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Abstract Intercropping of mustard or potato in sugarcane

in relation to traditional non-intercropping rotation on

microbial diversity, soil quality and crop productivity was

assessed in a 3-year cropping system trial. The systems

consisted of sugarcane ? mustard–ratoon–cowpea

(SmRC), sugarcane ? potato–ratoon–wheat (SpRW) and a

standard sugarcane–ratoon–wheat (SRW) rotation. The

SpRW system recorded a significantly higher cane equiv-

alent yield (120.4 t ha-1) than SmRC (109.4 t ha-1) and

SRW (92.6 t ha-1), which was 10.1% and 30.0% greater,

respectively. However, the highest microbial activities

(microbial counts, microbial biomass carbon and nitrogen

and basal soil respiration), soil enzymes, total carbon (TC)

and nitrogen (TN), available N, Zn, Cu, Fe and cation

exchange capacity (CEC) were recorded for SmRC system.

The available K and S content were greater in SRW, while

the highest average substrate oxidation rate was recorded in

SmRC (0.00291 OD h-1), which was 14.1% and 7.58%

more than that of SpRW and SRW systems, respectively.

Moreover, SmRC significantly increased functional diver-

sity indices and soil quality index. Total N, soil organic

carbon, available P and S were identified as the key soil

quality indicators, contributing 31.8, 30.9, 12.9 and 10.8%

toward quality development, respectively. The highest

functional diversity indices of microbial community, soil

quality and crop productivity under intercropping are the

result of greater SOC, TC, TN, microbial and enzymatic

activities. In conclusion, intercropping of mustard or potato

in sugarcane could be the way to increase crop productivity

in limited land resources in subtropical areas of India.
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Abbreviations

ACP Acid phosphatase activity

AFB Ammonifying bacteria

ALP Alkaline phosphatase activity

AWCD Average well color development

AZO Azotobacter

BD Bulk density

BSR Basal soil respiration

CEC Cation exchange capacity

DHA Dehydrogenase activity

FDA Fluorescein diacetate hydrolytic activity

INFR Infiltration rate

MBC Microbial biomass carbon

MDS Minimum data set

MBN Microbial biomass nitrogen

NFB Nitrifying bacteria

OD Optical density

PC Principal component

PSM Phosphate solubilizing microorganisms

SmRC Sugarcane ? mustard–ratoon–cowpea

SpRW Sugarcane ? potato–ratoon–wheat

SOC Soil organic carbon
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SQI Soil quality index

SRW Sugarcane–ratoon–wheat

TC Total carbon

TCA Total counts of culturable actinomycetes

TCB Total counts of culturable bacteria

TCF Total counts of culturable fungi

TN Total nitrogen

WHC Water holding capacity

Introduction

In terms of area, India is the seventh largest country with

1.30 billion population (FAO 2017; Un-Pop 2017), which

is expected to reach[ 1.60 billion by the year 2050. This

will pose a challenging task for providing food security

including sugar, molasses and jaggery and bio-ethanol to

18% of the world population residing in 2.4% of the world

total land area (Bhattacharyya et al. 2015). Sugarcane is a

key commercial crop in India that provides sugar, molasses

and jaggery. India ranks after Brazil in area (4.95 m ha)

and production (395 m t) during 2017–2018 (Sugar Annual

India 2018). The ever-increasing demand of sugar,

molasses, jaggery and bio-ethanol is a challenging task.

Apart from sugar crops, the demand of potato and oilseed is

also increasing gradually due to increasing population. In

India, potato is well known as the poor man’s food due to

its ability to provide major proportion of carbohydrates to a

larger population and consumed both in fresh form and as

processed products. Mustard is the second most important

oilseed crop after groundnut sharing 27.8% in the Indian

edible oil economy. However, due to lower productivity,

shrinking coverage area and the greater demand of mustard

as edible oil and monocropping, its production require-

ments are not fulfilled. Hence, there is an urgent need to

exploit intensive/diversified crop production system so as

to meet food security challenges.

Intercropping can be a viable option to increase pro-

ductivity of short duration crops like vegetables, oilseeds,

legumes, maize and spices. As wide spacing (90 cm)

between two rows, long duration for sprouting

(35–45 days), initial slow growth rate and compensating

ability of losses provide ample opportunities for inter-

cropping in sugarcane. Intercropping also minimizes weeds

that draw huge amounts of nutrients and moisture. Inter-

cropping plays a key role in increasing efficiency of water

and land use, nutrient, energy, helping reducing soil ero-

sion, environmental pollution, and decreasing the risk of

crop failure or disease (Wang et al. 2014). A wide range of

intercropping systems has been developed with strong

synergistic effects on crop productivity compared to

monoculture (Hossain et al. 2003). As roots of different

plant species interact directly with each other under inter-

cropping system; thereby, subsequent root exudation is

liable to alter microbial diversity, enzymatic activity and

crop productivity (Li et al. 2013; Singh et al. 2017; Lian

et al. 2019). Wang et al. (2014) reported that soil organic

matter does not differ significantly under mono-cropping,

but did increase maize/chickpea and maize/turnip yield in

intercrop systems. However, a number of physical, chem-

ical and biological properties have been reported to alter

due to intercropping. This could be due to differences in

growth behavior, rhizodeposition, nutrient intake and plant

residues, etc. (Thierfelder and Wall 2012; Cong et al.

2014).

Pulses fit very well as intercrop with autumn/spring

planted sugarcane and exert a synergistic effect on cane

yield, microbial activities and economic efficiency (Li

et al. 2013). Sugarcane/soybean intercropping has been

recognized as potential system for improving productivity

over space and time in subsistence forming owing to

greater utilization efficiency of light, stability of yields, and

resilience to perturbations and reducing N-leaching (Yang

et al. 2013). Intercropping gives more yield than mono-

culture or rotation cropping and maintains various soil

chemical and enzymatic activities (Wang et al. 2015).

Significantly more yield and nutrient acquisition advan-

tages have also been reported in maize/soybean, maize/-

faba bean, sorghum/soybean, maize/cowpea, wheat/

chickpea, soybean/pigeonpea and wheat/mung bean as

compared to sole rotation without applying extra inputs

(Mei et al. 2012). Sugarcane yield was not adversely

affected with potato as intercrop in the center of ridge, but

potato yield responds well to higher plant density liable to

increased potato yield up to 22.5 t ha-1with good crop

management (Nankar 1990). Intercropping of potato in

sugarcane enhanced cane yield and net returns than sole

cane due to better use of residual P and K, and to a lesser

extent of N (Imam et al. 1990). Organic carbon and

microbial respiration were greater as maize, wheat or

mustard intercrop with sugarcane (Suman et al. 2006).

Intercrop of potato and mustard with sugarcane in sugar-

cane–ratoon–wheat rotation affected nutrient acquisition,

and fertility status that has apparent effects on microbial

biodiversity and soil quality (Paungfoo-Lonhienne et al.

2015; Mariano et al. 2016; Lian et al. 2018). The bacterial

community richness as well as diversity was significantly

higher in mustard–eggplant and oilseed rape–eggplants

than sole eggplant crop (Li et al. 2017). Also, intercropping

shifted fungal community structures and accomplished

important ecological functions including carbon and

nutrient cycling, plant growth promotion, pathogenesis,

and parasitism in agriculture ecosystems (Rachid et al.

2015). However, sugarcane monoculture had a negative
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impact on soil compaction, structural degradation, soil

organic carbon, abundance and diversity of macro- and

micro- fauna (Cherubin et al. 2016). Intercropping of pul-

ses with sugarcane on crop yield and net returns has been

studied previously (Imam et al. 1990; Nankar 1990; Suman

et al. 2006), but meager information is available on inter-

cropping of mustard/potato in sugarcane on microbial

diversity and soil quality. Therefore, the present investi-

gation was undertaken to assess the impact of mustard or

potato as intercrop with sugarcane on microbial diversity,

soil quality and crop yield.

Materials and Methods

Site Description

The cropping system experiments were conducted over

three consecutive years (2014–2015, 2015–2016 and

2016–2017) at ICAR-Indian Institute of Sugarcane

Research, Lucknow, Uttar Pradesh, India (26o560N,

80o520E and 111 m above sea level). The experiment site

lies in sub-tropical climate with mean annual precipitation

of 763.0 mm. The mean minimum and maximum air

temperatures were 21.0 and 31.3 �C, whereas the mean

relative humidity at morning and noon was 92 and 62%

during the crop season, respectively. The texture of

experimental field is a silty loam (6.50% clay, 70.0% silt

and 23.5% sand) developed by deposition of alluvium

carried out through the River Ganges and its tributaries.

The initial soil characteristics of the experiment site were

as follows: soil organic carbon 4.70 g kg-1, total N

2.89 g kg-1, available N 109.5 mg kg-1, P 5.44 mg kg-1,

K 74.4 mg kg-1, Zn 0.66 mg kg-1, Cu 0.76 mg kg-1, Fe

8.59 mg kg-1, Mn 6.62 mg kg-1, CEC 14.5 cmol? kg-1,

pH 8.07, EC 0.10 dSm-1.

Experimental Design

The field experiment was designed with three intercrop

systems and four replications in a randomized block

design. The three intercrop systems consisted of sugar-

cane ? mustard–ratoon–cowpea (SmRC), sugar-

cane ? potato–ratoon–wheat (SpRW) and a standard

sugarcane–ratoon–wheat (SRW) rotation. After land

preparation, deep furrows ([ 20 cm) were made at 90 cm

row spacing using tractor-drawn furrow opener. Before

sugarcane planting, 1/3rd dose of N, full doses of P2O5 and

K2O were applied in furrow. Sugarcane was planted in

furrows with three-node setts at the end-to-end sequence

(* 35,000 setts ha-1). The field was leveled immediately

after cane planting using light leveler. Intercrops, viz.

potato and mustard, were planted/sown between the vacant

spaces of two rows of sugarcane and harvested before

closing the cane canopy. Potato tubers were planted into

two ridges at 30 cm and plant to plant spacing of 15 cm

under SpRW system. Similarly, mustard was line sown in

two rows at 30 cm and plant to plant at 10 cm under SmRC

system. The rest of the test crop was grown as sole crop,

according to the standard system. The planting/sowing and

harvesting time of each test crops were taken within a

system (Table S1). After planting/sowing of intercrop, the

emphasis was on to intercrop for maintaining optimum

plant population and weed-free plot to achieve the highest

yield. A light hoeing was done at 15–20 days after ger-

mination to break the crust and remove the weeds. Two

earthing up in potato, in which first was performed when

plant attained 15–20 cm height (stolon formation) and the

second was done to cover up the tubers. A light irrigation

was applied in furrow as and when required in potato. The

weeding is very important in mustard for maintaining plant

population and weed-free plot. The first manual weeding

was done at 20 days and second at 40 days after germi-

nation. Similarly, two light irrigations were applied for

obtaining the highest yield of mustard. The first irrigation

was done at pre-flowering and second at pod filling (siliqua

formation) stage. After harvesting of intercrops, a deep

manual intercultural operation was done within interspaces

of cane rows for breaking hard pans and removing weeds.

Before irrigation, fields were left for one week to achieve

proper drying of weeds. At 4–5 days after irrigation, the

1/3rd dose of N was applied as a side dressing in rows.

Intercultural operations and irrigations were continued up

to last week of June as per the requirements. The remaining

1/3rd dose of N fertilizer was applied after irrigation

(4–5 days) as a side dressing in the last week of June. The

recommended doses of N, P2O5 and K2O were applied in

each test crop at critical growth stages through urea,

diammonium phosphate and muriate of potash (Table S2).

After June, the field was left for attaining the maximum

growth as the active growth phase of sugarcane occurs

from July to September (rainy season). After harvesting of

plant crop at maturity (12 month), cane trash was removed

immediately from experimental plots. Ratooning is the

process in which cutting above ground portion (stubble

cutting) but leaving the roots and growing shoots apices

intact so as to allow the plants to recover and produce a

fresh crop in the next season. A deep interculture operation

followed manually after stubbles were removed and

applied half the dose of N and full doses of P2O5 and K2O

in furrows. After ratoon initiation, potato tubers and mus-

tard were planted/sown immediately, and after germina-

tion, light irrigation was applied for promoting root growth

of ratoon as well as increased growth of intercrops. After

harvesting of potato and mustard, a deep interculture fol-

lowed manually and irrigated after one week weeding and
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covered the inter-row spaces with sugarcane trash. The

1/3rd dose of N fertilizers applied in furrow by side-

dressing; thus the first and second ratoons were maintained

till the harvest as plant crop. Grain and straw yield of

wheat, mustard and cowpea were recorded at maturity by

difference methods. The dry weights of biological yield

(grain ? straw) and grain yields were measured separately.

Straw yield was quantified by subtracting grain yield from

biological yield (straw yield = biological yield - grain

yield). The tuber and haulm yield were measured sepa-

rately from each plot and converted into yield t ha-1. Cane

yield (t ha-1) was recorded immediately after removing

leaves from the harvested cane stalk. To compare the

system performance, the cane equivalent yield (CEY) was

calculated [CEY = yield of crop in sequence (t ha-1)-

9 price of the crop (Rs t-1)/price of sugarcane (Rs t-1)]

by converting yield of non-cane test crop into equivalent

cane yield by using minimum support price (MSP)

declared by Government of India, and value of straw/stover

yield was assessed separately based on local market price.

Experimental Analysis

Random soil samples were collected before initiation and

after completion of the cropping cycle at four places in

each plot (0–15 cm depth) and combined together into a

composite sample for determining chemical and biological

properties of soil. About 250 g fresh moist soil samples

was packed in air-tight plastic bags and stored at - 20 �C
for analysis of microbial and enzymatic activities. Another

250 g soil samples were air-dried, ground, passed through a

2-mm sieve and stored for the determination of chemical

properties. Texture, soil pH, EC, available N, P, K, S and

CEC were determined using the methods as suggested by

Jackson (1973). The SOC, TC and TN were determined by

TOC analyzers (Multi N/C-2100S-Analytic-Jena), while

Zn, Cu, Fe and Mn were analyzed (USDA 1996) using

atomic absorption spectrophotometer (Z2300, Hitachi

Science and Technology). Separate soil samples were

collected from three places in each plot (0–15 cm depth)

using a core sampler (height 8 cm 9 6 cm diameter). The

mean value of all these three samples from each plot was

used for the determination of final bulk density (BD) as

suggested by Karim et al. (1988). The water holding

capacity (WHC) was measured following the method of

Cassel and Nielsen (1986).

The serial dilution and plate counting method was

applied for total counts of culturable bacteria, fungi, acti-

nomycetes, Azotobacter and phosphate solubilizing

microorganisms using selective media. The ammonifying

bacteria and nitrifying bacteria were determined by MPN

technique. The replicated culture plates were used in each

dilution (3 dilutions per microbe) for each treatment

(3 9 3 = 9 plate per treatment). The microbial biomass

carbon and nitrogen, basal soil respiration, dehydrogenase,

fluorescein diacetate hydrolytic, urease, and alkaline and

acid phosphatase activities were determined by methods as

suggested by Alef and Nannipieri (1995). Community level

physiological profiling (CLPP) was assessed by BIOLOG

Eco Microplate system (Biolog Inc., Hayward, Ca, USA) in

which three technical replications per treatment were car-

ried out (Lin et al. 2007). The plates were incubated for

168 h at 25 �C and the optical density (OD) was recorded

at 590 nm with an automatic plate reader (Thermo scien-

tific Multiskan MK3, Shanghai, China) after color devel-

opment at every 24-h intervals. The microbial activities in

each micro-plate were expressed as average well color

development (AWCD) was measured as follows:

AWCD =
P

(C-R)/31, where C is the optical density

within each well; R is the absorbance value of the plate

control well. According to Choi and Dobbs (1999) method,

31 carbon substrates in Eco micro-plates were subdivided

into six categories (polymers, carbohydrates, carboxylic

acid, amino acids, amines, and phenol compounds). The

optical density (at 96 h incubation time) was used to cal-

culate diversity and evenness indices as well as principal

component analysis (PCA) because it was shortest incu-

bation time that provided the best resolution for all treat-

ments (Gomez et al. 2006). The average substrate oxidation

rate was calculated by summation of average OD value

derived from AWCD per hour.

Soil Quality

Soil quality index (SQI) was computed after defining the

goal, selection of a minimum data set (MDS) of indicators

which exhibited best representation in relation to soil

functions, scoring the MDS indicators based on their

response to soil function, and drawing meaningful con-

clusion from indicator scores in to relative SQI. In this

study, yield of test crops was mull as a defined goal as

farmers would like to achieve more productivity from each

of the test crop. The physical, chemical and biological

variables of soil had significant variations among the

cropping systems were chosen to develop MDS using PCA

as suggested by Andrews et al. (2002a, b). Attributes

having high eigenvalues and factor loading screened by

PCA were considered to be the ideal variables, and hence,

PC that had eigenvalues[ 4 and explain at least 5% of the

trait variation were investigated (Wander and Bollero

1999). The multivariate Pearson’s correlation coefficient

was applied to retain more than one factor in a single PC.

The high weighted variables could be considered redundant

and therefore removed from the MDS (Andrews et al.

2002a). If the highly weighted variables were not corre-

lated to each other within the PCs, then it was treated mull
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as crucial and retained in the MDS. After choosing the

MDS indicators, every observation of each indicator was

transmuted using a nonlinear scoring method (Andrew

et al. 2002b). Indicators were arranged in order depending

on whether a higher value was considered ‘good’ or ‘bad’

in terms of soil function, and were scored as ‘more is

better’ or ‘less is better’. A nonlinear scoring function

(NLSF) for transformation and normalization for each

indicator was used having a value between 0 and 1 which

was computed as NLSF (Y) = 1/[1 ? e-b(x-A)], where ‘x’

is soil property value, ‘A’ the baseline or value of soil

property where score equal to 0.5 and ‘b’ is slope.

Once the values of soil functions indicator transformed, the

MDS attributes for each observation were assigned weightage

using PCA results. Since each PC explains a certain propor-

tion (%) of trait variation; it was divided by total variation

explained by all PCs with eigenvectors[4, given the

weighted factor for variables selected under a given PC. Then

the weighted MDS variables scores were summed up for each

observation using the following equation:

SQI =
Xn

i¼1

Wi � Si

where SQI is the soil quality index, ‘Wi’ is the weight value

of each indicator, ‘Si’ in the indicator score for the sub-

scripted variable and ‘n’ is the number of indicators in the

minimum data set. The SQI values obtained by the sum of

final key indicators under different cropping system were

tested for their level of significance at P\ 0.05.

Statistical Analysis

The differences in the variables related to the different

cropping system were analyzed with ANOVA employing

SPSS 16.0 software for Windows (SPSS 2001). Duncan’s

multiple range test was applied to measure significant

differences among the variables (P\ 0.05). The mean data

of three cropping years were presented with standard errors

of means SEm ± = SD/Hn. Correlations between the

variables were assessed by determining Pearson product–

moment correlation coefficients and probability at

P\ 0.05 and P\ 0.01 levels of significance. The PCA

was performed on all the data for computation of eigen-

values, variability and drawing bi-plot (Wold et al. 1987).

Results

Crop Productivity

Compared with SRW system, potato or mustard intercrop

with sugarcane under SpRW or SmRC had no apparent

effect on cane yield during the first and second year, but the

ratoon yield decreased significantly during the third year

under SmRC system (Table 1). The highest cane yield was

observed in the SRW system, where sugarcane was taken

as sole crop, which was comparable to the cane yield

obtained under SpRW and SmRC systems during the first-

and second-year crop (Table 1). The cane yield decreased

by 2.80, 5.29 and 4.33% during the first, second and third

year, respectively, as mustard intercrop with sugarcane

under SmRC system than SRW. The potato yield decreased

by 7.93% when intercropped with first sugarcane ratoon

compared to plant crop. However, there was no clear trend

on the mustard yield intercropped with sugarcane under

SmRC during all the three years. The wheat yield increased

by 21.6% when it was grown as a third crop under SpRW

system. A significantly higher cane equivalent yield (CEY)

was observed in SpRW (133.7 and 126.4 t ha-1) over

SmRC and SRW during the first and second year, but it was

greater under SmRC (110.9 t ha-1) during the third year.

Overall, SpRW system increased CEY by 30.0 and 10.0%

over SmRC and SRW, respectively (Table 1).

Microbial and Enzymatic Activity

The total counts of culturable bacteria, actinomycetes,

Azotobacter, phosphate solubilizing microorganisms,

ammonifying and nitrifying bacteria increased significantly

under SmRC over SpRW and SRW, but fungal counts were

the highest under the SpRW system (Table 2). The SmRC

system also recorded significantly increased MBC, MBN,

and BSR, which showed enhancement of 13.2 and 6.57,

4.07 and 1.89 and 23.1 and 13.1% over SRW and SpRW

systems, respectively. Similarly, DHA (2.36 lg g-1 h-1),

FDA (11.9 lg fluorescein g-1 h-1), urease (73.1 lg g-1

h-1), ACP (175.5 lg g-1 h-1) and ALP (260.4 lg g-1

h-1) activities were greater in the SmRC system compared

to that of SpRw and SRW systems (Table 2).

BIOLOG Analysis

The BIOLOG results showed that the lag phase under

SRW and SpRW was quite longer, whereas SmRC had

shorter phase prior to the color development, and it

altered with an increase in incubation time (upto 168 h).

The SmRC system showed a greater rate of carbon

substrate utilization (CSU) up to 144-h incubation than

SpWR and SRW, but it decreased and recorded the

lowest at 168 h. However, SRW displayed significantly

lower CSU rate across the incubation period (Fig. 1).

The average substrate oxidation rate was

0.00291 OD h-1 in SmRC system, which was 14.1% and

7.84% greater than those of SRW and SpRW systems,

respectively. The consumption of amines/amides, amino
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acids, carbohydrates, carboxylic acids and polymers was

significantly greater under SmRC (Fig. 2). Among the

sources of carbon substrate, amino acids were the most

preferred by soil microbial communities across the sys-

tem, except amide/amines which was utilized the highest

in SRW system. The phenyl ethylamine was the most

utilized carbon source than putrescence by the microbial

communities found across the systems (Fig. 2b). The L-

asparagine, L-serine and glycyl-L-glutamic acid were

maximally utilized by the microbial communities under

SmRC system, whereas L-arginine, L-phenylalanine and

L-threonine were highly utilized in SpRW system

(Fig. 2c). Among the carbohydrates utilized by the

microbial communities, D-mannitol, D-cellobiose, a-D-

lactose and i-erythritol under SRW, D-xylose and

N-cetyl-D-glucosamine in SmRC, and D-cellobiose and

b-methyl-D-glucoside in SpRW were the most preferred

sources of carbon. The a-D-lactose was the least pre-

ferred source of carbon in SmRC (Fig. 2c). Tween-80

polymer was the highest consumed by the microbial

communities of SRW system followed by SmRC and

SpRW and a-cyclodextrin polymer was the least utilized.

The pyruvic acid methyl ester, Tween-40, a-cyclodextrin

and glycogen were maximally consumed by the micro-

bial communities of SmRC system followed by SpRW

and SRW (Fig. 2d). SmRC system utilized the pollutants

at maximum as carbon substrate followed by SRW and

SpRW. Among the pollutants, D-galacturonic acid was

consumed maximally under SmRC and D,L-a-glycerol

phosphate was least utilized in SpRW. Overall, glucose-

1-phosphate and c-hydroxybutyric acid were the least

utilized across the systems (Fig. 2e).

The computation of 96 h AWCD data using PCA clearly

differentiated response of cropping systems on soil

microbial communities through carbon substrates. The

BIOLOG ECO microplate data suggested that the PC1 and

PC2 contributed 53.5% and 46.5% cumulative variations,

respectively (Fig. 3). In PC1, out of 31, a total of 14 (five

carbohydrates, four carboxylic acid, three polymers and

one each of amino acid and amine/amide) had a coefficient

of[ 0.2. In which, Tween-40, D-glucosaminic acid and

N-acetyl-D-glucosamine discriminated most positively out

of seven carbon substrates, whereas phenyl ethylamine, a-

D-lactose and 2-hydroxy benzoic acid contributed most

negatively out of seven substrates in PC1 (Table 3). The

SmRC system had the highest positive eigenvalues in both

the PCs clearly indicating that microbial communities in

that system utilized most of the compounds as carbon

substrate (Table 3). However, out of 10 carbon substrate, L-

phenylalanine, L-threonine and b-methyl-D-glucoside were

discriminated most negatively in PC2. The community

level physiological profile (CLPP) diversity indices assess

with AWCD data at 96 h was significantly higher underT
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SmRC followed by SmRW. Shannon diversity index,

Shannon equitability (Shan EH), Mclntosh diversity

(MacD), Mclntosh evenness (Mac EV) and Simpson

diversity (Simpson) were significantly greater for SmRC

system than SRW, but it was at par with SpRW in most of

the cases (Table 2).

Soil Physical and Chemical Properties

Intercropping had no effect on soil pH, BD and Mn but

HWC, SOC, TC and TN and C:N ratio altered significantly

(P\ 0.05), though the highest were under SmRC over

SpRW and SRW systems. The SmRC and SpRW systems

increased SOC, TC and TN by 12.6 and 6.90%, 27.9 and

8.20%, 8.19 and 5.25% over SRW, respectively (Table 4).

The SmRC system led to a significant increase in available

N, P, Zn, Cu, Fe and CEC over SpRW and SRW, while

levels of K and S showed highest in SRW (P\ 0.05).

Soil Quality

Principal component analysis was employed to screen out

the weighted variables by considering 28 physical, chem-

ical and biological attributes of soil measured from various

systems. The three PCs that had eigenvalue[ 3.0 and
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Fig. 1 Change in average well color development (AWCD) of soil

microbial community with incubation time in soil samples collected

from different cropping systems

Table 2 Effect of different cropping systems on activity and functional diversity of soil microbial communities (mean ± standard errors of

mean)

Cropping system SRW SpRW SmRC

Microbial counts

TBC (9 106 cfu g-1soil) 6.44c ± 0.34 7.96b ± 0.10 8.46a ± 0.20

TCA (9 105 cfu g-1soil) 4.76b ± 0.26 5.26a ± 0.08 5.31a ± 0.15

TCF (9 104 cfu g-1soil) 3.59c ± 0.22 4.84a ± 0.13 4.29b ± 0.11

AZO (9 104 cfu g-1soil) 53.4bc ± 1.08 56.0b ± 1.12 60.1a ± 1.09

PSM (9 104 cfu g-1soil) 4.65c ± 0.20 5.12b ± 0.08 5.45a ± 0.09

AFB (9 104 cfu g-1soil) 6.01c ± 0.26 6.63b ± 0.17 7.21a ± 0.20

NFB (9 104 cfu g-1soil) 2.32c ± 0.14 2.54b ± 0.10 3.04a ± 0.09

MBC, MBN, BSR and soil enzymes

MBC (lg C g-1 soil) 235.9c ± 3.04 251.4b ± 2.49 267.1a ± 3.14

MBN(mg NH3-N kg-1d-1) 2.70b ± 1.92 2.75ab ± 1.61 2.81a ± 1.19

BSR (mg CO2-Cg-1d-1) 4.89c ± 0.39 5.53b ± 0.27 6.03a ± 0.34

DHA (lg TPF g-1 h-1) 1.17c ± 0.06 1.91b ± 0.08 2.36a ± 0.02

FDA (lg fluorescein g-1 h-1) 9.63c ± 0.25 10.6b ± 0.16 11.9a ± 0.24

Urease (lg NH4
? g-1 h-1) 59.0bc ± 1.94 62.8b ± 1.61 73.1a ± 1.19

ACP (lg PNP g-1 h-1) 162.9b ± 0.92 155.4c ± 1.56 175.5a ± 2.42

ALP (lg PNP g-1 h-1) 240.3b ± 1.31 258.0a ± 3.23 260.4a ± 2.65

Functional diversity indices

Shannon diversity index 3.33b ± 0.010 3.362ab ± 0.019 3.377a ± 0.007

Shannon evenness index 0.969bc ± 0.003 0.979b ± 0.006 0.983a ± 0.002

Mclntosh diversity index 0.968b ± 0.001 0.988ab ± 0.003 0.990a ± 0.001

McIntosh evenness index 0.901b ± 0.011 0.922a ± 0.002 0.920a ± 0.004

Simpson diversity index 0.958b ± 0.003 0.978a ± 0.006 0.978a ± 0.001

Different letters within the same row indicate significant differences (Duncan’s multiple range test, p\ 0.05). For abbreviation of biological

variables and cropping systems, please refer to abbreviations section
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89.7% cumulative variance were selected. Individually,

PC1, PC2 and PC3 explained 62.2%, 14.9% and 12.6%

trait variability, respectively (Table 5). The TN, SOC,

BSR, AZO and TC had a higher factor loading in PC1, in

which TN and SOC were retained as minimum data set

(MDS). In PC2, available P and PSM dominated weighted

variables, but P was chosen as MDS, while in PC3, only

sulfur was selected for MDS. In this way, TN, SOC, P and

sulfur comprised the MDS. After deciding the anticipated

response, ‘more is better’ was used for the all the MDS and

assigned the thresholds values considering the site-specific

characteristics and management goals (Table 6). Weigh-

tage of the indicator for MDS was assigned that was equal

to the variance explained by three PCs. As TN and SOC

were high factor loading attributes in PC1, thus the weight

(0.622) was equally divided between the two variables as

non-significant positive correlation between them. Since, P

and S contents were retained as indicators due to high

factor loading variables in PC2 and PC3, full weight equal

to 0.149 and 0.126 was assigned, respectively (Table 5).
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Fig. 2 Carbon source utilization pattern (derived from AWCD

OD at 590 nm) of different components by soil microbial communi-

ties under different cropping systems in IGP region. a amines/amides

utilization pattern, b amino acid, c carbohydrates, d polymers,
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The SQI was computed by stating the estimated factors to

the soil quality indicators as follows:

SQI ¼ 0:311STN þ 0:0311SSOC þ 0:149SP þ 0:126SS½ �=0:897

SQI ¼ 0:35STN þ 0:35SSOC þ 0:16SP þ 0:14SS

where ‘S’ is the score for the subscripted variable and

coefficients are the weighting factors.

These results clearly show that SmRC cropping

sequence recorded significantly greater SQI than SpRW

and SRW. Bi-plot study clearly indicated that maximum

number of active variables was observed under SmRC

system followed by SpRW and SRW contributed 82.7%

under PC1 and 16.3% under PC2 (Fig. 4). Among the

cropping systems, the SQI ranged from 0.837 (SRW) to

0.903 (SmRC). The specific contribution of each indicator

toward the SQI is presented in Fig. 5. The TN contributed

the highest (31.9%) toward the SQI, followed by SOC

(30.9%), P (12.9%) and sulfur content (10.8%). The

polynomial correlation between SQI and CEY yield was

Fig. 3 Principal Component analysis (PC1, PC2) of substrate

utilization patterns from different cropping systems. Variable of

carbon substrate, viz., 1: L-Arginine, 2: L-Asparagine, 3: L-Pheny-

lalanine, 4: L-Serine, 5: L-Threonine, 6: Glycyl-L-Glutamic Acid, 7: D-

Cellobiose, 8: a-D-Lactose, 9: b-Methyl-D-Glucoside, 10: D-Xylose,

11: i-Erythritol, 12: D-Mannitol, 13: N-Acetyl-D-Glucosamine, 14: D-

Glucosaminic Acid, 15: Glucose-1-Phosphate, 16: D,L-a-Glycerol

Phosphate, 17: D-Galactonic Acid c-Lactone, 18: D-Galacturonic

Acid, 19: 2-Hydroxy Benzoic Acid, 20: 4-Hydroxy Benzoic Acid, 21:

c- Hydroxybutyric Acid, 22: Itaconic Acid, 23: a-Ketobutyric Acid,

24: D-Malic Acid, 25: Pyruvic Acid Methyl Ester, 26: Tween 40, 27:

Tween 80, 28: a-Cyclodextrin, 29: Glycogen, 30: Phenyl ethylamine,

31:Putrescine. For abbreviation of cropping systems, please refer to

abbreviations section
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non-significant (y = - 0.000x2 ? 0.046x - 1.616;

R2 = 0.713).

Discussion

Yield

No significant differences in cane yield during first and

second year were recorded when sugarcane was taken

either as sole crop or intercrop with potato and mustard.

This indicates that intercrop of potato or mustard with

sugarcane had no antagonistic effect on cane yield (Miah

et al. 1994). However, the lowest cane yield was recorded

during third year when mustard intercrop with sugarcane

(Table 1). This is in line with reports of Chaudhary et al.

(1999), wherein 14.9% decreased cane yield was recorded

when mustard was intercropped with autumn planted

sugarcane. A minor reduction in sugarcane yield has also

been reported with cauliflower, cabbage, knol-khol and

turnip intercrop (Singh et al. 2017). Mustard or potato

intercrop with sugarcane under SmRC and SpRW system

increased CEY, which could be attributed to yield potential

of potato (Nankar 1990). Compared to the ratoon, the po-

tato yield as intercrop was the highest with plant crop due

to the maximum plant population (Imam et al. 1990). The

greater wheat yield recorded under SpRW system could be

due to residual effects of excess fertilizers applied in sug-

arcane and potato.

Microbial Counts and Enzymatic Activity

The variations in microbial counts across the systems could

be attributed to a combined effect of greater root biomass,

exudates, mucilage and microclimate of community (Li

et al. 2013). The greater quantity of crop residues added

Table 3 Details of different parameters of principal components (PC1, PC2) analysis of substrate utilization from different cropland grown

systems derived from measurements on BIOLOG Eco PlatesTM

Component Eigenvalue Variance (%) Substrate Substrate type Coefficient�

PC1 16.6 53.5 L-Arginine A 0.210

SRW - 4.3417 D-Cellobiose C 0.206

SpRW 0.6064 a-D-Lactose C - 0.236

SmRC 3.7353 i-Erythritol C - 0.203

D-Mannitol C - 0.228

N-Acetyl-D-Glucosamine C 0.229

D-Glucosaminic Acid K 0.226

Glucose-1-Phosphate K - 0.218

D-Galactonic Acid c-Lactone K 0.216

2-Hydroxy Benzoic Acid K - 0.235

Tween 40 P 0.237

Tween 80 P - 0.211

a-Cyclodextrin P 0.224

Phenylethylamine Am - 0.245

PC2 14.4 46.5

SRW 1.6841 L-Asparagine A 0.232

SpRW - 4.3474 L-Phenylalanine A - 0.251

SmRC 2.6633 L-Threonine A - 0.239

Glycyl-L-glutamic acid A 0.251

b-Methyl-D-glucoside C - 0.208

D-Xylose C 0.258

D-Galacturonic acid K 0.262

c-Hydroxybutyric acid K 0.225

Itaconic acid K 0.233

a-Ketobutyric acid K 0.250

�A: amino acids, C: carbohydrates, K: carboxylic acids, P: pollutant, Am: amide/amines. Only substrates sources with a coefficient[ 0.20 are

listed. For abbreviation of cropping systems, please refer to abbreviations section
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under SpRW and SmRC led to increased SOC, utilized as a

carbon substrate resulting to increase microbial abundance.

Berg and Verhoef (1998) and Li et al. (2017) reported that

SOC was the primary factor affecting both soil microbial

abundance and structure as greater SOC had positive

relation with microbial counts. Our results also confirm the

findings of Berg and Verhoef (1998) and Li et al. (2017) as

the highest SOC was found in SmRC followed by SpRC

and SRW (Table 4) that had a positive correlation with

PSM and AFB. Lian et al. (2018) also reported that soil

fungus abundance and community are linked to the alter-

ation of TN and SOC. Contrary to that, fungal counts were

highest in SpRW than bacterial counts which might be

related to application of higher doses of nitrogenous fer-

tilizers liable to inhibit the bacterial activities (Singh et al.

2010) but nutrient-rich soil environment favors bacterial

activities (De-Vries et al. 2006).

The MBC, MBN, BSR and enzyme (DHA, FDA, urease,

ACP and ALP) activities enhanced maximally in SmRC

and SpRW system. Greater microbial activity under SmRC

affected root system architecture and its biomass, exudates

and secretion converted into MBC and MBN. Moreover,

higher microbial counts and its functional diversity under

SmRC led to increased biomass through its multiplication,

synthesis of new bio-solids, and dead cells mixed in the

soil. Additional roots, shoots and leaves biomass incorpo-

rated under intercropping system liable to increase organic

matter, total C and C: N ratio resulting in higher microbial

biomass C and N (Vuyyurus et al. 2019). Our result showed

that MBC, MBN and BSR were significantly correlated

with most of the microbial counts (PSM, AFB and FDA),

SOC, TC and TN (Table S3). These results are in line with

the findings of Lian et al. (2019), wherein it was suggested

that microbial community has a significant correlation with

soil respiration rate. The shift of microbial community

structure had significant effects on MBC and MBN (Sun

et al. 2015). The highest microbial activity (counts and its

efficiency), SOC and macro- and micro-nutrients liable to

enhanced enzymatic activities as they create favorable

atmosphere to secrete greater amount of extra or intracel-

lular enzymes (Gómez-Luna et al. 2012). Our results are in

line with those of Li et al. (2013) as PSM was positively

correlated with DHA, Azotobacter with FDA, nitrifying

bacteria with urea and actinomycetes with ALP.

BIOLOG Assay

BIOLOG assay is a culture-based technique that provides a

sensitive and reliable index to assess community-level

physiological profiling (CLPP) of soil microbes altered due

to cropping system. The slower microbial growth at the

initial phase of incubation might mediate their adaptation

to an artificial nutritional environment. Once adapted, the

microbial growth increases as organisms could utilize the

Table 4 Effect of different cropping systems on physical and chemical variables of soil (mean ± standard errors of mean)

Variable Unit Cropping system

SRW SpRW SmRC

BD Mg m-3 1.32a ± 0.02 1.31a ± 0.01 1.29a ± 0.01

WHC % 45.9bc ± 1.59 49.4ab ± 1.71 51.8a ± 1.79

Soil pH 1:2.5 8.13a ± 0.12 8.13a ± 0.07 8.10a ± 0.10

SOC g kg-1 5.80b ± 0.06 6.20a ± 0.06 6.53a ± 0.03

TC g kg-1 30.5c ± 0.69 33.0b ± 0.82 39.0a ± 0.97

TN g kg-1 3.05b ± 0.03 3.21ab ± 0.05 3.30a ± 0.08

C:N ratio 10.2b ± 0.22 10.3b ± 0.26 11.8a ± 0.08

N mg kg-1 120.2b ± 2.31 119.1b ± 1.16 125.7a ± 1.22

P 6.95b ± 0.32 6.80b ± 0.11 8.00a ± 0.23

K 83.5a ± 0.73 74.1c ± 0.90 77.2b ± 0.68

S 5.9a ± 0.16 5.1b ± 0.13 5.2b ± 0.10

Zn 0.67b ± 0.02 0.76a ± 0.03 0.79a ± 0.02

Cu 1.71c ± 0.02 1.76b ± 0.01 1.91a ± 0.05

Fe 12.3c ± 0.56 16.0b ± 0.43 17.5a ± 0.27

Mn 12.5a ± 0.56 12.6a ± 0.43 12.3a ± 0.27

CEC CmolcP
?kg-1 16.4c ± 0.44 18.1b ± 0.46 20.3a ± 0.27

Different letters within the same row indicate significant differences (Duncan’s multiple range test, p\ 0.05). For the abbreviation of physical

and chemical variables and cropping systems, please refer to the abbreviations section
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substrates in different ways (Andruschkewitsch et al.

2014). Irrespective of cropping system, amino acids were

the most preferred sources utilized by the soil microbes and

amide/amines were least utilized which might be related to

majority of the microbes preferred amino acids as a source

of energy, carbon substrate or cell protoplasm (Alexander

1972). However, carbohydrates, amino acids, carboxylic

acid, polymers and amines/amides were maximally utilized

as carbon sources under SmRC system (Fig. 2) could

have exerted remarkable changes in the community com-

position and structure of the soil biota. This possibly

fomented them to harness the greater amount of an amino

acid as carbon and energy sources. The amino acids uti-

lized as primary carbon sources owing to bacterial com-

munities are better adapted to amino acids under SmRC

system. Moreover, carboxylic acids used in BIOLOG

plates are mainly the products of carbohydrates metabolism

(modified forms of monosaccharide); thus microbes in

SmRC soil jump upon those readily available substrates.

As regard to amino acids, L-serine was maximally utilized

as carbon source by microbial communities across the

cropping systems and L-threonine was least exploited due

to its ability to introduce it into the central metabolisms via

pyruvate (Novak and Loubiere 2000). In addition, another

distinguishing feature of L-serine is its high provision for

protein synthesis as L-serine is additionally required for

glycine, cysteine, tryptophan and phospholipids synthesis

as well as for 1-carbon-unit generation (Stauffer 1996)).

The highest utilization of Tween-80 in SRW (Fig. 2) sug-

gested that the bacterial communities of such soils might

receive polymeric substances from rhizodeposition and

decomposition products of above ground biomass added

through test crop.

The functional diversity indices such as Shannon

diversity and evenness, Mclntosh diversity and evenness,

and Simpson index were greater in SmRC (Table 2).

This could be related to alterations in WHC, SOC, and TC

and TN, microbial counts and soil enzymes due to changes

in quantity and quality of biomass added through various

test crops grown under SmRC and SpRW systems that have

strong effects on functional diversity (Andruschkewitsch

et al. 2014; Qin et al. 2017). Long-term monotony of plant–

ratoon–wheat (SRW) significantly decreased microbial and

enzymatic activities than SmRC and SpRW due to poor

quality harvests, and using similar management practices

(Hunsigi 2001; Kirk et al. 2004). Diversification in biomass

production under SmRC and SpRW might influence car-

bon-limited microbes by increasing resource exudation

(Liu et al. 2008), and changes in edaphic variables, cor-

responding to increases microbial diversity and shifts in

soil microbial communities (Lian et al. 2019).

Soil Properties

The pH, BD and Mn could not affect under different

cropping systems, but WHC affected significantly, being

the highest in SmRC. The greater biomass under SmRC

might be playing a critical role in increasing moisture

retention. The SOC, TC and TN are not only the key

determinant of soil organisms, but also enhancing WHC by

improving soil aggregation (Manns et al. 2016). Since,

Table 5 Principal components of among the variables observed

under different cropping systems

PC1 PC2 PC3

Eigenvalue 18.7a 4.45 3.78

Variance (%) 62.2 14.9 12.6

Cumulative variance (%) 62.2 77.1 89.7

Eigenvectorsb

AWCD 0.576 - 0.241 0.758

TCB 0.968c - 0.098 - 0.027

TCA 0.915 - 0.393 0.023

TCF 0.790 - 0.017 - 0.163

AZO 0.972 - 0.067 - 0.087

PSM 0.070 0.901 - 0.336

AFB 0.915 - 0.096 0.160

NFB 0.960 - 0.097 - 0.087

WHC 0.875 0.339 0.115

SOC 0.975d 0.093 0.248

TC 0.970 0.188 0.017

TN 0.984 - 0.057 - 0.165

N 0.590 0.648 0.024

P - 0.151 0.955 0.250

K - 0.471 0.353 0.782

S - 0.397 0.077 0.909

Zn 0.861 0.319 - 0.293

Cu 0.804 0.451 0.004

Fe 0.946 0.160 - 0.021

CEC 0.820 - 0.339 0.278

MBC 0.947 0.177 0.058

MBN 0.829 - 0.431 - 0.154

BSR 0.972 - 0.077 0.207

DHA 0.740 - 0.013 - 0.370

FDA 0.461 0.616 0.579

Urease 0.637 0.246 - 0.621

ACP 0.710 - 0.144 0.504

ALP 0.893 - 0.412 0.178

aBoldface eigenvalues correspond to the PCs examined for the index
bVariables: For abbreviations of soil variables, please refer to

abbreviations section
cBoldface component: loadings corresponding to the indicator inclu-

ded in the MDS
dBold underlined component: loadings are considered highly

weighted
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fungal and bacterial activities act as a binding agent owing

to producing fungal hyphae and polysaccharides, respec-

tively (Tisdall and Oades 1982; Trivedi et al. 2017). A

significant positive relation of SOC, TN, BSR and PSM

with WHC as reflected in our results indicated crucial role

of these factors in improving WHC. These results are in

line with those of Franzluebbers (2002), wherein a signif-

icant positive correlation among the SOC, soil aggregates

and soil water content in different soils was reported.

Intercropping of mustard in sugarcane under SmRC

system improved SOC, TC and TN and C:N ratio mainly

due to greater microbial counts and annual crop residue

return to the soil (Thierfelder and Wall 2012; Cong et al.

2014; Sainju et al. 2017). The test crop under SmRC sys-

tem had greater ability to produce more biomass through

roots, shoots, leaves and trash, where it accumulated at

relatively large-scale, and liable to increase SOC, TC and

TN. Similarly, greater TN and C:N ratio in SmRC might be

the result of N rich residues addition through plant crop,

ratoon, mustard and cowpea. Inclusion of cowpea had a

direct impact on biomass addition, through roots and

leaves. However, absence of nodules on cowpea roots

might be more active in rhizodeposition and stimulation.

Photosynthetic carbon has been reported to be the primary

source of rhizodeposited carbon contributes to increase

SOC through cowpea (Nguyen 2003). Cowpea also pro-

vides N-rich root exudates led to enhance soil N content

and stimulated microbial populations (Fustec et al. 2011).

Contrary to that, the highest amount of inorganic fertilizers

applied in SpRW (Table 2) as both potato and sugarcane

are nutrient exhaustive crop and needed higher amounts of

Fig. 4 PCA bi-plot (PC1 vs

PC2) of active soil variables

after completing third cycle of

different cropping systems in

IGP region. For abbreviations of

soil variables and cropping

systems, please refer to

abbreviations section

Table 6 Scoring functions (SF), threshold values and weight for the minimum data set indicators

Indicator Soil function Lt Ut Ba Weight Slop at base line

TN (g kg-1) More is better 1.75 5.00 3.50 0.35 0.296

SOC (g kg-1) More is better 3.00 9.00 6.00 0.35 0.356

P (g kg-1) More is better 4.50 13.5 9.00 0.16 0.054

Sulfur (g kg-1) More is better 3.50 10.5 7.00 0.14 0.913

Lt, Lower threshold value at which or below score is 0; Ut, Upper threshold value at which or above score is 1; Ba, baseline at which score is 0.

For abbreviation of soil variables, please refer to abbreviations section
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mineral fertilizers resulting in decreased microbial activity

(Yu et al. 2016).

Our results indicate that SmRC and SpRW significantly

improved most of the macro- and micro-nutrients in soil,

except available K and S, being the highest under SRW

system. These results seem to be associated with increased

quantity of plant and microbial biomass mineralized into

inorganic macro- and micro-nutrients. In addition,

increased SOC, TC and TN resulted to accelerate microbial

activity leading to enhanced mineralization, solubiliza-

tion/mobilization and recycling of nutrient, thus enhanced

macro- and micro-nutrients (Li et al. 2013; Lian et al.

2019). However, lower macro- and micro-nutrient status

under SpRW than SmRC due to excess nutrient removal

caused by sugarcane (plant and ratoon) and potato. The

highest N content in SmRC may be due to greater N

availability, thereby increased counts of bacteria, Azoto-

bacter, ammonifying and nitrifying bacteria as microbes,

plant and soil interactions played a crucial role in the

N-cycle (Li et al. 2013). Greater microbial counts liable to

produce siderophore and phenolic compounds which

reduce carboxylic compound and root hairs resulting to

increased Zn, Cu and Fe under the SmRC system. Our

results also show that the bacterial counts had a significant

positive correlation with Zn and Fe. Solanki et al. (2017)

also ascribed that intercrop of legume with sugarcane

enhanced diazotrophic population, N-fixers, chemical and

biological properties of soil. The higher CEC under SmRC

and SpRW might be the result of greater quantity of basic

cations, WHC, SOC and microbial activities (Burle et al.

1997). The greater SOC help to release basic cation from

the inorganic and organic pool of soil accumulated around

the exchange complex which led to increased CEC (Iwa-

sakia et al. 2017). The exact causes of lower CEC under the

SRW system are unknown but lower biomass, SOC,

macro- and micro- nutrient might be the reason for this. As

MBC, MBN, Azotobacter counts and the FDA had a sig-

nificant positive correlation with CEC (Table S3).

Soil Quality

In this study, data reduction technique (PCA) was

employed to sort out the most weighted soil quality vari-

ables. Out of 28 prominent soil variables, TN, SOC,

available P and sulfur were identified as high weighted

variable in minimum data set (MDS). In which, TN and

SOC were screen out from the PC1, available P and S from

PC2 and PC3 due to higher factor loading value in

respective PCs. The total N is mull as the most weighted

indicators in MDS, because N is the major essential

nutrient required for the synthesis of structural components

of plant such as chlorophyll, amino acids and carbohy-

drates. Moreover, * 96% soil N exist in organic-N con-

verted into available N (NH4
?–N and NO3

-–N) after

mineralization by the microbes liable to provide available

N to plants. Thus, TN had direct impact on microbial

activity, soil quality and crop productivity (Thierfelder and

Wall 2012; Cong et al. 2014). The SOC retained in MDS as

it plays a key role in determining physical, chemical and

biological indicators of soil (Manns et al. 2016). The SOC

is a crucial factor because of its multiple roles including

improving soil biodiversity, soil structure, infiltration of air

and water, promoting water retention and reducing erosion

as well as acts as a source and a sink of plant nutrients

(Gregorich et al. 1994; Pan et al. 2009). Available P and S

also considered as a MDS due to prominent role in syn-

thesis of structural component of plants. The P played a

crucial role for the synthesis of phospholipids, DNA and

RNA, ATP generation. Apart from this, P stimulates root

development, stalk and stem strength, flower and seed

formation and quality of grains. He et al. (2016) also found

that phosphorus is the most crucial edaphic factor

explaining dissimilarities in fungal communities and

reported important role of P in structuring soil fungal

communities. Similarly, sulfur content is also a vital

nutrient for the synthesis of S-containing amino acids.

Therefore, both the available P and S are crucial nutrients

as they atler the microbial and enzymatic activity,

microbial diversity and soil quality resulting in higher crop

productivity. Both P and S are just border line of lower

categories (\ 10 kg P ha-1 and 20 kg SO4
2-—S ha-1) of

this region; hence, their availability and dose of application

become very crucial for enhanced crop productivity. The

highest SQI was recorded in SmRC due to greater edaphic

factor, microbial and enzymatic activities. The diversified

crop residues added through root biomass, root exudates/

rhizodeposition, leaf fall and trash addition under
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Fig. 5 Average contribution of minimum data set (MDS) indicators

toward development of soil quality index (SQI) under different

cropping systems. Different letters within the same column indicate

significant differences (Duncan’s multiple range test, P\ 0.05). For

abbreviations of cropping systems, please refer to abbreviations

section
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intercropping led to increase weighted soil variables sig-

nificantly under SmRC system stimulates microbial and

enzymatic activities liable for improving soil quality.

Conclusions

Intercropping of potato in sugarcane under sugar-

cane ? potato–ratoon–wheat (SpRW) system proved to be

superior over sugarcane ? mustard–ratoon–cowpea

(SmRC) and traditional sugarcane–ratoon–wheat (SRW) in

terms of crop productivity. However, SmRC system sig-

nificantly improved microbial activity, function diversity

and soil quality than SpRW and SRW. Thus, it is inferred

that intercropping of mustard with sugarcane (plant and

ratoon) under SmRC is the best system in subtropical India.

Overall, diversification of mustard or potato as an intercrop

with sugarcane (plant and ratoon) is the way to improve

soil quality and crop productivity.
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