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Comparative analysis of soil 
quality and enzymatic activities 
under different tillage based 
nutrient management practices 
in soybean–wheat cropping 
sequence in Vertisols
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In the modern era, intensive agricultural practices such as agrochemicals are applied in excessive 
amounts to enhance agricultural production. However, imbalanced adoption of these chemicals has 
arisen in the dwindling of agriculture factor productivity and soil quality. To maintain soil fertility 
and production, these chemical fertilizers must be supplemented with organic inputs. Keeping this 
in the backdrop, a research trail was established during 2018–19 and 2019–20 years at Research 
Farm of Agriculture University, Kota, India. The treatment setup was comprised of 5 treatment 
modules viz., conservation tillage + organic management (CAOM), conservation tillage + chemical 
management (CACM), conventional tillage + chemical management (CTCM), conventional 
tillage + organic management (CTOM) and the package of practices (PoPs) with four replications. 
Results indicated that the highest organic carbon (0.68%), bacterial (29.11 ×  107 cfu  g−1), fungal 
(4.77 ×  104 cfu  g−1), actinomycetes populations (5.67 ×  104 cfu  g−1), acid phosphatase (44.1 µg  g−1  h−1), 
urease (45.3 µg  g−1  h−1) and dehydrogenase (23.3 µg triphenylformazan [TPF]  g−1  h−1) activity in soil 
were found in the treatment of conservation organic system during both the years of study at each 
soil depth. In contrast to other parameters, the highest system productivity was observed with 
conservation chemical crop management approaches, with a soybean equivalent yield of 4615 kg  ha−1 
in a soybean–wheat system of production. Furthermore, the soil quality index (SQI) significantly 
varied from the lowest score (0.30) at 45–60 cm layer of soil in the package of practices to the highest 
score (0.92) at 0–15 cm layer of soil with regards to the conservation organic which shows, 206.67 
percent enhancement through the soil profile of various crop management practices. The SQI variation 
from 0–15 to 45–60 cm soil depth was 130.0, 81.08, 60.0, 175.0 and 83.33 percent, respectively, for 
CAOM, CACM, CTCM, CTOM and PoPs. Amongst, different systems, the highest mean performance 
was noticed under the conservation organic systems for physical and biological properties. Hence, in 
line with the salient outcome, we may propose that the conservation chemical system needs to be 
followed to improve crop productivity, whereas, conservation organic seems a good option for soil 
health with long-term viability.

OPEN

1Agriculture University, Kota, Rajasthan 324001, India. 2Indian Council of Agricultural Research (ICAR), New 
Delhi 110012, India. 3ICAR-Indian Institute of Soil Science, Bhopal, Madhya Pradesh 462 038, India. 4ICAR-Central 
Agroforestry Research Institute, Jhansi, Uttar Pradesh 284003, India. 5ICAR-National Bureau of Soil Survey and 
Land Use Planning, Regional Centre, Udaipur, Rajasthan 313 001, India. 6ICAR-Indian Agricultural Statistical 
Research Institute, New Delhi 110012, India. 7ICAR-Indian Institute of Soil and Water Conservation, Research 
Centre, Agra, Uttar Pradesh 282 006, India. 8Maharana Pratap University of Agriculture and Technology, 
Udaipur, Rajasthan 313004, India. 9ICAR-Indian Institute of Soil and Water Conservation, Research Centre, Kota, 
Rajasthan 313004, India. *email: meenasnagro@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-54512-z&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6840  | https://doi.org/10.1038/s41598-024-54512-z

www.nature.com/scientificreports/

Keywords Conservation agriculture, Organic, Soil properties, Soybean, System productivity, Wheat

Large-scale adoption of high-yielding, nutrient-responsive cultivars, chemical fertilizers, improved irrigation 
and crop management practices and farm mechanization have enhanced the food grain production of India 
from 176.39 million metric tons (in 1991) to 316.0 million tons (in 2021–22)1,2. However, resource-intensive 
agricultural production systems have caused second-generation concerns such deteriorating factor productiv-
ity, resource consumption efficiency, soil quality, and farm profit. Long-term research experiments have shown 
that main food grain yields stagnate, decline, or respond poorly to  fertilizers3–7. Further, there are more than 
30 cropping systems in  India8, and soybean is the main oilseed crop, grown on 12.81 million ha with 12.90 
million tons  production9. Its strong yields might boost oil seed produce in the country. Due to their N-fixation 
ability and soil fertility benefits, soybean farmers use little or no chemical  fertilizers10. Moreover, the succeed-
ing wheat crop has the carryover effect of the soybean  crop11. Wheat, India’s second-largest cereal crop after 
rice, covers 31.61 million hectares and produces 109.52 million tons. It covers 24.44% of food grain land and 
35.48% of grain  production9. In any agricultural system, soybeans and wheat are complimentary crops. There is 
a wide discrepancy in soybean and wheat potential with mean yields of 2.50 and 0.95 tones ha-1, 6.20 and 2.49, 
 respectively12. Soybean and wheat needed balanced fertilization to maximize production. After the success of 
conservation agriculture under paddy-wheat13,14 and kharif maize-wheat15–17 cropping systems and increased 
awareness of organic  foodgrains18, Indian farmers now use conventional, conservation, and organic agriculture. 
These crop-specific strategies impact crop growth, productivity, soil health, and  economics19. Finding out how 
management approaches affect different crops and cropping systems is crucial to achieving high food production 
and comparing crop management practices under different cropping systems.

Conventional tillage practices have adversely affected soil quality and crop production both in sole crop and 
cropping  systems20,21. Zero tillage, high plant residue and cropping pattern leads to improved crop yield and 
maintained soil  health22. In zero-till farming, and soil environment is usually greater as compared to convention-
ally tilled  soils23. Many other benefits of conservation agriculture are minimizing losses in terms of  nutrients24,25, 
soil water, and also minimizing the implications of climate change on agricultural  yield26,27.

Inorganic fertilizers without the insertion of biological sources for nutrients affect the soil properties and 
induce environmental  contamination28. Utilizing biological sources, either separately or in conjunction to inor-
ganic source of nutrients, will help to enhance soil  qualities29–31. Organic manures maintain a favorable nutri-
tional balance and provide better nutrition for the growth of soil organisms in order to achieve sustainable crop 
 production32. Using fertilizers wisely in conjunction with organic resources can help preserve soil fertility for the 
sustainable production of  soybean33. However, using only organic manures is insufficient to provide the crop’s 
nutrient needs during the crop growth  phase34. Additionally, it has been found that the micronutrient require-
ments of soybean are met by using organic manures in conjunction with  fertilizers35–37.

Effective agriculture requires the judicious utilization of available resources as soils can lose their producing 
capacity within a short period time due to several  reasons38. Best soil management practices are subject to several 
factors such as the availability of nutrient inputs, agronomic management practices, and also climatic  factors39. 
Because of this, there has been a recent increase in attentiveness in assessing our soil resource’s quality. Soil is 
a vital part of the earth’s biosphere, serving not solely to produce food and fibre but additionally for sustaining 
local, regional, and global environmental  quality40. The dependability and sustainability of management inputs 
will increase with decision tools and tactics that can help organize soil tests and evaluate how soil management 
activities affect soil  ecosystems41. Soil quality indices (SQIs) are assessment tools that reliably integrate a variety 
of inputs for use in making multi-objective  decisions42. Therefore, information is very limited to corroborate SQI 
versus region specific crop production as most of the scientific studies are concentrated as an ending variable, the 
environmental aspects of the soil but SQI for different soil layers has not been determined. However, evaluating 
SQIs against varied crop yields is difficult since SQIs calculated simply on surface soils may not reflect the true 
relationship between soil quality and yield because crop root systems may expand to deeper soil layers. Hence, 
in this study, the SQI was determined for multiple soil depths to investigate its true association with crop yields 
as well as other inter-dependent quality parameters.

As such the farming community is more concerned with crop  productivity43 and monetary returns as com-
pared to environmental  quality37,44. To fulfill the needs of the expanding population for food, fibre, fuel, fod-
der, and other items, the productivity of farm land and the wellness of soil must be  increased45,46. Numerous 
researches propound that, strategies for managing nutrients should change from resource-depleting chemical 
agriculture to resource-protecting organic or conservation  agriculture4,32,47. Various work on organic as well 
as conservation agriculture are available for cropping systems in India that are focused on rice and maize, but 
only very limited information is available on soybean based copping systems. Keeping these things in mind, a 
field study was evaluated to find out the effect of tillage, organic and chemical management operations on soil 
enzymes, quality and chemical composition of soil and system production in the Vertisols of typical sub-tropical 
climatic conditions which nourish soybean–wheat system.

Materials and methods
Details of study site, climate and soil
The research work was investigated as the kharif and rabi sowing of 2018 and 2019 at Agricultural Research Sta-
tion, (25° 10′ 57’’ North Latitude; 75°50′ 20’’ East Longitude and 267 m above MSL) of Agriculture University, 
Kota, Rajasthan, India (Fig. 1). The climatic condition of the region belongs to sub-tropical and is marked by mild 
winters and moderately long summers (hot and dry from late March to end of June). The average temperature 
during summer (May–June) ranges between 40.0 to 48.0 °C and 4.0 to 15.0 °C during winter (December-January). 
The study location’s average annual rainfall is 660 mm, majority of that occurring in monsoon season (June to 



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6840  | https://doi.org/10.1038/s41598-024-54512-z

www.nature.com/scientificreports/

September). The field of experimentation featured well-drained, fairly deep, black clay-loam Vertisols, compris-
ing 25.86% sand, 35.10% silt, and 38.94% clay. The soil exhibited a slightly alkaline reaction with pH of 7.41. The 
BD (Mg  m−3), porosity (%), SOC (g  kg-1) and EC (dS  m–1) of the upper surface (0–15 cm) of soil were 1.28, 51.0, 
5.10 and 0.65, consequently. The experimental plots revealed a deficit in available nitrogen, a moderate level of 
available phosphorus, and an abundance of exchangeable potassium to the tune of 234.0, 21.13 and 440 kg  ha−1, 
respectively. Depth wise details of initial soil properties are stated in Table 1.

Figure 1.  Location of the study area at Rajasthan Agriculture University, Kota, India.

Table 1.  Soil properties at different depths of the experimental field (before Kharif 2018).

Soil parameters

Value

Method of analysis0–15 cm 15–30 cm 30–45 cm 45–60 cm

A. Soil chemical parameters

 pH (1: 2.5 soil: water) 7.41 7.48 7.40 7.49 pH  meter48

 EC (dS  m−1 at 25° C) 0.65 0.67 0.65 0.69 Conductivity  bridge49

 OC (%) 0.51 0.49 0.42 0.37 Walkley and  Black50

B. Soil available nutrients

 N (kg  ha–1) 234 210 199 190 Alkaline permanganate  method51

 P (kg  ha–1) 21.13 19.95 18.00 17.57 Olsen’s P  method52

 K (kg  ha–1) 440 426 418 411 Ammonium Acetate  Method53

 S (kg  ha–1) 16.72 15.43 13.30 12.81 Turbidimetric  procedure54

C. Soil biological parameters

 Total Bacteria
  (107 × cfu  g−1) 3.23 1.01 0.68 0.01

Standard serial dilution and plate count  method55 Total Fungal
  (104 × cfu  g−1) 0.67 0.22 0.16 0.05

 Actinomycetes
  (104 × cfu  g−1) 0.38 0.31 0.19 0.07

 D. Enzymic Activities

 Acid phosphatase
 (µg P-nitrophenol  g−1  h−1) 13.24 7.81 4.13 2.61 P-nitrophenol  method56

 Urease (µg  g−1  h−1) 25.48 17.82 9.67 4.52 Tabatabai  199457

 Dehydrogenase
 (µg TPF  g−1  h−1) 10.61 6.12 3.28 1.97 Tri-phenyl  formazon58
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Experimental design and treatment details
The field demonstration was set down into RBD which includes 4 replications and 5 treatments viz., T1-conserva-
tion tillage + organic management (CAOM), T2-conservation tillage + chemical management (CACM), T3-con-
ventional tillage + chemical management (CTCM), T4-conventional tillage + organic management (CTOM) and 
the T5-package of practices (PoPs). Table 2 lists the specifics of the treatments and their indications.

Manure and fertilizer application
After field preparation, well-decomposed FYM was incorporated as per treatment details before sowing of the 
crops during each year of study. The amount of FYM was calculated as per N content and N requirement of the 
treatments. The nutrient concentration of farmyard manure (FYM) was examined for calculating total N adopting 
the Kjeldahl digestion  procedure48 although phosphorus and potassium were analyzed adopting a wet digestion 
 procedure59. Micronutrients in FYM were estimated by the diethylenetriaminepentaacetic acid (DTPA)-extract 
procedure using Atomic Absorption Spectrophotometer (AAS)60. The average nutrient composition of FYM 
was determined as shown: Nitrogen (0.50%), Phosphorus (0.26%), Potassium (0.50%), Sulphur (0.03%), Zinc 
(24.8 ppm), Iron (173.9 ppm), Copper (5.15 ppm), and Manganese (97.5 ppm).

Crop management
Table lists the crop management techniques used for the wheat and soybean crops grown during the study 
period. The soybean (var. RKS 45) was sown @ 80 kg  ha-1 seed rate through a seed drill around 15th July (with 
a row-to-row space of 30 cm) and harvested during 4th week of October. After the soybean harvest, pre-sowing 
irrigation was given for preparing the field and seeding of subsequent wheat crop. The wheat (var. Raj 4079) 
was sown during the 1st week of December (with an inter-row space of 22.5 cm and 100 kg  ha-1 seed rate) and 
harvested in the first fortnight of April. The intercultural operations were performed according to the treatment 
plan outlined in Table 2. In the kharif season of 2018, single lifesaving irrigation was given at pod filling stage to 
soybean. However, in kharif season of 2019, the crop was grown without any irrigation due to sufficient mois-
ture availability. For the rabi season, the wheat crop received a total of four irrigations during its critical growth 
phases. Inorganic fertilizers were applied according to the designated treatments. To soybean, the complete 
amount of N,  P2O5,  K2O, and S was applied at the time of sowing. Conversely, for wheat, 100% of  P2O5,  K2O, and 

Table 2.  Tillage, weed, and nutrient management specifics during experimentation. *T5—Incorporation of 
FYM @ 10 t  ha−1 for package of practices once in three years thus, applied only during experiment initiation 
kharif 2018.

Season/crop

T1: Conservation 
tillage + organic 
management

T2: Conservation 
tillage + chemical 
management

T3: Conventional 
tillage + chemical 
management

T4: Conventional 
tillage + organic 
management T5: Package of practices

Tillage

Kharif/Soybean

One ploughing and direct 
sowing through seed drill, 
previous crop biomass 
retention (wheat @ 2.5 
t  ha-1)

Same as in  T1

One summer ploughing, 
two ploughing with 
planking and sowing 
through seed drill

Same as in  T3 Same as in  T3

Rabi/Wheat

One ploughing and direct 
sowing through seed drill 
previous crop biomass 
retention (soybean 1.5 
t  ha-1)

Same as in  T1

three ploughing, sowing 
of wheat was completed 
through seed drill

Same as in  T3 Same as in  T3

Weed management

Kharif/Soybean

Non-chemical methods 
i.e., dust mulch at 20 DAS 
under cultural method 
and hand weeding at 35 
DAS under mechanical 
method

Chemical method: a 
ready mixed herbicide 
viz. sodium acilfluorfen 
16.5% + clodinafop pro-
pargyl 8% EC (165 + 80 g 
a.i.  ha-1) as sprayed at 25 
DAS in soybean

Same as in  T2 Same as in  T1 Same as in  T2

Rabi/Wheat

Non-chemical methods 
i.e., dust mulch at 20 DAS 
under cultural method 
and hand weeding at 35 
DAS under mechanical 
method

Chemical method: a 
ready mixed herbicide 
viz. clodinafop-propargyl 
15% WP + metsulfuron 
methyl 1% WP (48 + 4 g 
a.i.  ha-1) was sprayed as 
PE at 32 DAS in wheat 
crop

Same as in  T2 Same as in  T1 Same as in  T2

Nutrient management

Kharif/Soybean
Organic source N:P: K, 
30:40:40
FYM 6 t  ha-1 + PSB 
600 g  ha-1

FYM + Fertilizer
N:P: K, 30:40:40
FYM 5 t  ha-1 + (Urea 
11 + SSP 200 + MOP 
25 kg  ha-1)

FYM + Fertilizer N:P:K, 
30:40:40
FYM 5 t  ha-1 + (Urea 
11 + SSP 200 + MOP 
25 kg  ha-1)

Organic source N:P:K:S, 
30:40:40:30 FYM 6 t 
 ha-1 + PSB 600 g  ha-1

FYM + N:P:K:S 
20:40:40:30
FYM 10 t  ha-1 + (Urea 
65 + SSP 250 + MOP 
67 + Elemental S 
2.2 kg  ha-1)

Rabi/Wheat
Organic source N:P:K 
180:40:30
FYM 36 t  ha-1 + PSB 
600 g  ha-1

FYM + Fertilizer N:P:K 
180:40:30
FYM 5 t  ha-1 + PSB 
600 g  ha-1 + (Urea 
337 + SSP 250 + MOP 
50 kg  ha-1)

FYM + Fertilizer N:P:K 
180:40:30
FYM 5 t + PSB 
600 g + (Urea 337 + SSP 
250 + MOP 50 kg  ha-1)

Organic source
N:P:K 180:40:30
FYM 36 t  ha-1 + PSB 
600 g  ha−1

Fertilizer N:P:K:Zn 
120:40:30:25
PSB 600 g  ha−1 + (Urea 
260.9 + SSP 250 + MOP 
50 +  ZnSO4.  7H2O 
25 kg  ha−1)
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 ZnSO4, along with half of N, were used at planting time. The remaining 50% of nitrogen (N) was added during 
the initial watering event.

Collection of soil samples
Soil samples were collected through a soil auger from 4 soil layers (0–15, 15–30, 30–45, and 45–60 cm) from 
each plot after each cropping season and arranged as a composite sample as per standard protocol for laboratory 
analysis of soil.

Soil analysis
The key methods of soil properties assessment were followed as per Table 1. The experimental site’s bulk density 
was assessed using a core  sampler61. Soil porosity was subsequently calculated using the bulk density (BD) and 
particle density (PD) data, employing the formula below:

Biological properties viz., total fungal, bacteria, and actinomycetes count, dehydrogenase activity (DHA) 
of different soil depth, and acid phosphatase was determined as per the standard protocols quoted in Table 1.

Determination of soil quality indices
Soil quality indices (SQI) were assessed using standard method, which consisted of three main steps: Soil quality 
indicators selection, Normalization of indicator values into 0–1 scale, and Incorporation of transformed indica-
tors into soil quality  index62.

The intact analyzed data of various soil parameters beneath various treatments were subjected to principal 
component analysis (PCA), which has been extensively used to recognize the most sensitive SQ  indicators62,63. 
Standardized PCA of untransformed (original observations) soil data was executed by the use of the Statistical 
Package for The Social Sciences (SPSS). The PCs that obtained eigenvalues ≥ 1 or at least explained ≥ 5% uneven-
ness in the soil records were considered for qualifying the most sensitive soil quality  indicator64. Variables with 
high weights were kept in a certain PC for the bare least data set of indicators. Here, the huge weights were 
indicated by absolute values that were inside 10% of the enormous factor  loading62,65. Multivariate correlation 
coefficients were used to definitive whether many variables (such as soil parameters) should be considered 
redundant and if so, removed from the minimal set of information of  indicators66. Each of the vastly weighted 
elements (soil variables) was deemed pertinent and kept to be comprised in the marginal data set of indicators 
if they were not well associated. Among soil variables with great correlation, only the variable with the highest 
weight factors (absolute) should be considered.

Each soil characteristic was first altered into a score (unit less), stretch from 0 to 1, by applying the linear 
scoring technique, after choosing the most relevant indicators for the least data set from among the various soil 
variables. In this procedure, groupings of selected soil indicators were created based on whether a larger value 
was beneficial or negative for soil function. In general, three mathematical method functions were utilized for 
this task: 1. More is better, 2. Less is better, and 3. Optimum is better. The best qualities are those that have a 
fortunate effect up to a predetermined level and may be regarded as harmful over that level. Scores range from 
0 to 1, with 1 being the highest possible function for the system that was chosen.

The selected soil quality indicators were transformed into unitless values (scored 0–1) before being assimilated 
into soil quality indices for management practices using a biased additive indexing tactic. In this approach, the 
weightage was given to each observation of the minimum dataset variables using the PCA results. Every principal 
component (PC) explains a given extent of variation in the data, which was broken down by the total sum of all 
PCs (cumulative) used for the MDS of soil quality indicators to provide a specific weight under each PC. Then, 
the soil quality index (SQI) was calculated by the equation mentioned below:

where S = score of the subscripted indicator, W = weightage derived from PCA results.
Here, the hypothesis is that higher SQI scores meant better soil quality or greater performance of the soil 

function.

Crop yield and system productivity
In the experiment, wheat and soybean crops were hand-reaped for economic yield from net plots 20 cm above 
the ground. After five days of solar drying in the field, the reaped crops were bundled up and brought for the 
threshing. To estimate the total yield (economic + straw), the bundle weight of each crop or plot was recorded 
using a portable weighing balance. As soybean and wheat had distinct minimum support prices (MSPs), the 
system productivity was computed by transforming wheat yields into soybean equivalent yields (SEYs) using 
the formula below:

System productivity was determined by combining the soybean yield with the calculated equivalent soybean 
yield of the wheat for the respective years.

Porosity(%) =

(

1−
Bulk Density

Particle Density

)

× 100

Soil Quality Index (SQI) =

n
∑

i=1

Wi× Si
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Minimum support price (MSP) of soybean (₹ 34,000  tonne-1 and ₹ 37,000  tonne-1) wheat (₹18,400  tonne-1 
and ₹ 19,250  tonne-1) was used for calculating the soybean equivalent yield (GoI) during 2018–19 and 2019–20, 
respectively.

Statistical data analysis
The impact of distinct treatments on soil characteristics (averaged across various depths ranging from 0 to 60 cm 
at 15 cm intervals) was examined using PCA biplot analysis. Additionally, a multivariate stability statistic was 
computed through the PCA biplot method with the assistance of RStudio. Within this ongoing research, we 
investigated the relationships between different treatment scenarios and variables. These variables were then 
grouped based on their stability and mean  values67.

Ethical approval
Soybean var. RKS 45 released by MPUAT, Udaipur (Rajasthan) and Wheat variety Raj 4079 was released by 
the RARI, Durgapura for the Rajasthan conditions. Both the varieties are commercially available in the public 
domain. Use of both the varieties in the present study complies with International, Indian, and/or institutional 
(herein MPUAT Udaipur and RARI, Durgapura) guidelines.

Results
Soil biological properties
Bacteria count
Data summarized in Table 3, Figs. 2 and 3, a significantly higher soil bacteria population (29.11 ×  107) was 
recorded in conservation tillage with organic management in contrast to else treatments except for conventional 

System 

productivity (t ha-1)
= Yield of soybean (t ha-1) +

Yield of wheat (t ha-1) × MSP of wheat 

(₹ t-1)

MSP of soybean (₹ t-1)

Table 3.  Effect of tillage based nutrient management techniques on total bacteria, total fungal count, and total 
actinomycetes at different soil depths (cm) (After Rabi 2019–20). There is no significant difference between 
means with the same letter based on the DMRT (P = 0.05).

Treatments

Total bacteria  (107 × cfu  g−1 soil)
Total fungal Count  (104 × cfu 
 g−1 soil)

Total actinomycetes  (104 × cfu 
 g−1 soil)

0–15 15–30 30–45 45–60 0–15 15–30 30–45 45–60 0–15 15–30 30–45 45–60

CAOM 29.11a 11.79a 7.28a 1.37a 4.77a 2.48a 1.15a 0.38a 5.67a 2.95a 1.08a 0.51a

CACM 21.58b 9.66b 3.84c 0.57c 2.97b 1.32b 0.48c 0.19c 2.93b 1.08c 0.58c 0.18c

CTCM 19.25c 8.58c 3.04d 0.30d 2.61c 0.98c 0.41c 0.13d 2.79b 0.89d 0.44d 0.16c

CTOM 28.18a 11.35a 6.04b 0.73b 4.56a 2.36a 1.01b 0.32d 5.38a 2.68b 0.89b 0.47b

PoPs 14.25d 4.53d 0.84e 0.08e 1.00d 0.46d 0.17d 0.03e 1.09c 0.83d 0.28e 0.03d

Figure 2.  The mean versus stability perspective of treatment effects on soil biological and physical 
characteristics (biplot). The abbreviation section provides explanations for the labels used to represent the 
treatments.
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tillage + organic management in top 0–15 cm soil. Incorporation of the organic management irrespective of the 
tillage treatments significantly increased the bacterial population. The standard package of practices (PoP) was 
recorded with almost 50% less bacteria population (14.25 ×  107) than conservation tillage with organic man-
agement at top soil of 0–15 cm. Though, regardless of the treatments, the population of bacteria significantly 
increased over the initial value (3.23 ×  107) after a two-year soybean–wheat cropping system. Similar trends were 
recorded at other soil depths (15–30, 15–45, and 45–60 cm). However, parallel to the surface soil, the bacterial 
population drastically diminished under lower soil depths.

Fungi count
Organic management has not only increased the bacterial population but fungi population also. The fungal 
population within the uppermost 0–15 cm of soil increased significantly over earlier population (0.67 ×  104) with 
all the treatments. The conservation tillage with organic management recorded the highest fungal population 
(4.77 ×  104) followed by CTOM (4.56 ×  104), CACM (2.97 ×  104) and CTCM (2.61 ×  104). However, the lowest 
fungal population in the top 0–15 cm soil depth was proved while applying a package of practices (1.00 ×  104). 
Similarly, at soil layer of 15–30 cm significantly superior total population was registered with conservation tillage 
with organic management (2.48 ×  104) followed by conventional tillage with organic management (2.36 ×  104). A 
similar trend was observed with the other two depths (30-45 cm and 45–60 cm). Although, the fungal population 
subside drastically with soil depth but the effect of organic management reached at a lower depth also (Table 3, 
Figs. 2 and 3).

Actinomycetes count
Conservation tillage + organic management (CAOM) recorded a significantly higher actinomycetes population 
(5.67 ×  104) over other treatments but was found to be statistically non-significant with the CTOM (5.38 ×  104) at 
the uppermost 0–15 cm of the soil. The effect of organic management either with conservation or conventional, 
reached 0 to 60 cm soil depth. Through up to 60 cm soil depth, T1-CAOM and T4-CTOM were recorded with 
a comparatively higher (almost double) populations of actinomycetes than chemical management either with 
conservation or conventional tillage and the standard package of practices (Table 3 and Fig. 3).

Acid phosphatase activity
Different treatments of tillage, chemical and organic management significantly affected the acid phosphatase 
enzyme in the soil at different depths (Table 4, Figs. 2 and 3). Amongst all treatments, conservation tillage with 
organic management significantly increased activity of acid phosphatase enzyme followed by conventional till-
age with organic management. The highest acid phosphatase activity (44.12 µg  g-1  h-1) registered with CAOM 
and least with the package of practices (16.68 µg  g-1  h-1) at top soil of 0–15 cm, after a two-year soybean–wheat 
cropping system. Similarly, at the soil of 15–30 cm, the higher activity of acid phosphatase was recorded with 
the application of CAOM (24.45 µg  g-1  h-1) later by CTOM, CACM and CTCM to the tune of 22.56, 15.29, 
12.35 µg  g-1  h-1, respectively while, minimum values of acid phosphatase at 0–15 cm soil layer were found under 
PoPs (8.25 µg  g-1  h-1). Furthermore, the result indicates that the concentration of acid phosphatase increased 
significantly in conservation tillage with organic management at lower depth i.e., 30–45 cm and 45–60 cm to 
the tune of 11.57 and 5.81 µg  g-1  h-1, respectively over the initial values.

Urease enzyme activity
Urease concentration in soybean–wheat cropping systems grew notably over starting levels in all treatments. 
However, organic management with either of the tillage treatments, increased urease activity significantly over 
the other treatments (Table 4, Figs. 2 and 3). Conservation tillage with organic management stimulated urease 

Figure 3.  Treatment effects plus treatment × environment interaction effect (GGE) biplot of soil biological 
properties. The abbreviation section provides explanations for the labels used to represent the treatments.
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activity (45.28 µg  g-1  h-1) in soil followed by CTOM (42.26 µg  g-1  h-1) at soil layer of 0–15 cm. An almost compa-
rable pattern was detected under rest treatments at lower soil depths. Although urease activity was also reduced 
in lower soil depths but significant difference in various treatments were clearly observed.

Dehydrogenase activity (DHA)
Irrespective of the treatments, the activity of dehydrogenase increased significantly after the experiment on the 
soybean–wheat cropping system over its initial value. The treatment with conservation tillage + organic manage-
ment registered superior dehydrogenase activity (23.31 µg TPF  g-1  h-1) trailed by CTOM (22.6 µg TPF  g-1  h-1). 
Both CAOM and CTOM statistically remained inconsequential to each other but notably admirable over the 
other treatments at dissimilar soil depths (Table 4, Figs. 2 and 3). However, the lowest activity of dehydroge-
nase at all the soil depths was recorded with the package of practice treatment. Although a notable reduction 
in dehydrogenase activity in all the treatments was observed at 45–60 cm soil depth but organic management 
(either with conventional or conservation) was recorded with more than 3 times higher activity as compared to 
the package of practice.

Soil bulk density, particle density, and porosity
Conservation, organic, and conventional crop management techniques had no discernible impact on the physical 
characteristics of the soil, viz., BD, PD, soil porosity, and WHC, after two-year of study (Figs. 2 and 4). Although, 
CAOM crop management practices reduced BD, PD and improved soil porosity at the top 0–15 cm soil. The BD 
was also decreased by 0.03, 0.06, 0.08 and 0.10 g  cm-3 with CAOM than CTOM, CACM, CTCM and package of 
practices, respectively. Similarly, soil particle density (PD) was reduced by 0.04, 0.06, 0.09 and 0.11 g  cm-3 with 
CAOM over CTOM, CACM, CTCM and package of practices, respectively. Likewise, conservation tillage with 
organic management was recorded with higher porosity, but statistically, no differences were observed amongst 
all the treatments.

Table 4.  Effect of tillage based nutrient management practices on acid phosphatase, urease, and 
dehydrogenase at different soil depths (cm) (After Rabi 2019–20). There is no significant difference between 
means with the same letter based on the DMRT (P = 0.05).

Treatments

Acid phosphatase
(µg P-nitrophenol  g−1  h−1)

Urease
(µg  g−1  h−1)

Dehydrogenase (DHA)
(µg TPF  g−1  h−1)

0–15 15–30 30–45 45–60 0–15 15–30 30–45 45–60 0–15 15–30 30–45 45–60

CAOM 44.12a 24.45a 11.57a 5.81a 45.28a 40.36a 18.17a 11.64a 23.31a 17.56a 9.78a 7.19a

CACM 30.25c 15.29c 7.63c 3.26c 37.65b 32.36b 14.88b 7.44c 14.12b 10.43b 8.05b 4.86c

CTCM 29.68c 12.35d 6.35d 2.99c 34.23b 28.67b 13.96b 7.23c 13.44b 10.27b 7.36b 4.25d

CTOM 39.22b 22.56b 9.90b 4.88b 42.26a 39.23a 16.96a 10.42b 22.36a 16.38a 9.42a 6.29b

PoPs 16.68d 8.25e 3.02e 1.76d 27.04c 16.29c 8.80c 4.83d 10.19c 7.42c 4.05c 1.89e

Figure 4.  Soil EC (dS  m-1), pH, and SOC (g  kg-1 soil) (average of different soil depths) under different 
management scenario in soybean–wheat cropping system (After Rabi 2019–20).
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Soil pH and EC
pH and EC of soil were registered as non-significant among all the treatments up to 60 cm at the depth interval of 
15 cm during the experiment (Table 5 and Fig. 4). However, the supplication of crop residue and organic manures 
in CAOM reduced the pH of soil from 7.41, 7.48, 7.40, and 7.49 to 7.15, 7.14, 7.11 and 7.18 up from 0–60 cm at 
the depth interval of 15 cm, respectively. Likewise, soil EC decreased at different soil depth after the FYM and 
crop residue incorporation in conservation tillage + organic management treatment followed by conventional 
tillage + organic management as compared to other management crop management practices. However, all the 
treatments statistically remained at par with respect to soil pH and EC.

Organic carbon
The data showed that after two-year of soybean–wheat cropping systems, soil organic carbon increased sig-
nificantly under conservation tillage + organic management (Table 5 and Fig. 4). Compared to CACM, CTCM 
and package of practices (PoPs), 13.33, 17.24, 21.42% higher SOC was documented respectively in the CAOM 
scenario. However, SOC content at top soil 0–15 cm depth under CTOM was also found at par with CAOM. 
Under 15–30 cm soil depth, the difference between various crop management practices was significant but the 
average SOC in the soil was decreased by 4.41 to 26.47% compared to soil depth of 0–15 cm. The incorporation 
of organic matter not only enhanced the SOC in the uppermost soil but also brought a significant effect on SOC 
in deeper soil depths. However, both the organic management treatments (conservation as well as conventional) 
remained non-significant to each other and notably higher over other management scenarios.

Mean performance vs stability of the treatments and genetics, genetics × environment (GGE) 
biplot analysis
The PCA biplot analysis, illustrating the relationship between mean and stability, provided a comprehensive 
understanding of soil physical properties’ response to treatment (100% variance explained) as well as treatment 
versus environmental variations. Meanwhile, soil biological properties accounted for 99.89% of the total vari-
ance. In Fig. 2, the average environment coordinate (AEC) exhibited a single direction, with the arrow indicating 
the higher-category outcome on a unique partitioning value (SVP = 1). Clearly, the superior mean show of soil 
physical properties was recorded under conservation tillage + organic management followed by conventional till-
age + organic management. In case of soil biological properties (bacteria, fungi, actinomycetes, acid phosphatase, 
urease and dehydrogenase), the higher mean value was observed with conservation tillage + organic management 
followed by conventional tillage + organic management with moderate stability and lowest mean with package 
of practices with very high stability (Fig. 2). In PCA biplot analysis (GGE biplot) of soil microbial properties 
indicated microbial populace and soil enzymatic actions improved significantly under CAOM and CACM only.

Soil quality index
The statistics on the presentation of SQ indicators in relation to factor loading (eigenvector) standards in PCA 
under different crop managing activities are mentioned in Table 6. In the present experiment, we considered the 
soil parameters with principal components (PCs) having an eigenvalue of ≥ 1 or which explicated tiniest ≥ 5% of 
the deviation in the soil parameters. The amount of swing explained by PC-1, PC-2, PC-3, PC-4, and PC-5, was 
58.12, 11.28, 10.28, 9.65, and 6.84 percent, respectively. The vastly weighted variables (having outright amounts 
inside 10 percent of the maximum factor loading under the same PC) inside each PC were recalled to include in 
the tiniest data set (MDS). Hence, the bold-face tenets [Table 6, Bacteria (0.891), Fungi (0.896), Actinomycetes 
(0.916), Acid phosphatase (0.935), Urease (0.877), and DHA (0.938) in PC-1, EC (-0.864) in PC-2, available-
P (0.842) in PC-3, SOC (0.958) in PC-4 and available-N (0.608) in PC-5] were found highly weighted factor 
loading. Accordingly, boldfaced variables were initially selected in the minimum data set. However, The PC-1 
retained more than one variable as a high loading factor, but all these variables were found greatly correspond 
with one another in the inter-correlation study (Table 7). Thus, following the well-correlated criteria, the DHA 
in PC-1 was kept in the MDS, and others were terminated due to a high and significant correlation with retained 
variables in the PC. Though, in the PC-2, PC-3, PC-4 and PC-5 only sole variables viz. EC, available-P, SOC, 
and available-N were competent for MDS, respectively. So, from PC-1 to PC-5, DHA, EC, available-P, SOC, and 
available-N were reserved for final MDS to develop SQ indices under different management practices.

In our results under different management practices, the “More is better” tactic was used for wholly screened 
soil quality indicators excluding soil EC picked up under PC-2, where the “less is better” task was used. The 

Table 5.  Effect of tillage based nutrient management practices on soil pH, EC, and SOC at different soil depths 
(cm) (After Rabi 2019–20). There is no significant difference between means with the same letter based on the 
DMRT (P = 0.05).

Treatments

Soil pH Soil EC (dS  m−1) SOC (g  kg−1 soil)

0–15 15–30 30–45 45–60 0–15 15–30 30–45 45–60 0–15 15–30 30–45 45–60

CAOM 7.15a 7.14a 7.11a 7.18a 0.52a 0.56a 0.56a 0.59a 6.8a 6.5a 4.9a 4.3a

CACM 7.28a 7.32a 7.29a 7.34a 0.55a 0.60a 0.60a 0.63a 6.0b 5.6c 4.5bc 3.9b

CTCM 7.33a 7.40a 7.37a 7.41a 0.61a 0.66a 0.66a 0.68a 5.8bc 5.2d 4.4c 3.8b

CTOM 7.14a 7.17a 7.19a 7.26a 0.50a 0.58a 0.58a 0.61a 6.6a 6.0b 4.7ab 4.2a

PoPs 7.40a 7.44a 7.43a 7.45a 0.61a 0.63a 0.63a 0.65a 5.6c 5.0d 4.3c 3.7c
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weighted factor acquire through the PCA findings was then multiplied by the scores obtained for each of the 
chosen indicators (Table 6). PC-1, PC-2, PC-3, PC-4, and PC-5 had weighted factors of 0.60, 0.18, 0.11, 0.10, 
and 0.07, respectively.

The results obtained under different management practices revealed that the SQ indices were affected sig-
nificantly by various treatments and soil depths effects (Table 8). At soil depth of 0–15 cm, conservation till-
age + organic management (0.92) and conventional tillage + organic management (0.88) recorded notably superior 
SQI over CACM (0.67) by 37.31 and 31.34 percent, over CTCM (0.64) by 43.75 and 37.50 percent and over 
the package of practices (0.55) by 67.27 and 60.0 percent, respectively. Further CACM and CTCM treatment 
also secured improved SQI over package of practices by 21.82 and 16.36 percent, respectively. At soil depth of 
15–30 cm, treatment CAOM (0.75) recorded remarkably better SQI over CACM (0.56), CTCM (0.53), CTOM 
(0.70) and package of practices (0.47) by 33.93, 41.51, 7.14, and 59.57 percent, respectively. Further, CTOM 
also secured the better SQI over CACM, CTCM and package of practices by 25.0, 32.08 and 48.94 percent, 

Table 6.  Results of PCA of various SQ indicators. *Bold values under each principal component are highly 
weighted and underlined bold values are selected in the minimum data set for SQI determination.

PC1 PC2 PC3 PC4 PC5

Eigenvalues 6.97 1.35 1.23 1.16 0.82

% Variance 58.12 11.28 10.28 9.65 6.84

Cumulative variance 58.12 69.40 79.68 89.33 96.17

Eigen vectors or factor loading

Bacteria 0.891 0.258 0.189  − 0.071 0.222

Fungi 0.896 0.296 0.213  − 0.169 0.094

Actinomycetes 0.916 0.117 0.256  − 0.16 0.098

pH 0.827 0.191 0.277  − 0.100 0.375

EC  − 0.284  − 0.864  − 0.197 0.310  − 0.068

Acid phosphatase 0.935 0.203 0.214  − 0.065 0.149

Urease 0.877 0.063 0.234  − 0.101 0.293

Dehydrogenase activity 0.938 0.248 0.183  − 0.114 0.002

SOC  − 0.121  − 0.224  − 0.103 0.958  − 0.051

Available-N 0.718 0.123 0.25  − 0.116 0.608

Available-P 0.433 0.241 0.842  − 0.153 0.145

Available-K 0.731 0.414 0.235  − 0.100 0.327

Table 7.  Correlation matrix (r) between highly weighted variables under PC-1. **Correlation is significant at 
the 0.01 level (2-tailed).

PC-1 variables Bacteria Fungi Actinomycetes Acid phosphatase Urease DHA

Bacteria 1.0

Fungi 0.954** 1.0

Actinomycetes 0.937** 0.977** 1.0

Acid phosphatase 0.972** 0.964** 0.973** 1.0

Urease 0.889** 0.875** 0.877** 0.928** 1.0

DHA 0.897** 0.926** 0.949** 0.950** 0.943** 1.0

Table 8.  SQI under various treatments of crop management practices. There is no significant difference 
between means with the same letter based on the DMRT (P = 0.05).

Treatments

Depth (cm)

0–15 15–30 30–45 45–60

CAOM 0.92a 0.75a 0.50a 0.40a

CACM 0.67b 0.56c 0.47b 0.37b

CTCM 0.64b 0.53c 0.50a 0.40a

CTOM 0.88a 0.70b 0.39c 0.32c

PoPs 0.55c 0.47d 0.36c 0.30c
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respectively. At 30–45 cm soil depth, conservation tillage with organic management (CAOM) (0.50) and CTCM 
(0.50) noticed significantly higher SQI over CACM (0.47), CTOM (0.39) and package of practices (0.36) by 6.38, 
28.21 and 38.89 percent, respectively. Further, CACM also recorded 20.51 and 30.56 percent superior SQI over 
CTOM and package of practices, respectively. SQI data of 45–60 cm soil depth also followed the same pattern 
as 30–45 cm soil depth. The SQI varied from the lowest value (0.30) at 45–60 cm soil layer under package of 
practices to the highest value (0.92) at 0–15 cm soil depth in the CAOM which shows, 206.67 percent, variation 
through the soil profile. The SQI variation from 0–15 to 45–60 was 130.0, 81.08, 60.0, 175.0 and 83.33 percent, 
for CAOM, CACM, CTCM, CTOM and PoPs, respectively.

Crop yield and system productivity
Unlike nutrient availability and microbial properties, notably superior seed yield of soybean and wheat (pooled 
average 1850 and 5214 kg  ha-1, respectively) was realized in CACM (T2) followed by the package of practices (T5) 
(Table 9, Figs. 5 and 6). However, in both the crops, three treatments (CACM, CTCM and package of practices) 
remained statistically non-significant to each other and notably superior over organic management treatments 
(T1 and T4). Compared to grain/seed yield of soybean and wheat in CTOM (T4), almost 18% higher yields were 
recorded in CACM in both the crops. Conservation tillage with chemical management (CTCM) secured notably 
superior system productivity of soybean–wheat cropping and it was notably superior by 13.96 and 18.17% over 
CAOM and CTOM, correspondingly (Table 9). Although, system productivity with CACM (T2) and package 
of practices (T5) was comparable with each other. It is clear that organic management (with conservation or 

Table 9.  Effect of tillage based nutrient management practices on seed yields (kg  ha−1) and system 
productivity of soybean–wheat system (pooled mean of 2 years). There is no significant difference between 
means with the same letter based on the DMRT (P = 0.05).

Treatments Soybean seed yield (kg  ha−1) Wheat grain yield (kg  ha−1) System productivity (SEY kg  ha−1)

CAOM 1636bc 4550b 4049c

CACM 1850a 5214a 4615a

CTCM 1767ab 4861ab 4344b

CTOM 1564c 4413b 3905c

PoPs 1847a 5092a 4549ab

Figure 5.  Effect of tillage and nutrient management on the soybean yield (kg  ha-1) (Kharif 2018 & Kharif 2019).

Figure 6.  Effect of tillage and nutrient management on the wheat yield (kg/ha) (Rabi 2018–19 & Rabi 2019–
20).
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conventional tillage) significantly enhanced soil accessibility to nutrients and microbial population, but system 
productivity was significantly lower than the chemical management and package of practices during the study.

Discussion
Organic management and conservation tillage practices culminated in a considerable escalate in the population of 
soil microbes including activities of the enzymes (Tables 3, 4, Figs. 2 and 3). Increased organic matter may cause 
higher microbial activities through providing energy and nutrients. Soil biological properties were comparatively 
lower in conventional tillage chemical management and package of practice in comparison to conservation tillage 
with organic management and conservation tillage with chemical management. Inorganic fertilizers enhanced 
crop productivity but due to lack of organic supplements it adversely affects the soil properties and health 
whereas, fertilizer application in association with organic matter help to enhance the action of  microbes68,69. 
High organic deposit in the soils dispenses an increased biologically active carbon phase, which plays a key role 
for microorganism as an energy source. The activity of soil dehydrogenase and alkaline phosphatase are strongly 
regulated by soil organic carbon concentration. The higher enzyme activity is the outcome of applying organic 
manure and the addition of organic manure and soil enzyme activity are positively  correlated70–72.

In comparison to CTCM treatments, organic farming increased the enzyme activity for twain dehydrogenase 
(98.2 μg TPF  g-1  day-1) and alkaline phosphatase (178.2 g PNP g-12 h-1)73. The incorporation of organic manure 
amplifies the activity of enzymes and proved that an affirmative co-relationship pertains among  them74. Soil 
parameters were drove by tillage based nutrient management practices in the soybean–wheat cropping sequence 
at different soil depths. Results indicated that conservation tillage and organic management slightly decrease 
BD and increase porosity and WHC of soil, but the effect was not significant (Fig. 2). This might be due to the 
implementation of minimum tillage practices, the addition of  FYM75 and crop residue retention under these 
particular treatments. It is true that organic mediated treatments increase the porosity and WHC of the soil and 
lowers the BD and PD of the  soil32,76–78, but the application of various management practices for only two years 
was not sufficient to bring about significant changes. Conservation tillage, including residue maintenance in the 
soil, helps to reduce BD. Due to its excellent buffering capacity; all treatments did not appreciably change soil 
pH and EC (higher clay content 38.94%)79,80.

The supply of organic nutrients and synthetic fertilizers for a short time (one-two years) had an inessential 
effect on soil  pH81. PoPs may have higher soil EC values as a result of salts being added to the soil over time by 
synthetic  fertilizers82,83. In contrast, a lower value of soil EC was recorded under organic management, which 
might be due to increased buffering capacity against salt  accumulation84,85.

Conservation tillage organic management registered the highest SOC, followed by CTOM, CACM, and CTCM 
treatment (Table 5, Figs. 2, 3 and 4) in the different soil depth classes. Conservation tillage with organic manage-
ment practices had a notable impact on soil properties in contrast to other practices. Better soil ecosystems for 
nutrient cycling and a higher supply of organic carbon from organic sources could be responsible for  this37,86. 
Because of a favorable interacting effect on mineral N, N transformations can be converted by mixing quality 
residues with fertilizer  N87. SOC was higher in the pulse-based rotation with no-tillage + crop residues than in the 
no residue treatments. A similar study also registered 105 and 71% superior SOC under long term experiments 
of organic farming as compared to control and recommended doses of NPK fertilizers,  correspondingly88. One 
more study revealed that organic matter slowly accumulates in the soils where no/less disturbance is observed 
and diminishes with deep tillage  treatments89. Application of FYM (20  Mgha–1  year–1) increased in organic 
management, and residue in conservation management increased the SOC  concentration30,31,90. Positive impact 
of organic management on SOC and biological properties upto 60 cm soil depth may result from leaching effect 
of organic  matter91. Higher growth of the plant and microbial populations further aggravates the availability of 
 SOC92–94.

The soil quality aspects varied significantly under various management operations, and the treatments CAOM 
and CTOM practices had a higher soil quality index (SQI) (Table 8) than other treatments. The variations in 
SQIs in each treatment might be associated with the differences in management practices and organic as well as 
inorganic inputs. Organic matter supplies vital nutrients to soil, and conservation tillage reduces the losses of 
organic carbon in soil, which may stimulate microbe occupancy in the soil; therefore, the treatment with organic 
management and conservation tillage improved the SQI. The consistent addition of higher plant and root biomass 
and a lower degree of soil disturbance under conservation organic and organic management + conventional tillage 
practices improved the nutrient cycling, organic carbon content, and soil aggregation, which might be reflected 
in the form of higher SQI scores. Numerous aspects contributed to improving the SQI, like inputs of SOM 
through crop biomass, maximum biological and biochemical activity, fertilizer inputs, nutrient cycling, better 
soil aggregation, physical resistance, etc.95 and these all are represented by some of the most sensitive indicators. 
A study divulges that holistic use of lands with proper and suitable land management techniques is the most 
useful way to sustain and renovate ecosystem sustainability and soil quality through improving biomass of soil 
microbes, aggregate stability, soil respiration, and the biodiversity of fauna in the  soil96. Long term cultivation 
with inappropriate land-use management and involvement of intensive tillage operations led to soil chemical 
impoverishment, higher soil compaction with its detrimental influences on soil physical properties, and nega-
tive effects on biological soil indicators driven by soil organic carbon reduction, as proved by the low SQI score 
in the agricultural land-use  system97. The lower SQI under CTCM could be attributed to less organic biomass 
inputs incorporation into the soil and no accumulation of SOC. SQI values were noticed to be superior in upper 
soil layers than in lower soil layers, which could be due to most biological and organic matter accumulation 
occurred in surface soil. Maximum biological activity was observed up to a 30 cm soil depth, and soil microbial 
counts decreased as soil depth  increased97. A study in Brazilian tropical conditions recorded decreasing trend 
of SQI with increasing soil  depth95.
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Yields of soybean and wheat and their system productivity (SEY) were notably affected by applied treatment, 
and higher crop productivity was recorded with CACM, followed by PoPs, CTCM, CAOM, and CTOM (Table 9, 
Figs. 5 and 6). Higher yields in conservation tillage with chemical management may be attributed to effective 
weed management and easy nutrient availability. Crop management techniques have an intense effect on soil 
characters and thereby on crop production individual as well as system  yield37,98. Tillage practices, nutrient man-
agement, and the incorporation of leguminous crops all play a significant role in influencing crop yields within 
cropping  systems99,100. A study highlighted that CACM (Conservation tillage with Crop Management) exhibited 
superior outcomes, resulting in the highest economic yield of soybean compared to alternative practices such as 
CTCM (Conventional Tillage with Chemical Management), CAOM (Conservation Agriculture with Organic 
Management), and CTOM (Conventional Tillage with Organic Management)7,101. In the wheat crop, similar 
findings were also  reported19. In line  with102 the inclusion of FYM (Farm Yard Manure) or crop liter conjointly 
with synthetic fertilizers was found to notably enhance the sustainability and consistency of productivity within 
the soybean–wheat system.

Conclusion
This study demonstrated that organic management, whether conservation or conventional, increased soil fertility 
(SOC, soil quality index), microbial numbers, and enzymatic activity. Organic management and tillage did not 
change soil physical properties. However, conservation tillage and organic management modules recorded the 
most soil SOC, bacteria, fungi, actinomycetes, acid phosphatase, urease, and dehydrogenase. The same trend of 
nutrient contents, microbial population, and enzyme activities was also recorded at different soil layers. How-
ever, available soil nutrients and microbial activities decreased drastically with an increase in soil depth. The 
maximum crop yield and system productivity were recorded with conservation tillage chemical management 
modules. Furthermore, the PCA selected soil variables (DHA, EC, available-P, SOC, and available N) are sensitive 
to disruptions of the various agronomical management approaches, so attention should be paid to them. Thus, in 
the soybean–wheat cropping system, conservation tillage with chemical management may increase productivity, 
while conservation tillage with organic management promotes soil fitness and sustainability. A long-term study 
on the effects of conservation tillage with organic management approaches on soybean–wheat cropping system 
sustainability and production is possible.
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not publicly available, although data can be obtained from the corresponding author upon reasonable request.

Received: 4 September 2023; Accepted: 13 February 2024

References
 1. Choudhary, M. et al. Long-term effects of organic manure and inorganic fertilization on sustainability and chemical soil quality 

indicators of soybean–wheat cropping system in the Indian mid-Himalayas. Agric. Ecosyst. Environ. 257, 38–46 (2018).
 2. Economic Survey 2021–22. Department of Economic Division, Ministry of Finance, Government of India, North Block New 

Delhi, 110001, pp. 1–386, January, 2022.
 3. Ladha, J. K. et al. How extensive are yield declines in long-term rice-wheat experiments in Asia?. Field Crops Res. 81, 159–180 

(2003).
 4. Ram, A. et al. Effect of tillage and residue management practices on blackgram and greengram under bael (Aegle marmelos L.) 

based agroforestry system. Indian J. Agrofor. 18, 90–95 (2016).
 5. Ram, A., Kumar, D., Babu, S. & Prasad, D. Effect of sulphur on soil biological properties, residual fertility and yield of aerobic 

rice grown under aerobic rice-wheat cropping system in Inceptisols. J. Environ. Biol. 38, 587–593 (2017).
 6. Panwar, A. S. et al. Enhancement in productivity, nutrients use efficiency, and economics of rice-wheat cropping systems in 

India through farmer’s participatory approach. Sustainability 11, 1–26 (2019).
 7. Meena, S. N. et al. Crop-management practices influence weed dynamics, yield and economics of soybean (Glycine max). Indian 

J. Agron. 67, 282–286 (2022).
 8. Das, P. Cropping pattern (agricultural and horticultural) in different zones, their average yields in comparison to national aver-

age/critical gaps/reasons identified and yield potential. Status of farm mechanization in India 33–47 (2012).
 9. Directorate of Economics and Statistics. Department of Agriculture and Farmers Welfare, Ministry of Agriculture and Farmers 

Welfare, GoI (2021).
 10. Ciampitti, I. A., de Borja Reis, A. F., Córdova, S. C., Castellano, M. J., Archontoulis, S.V., Correndo, A. A., Antunes De Almeida, 

L. F. & Moro Rosso, L. H. Revisiting biological nitrogen fixation dynamics in soybeans. Front. Plant Sci. 12, 1–11 (2021).
 11. Behera, U. K., Sharma, A. R. & Pandey, H. N. Sustaining productivity of wheat-soybean cropping system through integrated 

nutrient management practices on the Vertisols of central India. Plant Soil 297, 185–199 (2007).
 12. Gangwar, B. & Singh, A. K. Efficient alternative cropping systems, Project Directorate for Farming Systems Research, Modipuram, 

Meerut, India. 1–339 (2011).
 13. Singh, V. K. et al. Effect of tillage and crop establishment, residue management and K fertilization on yield, K use efficiency and 

apparent K balance under rice-maize system in north-western India. Field Crop. Res. 224, 1–12 (2018).
 14. Jat, M. L. et al. Conservation agriculture for sustainable intensification in South Asia. Nat. Sustain. 3, 336–343 (2020).
 15. Jat, H. S. et al. Soil enzymes activity: Effect of climate smart agriculture on rhizosphere and bulk soil under cereal based systems 

of north-west India. Eur. J. Soil Biol. 103, 1–10 (2021).
 16. Choudhary, M. et al. Topsoil bacterial community changes and nutrient dynamics under cereal based climate-smart agri-food 

systems. Front. Microbiol. 11, 1–16 (2020).
 17. Patra, S. et al. Effect of conservation agriculture on stratification of soil organic matter under cereal-based cropping systems. 

Arch. Agron. Soil Sci. 65, 2013–2028 (2019).
 18. Sudheer, P. Economics of organic versus chemical farming for three crops in Andhra Pradesh, India. J. Org. Syst. 8, 36–49 (2013).
 19. Meena, S. N. et al. Conservation and organic management practices influenced wheat (Triticum aestivum) productivity, profit-

ability and weed dynamics. Indian J. Agric. Sci. 93, 501–505 (2023).



14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6840  | https://doi.org/10.1038/s41598-024-54512-z

www.nature.com/scientificreports/

 20. FAO (Food and Agricultural Organization). Conservation Agriculture-Case studies in Latin America and Africa. FAO Soil Bull. 
78, Rome (2001).

 21. Bhan, S. & Behera, U. K. Conservation agriculture in India- Problems, prospects and policy issues. Int. Soil Water Conserv. Res. 
2, 1–12 (2014).

 22. Das, A. et al. Can conservation tillage and residue management enhance energy use efficiency and sustainability of rice-pea 
system in the Eastern Himalayas?. Arch. Agron. Soil Sci. https:// doi. org/ 10. 1080/ 03650 340. 2019. 16391 57 (2019).

 23. Carpenter-Boggs, L., Stahl, P. D., Lindstrom, M. J. & Schumacher, T. E. Soil microbial properties under permanent grass, con-
ventional tillage and no till management in south Dokota. Soil Till. Res. 71, 15–23 (2003).

 24. Hati, K. M. et al. Effects of tillage, residue and fertilizer nitrogen on crop yields, and soil physical properties under soybean–wheat 
rotation in Vertisols of Central India. Agric. Res. 4, 48–56 (2015).

 25. Jalota, S. K., Khera, R. & Chahal, S. S. Straw management and tillage effects on soil water storage under field conditions. Soil Use 
Manag. 17, 282–287 (2001).

 26. Hobbs, P. R. Conservation agriculture: What is it and why is it important for future sustainable food production?. J. Agric. Sci. 
145, 127–137 (2007).

 27. Hansen, E. M., Munkholm, L. J., Melander, B. & Olesen, J. E. Can non-inversion tillage and straw retainment reduce N leaching 
in cereal-based crop rotations?. Soil Till. Res. 109, 1–8 (2010).

 28. Lal, R. Soil quality and agricultural sustainability. In: Soil Quality and Agricultural Sustainability, CRC Press, Boca Raton, 3–13 
(1998).

 29. Qiu, F. et al. Bacillus subtilis biofertilizer application reduces chemical fertilization and improves fruit quality in fertigated 
Tarocco blood orange groves. Sci. Hortic. https:// doi. org/ 10. 1016/j. scien ta. 2021. 110004 (2021).

 30. Lenka, S., Lenka, N. K., Singh, A. B., Singh, B. & Raghuwanshi, J. Global warming potential and greenhouse gas emission under 
different soil nutrient management practices in soybean–wheat system of central India. Environ. Sci. Pollut. Res. 24, 4603–4612. 
https:// doi. org/ 10. 1007/ s11356- 016- 8189-5 (2017).

 31. Lenka, S. et al. Manure addition influences the effect of tillage on soil aggregation and aggregate associated carbon in a Vertisol 
of Central India. J. Environ. Biol. 41, 1585–1593. https:// doi. org/ 10. 22438/ jeb/ 41/6/ SI- 221 (2020).

 32. Meena, B. P. et al. Long-term sustaining crop productivity and soil health in maize–chickpea system through integrated nutrient 
management practices in Vertisols of central India. Field Crops Res. 232, 62–76 (2019).

 33. Bobde, G. N., Deshpande, R. M., Khandalker, D. M. & Turankar, V. L. Nutrient management of soybean. Indian J. Agron. 43, 
390–392 (1998).

 34. Prasad, R. Cropping systems and sustainability of agriculture. Indian Farming. 46, 39–45 (1996).
 35. Joshi, O. P., Billore, S. D. & Ramesh, A. Integrated micronutrient management in soybean. J. Oilseed Res. 17, 370–372 (2000).
 36. Meena, B. P. et al. Sustainability of popcorn-potato cropping system improves due to organic manure application and its effect 

on soil health. Potato Res. 62, 253–279 (2019).
 37. Meena, B. P. et al. Energy budgeting and carbon footprint in long-term integrated nutrient management modules in a cereal- 

legume (Zea mays–Cicer arietinum) cropping system. J. Clean. Prod. 314, 127900. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 127900 
(2021).

 38. Kiflu, A. & Beyene, S. Effects of different land-use systems on selected soil properties in South Ethiopia. J. Environ. Manag. 4, 
100–107 (2013).

 39. Tufa, M., Melese, A. & Tena, W. Effects of land-use types on selected soil physical and chemical properties: The case of Kuyu 
District, Ethiopia. Eur. J. Soil Sci. 8, 94–109 (2019).

 40. Doran, J. W. & Parkin, T. B. Defining and assessing soil quality. Defining Soil Quality for a Sustainable Environment, In J. W. 
Doran, D. C. Coleman, D. F. Bezdicek and B. A. Stewart, Eds., 3–22, Soil Science Society of America, Madison, Wisconsin, USA, 
(1994).

 41. Beinate, E. & Nijkamp, P. (Eds.). Land-use management and the path towards sustainability in Multicriteria Analysis for Land-
use Management, Kluwer Academic Publishers, Dordrecht 1–13 (1998).

 42. Karlen, D. L. & Stott, D. E. A framework for evaluating physical and chemical indicators of soil quality. Defining Soil Quality for 
a Sustainable Environment. In: J. W. Doran, D. C. Coleman, D. F. Bezdicek, and B. A. Stewart, Eds., 53–72, Soil Science Society 
of America, Madison, Wis, USA (1994).

 43. Roos, E. et al. Risks and opportunities of increasing yields in organic farming-A Review. Agron. Sustain. Develop. 38, 1–21 (2018).
 44. Sharma, S. K., Ravishankar, N., Chander, M., Jat, G., Choudhary, R., Fagodiya, R. K. & Pathak, H. Organic agriculture under 

changing climatic scenario. Indian J. Agron. 66, (5th IAC Special issue), S82–S94 (2021).
 45. Singh, M., Yadav, S. K., Kumar, N., Ojha, M. D. & Kumar, V. Effect of organic manures and NPK on nodulation, microbial 

biomass carbon and yield of soybean. Environ. Ecol. 35, 1605–1609 (2017).
 46. Kopittke, P. M., Menzies, N. W., Wang, P., McKenna, B. A. & Lombi, E. Soil and the intensification of agriculture for global food 

security. Environ. Int. https:// doi. org/ 10. 1016/j. envint. 2019. 105078 (2019).
 47. Dev, I., Ram, A., Singh, R., Kumar, N., Kumar, D., Chand, L., Tewari, R. K., Kumar, S. & Venkatesh. Agroforestry based con-

servation agriculture for resource conservation and climate change mitigation. In: N. K. Sharma, P. K. Mishra, R. S. Yadav, D. 
Mandal, G. Kumar, T. Roy, R. Ranjan, M. K. Meena, D. Kumar, D. Narayan, P. R. Ojasvi, (Eds.), National Seminar on Resource 
Conservation for Soil Security and Jalshakti: Farmers Perspective in Bundelkhand. ICAR-IISWC, RC, Datia, Madhya Pradesh 
February 03–05 (2020).

 48. Jackson, M. L. Soil chemical analysis. Prentice Hall of India (P) Ltd., New Delhi, 183–192 (1967).
 49. Jackson, M. L. Soil Chemical Analysis (Prentice Hall Inc., 1973).
 50. Walkley, A. & Black, I. A. An examination of the degtjareff method for determining soil organic matter, and a proposed modi-

fication of the chromic acid titration method. Soil Sci. 37, 29–38 (1934).
 51. Subbiah, B. V. & Asija, G. L. A rapid procedure for the estimation of available nitrogen in soils. Curr. Sci. 25, 259–260 (1956).
 52. Olsen, S. R., Cole, C. V., Watanabe, F. S. & Dean, L. A. Estimation of available phosphorus in soils by extraction with sodium 

bicarbonate. Washington US Department of agriculture Series Circular, 939, 1–19 (1954).
 53. Jackson, M. L. Soil chemical analysis. Prentice Hall of India Private Limited, New Delhi, 485 (1973).
 54. Chesnin, L. & Yien, C. H. Turbidimetric determination of available sulphates. Soil Sci. Soci. Am. J. 15, 149–151 (1950).
 55. Vance, E. D., Brookes, P. C. & Jenkinson, D. S. An extraction method for measuring soil microbial biomass carbon. Soil Biol. 

Biochem. 19, 703–707 (1987).
 56. Tabatabai, M. A. & Bremner, J. M. Use of p-nitrophenyl phosphate for assay of soil phosphatase activity. Soil Biol. Biochem. 1, 

301–307 (1969).
 57. Tabatabai, M. A. Soil enzymes. Methods of soil analysis. Part 2: Microbiological and biochemical properties. In: Weaver, R.W., 

Angle, J.R., Bottomley, P.S. (Eds.). Soil Science Society of America, Madison, WI, 775–833 (1994).
 58. Casida, L. E. J., Klein, D. A. & Santoro, T. Soil dehydrogenase activity. Soil Sci. 98, 371–378 (1964).
 59. Prasad, R., Shivay, Y. S., Kumar, D. & Sharma, S. N. Learning by Doing Exercise in Soil Fertility. A Practical Manual for Soil 

Fertility, Division of Agronomy, IARI, New Delhi, India 68, (2006).
 60. Lindsay, W. L. & Norvell, W. A. Development of DTPA soil test for Zn, Fe, Mn and Cu. Soil Sci. Soci. Am. J. 42, 421–428 (1978).
 61. Blake, G. R. & Hartge, K. H. Bulk density. Methods of Soil Analysis. In: A. Klute, Ed., Agronomy Monograph 9, Part 1, 363–375, 

America Society of Agronomy, Madison, Wis, USA (1986).

https://doi.org/10.1080/03650340.2019.1639157
https://doi.org/10.1016/j.scienta.2021.110004
https://doi.org/10.1007/s11356-016-8189-5
https://doi.org/10.22438/jeb/41/6/SI-221
https://doi.org/10.1016/j.jclepro.2021.127900
https://doi.org/10.1016/j.envint.2019.105078


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6840  | https://doi.org/10.1038/s41598-024-54512-z

www.nature.com/scientificreports/

 62. Andrews, S. S., Karlen, D. L. & Mitchell, J. P. A comparison of soil quality indexing methods for vegetable production systems 
in Northern California. Agric. Ecosyst. Environ. 90, 25–45 (2002).

 63. Sharma, K. L. et al. Long-term soil management effects on crop yields and soil quality in a dry land Alfisol. Soil Till. Res. 83, 
246–259 (2005).

 64. Kaiser, H. F. The application of electronic computers to factor analysis. Educ. Psychol. Meas. 29, 141–151 (1960).
 65. Wander, M. M. & Bollero, G. A. Soil quality assessment of tillage impacts in Illinois. Soil Sci. Soci. Am. J. 63, 961–971 (1999).
 66. Andrews, S. S. & Carroll, C. R. Designing a soil quality assessment tool for sustainable agroecosystem management. Ecol. Appl. 

11(6), 1573–1585 (2001).
 67. Yan, W. & Kang, M. S. GGE Biplot Analysis: A Graphical Tool for Breeders, Geneticists, and Agronomists. CRC Press, Boca 

Raton, FL, USA, pp. 271, (2003).
 68. Devi, K. N., Singh, T. B., Athokopam, H. S., Singh, N. B. & Shamurailatpam, D. Influence of inorganic, biological and organic 

manures on nodulation and yield of soybean (Glycine max Merrill L.) and soil properties. Aust. J. Crop Sci. 7, 1407–1415 (2013).
 69. Shirale, A. O., Kharche, V. K, Zadode, R. S., Meena, B.P., Das, H. & Gore, R P. Influence of gypsum and organic amendments 

on soil properties and crop productivity in degraded black soils of Central India. Commun. Soil Sci. Plant Anal. 49, 2418–2428 
(2018).

 70. Chu, H. et al. Soil microbial biomass, dehydrogenase activity, bacterial community structure in response to long-term fertilizer 
management. Soil Biol. Biochem. 39, 2971–2976 (2007).

 71. Cookson, W. R., Murphy, D. V. & Roper, M. M. Characterizing the relationships between soil organic matter components and 
microbial function and composition along a tillage disturbance gradient. Soil Biol. Biochem. 3, 763–777 (2008).

 72. Li, J., Wang, Y., Guo, Z., Li, J., Tian, C., Hua, D., Shi, C., Wang, H, Han, J. & Xu, Y. Effects of conservation tillage on soil phys-
icochemical properties and crop yield in an Arid Loess Plateau, China. Sci. Rep. 10, 1–15 (2020).

 73. Aher, S. B. et al. Effect of organic farming practices on soil and performance of soybean (Glycine max) under semi-arid tropical 
conditions in Central India. J. Appl. Nat. Sci. 1, 67–71 (2015).

 74. Manjaiah, K. M. & Singh, D. Soil organic matter and biological properties after 26 years of maize–wheat–cowpea cropping as 
affected by manure and fertilization in a cambisol in semiarid region of India. Agric. Ecol. Environ. 86, 155–162 (2001).

 75. Meena, B. P., Kumar, A., Meena, S. R., Shivadhar, Rana, D. S. & Rana, K. S. Effect of sources and levels of nutrients on growth 
and yield behaviour of popcorn (Zea mays var everta L.)–potato (Solanum tuberosum L.) grown in sequence. Indian J. Agron. 
58 (4), 474–479 (2013).

 76. Walia, M. K., Walia, S. S. & Dhaliwal, S. S. Long-term effect of integrated nutrient management of properties of typic ustochrept 
after 23 cycles of an irrigated rice (Oryza sativa L.)—wheat (Triticum aestivum L.) system. J. Sustain. Agric. 34, 724–743 (2010).

 77. Nandapure, S. P., Sonune, B. A., Gabhane, V. V., Katkar, R. N. & Patil, R. T. Long term effects of integrated nutrient management 
on soil physical properties and crop productivity in sorghum-wheat cropping sequence in a vertisol. Indian J. Dryland Agric. 
Res. dev. 45, 336–340 (2011).

 78. Jat, N. K. et al. Influence of integrated nutrient management on the productivity, quality and soil health of maize (Zea mays)-
wheat (Triticum aestivum) cropping system. Indian J. Agron. 54, 327–332 (2012).

 79. Gathala, M. K., Ladha, J. K., Saharawat, Y. S., Kumar, V. & Sharma, P. K. Effect of tillage and crop establishment methods on 
physical properties of a medium textured soil under a seven-year rice–wheat rotation. Soil Sci. Soci. Am. J. 75, 1851–1862 (2011).

 80. Govaerts, B. et al. Conservation agriculture as a sustainable option for the central Mexican highlands. Soil Till. Res. 103, 222–230 
(2009).

 81. Aher, S. B. et al. Effect of organic sources of nutrients on performance of soybean (Glycine max). Indian J. Agric. Sci. 89, 
1787–1791 (2019).

 82. Sudhir, K., Srikanth, K. & Jayaprakash, S. M. Sustained crop production under long term fertilizer use in a red soil of India. 
Poster Presentation in 17th World Congress of Soil Science during 14–21 August, 1–10 (2002).

 83. Meena, B. P., Kumar, A. , Lal, B., Sinha, N. K., Tiwari, P. K., Dotaniya, M. L., Jat, N. K. & Meena, V. D. Soil microbial, chemical 
properties and crop productivity as affected by organic manure application in popcorn (Zea mays L. Var. everta). Afr. J. Micro-
biol. Res. 9, 1402–1418 (2015).

 84. Kumar, A., Yadav, D. S. & Kumar, A. Use of manure and fertilizer in rice (Oryza sativa)—wheat (Triticum aestivum) cropping 
system for sustainability. Indian J. Agri. Sci. 65, 703–707 (1995).

 85. Jat, R. L. et al. Carbon and nitrogen mineralization in vertisol as mediated by type and placement method of residue. Environ. 
Monit. Assess. 190, 439. https:// doi. org/ 10. 1007/ s10661- 018- 6785-1 (2018).

 86. Shirale, A. O., Kharche, V. K., Zadode, R. S., Meena, B. P. & Rajendiran, S. Soil biological properties and carbon dynamics 
subsequent to organic amendments addition in sodic black soils. Arch. Agron. Soil Sci. 63, 2023–2034 (2017).

 87. Gentile, R., Vanlauwe, B., Chivenge, P. & Six, J. Interactive effects from combining fertilizer and organic residue inputs on 
nitrogen transformations. Soil Biol. Biochem. 40, 2375–2384 (2008).

 88. Lakaria, B. L. et al. Carbon addition and storage under integrated nutrient management in soybean–wheat cropping sequence 
in a vertisol of central India. Natl. Acad. Sci. Lett. 35, 131–137 (2012).

 89. Alam, M. K., Islam, M. M., Salahin, N. & Hasanuzzaman, M. Effect of tillage practices on soil properties and crop productivity 
in wheat-mungbean-rice cropping system under subtropical climatic conditions. Sci. World J. 1–15 (2014).

 90. Meena, B. P., Shirale, A. O., Dotaniya, M. L., Jha, P., Meena, A. L., Biswas, A. K. & Patra, A. K. Conservation agriculture: A new 
paradigm for improving input use efficiency and crop productivity. in Climate Change and Conservation Agriculture in Indian 
Himalaya J.K. Bisht et al. (eds.), publisher Springer, (2016). https:// doi. org/ 10. 1007/ 978- 981- 10- 2558-7_2.

 91. Parihar, C. M. et al. Long-term conservation agriculture and intensified cropping systems: Effects on growth, yield, water, and 
energy-use efficiency of maize in northwestern India. Pedosphere 28, 952–963 (2018).

 92. Purakayastha, T. J., Rudrappa, L., Singh, D., Swarup, A. & Bhadraray, S. Long-term impact of fertilizers on soil organic carbon 
pools and sequestration rates in maize–wheat–cowpea cropping system. Geoderma 144, 370–378 (2008).

 93. Bandyopadhyay, K. K., Mishra, A. K., Ghosh, P. K. & Hati, K. M. Effect of integrated use of farmyard manure and chemical 
fertilizers on soil physical properties and productivity of soybean. Soil Till. Res. 110, 115–125 (2010).

 94. Dotaniya, C. K., Lakaria, B. L., Sharma, Y., Meena, B. P., Aher, S. B. & Shirale, A.O. Performance of chickpea (Cicer arietinum L.) 
in maize-chickpea sequence under various integrated nutrient modules in a vertisol of Central India. PLoS ONE 17, e0262652 
(2022). https:// doi. org/ 10. 1371/ journ al. pone. 02626 52.

 95. Cherubin, M. R. et al. A soil management assessment framework (smaf) evaluation of Brazilian sugarcane expansion on soil 
quality. Soil Sci. Soci. Am. J. 80, 215–226 (2016).

 96. Ebabu, K. et al. Exploring the variability of soil properties as influenced by land-use and management practices: A case study 
in the upper Blue Nile basin, Ethiopia. Soil Till. Res. 200(104614), 1–13 (2020).

 97. Velmourougane, K. Venugopalan, M. V. Bhattacharyya et al. Impacts of bioclimates, cropping systems, land-use and manage-
ment on the cultural microbial population in black soil regions of India. Curr. Sci. 107, 1452–1463 (2014).

 98. Rahman, M. M. & Ranamukhaarachchi, S. L. Fertility status and possible environmental consequences of Tista Floodplain soils 
in Bangladesh. Int. J. Environ. Sci. Technol. 8, 11–19 (2003).

 99. Alam, M. K. Effect of tillage depths and cropping patterns on soil properties and crop productivity. (M.Sc. thesis), Department 
of Soil Science, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Dhaka, Bangladesh, (2010).

https://doi.org/10.1007/s10661-018-6785-1
https://doi.org/10.1007/978-981-10-2558-7_2
https://doi.org/10.1371/journal.pone.0262652


16

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6840  | https://doi.org/10.1038/s41598-024-54512-z

www.nature.com/scientificreports/

 100. Meena, S. N. et al. Tillage-based nutrient management practices for sustaining productivity and soil health in the soybean–wheat 
cropping system in Vertisols of the Indian semi-arid tropics. Front. Sustain. Food Syst. 7, 1234344. https:// doi. org/ 10. 3389/ fsufs. 
2023. 12343 44 (2023).

 101. Meena, S. N., Sharma, S. K., Singh, P., B. P. Meena, Jat, M. L., Jadon, C. K. & Meena, L. K. Effect of various crop management 
practices on growth, yield and net return of soybean (Glycine max). Curr. Adv. Agric. Sci. 14, 34–38 (2022b).

 102. Billore, S. D., Vyas, A. K., Ramesh, A., Joshi, O. P. & Khan, I. R. Sustainability of soybean (Glycine max)–wheat (Triticum aesti-
vum) cropping system under integrated nutrient management. Indian J. Agric. Sci. 78, 358–361 (2008).

Acknowledgements
The authors express their gratitude to Agriculture University, Kota, and MPUA&T, Udaipur, for their financial 
support, technical assistance, and provision of necessary facilities throughout the study period, enabling the 
successful completion of this research.

Author contributions
S.N.: implementation of field experiment, observation recording, monitoring, and other management practices 
related to study. S.K.: designed the study and guidance. A.R., B.P., R.L., D.S. S.N. and R.B.: manuscript writing, 
edition and statistical analysis and interpretation of data; M.N., D.J. and D.K.: editing and interpretation of results. 
P.S.: conceptualize the study and guidance during study. All authors contributed to the article and approved the 
submitted version.

Funding
This study was funded by Agriculture University, Kota, and MPUA&T, Udaipur, Rajasthan, India.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.N.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.3389/fsufs.2023.1234344
https://doi.org/10.3389/fsufs.2023.1234344
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative analysis of soil quality and enzymatic activities under different tillage based nutrient management practices in soybean–wheat cropping sequence in Vertisols
	Materials and methods
	Details of study site, climate and soil
	Experimental design and treatment details
	Manure and fertilizer application

	Crop management
	Collection of soil samples
	Soil analysis
	Determination of soil quality indices
	Crop yield and system productivity
	Statistical data analysis
	Ethical approval

	Results
	Soil biological properties
	Bacteria count
	Fungi count
	Actinomycetes count
	Acid phosphatase activity
	Urease enzyme activity
	Dehydrogenase activity (DHA)

	Soil bulk density, particle density, and porosity
	Soil pH and EC
	Organic carbon
	Mean performance vs stability of the treatments and genetics, genetics × environment (GGE) biplot analysis
	Soil quality index
	Crop yield and system productivity

	Discussion
	Conclusion
	References
	Acknowledgements


