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Abstract: Phosphorus (P) unavailability in agricultural soils is a primary cause of the poor develop-
ment and yield of field crops in arid and semiarid regions. The primary goal of this research project
was to investigate the influence of integrated management of beneficial microbes or biofertilizers (BF),
organic P-fertilizers, and inorganic P-fertilizers on wheat productivity in a wheat-maize cropping
system. Field experiments were carried out during the two consecutive seasons of 2020/2021 (Y1)
and 2021/2022 (Y2) according to the two-factorial randomized complete block design with three
replications. Factor one consisted of twenty-one treatments of organic and inorganic P-fertilizer
combinations, while factor two consisted of two different BF (PSB and Bioaab). One overall control
where no P or BF was applied was also included in each replication for comparison. The experi-
ment consisted of six treatments of sole P sources (sheep manure (SM), cattle manure (CM), legume
residues (LR), non-legume residues (NLR), single super phosphate (S55P) and rock phosphate (RP)),
each applied at a rate of 90 kg P ha~!. Different combinations of organic and inorganic P sources
(giving 15 treatments) were applied at a rate of 50% P from each source (i.e., 45 kg P ha~1 applied
from different sources in combination). The results revealed that the combined application of SSP+SM
produced a significantly higher number of grains spike™! (23.9%), spikes m~2 (4.5%), and grain
yield (40.9%) over the control. Application of PSB produced the maximum number of grains spike !
(23.9%), spikes m2 (4.5%), thousand-grain weight (8.3%), grain yield (40.9%), and biological yield
(17%) in the wheat crop as compared to Bioaab. It was concluded from the two-year study that
integrated use of organic P-fertilizers (animal manures) plus inorganic P-fertilizer (SSP) along with
PSB ranked first in terms of higher wheat productivity in a wheat-maize cropping system.

Keywords: wheat; grain yield; yield components; beneficial microbes; inorganic P; organic P

1. Introduction

Wheat (Triticum aestivum L.) is a staple cereal crop that fulfills the basic nutritional
requirements of people worldwide [1]. It is a reliable supply of both human food and
animal feed. Pakistan total area under wheat cultivation was 8,825,000 hectares with a total
production of 24.946 million tons, while in Khyber Pakhtunkhwa total production was
1.260 million tons from an area of 0.732 million hectares [2]. Despite having appropriate
climatic condition for wheat production, the achieved yield is still quite low when compared
to other countries.

Phosphorus (P) is an essential nutrient required for plant growth [3,4]. Chemical
fertilizers are the primary source of P, which promotes crop growth and development [5,6].
When P fertilizer is applied, the soil is able to rapidly and effectively absorb a significant
quantity of P from the soil solution. When P is adsorbed, it becomes unavailable to plants.
When P is applied to the soil, only a small portion is taken up by plants; the rest is either
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permanently or temporarily fixed in forms with variable plant availability [7,8]. Soils with
high pH and Ca content reduce P availability to plants [9-11]. Phosphate fertilizer can
only move three to five centimeters in soil. Pakistan’s soils are alkaline and predominantly
calcareous, and P fixation is a major issue in these soils.

Biofertilizers contain the living cells of various beneficial microorganisms. When
these microorganisms are applied to a seed, plant, or soil, they colonize the rhizosphere
or the interior of the plant. This helps the plant develop by converting essential nutrients
(especially P) into a form that it can utilize easily [12,13]. Biofertilizers contain beneficial
microorganisms that enhance plant growth and protect them from pests and diseases [12].
PSB are bacteria that aid in transforming solid P into a simple and soluble form [13].
According to Marimuthu et al. [14], they help make more P available in the soil by degrading
organic P and making synthetic P more soluble. According to Timofeeva et al. [15], soil
microbes that can break down complex compounds into simpler ones are crucial.

Plants are fed with both inorganic and organic nutrient sources [16]. Organic sources
improve soil organic matter and increase nutrient availability to plants [17]. When synthetic
sources of P are mixed with natural sources (organic manures), the soil P mobilization and
availability to plants are enhanced [15]. P is solubilized and rendered accessible to plants
by promoting microbial activity and producing organic acids in rhizospheres [18]. FYM
and PM are common organic manure substitutes for commercial fertilizers used in crop
production [19]. Animal wastes such as sheep dung, poultry manure, and cattle manure
are produced in large quantities in Pakistan each year and distributed on agricultural land.
According to estimates, FYM can provide around 1.5 million tons of fertilizers for our
country’s agriculture.

Organic manures have a long-lasting residual impact on the soil because they release
nutrients gradually [20]. After being substantially depleted by intensive farming techniques,
the soil’s fertility can be restored through adequate organic fertilization [21]. Organic
manure has more of the major necessary nutrients (N, P and K) in plant-usable forms, and
it also contains these minerals in greater proportions. However, commercial fertilizers
are widely used in farming communities in place of organic manures due to their broad
availability. According to [22], the main disadvantages of chemical fertilizers are their high
cost, unavailability, and constant release of chemicals into the environment (nitrogen in the
case of denitrification and phosphorus in the case of eutrophication). As a result, the use of
chemical fertilizers destroys the land while also hurting the ecology [23]. To address these
concerns, environmentally friendly and sustainable farming practices, including integrated
nutrient management (INM), are required, which can only be accomplished by combining
the use of chemical, organic, and biofertilizers.

Phosphate-solubilizing bacteria (PSB) have been shown to be active in the conversion
of insoluble phosphate into soluble primary and secondary orthophosphate ions, and
biological P provision is a viable option. Soil microorganisms’ ability to provide phosphates
to the soil for plant growth is particularly promising [24,25]. PSB can improve plant
growth by solubilizing phosphates that have accumulated [17]. They are found in soil,
albeit not in sufficient quantities in a plant’s rhizosphere. To benefit from phosphate
solubilization for increased plant production, plants must be infected with a target microbe
at a concentration greater than that present in soil [26]. As a result, multiple studies
have found that PSB inoculation boosted the growth, yield, and P uptake in a variety of
crops [27]. The release of low-molecular-weight organic acids such as carboxylic acid,
gluconic acid, 2-kitogluconic acid, and glyoxylic acid lowers the pH of the rhizosphere,
causing bound forms of phosphate such as Cas (POy); in calcareous soils to dissociate via
their hydroxyl and carboxyl groups [28]. On a global scale, researchers are looking at the
ability of microbial inoculants to mobilize immobilized P and so boost a plant’s capacity
for absorbing P. Phosphate-solubilizing bacteria can increase P solubility by increasing the
rate of hydrolytic cleavage and freeing bound organic phosphates [28,29].

Low P availability and less organic matter in soils are two of the key factors limiting
wheat productivity in Pakistan, particularly in Khyber Pakhtunkhwa. Therefore, the aim
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of this study was to investigate the effect of combined application of BF, organic P and

inorganic P on the wheat productivity in wheat-maize cropping systems in the semiarid
climate of Peshawar.

2. Materials and Methods
2.1. Experimental Site

Field experiments were carried out to determine the influence of biofertilizers (BF),
organic phosphorus sources (OPS), and inorganic phosphorus sources (IPS) on wheat
productivity in a wheat-maize cropping system. The study was conducted at the University
of Agriculture Peshawar’s Agronomy Research Farm for two years, in 2020-2021 (Y1) and
2021-2022 (Y2). The investigational location has latitude and longitude coordinates of
34.015° N and 71.581°, an elevation of 359 m above sea level, and a semi-arid subtropical
climate. The soil at the farm is silt loam, with N 0.1 (%), P 3.0 (mg kg 1), K> 100 (mg kg~ !),
pH > 7, and OM 1 (%). Temperature and rainfall data were collected and are shown
in Figures 1 and 2 for Y1 and Y2, respectively. In addition to rainfall, the crop water
requirements were met by delivering water through a surface water system. The trials
were designed as a two-factor randomized complete block design with three replications.
Factor A contained 21 treatment combinations of organic and inorganic P sources (Table 1).
Factor B was made up of two distinct biofertilizers (PSB and Bioaab). For comparison, one
control treatment (no P and no BF applied) was included in each replication for comparison.
Weeds were eliminated using the chemical herbicide “Affinity”.
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Figure 1. Daily maximum and minimum temperature (°C) and rainfall (mm) at the experimental site
during November 2020 to April 2021.



Agriculture 2023,13, 1118 4 0f 19

mmmm Rainfall o 60

35 + --e--Min. Temp. tl

---A--- Max. Temp. A ‘

50 p t| Auitt | 5
S ' g
g 25 40 §
= =
g 20 3 Oqé
o, =
=) [
o 15

20

10

5 10
0 0

]
Z ¥ g g
2 o {) k=2
) 8 S 8
S o N e}

TTOTYOIRIN
720z dy

Growing season 2021-2022

Figure 2. Daily maximum and minimum temperature (°C) and rainfall (mm) at the experimental site
during November 2021 to April 2022.

Table 1. Twenty-one different combinations of organic and inorganic phosphorus sources used in the
study at the required rate of 90 kg P ha~! (Factor A).

Inorganic P Sources Organic P Sources
Phosphorus Sources Treatments
ssp RP SM CM LR NLR
1 90 0 0 0 0 0
2 0 90 0 0 0 0
Sole P sources 3 0 0 90 0 0 0
4 0 0 0 90 0 0
5 0 0 0 0 90 0
6 0 0 0 0 0 90
7 45 45 0 0 0 0
8 45 0 45 0 0 0
9 45 0 0 45 0 0
10 45 0 0 0 45 0
Inorganic + organic P sources g 405 405 405 8 8 405
13 0 45 0 45 0 0
14 0 45 0 0 45 0
15 0 45 0 0 0 45
16 0 0 45 45 0 0
17 0 0 45 0 45 0
18 0 0 45 0 0 45
Animal + plant P sources 19 0 0 0 45 45 0
20 0 0 0 45 0 45
21 0 0 0 0 45 45

Note: One control treatment (no P and no BF were applied) was also included in each replication for comparison.
SSP stands for single super phosphate, RP stands for rock phosphate, CM stands for cattle manure, SM stands for
sheep manure, LR stands for legume residues, and NLR stands for non-legume residues.
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2.2. PSB and Bioaab Application Method

The PSB were obtained from the NARC in Islamabad in culture form. The PSB
belonged to the following genera: Cellulomonas, Alcaligenes, Pantoea, Klebsiella, Acinetobacter,
Raoultella, Exiguobacterium and Pseudomonas. PSB in culture form were applied through
seed inoculation at a rate of 100 mL for 1 kg of wheat seeds. The inoculated seeds were
kept for 20-30 min under shade before sowing.

The Bioaab contained high populations of lactic acid bacteria at 1 x 10! cfu mL~1,
photosynthetic bacteria at 1 x 10° cfu mL~!, and 1 x 103 cfu mL~"! yeast suspension. One
liter of Bioaab was taken in a closed container. Then, 20 L of water was added with 1 kg
of sugar and placed for 7 days. The prepared Bioaab was applied via spraying to the
treatments at a rate of 1000 L ha~! during sowing time.

2.3. Experimental Design

The experiment was laid out in a two-factor randomized complete block design
having three replications. Factor one consisted of 21 treatments of organic and inorganic
P-fertilizer combinations, while factor two consisted of two different beneficial microbes or
biofertilizers (BF), viz. PSB and Bioaab. One overall control where no PP or BF was used
was also included in each replication. The experiment consisted of six treatments of sole
P sources (sheep manure (SM), cattle manure (CM), legumes residues (LR), non-legumes
residues (NLR), single super phosphate (SSP) and rock phosphate (RP)), each applied at
a rate of 90 kg P ha~!. Different combinations of organic and inorganic P sources (giving
15 treatments) were applied at a rate of 50% P from each source (45 kg P ha~! from organic
and 45 kg P ha~! from inorganic P sources). Animal manures and plant residues were
applied as organic P sources a month before sowing, whilst RP (30% P,Os) and SSP (18%
P,0s5) were applied as inorganic P sources at the time of sowing. Phosphorus and nitrogen
contents of the six organic sources is given in Table 2. A basal dose of 150 kg N ha~! was
compensated from organic sources, with the remaining N applied in three split dosages
from urea. A plot size of 3 m long by 3 m wide (9 m?) was chosen, and a 30 cm R-R spacing
was maintained. With the aid of a cultivator, the field was twice ploughed to a depth of
30 cm. After that, planking was applied. The Pirsabak-2015 wheat variety was sown at a
seed rate of 100 kg ha~!. The recommended irrigation schedule was followed; however,
adjustments were made based on the weather. During both years, the 1st irrigation was
performed after emergence, followed by the next irrigation at the tillering stage, the 3rd
irrigation at the stem elongation stage and the 4" irrigation was applied at the anthesis
stage. All other agronomic recommended practices were carried out uniformly for all the
treatments for both the wheat and maize crops.

Table 2. Chemical properties of animal and plant phosphorus sources used in the study.

. Sheep Cattle Legume Non-ljegume
Nutrients Manure Manure Residues Residues
(Cowpea) (Maize)
N (%) 1.21 1.11 0.72 0.52
P (%) 1.01 1.01 0.50 0.31

Data were recorded on the number of spikes m~2, number of grains spike ™! thousand-

grain weight (g), grain yield (kg ha~!) and harvest index (%) of the wheat crop. Data on
the spikes m~2 of the wheat were measured by counting the spikes in each plot’s center
three rows of one-meter length. In each plot, the number of grains spike ! of 10 randomly
selected spikes was counted and averaged. After threshing the wheat crop in each plot, the
thousands of grains were counted and weighed using an electronic balance. Four center
rows of the wheat crop were harvested in each plot and the grains were cleaned to determine
the grain yield. The wheat harvest index was determined using the following formula:

Harvest index (%) = Grain yield/Biological yield x 100
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2.4. Statistical Analysis

A randomized complete block design (RCBD) was used to analyze the data. In the
event of a significant difference, the least significant difference (LSD) test at a 5% level of
significance was utilized for the mean comparison [30]

3. Results
3.1. Number of Spikes m—?

In the case of the P sources (PS), the maximum number of spikes m~2 (SPMS) (287 m~2)
was recorded with the application of SSP+SM, which was statistically on par with SM
(286 m~2) and SM+CM (285 m~2), while the lowest SPMS was recorded with the application
of NLR (275 m~2) as shown in Table 3. In the case of the BF, a higher SPMS was recorded
with the application of PSB (282 m_Z) than Bioaab (280 m_z) ; however, the increase in the
SPMS was not significant in Y1, while a significantly higher SPMS was recorded during Y2,
which resulted in the significant interaction of Y x BF (Figure 3). Although the year effect
was found to be statistically non-significant, a higher SPMS was recorded during Y2 than Y1.
The planned mean comparison of the data showed that the maximum SPMS (281 m~2) was
recorded in the rest (P-treated plots) than the control (274 m~2). Furthermore, the animal
P sources (APS) produced a higher SPMS (285 m~2) than the inorganic P sources (IPS)
(279 m~2); however, the IPS (2279 m~2) produced a higher SPMS than the PPS (276 m~2).
Moreover, the APS produced a higher SPMS (285 m~2) than the PPS (275 m~2), while the
application of IPS showed no significant difference in term of the SPMS with OPS (Table 4).

Table 3. Number of spikes m~2, grains spikefl, thousand-grain weight (g), grain yield (kg ha—1) and
harvest index (%) of wheat as affected by phosphorus sources and biofertilizers.

Phosphorus Sources (PS) No. of Spikesm~—2  Grains Spike~1 Thowu:?;}::lt-(cgam Yiel dc:f(a;;la—l) IS;::T?Z)

Single super phosphate (S5P) 282 bc 41 d 354 ab 3335 d 37.1 de
Rock phosphate (RP) 279 cd 38 g 35.3 c 3058 f 35.0 d
Sheep manure (SM) 286 ab 43 c 36.4 ab 3569 d 39.0 c
Cattle manure (CM) 284 b 45 a 36.3 ab 3808 ab 40.2 bc
Legume residues (LR) 277 de 44 b 36.5 a 3529 c 38.4 cod
Non-legume residues (NLR) 275 e 35 i 355 bc 2749 g 33.1 f
SSP+RP 282 bc 40 e 35.2 c 3264 de 36.3 de
SSP+SM 287 a 45 a 354 bc 3843 a 419 a
SSP+CM 283 be 45 a 35.6 be 3834 ab 411 ab
SSP+LR 278 d 43 c 35.2 c 3534 c 38.1 cd
SSP+NLR 280 cd 37 h 354 bc 2980 f 341 f
RP+SM 282 be 39 f 35.6 be 3217 e 36.0 de
RP+CM 283 bc 40 e 35.9 b 3333 de 36.8 de
RP+LR 282 bc 41 d 35.7 bc 3371 de 37.0 de
RP+NLR 280 cd 38 g 35.5 ab 3112 e 35.2 d
SM+CM 285 ab 43 c 36.6 a 3764 ab 39.6 bc
SM+LR 280 cd 44 b 36.5 ab 3720 b 39.4 bc
SM+NLR 281 C 39 f 36.0 ab 3301 cd 37.2 d
CM+LR 279 cd 45 a 36.2 ab 3777 ab 40.6 b
CM+NLR 279 cd 40 e 35.8 bc 3332 de 36.8 de
LR+NLR 277 de 39 f 36.0 ab 3267 de 364 de

LSD (0.05) for PS 3.2 2 0.7 117 1.2

Biofertilizers (BF)

PSB 282 a 42 a 36.1 a 3562 384

Bioaab 280 b 40 b 35.5 b 3267 36.8

LSD (0.05) for BF 1 1 0.2 36 0.4

Years (Y)
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Table 3. Cont.

Thousand-Grain Grain Harvest
. Y . a1
Phosphorus Sources (PS) No. of Spikes m Grains Spike Weight (g) Yield (kg ha~1) Index (%)
2020-2021 280 40 b 35.6 3303 37.0
2021-2022 282 43 a 36.0 3525 38.1
Sig. (at 5% probability) ns ** ns ** o

Means of the same category followed by different letters are significantly different at 5% level of probability using
LSD test. ** = significant at 1% probability. ns = non-significant.
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Figure 3. Interactive effect of the year and BF on the spikes m 2 of wheat.

Table 4. Planned mean comparisons of the spikes m~2 and grains spike ™! of wheat as affected by
phosphorus sources and biofertilizers.

Planned Mean Comparisons No. of Spikes m—2 No. of Grains Spike—1
Control vs. Rest Years (Y) Years (Y)
Mean Mean
2020-2021 2021-2022 2020-2021 2021-2022
Control (no P and no BF applied) 271 277 274 34 35 34
Rest (treated plots) 280 282 281 40 43 41
Sig. (at 5% probability) ** * ** * ** *
Sole PS vs. PIM
Sole PS 280 281 280 39 43 41
P in mixture (PiM) 280 283 281 40 43 41
Sig. (at 5% probability) ns ns ns ns ns ns
IPS vs. APS
Inorganic P sources (IPS) 279 282 280 38 42 40
Animal P sources (APS) 285 285 285 43 45 44
Sig. (at 5% probability) o ns ** ** ** **
IPS vs. PPS
Inorganic P sources (IPS) 279 282 280 38 42 40
Plant P sources (PPS) 275 277 276 37 41 39

Sig. (at 5% probability) ** * ** ns ns ns
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Table 4. Cont.
Planned Mean Comparisons No. of Spikes m—2 No. of Grains Spike1
Control vs. Rest Years (Y)
Mean Mean
2020-2021 2021-2022 2020-2021 2021-2022

APS vs. PPS

Animal P sources (APS) 285 285 285 43 45 44

Plant P sources (PPS) 275 277 276 37 41 39

Sig. (at 5% probability) ** ** ** ** ** **
IPS vs. OPS

Inorganic P sources (IPS) 279 282 280 38 42 40

Organic P sources (OPS) 280 281 280 40 43 42

Sig. (at 5% probability) ns ns ns * ** *
Interactions

PS x BF ns PS x BF **

Y x Control vs. Rest ns Y x Control vs. Rest ns

Y x Sole PS vs. PiM ** Y x Sole PS vs. PiM **

Y x PS ns Y x PS ns

Y x PPS ns Y x PPS **

Y x PiM * Y x PiM ns

Y x IPS vs. APS ns Y x IPS vs. APS ns

Y x IPS vs. PPS ns Y x IPS vs. PPS ns

Y x APS vs. PPS ns Y x APS vs. PPS *

Y x IPS vs. OPS ns Y x IPS vs. OPS ns

Y x BF * Y x BF ns

Y x PS x BF ns Y x PS x BF ns

* = significant at 5% probability. ** = significant at 1% probability. ns = non-significant. IPS = inorganic phosphorus
sources. Sole PS = sole phosphorus sources. APS = animal phosphorus sources. PPS = plant phosphorus sources.

PS = phosphorus sources. PiM = phosphorus in mixture.

The combined application of SSP+SM and SM+CM produced a comparatively higher
SPMS during both years than all the other P combinations, while the minimum SPMS was
recorded with the combined application of LR+NLR in Y1 (Figure 4).

290 1

280
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Spikes m
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X%é X§

<
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Years x P in mixtures

Figure 4. Interactive effect of the year and P in the mixture on the spikes m 2 of wheat.
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3.2. Number of Grains Spike ™!

The phosphorus sources had a significant effect on the number of grains spike ! (GPS)
(Table 3). In Y1, the maximum GPS was obtained with SSP+CM and SSP+SM, while the
lowest GPS was recorded with NLR. In Y2, the maximum GPS was recorded with CM+LR,
SM+CM, SM, SM+LR, SSP+SM, and SSP+CM, while the minimum GPS was recorded with
NLR. The average of the two years’ data showed that the maximum GPS was recorded
with CM+LR, CM, and LR, while the minimum GPS (55) was obtained with NLR. In the
case of the BF, the maximum GPS was recorded with the application of PSB rather than
Bioaab. Similarly, a higher GPS was recorded during Y2 than Y1. The planned mean
comparison of the data showed that the maximum GPS (41) was recorded in the rest (P-
and BF-treated plots) than the control (34). On the other hand, the APS produced a higher
GPS (44) than the IPS (40); however, there was no significant difference between the IP and
PPS in terms of the GPS. Similarly, the APS produced a higher maximum GPS than the PPS.
A significantly higher GPS was recorded with OPS than IPS (Table 4). The interactive effect
of PS x BF showed that the application of PSB with SM, CM, LR and a combination of
CM+LR produced a higher GPS than all the other combinations, while the lowest GPS was
recorded with the application of NLS in combination with either PSB or Bioaab (Figure 5).
Similarly, the interactive effect of Y X Sole PS showed that during Y1, the application of
CM and SM produced a higher GPS, while in Y2, the application of CM and LR produced a
higher GPS (Figure 6).

mPSB W Bioaab

<, v X X X X )fp < X/I/ X X,
Ow?o 0,;% 0422 “’&2’ %, %, K2 G % < vt % < /1?¢ * /1?4) <
o,b "o’é; %, ’(,ﬁ@ ’c‘}}_ é)“,
f, C, @, 0, Y %
%, Y Y T, Y
9 %
% (7

Phosphorus sources

Figure 5. Interactive effect of biofertilizers and phosphorus sources on the grains spike™! of wheat.
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Figure 6. Interactive effect of the year and sole phosphorus sources on the grains spike™! of wheat.
3.3. Thousand-Grains Weight (g)
In Y1, the maximum thousand-grain weight (TGW) was obtained with the SM, CM,
LR, SM+CM and SM+LR, while the lowest TGW was recorded with the RP. In Y2, the
maximum TGW was recorded with the CM+SM, while the minimum was recorded for the
RP. The average of the two years’ data showed that the maximum GPS was recorded with
the CM+5M (36.6 g), which was statistically similar to the LR (36.5 g) while statistically on
par with the CM, SM, SM+LR, SM+NLR and CM+LR, while the minimum TGW (35) was
obtained with the RP (Table 3). In the case of the BF, the maximum TGW was recorded with
the application of PSB (36.1 g) rather than Bioaab (35.5 g). Although the year effect was
found to be statistically non-significant, a higher TGW was recorded during Y1 than Y2.
The planned mean comparison of the data revealed that the maximum TGW (35.8 g)
was recorded in the rest (P- and BF-treated plots) rather than the control (33.5 g). Fur-
thermore, the APS produced a higher TGW (36.4 g) than the IPS (35.2), and the PPS also
produced a higher TGW (35.8 g) than the IPS (35.2 g) (Table 5).
Table 5. Planned mean comparisons of the thousand-grain weight (g) and grain yield (kg ha~!) of
wheat as affected by phosphorus sources and biofertilizers.
Planned Mean Comparisons 1000-Grain Weight (g) Grain Yield (kg ha—1)
Years (Y) Years (Y) Mean
Control vs. Rest Mean
2020-2021 2021-2022 2020-2021 2021-2022
Control (no P and no BF applied) 34.0 33.0 33.5b 2287 2256 2272b
Rest (treated plots) 35.6 36.0 35.8a 3303 3525 3414a
Sig. (at 5% probability) ** ** ** = ** =
Sole PS vs. PiM
Sole PS 35.8 36.0 35.9 3241 3441 3341b
P in mixture (PiM) 35.6 36.0 35.8 3328 3559 3443a
Sig. (at 5% probability) ns ns ns ** ** **

IPS vs. APS
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Table 5. Cont.

Planned Mean Comparisons 1000-Grain Weight (g) Grain Yield (kg ha—1)
Years (Y) Years (Y) Mean
Control vs. Rest Mean
2020-2021 2021-2022 2020-2021 2021-2022
Inorganic P sources (IPS) 35.1 354 35.2b 3068 3326 3197b
Animal P sources (APS) 36.5 36.3 36.4a 3640 3736 3688a
Sig. (at 5% probability) ** * ** ** ** **
IPS vs. PPS
Inorganic P sources (IPS) 35.1 354 35.2b 3068 3326 3197
Plant P sources (PPS) 35.8 36.2 36.0a 3016 3262 3139
Sig. (at 5% probability) * * * ns ns ns
APS vs. PPS
Animal P sources (APS) 36.5 36.3 36.4 3640 3736 3688a
Plant P sources (PPS) 35.8 36.2 36.0 3016 3262 3139
Sig. (at 5% probability) * ns ns ** ** **
IPS vs. OPS
Inorganic P sources (IPS) 35.1 354 35.2b 3068 3326 3197b
Organic P sources (OPS) 36.2 36.3 36.2a 3328 3499 3414a
Sig. (at 5% probability) ** ** ** ** ** **
Interactions
PS x BF ns PS x BF **
Y x Control vs. Rest ns Y x Control vs. Rest *
Y X Sole PS vs. PiM ** Y X Sole PS vs. PiM **
Y x PS ns Y x PS ns
Y x PPS ns Y x PPS ns
Y x PiM ns Y x PiM *
Y x IPS vs. APS ns Y x IPS vs. APS ns
Y x IPS vs. PPS ns Y x IPS vs. PPS ns
Y x APS vs. PPS ns Y x APS vs. PPS ns
Y x IPS vs. OPS ns Y x IPS vs. OPS ns
Y x BF ns Y x BF ns
Y x PS x BF ns Y x PS x BF ns

Means of the same category followed by different letters are significantly different at 5% level of probability using
LSD test. * = significant at 5% probability. ** = significant at 1% probability. ns = non-significant. IPS = inorganic
phosphorus sources. Sole PS = sole phosphorus sources. APS = animal phosphorus sources. PPS = plant
phosphorus sources. PS = phosphorus sources. PiM = phosphorus in mixture.

3.4. Grain Yield (kg ha=')

Improvements in grain yield (GY) have been essential to feed a growing population.
Data concerning the GY of the wheat are shown in Table 3. Among the PS, the combination
of SSP either with SM or CM (SSP+SM or SSP+CM) and the combination of SM+CM
produced the highest GY (3843, 3834 and 3777 kg ha~!, respectively), while the lowest GY
was recorded with the application of NLR (2749 kg ha—1). Application of PSB produced a
higher GY (3562 kg ha~!) than Bioaab (3267 kg ha~!). The GY in Y2 (3525 kg ha~!) was
significantly higher than in Y1 (3303 kg ha~1!). The GY of the wheat varied significantly
(P < 0.05) with Y x PS. The wheat produced a higher GY in Y2 than in Y1 while using
different P sources. In Y1, the GY ranged between 2693 (NLR) and 3856 kg ha~! (SSP+SM),
while in Y2, it ranged between 2805 (NLR) and 3991 kg ha~! (CM+LR). The higher increase
in the GY in Y2 over Y1 was obtained with the application of SM and CM. The planned
mean comparison of the data showed that the rest of the plots produced a higher GY
(3414 kg ha~!) than the control (2272 kg ha~1). The GY increased in the rest of the plots in
Y2 over Y1; in contrast, in the control plots, the GY decreased in Y2 as compared with Y1
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(Y x control vs. rest interaction). On average, the application of PiM produced a higher
GY (3443 kg ha™!) than sole PS. The application of APS produced a higher GY than IPS;
however, the IPS produced a higher GY than the PPS. In contrast, the APS produced a
higher GY than the PPS (Table 5); however, a higher GY was recorded with OPS than IPS.
The PS x BF interaction showed that CM in combination with PSB produced a higher GY
than the other combinations (Figure 7). The GY increased with the application of PiM or
pure PSin Y2 over Y1. Application of SSP+SM and SSP+CM produced a higher GY during
Y1, while the application of SM+CM, SM+LR and CM+LR produced a higher GY during

Y2 (Figure 8).
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Figure 7. Interactive effect of phosphorus sources and biofertilizers on the grain yield (kg ha™!)
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Figure 8. Interactive effect of the year and P in mixture on the grain yield (kg ha—!) of wheat.
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3.5. Harvest Index (%)

The average of the two years’ data indicated that the combined application of SSP+SM
produced the highest HI (41.9%), followed by SSP+CM (41.1%), while the lowest HI (33.1%)
was recorded with the application of NLR (Table 6). In the case of the BF, a higher HI was
recorded with the application of PSB (38.4%) than Bioaab (36.8%). Additionally, a higher
HI was recorded during Y2 (38.1%) than in Y1 (37.0%).

Table 6. Harvest index (%) of wheat as affected by phosphorus sources and biofertilizers.

Years
Phosphorus Sources (PS) Mean
2020-2021 2021-2022
Single super phosphate (SSP) 36.9 37.3 371 de
Rock phosphate (RP) 34.1 359 35.0 d
Sheep manure (SM) 38.9 39.1 39.0 c
Cattle manure (CM) 39.4 41.1 40.2 bc
Legume residues (LR) 36.8 40.0 384 od
Non-legume residues (NLR) 32.6 33.5 33.1 f
SSP+RP 355 37.0 36.3 de
SSP+SM 43.0 40.8 419 a
SSP+CM 42.0 40.3 411 ab
SSP+LR 374 389 38.1 cd
SSP+NLR 33.6 34.6 341 f
RP+SM 35.0 36.9 36.0 de
RP+CM 359 37.6 36.8 de
RP+LR 36.3 37.8 37.0 de
RP+NLR 34.6 35.8 352 d
SM+CM 389 404 39.6 bc
SM+LR 38.6 40.1 39.4 bc
SM+NLR 36.7 37.7 372 d
CM+LR 39.0 423 40.6 b
CM+NLR 36.3 37.2 36.8 de
LR+NLR 36.4 36.5 36.4 de
LSD (0.05) for PS 1.5 2.1 1.2
Biofertilizers (BF)
PSB 37.8 39.0 38.4
Bioaab 36.3 37.3 36.8
LSD (0.05) for BF 0.5 0.6 0.4
Years
2020-2021 37.0
2021-2022 38.1

*3%

Significance (at 5% probability)

Means of the same category followed by different letters are significantly different at 5% level of probability using
LSD test. ** = significant at 1% probability.

The planned mean comparison of the data showed that the rest (P-treated plots)
produced a higher HI (37.6%) than the control (28.9%). On average, a higher HI was
recorded with the application of PiM (37.8%) than sole PS (37.1%); however, the increase
in the HI during Y1 was found to be significant, while it was non-significant in Y2. APS
produced a higher HI than IPS (Table 7). Additionally, IPS produced a higher HI than
PPS. APS produced a higher HI than PPS, and OPS had a higher HI than IPS. The PS x BF
interaction was found to be significant. The PS x BF interaction showed that CM and LR in
combination with PSB produced a higher HI than the other combinations (Figure 9). The
interactive effect of the year and P in mixture revealed that the application of SSP+CM
and SSP+SM produced a significantly higher HI in Y1 than all the other combinations
(Figure 10).
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Table 7. Planned mean comparisons of the harvest index (%) of wheat as affected by phosphorus
sources and biofertilizers.

Planned Mean Comparisons

Years
Control vs. Rest Mean
2020-2021 2021-2022
Control (no P and no BF applied) 29.2 28.7 289b
Rest (treated plots) 37.0 38.1 37.6a
Significance (at 5% probability) ** ** **
Sole PS vs. PiM
Sole PS 36.5 37.8 371b
P in mixture (PiM) 37.3 38.3 37.8a
Significance (at 5% probability) * ns *
IPS vs. APS
Inorganic P sources (IPS) 355 36.6 36.1b
Animal P sources (APS) 39.2 40.1 39.6 a
Significance (at 5% probability) * ** *
IPS vs. PPS
Inorganic P sources (IPS) 35.5 36.6 36.1
Plant P sources (PPS) 34.7 36.7 35.7
Significance (at 5% probability) ns ns ns
APS vs. PPS
Animal P sources (APS) 39.2 40.1 39.6a
Plant P sources (PPS) 347 36.7 35.7b
Significance (at 5% probability) * ** *
IPS vs. OPS
Inorganic P sources (IPS) 355 36.6 36.1b
Organic P sources (OPS) 36.9 38.4 37.7 a
Significance (at 5% probability) * ** *
Interactions
PS x BF ** Y x IPS vs. APS ns
Y x Control vs. Rest ns Y x IPS vs. PPS ns
Y x Sole PS vs. PiM ** Y x APS vs. PPS ns
Y x PS ns Y x IPS vs. OPS ns
Y x PPS ns Y x BF ns
Y x PiM ** Y x PS x BF ns

Means of the same category followed by different letters are significantly different at 5% level of probability using
LSD test. ** = significant at 1% probability. ns = non-significant. IPS = inorganic phosphorus sources. Sole PS = sole
phosphorus sources. APS = animal phosphorus sources. PPS = plant phosphorus sources. PS = phosphorus
sources. PiM = phosphorus in mixture.
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Figure 9. Interactive effect of phosphorus sources and biofertilizers on the harvest index (%) of wheat.
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Figure 10. Interactive effect of the year and P in mixture on the harvest index (%) of wheat.

4. Discussion

The wheat yield is commonly determined by the grain weight, number of grains
spike~!, and number of spikes m~2. Our findings demonstrated that all the treated plots
had significantly higher yields and yield components than the control treatment. The
highest number of spikes m 2 could be the consequence of rapid growth and development
as well as of more tillers m~2 due to increased P availability through the use of both organic
and inorganic P sources. Higher fertilizer availability improves water usage efficiency and
soil water utilization [31,32], and hence, the number of grains spike’1 in wheat increases.
Both [25] and [29] observed increases in the spike m~2 and other yield-related variables of
maize and wheat after seed inoculation with PSB. The use of APS produced a higher GPS
than the use of IPS and PPS. The average of the two years’ data revealed that CM+LR, CM,
LR produced the highest number of grains spike~! (GPS), while NLR produced the lowest.
Ref. [33] found an increase in the GPS of wheat with a combined application of NPK+ press
mud and suggested NPK+ PM. The GPS in wheat increases with green manuring and
poultry manure [34]. In comparison to the control treatment, both the PSB and Bioaab
inoculation showed an increasing trend in GPS. These findings are corroborated by the
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findings of [35], who found that using biofertilizers significantly boosted the GPS in wheat.
The plant nutrients and organic chemicals generated during organic matter decomposition
improve crop development and yield [14]. The beneficial effect of organic manures in
combination was also observed by [21]. The results are also consistent with those of [36],
who reported that the application of PSB increased the nutrient availability to the plant,
which increased the plant growth and yield.

In our experiment, a heavy thousand-grain weight (TGW) was recorded with the
combined application of CM+5M, being on par with LR, CM, SM, SM+LR, SM+NLR and
CM+LR, while the minimum TGW was obtained with rock phosphate (RP) and NLR. The
combined application of DAP or TSP with CM resulted in a higher TGW than their sole
application. Additionally, a higher TGW was recorded in the treated plots in comparison
with the control. Ahmad et al. [37] reported that the TGW increased by using NPK+ press
mud and NPK+ city compost, which supports our findings. Our findings, on the other hand,
revealed that APS produced a larger TGW than IPS and PPS. Ayoola et al. [34] reported an
improvement in growth and yield characteristics in maize crops when poultry manure and
NPK fertilizer were used. The maximum TGW was recorded with the application of PSB
rather than Bioaab. The use of efficient microorganisms may improve the efficiency of both
organic and inorganic nutrient sources, resulting in enhanced wheat TGW. These findings
are consistent with those of [38,39], who found that using biofertilizers increased the maize
and wheat grain yield significantly.

Improvements in the grain yield (GY) of crops have been essential to feed a growing
population. By increasing the GY per unit area, we can reduce the problem of food security
and amount of land we use for agriculture. Our results revealed that the GY of the wheat
was significantly affected by the PS and BF in both years. The noteworthy distinction in the
yield between the two years was attributed to the increase in the yield components and P
availability, especially in the Y2 than Y1. Over the period of addition of P sources to soils,
the concentration of P increases over time [38] and so the GY increases. The maximum GY
was recorded with the integrated use of SSP + SM and CM + SSP. The organic materials,
especially the APS, improved the soil P content and availability, thereby increasing root
development and P uptake, which led to the maximum yield. Application of P through
combined organic and inorganic sources makes the nutrient in a form that is not fixed and
is more available due to improved microbial activity, nutrient supply and soil health [4]
and improved biomass as well as GY [40]. The release of organic acids decreases the
pH of alkaline soils in a semiarid climate [41]. This meant that more P was available at
our study site with a high Ca content [25]. The findings of [42] helped us come to the
conclusion that using NPK along with poultry manure improved the wheat yield. Our
results also showed that the GY of the wheat was a lot higher with both BF than the control
treatment. The activity of the PSB increased the release of usable P by mineralizing and
dissolving the different PS used [43], which caused the higher GY of the wheat. Our
results are also in line with those of [44], who found that PS (5 t ha—1) + 75% NPK+ dual
injection of Azotobacter + PSB made wheat grow and produce better in many ways. Ref. [45]
also demonstrated that PSB with P fertilizer and organic manures positively enhanced
the wheat GY. Many researchers reported that the pre-sowing inoculation of wheat seeds
with BF inoculation led to an increase in the GY of different crops over non-inoculated
treatments [46].

The harvest index (HI) is the ratio of the GY to BY, and it is as a measure of the repro-
ductive efficiency of field crops. The distinction between the HI in the different treatments
may be due to the variable assimilate translocation rate of toward grain development [38].
The average of two years’ data indicated that the combined application of SSP+SM pro-
duced the highest HI, followed by CM+LR, while the lowest HI was recorded with the
application of NLR. The increase in the HI with the combined application of APS with SSP
was attributed to the increase in the yield components and GY [25]. An increase in the
wheat HI with the application of organic amendments was also reported by [47]. In the
case of the BE, higher HI values were recorded with the application of PSB than Bioaab. The
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increase in the HI with the application of PSB over Bioaab was attributed to the increase in
the yield components and GY. Additionally, the higher HI in Y2 over Y1 was also attributed
to the increase in the yield components and GY in Y2 than Y1. In our experiment, the
combined application of PSB with organic and inorganic P increased the GY, BY and HI [48].
Despite the advantages of organic manuring the crops, some researchers reported that
bioavailable organic C, N, and P are abundant in organic manure, which provides abundant
C, energy sources and substrates for microbes to flourish. This raises microbial activity,
which in turn increases microbial respiration and soil CO, flow [49]. However, organic
manure that has been deeply incorporated into the soil can lower nutrient runoff and CO,
emissions [50].

5. Conclusions

The application of sole SSP, CM or SM, and the combined application of CM+SSP,
SM+SSP and LR+SSP, increased the yield components (GPS, SPMS, TGW), GY and HI of
the wheat crop as compared to the other P sources. The average of the 21 treated plots
(applied with PS and BF) produced an 11-25% higher GPS, a 4-8% higher TGW, a 23-40%
higher GY, a 5-17% higher BY, and a 39-47% higher soil P content than the control plots (no
BF and no PS applied) in the case of the wheat crop. The application of animal P sources
(APS) was found most beneficial in terms of the improved yield and yield components and
more economic returns from the wheat crop as compared with the plant P sources (PPS).
Interestingly, the combined use of organic P sources (OPS) + inorganic P sources (IPS) was
found to be better in terms of the higher yield and yield components and more economic
returns from the wheat crop as compared with the sole inorganic P sources. In the case of
the biofertilizers, application of PSB increased the yield components (GPS, SPMS, TGW),
GY, and HI as compared to Bioaab. The yield and yield components were higher in Y2
due to more P availability and uptake compared to Y1, which indicated that continuous
application of P, especially OPS or PiM (P in mixture), could increase soil fertility and crop
productivity on a sustainable basis. Therefore, application of sole organic sources (SM or
CM or LR) or combined use of organic sources with SSP (SM + SSP or CM + SSP or LR + SSP)
along with PSB inoculation can be recommended for improving soil fertility, phosphorus
use efficiency, crop productivity and profitability in wheat-maize cropping systems.
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