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Abstract  Inadequate availability of quality organic 
nutrient sources is the major hurdle in adopting 
organic farming. Hence, a study was conducted dur-
ing 2019–21 at Sikkim state of the Indian Himalayas 
to investigate the effect of integrated organic manur-
ing on energy dynamics, profitability, and soil health 
of maize (Zea mays L.) crops grown in acidic soil. 
Five organic nutrient management practices viz., T2: 
100% recommended dose of nitrogen (RDN) through 

farmyard manure (FYM); T3: 100% RDN through 
mixed compost (MC); T4: 100% RDN through ver-
micompost (VC); T5: 50% RDN through FYM and 
50% RDN through MC + biofertilizers (BFs) and 
T6: 50% RDN through FYM and 50% RDN through 
VC + BFs were tested in a four-times replicated ran-
domized block design against the farmers’ practice 
(T1: application of 5  Mg  ha−1 FYM). Results indi-
cated that the supply of 50% RDN through FYM and 
50% RDN through MC along with the BFs consor-
tium improved the green cob and biological yields, 
net return, production efficiency, energy net return, 
and energy output efficiency by 26.3%, 24.8%, 29%, 
26.4%, 24%, and 24.7%, respectively over farmers’ 
practices. Likewise, the supply of 50% RDN through 
FYM + 50% RDN through MC + BFs reduced soil 
bulk density (pb) by 6.87% while increasing total 
water stable aggregates (TWSA) by 23.1% and mean 
weight diameter (MWD) by 18.7% over farmers’ 
practice. Similarly, a significant improvement in soil 
organic carbon, available N, P, K, Zn, Fe, and Mn was 
observed with 50% RDN through FYM + 50% RDN 
through MC + BFs over farmmers’ practice. Further-
more, integrated nitrogen supply with FYM and MC 
in equal proportion improved soil enzymatic activ-
ity considerably over existing practice. Hence, the 
study inferred that the supply of 50% RDN through 
FYM + 50% RDN through MC + BFs may be a viable 
and soil-supportive approach for cleaner maize pro-
duction in the acidic soils of Indian Himalayas and 
other similar ecoregions.
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Introduction

Conventional agricultural production systems cou-
pled with faculty conservation and management prac-
tices jeopardize the long-term sustainability of the 
Himalayan rainfed ecosystem (Babu et  al. 2020a). 
The decline in soil health contributes to a self-rein-
forcing cycle of inadequate food production (Yadav 
et al. 2013; Yang et al. 2019; Dhillon and Sahu 2024). 
Organic carbon is crucial for soil health, environ-
mental quality, and crop yields (Singh et  al. 2021a; 
Nallagatla and Patil 2024). Organic carbon rich soil 
holds more moisture, improves aggregate stability, 
and the nutrients supplying capacity to crops (Boone 
et al. 2019; Manjappa 2023). Consistent soil organic 
carbon (SOC) depletion in Indian soils, especially in 
the Himalayan region, has been a serious concern for 
sustainable agriculture and in achieving sustainable 
development goals (Babu et  al. 2023a; Yadav et  al. 
2023). Hence, it is essential to replace conventional 
agricultural production methods with environmen-
tally friendly agricultural systems that reduce envi-
ronmental impacts while increasing farm productivity 
to assure food and nutritional security without com-
promising soil health, and environmental sustainabil-
ity (Babu et  al. 2023b; Yadav et  al. 2024). Organic 
farming represents a sustainable production system 
that minimizes negative effects on ecosystem ser-
vices (Willer and Lernoud 2019; Singh et al. 2021b). 
Furthermore, the global demand for organic food has 
multiplied several  times as compared to inorganic 
products (Onte et  al. 2019). Organic farming holds 
great promise for producing high-quality food with 
the ability to command premium prices (Babu et  al. 
2020b). Similarly, the organic production system has 
tremendous potential to contribute to  long-term eco-
system services through soil microbial diversity and 
SOC sequestration (Babu et al. 2020d). Despite this, 
some studies have shown that organic farming pro-
duces less crop yield as compared to conventional 
farming during the transition phase (Kalantri et  al. 
2011; Avasthe et  al. 2020), but the magnitudes of 
yield variations are primarily governed by the type 
and number of crops grown, management systems, 
and environmental factors (Wortman et  al. 2011; 

Babu et  al. 2023a). Under deficit moisture condi-
tions or rainfed situations, the yield gaps from organic 
farming and conventional production decrease to 
about 10–15% (Ponisio et al. 2015).

Lack of access to high-quality organic manures 
that can fulfill the nutritional requirements of crops is 
one of the main obstacles to organic farming adop-
tion at the field level (Röös et al. 2018; Bhutia et al. 
2016). Bulky organic manures relatively contain 
plant nutrients and are applied in large quantities in 
organic farming which increases the financial load 
on the growers (Wortman et  al. 2011; Yadav et  al. 
2013; Singh et al. 2023). These manures are incapa-
ble of addressing the essential nutrient demands and 
also encouraging the proliferation of the soil’s helpful 
macro and microflora (Singh et al. 2018; Babu et al. 
2020c). Many brands of organic manures/fertilizers 
claim to have high amounts of natural supplements 
and essential elements (Onte et  al. 2019; Moasunep 
et  al. 2019). However, most farmers are unaware of 
the risks associated with using commercially avail-
able bio-manure  products (Lei et  al. 2019). Animal 
excreta-based manures, bio-solids from agro-indus-
tries, residues/biomass of crops/weeds, bio-fertiliz-
ers, green manures, and wastes of food processing 
are excellent sources of nutrients for organic farm-
ing (Babu et  al. 2020a). Even though there are still 
alternative uses for animal dung as fuel, it is widely 
employed as farmyard manure. Optimizing the use 
of different organic and biological sources to keep 
soil fertility at an optimal level is a viable strategy to 
maintain targeted crop production (Adugna 2016). 
The yield potential of cereals under an organic farm-
ing system is frequently hampered by low nutrient 
content organic resources (Babu et  al. 2020c). FYM 
applied in agricultural fields typically comprises 
0.52–0.81% N, 0.22–0.44% P, and 0.83–1.05% K, 
with no declaration of manure quality or other alter-
nate sources for efficient use of nutrients (Halvorson 
et al. 2016).

The Himalayas spread over 52.5 Mha and har-
bor ~ 50 million people (Yadav et  al. 2019). The 
northeastern hill region (NEHR) of India covers 
26.23 Mha of total geographic area that receives high 
rainfall (> 2000  mm annually) (Babu et  al. 2020c). 
Nonetheless, a significant quantity of nutrients in 
soil is lost through runoff and percolation during the 
rainy season resulting in widespread deficiency of 
multiple nutrients (Singh et al. 2021b). The majority 
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of Himalayan soils are acidic in reaction Soil acidity 
hinders root development due to aluminum toxicity, 
damaging root cells, and inhibiting elongation. This 
leads to poor root growth, limited water and nutrient 
access, and disrupts enzyme activities and hormonal 
balances in maize plants, resulting in impaired nutri-
ent uptake and reduced biomass (Singh et al. 2023).

Maize (Zea mays L.) is an important crop having 
high demand in national and international markets. 
Maize has immense potential for contract organic 
farming to provide farmers with a stable income in 
mountainous areas. Hence, the adequate provision 
of nutrients becomes especially crucial for nutrient-
demanding crops like maize cultivated within the 
framework of organic farming (Babu et  al. 2020d). 
A satisfactory and consistent supply of nutrients to 
crops from sowing to harvest is required for superior 
economic output (Babu et  al. 2020a). In the realm 
of organic management, achieving synchronization 
between nutrient release and crop demand holds 
paramount importance. Therefore, a comprehensive 
understanding of the patterns governing nutrient 
release from organic sources becomes essential to 
mitigate crop nutritional stress. Thus, the formulation 
and application of optimal nutrient management strat-
egies are critical for efficient organic crop production 
(Lei et al. 2019).

The application of diverse organic sources of 
nutrients instead of a single source in an integrated 
way offers substantial long-term prospects to reduce 
the cost of cultivation while increasing yield, prof-
itability, energy use efficiency, and sustaining soil 
health (Singh et  al. 2021b). The application of ver-
micompost, FYM, rock phosphate, and Rhizobium 
significantly improves crop productivity (Masmoudi 
et al. 2018). Conjoint application of FYM with ver-
micompost led to increased crop yields and improved 
soil health (Kalantri et  al. 2011). Likewise, the 
mixed application of straw compost with biofertiliz-
ers consortia enhances rice productivity, profitabil-
ity, energy output-input relationship, and soil health 
(Yadav et al. 2013). The use of vermicompost offers 
advantages in terms of boosting crop productivity 
and enhancing overall soil quality. The effects are 
more pronounced with increasing organic manures 
and inoculation of biofertilizers as an integrated 
approach (Babu et al. 2020a). The heightened devel-
opment of roots and shoots, coupled with greater bio-
mass buildup has been ascribed to the invigorating 

impact of increased microorganism growth and their 
activities, potentially negating the need for sole focus 
on elevating SOC content (Li et al. 2015; Onte et al. 
2019). Studies indicated that most of the work on 
organic nutrition either focused on crop productivity 
(Avasthe et al. 2020; Mulyati et al. 2021), soil health 
(Babu et al. 2020d; King et al. 2020), or profitability 
(Singh et al. 2021a). To date, there has been a lack of 
research in Himalayan ecology that comprehensively 
examines the comparative effects of substituting 
organic sources on aspects such as crop productivity, 
profitability, energy use efficiency, and soil health, 
particularly in acidic soils. Consequently, a hypoth-
esis was designed that  the combined application of 
different organic sources and BFs may result in long-
term improvements in soil health as well as sustained 
increases in crop production, profitability, and energy 
use efficiency (EUE) per unit of investment. Against 
this backdrop, the current study was devised to inves-
tigate the effects of microbe-incubated simultane-
ous use of nutrients derived from organic sources on 
maize yield, financial returns, EUE, and soil health 
after completion of three cropping cycles in the 
Indian Himalayas.

Materials and methods

Experimental site

The field experiment was conducted from 2019 to 
2021 at the Research Farm of ICAR Research Com-
plex for North Eastern Hill Region, Sikkim Cen-
tre Tadong, Gangtok, Sikkim, India. The research 
field was positioned at 27°32’ N latitude, 88°60’ E 
longitude, and an elevation of 1300 m above mean 
sea level (Fig.  1). Weather parameters during the 
experimental period  are  presented in Fig.  2. Phys-
icochemical and biological characteristics of soil 
were evaluated before the field experiment by tak-
ing samples from 0–30  cm depth. The study site’s 
soil was categorized into the Haplumbrept group, 
sandy clay loam texture, and acidic in reaction 
(pH 5.18). The experimental soil was high in soil 
organic carbon; SOC (1.54%), medium in available 
nitrogen (332 kg  ha−1), phosphorus (14.3 kg  ha−1), 
and potassium (210  kg  ha−1). Available iron; Fe 
(59.9  mg  kg−1), manganese; Mn (15.01  mg  kg−1), 
zinc; Zn (0.84 mg  kg−1), SMBC (511 µg  g−1 soil), 
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DHA (17.1 µg TPF g−1 soil h−1), acid phosphatase 
activity (250  µg PNP g−1 soil h−1), FDA (31.2  µg 
FDA g−1 soil h−1), urease (1011 µg NH3-N g−1 soil 
h−1) and β-glucosidase activities (60.3 µg PNP g−1 
soil h−1) were also recorded.

Experimental design and crop management

The six specified  treatment combinations  of differ-
ent organic nitrogen (N) sources were, T1: Farmers’ 
practice (control); T2: 100% RDN through FYM; T3: 
100% RDN through MC; T4: 100% RDN through 

Fig. 1   Study site in Eastern 
Himalayan region

Fig. 2   Average weather data of the experimental site during the experimental period for three consecutive years (2019, 2020 and 
2021)
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VC; T5: 50% RDN through FYM and 50% RDN 
through MC + BFs and T6: 50% RDN through FYM 
and 50% RDN through VC + BFs were laid out in ran-
domized block design with four replications. In the 
experimental field, distinct plots (5.40  m × 4.20  m) 
were manually made. The manures were manually 
incorporated into the soil with the help of iron-made 
spades. The average nutrient composition in various 
organic manures used in the study is given in Table 1. 
The composite maize variety ’RCM 1–1’ was sown 
manually with a seed rate of 21 kg per hectare using 
a spacing of 50 cm between rows and 20 cm between 
individual plants. The RCM1-1 is a composite vari-
ety of maize having yield potential of 5.0–5.5 Mg ha-1 
and matured in 120–125 days. Maize requires a firm 
and compact seedbed free from stubbles and weeds. 
Three tilling was done through a power tiller to bring 
the soil to a fine tilth. The sowing was done in the 2nd 
fortnight of February, and the green cobs were har-
vested in the first fortnight of June during each of the 
study years. The desired plant density was achieved 
through thinning and gap-filling done 15  days after 
sowing (DAS). Two manual weeding were done at 
20–25 DAS and 40–45 DAS for managing weeds. 
The maize crop was grown as rainfed and no exter-
nal irrigation was applied during the course of inves-
tigation. As per the treatment, organic manures were 
applied as basal dose on an 80 kg N equivalent basis. 
Three weeks before sowing, the dolomite (2 Mg ha−1) 
was applied and mixed in the soil to neutralize the 
soil pH. To manage stem borers, fall armyworms, and 
leaf-eating caterpillars, foliar application of Spinosad 
45% EC @ 0.25 ml per liter or phytoneem @ 4–5 ml 
per liter was followed.

Preparation of mixed compost

Samples of the dominant weed species available in 
the study site (Artemisia absinthium, Eupatorium 
cannabium, and leaves of N-fixing tree species, Alnus 

nepalensis, and Schima wallichii) were collected from 
the farm and surrounding areas. Weeds were col-
lected, and cut into small pieces (1–1.5 cm) with an 
electrically powered chaff cutter, properly mixed, and 
layered by spreading on the cement floor. Thereafter 
fresh cow dung was collected from the dairy located 
on the Research Farm. Subsequently, a structured 
arrangement was established in a one-meter-deep 
pit, wherein chopped weed biomass and cow dung 
were layered in an alternating pattern. A thin layer of 
soil was placed on top of the layered material. Sub-
sequently, the mixture was covered with a polythene 
sheet to facilitate decomposition. The material in 
the pit was left undisturbed for ten days and there-
after, the pit was uncovered to allow for the release 
of heat and to promote aeration. To ensure that all of 
the material resorted to consistent temperature and 
aeration, the decaying material was rotated every 
week for up to 90  days. The temperature within the 
pit was observed regularly at 8 a.m., and turning was 
completed when the recorded temperature exceeded 
45  °C. Once the temperature dropped  below 45  °C 
and the moisture content reduced below 25%, the 
entire mixture was allowed to undergo a curing pro-
cess for approximately 20–25  days. Following this, 
fully matured co-composts were collected, processed, 
and stored to undergo subsequent chemical analysis 
and eventual application in the field.

Yield measurement

A thread and meter scale was employed to determine 
the length and girth of 10 randomly selected cobs 
from every plot. Then the average was determined 
and represented in centimeters per cob. Utilizing a 
conversion factor, the net plot area taken from each 
plot was used to compute the yield of green cob and 
stover weight in kg plot−1 and finally, it was converted 
into Mg ha−1.

Table 1   Composition of manures

Name of Manure Nutrient composition

pH Total C% C: N ratio N% P% K% Fe (mg kg−1) Mn (mg kg−1) Zn (mg kg−1)

FYM 6.58 31.8 29.8 0.59 0.27 0.51 1670 46 73
Vermicompost 7.43 36.6 26.1 1.55 0.90 1.27 5579 338 382
Mixed compost 7.51 37.2 26.3 1.42 0.78 1.22 5345 97 98.3
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Energy input–output relationships

Both operational (direct) and non-operational 
(indirect) energy employed in agricultural and 
related activities were taken into computation 
(Devasenapathy et al. 2009). The sources of direct 
energy are those that release energy directly i.e., 
fuel, human and animal power, etc. Indirect sources 
of energy are those that do not immediately release 
energy but instead dissipate energy via differ-
ent conversion processes, such as seeds, manures, 
biofertilizers, and biopesticides are all available. 
Based on energy equivalents, primary data on a 
variety of inputs and management techniques were 
utilized to calculate energy consumption (Suppl 
Table  1). Increasing the corresponding production 
levels with their corresponding energy equivalents 
allowed us to compute the energy output from the 
produce (green cob and green stover of maize) 
(Suppl. Table  2). The energy-use indices were 
determined by the input energy and output, produc-
tion cost, and crop yield utilizing the guidelines 
provided by Choudhary et  al. (2017), and Mittal 
and Dhawan (1988) as follows:

where: Σi………​………ith was the summation of all 
the energy input used and the amount of total output 
in terms of energy

 where: TEO: Total energy output; TEI: Total energy 
input; EUE: Energy use efficiency; Ep: Energy pro-
ductivity; EPf: Energy profitability; Es: Specific 

Total energy input
(

MJha−1
)

= Σi +………………………… ith

Total energy output
(

MJha−1
)

= Σi +………………………… ith

Total energy returns
(

MJha−1
)

= TEO
(

MJ ha−1
)

−TEI
(

MJ ha−1
)

EUE =
TEO(MJ ha−1)
TEI(MJ ha−1)

Ep =
Economic yield(kg ha−1)

TEI(MJ ha−1)

Energy intensiveness
(

MJUS$
−1
)

=
TEI(MJ ha−1)
COC(US$ ha−1)

EPf =
NEO(MJ ha−1)
TEI(MJ ha−1)

ES =
TEI(MJ ha−1)

Green cob yield (kg ha−1)

Eie

(

MJ US$
−1
)

=
TEO(MJ ha−1)
COC(US$ ha−1)

Eoe
(

MJ ha−1day−1
)

=
TEO(MJ ha−1)

Crop duration (Days)

energy; Eie: Energy intensity in economic terms; Eoe: 
Energy output efficiency.

Economic analysis

For economic auditing, the expenditure incurred in 
crop production (from sowing to harvesting (Suppl. 
Table 2) and the economic worth of all the products 
were calculated based on the market price prevail-
ing during the investigation period (2019–21). The 
economic value of the entire output was expressed 
as gross returns while net return, benefit: cost (B: C) 
ratio, profitability, and production efficiency were cal-
culated by the following equations:

Soil sampling

After a three-year crop cycle, soil samples from 
each plot were obtained from 0 to 30 cm depth with 
a screw augur. Three locations within each plot were 
randomly used to collect samples, which were then 
combined to create a composite soil sample. A total 
of 24 sets of soil samples were collected and placed 
in zip-top plastic bags for transport to the lab. Soil 
samples were shade-dried, grounded and strained 
through a 2- mm sieve after the visible fragments of 
the crop and the roots were removed. A portion of the 
fresh representative soil samples was stored at 4ºC for 
microbial analysis.

Analysis of physical properties of soil

The bulk density (pb) of the soil was determined 
using the core sampler method (Piper 1950), with 
measurements taken from three randomly chosen 
locations within each plot. For calculating pb, the 
protocol provided by Chopra and Kanwar (1991) was 
followed. The Wet sieving method was used to meas-
ure the stability of the aggregate (Haynes 1993). The 

GR
(

US$ ha−1
)

= Return from green cobes
(

US$ ha−1
)

−Return from stover
(

US$ ha−1
)

NR
(

US$ ha−1
)

= Gross retruns
(

US$ ha−1
)

−Cost of cultivation
(

US$ ha−1
)

B∶C ratio =
Gross returns (US$ ha−1)

Cost of cultivation (US$ ha−1)

Profitability
(

US$ ha−1day−1
)

=
Net returns (US$ ha−1)
Duration of crop (Days)

Production efficeincy
(

kg ha−1day−1
)

=
Economic yield(kg ha−1)
Duration of crop (Days)
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outcomes are presented using the mean weight diam-
eter (MWD) technique, which involves multiplying 
the proportion of soil retained on each sieve after the 
specified sieving time by the mean weight diameter 
of the neighboring sieve opening. In this study, the 
MWD values ranged from 1.15 mm (lower limit) to 
6 mm (upper limit).

Analysis of chemical properties of soil

A glass electrode pH meter was used to measure the 
pH in a soil–water (1:2.5) suspension at 25 °C after 
equilibrating for 30 min (Jackson 1973). Wet oxida-
tion was used to measure the organic carbon in the 
soil (SOC) (Walkley and Black 1934). The alkaline 
KMnO4 method for available N (Subbiah and Asija 
1956), the Bray and Kurtz method P (Bray and Kurtz 
1945), and flame photometry for K (Jackson 1973) 
were employed to assess the impact of treatments on 
soil fertility and expressed in kg ha−1. The chelating 
agent diethylene triamine penta-acetic acid (DTPA) 
method was used for the determination of available 
Fe, Mn, and Zn in soil (Lindsay and Norwell 1978). 
Fe +  + , Mn +  + , and Zn +  + from the DTPA extract 
were identified using their respective hollow cathodes 
and an Atomic Absorption Spectrophotometer.

Analysis of soil biological properties

The fluorescein diacetate hydrolysis (FDA) which 
serves as an indicator of soil microbial activity 
was measured by Green et  al. (2006). By using the 
p-nitrophenol release from analog substrate methods, 
acid phosphor monoesterase activities were assessed 
(Tabatabai 1994). The activity of β-glucosidase was 
measured by Eivazim and Tabatabai (1988). The 
amount of soil microbial biomass carbon (SMBC) 
was calculated following the chloroform-fumigation 
extraction procedure (Vance 1987). Klein et al. (1971) 
procedure was employed to determine the dehydroge-
nase activity.

Statistical analysis

The data obtained from four separate replicates for 
each treatment were subjected to analysis using the 
general linear model procedures within the Statistical 
Analysis System software package. The significance 
of the ’F’ value was determined based on analysis of 

variance (ANOVA) for randomized block design. The 
Least Significant Difference (LSD) test was employed 
at a significance level of 5% probability for conduct-
ing multiple comparisons of treatment means.

where S.Ed. = Standard error of difference; t = value 
of percentage point of ’t’ distribution for error degrees 
of freedom at 5% level of significance.

PCA is one of the methods of factor analysis that 
involves reducing the number of variables to a smaller 
number of variables called factors. PCA was performed 
to determine the impact of various organic sources of 
nutrients on yield parameters and soil qualities. Princi-
pal components (PCs) that were statistically significant 
were chosen using the Kaiser (1960) described Eigen 
significant criteria. The PCA was performed using the 
PAST (3.14) software. In Pearson correlation, two vari-
ables are measured in terms of their linear relationship. 
Depending on its value, it can range from -1 to + 1, 
with -1 meaning a total negative linear correlation, zero 
meaning no correlation, and + 1 meaning a total posi-
tive correlation. The Excel-based data analysis Tool 
Pack was used for the analysis of the Pearson correla-
tion matrix. Using a heat map, hierarchical cluster anal-
ysis was demonstrated (Double dendrogram). A heat 
map (or heatmap) is a graphical representation of data 
that visualizes hierarchical clustering by showing val-
ues by color. The heat maps were created using three 
software packages: ‘Heat + ’ (Babicki et  al. 2016), ‘R 
Color Brewer’ (Khomtchouk et al. 2014), and ‘g plots’ 
in R (version 3.6.1). Path analysis was used to test and 
evaluate the cause-outcome model of soil character-
istics and nutrient content on maize green cob yield. 
Simple correlation coefficients between dependent and 
independent characteristics were divided into direct 
and indirect effects in route analysis. Path coefficients 
are standardized partial regression coefficients that 
symbolize direct influences or effects (Khomtchouk 
et al. 2014).

Results

Soil health

Conjoint application of diverse organic sources 
had failed to significantly impact soil bulk density 

LSD = S.Ed. × t value at error degree of freedom
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(pb) at 0–30 cm depth after three years of cropping. 
However, marginally lower pb (1.22  Mg  m−3) was 
observed under 50% RDN through FYM and 50% 
RDN through MC + BFs (T5) followed by the supply 
of 100% RDN through MC; T3 (1.25 Mg m−3), while 
higher pb (1.31  Mg  m−3) was noticed under control 
plot (Farmers’ practice). The treatment T5 resulted 
in a significantly higher percentage of > 0.25-mm 
soil aggregates (37.5%) at a soil depth of 0–30  cm 
as compared to that recorded in soil under control. 
Treatment T5 gave statistically similar results to the 
percentage observed with the T3. The significantly 
(p < 0.05) higher percentage of < 0.25 mm soil aggre-
gates at 0–30  cm soil depth was noticed under T5 
(50.2%) followed by T3 (49%) and T6 (47.6%). The 
T5 exhibited the most substantial enhancements, 
with a 30% increase in TWSA and a 23% increase in 
MWD (Fig. 3). These improvements were statistically 
comparable with those observed under T3, while sig-
nificantly surpassing the outcomes of other manurial 
treatments.

Concerning chemical properties, T5 resulted 
in significantly higher soil pH (6.12) followed by 
T3 (6.08) as compared to the control; T1. In com-
parison to the initial SOC at 0–30 cm depth, signifi-
cantly higher SOC (1.72%) was registered under T5 
followed by T6 (1.69) and T3 (1.68). The percent 
rise in available N by 15.3%, available P by 36%, 
and available K by 16.3% in the soil was noticed 
under T5 over T1. Likewise, increased concentra-
tions of Fe (72.1 mg  kg−1), Zn (1.07 mg  kg−1), and 

Mn (16.02  mg  kg−1) in soil were noted under treat-
ment T5, which were statistically similar to T3 and 
T6  (Table  2). Among the diverse organic sources, 
treatment T5 exhibited higher levels of SMBC 
(607 µg g−1 soil), FDA (45 µg kg−1 soil h−1), acid-P 
(276  µg PNP g−1 soil h−1), DHA (23.4  µg TPF g−1 
soil h−1), urease (1266 µg NH3

−N g−1 soil h−1), and 
β-glucosidase (80.3 µg PNP g−1 soil h−1) over others. 
However, these values were statistically at par with 
those obtained in soils under T3 and T6, and notably 
greater compared to the other treatments (Table 3).

Energy budgeting

The energy consumption data indicated that 100% 
RDN through VC (T4) was  regarded as the high-
est energy demand nutrient management practice 
requiring an input of 7.31 × 103  MJ  ha−1 followed 
by the supply of 50% RDN through FYM and 50% 
RDN through VC + BFs (T6) with an energy input 
of 6.99 × 103 MJ ha−1 (Table 4). In contrast, the plots 
treated with FYM and MC had lower energy require-
ments compared to those treated with VC, rang-
ing from 3.86 × 103 MJ  ha−1 to 6.81 × 103 MJ  ha−1). 
Among the organic nutrient management practices, 
the lowest energy requirement (3.86 × 103  MJ  ha−1) 
was registered under control. The gross energy out-
put, net energy gains, and energy production effi-
ciency resulting from organic nutrient sources ranged 
from 192.9 × 103  MJ  ha−1 to 256.3 × 103  MJ  ha−1, 
189 × 103  MJ  ha−1 to 249.5 × 103  MJ  ha−1, and 

Table 2   Effects of conjoint application of organic sources of nutrients on chemical properties of soil after completion of three years 
of cropping cycle

T1: Farmers’ practice (control); T2: 100% RDN through FYM; T3: 100% RDN through mixed compost (MC); T4: 100% RDN 
through vermicompost (VC); T5: 50% RDN through FYM and 50% RDN through mixed compost (MC) + biofertilizers and T6: 50% 
RDN through FYM and 50% RDN through vermicompost (VC) + biofertilizers

Treatment Soil pH Soil organic 
carbon %

Available N 
(kg ha−1)

Available P 
(kg ha−1)

Available K 
(kg ha−1)

Available Fe 
(mg kg−1)

Available Zn 
(mg kg−1)

Avail-
able Mn (mg 
kg−1)

T1 5.22 1.59 338 15.0 214 60.2 0.88 15.04
T2 5.46 1.63 367 17.5 225 67.4 1.01 15.51
T3 6.08 1.68 377 19.9 236 70.4 1.05 15.90
T4 5.33 1.66 363 17.1 219 64.1 0.91 15.35
T5 6.12 1.72 390 20.4 249 72.1 1.07 16.02
T6 5.54 1.69 372 18.7 230 68.7 1.02 15.74
SEm ±  0.16 0.02 5.26 0.36 4.15 1.5 0.02 0.15
LSD (P = 0.05) 0.50 0.06 15.1 1.05 13.2 4.4 0.06 0.48
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1837  MJ  day−1 to 2440  MJ  day−1, respectively 
(Table  3). The data indicated that the supply of 
50% RDN through FYM and 50% RDN through 
MC + BFs (T5) resulted in a substantial increase in 
gross energy production by 32.8%, net energy return 
by 32% and energy production efficiency by 32.8%, 
followed by those obtained under the supply of 100% 
RDN through MC(T3). The T4 treatment application 
yielded the lowest energy productivity, energy prof-
itability, and energy use efficiency. The T2 treatment 
exhibited the most substantial energy intensiveness 
(8.95  MJ US$−1) followed by T5 (8.88  MJ US$−1) 
and T6(8.75  MJ US$−1). In comparison to the con-
trol, T4 showed a 53% increase in specific energy 
which was statistically comparable to T6 (0.90) and 
notably higher than the other treatments. The T5 
exhibited a 35.7% higher energy intensity compared 
to the T4 (248.6 MJ US$−1). The T5 demonstrated a 
32.8% greater energy output efficiency which was sta-
tistically equivalent to T3 (2346 MJ  day−1) and par-
ticularly superior to the other treatments.

Economic productivity

The integrated use of organic sources exerted a nota-
ble and statistically significant (p < 0.05) influence on 
maize yield (Table 5). The averaged data over three years 
revealed that the highest green cob yield (8.30 Mg ha−1) 

and green stover yield (12.2  Mg  ha−1) was achieved 
under 50% RDN through FYM and 50% RDN through 
MC + BFs. These outcomes were found to be comparable 
with those obtained under T3 (8.21 and 11.5 Mg ha−1), 
and T6 (7.76 and 11.3  Mg  ha−1) and remained signifi-
cantly superior to the other treatments. The supply of 50% 
RDN through FYM and 50% RDN through MC + BFs 
exhibited a 33% increase in biological yield which was 
statistically equivalent to that of 100% RDN through MC 
and markedly higher than the rest of the treatments.

Profitability

The plot that received 100% RDN through VC regis-
tered the highest production cost (907.5 US$ ha−1) in 
comparison to other plots where organic nutrients were 
applied through different sources (Table 5). This increase 
ranged from 8.50% to 29.8% considering the mean values 
throughout the three-year study. Contrarily, the control 
plot (Farmers’ practice) had the lowest cost of cultiva-
tion (636.6 US$ ha−1). The significantly (p < 0.05) higher 
gross return (3537.9 US$ ha−1) and net return (2779.4 
US$ ha−1) was registered under 50% RDN through FYM 
and 50% RDN through MC + BFs followed by 100% 
RDN through MC. Likewise, the supply of 50% RDN 
through FYM and 50% RDN through MC + BFs regis-
tered the maximum B: C ratio (3.66), profitability (26.5 
US$ day−1), and production efficiency (79 kg ha−1 day−1) 
followed by100% RDN through MC.

Fig. 3   Effects of conjoint application of organic sources of 
nutrients on physical properties of soil after completion of 
three years of cropping cycle. Where, T1: Farmers’ prac-
tice (control); T2: 100% RDN through FYM; T3: 100% RDN 
through mixed compost (MC); T4: 100% RDN through ver-

micompost (VC); T5: 50% RDN through FYM + 50% RDN 
through mixed compost (MC) + biofertilizers and T6: 50% 
RDN through FYM + 50% RDN through vermicompost 
(VC) + biofertilizer
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Principal component analysis (PCA)

Principal component analysis (PCA) is a recurrently 
resorted statistical technique to condense complex 
data sets into orthogonal and uncorrelated variables 
called principal components. Redundant variables of 
less significance (p < 0.01) were warded off from the 
original datasets, retaining the most prominent fac-
tors that can be figured out by the PCA technique. 
The results (Table  6) shown in PCA exercised on 
the soil parameters extracted two dominant principal 
components PC1 and PC2 accounting for 78.59% and 
18.42% variability which explained up to 97.01% of 
the total variability. The biplot which depicted both 
factor loading of soil parameters (blue color) and 
scores of treatments (red color) showed that TWSA 
had very high loadings on PC1 which was closely 
followed by FDA, available-P, SMBC, and POMI 
wherein they are found to be diligently correlated to 
each other and scores (plot) whereas T5, T3, T6 were 
associated with the existing PC1. On the other hand, 
SOC, MWD, BD (⍴b), and available Zn had a strong 
loading on PC2 and were highly correlated to each 
other with associated scores of T4, T2, and T1 as seen 
in the biplot.

Path coefficient analysis

The path analysis results showed that the available 
K with the highest direct path coefficient (2.01), fol-
lowed by the available N was the most important 

factor affecting the production of maize green cobs. 
Overall, the degree of contribution of available 
soil nutrients in augmenting the maize green cob 
yield followed the order of available K > available 
N > available P > available Zn > available Mn > avail-
able Fe (Fig. 4).

Correlation study

The relationship between green cob yield and overall 
soil physical, chemical, and biological characteristics 
indicated a noteworthy positive correlation (p < 0.01 
and p < 0.05) in most cases, except for a negative cor-
relation with soil pb as observed (Fig. 5). The utili-
zation of organic nutrient sources reduced soil pb 
and enhanced various other soil physical, chemical, 
and biological characteristics leading to an eventual 
increase in grain yield.

Discussion

Soil health

The degradation of soil quality poses a serious 
challenge in sustaining hill agriculture (Singh 
et  al. 2021a). Organic farming offers a sustainable 
approach to production that minimizes the negative 
impacts on soil health, energy usage, and the eco-
system (Babu et  al. 2023a). Within organic agricul-
ture, the utilization of effective sources enhances 

Table 3   Effects of conjoint application of organic sources of nutrients on biological properties of soil after completion of three years 
of cropping cycle

T1: Farmers’ practice (control); T2: 100% RDN through FYM; T3: 100% RDN through mixed compost (MC); T4: 100% RDN 
through vermicompost (VC); T5: 50% RDN through FYM and 50% RDN through mixed compost (MC) + biofertilizers and T6: 50% 
RDN through FYM and 50% RDN through vermicompost (VC) + biofertilizers

Treatment SMBC
(µg g−1 soil)

FDA
(µg g−1 soil h−1)

DHA
(µg TPF g−1 
soil h−1)

Acid-P
(µg PNP g−1 
soil h−1)

Urease
(µg NH3-N 
g−1soil h−1)

β-glucosidase (µg 
PNP g−1 soil h−1)

T1 518 33.9 18.2 253 1053 63.8
T2 553 38.1 21.0 260 1176 71.5
T3 599 42.3 23.0 270 1230 76.8
T4 541 36.4 19.5 258 1163 69.1
T5 607 45.0 23.4 276 1266 80.3
T6 566 40.8 21.7 267 1192 75.0
SEm ±  13.8 0.91 0.48 2.66 14.1 1.74
LSD (P = 0.05) 42.3 2.78 1.42 8.12 39.3 5.13
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soil productivity and fosters improvements in the 
physico-chemical, and biological properties (Lei 
et  al. 2019). The persistent decline in SOC and the 
disruption of the fragile soil structure in the Hima-
layan region have raised significant concerns about 
the viability of agriculture (Bai et  al. 2018; Babu 
et al. 2020b). The implementation of organic nutrient 
management has been reported to improve soil prop-
erties (Lorenz and Lal 2016). Concerning physical 
characteristics, pb, and soil aggregation are of nota-
ble significance for soil health, particularly in the 
vulnerable Himalayan conditions. Soil pb assumes a 
crucial role as the primary physical factor that affects 
other physical properties, thereby influencing soil 
fertility and crop growth (Singh et al. 2021b). Crops 
thrive in soils that are crumbly and well-aggregated 
with an ideal pb that significantly impacts both root 
growth and nutrient absorption. Long-term adoption 
of organic nutrient management has been previously 
reported to favorably alter both pb and aggregation 
characteristics (Li et al. 2015). The primary cause for 
the reduction in pb under organic management arises 
from the bonding of soil particles through increased 
organic matter along with enhanced aggregate sta-
bility. This, in turn, augments the overall pore space 
within the soil. In our investigation, the utilization 
of organic nutrient sources led to a decrease in pb 
within the 0–30 cm soil layer ranging from 3.81% to 
6.87% as compared to the control plot. Notably, the 
application resulted in the most pronounced reduc-
tion of pb achieving a decrease of 6.87% in the 
uppermost soil layer. In contrast, the control plot 
(representing traditional farmers’ practice) exhibited 
a higher pb value of 1.31  Mg  m−3 in the 0–30  cm 
soil layer. For soil aggregation (SA), the implemen-
tation of T5 led to a notable rise in SA (> 0.25 mm) 
by 27.7%, SA (< 0.25  mm) by 19.7%, TWSA by 
23.1%, and MWD by 18.7% in comparison to the 
conventional farmers’ practices. This could poten-
tially be attributed to the incorporation of appropri-
ate amounts of voluminous MC into the soil which 
raises soil organic carbon (SOC) levels and enhances 
aeration. These factors collectively contribute to a 
decrease in soil pb and improved SA (Zhang et  al. 
2016). Correspondingly, Yu et al. (2015) reported a 
4.1% decrease in pb at a depth of 0 to 15  cm in a 
similar agro-ecosystem with a three-year continuous 
application of organic nutrient sources when com-
pared with control. In alignment with these findings, Ta
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the present study also affirmed favorable physical 
properties resulting from organic nutrient manage-
ment. Organic nutrient sources promote the buildup 
of soil carbon, enhancing soil porosity and fostering 
the proliferation of microorganisms and larger organ-
isms thus reducing soil pb (Saha et al. 2012). Babu 
et al. (2020b) similarly indicated an inverse relation-
ship between soil organic carbon (SOC) content and 
soil ρb. Applying organic manures creates condi-
tions that boost earthworm populations, promote the 
development of a porous network, and encourage 
root channel activities. These combined effects con-
tribute to the decrease in soil ρb and also positively 
impact the stability of SA (Singh et al. 2021a).

Soil pH plays a crucial role in determining nutri-
ent availability, and its levels can be influenced by 
various management approaches (Babu et al. 2023a). 
Among the chemical attributes of soil, pH, and SOC 
hold significant importance. Thus, the application of 
organic nutrients can yield favorable outcomes by 
promoting the increase of SOC content and facilitat-
ing the maintenance of an appropriate pH level. This 
is particularly beneficial as soil pH directly impacts 
nutrient availability and overall soil health (Halvorson 
et al. 2016). In the present study, significant improve-
ment in the soil chemical properties at 0–30 cm depth 
was obtained due to the application of diverse organic 
sources of nutrients after the completion of three 
years of cropping cycles.

Of the various organic nutrient sources, a supply 
of 50% RDN through FYM and 50% RDN through 
MC + BFs resulted in a notable enhancement in soil 
characteristics. Specifically, it led to a substantial 
improvement in soil pH by 14.7%, SOC by 7.55%, 
available N by 13.3%, available P by 26.4%, avail-
able K by 14.0%, and a ~ 16.4% increase in micro-
nutrient availability over control plot. The organic 
nutrients’ fertilized plots indicated better soil health 
because organic sources of nutrients help in improv-
ing the water regimes, soil structure, and adsorption 
of nutrients (Jarvan et al. 2014). A similar result was 
also reported by Adugna et  al. (2016). According 
to Schlegel et  al. (2017) plots receiving cattle dung 
manure on an equivalent nitrogen basis exhibited ele-
vated levels of available soil N, P, and K. In compari-
son, MC proved to be a more potent supplier of nutri-
ents accessible to plants when compared with other 
bulky organic manures. Many researchers reported 
that regions characterized by elevated organic matter 
content also displayed notably heightened availability 
of N, P, and K (Tamilselvi et  al. 2015; Zhang et  al. 
2015; Singh et al. 2021b).

The soil’s microbiomes and enzymes have a cru-
cial role in maintaining soil equilibrium, facilitat-
ing the broader processes of decomposition and 
mineralization within the soil system (Yadav et  al. 
2013). These factors contribute to the accelera-
tion of microbial populations and the stabilization 

Table 5   Productivity and profitability of pre-kharif maize influenced by organic nutrient management practices (Mean data of three 
years)

T1: Farmers’ practice (control); T2: 100% RDN through FYM; T3: 100% RDN through mixed compost (MC); T4: 100% RDN 
through vermicompost (VC); T5: 50% RDN through FYM and 50% RDN through mixed compost (MC) + biofertilizers and T6: 50% 
RDN through FYM and 50% RDN through vermicompost (VC) + biofertilizers

Treatment Green cob 
yield
(Mg ha−1)

Green 
stover 
yield
(Mg 
ha−1)

Biological 
yield
(Mg ha−1)

Gross 
returns 
(US$ ha−1)

Cost of 
cultiva-
tion
(US$ 
ha−1)

Net returns
(US$ ha−1)

B: C ratio Profitability
(US$ 
day−1)

Production 
efficiency (kg 
ha−1 day−1)

T1 6.11 9.32 15.4 2608.7 636.6 1972.1 3.10 18.8 58.2
T2 7.68 10.9 18.6 3268.3 717.9 2550.5 3.55 24.3 73.1
T3 8.21 11.5 19.7 3491.8 830.3 2661.5 3.21 25.3 78.2
T4 7.55 10.5 18.1 3210.1 907.5 2302.6 2.54 21.9 71.9
T5 8.30 12.2 20.5 3537.9 758.5 2779.4 3.66 26.5 79.0
T6 7.76 11.3 19.1 3306.2 799.1 2507.1 3.14 23.9 73.9
SEm ±  0.17 0.30 0.42 71.3 – 41.1 0.05 0.40 1.34
LSD 

(P = 0.05)
0.54 0.87 1.23 217.1 – 125.4 0.16 1.21 3.94
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of soil structure. Microbial biomass in the soil also 
functions as an essential agent in transforming vital 
elements making it a significant biological indica-
tor of soil health (Yang et  al. 2019). In contrast to 
inorganic or chemical inputs, organic farming has 

demonstrated its effectiveness in elevating soil enzy-
mic activities (Tal 2018). In the current study, results 
indicated a notable enhancement in soil biological 
properties under 50% RDN through FYM and 50% 
RDN through MC + BFs in comparison to farmers’ 
practices with improvements of 15.81% in SMBC, 
24% in FDA, 22.2% in DHA, 8.33% in acid-P, 16.8% 
in urease, and 20.5% in β-glucosidase. This could be 
attributed to an increase in SOC content due to the 
incorporation of organic manures into the soil. SOC 
serves as a vital food source for soil microbiomes, 
thereby fostering a larger microbial population and 
heightened enzymatic activity (Li et  al. 2015; Dou 
et al. 2020; Babu et al. 2020c). Enzymatic processes 
like soil dehydrogenase and acid phosphatase activ-
ity are also closely tied to the abundance of carbon 
which is generously supplied through organic nutri-
ent inputs (Chen et  al. 2015; Babu et  al. 2020a; 
Singh et  al. 2021a). Singh et  al. (2023) stated that 
the enhancement of soil biological parameters in 
organically treated plots could be attributed to the 
application of substantial organic manure. This 
accumulation served as an energy source for bacteria 
contributing to the observed increase in biological 
activity (Onte et  al. 2019). Some other researchers 
also reported that the introduction of mixed organic 
manure likely led to heightened microbial biomass 
carbon and increased enzymatic activity. This com-
bination alongside favorable soil geophysical param-
eters significantly contributed to the enhancement of 
soil quality (Paul 2016; Bai et al. 2018).

The PCA exercised on the soil parameters 
extracted two dominant principal components, PC1 
and PC2 accounting for 78.59% and 18.42% vari-
ability which explained up to 97.01% of the total 
variability. The biplot showed that TWSA had very 
high loadings on PC1 which was closely followed by 
FDA, available-P, SMBC, and POMI wherein they 
are found to be diligently correlated to each other 
and scores (plot) 50% RDN through FYM and 50% 
RDN through MC + BFs, 100% RDN through MC 
and 50% RDN through FYM and 50% RDN through 
VC + BFs were associated with the existing PC1. On 
the other hand, SOC, MWD, pb, and available Zn 
had a strong loading on PC2 and were highly cor-
related to each other with associated scores of 100% 
RDN through VC, 100% RDN through FYM, and 
control as seen in the biplot. Similar results were also 
reported by Wang et al. (2022).

Table 6   Results depicting the loading of principal component 
analysis of soil parameters

Extraction Method: Principal Component Analysis,
Rotation Method: Varimax with Kaiser Normalization
a Boldfaced factor loadings are considered highly weighted
b Rotation converged in 5 iterations
Where, POMA = Percentage of macro aggregates (> 0.25  mm); 
POMI = Percentage of micro aggregates (< 0.25  mm); TWSA: 
Total water stable aggregates; BD = Bulk density (Mg m−3); 
MWD = Mean weight diameter (mm);SMBC = Soil micro-
bial biomass carbon (µg g−1 soil); FDA: (mg kg−1 soil h−1); 
DHA = (µg TPF g−1 soil h−1); Acid-P (µg PNP g−1 soil h−1); Ure-
ase (µg NH3-N g−1soil h−1); β-glucosidase (µg PNP g−1soil h−1)

Principal components PC 1 PC 2
Initial Eigen values Total 14.15 3.31

% of Variance 78.59 18.42
Cumulative % 78.59 97.01

Rotation Sums of 
Squared Loadings

Total 78.59 97.01
% of Variance 13.29 4.17
Cumulative % 73.84 23.16

Factor loadings
Eigen vectorsb Principal compo-

nents
PC 1 PC 2

BD –0.329 0.944
POMA 0.975 0.132
POMI 0.978 0.130
TWSA 0.985 0.115
MWD 0.304 0.951
Soil pH 0.851 0.396
SOC 0.221 0.961
Available N 0.972 0.096
Available P 0.981 0.159
Available K 0.960 0.103
Available Fe 0.920 0.372
Available Zn 0.414 0.902
Available Mn 0.905 0.418
SMBC 0.980 0.100
FDA 0.982 0.129
DHA 0.977 0.163
Acid-P 0.975 0.112
Urease 0.973 0.090
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The relationship between green cob yield and 
overall soil physical, chemical, and biological char-
acteristics indicated a noteworthy positive correla-
tion (p < 0.01 and p < 0.05) in most cases, except 
for a negative correlation with pb. The utilization 
of organic nutrient sources reduced soil pb and 
enhanced various other soil attributes, leading to 
an eventual increase in green cob yield (Inamullah 

et  al. 2011; Khan et  al. 2018). Path analysis was 
used to determine the amount to which the pre-
dictors contributed to the response variable after 
assigning soil chemical qualities as predictor (inde-
pendent) variables and the green cob yield of maize 
as the response (dependent) variable. The results 
of path analysis indicated that available K with a 
higher direct path coefficient (2.01) was the most 

Fig. 4   Path analysis depict-
ing the contribution of soil 
nutrients to green cob yield 
of maize. Single-headed 
arrows and connectors 
signify the direct effect and 
mutual association, respec-
tively Where, GCY = Green 
cob yield

Fig. 5   Pearson’s correlation coefficient (r) matrix between 
soil properties. The correlation coefficient (r) values are sig-
nificantly positive (Red coloured boldfaced italics) and nega-
tive (Blue coloured boldfaced italics) at p < 0.01 (2-tailed); 
the colour assigned to a point in the table grid indicates the 
strength of a correlation between the soil parameters. The cor-
relation coefficient (r) values correspond directly to the color 
codes from green to yellow and red, respectively. Where, 

POMA = Percentage of macro aggregates (> 0.25  mm); 
POMI = Percentage of micro aggregates (< 0.25 mm); TWSA: 
Total water stable aggregates; BD = Bulk density (Mg m−3); 
MWD = Mean weight diameter (mm);SMBC = Soil micro-
bial biomass carbon (µg g−1 soil); FDA: (mg kg−1 soil h−1); 
DHA = (µg TPF g−1 soil h−1); Acid-P (µg PNP g−1 soil h−1); 
Urease (µg NH3-N g−1soil h−1); β-glucosidase (µg PNP g−1soil 
h.−1)
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relevant feature affecting green cob yield of maize 
followed by available N which could be because K 
is involved in plant metabolism, facilitates cellular 
energy transfer, respiration, and photosynthesis, 
which eventually influence crop development and 
yield (Muneeb et  al. 2013; Musa and Yusuf 2016; 
Verma et al. 2024).

Energy dynamics

To achieve a green economy, improving energy effi-
ciency is a key strategy (Rathore et al. 2022). Energy-
based crop productivity, energy output, net energy 
returns, energy intensiveness, energy productivity, 
specific energy, energy profitability, energy inten-
sity in economic terms, energy output efficiency, and 
energy use efficiency are some of the useful indica-
tors for efficient assessment of energy utilization in 
the organic production system (Houshyar et al. 2015; 
Basavalingaiah et  al. 2020; Kumar et  al. 2023a, b). 
A number of factors determine how much energy 
is needed and how much can be produced, includ-
ing inputs used, crops/cultivars, organic sources of 
nutrients, cropping systems, and practices for the 
establishment of crops (Harish et  al. 2021; Rathore 
et  al. 2022). A system that is energy efficient must 
be able to produce more economic output per unit of 
energy used (Yadav et al., 2018). In the current inves-
tigation, the utilization of a combination of diverse 
organic nutrient sources exhibited a marked (statis-
tically significant at p < 0.05) influence on various 
energy-related parameters, including gross return, net 
return, productivity, intensiveness, profitability, spe-
cific energy, intensity, and output efficiency. The total 
energy input requirement was the highest in the 100% 
RDN through VC, which was ~ 47% higher than that 
of the control. The majority of the energy input for 
various farm operations came from organic manures. 
Organic manures and seeds were also identified as 
significant contributions to energy use (Rathore et al. 
2022). Under the organic production system, energy 
consumption positively correlated with inputs and 
their associated energy value (Babu et  al. 2020c). 
Total biomass production, including byproducts 
and main products, determines the energy output 
of diverse production systems. An energy-efficient 
system provides a given level of service with less 
energy input, or it provides a greater number of ser-
vices with a given energy input. It is calculated as the 

amount of energy required per unit output of an activ-
ity, which means that a product produced with less 
energy will have a lower intensity. Our study results 
showed that 50% RDN through FYM and 50% RDN 
through MC + BFs resulted in a significant increase of 
gross energy return, net energy return, energy inten-
sity, and energy output efficiency by ~ 24 to 26.4% 
owing to higher green cob, total biomass production 
and energy input used (Table  3). The increased net 
energy gain and efficiencies could be attributed to 
higher yields from the relevant management strate-
gies (Chinyo et  al. 2023). Energy productivity indi-
cates the economic benefits received from each unit 
of energy investment (Yadav et al. 2020). In the pre-
sent study, energy productivity, energy profitability, 
and energy use efficiency of the control treatment 
were ~ 34.8—39% higher due to the minimum energy 
input involved (Singh et al. 2019; Yadav et al. 2020). 
Ghosh et  al. (2021) reported that the range of EUE 
values for maize, rice, and green gram was raised to 
1.54—7.76%, 0.95—1.65%, and 3.33—6.5%, respec-
tively where organic manure was supplemented with 
nitrogen dose. The energy cost associated with a par-
ticular treatment is known as its energy intensiveness 
(Singh et  al. 2019). There was a noteworthy varia-
tion in energy intensiveness among different treat-
ments. Among the different treatments lowest energy 
intensiveness was noticed under the control plot. The 
percent increment of energy intensiveness by 32.2% 
was noticed under 100% RDN through FYM-applied 
treatment as compared to the control plot. It might be 
due to less energy input and costs incurred on the cul-
tivation under this treatment combination. The spe-
cific energy of a crop can be calculated as the product 
of the input energy, the higher the value more efficient 
the crop or cropping system (Rathore et al. 2022). In 
the present study, 100% RDN through VC recorded 
a significant increase in the specific energy by 35% 
followed by 50% RDN through FYM and 50% RDN 
through VC + BFs.

Economic productivity

The productivity of crops within organic farming sys-
tems is influenced by key factors including genetic 
characteristics of the plants, agronomic practices, 
microclimate, and overall soil health. Maize, being a 
nutrient-demanding crop, can achieve its full potential 
only under organic management conditions through 
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improved nutrient management practices (Beyza 
2014; Wailare and Kumar 2017). Utilizing a dual 
strategy involving organic nutrient sources alongside 
tailored field management presents substantial pos-
sibilities for improving soil fertility, optimizing input 
utilization, and elevating crop yields. Employing a 
diverse range of integrated organic nutrient sources 
rather than depending on a singular source has dem-
onstrated the ability to elevate maize crop productiv-
ity and foster soil well-being (Singh et al. 2018). By 
combining FYM with MC, a notable 23% rise in crop 
yield was achieved accompanied by enhancements in 
soil health (Singh et al. 2021a). In the present study, 
the conjoint use of diverse organic sources of nutri-
ents expresses a significant effect on the yield of the 
maize. In contrast to the methods employed by farm-
ers, the implementation of 50% RDN through FYM 
and 50% RDN through MC + BFs resulted in a sub-
stantial increase of 26.3% in green cob yield, 23.6% 
in green stover yield, and 24.8% in biological yield. 
Possibly stemming from the consistent application 
of organic nutrient sources, this outcome could be 
attributed to their positive impact on maintaining pro-
longed nutrient availability in the soil (Verma et  al. 
2023). This, in turn, might have stimulated amplified 
cell differentiation, meristematic cell division, and 
the movement of essential nutrients within plants. 
Ultimately, these factors contributed to improving 
yield attributes and overall crop productivity (Babu 
et  al. 2020c; Singh et  al. 2021a). Through the uti-
lization of organic nutrient resources, it is plausi-
ble that an increased release of growth hormones 
occurred. This could have resulted in enhanced pol-
len grain viability leading to a greater quantity of 
grains per cob and an augmented weight of corn 
cobs (Bai et  al. 2018; Singh et  al. 2021b). Elevated 
availability of nutrients contributed to the augmenta-
tion of green cob yields primarily attributed to taller 
plants and the accumulation of greater dry matter at 
various growth stages. This facilitated efficient pho-
tosynthetic transfer from source to sink ultimately 
resulting in increased cob weight and consequently, 
a higher cob yield (Singh et al. 2020, 2021a). Singh 
et  al. (2017) obtained a comparable outcome dem-
onstrating that the combined utilization of FYM and 
MC resulted in a noteworthy 7.87% increase in yield 
as compared to the exclusive application of MC and 
an even more substantial 20.4% improvement over the 
sole application of FYM. Patel et al. (2018) reported 

that vermicompost helps crops grow more effectively 
and improves soil aeration, structure, and aggrega-
tion. Most of the nutrients, such as NO3

−, phosphates, 
exchangeable Ca++, and soluble potassium are read-
ily available to plants increasing beneficial microbial 
populations, improving soil water-holding capacity, 
supplying vitamins, enzymes, and hormones as well 
as accelerating earthworm population and activity. In 
comparison to other lower levels of organic nutrients, 
continuous application of mixed organic manures 
improved soil fertility status and met the nutrient 
requirement during peak growth periods of crops 
(Moasunep et al. 2019; Ghasal et al. 2022). A lower 
dose of nutrients under the farmers’ practices (control 
treatment) failed to meet the nutrient requirements of 
the crop leading to lower yields during all the years 
(Babu et al. 2015; Choudhary et al. 2018).

Profitability

Integrated use of organic nutrient sources had a sig-
nificant (p < 0.05) effect on gross return, net return, 
B: C ratio, profitability, and production efficiency 
during all the years of experimentation. Among the 
different treatments, the cost of cultivation (COC) 
was in the range of 636.6 to 907.5 US$ ha−1 (three-
year mean). The minimum COC (636.6 US$ ha−1) 
was recorded under the control plot (farmers’ prac-
tice) because less input was involved whereas the 
maximum COC (907.5 US$ ha−1) was incurred under 
100% RDN through VC. This might be because VC 
applied plot involved more input costs, labor, and 
other costs (Avasthe et  al. 2020). The significant 
increase in the gross return by 26.3%, net return by 
29%, B: C ratio by 15.3%, profitability by 29.4%, and 
production efficiency by 26% were obtained under 
50% RDN through FYM and 50% RDN through 
MC + BFs as compared to the farmers’ practice. Con-
sequently, the utilization of organic nutrients imparts 
beneficial impacts on the physical, chemical, and 
biological attributes of the soil ultimately enhancing 
economic production (Babu et  al. 2020a; Patel and 
Painkara 2022). Singh et  al. (2021a) reported that 
the B: C ratio was 15.1% and 11.7% higher under 
75% recommended dose of N + maize/pea stover and 
100% recommended dose of N over farmers’ prac-
tice, respectively. According to Singh et  al. (2018), 
the application of FYM + VC in comparison to VC or 
FYM alone resulted in significantly higher net returns 
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of 17.2% and 36.6%, respectively. A favorable envi-
ronment for crop growth and yield which ultimately 
led to a high economic return is provided by organic 
manures which enhance the soil’s physico-chemical 
properties, and biological qualities and conserve soil 
moisture (Kalantri et  al. 2011; Kumar et  al. 2023a, 
b). King et  al. (2020) found that the application 
of organic manure at 100% RDN through organic 
sources with biofertilizers proved optimum for higher 
productivity, profitability, and better soil health. 
Higher yield and net return have also been noted 
when FYM is applied to other crops in ecologically 
similar environments (Choudhary and Kumar 2013; 
Singh et al. 2023).

Conclusion

The findings of the study revealed the significance of 
long-term judicious application of organic sources 
of nutrients on productivity, profitability, and soil 
health in the Himalayan region of India. The three-
year mean results revealed that fertilization with 50% 
RDN through FYM + 50% RDN through MC + BFs 
significantly increased the yield of green cob by 
26.3%, net return by 29%, B: C ratio by 15.3%, profit-
ability by 29.4% and production efficiency by 26.4% 
over control. Likewise, augmentation in energy 
net return by 24% and energy output efficiency 
by 24.7% was also documented under 50% RDN 
through FYM + 50% RDN through MC + BFs. The 
relatively lower soil pb and significantly (p < 0.05) 
higher TWSA, MWD, SOC, and available nutrients 
in soil were obtained in soil under 50% RDN through 
FYM + 50% RDN through MC + BFs as compared to 
the farmers’ practice. Similarly, significantly higher 
microbial activity viz., SMBC, FDA, DHA, acid-P, 
UA, and β-glucosidase activity in soil was registered 
under 50% RDN through FYM + 50% RDN through 
MC + BFs over farmers’ practice. Thus, the conjoint 
application of 50% RDN through FYM + 50% RDN 
through MC + BFs is a viable, economical, and best 
alternative for organic maize production in the Indian 
Himalayan region or other similar ecoregions.
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