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Abstract

Phosphorus (P) application in the soil improves soil fertility and thus contributes to reproductive
organ development, resulting in a higher cotton yield. However, the effect of increasing phosphorus
rate on soil nutrient status, phosphorus-related enzyme activities, and its effects on crop productivity
needs excellent attention. A consecutive two-year (2017-2018) field experiment containing three
phosphorus levels [0 (P1), 100 (P2), and 200 (P3) kg P,O, ha'] was accomplished by maintaining three
replications. During both cropping years, soil samples were gathered from the topsoil (0-20 cm) and
subsurface (20-40 cm) during the harvesting stage of the cotton crop. Soil collected at topsoil showed
a significant increase in available and total phosphorus contents and urease and acid, alkaline, and
neutral phosphatase enzyme activities compared with the sub-soil. The soil nutrients, viz. ammonium,
nitrate, total nitrogen, available potassium, and total potassium, were significantly higher in P3 at
the topsoil compared to other treatments. Soil enzymes viz. urease and acid, alkaline, and neutral
phosphatase activities in the P3 were improved compared to the P1 and P2 applications. On average,
the activities of these enzymes were maximum in 2017 at both soil depths. Moreover, the maximum
biomass accumulation was observed in vegetative (root, stem, and leaves) and reproductive (bur, lint,
and seed) organs with P3 incorporation in the soil. Similarly, an increase in the phosphorus application
rate significantly enhanced the plant biomass and seed cotton yield during the 2017 and 2018 cropping
seasons. Conclusively, the findings of this study showed that the P3 (200 kg P,O, ha™) rate enhanced
cotton productivity by improving the soil physicochemical properties, which alternately enhanced
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the phosphorus availability to the crop. Thus, changing these properties of the soil resulted in the

enhancement of soil enzyme activities by increasing the cotton yield under field conditions.

Keywords: cotton (Gossypium hirsutum L.), soil enzymes, soil nutrients; vegetative, reproductive growth

Introduction

Phosphorus (P) is one of the essential plant
nutrients, following nitrogen, and it plays a significant
role in plant growth and yield production [1]. However,
its deficiency at a particular crop stage may drastically
affect the plants’ overall productivity, including cotton.
Plants uptake P from the soil solution at a specific
concentration and only a small proportion of organic
P is directly obtained from soils [2]. Therefore, the
imbalances in the metabolic activities of the crops,
choruses, retarded root growth, and overall stunted
plant growth resulted in the P deprivation in the soil
by diminishing crop productivity [3]. Furthermore, the
cotton plant suffers a severe P denervation in saline
soil due to low available P contents [4]. Additionally,
phosphorus limitation resulted in the inhibition of
the photosynthetic activities, which restricts the
movement of the nutrients from source to sink and
decreases biomass accumulation and yield of cotton [1,
4]. Conversely, the increased P application improved
biomass accumulation by increasing leaf area, leaf
biomass, and nutrient accumulation in vegetative and
reproductive organs [5]. However, increased leaves and
stem biomass improved reproductive organs biomass in
field-grown cotton [6].

The concentration of P varies with the depth, such
as saturation in the topsoil and low concentration in the
subsoil [7]. Usually, phosphorus is not leached from
the soil like nitrogen, possibly due to its adsorption to
the soil surface with reactive minerals [8]. Cotton plant
uptakes phosphorus in inorganic form from the soil is
comprised of 100-3000 mg P kg', mainly including
30-65% organic forms [9]. However, its availability
mainly depends on the soil’s temperature, moisture
availability, and physicochemical properties [10].
Additionally, many factors, such as planting density,
vegetation types, and climatic conditions, affect the
activities of phosphatases activities in the soil [11].
Previous studies showed that soil erosion, agricultural
practices, and cropping considerably affect phosphatase
enzyme activities [12]. Therefore, understanding the
phosphorus cycle and its interaction with other factors
is a primary source for implementing soil for life,
microorganism function, and plant growth. Moreover,
the soil quality and environmental constancy depend
on the enzyme’s activities and alternately affect soil
fertility status [13]. Soil enzymes are considered
an excellent indicator to change in biological status
because of their quick reaction [14]. However, the
urcase and phosphatase activities are influenced by
soil depth [15, 16]. Additionally, these enzymes act as
biocatalysts, and several soil biochemical processes are

directly or indirectly influenced by these enzymes [16-
18]. Furthermore, soil enzyme activities modify soil
quality and represent integrated nutrient transformation
and soil fertility status [19]. Despite this, soil enzyme
activities are influenced by microorganisms having
large biomass, high metabolic activity, and short
lifespan under favorable environmental conditions [14,
17]. The phosphorus deficit conditions lead the plant
roots, fungi, and other microorganisms to promote
extracellular phosphatase activity [4, 20].

Cotton (Gossypium hirsutum L.) is a significant fiber
crop that is produced all over the world. Many countries
like China, India, and Pakistan grow cotton as a major
cash crop [22]. Cotton has recently grown on nutrient-
deficit soils, adversely affecting yield and economic
returns [23]. Moreover, the competition of food crops
with cotton is another big challenge to expanding its
cultivation on a large scale. This adversely affects
productivity and farm income [1, 24, 25]. Furthermore,
poor fertility conditions of soil also contribute to the
challenges of field management and targeted yield [26].
To ensure good yield and quality, field management
practice, especially fertilizer allocation, plays a pivotal
role in low-fertility soils.

Soil covers the earth’s surface, which supports
plant growth and helps increase crop productivity [27].
Most of the nutrients are in soil structure, where these
nutrients may be released for plant use [28]. These
attributes directly or indirectly influence plant growth,
including cotton. Modern agriculture is associated
with the heavy application of inorganic fertilizers to
achieve a high targeted yield. Moreover, resources are
required to support intensive farming, which flourishes
and nourishes the environment and agroecosystem.
However, the excessive use of inorganic fertilizers
not only enhances the production cost but also has
detrimental effects on the soil ecosystem. Several
previous studies focused on the physicochemical
properties of soil and P released concerning enzymatic
activity. Still, the information on the impact of P on
soil attributes and its direct effect on vegetative and
reproductive organ development by promoting biomass
and seed cotton yield is lacking. However, what is the
best P level and its effect on soil nutritional status and
enzyme activities at different soil depths, and cotton
yield is focused on in this study. The objective of our
study was to find out 1) the best phosphorus level for
the enhancement of soil enzymatic activities, which
increased the nutritional status of the crop; 2) to find
out the best phosphorus level for the efficient nutritional
management of the crop, which promoted the vegetative
organ and reproductive organ development and resulted
in higher seed cotton yield.
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Materials and Methods
Experimental Site and Conditions

During 2017 and 2018, the experiment was carried
out at the Pailou Experimental Station (118°50’E,
32°02’N), Nanjing Agricultural University, Nanjing,
Jiangsu, P. R. China. The exact property of the
experimental field soil was clay, mixed, thermic,
typical Alfisols (Udalfs; FAO Luvisol), and acidic in
nature. Moreover, the pre-planting soil physicochemical
properties have also presented in Table 1 [1]. The mean
monthly air temperature and rainfall data were collected
from Nanjing meteorological station and represented in
Fig. 1.

Experiment Site and Conditions

Randomized Complete Block Design (RCBD) was
used to conduct the experiment consisting of three
replications by maintaining three P levels, i.e., (0, 100,
and 200 kg P,O, ha) during the 2017 and 2018 cropping
seasons. The experimental plot area was maintained at
56 m? (8.0 x 7 m) with six cotton rows having 76 cm
row-row and 15 cm plant-plant distance. Cotton cultivar
Lu-54 was grown (as a nursery) in the mid of April,
which attained 2 to 3 true leaves stage in a maximum of
30-35 growing days. These seedlings were transplanted
to the field on the 20" of May in 2017 and 2018.
Fertilizers such as nitrogen, phosphorus, and potassium
were applied each at the rate of 225 kg ha' in the form
of urea (46% N), triple superphosphate (44% P,0,),

Table 1. Effect of P application rates on cotton biomass of root, stem, leaf, and root/shoot ratio during 2017 and 2018 growing seasons.

Phosphorus level Root bior}lass Stem bioglass Root/! Shoot Leaf biorTlass
(kg ha') (kg ha'') ratio (kg ha'')
2017
P, 655.2d 955.9¢ 0.7bc 2081.7 cd
P, 7743 ¢ 1289.3b 0.6¢c 2662.2 b
P, 1006.5 a 1639.7a 0.6¢c 33333 a
Mean 812.0 1295.0 0.6 2692.3
2018
P, 759.0 ¢ 685.3d I.1a 14835 ¢
P, 851.1b 946.0c 0.9ab 1869.5 d
P, 1056.0 a 1317.3b 0.8bc 22922 ¢
Mean 888.7 982.9 1.0 1881.8

According to the LSD test, means with the alphabet in the same column are statistically significant. P1, P2 and P3 represent the P
level, i.e., 0, 100, and200 kg P,O, ha™.
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Fig. 1. Meteorological data regarding air temperature and rainfall was presented during each month of the growing crop during the 2017

and 2018 cropping seasons.
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and potassium chloride (59% K,O). The P and K fertilizers
were applied as basal placement when transplanting.
At the same time, nitrogen was applied in 4 different
splits, such as 20%, 25%, 40%, and 15% at transplanting
as basal dose, flower initiation stage, bloom stage,
and end of the flowering stage, respectively. Other
agronomic management measures were used following
local agricultural practices.

Seed Cotton Yield Measurement

Seed cotton was picked manually in three pickings
by maintaining ten randomly selected plants from each
treatment plot with a +3-day difference during 2017 and
2018 growing seasons. The final yield was obtained by
adding all three pickings of seed cotton and presented
in kg ha''.

Plant Biomass Determination

Cotton plants were selected from the field containing
three replications and further divided into different
plant parts, i.e., root, stem, leaves, and reproductive
parts. The reproductive portion was further divided into
bur, lint, and seed. All the plant parts were oven dried
at 80°C to maintain a constant weight. The biomass of
each part was weighed and expressed in kg ha™' of plant
weight.

Soil Sampling and Processing

Soil samples were obtained during the boll
opening stage at two distinct depths, i.e., topsoil
(0-20 cm) and subsoil (20-40 cm), using an auger [I,
25, 29]. The collected samples were sealed, put in the
ice box, and immediately shifted to the laboratory for
further analysis. Each sample was divided into two
equal parts, of which one was stored at -20°C and the
rest half was air dried and stored in a dark and dry
place. Fresh samples were passed through a <2-mm
sieve after grinding to a fine powder. Fresh samples
were used for ammonium (NH,*-N), nitrate (NO,-N),
and soil enzymes (Urease, acid, alkaline, and neutral
phosphatase). While dried soil was used to determine
available phosphorus and potassium and total nitrogen,
phosphorus, and potassium contents.

Soil Snalysis and Determinations
Soil Nutrients

Available N in soil was determined by the procedure
described by Ameur et al. (2018) [30]. Fresh soil of ten
grams in 50 mL flask, added 1 mol L' KCI solution,
shake for 1 hr, and filtered. For ammonium (NH,"-N)
and nitrate (NO,-N), the extract was analyzed
calorimetrically, and for nitrate via the Griess-Ilosvay
technique and analyzed using a flow-injection technique
[31].

Available soil P content was determined using the
procedure described by [30]. The NaHCO, extraction
method was used to determine available P and
further analyzed with a spectrophotometer (UV2550,
Shimadzu, Japan) by the procedure described by [31].
However, the previously described method determined
the available K content [32]. The methods of [32]
determined the soil total P and K.

Using the Kjeldahl technique, total soil N was
measured with the Foss Kjeltec analyzer. The soil
sample was weighed, put in the tube, and treated
with H,SO,-H,O, at 350°C by adding pure water for
15-20 minutes. Then put out all the samples and filter.
Added 5 mL filtrate to 50 mL flask. Added 20 mL water
and 2-3 drops of DNT to adjust its color. A sodium
carbonate solution was added to change the color. When
the color disappeared, H,SO, solution was added to
achieve its color. In the end, added 5 mL of ascorbic
acid solution and waited for 30 minutes. Finally saved,
the solution to determine total N as pronounced by
[30, 31].

Total P was measured by adding 5 ml of the filtrate
to a 50 mL flask. Added 20mL water and 2 to 3 drops
of 2-4 dinitrophenol (DNT) solution to adjust its color.
Added 2-to 3 drops of sodium carbonate solution to
change its color (dark yellow to light yellow), and when
the color disappeared, H,SO, solution was added to
achieve its color. In the end, added 5SmL of ascorbic
acid solution and kept it for 30 minutes until its color
changed blue. The absorbance was read at 700 nm. In
a 50 mL flask, 5 mL soil solution (filtrate) was taken
to determine the total K, and the volume was adjusted
by adding water. The sample was read using an atomic
absorption flame photometer (PerkinElmer Atomic
Absorption Photometer Pin AAcle 900T). The final
contents were calculated by plotting the data against
standard curves.

Enzymatic Activity Measurement

Soil urecase assay was determined by the procedure
pronounced by [34]. Briefly, add a five-gram sample
of fine soil in a flask, 1 mL toluene, and 10 mL of
0.1 M citrate buffer (pH 6.7). Samples were kept
in an incubator at 38°C for one hr. to allow the soil
temperature to equilibrate. Then filtered, the soil
solution was through filter paper and kept the filtrate
for further analysis. Treated ImL supernatant of soil
with 3 mL sodium hypochlorite solution and 4 mL
sodium phenol solution. The samples were kept at room
temperature for 20 minutes. The released ammonium
was measured at 578 nm with a spectrophotometer.
Urease assay was expressed as pug NH,"-N released
per g oven-dried soil during an hour incubation at 38°C.

The acid phosphatase activity in the fresh soil
samples was determined by the method described by
the previous researchers [17, 18]. The acid phosphatase
was assayed by adding 1 g fresh soil, 0.25 mL
methylbenzene, 4 mL universal buffer, and 1 mL
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p-nitrophenyl phosphate solution and incubating the
mixture for lhr at 37°C. Later, added 4 mL of calcium
chloride solution (0.5 mol L") and sodium hydroxide
(0.5 mol L") solutions sequentially. The mixture was
shaken and filtered. Each sample also contained a
blank sample in which 4mL calcium chloride, 4 mL
sodium hydroxide, and modified universal buffer
were added, and then the sample was filtered; the
released p-Nitrophenol was read at 400nm using a
spectrophotometer [17, 18].

Similarly, the neutral and alkaline phosphatase
activities were also determined by the methods described
in the previous experiments conducted by [34]. For the
further experiment, four g of air-dried soil was collected
in a 40 mL tube. Added and homogeneously mixed the
soil with 0.8 mL methylbenzene (toluene). Then added,
4mL phenyl phosphate and 4mL relevant buffer solution
(Neutral phosphatase and alkaline phosphatase).
At the same time, set control for every soil sample by
replacing 4 mL phenyl phosphate with 4mL pure water.
Tubes containing treated and control samples were
covered because toluene is poisonous. The samples
were incubated for one day at 37°C. After incubation,
added 40 mL of water was shaken and filtered. Kept
the filtrate for enzyme assay. Added ImL filtrate to
10mL tubes with ImL borate saline buffer having pH
9.0 each. Borate saline buffer mixing 80mL of 0.05 M
borax solution with 20 mL of 0.2 M boric acid solution
and shake. Then added to the 10 mL tubes 0.1 mL 2.5%
potassium ferricyanide, 0.5% 4-Aminoantipyrine, and
7.8 mL water to get a 10 mL solution. The solution was
shaken and then waited 30 minutes. Lastly, measured
its optical density (OD) was at 57 Onm, and the results
of the neutral and alkaline phosphatase assays were
represented as mg p-nitrophenol g' d.

Data Analysis

The statistical tool sigma plot 12.5 was used
to analyze variance in all data (ANOVA). Data are
shown as means (n = 3) of the represented treatments.
Treatment means were separated by statistical
differences using an LSD t-test at the (P<0.05) level.
Origin 9.1, Sigmaplot 12.5, and R 4.1.1 software were
used to draw the graphs.

Results and Discussion
Seed Cotton Yield

The P levels significantly (P<0.05) affected the
seed cotton yield at both growing seasons; however,
the effect of year on seed cotton yield was statistically
insignificant. Mean data during the two years, i.c.,
2017 and 2018 cropping secasons, showed a substantial
increase in seed cotton yield by 23.9-30.8% in the P2
treatment while by 34.5-52.3% in the P3 treatment
as compared to Pl treatment during 2017 and 2018,

respectively [1]. Phosphorus is a multifunctional plant
macronutrient used to boost crop development and
output; however, the reduced supply in the P content
resulted in the crop stunted growth and decreasing
yield [1, 25, 34]. The P treatment significantly impacted
the soil’s nutritional state and the accessibility of vital
nutrients to cotton plants. The most excellent way to
mitigate the problem of dwindling resources is to create
viable technologies that increase P-use efficiencies
to accommodate plant requirements. The essential
component in improving soil nutritional status and
increasing cotton yield is management practice, namely
more significant P fertilization to the crop. Therefore,
the main focus in the present study was the application
of adequate P rates in the soil, which enhanced the
soil’s nutritional status and how it mitigates the
biogeochemical soil cycle and impacts the vegetative,
reproductive organ biomass, and final yield of the cotton
crop. Cotton yield was higher under a high P rate and
inclined by the increased P rate [28]. This increment in
cotton yield was promoted due to high P uptake from
the soil compared to control plots. The higher P uptake
was also associated with cotton’s higher vegetative and
reproductive organ biomass. The soil with increased P
binding is essential to the crops since P distribution to
the plants consumes more significant resources than P
production in crop growth and development [34,35],
which results in poor agricultural P-use efficiency.
However, ideal fertilizer management favors crop
growth and yield and helps improve soil health. In a
good-conditioned soil-plant system, roots mainly uptake
nutrients from different depths, supporting a well-
organized nutrient supply to the areal parts of the crops.

Plant Biomass

Table 1. represents the data concerning the biomass
accumulation of cotton (root, stem, root/shoot ratio,
and leaves) affected by different P levels and years.
The accumulated biomass in the crop was significantly
(P<0.05) affected by P levels and year. Mean data
during the two years, i.e.,, 2017 and 2018, showed an
increase in biomass accumulation by 65.1-71.9% and
84.9-89.2% in the root, 58.3-52.0% and 74.1-72.4% in
the stem, and 62.5-64.7% and 78.2-79.4% in leaves in
P3 and P2 treatment compared to P1, during 2017 and
2018, respectively. The root/shoot ratio was decreased
with the increasing P level. The accumulation of
biomass in cotton boll (bur, lint, and seed) was
affected by different P levels and years are presented
in Table 2. The increases in biomass of bur, lint, and
seed were 63.5-65.1% and 80.2-78.1%, 71.0-65.2% and
76.1-78.4%, and 71.5-69.0% and 75.4-73.1% in P3 and
P2 treatment compared with P1 during 2017 and 2018,
respectively. P application improved the biomass of bur,
lint, and seed and additionally increased the proportion
of bur and ratio of lint to seed; however, it decreased
the proportion of seed biomass in both the cropping
seasons. In 2017 relatively higher biomass accumulation
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Table 2. Effect of phosphorus application rates on the biomass allocation in cotton’s reproductive parts (Bur, lint, and seed) during 2017

and 2018 growing seasons.

Phosphorus Boll biomass (kg ha'') Proportion (%)
level Bur Lint Seed Bur Lint Seed Lint/seed ratio
2017
P, 1343.7 ¢ 1328.6 ¢ 1773.6 ¢ 30.2 29.8 40.1 74.3
P, 1676.4 b 1743.5b 2353.1b 29.0 30.2 40.8 74.0
P, 2114.1a 1870.1 a 2480.1 a 32.7 28.9 38.4 75.2
Mean 1711.4 1647.4 2202.3 30.6 29.6 39.8 74.5
2018
P, 1653.6 ¢ 1416.7 ¢ 1890.2 ¢ 333 28.6 38.1 75.0
P, 21204 b 1807.9b 2591.7b 325 27.7 39.8 69.6
P, 25458 a 21724 a 2739.0 a 34.1 29.1 36.7 79.3
Mean 2106.6 1799.0 2407.0 333 28.5 38.2 74.6

Means showing different letters within the same column are statistically significant according to LSD test. Whereas P1 =0,

P2 =100, and P3 =200 kg P,O, ha™".

was observed in the crop stem and leaves. In 2018, a
significant increase was recorded in root biomass, root/
shoot ratio, bur, lint, and seed cotton yield. The root is
the central part of the plant and plays a critical role in
absorbing several nutrients from the soil and supply to
the other parts of the plant. Most plants showed higher
flexibility in root growth development in response to P
supply from the soil [6]. The accumulation of biomass
in cotton was strongly affected by the nutrient supply
and soil nutritional status. The current study resulted
in a strong P application impact on the biomass of
vegetative organs (root, stem, and leaf) (Table 1) which
might be due to the better soil nutritional status, root
structure, and environmental condition. However,
the biomass accumulation of root plants is mainly
controlled by the environment and soil characteristics
[36]. Besides the soil’s nutritional status, biomass
accumulation is strongly affected by the deficit nutrient
supply to the root system [1, 34]. Therefore, P uptake
is mainly concerned with the biogeochemical cycle in
the soil and crop growth [28]. Cotton yield, biomass,
and accumulation increased with adding P compared
to P deficit conditions. Overall, biomass accumulation
occurred due to nutrient supply and improved with
a higher P application rate. Dry matter production is
mainly affected by the amount of fertilizer and its
placement depths [25, 34]. Our results indicated that
P3 enhanced the dry matter accumulation of cotton’s
vegetative and reproductive organs and significantly
promoted the aboveground biomass (root, stem, and
leaf), which strongly interacts with the reproductive
organs (bur, lint, and seed), as shown in table 1 and
2, respectively. Thus, the changes in the soil nutrient
profiles and enzymatic activities mainly impact the
nutrient supply to the crops by increasing dry matter

accumulation and partitioning to the reproductive
organs under appropriate fertilizer application [34].
However, this biomass accumulation was recorded
higher in the reproductive organs, followed by the
vegetative organ biomass, i.e., leaves and stem [I, 26,
34].

Soil Properties
Soil Available Nitrogen, Phosphorus, and Potassium

Phosphorus application rate exerted a significant
effect on soil ammonium (NH,-N) and nitrate
(NO,-N) at all soil depths in 2017 and 2018 (Fig. 2).
The NH,-N was a 12.5-7.1% increase in the P3
and 7.2-5.4% in the P2 at topsoil while 12.8-8.3%
increase in the P3 and 6.2-5.2% increase in the P2 at
subsoil as compared to control plots (P1) during both
cropping seasons, respectively. Overall, the increased P
application rates drastically affected the level of NH,*-N
in topsoil and subsoil in all tested samples. However,
the years 2017 and 2018 did not vary significantly
either at P level or soil depth (Fig. 2a). Similarly,
NO,-N content was 67.9-21.9% and 29.2-14.3%
increase in P3 and P2 at topsoil, while 73.9-29.2% and
36.2-15.0% increase in the P3 and P2 treatment at
subsoil compared to control, during 2017 and 2018,
respectively. Increased soil depth decreased the soil
NO,-N in all samples and in cropping years (Fig. 2b).

Soil depth and available phosphorus (P) content were
observed to be inversely proportional. Fig. 2¢) shows
variation in the available P in the soil at different soil
depths during 2017 and 2018. In the treatment, P3 rather
than P2 accumulated more available P in topsoil as
compared to the control. However, in year comparison,
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P3 application resulted in a 29.8-23.9% increase in
available P in the topsoil while a 24.7-19.9% increase in
subsoil compared to P2 and P1 at different soil depths
during 2017 and 2018, respectively. The topsoil resulted
in higher available content compared to subsoil samples.
The available P content was higher in 2018 as compared
to 2017. The available K contents at different P levels
and soil depths were presented in Fig. 2d during both
cropping seasons. The effect of P levels on the available
K was significantly affected (P<0.05) at different soil
depths. Available K at various soil depths increased by
increasing P level and soil depth. Available K perceived

~n

6t 7777

)

Fig. 2. The P application rates on

was 17.1-15.7% in the P3 and 8.5-7.8% in the P2 at
topsoil while 17.2-17.5% and 9.7-10.0% increase in the
P3 and P2 at subsoil as compared to control (P1) during
2017 and 2018, respectively. The topsoil recorded higher
available K content compared to subsoil samples. In
2017, the available K content was recorded as lower
compared to 2018. Phosphorus fertilization level led to
significant changes in the nutrient profile of NH,*-N,
NO,-N, available P, and K in the soil (Fig. 2). It was
reported that nutrient availability and uptake was
strongly affected by the root in the soil [38]. These
interactions strongly supported the uptake of total P

)
0-20

a) NH,"-N, b) NO,-N, c) available P, and d) available K contents in the topsoil (0-20 cm) and subsoil

(20-40 cm) during cotton production in both 2017 and 2018 growing seasons. The bars represent different P levels and indicate standard
errors of the mean (n = 3), while different letters on the columns represent the statistical difference at P<0.05. Whereas; P1, P2, and P3

indicate the P levels i.e., 0, 100, and 200 kg P,O, ha™'.
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from the soil to the plants [1, 25]. In the current study,
P treatment significantly influenced the amount of N,
P, and K in the soil, resulting in a significant increase
in the biomass of cotton vegetative and reproductive
organs (Table. 1, 2). A strong relationship was recorded
between P application rates and N and K accumulation
in the soil and plants. Hence, it is in the more excellent
support of increased crop yield [1]. Similarly, previous
results indicated that the addition of inorganic fertilizers
increased the nutrients profiles in the soil as compared to
the control [26,37], which increased net ammonification
(NH,"-N), net nitrification (NO,-N) rate, available
P and K, hence, readily available to the plants which
supported the higher plant biomass and enhancing the
yield of the crop. The present study resulted in a higher
availability of nutrients on the surface soil compared
to the subsoil. The plants’ higher uptake, increased the

biomass and yield [22, 23]. P availability is a critical
limiting factor; therefore, adding P fertilizer to cotton
plants improved the soil available P content due to high
water content, reducing the P available form. Contrary
to other nutrients, P is quickly adsorbed by soils, so
plants consume P compounds appearing in the soil upon
interacting with P fertilizers [37, 38]. However, applying
more P rates resulted in the accumulation of higher
available P, which increased the crop’s biomass and
yield [39]. The present study revealed that the available
K in soil decreased with the increase of soil depth in
cotton (Fig. 2). With the increased P concentration in
soil, available K alternately increased, and surface
soil had more K contents compared to the sub-surface
of soil. This surface soil K promotes crop growth and
increases the biomass in the plant organs. [34, 37]
vigorous plants resulted in a higher K absorption with

2017 VZZp1[_1P2 I P3 2018

a) 1.2

=1 -
o o

Total N (g kg™)
°
o

Total K (g kg™)

Soil depths

Fig. 3. Effect of P application on total a) nitrogen, b) phosphorus and c) potassium content in the topsoil (0-20 cm) and subsoil
(20-40 cm) during cotton production during both the 2017 and 2018 growing seasons. The bars represent different P levels and indicate
standard errors of mean (n = 3), while different letters on the columns represent the statistical difference at P<0.05. Whereas; P1, P2, and

P3 indicate the P levels, i.e., 0, 100, and 200 kg P,O, ha™".
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more P content and positively correlated with the seed
cotton yield. The increased concentration of available
K in topsoil resulted in higher uptake of plants [40].
Similarly, the P rate also influences the availability of
K in the soil [40]. Our results confirmed that higher
nutrient content in the topsoil layer than the subsoil
layer influenced the available K in the soil, promoting
biomass and yield in cotton crops.

Soil Total Nitrogen, Phosphorus, and Potassium

The contents of total nitrogen (N) in the soil were
significantly increased by applying phosphorus levels at
the two depths (Fig. 3a). Increased P levels increased
the contents of total N in the soil. Lower total N was
recorded in the control (P1) plot in both depths. Higher
total N content recorded was 58.6-28.8% and 33.9-11.9%
in the P3 and P2 treatment at topsoil, while 69.9-25.7%
and 35.7-9.5% at subsoil compared to control plots,
during both cropping seasons. Higher P application
recorded higher total N content in soil; the trend was
P3>P2>P1. Higher total N content was found in the soil
with P2 and P3 treatments compared to control as soil
depth increased. In 2017, the recorded total N in soil
was lower compared to 2018 in cotton production.

Total phosphorus (P) in soil was directly proportional
to the increase in P level. Soil total P content in the two
soil layers (Fig. 3b) and available P content was similar.
The P3 exhibited higher total P content in topsoil,
followed by P1 and P2 treatments. The P3 level resulted
in a higher 46.5-13.9% and 34.2-8.2% increase in the
P3 and P2 treatment at topsoil, while 53.5-10.2% and
33.3-4.8% increase occurred at subsoil as compared to
control plot during 2017 and 2018, respectively. Like
the total P, total K content also decreased with the
increase in soil depth; however, increasing P application
increased the soil K contents irrespective of year.
Fig. 3c) presented the effect of P levels at different
soil depths on total soil K. During 2017 and 2018,
21.9-12.8% and 10.1-9.5% increases occurred at P3
and P2 in the topsoil while 28.6-14.4% and 14.1-9.4%
increase occurred in the subsoil as compared to control
plot, respectively. Treatment P1 showed a lower content
of total K in the subsoil. In 2017 the total K in topsoil
and subsoil was recorded higher than in 2018. Total N
in the soil increased with the application of P due to the
formation of soil aggregates [41]. In the present study,
a higher total N in the topsoil resulted in the higher
interaction of root microorganisms with decreased
uptake of N compared with the P [42]. However, these
increased N availabilities in the soil is due to the
immobilization of N by soil microorganisms [34]. Thus,
it might be concluded that the P application influenced
N uptake by the root. Additionally, total P in the surface
soil increased due to less mineralization of P in the
cotton crop. In the current study, P3 treatment exhibited
a higher total P, probably because of P accumulation
in the top layer of soil with the slow P mineralization
and less utilization [43]. Topsoil had a greater

total K compared with the subsoil (20-40cm) layer
(Fig. 3). The availability and application of P results
in the enhancement of total K contents in the
surface soil [42]. Increased application of inorganic
fertilizers caused P immobilization in the soil. Still,
the availability of water content in the surface soil
absorbed these nutrients where plants might get more
nutrients compared to the sub-surface of soil. The water
contents, organic matter, growth stages, and P rates are
interrelated directly to each other in cotton production
[25, 34, 36].

Soil Enzymes Activities

The activities of urease and phosphatases (Acid,
alkaline, and neutral) significantly increased with
increasing P rate in both soil depths. Fig. 4a) presented
the soil urease of topsoil and subsoil. The P levels and
soil depth considerably affected (P<0.05) soil urease
activity in 2017 and 2018. Statistically, higher urease
activity was observed in the P3 than in the P2 and P1
treatments. In 2017 and 2018, higher urease activities of
173.64 and 160.53 pg g' h™! were observed in the topsoil
layer in P3 rate, while lower 90.77 and 82.88 pg g™ h™
were recorded at the subsoil layer in Pl treatment.
In the cropping years 2017 and 2018, in comparison to
P2 and P1 treatments, higher acid phosphatase activity
of 22.1 and 23.48 mg P-Nitrophenol g h™', 37.61 and
33.54 mg P-Nitrophenol g h™' alkaline phosphatase
and 43.54 and 35.54 mg P-Nitrophenol g h™' neutral
phosphatase, respectively, were observed in topsoil in
the P3 treatment, respectively. Lower acid, alkaline,
and neutral phosphatase activity were observed in the
subsoil in the P1 treatment. In 2017 the recorded acid
and alkaline phosphatase activity were lower compared
to 2018 (Fig. 4b, c), while neutral phosphatase activity
was vice versa (Fig. 4d). It was found that P fertilizer
application was more effective in elevating the soil
enzyme activities in the topsoil compared to the
subsoil (Fig. 4). A similar phenomenon existed in the
soil, which was mainly concerned due to the more
excellent supply of P [37]. However, the available P
increased in the soil with the addition of more P from
fertilizer application (Fig. 2c) which might be due to
the higher activities of phosphatase enzymes in the soil.
In stressed and polluted environments, enzymes can
determine and notice soil quality [34]. However, the soil
depth and nutrient contents strongly affected the urecase
activity and contents [31]. Soil urease activity was
also influenced by the time when urease activity was
noticed more in May-September than in April [30]. The
urease enzyme reduced the urea present in the soil [34];
however, our study noticed a slightly different activity
of this enzyme activity. The higher P application
improved the urease and phosphatase (acid, alkaline,
and neutral) activities in the 0-20cm and 20-40cm
soil depths. However, an increase was observed in the
topsoil than in the subsoil. The possible reason might
be the availability of more P that ultimately supported
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alkaline (1 = 0.9328-0.8760), and neutral phosphatase
(> = 0.8773-0.8216) activity during both cropping
seasons, are representing at Fig. 5(a, b, ¢, d). The PCA-
Biplot revealed significant changes in soil nutrient
contents and enzymatic activities across P levels during
cotton growing seasons (Fig. 6). All variables for soil
nutrients and enzyme activity were classified into
distinct categories. Over the two years, the cumulative
variance of distribution functions approached 95.0%
(Dim1 reached 91.8-91.3%, and Dim2 reached 3.2-3.7%).
According to the findings, the increase in phosphorus
application rates significantly impacted NH,*-N,

2017
200

NO,-N, AP, AK, TN, TP, TK, urease, alkaline,
and neutral phosphatase activities during the cotton
cropping seasons. Whereas the correlation between
soil nutrients (NH,*-N, NO,-N, AP, AK, TN, TP, and
TK) and enzyme activities (urease, acid, alkaline, and
neutral phosphatase) showed a significant positive
correlation (Fig. 7), but the strength of this correlation
varied during both cropping seasons. Conclusively, plant
activities greatly depend on the nutritional status in the
soil and uptake by the plants. In contrast, the present
study revealed that the higher P application rates (P3) in
the soil proved sufficient for the cotton crop to keep the

2018
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plant productivity at the targeted rate. Conversely, the
biogeochemical soil cycle, like the enzymatic activities
(urease, acid, alkaline, and neutral phosphates), has a
strong relationship with the soil available and total N, P,
and K contents which improves the availability of these
nutrients to the crop and enhances the productivity.
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PCA - Biplot
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13 : /
o iz
0.5~ E /:
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However, soil P contents correlated more highly with
the soil enzymatic activities. Therefore, soil nutritional
status and qualitative characteristics strongly depend on
soil enzymatic activity function [18, 20, 34]. Moreover,
a higher seed cotton yield production in P3 treatment
might result from good nutritional conditions and

2018
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Fig. 6. Principal component analysis (PCA) of all soil enzymes and soil nutrients phosphorus treatments at 0-40 cm soil depth for cotton
over the two-year study. NH,"-N, NO,-N, TN (Total N); AP (available phosphorus); TP (total P); AK (available potassium); TK (total
potassium); urease; Acid Pht. (acid phosphatase); Alka. Pht. (alkaline phosphatase); and Neut. Pht. (neutral phosphatase) represent the

data from the cotton seasons, respectively.
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enzymatic activities in the soil, promoting nutrient
uptake in the crop body. Furthermore, a higher P
application balanced the P rate in the soil caused by
heavy nutrient feeder plants.

Conclusions

The present study showed a significant increase in
ammonium, nitrate, available potassium, total nitrogen,
and total potassium by increasing the P application
rates (from 0 to 200 kg P O, ha"). Similarly, the urease
and phosphatase activities enhanced with the increased
P rates and strongly influenced the nutrient in the soil
profile. Conversely, soil available and total phosphorus
increased with higher phosphorus and decreased
considerably with the depth of the soil. The results
of the current study suggested that the P application
rates affects the accessibility of nutrients, mainly the
P availability, which enhances the enzymatic activities
and alternately promotes the nutritional status of the
soil by enhancing crop productivity and resulting in
higher root, stem, leaf, and boll biomass. Based on the
above results, it was concluded that higher P application
(P3) favored the growth and biomass accumulation of
vegetative and reproductive organs of cotton and had
more positive effects on the seed cotton yield. Therefore,
ensuring a reasonable P rate may be an excellent
strategy to establish ideal reproductive biomass leading
to a high seed cotton yield.
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