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Abstract: Peanut (Arachis hypogaea L.), being an energy-rich crop, is sensitive to nutrient deficiencies
and a scavenger of nutrients from the soil. Optimum and integrated nutrient management (INM)
improves productivity and the quality of seeds. The objective of this study was to identify suitable
system-based INM (S5-INM) options for peanut-wheat cropping sequence in the Saurashtra region
of India. Results showed that peanut growth, yield attributing parameters, pod, and haulm yield,
and NPK uptake were higher when 100% recommended fertilizer doses (RDFs) + farmyard manure
(FYM) @5 t/ha + plant growth-promoting rhizobacteria (PGPR) were applied. However, application
of 75% RDFs + FYM @5 t/ha + PGPR in peanut and 100% RDF in wheat was most effective to
improve growth and yield attributes, yields and nutrient uptake by wheat. Further, this FYM- and
PGPR-amended treatment was found to increase system productivity by 15.3 and 17.1%, system
profitability by 17.0 and 22.6%, and net energy gain by 10.0 and 17.9% over the reference treatment
and over farmers’ practice (FF), respectively. This sustainable system approach will be helpful for
agronomists and farmers in identifying and practicing suitable field practices with further study on
the residual effect of organic manures on the peanut-wheat based cropping system in the western
region of India with light black soils.

Keywords: ex-situ green manure; peanut; PGPR-plant growth promoting rhizobacteria; system-based
INM; wheat; FYM-farm-yard manure

1. Introduction

Peanut (Arachis hypogaea L.) is one of the most important oilseed crops in India with a
total annual production of 9.9 million tonnes from 4.8 M ha area [1]. It is a major oilseed
crop accounting for ~18% of the area and ~30% of the production of oilseeds in India.
However, the current average yield level of peanut in the country is very low (2063 kg ha™1)
as compared to 4335 kg ha~! in USA and 3671 kg ha~! in China [2]. Poor crop nutrition is
among the major factors responsible for the low yield of peanut in India. Peanut is an oil-
and protein-rich energy crop, but is cultivated on marginal soils with low fertility status
and predominantly under rainfed conditions (~80% area). Being an energy-rich crop, it is
sensitive to nutrient deficiencies, especially nitrogen, sulphur, and micronutrients such as
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iron and manganese [3]. Peanut performs better in terms of yield and quality when grown
under optimum nutrient management conditions [4]. It has huge nutrient requirements,
thus removing a fairly large amount of nutrients from the soil and it therefore depletes the
fertility of the soil unless it is replenished adequately [5].

Indiscriminate use and sole dependence on chemical fertilizers in intensive agriculture
leads to instability in crop yields and deteriorates soil health, thus causing threats to the
environment [6,7]. Although chemical fertilizers have played important roles in achieving
food security in the country, their overuse is causing numerous serious challenges such
as soil health degradation, pollution of water bodies and emissions of greenhouse gases,
etc. Synthetic fertilizers are becoming hazardous not only to the environment but also to
humans, animals, and soil microbial life [8,9]. Hence, for the long-term sustainability of
production systems, optimization of crop nutrition through integrated use of all available
nutrient sources is essential [10,11]. Integrated nutrient management (INM) involves the
conjunctive use of chemical fertilizers, organic manures, and biofertilizers, and has assumed
greater importance due to decreasing soil health and reduced factor productivity across
the production systems [12]. Hence, INM practice is perceived as a feasible option to
restore soil health and obtain sustained higher crop yields in these systems. INM is the
approach of using sufficient quantities of organic and inorganic fertilizers in combination
with specific microorganisms to make a balanced supply of nutrients and is most effective
for sustaining higher yields with the least depletion of native soil fertility and causing
minimum environmental pollution [13]. Organic manures such as farmyard manure (FYM),
besides supplying plant nutrients, have positive effects in maintaining the soil properties
such as moderating soil pH, increasing the water-holding capacity and infiltration rate,
and improving soil flora and fauna [14]. Organic manures not only benefit the target
crop but also have a pronounced residual effect on the subsequent crops [15]. However,
availability of commonly used organic manure in the country, i.e., FYM, has been declining
because of the higher demand in intensified cropping systems and a decreasing cattle
population [10]. Hence, the option of ex-situ green manuring (GM), by growing crops such
as Sesbania aculeata in less fertile soils [16], may be explored. This will not only improve
the nutrient status of such low-fertility soils but will also provide biomass for the ex-situ
GM of soils under intensive cultivation. Plant-growth promoting rhizobacteria (PGPRs)
are consortia of microorganisms that have multiple plant-growth promoting attributes
such as ACC deaminase, phosphate solubilization, production of siderophore, antifungal
metabolites, hormones, and ammonification traits [17]. Besides, these PGPR isolates also
exhibit the solubilization of Zn and potassium (K), and have antifungal activities against
major soil-borne fungal pathogens such as Sclerotium rolfsii and Aspergillus niger [18].

Peanut-wheat is an important cropping system followed in many parts of India [19].
Both peanut and wheat being high nutrient-requirement crops, adequate nutrition is im-
portant to obtain high yields and returns from the system on a sustainable basis. The type
of preceding crop and its nutrient management have significant influence on growth and
development, and the yield of succeeding peanut [3]. It is being increasingly realized that
when crops are grown in the system, the nutrient requirement of the cropping system is
more important than that of the individual crop [20]. This highlights the importance of
developing system-based integrated nutrient management (S-INM) rather than focusing on
single-crop nutrition in the system to obtain sustained higher yield, returns and nutrient-use
efficiency in the peanut-based sequential systems. Analysis of energy input—-output is an
important indicator of the efficiency and environmental footprints of different nutrient com-
binations, management practices, tillage systems, etc., used for different crop production
systems [21,22]. Cultivation of a peanut-wheat cropping system is energy-intensive due to
the usage of fertilizers and pesticides, a high seed rate, a higher number of irrigations in the
wheat crop, excessive tillage and interculture operations, a higher labor need for harvesting
and threshing especially in peanut, etc. Therefore, energy use efficiency and agricultural
practices affecting the surrounding environment need to be carefully considered [23].
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Thus, S-INM appears to be an appropriate approach to achieve higher productivity,
profitability and nutrient use efficiency on a long-term basis. S-INM ensures the plant
nutrient supply through the optimization of a nutrient supply from all possible sources
of plant nutrients in an integrated manner to achieve as well as sustain the desired crop
productivity while maintaining soil fertility [24]. However, little information is available
especially on an S-INM strategy in a peanut-wheat cropping sequence. Hence, the present
study was carried out to identify suitable S-INM options for a peanut-wheat cropping
sequence in the Saurashtra region of India. We hypothesized that S-INM would improve
productivity, profitability, and resource use efficiency in the peanut-wheat system through
a higher and sustained nutrient supply and improved soil health and fertility. Hence, the
treatments were designed to study the effect of FYM, GM and PGPR, in conjunction with
chemical fertilizers in a peanut-wheat system and identify the suitable S-INM options.

2. Materials and Methods
2.1. Site Description

A field experiment was carried out at the Research Farm of the ICAR-Directorate of
Groundnut Research, Junagadh, Gujarat, India, during 2014-15 to 2016-17. The site is
located at 60 m above the mean sea level with 70°28’ E longitude and 21°28' N latitude.
During the study period, the mean maximum and minimum temperature were 37.1, 37.3
and 36.6 °C, and 20.5, 22.8 and 21.4 °C during the peanut-growing season in 2014, 2015, and
2016, respectively, and 34.3, 35.0 and 34.3 °C and 10.2, 12.5 and 11.9 °C during the wheat-
growing season in 2014-15, 2015-16, and 2016-17, respectively. The detailed information
on the meteorological parameters of growing periods during the study seasons is given in
Figure la—c.

The soil of the experimental site was Typic Haplustepts with 35%, 14% and 51% sand,
silt, and clay, respectively. The soil was highly calcareous (24.5% CaCQ3) in nature with pH
of 7.8 and EC of 0.20 dS/m. The soil was low in organic carbon (5.7 g kg ') and medium in
available N (252 kg ha=!), P,Os (12.2 kg ha~!) and K,O (305 kg ha™!).
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Figure 1. (a—c) Weather information during 2014-15, 2015-16, and 2016-17. RH = relative humidity,
Max T = maximum temperature, Min T = minimum temperature, Mean T = mean temperature,
EVP = evaporation, BSS = bright sunshine.

2.2. Experimental Design and Crop Management

A total of 12 treatments were tested in randomized block design and replicated thrice.
The treatment details are given in Table 1. The 100% recommended dose of fertilizers (RDF)
in peanut and wheat was 25-50-30 and 120-60-60 kg ha~! of N, P,Os and K,O, respectively.
No nutrients were applied in the treatment “control”. In the treatment, “farmers’ practice”
100 kg ha—! of DAP (diammonium phosphate) was applied in the soil at the time of sowing
in both the crops. The gross plot size was 5.0 x 4.2 m? and plots were separated by a
1.0 m wide space with bunds on four sides of the plots. The field was made suitable
for the sowing of peanut by running a cultivator twice followed by blade harrowing
once and the opening of furrows with a tractor at 30 cm spacing. A seed rate of about
140 kg ha~! was used for sowing at 30 x 10 cm spacing. FYM (25% moisture) having 0.5,
0.3 and 0.6% N, P,0Os, KO, respectively, was spread uniformly and incorporated in the soil
before sowing as per the treatments. A whole quantity of nutrients (N, P,Os and K,O), as
per the treatments, was applied just before the sowing of peanut. In treatments involving
biofertilizers, PGPR containing Pseudomonas gessardii (BHU1 strain) @5 kg ha~! was applied
in the soil in furrows at the time of sowing, while Rhizobium @5 g kg~! seed was applied
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through seed treatment in all the treatments. All the cultures were obtained from the
Division of Microbiology, ICAR-DGR, Junagadh. Cultures were maintained at4 °Cin a
charcoal carrier until the time of seed treatment. Sesbania aculeata, grown for 45 days during
the summer season on wasteland, was harvested, and applied in relevant plots as per the
treatments. Peanut was sown manually in furrows opened at 30 cm spacing with tractor
on the 30, 22, and 20 June and the crop was harvested on the 27, 5, 20 October in 2014,
2015, and 2016, respectively. One or two protective irrigations (check-basin method) were
applied, when needed, during deficit rains. Weeds were controlled by the pre-emergence
spray of pendimethalin (1.0 kg a.i. ha~') in conjunction with manual weeding at 25 and
45 days after sowing (DAS).

Table 1. Description of treatment number with abbreviations and their details used in peanut and
wheat crops.

Treatment Numbers with

A Nutrients Used in Peanut Nutrients Used in Wheat
Abbreviations
T1; Cont. No fertilizer No Fertilizer
T2; PsorpE + W100RDFE 50% RDF 100% RDF
T3; P7srpr + W7sRDE 75% RDF 75% RDF
T4; P1oorDE + W100RDE 100% RDF 100% RDF
T5; P75RDF+5tFYM + W75RDF 75% RDF + 5 t/ha FYM 75% RDF
T6; PzsrpE+2.5trym + W100RDF 75% RDF + 2.5 t/ha FYM 100% RDF
T7; P75RDE+2.5t ex situ GM + W75RDE 75% RDF + 2.5 t/ha GM 75% RDF
T8; P5orDF+5t ex situ GM + W100RDF 50% RDF + 5 t/ha GM 100% RDF
T9; P19orDE+PGPR + W100RDE+Azot. 100% RDF + PGPR 100% RDF + Azotobacter
T10; P19oRDF+5tFYM+PGPR + W75RDF 100% RDF + 5 t/ha FYM + PGPR 75% RDF
T11; P75RDF+5tFYM+PGPR + WlOORDF 75% RDF + 5 t/ha FYM + PGPR 100% RDF
T12; FF 100 kg ha—! DAP 100 kg ha—! DAP

RDF = Recommended dose of fertilizer; FYM = Farmyard manure; GM = Green manure; PGPR = Plant growth
promoting rhizobacteria; DAP = Di-ammonium phosphate.

Wheat was sown in the post-rainy season succeeding the peanut crop. After the
harvest of peanut, the field was prepared for the sowing of wheat by running a cultivator
twice followed by blade harrowing and levelling. Furrows were opened at 22.5 cm spacing
with a tractor and a seed rate of 100 kg ha~—! was used for wheat sowing. As per the
treatments, half of the N and a full dose of P,O5 and K,O were applied manually in the
furrows at the time of sowing, while the remaining half of N was top dressed in two equal
splits at 25 and 45 DAS. Sowing was done manually on the 12, 26 and 22 November, and the
crop was harvested on the 24 February, 2 March and 29 February in 2014-15, 2015-16 and
2016-17, respectively. In treatments having biofertilizers, wheat seeds were treated with
Azotobacter @ 6 g kg~ ! of seed and dried in the shade. A total of 1011 irrigations, applied
with the check-basin method, were required for raising the wheat crop as the water-holding
capacity of the soil in the region is low. Pre-emergence application of pendimethalin
(1.0 kg a.i. ha™!) and hand weeding at 25 and 45 DAS were used for effectively controlling
the weeds.

2.3. Measurements of Yield and Growth and Yield Parameters

Peanut was harvested from a net plot area of 3.0 x 4.0 m? at maturity and sun-dried
for 4-5 days. Pods were weighed after drying to 10% moisture. Five plants were randomly
selected in each plot before harvesting and values were averaged to obtain plant height
(cm). The leaf area of five plants in each plot was measured at 45 DAS using a portable leaf
area meter (Model CI-202, CID Bio Science, Inc., Camas, WA, USA). The leaf area (cm?) was
divided by the ground area (cm?) of five plants to obtain a leaf area index (LAI). Mature
pods from five random plants plot ! were taken at maturity and averaged to obtain mature
pods plant~!. Oven drying of mature pods w at 60 °C for 72 h was done to obtain a 10%
moisture level and weighed and averaged to obtain the dry weight of mature pods plant .
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PPEY (kg ha’l> = {Pod yield of peanut (kg ha’l) } + {wheat grain yield (kg hafl) } X

A total of 100 random kernels were selected and weighed to obtain the 100 kernel weight
(g). Shelling percentage was calculated using the following formula [25]:

Seed weight per plot o

Shelling (%) = 5 weight per plot

100

In wheat, produce from a 5 x 3.3 m~2 net plot area was harvested and dried in the
sun for 4-5 days. Grains were threshed manually and weighed with moisture adjusted
to 12% [26]. The plant height was measured of five random plants. Five random plants
were cut just above the ground level at 60 DAS and oven-dried at 60 °C for 72 h, weighed
and then averaged to obtain dry matter plant~! (g). All the plants of the wheat from a
one-meter row-length were counted for total and effective tillers at harvest. The soil plant
analysis development (SPAD) value, indicative of plant nitrogen status, was measured from
the middle of the second top leaf at 45 DAS using a SPAD chlorophyll meter (Minolta Corp.,
Osaka, Japan). The ear length (cm) and spikelet plant~! were measured on five random
plants. The test weight (g) was measured by weighing 1000 random seeds. The haulm yield
of peanut and straw yield of wheat were weighed after adjusting to 14% moisture on an
oven-dry weight basis; a representative sample of 1.0 kg from each plot was oven-dried at
60 °C for 72 h.

Peanut pod equivalent yield (PPEY) was calculated using the following formula [27]:

{Price of wheat grain (INR kg71> }

{Price of peanut pod (INR kgfl) }

2.4. Economic Analysis

To work out the economics of production, different variable costs were considered.
The variable costs included expenditure incurred on inputs such as seed, fertilizers, FYM,
ex-situ GM, pesticides, etc., and field operations such as field preparation, application
of FYM and ex-situ GM, sowing, irrigation, weeding and interculturing, application of
fertilizer and pesticides, harvesting, stripping/threshing and other miscellaneous expenses
incurred on the production of peanut and wheat calculated on the 2016-17 basis. The gross
returns included price of pods and haulm in case of peanut and grain and straw in case
of wheat at the minimum support price of 2016-17. All the parameters such as cost of
cultivation, net returns, gross returns, etc., were calculated on a pooled basis.

The net returns from individual crops were calculated by subtracting the cost of
cultivation from gross returns on a per hectare basis.

Net returns (INR ha_l) = Gross returns (INR ha_1> — Cost of cultivation (INR ha_l)

System net returns were arrived at by adding net returns from both peanut and wheat,
while the benefit: cost ratio (BCR) was calculated by dividing gross returns by the cost of
cultivation.

2.5. Net Energy and Energy Use Efficiency

In the peanut-wheat cropping system, energy balances were assessed by estimating
energy inputs and energy outputs. The energy inputs included manual work, fuel, ma-
chinery, electricity, irrigation, seed, chemical fertilizers, FYM, ex-situ GM, biofertilizers and
herbicides. Energy output is in terms of the harvested product (pods, grain, haulm and
straw). Energy for all treatment combinations was calculated by multiplying the amount of
input by the corresponding energy equivalents, which were taken from literature and are
given in Table 2. Similarly, to obtain energy output from the product (pods, grain, haulm
and straw), the quantity of produce was multiplied by its energy equivalent. The energy
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use indices were calculated as per the procedures given by Devasenapathy et al. (2009) and
Mittal and Dhawan (1988) [28,29].

Net energy = Energy output (M] ha_1> — Energy input (M] ha_l)

Energy output (M] hafl)
Energy use efficiency =

Energy input (M] ha_l)

Table 2. Energy equivalents of inputs and outputs used in agricultural operations and production in
the study.

S. No. Particulars Units Equivalent Energy (M])
Inputs
1. Human labour
Man Man-hour 1.96
Woman Woman-hour 1.57
2. Electric motor kg 64.8
3. Electricity KWh 11.93
4. Farm machinery kg 62.7
4. Diesel fuel L 56.30
5. Irrigation water m3 1.02
6. Chemical fertilizers
a. N kg 60.60
b. Pz 05 kg 11.10
c. K,O kg 6.70
7. Superior chemical kg 120
8. FYM kg (dry mass) 0.3
9. Biofertilizers kg 10.0
10. Green manuring kg (dry mass) 18.0
11. Seed of crops
Peanut kg 25
Wheat kg 14.7
Outputs
Grain (wheat) kg 14.7
Pod (peanut) kg 25
Straw (wheat) kg 12.5
Haulm (peanut) kg 10

References: [28,29].

2.6. Plant Nutrient Uptake

The N, P and K uptake by peanut and wheat were estimated by multiplying the
nutrient content in the economic produce (pod/grain) and fodder (haulm/straw) by the
yield (kg ha~!) of the respective economic produce (pod/grain) and fodder (haulm/straw).
Nutrient uptake by individual crop included uptake by economic produce and fodder.
System uptake for a particular nutrient was calculated by adding the uptake by peanut
and wheat. Estimation of nitrogen was carried out by the procedure given by Subbiah and
Asija (1956) [30], phosphorus by Koening and Johnson (1942) [31], and potassium by Kalra
(1997) [32].

N/P/K uptake (kg ha™') = N/P/K (%) x yield (kg ha')/100

2.7. Soil Available N, P;O5 and K, O and Soil Organic Carbon (SOC)

For the estimation of available N, P,O5 and KO and soil organic carbon percentage
(SOCQ), soil samples were collected from a 0-15 cm depth after harvest of the wheat in the
third year of the experimentation. The soil samples were sun-dried, ground and passed
through a 0.2 mm sieve. Available N was estimated following Subbiah and Asija (1956) [30],
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available P,Os as per Olsen et al. (1954) [33] and available K,O as per Hanway and Heidal
(1952) [34].

A modified Walkley and Black (1934) [35] method was used for the determination of
SOC. One gram of soil sample was taken, to which 10 mL of 1N K,Cr,O7 and 20 mL of conc.
H,SO4 was added. After 30 min, 10 mL of 70% H3PO, together with 10 mL of 2% NaF and
2 mL of diphenylamine was added. An amount of 0.5 N Ferrous ammonium sulphate was
used for titration of the samples. A blank sample without soil was run concurrently.

Soil organic carbon% = (10/blank) x (blank reading) x (0.003 x 100/ (weight of soil))

2.8. Soil Enzymatic Activities

Moist soil samples were taken from a 0-15 cm depth at 30 DAS of peanut during the
third year of the experimentation to estimate the enzymatic activities in the soil. Samples
were passed through a 2-mm sieve for assaying enzymatic activities. Protocol developed by
Tabatabai (1994) [36] was used for the estimation of dehydrogenase activity. One gram of a
moist soil sample with 0.2 mL of 3% TTC and 0.5 mL of 1.0% glucose was used. After 24 h
incubation at 35 °C, 10 mL of methanol were added and centrifuged to take the supernatant.
The red color of the TPF was determined at 485 nm and expressed as pg Triphenylformazon
g 1 s0il 24 h~!. Acid and alkaline phosphatase activity was measured using the modified
protocol suggested by Schinner et al. (1996) [37]. To one gram of soil, 4 mL of 0.25%
p-nitrophenyl phosphate in acetate buffer for acid phosphatase (pH 5.4) or borax-NaOH
buffer for alkaline phosphatase (pH 9.4) was added. After incubation at 37 °C for 1 h, the
suspension was filtered through Whatman No. 42; thereafter, 1 mL of CaCl, followed by
4 mL of NaOH was added. A reading was taken on an UV /Visible spectrophotometer
at 420 nm. For determining the non-enzymatic yellowing of the solution, controls were
additionally conducted on the soil samples. Results were expressed as pg p-nitrophenol
g lsoilh~ L.

2.9. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using the general linear model
procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, USA). The year component in the model
has variance homogeneity; hence, a pooled analysis was carried out over years for growth
and yield parameters, yield of peanut and wheat, economics and energy parameters, and
nutrient uptake data for three seasons. However, shoot dry matter data were subjected to
repeated measures. Hence, the repeated statement in the GLM, which provides automatic
computation and analyzes several common choices of contrast variables, of SAS 9.4 (SAS
Institute Inc., Cary, NC, USA), was used. The main effect of the year on response vari-
able was not significant; interaction between year and treatment was also not significant.
Treatment means were separated using the least significant difference p < 0.05 as given by
Gomez and Gomez (1984) [38].

3. Results
3.1. Peanut

The data pooled over three years indicated that S-INM practices significantly affected
growth parameters viz., plant height, LAI, shoot dry matter; yield-attributing parameters
viz., mature pods plant~! and their dry weight, 100 kernel weight, shelling percentage;
and yield of peanut. The highest plant height (32.5 cm) was observed with T10 treatment
i.e., application of 100% RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF in wheat,
which was found to be significantly higher than the rest of the treatments except for T5,
T8 and T11 (Table 3). The shoot dry weight of peanut at all the growth stages (i.e., at 30,
60 and 90 DAS, and harvesting) was also highest with T10 treatment (4.2, 8.7, 10.1 and
12.4 g plant ™!, respectively), which was found to be significantly higher than the rest of
the treatments except for T5, T9 and T11 at 30 and 90 DAS, and T11 at harvest of the crop
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(Figure 2). LAI at 45 DAS was highest with T 10 (3.4) and was found to be statistically
equivalent to T11.

Table 3. Effect of nutrient management practices on growth and yield attributes of peanut (pooled
value of three years).

Mature Pods Dry Weight of

Treatments Pgnt He:%ht )a t LAI at 45 DAS Plant~1 at Mature Pods 100 Ker1(1e)l Weight PShelhtng
arvest (cm Harvest Plant—l (g) g ercen age
T1 28.0E 1.6E 11.7P 109 E 35.0F 62.3€
T2 29.0 PE 1.8E 142°€ 11.7D 37.5 ABCD 63.1 BC
T3 29.6 DE 25D 14.2¢€ 12.4¢€ 37.5 ABCD 62.6 €
T4 30.5 <P 2.6CD 15.2€ 1298 36.1 CPE 62.1€
T5 31.4 ABC 27D 17.3 B 1404 3834 66.1 4
T6 30.6 BCD 26€D 17.2B 1394 37.7 ABC 65.7 &
T7 30.1 <P 25D 145€ 12.8 BC 36.9 ABCD 64.7 AB
T8 31.7 ABC 25D 145€ 1424 38.1 AB 64.6 AB
T9 30.6 BCD 2.9BC 17.3B 13.1 BC 36.5 BCDE 63.6 8
T10 3254 3.14B 18.8 4 1454 3844 65.4 A
T11 32.2 AB 344 18.4 AB 1444 3824 6554
T12 29.8 D 1.7E 14.0€ 11.4 DE 35.9 DE 63.5 BC
Treatment means followed by superscripted different letters are significantly different at p < 0.05.
E30DAS E60DAS m90DAS M Harvest
14
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12
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Different system based integrated nutrient management practices

Figure 2. Effect of nutrient management practices on shoot dry matter plant~! of peanut. Vertical
lines above bars represent p < 0.05 values, while bars marked with different letters at particular
growth stages indicate significant differences between treatment means.

Similarly, the addition of 100% RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF
in wheat (T10) resulted in (p < 0.05) highest mature pods plant~! (18.8), and their dry
weight (14.5 g), and 100 kernel weight (38.4 g); however, the shelling percentage (65.5) was
observed to be highest with T6 treatment (75% RDEF + 2.5 t/ha FYM in peanut and 100%
RDF in wheat) among all the S-INM practices (Table 3). The treatments T10 and T11 were
found at par for mature pods; treatments T5, T6, T8 and T11 for the dry weight of mature
pods; treatments T2, T3, T5, T6, T7, T8 and T11 for a 100 kernel weight; and treatment T5,
T6, T7, T8, T10 and T11 for shelling percentage. The pod (3706 kg ha—!) and haulm yield
(3813 kg ha~!) of peanut obtained by application of treatment T10 was found (p < 0.05)
highest over all the treatments except for treatment T5, T6, T8 and T11 for pod yield and
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treatment T11 for haulm yield (Figure 3). In general, T10 improved the pod yield by 13.3
and 48.2% and haulm yield by 12.4 and 41.2%, over 100% RDF in peanut and 100% RDF in
wheat (T4) and farmers’ practice (T12), respectively.

m Podyield (kg ha™')  mHaulm yield (kg ha™)

AB R AB A AB
DE DE BC BCD ABG B DE #pe BBC
T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

T2

Different system based integrated nutrient management practices

Figure 3. Effect of system-based integrated nutrient management practices on pod and haulm yield
of peanut. Vertical lines above bars represent p < 0.05 values, while bars marked with different letters
at a particular growth stage indicate significant differences between treatment means (pooled value
of three years).

Treatment 75% RDF + 5 t/ha FYM in peanut and 75% RDF in wheat (T5) resulted
in significantly higher plant height, mature pods plant~!, a dry weight of mature pods,
shelling percentage, pod yield (10.8%) and haulm yield (6.5%) in peanut compared to
application of only 75% RDF in peanut + 75% RDF in wheat (T3), indicating a significant
effect of FYM on growth and yield of peanut. Further, treatment T5 was also found to
significantly increase peanut plant height, mature pods plant~! and their dry weight,
compared to application of 75% RDF + 2.5 t/ha ex-situ GM in peanut and 75% RDF in
wheat (T7). This implies that application of FYM (5 t/ha) was more effective in improving
growth and yield attributes of peanut as compared to ex-situ GM (2.5 t/ha). Similarly,
the effectiveness of biofertilizer application was reflected through a significant increase in
mature pods plant~! and shelling percentage with treatment 100% RDF + PGPR in peanut
and 100% RDF + Azotobacter in wheat (T9) as compared to 100% RDF in peanut and 100%
RDF in wheat (T4).

3.2. Wheat

Wheat, as the subsequent crop following peanut, significantly (p < 0.05) responded to
different S-INM practices. Application of treatment T11 (i.e., 75% RDF + 5 t/ha FYM + PGPR
in peanut and 100% RDF in wheat) produced the highest plant height (74.3 cm), dry matter
accumulation at 60 DAS (3.5 g plant '), SPAD value at 60 DAS (48.10), total (103.7) and
effective (95.5) tillers metre ! row length at harvest, ear length (8.3 cm), spikelet per plant
(20.4) and test weight (41.5 g) in wheat over 100% RDF in peanut + 100% RDF in wheat
(T4) as well as farmers’ practice (T12) (Table 4). Treatment T11 was found to be at par
with treatment T8 (50% RDF + 5 t/ha ex situ GM in peanut and 100% RDF in wheat) and
treatment T10 (100% RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF in wheat) for plant
height at harvest, and with treatment T10 for dry matter at 60 DAS. Similarly, treatments T5,
T6, T8 and T10 had an at par effect with the best treatment T11 for SPAD value at 60 DAS
and test weight, while treatments T5, T6, T7, T8 and T10 were found to be at par for ear
length and spikelet per plant. The highest value of total as well as effective tillers was
found with treatment T11 (p < 0.05) over the rest of the treatments applied (Table 4).



Sustainability 2023, 15, 1361

11 0f 19

Table 4. Effect of nutrient management practices on growth and yield attributes of wheat (pooled

value of three years).

. Total Tillers Effective
Treat- Plant Height  Dry Mj““ SPAD at per Metre Tillers per Ear Length  Spikelet 1000 Seed
ments at Harvest Plant™ " at 60 DAS Row at Metre Row at (cm) Plant1 Weight (g)
(cm) 60 DAS (g)
Harvest Harvest
T1 62.3€ 226 4173 F 6741 59.2F 6.6"° 1450 29.7P
T2 69.0F 2.5 EFG 43.67 PE 76.0 ¢ 70.1P 75¢ 181¢ 35.1¢
T3 70.2 DE 2.5 DEF 4476 <P 78.6 G 76.2C 7.6 B¢ 185€ 36.1 B¢
T4 709D 2.6 CPE 46.10 BC 84.7 DE 77.3C 7.6 5¢ 185€ 3748
T5 72.4BC 2.7¢P 46.70 AB 86.7 P 78.1¢ 7.8 ABC 19.3 ABC 4044
T6 71.4 <P 318 46.58 AB 86.1 DE 78.0C 7.8 ABC 19.0 ABC 39.64
T7 70.5P 2.5 PEF 44.90 €P 80.1F 76.9¢ 7.8 ABC 19.4 ABC 37.1 B¢
T8 729 AB 3.18B 46.78 AP 83.7F 77.3¢ 7.7 ABC 18.9 ABC 4044
T9 71.1€P 2.6 CPE 45.68 BC 87.0 P 79.1¢ 7.7 B¢ 18.8 B¢ 3738
T10 735 AB 3.34B 46.97 AB 95.6 B 8728 8.2AB 20.0 AB 4154
T11 7434 354 48.10 A 103.7 4 9554 834 2044 4154
T12 67.6F 23F6C 42,98 EF 89.5¢ 68.10 73¢ 156P 3130
Treatment means followed by superscripted different letters are significantly different at p < 0.05.

The grain and straw yield of wheat was observed highest (3706 and 5772 kg ha~!,
respectively) with the application of treatment T11 (Figure 4). The grain yield obtained
with treatment T11 was found to be statistically equivalent to treatments T5, T6, T8, T9
and T10, while the straw yield was equivalent to T10. In general, about a 7.8 to 83.6%
higher grain yield and 8.5 to 78.3% higher straw yield was observed with application of
the best treatment (i.e., T11) than the remaining treatments. Addition of FYM in peanut
was found to have a significant residual effect on growth and yield attributes of wheat
grown in sequence. With the application of 75% RDF + 5 t/ha FYM in peanut and 75%
RDF in wheat (T5), a significant improvement in wheat plant height, SPAD value, total
tillers metre ! row length and test weight was observed as compared to the application of
only 75% RDF in both peanut and wheat (T3). Moreover, T5 significantly increased wheat
plant height, total tillers metre ! row length and test weight, compared to the application
of 75% RDF + 2.5 t/ha ex situ GM in peanut and 75% RDF in wheat (17), indicating the
effectiveness of FYM over ex situ GM in improving growth and development of succeeding
wheat. With the application of 100% RDF + PGPR in peanut and 100% RDF + Azotobacter
in wheat (T9), there was a significant increase in the numbers of effective tillers metre !
row length over application of only 100% RDF in both peanut and wheat (T4).

M Grain yield (kg ha™)  m Straw yield (kg ha™)
7000 A
0000 BCD BCD BCD  BCD  BCD
75000 -
E" 4000 -
S 3000 -
]
> 2000 -
1000 -
0 -
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Different system based integrated nutrient management practices

Figure 4. Effect of system-based integrated nutrient management practices on grain and straw yield
of wheat. Vertical lines above bars represent p < 0.05 values, while bars marked with different letters
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at a particular growth stage indicate significant differences between treatment means (pooled value
of three years).

3.3. System Productivity, Economics and Energy Use Efficiency

The system productivity, expressed as peanut pod equivalent yield, was recorded high-
est (4795 kg ha~!) with the application of treatment T11 (75% RDF + 5 t/ha FYM + PGPR
in peanut and 100% RDF in wheat), which was at par with treatments T5, T6, T7, T8, and
T10 (Table 5). Treatment T11 increased the system productivity by 14.0 and 17.1%, over
treatment T4 (100% RDF in peanut and wheat) and T12 (farmers’ practice), respectively.
The highest net returns were obtained with treatment T10 (100% RDF + 5t FYM + PGPR
in peanut and 75% RDF in wheat) in peanut (INR ha~! 151,623) and with treatment T11
(75% RDF + 5tFYM + PGPR in peanut and 100% RDF in wheat) in wheat (INR ha~126,274)
as well as in the system (INR ha~! 176,246). The net returns in the system remained at par
in treatments T5, T6, T10 and T11. The application of treatment T11 increased system net
returns by 17.0 and 22.6%, respectively, over T4 (100% RDF in both peanut and wheat) and
T12 (farmers’ practice). Similarly, the highest BCR was obtained with the application of T10
in peanut (6.0) and with treatment T4 and T11 in the wheat (1.9) crop, and with treatments
T10 and T11 (3.9) in the system (Table 5).

Table 5. Effect of nutrient management practices on economics, net energy and energy use efficiency
of peanut-wheat cropping system (pooled value of three years).

Peanut Equivalent Net Returns (INR ha~1) B:C Ratio Net Energy  Energy Use
Treatments Yield (ke ha-1 MJ ha-1 Effici
ield (kg ha—") Peanut Wheat System Peanut Wheat System (MJ ha~) ciency
T1 2802 G 118,638 € 3639 € 122,277 P 51€ 1.1¢€ 32¢€ 152,247 € 844
T2 3583 EF 133,268 B 17,889 B 151,157 B 548 168 3.6 4B 188,462 B 768
T3 3825 DE 124,541 € 18,189 B 142,730 € 51C€ 168 35C 181,448 B 768
T4 4204 € 126,480 € 24,189 A 150,669 B 51¢€ 194 3.6 4B 199,179 B 778
T5 4649 AB 140,377 A 24,039 4 164,416 4 5.6 4B 1.84 3.84 202,421 4 8.14
T6 4575 ABC 142,924 A 23,124 4 166,048 4 574 1.84 3.84 200,460 A 778
T7 4250 € 139,152 B 20,214 B 159,366 B 5.6 AB 1.7 AB 374 186,755 B 768
T8 4557 ABC 142,429 A 19,329 B 161,758 B 574 1.7 AB 384 187,568 B 728
T9 4323 BC 138,872 B 22,389 A 161,261 B 538 1.84 3.6 4B 202,363 4 788
T10 4764 A 151,623 A 22,689 A 174,312 4 6.04 1.84 394 213,136 4 834
T11 4795 A 149,972 A 26,2744 176,246 & 594 194 394 219,032 4 824
T12 3267 F 126,176 € 17,514 B 143,690 € 5.2 BC 168 35€ 185,750 B 884

Treatment means followed by superscripted different letters are significantly different at p < 0.05. Input prices:
Urea@ INR 6.3 kg~ !; Single super phosphate@ INR 20.0 kg ~!; Muriate of potash@ INR 17.5 kg~ !; Di-Ammonium
Phosphate @ INR 26.0 kg~!; Biofertilizers@ INR 250 ha~!; FYM@ INR 1000 t~!; Green manure@ INR 800 t~*
Output prices: Peanut pod@ INR 45 kg~!; Peanut haulm@ INR 4.0 kg~!; Wheat grain@ INR 15.0 kg ~!; Wheat
straw@ INR 1.0 kg1

The net energy gain was highest (219,032 MJ ha~!) with treatment T11 (75% RDF +
5t/ha FYM + PGPR in peanut and 100% RDF in wheat), which was at par with treatments
T5, T6, T9 and T10 (Table 5). The application of treatment T11 increased the net energy
gain by 10.0 and 17.9%, respectively, over treatment T4 (100% RDF in both peanut and
wheat) and T12 (farmers’ practice). Although the energy use efficiency was highest (8.8)
in farmers’ practice (T12), it remained statistically equivalent to T1, T5, T10, and T11. The
application of 75% RDF + 5 t/ha FYM in peanut and 75% RDF in wheat (T5) significantly
increased the system productivity by 412 kg ha™!, system net returns by 21,686 INR ha™!,
and system net energy by 20,973 MJ ha~! compared to the application of 75% RDF alone
in both peanut and wheat (T3), underlining the importance of the conjoint application of
FYM and chemical fertilizers for obtaining higher productivity, returns, and energy use
efficiency. The application of 75% RDF + 5 t/ha FYM in peanut and 75% RDF in wheat
(T5) also led to a significant increase in system net returns by 5050 INR ha~!, system
net energy by 15,666 MJ ha~! compared to application of 75% RDF + 2.5 t/ha ex situ
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GM in peanut and 75% RDF in wheat (T7). Treatment 100% RDF + PGPR in peanut and
100% RDF + Azotobacter in wheat (T9) led to a significant increase in the system yield by
265 kg ha~! and a system net energy by 3184 MJ ha~! over 100% RDF alone in both peanut
and wheat (T4).

3.4. Nutrient Uptake, Enzymatic Activities and Residual Soil Fertility

The uptake of NPK by peanut, wheat, and the system was significantly (p < 0.05)
influenced by the S-INM practices (Table 6). The highest N (222.9 kg ha1), P (24.8 kg
ha~'), and K (37.3 kg ha~!) uptake by peanut was registered with treatment T10, i.e.,
100% RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF in wheat. However, the highest N
(94.3kgha=1), P (17.7 kg ha~!) and K (72.8 kg ha~!) uptake by wheat, and P (40.9 kg ha™1)
and K (109.5 kg ha~!) uptake by the system was obtained in treatment T11 (75% RDF +
5 t/ha FYM + PGPR in peanut and 100% RDF in wheat). N uptake in the system was found
to be highest (310.4 kg ha~') in treatment T10 (p < 0.05). An equivalent influence on P
uptake by peanut and the system was observed among treatments T9, T10, T11 and among
treatments T10 and T11, respectively. Similarly, the K uptake was found at par among
treatments T5, T6, T8, T9 T10 and T11 for peanut and among treatments T9, T10 and T11
for wheat and the system as a whole.

Table 6. Effect of nutrient management practices on NPK uptake by peanut, wheat and system
(pooled value of three years).

N Uptake N Uptake N Uptake P Uptake P Uptake P Uptake K Uptake K Uptake K Uptake
Treatments by Peanut by Wheat of System by Peanut by Wheat of System by Peanut by Wheat of System
(kg ha—1) (kg ha—1) (kg ha=1) ((kg ha—1) (kg ha—1) (kgha=1) (kgha-1) (kgha-1) (kgha=1)
T1 142.8 H 65.6F 208.41 18.1C 12.6 G 30.7H 30.1P 489F 79.0H
T2 151 FG 743E 225.3 GH 19.8 FG 135F 333G 32.8.0 BCD 53.3D 86.1 FG
T3 157.7 EF 76.1E 233.8 FG 20.0 EF 13.9 EF 339 FG 33.0 BCD 57.7 € 90.7 EF
T4 164.6 P 819D 246.5 PE 21.6 CPE 14.6 CPE 36.2 CDE 3488 6598 101.7 €P
T5 165.1P 85.1 BC 250.2 D 22.6 BC 15.3 BC 37.9 BC 36.6 AB 67.18 103.7 BCD
T6 164.7P 84.5 BC 2492 P 21.8 P 14.7 P 36.5 P 36.5 AB 66.18 102.6 P
T7 158.5 DE 809D 239.4 EF 20.3 DEF 14.0 PEF 34.3 EFG 33.1 BCD 58.6 € 92E
T8 160.5 PE 84.6 BC 245.1 PE 21.2 CDEF 14.4 DE 35.6 DEF 34.8 ABC 6558 100.3 P
T9 178.2 € 85.1 BC 263.3 € 242 AB 15.6 B 39.8B 36.7 AB 7024 106.9 ABC
T10 22294 8758 31044 2484 16.0 B 4084 3734 70.8 A 108.1 AB
T11 193.8 B 9434 288.1B 23.2 AB 17.7 4 4094 36.7 AB 72.8 4 109.5 A
T12 145.4 GH 740F 219.4H 19.6 FG 13.3FG 3296 31.2¢P 49.6E 80.8 G

Treatment means followed by superscripted different letters are significantly different at p < 0.05.

An appreciable increase in N uptake by the system was found with treatment T10 (25.9
and 41.5%, respectively) over treatments T4 (100% RDF alone in both peanut and wheat)
and T12 (farmers’ practice). Similarly, treatment T11 led to a significant increase in system
P (13.0 and 24.3%) and K (7.7 and 35.5 %) uptake over treatments T4 and T12, respectively.
Nutrient management practices significantly (p < 0.05) influenced soil available N, P,Os5 and
K50, and SOC after three years of the experimentation (Table 7). Application of treatment
T11, i.e., 75% RDF + 5tFYM + PGPR in peanut and 100% RDF in wheat improved the
availability of N (485.8 kg ha=1!), P (19.2 kg ha=!) K (477.4 kg ha~!), and SOC (8.5 g kg !)
over all other treatments after three years of the experimentation. Furthermore, except for
treatment T7, all other S-INM-based options (T5, T6, T8, T9 and T10) also performed better
in terms of soil available N over traditional practice (T12) and other chemical fertilizer-
based nutrient management options, i.e., treatments T2, T3 and T4. Treatment T11 was
found at par with treatments T5, T8, and T10 regarding available phosphorus in soil.
Similarly, the activities of soil enzymes such as dehydrogenase (108.9 ug TPF g1 24 h1),
acid phosphatase (36.1 ugp NP g~! h=!) and alkaline phosphatase (548.8 ugp NP g~ h™1)
were recorded highest with treatment T11 (75% RDF + 5 t/ha FYM + PGPR in peanut
and 100% RDF in wheat) over all the remaining treatments. Furthermore, activities of
dehydrogenase and alkaline phosphatase were statistically at par in T10 and T11.
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Table 7. Effect of nutrient management practices on available NPK, soil organic carbon and on activi-
ties of soil enzymes dehydrogenase, acid phosphatase and alkaline phosphatase in peanut-wheat
cropping system after three years of experimentation.

AvailableN  Available P Availablek 0l Organic  Dehydrogenase .4 pyocphatase Alkaline
Treatments (kg ha-1) (kg ha-1) (kg ha-1) Carbon (ug TPF g (ugpNPg 1h 1) Phosphatase
(gkg1) 24h-1) (ugp-NPg-1h-1)

T1 231.6 G 11.7F 3379H 531 792 F 26.6F 127.1°F
T2 373.8 EF 14.6 PE 353.1 FGH 6.0 GH 84.7 EF 293E 152.7 EF
T3 377.9 EF 14.9 DE 355.3 EFG 6.16 85.8 EF 31.1P 189 DE
T4 380.4 EF 15.3 €D 363.8 DEF 6.6F 90.2 DE 33.4 BC 422C¢

T5 391.3P 17.8 AB 379.9 P 6.8 EF 94.8 €D 33.7 BC 4282°C
T6 4123 €D 17.2 BC 379.2D 71D 91.5 CDE 33.5BC 4222°C
T7 377.9 EF 15.8 €D 358.8 EFG 7.3CD 89.7 DE 312D 212.8D
T8 413.6 €P 17.8 AB 370.6 PE 75€C 99.1 BC 33.7 BC 465.7 B
T9 4212°€ 16.2 BCD 413.6 € 7.0 DE 90.1 PE 326 € 4105€¢
T10 45438 19.14 43858 8.08B 105.9 AB 35.6 4 52444
Ti1 485.8 A 19.24 4774 4 854 108.9 A 36.14 548.8 A
T12 356.7 F 13.3 EF 344.8 GH 58H 84.7 EF 27.7F 133.2 F

Treatment means followed by superscripted different letters are significantly different at p < 0.05. TPF, Triphenyl-
formazon; p-NP, Para Nitro-phenol.

Thus, an appreciable increase in residual soil fertility was observed by the application
of treatment T11, which ranged from 36.2 to 109.8% for available N, 44.4 to 64.1% for
available P,Os5, 38.5 to 41.3% for available K,O, 46.6 to 60.4% for SOC, 28.6 to 37.5%
for dehydrogenase activities, 30.31 to 35.7% for acid phosphatase activities and 312.0
to 331.8% for alkaline phosphatase activities over T12 and T1, respectively. With the
application of 75% RDF + 5 t/ha FYM in peanut and 75% RDF in wheat (T5), there was a
significant increase in system N uptake by 16.4 kg ha~!, system P uptake by 4.0 kg ha~!,
system K uptake by 12.9 kg ha~!, soil available N by 13.4 kg ha~!, available P,O5 by
2.9 kg ha™!, available K,O by 24.6 kg ha~!, SOC by 0.7 g kg !, dehydrogenase activity by
9 ug TPE/g soil/day, acid phosphate activity by 2.6 ug PNP/g/h, alkaline phosphatase
activity by 239.2 ug PNP/g/h compared to the application of 75% RDF alone in peanut
and wheat (T3). Treatment T5 also caused a significant increase in system N uptake by
10.8 kg ha™!, system P uptake by 3.6 kg ha!, system K uptake by 11.5 kg ha~!, soil
available N by 13.4 kg ha~!, available P,Os by 2.0 kg ha~!, available K,O by 21.1 kg ha~!,
SOC by 0.5 g kg1, dehydrogenase activity by 5.1 ug TPF g~ ! soil 24 h~!, acid phosphatase
by 2.5 ug PNP g~! h™! and alkaline phosphatase by 215.4 pg PNP g~! h™! compared
to treatment 75% RDF + 2.5 t/ha ex situ GM in peanut and 75% RDF in wheat (T7).
Application of 100% RDF + PGPR in peanut and 100% RDF + Azotobacter in wheat (T9)
increased N uptake by peanut by 13.5 kha~!, P uptake by peanut, wheat and system by
2.6,1.0 and 3.6 kg ha~!, respectively, K uptake by wheat by 4.3 kg ha~?, soil available N
by 40.8 kg ha~!, available P,Os by 0.9 kg ha~!, available K,O by 49.8 kg ha!, SOC by
0.4 g kg~ ! over sole application of 100% RDF in both peanut and wheat (T4).

4. Discussion
4.1. Performance of Peanut

S-INM practices showed a significant effect on the growth and yield of peanut. The sig-
nificantly increased growth parameters viz., plant height, LAI, and above ground biomass
over T4 and FF were recorded with treatment T10 (100% RDF + 5 t/ha FYM + PGPR in
peanut and 75% RDF in wheat), which was statistically equivalent to the other S-INM based
practices of T5, T6, T7, T8 and T11 (Table 3 and Figure 2). This is attributed to a higher and
sustained nutrient supply with conjunctive use of chemical fertilizers, organic manures,
and PGPR [24]. The application of FYM and ex situ GM enhanced microbial activities in the
soil, as indicated by higher enzymatic activities under S-INM practices, thus releasing more
nutrients for plant uptake. This is also supported by the overall higher nutrient uptake
with S-INM practices (T5, T6, T8, T10 and T11) over treatments having chemical fertilizers
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alone (T2, T3, T4) and farmers” practice (112) (Table 6). Furthermore, organic manures
adsorb plant nutrients on organic micelles and subsequently release them at a slow pace for
plant uptake over a relatively longer period of time [39,40]. In addition, organic manures
are known to improve soil physical parameters, ensuring better water and air dynamics
in the soil and improved plant root development [41,42]. The higher vegetative growth
under T10 led to a higher pod yield with this treatment over all the remaining treatments
except for T5, T6, T8 and T11. Treatment T10 increased thepod yield by 13.3 and 48.2%
and haulm yield by 12.4 and 41.2% over treatment T4 (100% RDF in peanut and wheat)
and T12 (farmers’ practice), respectively. In peanut, contrary to crops such as wheat, maize
and soybean, yield is typically limited by the source strength rather than sink capacity [43];
therefore, increased vegetative growth with S-INM practices caused the higher pod yield
of peanut. The S-INM practices also improved the root system (data not given) of peanut,
which supported higher yields through a higher nutrient uptake (Table 6). Moreover, FYM
acts as a conditioner in these light black soils and helps in better peg-setting and pod
development by reducing the compactness of the soil [42]. FYM is also known to improve
water-holding capacity, thus delaying the water stress effect on vegetative growth and
productivity of rainfed crops in shallow black soils in the region [44].

The significant improvement in growth- and yield-contributing characters, and haulm
yield of peanut with treatment 75% RDF + 5 t/ha FYM in peanut and 75% RDF in wheat
(T5) as compared to the application of only 75% RDF in peanut + 75% DRF in wheat (T3)
reaffirms the role of FYM in improving the growth and yield of peanut. The significant
increase in mature pods plant~! and shelling percentage with 100% RDF + PGPR in peanut
and 100% RDF + Azotobacter in wheat (T9) over the sole application of 100% RDF in
both peanut and wheat (T4) is attributed to improved plant growth as PGPR enhances
the production of plant hormones and causes solubilization of soil nutrients (especially
P and K) through the production of organic acids, hydrolases and phosphatases [17,45].
Among the chemical fertilizer-based nutrient management practices, treatment 100% RDF
in peanut and 100% RDF in wheat (T4) gave higher pod and haulm yields over T2 (50%
RDF in peanut and 100% RDF in wheat) and T3 (75% RDF in peanut and 75% RDF in
wheat), indicating that a reduction in fertilizer doses in the system reduces yield levels
of peanut.

4.2. Performance of Wheat

Treatment T11, i.e., 75% RDF + 5tFYM + PGPR in peanut and 100% RDF in wheat,
besides significantly increasing growth and yield attributes, improved grain (18.4 and
44.1%) and straw yield (17.4 and 25.0%) over 100% RDF in peanut and 100% RDF in wheat
(T4) and farmers” practice (T12), respectively (Table 4). The economic yield recorded in
T11 was statistically equivalent to T5, T6, T8 and T10, corroborating the positive impact of
S-INM on wheat yield. The residual nutrient supply from FYM and ex situ GM, applied in
peanut, supplemented the chemical fertilizer source of nutrition, thus improving nutrient
availability in the soil (Table 6). Because the organic manures release nutrients slowly,
they have considerable influence on the nutrition of second-season crops as well [12,46].
Higher nutrient availability, better soil conditions, and improved root parameters (data
not given here) facilitated a higher nutrient uptake (Table 7) and ultimately favored better
growth and development and higher yield of wheat. Our results agree with the findings of
Sharma et al. (2008) [47] and Kumar et al. (2009) [48].

4.3. System Productivity, Economics, and Energy Use Efficiency

The system productivity, expressed as peanut equivalent yield, was highest with
treatment 75% RDF + 5 t/ha FYM + PGPR in peanut and 100% RDF in wheat (T11), and
was found statistically at par with other S-INM options of 75% RDF + 5 t/ha FYM in
peanut and 75% RDF in wheat (T5), 75% RDF + 2.5 t/ha FYM in peanut and 100% RDF
in wheat (T6), 50% RDF + 5 t/ha ex situ GM in peanut and 100% RDF in wheat (T8), and
100% RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF in wheat (T10). Higher system
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productivity in S-INM practices was due to a sufficient and balanced supply of nutrients
to the crops throughout the growth period of crops resulting in better nutrient uptake
(Table 6). S-INM practices resulted in higher soil fertility status in terms of available N,
P,05 and K,O and SOC (Table 7), which enhanced the availability of nutrients for the
crop plants leading to higher system productivity. The better performance of both peanut
and wheat in terms of yield under T11 caused a realization of higher system net returns
with this treatment over the conventional practice of 100% RDF to both peanut and wheat
(T4) and farmers’ practice (T'12). Singh et al. (2017) [49] have also reported higher net
returns with INM practices. The higher net energy gain with T11 is attributed to higher
crop yields under this treatment. Higher energy use efficiency in farmers’ practice (T12)
was due to low energy input compared to other treatments. Rational and effective use of
input energy resources in cropping systems is primal for the system sustainability because
it will minimize environmental harm and conserve natural resources [50].

4.4. Nutrient Uptake, Enzyme Activities and Residual Soil Fertility

The highest uptake of nutrients by peanut and wheat was found with treatment 100%
RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF in wheat (T10) and 75% RDF + 5 t/ha
FYM + PGPR in peanut and 100% RDF in wheat (T11), respectively (Table 6). Higher soil
enzymatic activities under T10 and T11 led to higher nutrient availability under these
treatments and hence higher nutrient uptake by the crops. Soil extracellular enzymes,
predominantly hydrolases and secreted by rhizospheric microbes, decompose organic mat-
ter [51] which releases C, N and P into the soil-plant interface [52]. In treatments T10 and
T11, having PGPR and FYM, there was an upward spike in soil available P,Os, possibly due
to the release of P from fixed native-P (insoluble calcium phosphates) and organic-P [45].
FYM acts as a source of carbon and energy for the heterotrophs leading to increased micro-
bial activity and diversity [53-55]. This resulted in increased activities of dehydrogenase,
acid phosphatase and alkaline phosphatase enzymes with treatments T10 and T11 over
all other treatments. Similar findings were also observed by Myint et al. (2010) [56] and
Sharma and Sharma (2002) [57]. A significant increase in enzymatic activities in the soil was
also reported by Karad et al. (2016) [58] with INM practices in the peanut-wheat system.

Treatment 75% RDF + 5 t/ha FYM + PGPR in peanut and 100% RDF in wheat (T11)
improved available N, P,Os5, K,O, and SOC over all other treatments after three years of the
experimentation, except for the available P which was at par in T10 and T11. Furthermore,
S-INM based options of T5, T6, T8 and T10 also performed better in terms of soil available
N, P,Os5 and K;O, and SOC than that of control (T1), traditional practice (T12) and all
inorganic nutrient management-based options (T2, T3 and T4). The addition of nutrients
through both organic and inorganic sources increased adsorption and the consequent slow
release of nutrients by FYM and ex-situ GM, as well as the role played by biofertilizers
in the augmentation of the nutrient supply have together improved the soil fertility in
S-INM-based practices. An increase in SOC is ascribed to the addition of organic matter
through organic manures and higher root biomass (data not given here). Higher SOC with
INM practices was also reported by Karad et al. (2016) [58].

5. Conclusions

System-based integrated nutrient management (S-INM) is as an appropriate approach
to achieving higher productivity, profitability, and nutrient use efficiency on a long-term
basis. However, little information is available especially on S-INM strategy in the peanut-
wheat cropping sequence. Hence, the present study was carried out to identify suitable
S-INM options for the peanut-wheat cropping sequence in the Saurashtra region of In-
dia. The treatments were designed to study the effect of FYM, GM and PGPR, in con-
junction with chemical fertilizers in the peanut-wheat system and identify the suitable
S-INM options. Our results revealed that S-INM practices performed better in terms of
productivity, profitability, net energy gain and soil fertility improvement over both farm-
ers’ practice and chemical fertilizer-based nutrient management practices. Application
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of 100% RDF + 5 t/ha FYM + PGPR in peanut and 75% RDF in wheat produced higher
pod and haulm yield of peanut while, 75% RDF + 5 t/ha FYM + PGPR in peanut and
100% RDF in wheat gave a higher yield of wheat as well as system productivity. Further-
more, 75% RDF + 5 t/ha FYM + PGPR in peanut and 100% RDF in wheat also improved
system net returns and net energy over 100% RDF in both peanut and wheat and farmers’
practice. The greatest soil fertility improvement with respect to available N, P,Os5 and KO,
and SOC was also observed under 75% RDF + 5 t/ha FYM + PGPR in peanut and 100%
RDF in wheat. It was also found that the S-INM practice of 50% RDF + 5 t/ha ex situ GM
in peanut and 100% RDF in wheat improved productivity, net returns and soil fertility over
100% RDF in both peanut and wheat and farmers’ practice. A reduction in fertilizer doses
was found to decrease yield and net returns in the system. To conclude, the application of
75% RDF in integration with FYM@5 t/ha and PGPR in peanut and 100% RDF in wheat
is the sustainable approach for a higher system yield, better financial returns and to im-
prove soil fertility under the peanut-wheat system in the light black calcareous soils of the
Saurashtra region of India. Furthermore, there is a need for study of the residual effect
of organic manures applied in crops preceding peanut on the productivity of peanut in
the region.
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