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Abstract

Low phosphorus use efficiency (PUE) limits maize productivity in calcareous soils due to severe fixation losses. In this context, improved fertilizer placement
strategies such as band placement (BP) and seed coating (SC) may enhance nutrient recovery and contribute to sustainable phosphorus management. A
field experiment was conducted to evaluate maize productivity and PUE following seed coating and band placement using di-ammonium phosphate (DAP)
and single superphosphate (SSP). Treatments included control (no P), SC with SSP, SC with DAP, BP with SSP, BP with DAP, SC with SSP + BP with SSP, SC with
SSP + BP with DAP, SC with DAP + BP with SSP, and SC with DAP + BP with DAP, arranged in RCBD with three replications. The combined application of SC
with SSP + BP with SSP produced the highest grain yield (7.72 t ha™"), biological yield (19.33 t ha™"), grains per cob (382.9), 1,000-grain weight (260.3 g), PUE
(30.76%), and grain protein content (9.54%). Results indicate that integrating SC and BP improves phosphorus recovery, reduces fixation losses, and
enhances maize productivity under alkaline calcareous conditions, supporting circular nutrient management strategies.
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Introduction

Phosphorus (P) is one of the most important macronutrients for
plant growth and life cycle. To ensure sustainable crop production,
judicious use of P is always recommended!'l. As it cannot be biologi-
cally fixed, a large amount of P is applied through fertilizers!2. How-
ever, globally PUE remains only at 20%!3, and short-term P recovery
is as low as 30%“1. This mainly results from higher P fixation into the
soil. Approximately 80% of the applied P becomes unavailable to
plants because of its immediate fixation into soilsll. Moreover, P is
adsorbed onto Al oxides and Fe and precipitated with calcium (Ca)
and CaCOs;l°. P availability is affected by soil type. For example,
calcareous soils which are alkaline in nature (pH > 7) and contain 3%
CaCO; exhibit increased P fixation”:8l,

The fixation problem can be intensified if a proper fertilization
method is not used. When P is broadcast in bulk soil, its fixation is
exacerbated due to conversion into insoluble formst. It is thus
important to design suitable P application methods aiming to
improve PUE[', One option is band placement (BP), which ensures
that the concentration of applied fertilizers is localized near plant
roots, thereby enhancing P uptake by plants. Due to minimal expo-
sure to soil, P fixation may also decreasel''l. This method is particu-
larly suitable for granular fertilizers, as it retains them near the seed
in the form of bands, which has been reported to improve PUE and
yield'Zl, In general, seed coating with beneficial nutrients can mini-
mize nutrient immobilization problems, consequently improving
nutrient use efficiency. Previously, seed treatment with P has been
shown to improve its uptake and utilization, with positive effects on
the environment!'3.4l. This method also promotes rapid P availabil-
ity for uptake, particularly during seedling stages, thereby enhanc-
ing crop growth and stand establishment!'>.16],

© The Author(s)

Maize requires a high amount of P to sustain increased growth
and yield. Efficient P management is increasingly recognized as
an essential component of sustainable and circular agricultural sys-
tems, particularly because global phosphate resources are finite,
and large proportions of applied phosphorus become immobilized
in soils*17l. Improving P use efficiency through innovative fertilizer
placement strategies can therefore contribute to more sustaina-
ble nutrient management, and reduced environmental losses!'819,
Although seed coating and band placement have individually been
reported to enhance P availability and plant uptake, limited informa-
tion is available regarding the combined effectiveness of these
approaches under alkaline calcareous soil conditions. Therefore, the
present study was conducted to evaluate the effects of seed coat-
ing and band placement of different P sources on P use efficiency,
and maize productivity. We hypothesized that integrating these two
placement strategies would improve P recovery and enhance maize
yield under field conditions.

Material and methods

Experimental site

The field experiment was conducted at the Agronomic Research
Farm, University of Agriculture, Faisalabad (31.26° N, 73.06°E; 184.4 m
above sea level). To determine the pre-experiment physiochemical
properties of soils, samples were collected from the topsoil layer
(0—30 cm) using an auger (Table 1). The study site is located in a sub-
tropical region.
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Table 1. Pre-experiment soil analysis.

Properties Value
pH 8
EC(dSm™) 1.8
Available phosphorus (ppm) 10.4
Potassium (ppm) 180
Organic matter (%) 0.49
Texture Loam

Experimental design

The experiment was laid out in a randomized complete block
design (RCBD) with three replications and a plot size of 3 m x 6 m.
Maize (single cross hybrid; 31R88) was grown with the following
treatments: control (no P application), SC with SSP, SC with DAP, BP
with SSP, BP with DAP, SC with SSP + BP of SSP, SC with SSP + BP
with DAP, SC with DAP + BP with SSP, and SC with DAP + BP with
DAP. The seedbed was prepared by two ploughings, followed by
one planking. Seeds were sown with the dibbling method on the
seedbed, maintaining a row spacing of 75 cm and a plant-to-plant
distance of 25 cm, using a seed rate of 25 kg ha~'. First irrigation
was applied 25 d after sowing, and subsequent irrigations were
applied at 15 d intervals until the crop reached the flowering stage.
Thereafter, irrigation was applied every 7 d until seed formation.
Recommended doses of nitrogen (N) and potassium (K), (250 and
125 kg ha!, respectively), were applied through urea and sulphate
of potash (SOP). For band placement, P was applied at 125 kg ha=Tin
bands through a drill at sowing. To ensure comparability among

P uptake (kg ha™")
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treatments, the total phosphorus application rate was kept equiva-
lent across all fertilized treatments. Differences among treatments
were based solely on application method (seed coating, band place-
ment, or their combination), not on total P quantity applied.
For seed coating, single superphosphate (SSP) was applied at
70 mg kg~! of seed, and diammonium phosphate (DAP) 60 mg kg’
of maize seed. The total amount of P and K, along with half of the
N was applied as a basal dose according to the treatments, while the
remaining half of the N was applied with the first irrigation.

Observations

From each plot, ten plants were selected randomly. The total
number of grains was counted and averaged to record the number
of grains cob~". Grains were weighed to determine the 1,000-grain
weight. The mature crop was harvested from each plot separately
and sun-dried. The weight of cobs along with stalks was recorded
using a digital balance to determine biological yield, which was
converted into t ha='. The cobs were then shelled, and grain weight
from each plot was recorded and converted into t ha='.

The N content of the grain was determined using the micro-Kjeld-
hal method2%, and the values were multiplied by 6.25 to calculate
protein content. Oil content was estimated using the Soxhlet
method2'l,

Phosphorous was determined using the vanadate-molybdate yel-
low color procedurel?Z, P concentration was quantified by measur-
ing the intensity of the vanadomolybdate yellow color with a spec-
trophotometer (Shimadzu, UV-1201, Kyoto, Japan).

P uptake was determined as follows:

_ P concentration (%) in plant dry matter X Biological yield (kg ha ')

100

P use efficiency was calculated using the formula as described by Fageria et al. (23],

PUE

Total P uptake (kg’l) from fertilized plot — Total P uptake (kg’l) from unfertilized plot

x 100

Rate of P applied (kg™")

Statistical analysis

The data was analyzed using analysis of variance (ANOVA) under
RCBD using Statistix 8.1 software. Treatment means were compared
using LSD at a 5% probability level.24],

Results and discussion

Seed germination time differed significantly between SC and BP
under different P sources (Table 2). The maximum seed germination
time (8.44 d) was at SC with SSP. This was statistically at par under
SC with DAP, SC with SSP + BP with SSP, SC with SSP + BP with DAP,

and SC with DAP + BP with SSP. Improved germination was possible
because of immediate access of the plant to P fertilizer during early
growth stages, increasing root development through supporting
improved root emergence during seed establishment!25. Com-
bining SC and BP, either with SSP or DAP alone, or in combination
(SSP + DAP or DAP + SSP), resulted in a higher no. of grains cob~'.
The application of SC with SSP + BP with SSP or SC with DAP + BP
with SSP resulted in the maximum 1,000-grain weight (28%—32%),
and grain yield (89%—97%). Moreover, biological yield (53%) was
highest after application of SC with SSP + BP with SSP. The applica-
tion of SC with SSP + BP with DAP, SC with DAP + BP with SSP, and
SC with DAP + BP with DAP also resulted in a statistically similar

Table 2. Effect of seed coating (SC) and band placement (BP) of phosphorous on yield and yield-related parameters.

Treatments Germination time (d) No. of grains cob™ 1,000-grain weight (g) Grain yield (t ha™") Biological yield (t ha™")
Control 7.85c 292.1d 197.7 e 392e 12.66 e
SC with SSP 8.44a 316.0c 216.7 de 5.07d 15.29d
SC with DAP 8.35ab 3089 cd 208.3 e 4.87d 14.27d
BP with SSP 7.79 cd 358.0b 236.0 bed 6.79 ¢ 17.66 bc
BP with DAP 7.70d 3556 b 232.0cd 6.39¢c 17.02 ¢
SC with SSP + BP with SSP 8.41ab 3829a 260.3 a 7.72a 19.33a
SC with SSP + BP with DAP 8.36ab 359.4b 236.7 bed 6.90 bc 18.96 ab
SC with DAP + BP with SSP 8.39ab 366.6ab 253.7 ab 7.40ab 18.59 ab
SC with DAP + BP with DAP 831b 361.7ab 237.3 bc 6.96 bc 18.78 ab
LSD value 0.119 22.52 20.25 0.60 1.45

SSP-single super superphosphate. DAP-diammonium phosphate.
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biological yield. The superior performance of combined SC + BP
treatments can be attributed to the creation of localized P-rich
zones near emerging roots, which enhance early root proliferation
and improve nutrient interception!'%2%, Band placement minimizes
soil-fertilizer contact, thereby reducing P fixation in calcareous
s0ils27], while seed coating ensures immediate P availability during
early growth stages. This synergistic effect likely increased root
surface area, improved P diffusion gradients, and reduced immobi-
lization losses[?3., In general, higher yields, particularly under the
combined application of SC and BP with SSP as the P source, was
due to the higher availability and uptake of P, thereby reducing
early P deficiency and early stress for plantsi28l. As a result of an
increase in total number of grains, and 1,000-grain weight, we
observed a higher grain yield. Similarly2°-31], found that BP and SC
with P, increased P availability, resulting in a 22%-27% increase in
grain and biological yield. In conclusion, SC and BP are the best
fertilization strategies to increase maize yield. The combined use of
both P application methods could increase maize productivity.
However, such outcomes are P source dependent.

Plant P nutrition was significantly influenced by SC and BP under
different P sources (Table 3). The highest increases in plant P
concentrations were observed in the following order: SC with SSP +
BP with SSP > SC with DAP + BP with SSP. Application of SC with
SSP + BP with SSP plant P uptake increased by 357%, followed by
application of SC with DAP + BP with SSP. Similarly, PUE increased
from 263% to 308% following the application of SC with SSP + BP
with SSP and SC with DAP + BP with SSP. These results showed that
plants proficiently explored P, eventually improving plant P concen-
tration and uptakel'416], Improving P recovery through precise place-
ment strategies contributed to sustainable fertilizer management,
and aligned with circular nutrient use principles!'732, Enhanced PUE
reduced the requirement for excessive fertilizer inputs, lowered
potential environmental losses such as runoff and leaching, and
promoted efficient utilization of finite phosphate resources!'s19,
Thus, the combined use of SC and BP, particularly with SSP proved
an improved strategy to increase P availability and uptake and ulti-
mately PUE.

Seed quality indicators showed significant differences across SC
and BP treatments (Table 4). Application of BP with DAP or SSP
resulted in the highest seed oil content. The minimum seed oil
content was observed after the application of SC with DAP + BP with
DAP. Seed protein content was highest under the combined appli-
cation of SC and BP with SSP as the P source. Furthermore, applica-
tion of SC with DAP + BP with SSP or SC with DAP + BP with DAP
resulted in a statistically higher seed oil content. Increased seed
protein content was due to higher P uptake, which is a central

Table 3. Effect of seed coating (SC) and band placement (BP) of phosphorus (P)
on plant P concentration, plant P uptake and phosphorus use efficiency (PUE).

Plant P Plant P

Treatments concentration (%) uptake (%) PUE (%)
Control 0.08e 10.77 f 0.000 f
SC with SSP 0.14d 22.02e 11.25e
SC with DAP 0.13d 19.05e 8.283 e
BP with SSP 0.21 bc 3719cd  21.14cd
BP with DAP 0.19c¢ 33.52d 18.19d
SC with SSP + BP with SSP 0.25a 4923 a 30.76a
SC with SSP + BP with DAP 0.22 abc 4255bc 2542 Dbc
SC with DAP + BP with SSP 0.23ab 4366ab  26.31ab
SC with DAP + BP with DAP 0.22 abc 41.71 bc 24.75 bc
LSD value 0.0349 5.85 5.02

SSP-single super superphosphate. DAP-diammonium phosphate.
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Table 4. Effect of seed coating (SC) and band placement (BP) of phosphorus on
the seed quality.

Treatment cosneti-?lto (Ifl’/o) Sc%enolgrzgzs/;?
Control 330b 6.28 e
SC with SSP 3.69 ab 8.09 cd
SC with DAP 3.46 ab 7.84d
BP with SSP 3.79a 8.82 abc
BP with DAP 385a 8.50 bcd
SC with SSP + BP with SSP 2.28d 9.54 a
SC with SSP + BP with DAP 3.49ab 8.53 bcd
SC with DAP + BP with SSP 257 cd 9.17 ab
SC with DAP + BP with DAP 2.80c¢ 8.90 ab
LSD value 0.4471 0.765

SSP-single super superphosphate. DAP-diammonium phosphate.

component of the phosphate group in nucleic acids that link DNA
or RNAB3],

From a practical perspective, seed coating requires relatively small
fertilizer quantities and can be integrated into existing seed treat-
ment operations, while band placement utilizes conventional drill-
ing equipment!?’l. The combined strategy therefore, represents a
feasible and potentially cost-effective approach for improving yield
per unit of phosphorus applied, particularly in calcareous soils
where fixation losses are high32.,

Conclusions

This study demonstrates that integrating seed coating and band
placement significantly enhances phosphorus use efficiency and
maize productivity under alkaline calcareous soil conditions. By
reducing fixation losses and improving phosphorus recovery, the
combined SC and BP strategy supports sustainable phosphorus
management. The approach offers a practical solution for improv-
ing fertilizer efficiency in calcareous soils and contributes to long-
term nutrient sustainability. Further long-term studies are recom-
mended to evaluate system-level benefits.
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