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Abstract
Silicon (Si) is known as a bene�cial or quasi-essential element particularly for graminaceous crops, as Si increases
dry matter accumulation and enhances resistance to lodging and drought. However, the combined application of
phosphorus (P) and Si has a tremendous impact on the growth and yield of various crops. While the residual effect
of Si and P application on growth, yield and soil biological activity in wheat were not ascertained. Therefore, the
present study was conducted to evaluate the residual effect of Si and P on growth indices, yield, nutrient uptake, and
soil enzyme activities of succeeding wheat crops. The four levels of Si (0, 40, 80, and 120 kg Si ha− 1) and P (0, 30,
60, and 90 kg P2O5 ha− 1) were applied to the preceding aerobic rice crop and their effect was evaluated in
succeeding wheat crop. The results demonstrated a signi�cant effect of Si and P on wheat growth, yield, nutrient
uptake, and soil enzyme activities. The residual effect of 120 kg Si and 90 kg P2O5 ha− 1 signi�cantly improved the
grain yield of the succeeding wheat crop by 24–45%. Further, the residual Si and P remarkably improved Si, N, P, and
K concentration in wheat grain by 35, 13.2, 45, and 56 %, respectively, over control. Similarly, an increase in the
microbial biomass carbon, dehydrogenase, �uorescein diacetate, and alkaline phosphatase activity by 17.2, 33.5,
12.4, and 37.5%, respectively were observed in the residual application of 120 kg Si and 90 kg P2O5 ha− 1 over control.
Therefore, the inclusion of Si and P could have great potential to improve soil enzyme activities and productivity of
the wheat crop.

1 Introduction
Wheat is the most important food crop of the world both in terms of cultivated area and tradable value. It is the
second most important staple crop in India after rice. In India, it is grown on 31 million ha with a total production of
107 million tonnes at a productivity of 3.4 t ha− 1 [1]. There is hardly any scope for expansion of area under wheat in
the country. Further, crop lodging, imbalance fertilization, mining of nutrients, and water scarcity cause the reduction
in wheat productivity [2–3]. Therefore, the main emphasis would be on increasing the productivity of wheat by
managing all the essential and bene�cial crop nutrients. Micronutrients are as important as macronutrients for crop
growth and development, as per nutrient management research [4]. In this regard, silicon (Si) is having a more
bene�cial effect in cereal crops especially in rice and wheat and it is also recognized as an essential plant nutrient,
under the “bene�cial” or “quasi-essential” element category [5–8]. Application of Si increased the productivity, crop
quality besides mitigated the abiotic and biotic stresses in rice [9–12], wheat [13–16], and other crops (Meena et al.,
2014). Ra� et al. [18] observed impaired plant growth and reduced yield in wheat due to Si de�ciency deprivation
causes physical abnormalities in wheat in terms of plant growth, development, and reproduction.

Further, investigations revealed that Si plays a magni�cent role in P nutrition; however, the precise nature of that role
remains unclear. The synergistic effect of Si on P and vice-versa has been reported in wheat [19–20] and rice [21]. It
has been frequently documented that increased P absorption is followed by soil Si fertilization [22]. Due to
competition between P and Si or changes in the dynamics of the microbial community, Si can increase P availability
in the soil through pH changes, decreased P solubility by soil minerals, or by changing the complexities of the
microbial population (e.g., P-mobilizing microorganisms) [23–24]. Phosphorus-use e�ciency (PUE) rose from 24 to
34 percent when P was supplied with the Si, due to lower P retention capacity and increased water-soluble P
availability in the soil [25]. Further, plants utilize P in very less amount. Unlike N soil P immediately forms weakly
soluble mineral compounds in the soil, thus leading to poor mobility and remain in the soil as residual P [26].
Residual P accords to the immediately plant-available pool, but the rate of release may not be adequate to sustain
the optimum value required to ful�ll the P requirements of the crop. In such situations, Si and P must be added to
maintain the critical value to obtain optimal yields [27–28].
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It has been reported that Si and P application having a residual effect on the succeeding crops could play a great role
in improving the productivity and quality of succeeding crops [16]. The residual soil P after rice harvest signi�cantly
increased the grain yield and yield components of wheat [29]. Munir et al [30] have also reported that residual P
improved the yield and P uptake of sorghum in Pakistan. In Hawaii, the residual effects of Si treatment on plant
development were studied, and Clements et al. [31] discovered that Si spraying resulted in 34% more sugar in the
"plant crop" and 40% more sugar in the "�rst ratoon crop." According to Hagihara [32], the reaction of the ratoon
sugarcane crop to residual Si was comparable to that of the plant crop. In Colombia application of slag (Si fertilizer)
in the preceding crop increased the yield of the succeeding rice crop by 100% due to the residual effect of Si [33].
Similarly, in Central Gujarat, residual Si applied in previous rice crops enhanced the growth and yield of succeeding
wheat crops [34]. Many studies have been reported positive responses of residual Si and P when applied as
separately in the preceding crops [35–36]. However, very few experiments have done so far on the effect of residual
Si and P applied concomitantly in the preceding crop. In this regard, the current study was postulated that the
residual effect of P and Si was critical for improving the yield, nutrient uptake, and soil enzymatic activity in wheat
crops. The objective of the study was to assess the effect of applied Si and P to preceding aerobic rice on the growth,
productivity, nutrient uptake, and soil enzyme activities of succeeding wheat crops.

2 Materials And Methods

2.1 Experimental Site
The experiment was carried out at the ICAR-Indian Agricultural Research Institute in New Delhi during the Rabi
(winter) season of 2015–16 and 2016–17. The complete information on the physico-chemical characteristics of the
experimental soil may be found in Table 1. The research location has a sub-tropical and semi-arid climate with hot,
dry summers and harsh winters, and is part of the agro-climatic zone known as the "Trans-Gangetic plains." The
experimental site's meteorological data for the research period are displayed in Figs. 1 and 2.
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Table 1
Initial physico-chemical properties of the experimental soil

Particulars Content

a. Mechanical composition

Sand (%) 51.60

Silt (%) 22.10

Clay (%) 26.30

Textural class Sandy clay loam

Bulk density (g cm− 3) 1.42

Particle density (g cm− 3) 2.60

Porosity (%) 45.4

b. Chemical properties

Organic carbon (%) 0.45

Available N (kg ha− 1) 205

Available P (kg ha− 1) 16.5

Available K (kg ha− 1) 260.5

Available silicon (Si kg ha− 1) 270

pH (1: 2.5 soil: water suspension) 7.7

EC (1:2.0 soil: water suspension) (dSm− 1) at 25°C 0.41

 

 

2.2 Experimental Treatments and Design
The research was carried out in a three-replication Factorial-randomized block design. Treatments included four
levels of Si (0, 40, 80, and 120 kg ha− 1) and four levels of P (0, 30, 60, and 90 kg P2O5 ha− 1). The unit plot had a size

of 2.5 x 4.0 m. (10 m2). Calcium silicate (CS) and di-ammonium phosphate (DAP) were employed to apply Si and P,
respectively. The CS and DAP had nutritional content of 24 percent Si and 46 percent P2O5, respectively. CS is a �ne
white powder that is water and ethanol insoluble and has an alkaline pH (7.5–8.2). It also includes calcium (34%), as
well as trace amounts of micronutrients. Before sowing, it was well mixed with sand and put as a basal application
in the soil in the preceding rice crop. P was also used as a base application before the sowing of rice crops. The
wheat variety HD 3086 was utilized as the study's planting material.

2.3 Land Preparation and Crop Management
After 2 days of the rice harvest, the experimental �eld was ploughed to incorporate paddy straw. Before one week of
wheat sowing, the �eld was disked and planked twice and leveling was done with a land leveler. The wheat crop was
sown, using a seed rate of 100 kg ha− 1 with the help of a seed drill. The seeds were sown 22.5 cm apart at 3–4 cm



Page 5/25

depth. Uniform seed germination and the optimum crop stands were obtained in both the year of experimentation.
Weeds were removed manually at 30 and 50 DAS to avoid weed competition in both years. Pendimethalin was also
applied at 1 kg ha− 1 in 600 liters of water one day after the sowing. As per the requirements of the wheat crop total of
6 irrigations were given at all critical growth stages crop. At maturity, plants from the border rows were harvested and
removed from the �eld, thereafter, net plots were harvested separately in the second week of April. The harvested
produce was left in the �eld for 4–5 days to get sun-dried and then bundled to record the biological yield and
expressed in t ha− 1. ALMACO Pullman Thresher was used for crop threshing. For each net plot, grains were cleaned
and weighed, and yield was represented in t ha− 1. By subtracting grain weight from biological yield, the weight of
straw was calculated and represented in t ha− 1.

2.4 Growth Parameters
The plant height (cm) was measured in the same plant regularly at 30 days intervals during the entire ontogeny. The
LAI was determined at 30, 60, and 90 DAS by using the formula as suggested by [37].

2.5 Growth Indices
The recorded dry matter data at 30, 60, 90 DAS, and at harvest were used to calculate the CGR (g m− 2 land area day− 

1), RGR (mg g− 1dry matter day− 1), and NAR g m− 2 leaf area day− 1 [38].

Where,

W1 and W2 are the dry weight of plants in g at the time of T1 and T2, respectively

T1 and T2 are the time interval in days

S is the land area occupied by plants in m2

LA1 and LA2 are the leaf area in m2 occupied by plants at times T1 and T2, respectively

Ln is the natural logarithm

2.5 Grain Yield
Plants were harvested from the net plot area (leaving three border rows on each side) and sun-dried in the �eld for
two days before the total biomass production was measured. The grain yield was measured and reported at 14

LAI =
Totalleafarea(cm2)plant−1

Groundarea(cm
2
)plant−1

CGR = ( )( )
W2 − W1

T2 − T1

1

S

RGR =
LnW2 − LnW1

T2 − T1

NAR = ( )( )
W2 − W1

LA2 − LA1

LnLA2 − LnLA1

T2 − T1
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percent moisture content after threshing, washing, and drying. By subtracting grain yield from total biological yield,
the straw yield was calculated. Tonne per hectare (t ha− 1) was used to measure yields.

2.7 Microbial Biomass Carbon (MBC) and Soil Enzyme Activity
The MBC and enzymatic activity such as Dehydrogenase Activity (DHA- µg TPF formed g− 1 soil), Fluorescein
Diacetate activity (FDA- µg Fluorescein released g− 1 hr− 1), and Alkaline Phosphatase Activity (APA µg PNP released
g− 1 soil h− 1) were determined following protocols as suggested by [40–43], respectively.

2.8 Plant Nutrient
Plant specimens were taken during harvest and dried for 24 hours in a hot air oven at 70°C. In a Macro-Wiley Mill, air-
dried grain samples and oven-dried plant samples were pulverized to pass through a 40 mesh sieve. For nutritional
analysis, 0.5 g grain and straw samples were collected from each treatment. The N, P, and K contents in grain and
straw were determined by standard protocols and methodology suggested by [44]. The concentration of silicon was
measured using an autoclave-induced digestion technique [45]. By multiplying the various nutrient concentrations
with the corresponding yield, the nutrient absorption in grain or straw was determined. The total nutrient uptake was
calculated by summing the uptake of each component in grain and straw.

2.9 Statistical Analysis
The F-test was used to statistically evaluate the data collected throughout the study. The signi�cant differences
across treatments were examined using a critical difference at a 5% level of signi�cance [46]. Following that, a
pooled analysis of the data was carried out using the ANOVA. To illustrate the connection among the various
parameters and their interaction with the different treatments, R software (version 3.5.1) was used to perform
Pearson correlation analysis and principal component analysis (PCA). To illustrate the link between the different
parameters and the residual impact of P and Si treatment, a simple linear regression was used.

3 Results And Discussion

3.1 Plant height and LAI
The plant height and LAI of wheat at all the growth stages were in�uenced remarkably owing to the residual effect of
Si and P fertilization except at 30 DAS (Table 2). Among the different P levels, the higher plant height and LAI were
observed with 90 kg P2O5 ha− 1 at all the growth stages except at 30 DAS. However, this treatment was statistically

similar with 60 kg P2O5 ha− 1. It could be due to more residual P availability from 90 kg P2O5 ha− 1 applied treatment
in rice which reduced the immobilization of P and in turn the succeeding crop received more P from that particular
treatment. Subbarao et al. [47] also reported a signi�cant effect on plant height and LAI of wheat due to residual P
applied in soybean under typic haplustert of Central India. Majeed et al. [48] reported that different levels of P had a
positive in�uence on the growth and development of the wheat crop. Among the Si application, plant height and LAI
were found higher with 120 kg Si ha− 1 which was statistically similar with 80 kg Si ha− 1. The plant height and LAI of
wheat increased progressively with the advancement of crop stages. It might be because at early growth stages plant
requires a small amount of Si input which was easily available from innate soil while at later stages crop requires a
large amount of Si which was available from residual Si applied in the previous crop. It might also be due to the
higher availability of Si from calcium silicate and its other bene�cial effect like effective utilization of nutrients
through the extensive root system developed by crop plants this in turn, resulted in higher growth in the wheat crop.
Singh et al. [49] also observed increased plant height and LAI at all growth stages of rice due to Si application
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through calcium silicate. Patel et al. [34] reported the residual effect of Si on plant growth of succeeding wheat crop,
and they opined increased plant growth due to increased stimulation of cell division, photosynthetic process as well
as the formation of chlorophyll.

Table 2
The residual effect of P and Si application on plant height and LAI of succeeding wheat

crop (pooled data of 2 years)
Treatment Plant height (cm) LAI Grain yield

(t ha− 1)30

DAS

60

DAS

90

DAS

Harvest 30

DAS

60

DAS

90

DAS

Phosphorus levels (kg P2O5 ha− 1)

0 26.8 45.6 76.3 86.0 0.27 1.78 3.90 4.81

30 27.5 47.9 78.0 88.0 0.28 1.84 4.22 5.24

60 29.5 50.6 82.6 94.4 0.29 2.24 4.93 5.78

90 29.6 52.1 83.3 96.1 0.32 2.34 5.14 6.01

SEm± 1.1 1.0 1.5 2.2 0.01 0.05 0.13 0.14

LSD (P = 0.05) NS 3.0 4.5 6.4 NS 0.14 0.39 0.40

Silicon levels (kg Si ha− 1)

0 27.6 46.1 76.0 85.9 0.27 1.76 3.82 4.19

40 28.5 47.9 77.8 88.3 0.28 1.83 4.19 5.47

80 28.9 50.2 81.2 93.1 0.31 2.25 5.01 6.08

120 30.3 51.9 85.1 97.3 0.30 2.37 5.17 6.11

SEm± 1.1 1.0 1.5 2.2 0.01 0.05 0.13 0.14

LSD (P = 0.05) NS 3.0 4.5 6.4 NS 0.14 0.39 0.40

DAS = days after sowing; NS = Non signi�cant

3.2 Crop Growth Indices
Data about mean CGR, RGR, and NAR were presented in Table 3. The CGR, RGR, and NAR at 30–60 DAS were found
non-signi�cant due to the application of Si and P. Among P levels at 60–90 and 90–120 DAS the maximum CGR,
RGR, and NAR were obtained with 90 kg P2O5 ha− 1 and found statistically similar with 60 kg P2O5 ha− 1. The increase
in CGR, RGR, and NAR might be due to an increase in dry matter accumulation with the application of P which
created a favorable environment [50]. The higher values of growth parameters and yield of upland rice were recorded
during the �rst and second years of residual P applied in Ultisols [51]. The growth of the wheat crop was improved
signi�cantly owing to the residual effect of P applied in the low-humic Andosol of Japan [52]. Among Si levels at 60–
90 and 90–120 DAS higher CGR, RGR, and NAR were recorded with 120 kg Si ha− 1 and found statistically similar
with 80 kg Si ha− 1. The lowest CGR, RGR, and NAR were recorded under control treatment. An increase in CGR, RGR,
and NAR was attributed to the increased photosynthetic capacity of the leaves and higher dry matter accumulation
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with improved nutrition of the plants by Si application [34]. A higher crop growth rate was reported due to the residual
effect of Si application in wetland rice under hilly and coastal regions of South India [53].

Table 3
The residual effect of P and Si application on plant height and LAI of succeeding wheat crop (pooled data of 2 years)

Treatment CGR (g m− 2 day− 1) RGR (mg g− 1 day− 1) NAR (g m− 2 leaf area day− 1)

30–
60

DAS

60–
90

DAS

90–
120

DAS

30–
60

DAS

60–
90

DAS

90–120
DAS

30–
60

DAS

60–
90

DAS

90–120
DAS

Phosphorus levels (kg P2O5 ha− 1)

0 5.41 10.6 20.9 70.7 31.4 25.9 5.04 3.40 1.87

30 5.62 10.7 21.5 71.5 32.3 26.2 5.28 3.50 1.98

60 5.77 11.1 22.7 71.6 33.0 27.1 5.31 3.93 2.08

90 5.78 11.9 24.1 72.0 34.4 29.7 5.66 4.20 2.15

SEm± 0.14 0.3 0.6 0.8 0.7 0.9 0.30 0.16 0.09

LSD (P = 
0.05)

NS 0.8 1.7 NS 2.1 2.7 NS 0.45 0.25

Silicon levels (kg Si ha− 1)

0 5.48 10.6 21.5 70.7 31.8 25.8 4.96 3.34 1.79

40 5.70 10.9 21.4 71.5 32.3 26.2 5.25 3.41 1.97

80 5.83 11.0 22.5 71.6 32.8 27.4 5.52 4.03 2.11

120 5.74 11.8 23.9 72.0 34.2 29.5 5.57 4.25 2.21

SEm± 0.14 0.3 0.6 0.8 0.7 0.9 0.30 0.16 0.09

LSD (P = 
0.05)

NS 0.8 1.7 NS 2.1 2.7 NS 0.45 0.25

DAS = days after sowing; NS = Non signi�cant

3.3 Grain Yield
The grain yield of wheat was signi�cantly in�uenced due to the residual effect P and Si applied in the preceding rice
crop (Table 2). The residual effect of 120 kg Si and 90 kg P2O5 ha− 1 signi�cantly improved the grain yield of the

succeeding wheat crop by 24–45%. The higher grain yield was received with 90 kg P2O5 ha− 1 and found statistically

similar with 60 kg P2O5 ha− 1. The crop performed better under this treatment because residual P was released
gradually and continuously throughout the whole crop growth cycle. According to Rehman et al. [54], as compared to
other nutrients, plant recovery of applied P fertilizer is relatively poor, with just 10–20 percent of applied P fertilizer
accessible to the present crop and the remainder available to succeeding crops [51]. Phosphate fertilizers can have
long-term residual impacts on following crops, and the amount of soil P progressively rises as residues build,
contributing more to the P pool accessible to developing plants [55]. Among Si levels, maximum grain yield was
recorded with 120 kg Si ha− 1 and found statistically similar with 80 kg Si ha− 1. A strong positive linear relationship
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was observed between grain yield and Si application (R2 = 0.8430, P < 0.05, Fig. 3). This result was mainly justi�ed by
higher number of spike m− 2 and �lled grains spike− 1. The signi�cantly higher wheat grain yield was recorded due to
the residual effect of Si applied in rice crops [34]. The improvement in yield could be attributable to enhancement in
growth and yield attributes as a result of higher photosynthetic e�ciency following Si treatment, or it could be due to
an improvement in root growth and increased P availability as a result of Si application [36].

 

3.4 Soil Enzyme Activity

3.4.1 Dehydrogenase Activity (DHA)
The P and Si fertilization had tremendous impact on DHA at 60 DAS & harvest over the control (Table 4). The residual
effect of 120 kg Si and 90 kg P2O5 ha− 1 increased the dehydrogenase activity by 17.2% over control. With 60 kg P2O5

ha− 1, the highest soil DHA at 60 DAS (247.3 g TPF g− 1 day− 1) and harvest (116.8 g TPF g− 1 day− 1) were attained,
and 90 kg P2O5 ha− 1 was found to be equivalent. The increased availability of leftover P from the previous crop
created favorable habitat for soil-dwelling microorganisms [56]. When compared to 60 DAS, DHA levels in all
treatments decreased considerably after crop harvest. DHA levels may have dropped since wheat is nutrient-feeder-
crop, and numerous organic chemicals produced in the rhizosphere have decreased since wheat harvest. According
to Kumari et al. [57], treatment with a soil application of P increased DHA. The addition of P to soil may impact
microbial growth and enzyme activity, potentially resulting in a rise in biochemical process rates in the soil
environment. The maximum soil DHA at 60 DAS (249.2 g TPF g− 1 day− 1) and harvest (118.3 g TPF g− 1 day− 1) were
observed with 80 kg Si ha− 1, which was shown to be comparable to 120 kg Si ha− 1. In the control treatment of Si and
P, the lowest levels of soil DHA were obtained. The activity of dehydrogenase was considerably increased when K-
silicate was applied [58]. In the faba bean rhizosphere, fertilization of K-silicate promotes above and below ground
growth of the plant, leading to increased microbial biomass and, indirectly, improve the soil enzymatic activities [59–
60]. Furthermore, K-silicate may increase the availability of N which eventually improves soil enzyme activity [61–62].
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Table 4
Residual effect of P and Si application on soil enzyme activities of succeeding wheat crop (pooled data of 2 years)
Treatment DHA

(µg TPF g− 1 day− 

1)

MBC

(µg g− 1)

FDA

(µg Fluorescein g− 1 hr− 

1)

APA

(µg p-nitrophenol g− 1 h− 

1)

60
DAS

Harvest 60
DAS

Harvest 60 DAS Harvest 60 DAS Harvest

Phosphorus levels (kg P2O5 ha− 1)

0 199.9 98.5 163.5 143.1 2.91 1.20 50.9 21.3

30 217.7 107.5 179.0 162.6 3.03 1.42 57.8 23.8

60 247.3 116.8 223.8 191.7 3.28 1.61 69.2 36.8

90 235.2 112.1 214.7 180.3 3.23 1.54 73.8 39.9

SEm± 11.1 2.8 6.0 6.2 0.09 0.04 2.25 1.55

LSD (P = 
0.05)

32.0 8.2 17.3 17.8 0.25 0.11 6.49 4.47

Silicon levels (kg Si ha− 1)

0 201.0 96.9 163.5 131.2 2.85 1.35 54.7 24.4

40 215.3 105.3 177.8 140.9 3.05 1.39 59.0 25.3

80 249.2 118.3 226.6 209.5 3.31 1.55 66.7 36.0

120 234.7 114.5 213.0 196.1 3.25 1.49 71.2 36.2

SEm± 11.1 2.8 6.0 6.2 0.09 0.04 2.25 1.55

LSD (P = 
0.05)

32.0 8.2 17.3 17.8 0.25 0.11 6.49 4.47

DHA = dehydrogenase activity; MBC = microbial biomass carbon; FDA = �uorescein diacetate activity; APA = 
Alkaline phosphatase activity

3.4.2 Microbial Biomass Carbon (MBC)
Soil microbial biomass, a living component of soil organic matter, functions as a labile reservoir for plant-available N,
P, and S and acts as a transformation agent for both added and native organic matter [63]. The data about MBC
recorded at 60 DAS and at harvest also showed similar trends as observed in the case of soil DHA (Table 4). The
residual effect of 120 kg Si and 90 kg P2O5 ha− 1 increased the SMBC by 33.5% as compared to the control. The

maximum MBC was observed with 60 kg P2O5 ha− 1 at both stages and found statistically similar with 90 kg P2O5

ha− 1. The value of MBC decreased in all treatments after the crop was harvested, compared to 60 DAS, which might
be attributed to decreased root activity after harvest. The residual P enhanced the growth of crop and vegetation
subsequently resulted in increased soil organic matter (SOM) content. The soluble C compounds from SOM
consequently induced MBC [64]. Microbial biomass is a minor component of SOM, yet it is critical for nutrient cycling
and SOM stability [65]. In the case of Si fertilization highest MBC was recorded with 80 kg Si ha− 1 at both stages and
found statistically similar with 120 kg Si ha− 1. Control treatment of Si and P recorded the lowest values of MBC
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during both years. Das et al. [66] reported that application of Si fertilizer (steel slag) enhanced MBC and soil enzyme
activities of rice in Korea which might be due to improved growth of microbes and subsequently SOM resulted in
higher MBC.

3.4.3 Alkaline Phosphatase Activity (APA)
The residual effect of Si and P application accomplished in the previous crop showed signi�cant in�uence on APA at
60 DAS and harvest stages (Table 4). The residual effect of 120 kg Si and 90 kg P2O5 ha− 1 increased the APA by
37.5% over control. Soil APA was higher at 60 DAS and declined at harvesting. The maximum values of APA at 60
DAS and harvest were recorded with residual 90 kg P2O5 ha− 1 and found statistically similar with 60 kg P2O5 ha− 1.
Due to increased microbial populations in the rhizosphere and the excretion of plant root enzymes, Sarapatka et al.
[67] found that residual P enhanced APA in the rhizosphere. Phosphatases are secreted by plant roots and can cause
the hydrolysis of some organic phosphates [68]. The lowest values of APA were recorded with the control treatment.
Among Si levels, maximum APA at 60 DAS and at harvest was recorded with residual 120 kg Si ha− 1 and found at
par with 80 kg Si ha− 1. Applied Si, on the other hand, increased the activity of APA in soil, resulting in more plant-
available P via phosphorylation for improved rice plant growth and development, according to Guo et al. [69].
External application of Si may result in the greater synthesis of root exudates and enhanced microbial activity in the
rhizosphere zone, explaining the positive connection between Si and APA [70].

3.4.4 Fluorescein Diacetate Activity (FDA)
The data showed that FDA was signi�cantly in�uenced by levels of Si and P at 60 DAS and harvest (Table 4). The
residual effect of 120 kg Si and 90 kg P2O5 ha− 1 increased the FDA by 12.4% over control. FDA activity was higher at

60 DAs and declined at harvesting. The maximum value of FDA was recorded with 60 kg P2O5 ha− 1 at 60 DAS and at
harvest. The lower FDA was observed with control treatment. Kumawat et al. [71] recorded the highest values of FDA
with 100% recommended dose of P under maize-wheat cropping system in semi-arid agro-ecology of Northern India.
FDA was found to be greater in rhizospheric soil than in non-rhizospheric soil. This might be because microbial
communities in the rhizosphere have higher oxidative functional activity than bulk soil. According to Yang et al. [72],
this increased oxidative functional activity might be attributed to the higher carbon supplies in the rhizosphere soil,
which are thought to be the driving force for microbial activity and density. Among Si applications, maximum FDA at
60 DAS and harvest was obtained with residual 80 kg Si ha− 1 and found statistically similar with 120 kg Si ha− 1. The
lowest FDA was obtained with control treatment during both years. FDA was recorded at its maximum (2.96 g
�uorescein g− 1 h− 1) in soil treated with SiO2, according to Kukreti et al. [73]. Increased enzyme activity in treated soil
might be linked to an increase in the microbial population. The �ndings show that applying Si to soil might help
improve plant and soil health by increasing microbial population and enzyme activity.

3.5 N Concentration and Uptake
The N concentration and uptake both in grain and straw were signi�cantly in�uenced by residual Si and P. The
residual Si and P improved the N concentration in grain and straw by 13.2 and 32.3%, respectively, over control
(Table 5). The higher N concentration in grain (2.04%) and straw (0.65%) was recorded with residual 90 kg P2O5 ha− 1

and found statistically similar with 60 kg P2O5 ha− 1. A similar trend was also found with N uptake both in grain and

straw. The maximum N uptake by grain (125.6 kg ha− 1), straw (55.4 kg ha− 1), and total uptake (181 kg ha− 1) was
recorded with residual 90 kg P2O5 ha− 1 (Table 6). Residual P increased the growth of free-living bacteria which
secrete certain growth-promoting hormones such as IAA, GA, and cytokinin, responsible for promoting vegetative
growth and root development which eventually increased N uptake and concentration in wheat. Singh and Ahlawat
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[74] found that increasing rates of applied P in wheat up to 80 kg P2O5 ha− 1 resulted in a signi�cant increase in N

(159.8 kg ha− 1) uptake as compared to lower levels. Among Si applications, the maximum N concentration in grain
(2.07%) and straw (0.62%) was recorded with a residual 120 kg Si ha− 1. A similar trend was also found with N uptake
both in grain and straw. The maximum N uptake by grain (129 kg ha− 1), straw (52.2 kg ha− 1), and total uptake (181.1
kg ha− 1) was recorded with a residual 120 kg Si ha− 1. A strong positive linear relationship was observed between Si
and N uptake (R2 = 0.8611, P < 0.05, Fig. 4). Residual Si increased the N concentrations in the �ag leaves of white oat
[75]. This result can be a consequence of improved root growth and N uptake as reported by [76]. Higher NPK uptake
in grain was observed when faba bean were treated with K-silicate in Egypt [58].

Table 5
Residual effect of P and Si application on nutrient concentration and NHI of succeeding

wheat crop (Pooled data of 2 years)
Treatment Nutrient concentration (%)

N P K Si

Grain Straw Grain Straw Grain Straw Grain Straw

Phosphorus levels (kg P2O5 ha− 1)

0 1.83 0.47 0.33 0.15 0.35 1.25 0.91 1.35

30 1.86 0.55 0.42 0.17 0.47 1.35 1.06 1.56

60 2.03 0.57 0.47 0.20 0.52 1.60 1.21 1.75

90 2.04 0.65 0.49 0.20 0.57 1.62 1.21 1.83

SEm± 0.06 0.03 0.02 0.01 0.02 0.05 0.02 0.07

LSD (P = 0.05) 0.17 0.09 0.04 0.02 0.07 0.15 0.07 0.19

Silicon levels (kg Si ha− 1)

0 1.80 0.49 0.35 0.16 0.38 1.30 0.87 1.35

40 1.87 0.56 0.41 0.17 0.47 1.42 1.09 1.55

80 2.02 0.56 0.46 0.18 0.52 1.55 1.21 1.75

120 2.07 0.62 0.50 0.20 0.54 1.56 1.21 1.85

SEm± 0.06 0.03 0.02 0.01 0.02 0.05 0.02 0.07

LSD (P = 0.05) 0.17 0.09 0.04 0.02 0.07 0.15 0.07 0.19
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Table 6
Residual effect of P and Si application on nutrient uptake (Si, N, P and K) of succeeding wheat crop (Pooled data of 2

years)
Treatment N uptake

(kg ha− 1)

P uptake

(kg ha− 1)

K uptake

(kg ha− 1)

Si uptake

(kg ha− 1)

Grain Straw Total Grain Straw
Total

Grain Straw Total Grain Straw Total

Phosphorus levels (kg P2O5 ha− 1)

0 88.8 30.6 119.4 17.0 10.0 26.9 17.6 83.9 101.4 44.9 90.6 135.5

30 97.8 42.2 140.1 22.3 12.5 34.8 25.0 103.3 128.3 56.1 116.6 172.6

60 119.7 49.5 169.2 27.7 16.9 44.6 31.0 138.3 169.3 70.2 151.1 221.3

90 125.6 55.4 181.0 30.3 17.3 47.6 35.3 141.1 176.4 74.4 159.7 234.1

SEm± 5.5 2.4 5.4 1.3 0.6 1.3 1.8 4.7 5.6 1.9 5.9 6.4

LSD (P = 
0.05)

15.9 6.9 15.7 3.7 1.7 3.8 5.2 13.7 16.2 5.4 17.1 18.6

Silicon levels (kg Si ha− 1)

0 75.5 34.1 109.6 15.2 11.3 26.5 16.6 91.2 107.8 36.9 93.5 130.4

40 102.4 44.2 146.5 22.8 13.7 36.5 26.5 114.4 140.8 60.0 123.5 183.5

80 125.2 47.2 172.4 28.2 15.3 43.6 32.0 128.8 160.8 73.9 145.5 219.4

120 128.9 52.2 181.1 31.0 16.4 47.4 33.8 132.1 165.9 74.8 155.5 230.3

SEm± 5.5 2.4 5.4 1.3 0.6 1.3 1.8 4.7 5.6 1.9 5.9 6.4

LSD (P = 
0.05)

15.9 6.9 15.7 3.7 1.7 3.8 5.2 13.7 16.2 5.4 17.1 18.6

DAS = days after sowing; NS = Non signi�cant

 

3.6 P Concentration and Uptake
P concentration and uptake by wheat were presented in Table 4. Residual Si and P signi�cantly improved the grain
and straw content of P by 45 and 29%, respectively, over control (Table 5). The maximum concentration of P in grain
(0.49%) and straw (0.20%) was recorded with residual 90 kg P2O5 ha− 1 and found at par with 60 kg P2O5 ha− 1. P

uptake by wheat grain and straw has also shown a similar pattern. The maximum P uptake in grain (30.3 kg ha− 1),
straw (17.3 kg ha− 1), and total uptake (47.6 kg ha− 1) were recorded with residual 90 kg P2O5 ha− 1 (Table 6). It might
be due to the residual effect of P applied in rice which might gradually contribute to wheat. Mehdi et al. [77] observed
an increase of P concentration in grain, straw, and their uptake in the wheat crop in all the P treatments except
control. Rice plants responded to P fertilizer applied at the start of the trial, according to [52]. Rice dry matter and P
uptake were higher in NPK soil than in NK soil, in contrast to wheat. This suggests that the residual P fertilizer in the
soil was absorbed by the rice. Among Si applications, maximum P content in grain (0.50%) and straw (0.20 %) were
obtained with 120 kg Si ha− 1. However, this treatment was found at par with 80 kg Si ha− 1. A similar trend was
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obtained with P uptake in grain, straw, and total uptake. The maximum P uptake by grain (31 kg ha− 1), straw (16.4 kg
ha− 1), and total uptake (47.4 kg ha− 1) was recorded with a residual 120 kg Si ha− 1. A strong positive linear
relationship was observed between Si and P uptake (R2 = 0.9031, P < 0.05, Fig. 4). It could be owing to increased root
development and soil P availability with Si application decreased soil P-retention capacity, and higher P solubility, all
of which lead to increased phosphatic fertilizer e�ciency [78]. P uptake is affected by silicon application; higher
yields are more likely to be associated with lower manganese (Mn) toxicity, especially when the P/Mn and P/Fe ratios
rise with increasing Si application [79].

3.7 K Concentration and Uptake
The K concentration and uptake both in grain and straw and total uptake by wheat crop were signi�cantly affected
by residual Si and P. Residual Si and P signi�cantly improved the grain and straw content of K by 56 and 24.8%,
respectively, over control. The maximum K concentration in grain (0.57%) and straw (1.62%) were obtained with 90
kg P2O5 ha− 1 (Table 5). A similar trend was also followed in the case of K uptake both in grain and straw and total

uptake. K uptake in grain (35.3 kg ha− 1), straw (141.1 kg ha− 1), and total uptake (176.4 kg ha− 1) were recorded with
residual 90 kg P2O5 ha− 1 (Table 6). However, this treatment was found at par with 60 kg P2O5 ha− 1. When compared

to other P levels, Sharma et al. [80] found that applying 60 kg P2O5 ha− 1 boosted K uptake considerably in wheat.
They claimed that enhanced soil K availability could be related to organic acids generated from solubilizing K from K-
bearing minerals, which could have improved K concentration and uptake in plants. With respect to Si levels, higher K
concentration in grain (0.54%) and straw (1.56%) were recorded with 120 kg Si ha− 1. This treatment was found at par
with 80 kg Si ha− 1. A similar trend was obtained with K uptake and total uptake. The maximum K uptake by grain
(33.8 kg ha− 1), straw (132.1 kg ha− 1), and total uptake (165.9 kg ha− 1) of K was recorded with a residual 120 kg Si
ha− 1. A strong positive linear relationship was observed between Si and P uptake (R2 = 0.8754, P < 0.05, Fig. 4). Pati
et al. [6] found that Si treatment had a favorable effect on rice K concentration and absorption. This has been
connected to cell wall silici�cation. The increase in absorption was mostly attributable to an increase in grain and
straw concentration as well as increased yield. According to Chanchareonsook et al. [81], using NPK fertilizer in
combination with Si considerably enhanced rice total N, P, and K uptake. According to Singh et al. [25], applying Si to
rice boosted K uptake.

3.8 Si Concentration and Uptake
Si concentration and uptake were signi�cantly in�uenced by residual Si and P. Residual Si and P signi�cantly
improved the grain and straw content of K by 35.5 and 36.2%, respectively, over control. Among P applications, the
maximum value of Si concentration in grain (1.21%) and straw (1.83 %) was received with 90 kg P2O5 ha− 1 (Table 5).
A similar trend was also obtained with Si uptake in grain and straw and the total uptake. Si uptake in grain (74.4 kg
ha− 1), straw (159.7 kg ha− 1), and total uptake (234.1 kg ha− 1) were recorded with residual 90 kg P2O5 ha− 1 (Table 6).
The amount of silicon in the stem sheath, water-soluble silicon in the soil, soil phosphatase activity, and available P
in the soil were all in�uenced by P fertilizer. This could be owing to the synergistic effects of P and Si fertilizers,
which had a signi�cant impact on the Si and total P concentrations in the stem sheath. Previously, similar �ndings
relating Si content in various plant sections were also documented [82]. Among the residual Si, the highest Si
concentration in grain (1.21%) and Straw (1.85%) was recorded with 120 kg Si ha− 1. However, this treatment was
found at par with a residual 80 kg Si ha− 1. A similar trend was also recorded with Si uptake in grain & straw and the
total uptake. Si uptake in grain (74.8 kg ha− 1), straw (155.5 kg ha− 1), and total uptake (203.3 kg ha− 1) were recorded
with a residual 120 kg Si ha− 1. The biomass Si content measured at tillering ranged from 1.28 to 1.48 per cent,
according to [83]. The Si content of biomass ranged from 0.93 to 1.21 percent at harvest. From tillering until harvest,
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the Si content of biomass declined steadily, owing to the “dilution effect” as plant growth increased, as well as Si
translocation to the grain. Pooja et al. [14] also reported enhanced NPK and Si content at harvest in grain and straw
and nutrient uptake by the wheat crop in Si applied treatments over control. This enhanced Si uptake could be
attributed to an increase in Si supply, which boosted Si availability to the root system [84–85], allowing the plant to
absorb more Si from the soil [28]. The amount of Si applied and Si uptake in above-ground biomass had a strong
positive linear relationship (P 0.05, R2 = 0.8471, Fig. 5).

3.9 PCA and Correlation Study
In the present study, PCA comprises two principal components (PC1 and PC2) which explain ~ 15 and 55% of the
total variation for nutrient uptake, enzyme activities, growth, and yield, respectively with various treatment
combinations (Fig. 6). The correlation range of 1 to -1 was represented by an angle of 0 or 180°, respectively. The
PCA biplot can be explained by the positioning of the treatment group and group of measures attributes. The
superimposition of the individual plot for treatments on variable plots showed that 60 and 90 kg P2O5 with
increasing use of Si improved nutrient uptake, soil enzymes such as FDA and APA along with greater growth and
yield of aerobic rice. The correlation study among different variables explained that other than DHA and MBC
interaction among plant height, LAI and NAR showed a positive correlation (Fig. 7). Similarly, grain yield was
positively correlated with growth, enzymes (except DHA and MBC), and nutrient uptake at p ≤ 0.01.

4 Conclusions
In this study, the residual effect of Si and P was assessed in the succeeding wheat crop. The results showed that the
residual Si and P both have a signi�cant impact on wheat crop in terms of growth, yield, SMBC, and soil enzyme
activity. The residual effect of 120 kg Si and 90 kg P2O5 ha− 1 signi�cantly improved grain yield, SMBC, DHA, FDA,
and AKA by 24–45%, 17.2, 33.5, 12.4, and 37.5%, respectively over control. Further, the results indicated a direct
correlation between Si and N, P, and K suggesting improving nutrient uptake and increased productivity with the
application of Si. However, the residual effect of Si and P on the next crop requires further investigation in the future
particularly at physiological and biochemical levels under diverse agro-climatic and edaphic conditions to
comprehensively understand their role in improving crop yield and other parameters.
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Figure 1

Weather parameters during crop season (2015–16)

Figure 2
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Weather parameters during crop season (2016–17)

Figure 3

Linear regression between Si application and grain yield of wheat crop

Figure 4

Linear regression between Si uptake and N, P, K uptake of wheat
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Figure 5

Linear regression between Si applications on Si uptake of wheat
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Figure 6

Ordination diagram of principal component analysis showing the residual effects of Si and P on grain yield nutrient
uptake and soil enzymatic activity. The small angle between vectors (arrow) and higher length represent greater
correlation between the variable; P0 = no P2O5; P1 = 30 kg P2O5 ha−1; P2 = 60 kg P2O5 ha−1; P3 = 90 kg P2O5
ha−1; S0 = no Si; S1 = 40 kg Si ha−1; S2 = 80 kg Si ha−1; S3 = 120 Si ha−1
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Figure 7

Correlation matrix among different variables the blue colour corresponds to (+) positive interaction and red color
correspond to (−) negative interaction and white correspond to neutral interaction between variables. Signi�cance
codes: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.00.


