the differences had increased (~3–17 mg P kg−1) as the fertilizer and

FYM P moved towards equilibrium with the soil.
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The rate of this increase was gradual over the incubation time

when the soil was treated with only FYM at 10 T ha−1 (F0M15). The

remaining fertilized treatments, regardless of whether they were

applied with FYM or not, tended to have a slight decrease in

available P during the initial phase of incubation and thereafter an

increase. The correlations between available and applied P was very

high, especially when no FYM was applied (Figure 1).

The application of fertilizer P alone, as well as in conjunction with

FYM, significantly affected the weekly turnover and mineralization

potential of P in these calcareous soils (Supplementary Table S2;

Table 3). The average change of plant-available P (weekly turnover)

with applied P was 0.49 mg P kg−1 soil, which was significantly greater

than the control. The increase in weekly turnover P against 17 to 26 kg

P ha−1 was 56% and 19%, respectively. A decline in weekly turnover P

was recorded when the soil was treated with the highest fertilizer P at

39 kg P ha−1 in conjunction with FYM. The application of FYM

significantly increased mineralization potential at 0, 17, 39, and 26 kg

P ha−1 (Supplementary Table S3). A maximum mineralization

potential of 32.8 kg P ha−1 was recorded in the treatment (F39M0)

followed by treatments (F39M15) and (F26M15) with values of 22.5 and

19.5 kg P ha−1, respectively.
3.2 Straw and grain yields: Field experiment

There were significant differences in grain and straw yields

(Table 4) for both P sources, as well as their interaction (fertilizer,

FYM, and fertilizer × FYM). There were increases in grain and straw

yields over the control for all fertilized treatments (Figure 2).

A significant increase in grain yield was observed with the

addition of fertilizer P alone and in combination with FYM, as

compared with the control treatment (Figure 2). Maximum grain

yield was produced with the highest rate of fertilizer (39 kg P ha−1),

whether FYM was added or not. However, FYM allowed a statistically

equivalent yield where it peaked at the second-highest rate of fertilizer

(26 kg P ha−1) when FYM was also included, which was higher than

the yield at this same rate of fertilizer without FYM and all other lower

fertilizer rates. Applications of 26 and 39 kg P ha−1, reinforced with 10

T ha−1 FYM, increased grain yield by 33% and 28%, respectively, as

compared with the same amount of fertilizer P applied alone.
FIGURE 1

Correlations between plant-available P (extracted with ammonium
bicarbonate-diethylenetriamine pentaacetate (AB-DTPA)) and applied
P for soil incubated under laboratory conditions. The applied P was
chemical fertilizer applied as a single superphosphate (SSP) and/or
manure (farmyard manure (FYM)).
TABLE 3 Laboratory incubation: effect of fertilizer phosphorus (P) and farmyard manure (FYM) application on weekly turnover P and mineralization potential.

Trts Weekly P turnover (mg P kg−1 soil week−1) Mineralization potential (kg P ha−1 season−1)

F0M0 0.03 ± 0.01 f 1.65 ± 0.70 f

F0M15 0.19 ± 0.01 e 9.12 ± 0.52 e

F17M0 0.18 ± 0.07 e 8.85 ± 3.59 e

F17M15 0.29 ± 0.09 d 13.73 ± 0.38 e

F26M0 0.34 ± 0.03 d 16.49 ± 1.79 d

F26M15 0.40 ± 0.03 c 19.50 ± 1.82 c

F39M0 0.68 ± 0.06 a 32.78 ± 0.266 a

F39M15 0.46 ± 0.03 b 22.49 ± 1.57 b
Means with different letters in the columns are significantly different at p< 0.05. The treatments (Trts) with F0, F17, F26, and F39 are 0, 17, 26, or 39 kg ha−1 of fertilizer P application, respectively, and
with M0 or M15 are 0 and 10 t ha−1 of farmyard manure (FYM), respectively (10 T FYM ha−1 possesses 0.15% P or 15 kg ha−1). Data are shown as means ± SD (n = 3).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1034421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jamal et al. 10.3389/fpls.2023.1034421
Similarly, the maximum straw yield was achieved with the

second-highest fertilizer P rate (26 kg P ha−1) with FYM (Figure 2).

However, this was again statistically similar to that of the highest

fertilizer rate (39 kg P ha−1).
3.3 P efficiency: Field experiment

There were significant differences in PU, PB, PUE, and PAE

(Table 4) for both P sources, as well as their interaction (fertilizer,

FYM, and fertilizer × FYM). There were increases in PU, PB, and PAE

over the control for all fertilized treatments (Table 5; Figure 3). As is

typical, the PUE was highest at the lowest rates of P (Table 5).

Not surprisingly, the PB, PU, and PAE increased somewhat

linearly with the P rate and were significantly highest at the highest

P rate (F39M15) (Table 5; Figure 3). When comparing with and

without FYM, these parameters were higher with FYM at every

fertilizer rate except PU and PAE at 17 kg P ha−1. It was observed

that in the control treatment (F0M0), the PU exceeded the P additions,

leading to a slightly negative PB, whereas for all the other treatments,

the PB was positive (Figure 3). This indicates residual P in the soil,

which may benefit subsequent crops and soil P fertility. The PU

followed similar trends as straw yield.

As expected, the maximum PUE was observed with the lowest P

fertilizer level with FYM only (F0M15) as compared to the untreated
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control and was less for the low fertilizer rate (F17M0) (Table 5). The

PUE decreased as fertilizer increased from 17 to 26 kg P ha−1 (F17M0

and F26M0, respectively). Surprisingly, the PUE did not decrease

further at the highest P rate (F39M0). When FYM was added, the PUE

decreased at the low fertilizer rate (F17M0 vs. F17M15), but curiously

increased at the next highest rate (F26M0 vs. F26M15), and there was

no difference at the highest rate (F39M0 vs. F39M15). Unexpectedly, the

lowest PUE was at the lowest fertilizer rate with FYM (F17M15).
3.4 Postharvest soil properties: Field
experiment

There were highly significant differences in SOM (Table 4) for

both P sources (fertilizer and FYM) but not for the interaction. For

fertilizer (F), combined across FYM treatments, the increase was

mostly linear and significant at the two highest P rates (Figure 4A).

For FYM (M), combined across fertilizer rates, the increase was also

significant (Figure 4B).

There were highly significant differences in pH (Table 4) for

fertilizer P but not FYM or the interaction. For F, combined across

FYM treatments, the decrease was mostly linear for the first two

fertilizer rates but then plateaued across the highest two rates

(Figure 4A). For FYM (M), there was a trend for a pH decrease with

the FYM application, but the difference was not significant (Figure 4B).

There were highly significant differences in plant-available P, as

measured by AB-DTPA-extractable soil P (Table 4), for both P sources

(fertilizer and FYM), but not for the interaction. Application of P alone,

as well as in combination with FYM, modestly increased postharvest

available P over the control, with a general increase as the P rate

increased (Table 5). The highest P rate resulted in a significant increase

over the control (p< 0.05).
3.5 PCA and correlation: Field experiment

The PCA was computed to detect interrelationships among

measured traits and to determine the importance of the measured

traits on the evaluation of grain yield and P efficiency; the PCA was

conducted using the experimental dataset including all eight

treatments and 11 variables to reduce the dimensionality of the

data and to reveal the potential relationships among the measured

traits. The PCA results identified that the first two principal

components (PCs) with eigenvalues of >1 were accounted for

(Table 6). The measured traits are appropriate for accounting

94.34% of the total variance: PC1 (84.04%) and PC2 (10.33%). The

PC1 was mainly explained by: SOM, pH, grain yield (GY), straw (SY),
TABLE 4 Field study: Statistics (F-Values with P-value significance indicated) for soil properties, yields, and P efficiency.

SOV DF SOM pH GY SY Soil P PU PUE PAE PB

Fertilizer (F) 3 4.4** 5.4** 23.5** 133.7** 24** 348.7** 13.7** 38.8** 4,408.2**

Manure (M) 1 5.1** 3.5ns 24.3** 90.8** 6.6* 292.3** 60.7** 59** 3,485.5**

F × M 3 0.3ns 0.8ns 3.3* 7.9** 0.9ns 45** 171.7** 17.2** 45**
fron
SOV, source of variation; DF, degrees of freedom; SOM, soil organic matter; GY, grain yield; SY, straw yield; soil P, plant-available P as measured by AB-DTPA extractable soil P; PU, phosphorus
uptake; PUE, P use efficiency; PAE, P acquisition efficiency; PB, P balance. *p < 0.05; **p < 0.01; ns, not significant.
FIGURE 2

Wheat grain and straw yield as affected by P application from fertilizer
(F) and/or farmyard manure (FYM). Fertilizer was applied at 0, 17, 26, or
39 kg P ha−1, and FYM was applied at 0 or 10 T ha−1 with 0 or 15 kg P
ha−1, respectively (FYM = 0.15% P). Treatment means with different
letters are significantly different at p< 0.05. Data are shown as means
± SD (n = 3).
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plant-available P (AB-DTPA), PU, PB, P Transf, and week T. The

PC2 showed a high correlation with only PAE and PUE.

Grain yield and straw yield were significantly correlated to SOM,

PU, and PAE (Figure 5). Moreover, the superimposition of various

treatments on the variable plot showed that wheat treated with the

F26M15 and F39M15 treatments represented a higher correlation with

soil P, weekly turnover, PB, SOM, PU, straw, and grain yield

(Figure 5). In contrast, fertilizer-only P (up to 26) or FYM

application showed a negative association with various parameters.

The information obtained from the application of PCA allowed

the identification of the most important traits related to wheat yield.

The PCA conferred the positive effects of mineral-P concoction with

FYM on SOM, soil P, PU, and wheat yield. This notation is further

sustained by the CA results, which revealed that most traits of the PC1

were located in the same group (cluster I) (Figure 6). This suggests

that those traits clustered together could contribute the most to

influencing wheat yield under our study conditions.
Frontiers in Plant Science 07
A strong positive regression coefficient (y = 0.782x − 8.439, R2 =

0.98) was observed between total P input and PB (Figure 7A). Positive

values of PB are similar to the accumulation of P in soil and are good

for soil fertility improvement, while negative values (such as for the

zero P rate) indicate crop P starvation and suggest that the soil is

being “mined” of soil P. This may result in a reduction in fertility

(exhaustion). Similarly, there was a strong correlation between PB

with plant-available P (AB-DTPA) (y = 0.024x + 4.271, R2 = 0.84)

(Figure 7B) and PU in plants (y = 0.2644x + 11.362, R2 = 0.80)

(Figure 7C). These observations indicate that PB is directly linked

with the external application of P, which not only increased plant-

available P (AB-DTPA) but was also helpful in the assimilation of P in

growing plants.
4 Discussion

4.1 Plant-available P and
mineralization potential

We generally observed a slow and gradual increase in plant-

available P (AB-DTPA) with the addition of fertilizer P and FYM,

which increased further with the incubation time. In general, FYM

application has appreciable and dynamic impacts on the chemical

fractions of P because P from FYM gradually turns into available

forms over time (Hopkins, 2015; Ma et al., 2020).

It has been reported by Amin (2018) that the addition of FYM to

calcareous soils significantly increased plant-available P (AB-DTPA).

The increase in available P in our study might be due to the release of

significant quantities of CO2 during FYM decomposition

(Andriamananjara et al., 2019) and the complexing of cations such

as Ca+2, thus reducing P fixation in calcareous soils (Lindsay, 2001;

Fixen and Bruulsema, 2014; Jamal et al., 2018). The FYM contains

organic acids, which are known to complex P and increase its

solubility (Hill et al., 2015a; Hill et al., 2015b; Hopkins, 2015;

Summerhays et al., 2015). Furthermore, FYM application, in

conjunction with fertilizer P, increased the plant-available P

throughout the incubation period. The application of animal

manure, similar to the FYM used in this study, may increase the
TABLE 5 Field study: effect of fertilizer phosphorus (P) and farmyard manure (FYM) application on postharvest plant-available P (AB-DTPA extractable P), P
uptake (PU), P use efficiency (PUE), and P acquisition efficiency (PAE).

Trts AB-DTPA P (mg P kg−1 soil) PU (kg P ha−1) PUE (%) PAE (mg mg−1 soil P)

F0M0 4.27 ± 0.04 d 7.00 ± 0.2 f – 1.66 ± 0.04 e

F0M15 4.48 ± 0.04 cd 19.30 ± 0.3 de 35.6 ± 1.0 a 4.31± 0.08 cd

F17M0 4.67 ± 0.02 cd 18.70 ± 1.4 de 28.9 ± 3.7 b 4.02 ± 0.29 cd

F17M15 5.06 ± 0.71 bc 18.00 ± 0.1 e 14.6 ± 0.2 d 3.63 ± 0.52 d

F26M0 5.29 ± 0.12 b 20.80 ± 0.8 d 22.7 ± 1.4 c 3.94 ± 0.07 cd

F26M15 6.19 ± 0.004 a 32.40 ± 1.2 b 27.0 ± 1.2 b 5.24 ± 0.19 ab

F39M0 6.11 ± 0.18 a 28.10 ± 1.2 c 23.2 ± 1.4 c 4.61 ± 0.20 bc

F39M15 6.35 ± 0.61 a 35.50 ± 0.3 a 22.8 ± 0.2 c 5.65 ± 0.51 a
Means within each column with different letters per column are significantly different at p< 0.05. In the treatment (Trts) column, the letters represent fertilizer (F) and FYM (M), while the numbers
represent the rate of P in kilograms per hectare. Data are shown as means ± SD (n = 3).
FIGURE 3

P balance (PB) is affected by P application from fertilizer (F) and/or
farmyard manure (FYM). Fertilizer was applied at 0, 17, 26, or 39 kg P
ha−1, and FYM was applied at 0 or 10 T ha−1 with 0 or 15 kg P ha−1,
respectively (FYM = 0.15% P). Treatment means with different letters are
significantly different at p< 0.05. Data are shown as means ± SD (n = 3).
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bioavailability of soil P by improving the concentrations of soil-

dissolved organic carbon (Jamal et al., 2018). Our results are in line

with the study of Yan et al. (2016), who reported that manure

application increased the proportion of plant-available P due to the

transformation of stable P to labile P.

In our study, the mineralization potential was found to increase

with increasing levels of fertilizer P. There is also some evidence of it

increasing with FYM application, but only at the 0- and 26-kg P ha−1

fertilizer rates. However, the highest mineralization potential was

achieved at the highest fertilizer P rate without FYM application,

being significantly greater than all other treatments. Amin (2018) also

found that high levels of FYM addition enhanced P mineralization in

calcareous soils.
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4.2 Postharvest soil properties

The application of fertilizer P generally increased SOM

(Figure 4A). The addition of FYM also increased SOM. The increase

in SOM with FYM treatment may be partially due to the input of

organic matter found in the FYM (Rehim et al., 2020), although the

increase in SOMwith chemical fertilizer would not be explained by this

as it contains no organic material. Rather, this increase is likely related

to increased plant biomass in the current year’s crop.

Other researchers have found that FYM not only reduced the

oxidation stability of SOM but also improved the SOM content of the

soil up to 1.2–2.9 kg ha−1 (Li et al., 2017; Ding et al., 2020).

Furthermore, the addition of FYM with a combination of inorganic
A B

FIGURE 4

Postharvest soil pH and soil organic matter (SOM) as affected by P application from fertilizer (F) and/or farmyard manure (FYM). As the F × FYM
interaction was not significant, the fertilizer graph (A) was averaged across FYM rates, and the FYM graph (B) was averaged across fertilizer rates. Fertilizer
was applied at 0, 17, 26, or 39 kg P ha−1, and FYM was applied at 0 or 10 T ha−1 with 0 or 15 kg P ha−1, respectively (FYM = 0.15% P). Treatment means
with different letters are significantly different at p< 0.05. Data are shown as means ± SD (n = 3).
TABLE 6 Field study: Principal component analysis (PCA) of the selected trials showing the amount of variance explained by individual principal
components (PC) with PCA values.

Component PC1 PC2

Eigenvalue 9.24 1.14

Variability % 84.04 10.33

Cumulative % 84.04 94.37

Parameters Factor loadings

SOM 0.837a 0.505

pH −0.756a −0.601

Grain yield 0.755a 0.628

Straw yield 0.901a 0.397

Plant-available P (AB-DTPA) 0.968a 0.189

PU 0.835a 0.513

PUE 0.063 0.969a

PAE 0.676 0.728a

PB 0.937a 0.253

P Transf 0.949a 0.201

Week T 0.885a 0.175
frontie
aTraits for the suggested factor.
rsin.org

https://doi.org/10.3389/fpls.2023.1034421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jamal et al. 10.3389/fpls.2023.1034421
fertilizers to soil has been reported to increase the efficiency of applied

fertilizers (Elgharably, 2020). Moreover, the addition of FYM with

inorganic fertilizers can increase SOM and consequently soil water

and nutrient holding capacity (Urbaniak et al., 2017).

The addition of FYM did not significantly decrease soil pH in our

study, but it trended downward. Rehim et al. (2020) found that the

addition of FYM decreased soil pH in calcareous sandy soil. The soil

pH could have been reduced due to the chemical oxidation and

microbiological decomposition of FYM in soil, which produced acidic
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compounds that help reduce soil pH. The production of organic acids

(amino acid, glycine, cysteine, and humic acid) during the

mineralization (ammonization and ammonification) of organic

materials by heterotrophs and nitrification by autotrophs can also

cause a decrease in soil pH (Kumar et al., 2020). We did measure a

significant decrease in pH with the application of SSP fertilizer.

During the mineralization and chemical transformations of organic

and inorganic fertilizers, the H+ ions released can decrease soil pH if

the soil is not highly buffered with carbonates or similar substances

(Hopkins, 2015; Ding et al., 2020).

The combined application of P fertilizers and organic

amendments significantly increased P accumulation in soil, which

agrees with the findings of various researchers (Hopkins, 2015;

Qaswar et al., 2020; Rehim et al., 2020; Pradhan et al., 2021;

Mihoub et al., 2022). This may be due to low levels of P in the soils

and inputs from both organic and inorganic P sources (Shah

et al., 2013).

Postharvest plant-available P (AB-DTPA) significantly increased

with the application of fertilizer P. The addition of FYM increased this

further, but only at one rate (possibly due to the great PU in the plant

and less remaining in the soil). This effect may be attributed to the

release of both P and low molecular weight organic acids during

organic amendment decomposition (Pradhan et al., 2021). The

organic acids/anions can dissolve insoluble P and compete with

phosphate for adsorption sites on the surfaces of soil particles, thus

increasing P availability (Jamal et al., 2018). Furthermore, organic

amendments enhance soil biological and enzyme activities and

increase organism abundance, thus enhancing P availability through

dissolved organic carbon in the soil (Wu et al., 2013). The studied soil

was highly calcareous, and the Ca–P was the most abundant fraction

in these soils due to the high content of Ca2+ that forms calcium

phosphates with P and hampers the availability of P (Saeed et al.,

2021). The organic compounds can decrease the formation of Ca–P

due to calcium solubilization by decreasing the soil pH due to the

release of organic acids from SOM decomposition (Kumar et al.,

2020). Additionally, these molecules, found in manure and similarly

in ancient deposits of formerly living materials (e.g., Leonardite), or

even with manmade molecules, can complex P to improve its

solubility and mobility (Hopkins, 2013; Hill et al., 2015a; Hill et al.,

2015b; Hopkins, 2015; Summerhays et al., 2015; Hopkins et al., 2018).

For these reasons, manures can improve soil P availability and uptake

by plants.
4.3 Yields and P Efficiency

Maximum wheat grain yield was achieved at the highest rate of P

fertilizer (39 kg P ha−1), regardless of whether FYM was applied or

not. However, an equivalently high yield was achieved at the next

lower rate of P fertilizer (26 kg P ha−1) when FYM was also applied.

Similarly, the findings of Ibrahim et al. (2008) revealed that FYM and

different levels of compost have significantly increased wheat grain

yield due to improved soil physical conditions, enhanced soil fertility,

and improved stand establishment.

In the present study, the uptake of P by wheat was increased with

P fertilizer and FYM. The increased uptake of P by wheat at an

increased level of chemical P fertilizer and FYM could be due to the
FIGURE 5

Principal component analysis (PCA) indicating the impact of
treatments and their relationships with various soil properties and
yield. Treatments (in blue font) are described in Table 1. Measured
parameters (in red font) include phosphorus (P) use efficiency (PUE), P
acquisition efficiency (PAE), grain yield (G yield), P uptake (PU), soil
organic matter (SOM), straw yield (S yield), P balance (PB), and plant-
available P (AB-DTPA) (soil P).
FIGURE 6

Cluster analysis (CA) of 11 traits of soil and wheat grown under
calcareous conditions. Measured parameters include soil organic
matter (SOM), grain yield (GY), P acquisition efficiency (PAE), plant-
available P (AB-DTPA) (soil P), P uptake (PU), and phosphorus (P) use
efficiency (PUE).
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fact that FYM releases more nutrients over time, so that nutrient loss

is less, which might have resulted in more plant PU. Furthermore, it

could be due to the balanced and steady supply of nutrients to plants

at all stages of crop growth.

Efficiencies for P, such as PAE and PUE, were determined in this

study. PAE denotes the aptitude of crops to take up P from the soil,

and PUE is the ability to produce biomass using the acquired P.

Improving P efficiency can be reached by improving the acquisition

and utilization of P (Parentoni and Lopez de Souza, 2008). In general,

inorganic P caused an increase in PUE when applied in combination
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with FYM; however, PUE values decreased at higher FYM application

rates. These results were in agreement with the findings by Rahim

et al. (2010) and Castillo et al. (2013), who found that the PUE of

wheat decreased significantly at a higher P rate.

We observed positive PB for all the treatments except the control.

This shows that even the low levels of P fertilizer used in the present

study resulted in a building of residual soil P. It has been reported by

many that application of FYM alone or in combination with inorganic

fertilizer increases the soil nutrient balance (Blake et al., 2000; Meena

et al., 2017; Pradhan et al., 2021). Furthermore, we observed

(Figure 3) strong correlations between P input vs. PB (R2 = 0.98),

PB vs. plant-available P (AB-DTPA) (R2 = 0.84), and PB vs. PU (R2 =

0.80). The PCA analysis also clustered various plant growth

parameters with P26 and P39 along with FYM and conferred

positive effects of applied treatments on soil properties and wheat

yield (Figure 5). These positive linear relationships might be due to

the cause of positive PB in these soils (Tang et al., 2008). These values

have been successfully used as a tool for predicting the change in the

soil P status and recommending the amount of P application

practically (Blake et al., 2000). Plant-available P (AB-DTPA) in

these highly alkaline calcareous soils has very low availability due to

high fixation, and slow diffusion, thus limiting plant growth and crop

yield. The addition of FYM alone or in combination with inorganic

fertilizers decreases P fixation owing to the inactivation of Fe and Al

ions thus improving the adsorption capacity of P in soil (Jamal et al.,

2018; Saeed et al., 2021).

We note that, in terms of environmental considerations, the

highest PUE was at the lowest rate of P (F0M15). However, this rate

does not enable sufficient overall sustainability as the yields were so

low. Agricultural producers have the responsibility to provide food,

fuel, and fiber for the eight billion people on Earth. Low yields result

in an increase in the amount of arable land. Thus, a combination of

reasonable yields along with good P efficiency is a vital consideration.

In our study, the second highest PUE was at the statistically highest

grain and straw yield, providing for farm, environmental, and

societal sustainability.
5 Conclusion

The SOM increased linearly for both fertilizer and FYM, whereas

the pH decreased with fertilizer only. The addition of fertilizer and

FYM increased plant-available P by an average of 0.5 mg P kg−1 soil

week−1 with incubation. With this, plant-available P (AB-DTPA)

increased initially (~1–9 mg P kg−1), with further gains by the end of

the incubation (~3–17 mg P kg−1). In the field study, there was also a

significant increase of available P in the soil supporting plants,

although the magnitude of the increase was much smaller, with a

maximum 2 mg kg−1 significant increase for the highest fertilizer rate

with FYM. The increased plant-available P resulted in significant

increases in grain and straw yields, which peaked with fertilizer at 26

kg P ha−1 plus FYM. The PU, PB, and PAE increased linearly with the

P rate, with the highest levels at the highest P rate. In general,

efficiency increased with FYM. The PUE was highest at the lowest

rates of P, with general decreases with increasing P, although not

consistently. The PCA revealed that 94.34% of the total variance was

accounted for by PC1 (84.04%) and PC2 (10.33%), with grain straw
A

B

C

FIGURE 7

Simple linear regression analysis shows the relationship of P balance
(PB) with P input (A), soil (plant)-available P as AB-DTPA with PB (B),
and P uptake with PB (C).
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yield significantly correlated to SOM, PU, and PAE. A strong positive

regression coefficient was observed between PB and total P input,

plant-available P (AB-DTPA), and PU. The outcomes of our study

would help to update recommendations for P fertilizer application in

calcareous soils while sustaining soil fertility and simultaneously

reducing fertilizer costs and conserving limited resources.
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The effect of sewage sludge application on soil properties and willow (Salix sp.)
cultivation. Sci. Total Environ. 586, 66–75. doi: 10.1016/j.scitotenv.2017.02.012

Wu, Y., Li, Y., Zheng, C., Zhang, Y., and Sun, Z. (2013). Organic amendent application
influence soil organism abundance in saline alkali soil. Eur. J. Soil. Biol. 54, 32–40.
doi: 10.1016/j.ejsobi.2012.10.006

Yan, Z., Chen, S., Li, J., Alva, A., and Chen, Q. (2016). Manure and nitrogen application
enhances soil phosphorus mobility in calcareous soil in greenhouses. J. Environ. Manage.
181, 26–35. doi: 10.1016/j.jenvman.2016.05.081

Zhang, J. B., Yang, J. S., Yao, R. J., Yu, S. P., Li, F. R., and Hou, X. J. (2014). The effects of
farmyard manure and mulch on soil physical properties in a reclaimed coastal tidal flat
salt-affected soil. J. Integr. Agric. 13, 1782–1790. doi: 10.1016/S2095-3119(13)60530-4
frontiersin.org

https://doi.org/10.1038/s41598-017-17219-y
https://doi.org/10.1038/s41598-017-17219-y
https://doi.org/10.1016/j.soilbio.2020.107959
https://doi.org/10.1080/00103624.2017.1373800
https://doi.org/10.14720/aas.2019.113.2.7
https://doi.org/10.3923/ajcs.2014.383.391
https://doi.org/10.1080/00103624.2022.2072859
https://doi.org/10.1590/S0100-204X2008000700014
https://doi.org/10.1080/03650340.2020.1759800
https://doi.org/10.1016/j.still.2019.104569
https://doi.org/10.4081/ija.2020.1360
https://doi.org/10.1097/00010694-195408000-00012
https://doi.org/10.1007/s42729-020-00344-5
https://doi.org/10.1007/s42729-020-00344-5
https://doi.org/10.1080/00380768.2012.762634
https://doi.org/10.1080/00380768.2012.762634
https://doi.org/10.1080/00103628509367607
https://doi.org/10.1080/01904167.2014.973039
https://doi.org/10.1080/01904167.2014.973039
https://doi.org/10.17221/709/2017-PSE
https://doi.org/10.1016/j.fcr.2008.05.007
https://doi.org/10.1080/03650340.2018.1450974
https://doi.org/10.1016/j.scitotenv.2017.02.012
https://doi.org/10.1016/j.ejsobi.2012.10.006
https://doi.org/10.1016/j.jenvman.2016.05.081
https://doi.org/10.1016/S2095-3119(13)60530-4
https://doi.org/10.3389/fpls.2023.1034421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Integrated use of phosphorus fertilizer and farmyard manure improves wheat productivity by improving soil quality and P availability in calcareous soil under subhumid conditions
	1 Introduction
	2 Materials and methods
	2.1 Experimental site and soil characteristics
	2.2 Experimental design and measurements
	2.2.1 Treatments: Laboratory incubation and field experiment
	2.2.2 Soil P release dynamics and mineralization potential: Laboratory incubation
	2.2.3 P efficiency and yield: Field experiment

	2.3 Statistical analysis

	3 Results
	3.1 Weekly turnover and mineralization potential of P: Laboratory incubation
	3.2 Straw and grain yields: Field experiment
	3.3 P efficiency: Field experiment
	3.4 Postharvest soil properties: Field experiment
	3.5 PCA and correlation: Field experiment

	4 Discussion
	4.1 Plant-available P and mineralization potential
	4.2 Postharvest soil properties
	4.3 Yields and P Efficiency

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


