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Sequestration of carbon (C) in arable cropping systems is considered one of

the potential climate change mitigation strategies. In this context, assessing

the potential of sugarcane cropping systems should be a priority, as it leaves

substantial amounts of recyclable residues essential for maintaining soil organic

carbon (SOC), improving soil health, and strengthening overall resources. We

evaluated the impacts of residue retention and nutrient management practices

on SOC and its pools, storage, soil biology, and yield in a multi-ratooning

sugarcane system. A field experiment was conducted in the split-plot design with

residue burning (RB) and residue retention (RR) as the main plot treatments and

three nutrient management practices, that is, 25% of the recommended dose of

fertilizers (RDF, i.e., 300:150:150 kg of N, P2O5, and K2O kg ha−1, respectively)

as basal + 75% through fertigation (N1); 50% of RDF as basal + 50% through

fertigation (N2); and 75% of RDF as basal+ 25% through fertigation (N3) as subplot

treatments in ratoon sugarcane. Soil samples were collected initially and after

6 years of multi-ratooning (one plant and four ratoon crops) from a soil depth

of 0–30cm. The results indicated that RR plots had 21% higher total SOC with

42, 47, 17, and 13% higher very labile, labile, less labile, and non-labile C pools,

respectively, than RB plots (P < 0.05). RR also had a higher lability and recalcitrant

index than RB. Of the total SOC stock, the contribution of passive pools was

higher (72–75%) than active pools. Significantly higher dehydrogenase activity

(DHA) (86%), alkaline phosphatase activity (APA) (16%), and ß-glucosidase activity

(BGA) (22%) were observed in RR plots as compared to RB plots, whereas for

nutrient management practices, it followed the order of N2 > N3> N1. Microbial

counts also followed the same trend as that of enzyme activities. Residue retention

practices reported higher C sequestration (0.68Mg C ha−1 yr−1), carbon retention

e�ciency (37%), and yield (38%) with a potential to reduce GHG emissions by

2.72Mg CO2 ha−1 yr−1 as compared to traditional practices. Residue retention

and 50–75% RDF as basal is recommended for higher soil C retention and soil

biology for sustained sugarcane productivity.
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crop residue, carbon retention e�ciency, enzyme activities, microbial count, multi-
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Introduction

Rising levels of atmospheric carbon dioxide (CO2) have drawn

global attention to the increasing potential of soils to store carbon

(C). For this reason, resource conservation technologies have been

applied to different cropping systems (Das et al., 2013; Parihar

et al., 2018; Datta et al., 2019; Jat S. L. et al., 2019; Somasundaram

et al., 2019) where regular addition of crop residues was quite

effective in C sequestration and enhancing nutrient availability. In

addition to being the primary indicator of soil health, soil organic

carbon (SOC) provides energy and substrates to promote biological

diversity and ecosystem functionality (Wendling et al., 2010). In

this context, assessing the potential of cropping systems with large

biomass production ability, such as rice–wheat and sugarcane-

based, should be a priority, though the former has been evaluated

at large (Gathala et al., 2013; Singh and Sidhu, 2014; Choudhary

et al., 2018; Jat H. S. et al., 2019; Singh et al., 2020; Datta et al.,

2022). Sugarcane is a long-duration crop (12–18 months) with

the possibility of taking multiple ratoons (Suman et al., 2009). It

leaves substantial amounts of recyclable residues (8–10 t ha−1),

which are essential for maintaining SOC, improving soil health,

and strengthening overall resources. Moreover, the SOC stocks

are comprised of labile or active pools and stable, passive, or

recalcitrant pools with varying residence times. In general, labile

C pools have rapid turnover rates (<5 years) and act as a source

of food for soil microbes, thus influencing soil nutrient cycling and

productivity, whereas passive C pools with longer stability help in

higher C sequestration (Datta et al., 2018; Jat H. S. et al., 2019).

However, further evaluation of the dynamics of sequestered C to

assess the temporal fate of different pools should help in developing

strategies to counter the challenges posed by climate change.

Declining soil health in many sugarcane-growing areas is

also a major concern among farmers. In general, a sugarcane

crop yielding 100 ton ha−1 removes approximately 200–250 kg of

nitrogen, 120–150 kg of phosphorous, and 175–225 kg of potassium

from the soil. In India, an estimated plant nutrient removal of

34 million tons is reported as against the estimated nutrient

consumption of 18 million tons, thus indicating an erratic and

imbalanced crop nutrient management (Yadav et al., 2019). This

imbalanced management, in turn, has resulted in a decline in

the average cane productivity of plant crops and ratoons to 78–

90 and 48–60Mg ha−1, respectively, over the last two decades.

A normal yielding sugarcane crop (100Mg ha−1) produces 8–

10Mg of recyclable residues in the form of dried leaves (trash),

root biomass, and stubbles, in addition to rhizodeposition, which

are essential for maintaining SOC (Suman et al., 2009). However,

residue burning either before or after harvest is a common practice

among farmers (Bhuvaneshwari et al., 2019; Dutta et al., 2022),

which not only results in losses of surface organic matter, SOC,

essential nutrients, soil enzymatic activities, and soil microflora but

also causes environmental pollution. If returned to the soil, these

residues will enrich the soil with nutrients and organic C. Later,

these residues also play a major role in diversified and abundant

microbial populations that act as agents of transformation of soil

organic matter, nutrient cycling, and energy flow among other

ecosystem functions (Six et al., 2002). Soil enzyme activity is one

of the potential indicators of soil health due to its rapid response

to management changes and environmental factors (Mohammadi,

2011). Changes in residue recycling and nutrient management

practices induce significant changes in the quantity and quality

of plant residue entering into the soil, their seasonal and spatial

distribution, the ratio between shoot and root inputs, and nutrient

dynamics, all of which influence soil microorganisms and soil

microbial processes (Govaerts et al., 2009). In this context, the

present study was conducted to assess the effect of different residue

and nutrient management practices on the SOC, its pools, soil

biology, and yield in amulti-ratooning system of sugarcane in black

clayey soils under hot semi-arid regions. The specific objectives

were as follows: (i) to assess the impacts of residue and nutrient

management practices on total SOC stock, size of its pools and their

dynamics, soil enzymatic activity, microbial count, and yield, and

(ii) to study the effect of C addition on SOC storage in black clayey

soils of hot semi-arid regions.

Materials and methods

Experimental site, climate, and soil

A field experiment was conducted for 6 consecutive years

(2016–2022) at a research farm (18◦09′30.62′′ N, 74◦30′ 03.08′′E

and 570m above mean sea level) of ICAR–National Institute

of Abiotic Stress Management (NIASM), Baramati, Maharashtra,

India (Figure 1). The site is part of a hot semi-arid agro-ecological

region (AER-6) in the Deccan Plateau of India and is characterized

with extremely high temperatures, erratic rainfalls, and prolonged

dry spells. The long-term average annual rainfall is 576mm,

which is restricted to the southwest and retreating monsoon. The

contribution of southwest monsoon (June–September) and post-

monsoon (October–December) rainfall is approximately 70 and

21%, respectively. The maximum and minimum temperatures, the

maximum and minimum values of relative humidity, and average

values for rainfall and sunshine hours during the six consecutive

study periods were 32.8◦C and 18.8◦C, 70 and 42%, 617mm,

and 6.5 h, respectively (ICAR–NIASM Agromet Observatory). The

soil type at the study site is black with a clayey texture (13%

sand, 20% silt, and 67% clay), which was determined according to

the International Pipette Method (Baruah and Barthakur, 1999).

The pH (soil: water 1: 2.5) and electrical conductivity (EC) were

calculated following standard methods, and the values were 8.1 and

0.24 dS m−1, respectively (Jackson, 1973). The bulk density (BD)

(1.28Mg m−3) and soil organic carbon (0.58%) were determined

using a core sampler (Blake and Hartge, 1986) and wet oxidation

method (Walkley and Black, 1934), respectively.

Experimental layout, soil, and crop
management

The experiment was laid out in a split-plot design comprised

of two residue management practices (RB: residue burning and RR:

residue retention) in main plots and three nutrient management

practices (N1: 25% recommended dose of fertilizer [RDF i.e.,

300: 150:150 kg of N, P2O5, and K2O kg ha−1, respectively] as
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FIGURE 1

Location map of the study site.

basal + 75% by fertigation; N2: 50% RDF as basal + 50% by

fertigation; and N3: 75% RDF as basal + 25% by fertigation) in

sub plots having three replications. The experiment was initiated

on July 2016 using the sugarcane variety MS−10001, which was

transplanted at 120 × 60 cm spacing. The gross and net plot area

under each treatment was 10 × 4m and 8.5 × 3.5m, respectively.

The fresh crop of sugarcane was harvested in January 2018 (18

months), whereas subsequent four ratoon crops were harvested

in January of each year until 2022 (Figure 2). The irrigation

method applied was through drip, and all other recommended

crop production practices required for the crop (weeding, earthing

up, and crop protection measures) were followed. The cultivation

procedures including planting and harvesting time, tillage, residue,

and nutrient management schedules are described in Table 1.

Biomass and yield measurement

At harvest of plant and ratoon crop, quadrats of 2 × 2m were

selected in each plot for estimating above-ground biomass, with

each quadrat comprising dried leaves, green tops, and leaf sheaths,

which were chopped, homogenized, and dried at 70◦C to obtain a

constant weight. Contribution of biomass through the fall of dry

leaves (trash) during crop growth in residue retention plots was

accounted to be approximately 3.7% of harvested above-ground

biomass (Suman et al., 2009). A root:shoot ratio of 0.30 (Suman

et al., 2009) and rhizodeposition constituting approximately 0.15 g

g−1 of the above-ground biomass (Bronson et al., 1988) were

assumed for the calculation of below-ground biomass contribution.

The C input into the soil from shoots, leaves, and roots was

calculated by assuming 40% C present in various plant parts

(Dubey and Lal, 2009). The contribution of weed biomass to SOC

was found to be negligible as they were removed periodically

across all the treatments. Following the procedures as stated above,

an estimate of plant-derived C inputs into the soils was made

(Table 2).

Themean annual input of organic biomass/residues to soil from

sugarcane crops varied with aboveground yield responses of the

crop and the type of treatment. Hence, there was a yearly variation

in the total amounts of added residues under different treatments

(Table 2). A higher amount of gross C input through crop biomass

was reported in residue retention plots, ranging from 10.30 to

10.82Mg ha−1 yr−1, whereas plots with residue burning had an

annual C input ranging from 3.32 to 3.62Mg ha−1 yr−1, which was

contributed by roots and rhizodeposition.
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FIGURE 2

Planting and harvesting time of sugarcane during the study.

TABLE 1 Experimental details.

Treatment description Plant crop Ratoon crops (I, II, III, and IV)

a) Planting time July 2016 January 2018 (ratoon-I)

January 2019 (ratoon-II)

January 2020 (ratoon-III)

January 2021 (ratoon-IV)

b) Land preparation One deep plowing followed by two harrowings with

tractor-drawn cultivator. Thereafter, ridgers were used

for making ridges and furrows

Stubble shaving, off barring, and root pruning along with

basal fertilizer application in a single operation using a

machine known as Stubble shaver, Off-bar, Root pruner

cum Fertilizer drill (SORF).

c) Residue

Residue burning – RB: Burning of leftover trash

Residue retention – RR: Chopping and surface retention of leftover trash

d) Nutrient management

Recommended dose of fertilizer (RDF):

300:150:150 kg

N: P2O5 : K2O ha−1 applied in the form of urea,

di-ammonium phosphate, and muriate of potash,

respectively.

10% of RDF as basal and the remaining 90% through

fertigation

N1: 25% RDF as basal and remaining 75% by fertigation

N2: 50% RDF as basal and the remaining 50% by

fertigation

N3: 75% as basal and remaining 25% by fertigation
∗Fertigation was done during tillering to grand growth

stage in 13 equal splits at every 15 days interval.

e) Harvesting January 2018 January 2019 (ratoon-I)

January 2020 (ratoon-II)

January 2021 (ratoon-III)

January 2022 (ratoon-IV)

The crops were harvested from the net plot (8.5 ×

3.5m) for yield assessment, leaving two border rows. The

cane yield under each treatment was recorded for all the

study years and then averaged for 6 years to represent the

effect of residue and nutrient management practices on overall

cane yield.

Soil sampling, processing, and analysis

Replicated soil samples (4 sub-replications from each replicated

field × 6 replications × 6 treatments) were collected from a soil

depth of 0–30 cm using a soil core sampler (10 cm height; 7 cm

diameter; and 385 cm3 volume) after completion of one fresh and
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four ratoon cycles of sugarcane during the 1st week of February

2022. One part of the samples was air-dried in shade, passed

through a 2-mm sieve, and used for the analysis of soil organic

carbon and its pools. The other part of the fresh soil sample

was kept undisturbed in polyethylene bags at 4◦C and used for

soil biochemical analysis. The wet digestion method was used to

estimate the organic carbon content of soil samples (Walkley and

Black, 1934). Soil organic carbon (SOC) stock was calculated using

Equation (1).

SOC stock(Mg ha−1) = SOC(g kg−1)×bulk density (Mg m−3)

× soil sampling depth (m) (1)

Oxidizable SOC, its pools, and
mineralizable C

Different pools of SOC with varying lability were estimated

following the modified Walkley and Black method as described by

Chan et al. (2001), which allowed partitioning of total SOC into

four different pools of decreasing oxidizability as described below.

Very labile (VL) pool: organic C oxidizable by 12 N H2SO4.

Labile (L) pool: the difference in organic C oxidizable by 18N

and that under 12 N H2SO4.

Less labile (LL) pool: the difference in organic C oxidizable by

24N and that under 18 N H2SO4.

Non-labile (NL) pool: the difference in total SOC and organic

C oxidizable under 24 N H2SO4.

Total SOCwas estimated by themodified wet oxidationmethod

as described by Nelson and Sommers (1982).

All four fractions were grouped into active pools (very labile

and labile pools) and passive pools (less labile and non-labile) of

organic C in soil (Datta et al., 2015). Similarly, the lability index

(LI) for SOC was calculated by first expressing the amounts of each

of the three labile pools, namely, VL, L, and LL as the fraction of

the amount of total carbon and then multiplying the fractions with

their respective weightages of 3, 2, and 1 based on their ease of

oxidation followed by their addition (Datta et al., 2015). The LI

was computed using Equation 2. The values obtained represent the

relative performance of different treatments in maintaining labile

soil organic C at different depths. Further recalcitrant index (RI) of

SOC was derived in two ways following Equations (3) and (4) given

by Datta et al. (2017).

Lability Index =
VL

SOC
× 3+

L

SOC
× 2+

LL

SOC
× 1 (2)

RI 1 =
LL+ NL

VL+ L
(3)

RI2 =
NL

SOC
(4)

where VL, very labile C; L, labile C; LL, less labile C; NL,

non-labile C; SOC, total soil organic C.

Mineralizable C of soil from the 0–30 cm soil depth under

different treatments was estimated by the CO2-C evolutionmethod.

The amount of CO2 evolved during the 30-day incubation period

was absorbed in 10ml of 0.5N NaOH solutions. Evolved CO2 was

estimated by titrating the alkali in the traps with 0.5N HCl using a

phenolphthalein indicator (Anderson, 1982).
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Soil microbial count and enzyme activity

Estimation of different functional groups of microbes in each

treatment was performed using the serial dilution technique

and standard plate counts. The total bacterial count was done

using a nutrient agar medium (Zuberer, 1994), whereas Rose

Bengal and Actinomycetes isolation agar media were used for

the count of total fungus and actinomycetes counts, respectively

(Martin, 1950; Himedia Manual, 2009). Data from triplicate

readings were expressed as colony-forming units (CFU) g−1 dry

soil. Dehydrogenase activity (DHA) was determined from the

conversion of 2, 3, 5-triphenyl tetrazolium chloride (TTC) to

triphenyl formazan (TPF) over a 24-h period (Dick et al., 1996).

Alkaline phosphatase activity (APA) was determined as described

by Dick et al. (1996) and is expressed as micrograms of p-

nitrophenol formed per gram of oven-dried soil. β-glucosidase

activity was determined by the method of Eivazi and Tabatabai

(1988).

Carbon sequestration and carbon retention
e�ciency

The carbon sequestration rate was calculated using Equation 5

(Kumara et al., 2014) as follows:

SOC sequestration rate
(

Mg C ha−1 yr−1
)

=
Final SOC stock− Initial SOC stock

Duration
,

(5)

where final and initial SOC stock represent SOC (Mg C ha−1)

in the final and initial soils, respectively, and duration is the study

period in years.

Carbon retention efficiency (CRE) was calculated by following

Equation 6 given by Bhattacharyya et al. (2009).

CRE (%) =
Final SOC stock − Initial SOC stock

Cumulative C input
× 100, (6)

where final and initial SOC stock represent SOC (Mg C ha−1)

in the final and initial soils, respectively, and cumulative C input

is the total estimated C input (Mg C ha−1) to the soil between the

initial and final year of experimentation, as depicted in Table 2.

Statistical analysis

The recorded data were statistically analyzed using analysis

of variance for split-plot design using the “Agricolae” package

of R (R Development Core Team, 2015). A mixed model was

used considering residue as the main plot factor and nutrient

management as the subplot factor and analyzed in a split-plot

design. The F-test and least significant difference (LSD) (P < 0.05)

were used to decipher the significance of the means of residue

and nutrient management practices and their interactions. A

correlation matrix was constructed among different soil parameters

and yields using the same statistical package.

The carbon mineralization data were fitted with a first-order

exponential model expressed as:

Y = C0(1− e−kt), (7)

where Y = cumulative CO2-C emission (µg of CO2-C g−1

of soil), C0 = potentially mineralizable C (µg of CO2-C g−1 of

soil), k = decomposition rate constant (day−1), and t = time of

incubation (days). The model was evaluated using the goodness-of-

fit test through the estimation of root mean square error (RMSE)

and the Nash–Sutcliffe model efficiency coefficient (Ef) (Datta et al.,

2019; Govindasamy et al., 2021). Furthermore, model significance

was tested using the sum of square reduction test as described

in the study of Govindasamy et al. (2021). The cumulative C-

mineralization data after eliminating the CO2-C values during the

initial 3 days of incubation (as they accounted for nearly 50% of the

total mineralizable carbon) was fit to a linear model, that is,

Y = Y0 + b∗x, (8)

where Y = cumulative CO2-C emission (µg of CO2-C g−1 of

soil), Y0 is the overall intercept, b is the slope, and x is time (days).

Results

Total soil organic carbon, its pools, lability,
and recalcitrant indices

The total SOC was increased by 21% in residue retention plots

as compared to residue-burning plots (21.97Mg C ha−1) from a

0–30 cm surface soil (P < 0.05) (Figure 3). Significant variations

existed in different pools of SOC values ranging between 3.43

and 4.87, 1.76 and 2.58, 2.52 and 2.95, and 14.26 and 16.15Mg

C ha−1 for very labile, labile, less labile, and non-labile C pools,

respectively. Plots with residue retention had 42, 47, 17, and

13% higher very labile, labile, less labile, and non-labile C pools,

respectively, as compared with residue burning. However, nutrient

management practices had a comparable effect on SOC and its

pools. Furthermore, residue retained plots had 44 and 14% higher

active and passive pools of C, that is, 5.19 and 16.78Mg C

ha−1, respectively, than RB plots. On average, active and passive

pools contributed approximately 25–28% and 72–75% to the total

SOC, respectively.

The lability index (LI) was higher for RR plots than RB plots,

whereas it was almost similar for all the nutrient management

treatments (Table 3). The recalcitrant index 1 (RI1) was higher for

RR (3.05) than RB (2.60), indicating the stability of SOC under

residue retention. Recalcitrant index 2 (RI2) remained unaffected

by various treatments (Table 3).

Mineralizable carbon

The cumulative C mineralization in the 0–30 cm surface soil

over 30 days was significantly affected by residue management

practices (Figure 4, Table 4). The C mineralization data were well

fitted to a first-order exponential model (RMSE value = 6–15
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FIGURE 3

E�ect of residue and nutrient management on the distribution of SOC (Mg ha−1) into di�erent pools of oxidizability in the 0–30cm surface soil.

Values with di�erent lowercase letters are significantly di�erent between the treatment levels (Tukey’s HSD test for mean separation at p = 0.05).

Vertical bars represent S.E. ± mean of the observed values. VL, very labile C; L, labile C; LL, less labile C; NL, non-labile C; AP, active pool; PP, passive

pool; SOC, soil organic carbon; RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by

fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal + 25% by fertigation.

TABLE 3 Lability index (LI) and recalcitrant indices (RIs) of soil organic

carbon as a�ected by residue and nutrient management practices.

Treatments Lability
index (LI)

Recalcitrant
index (RI1)

Recalcitrant
index (RI2)

Residue (R)

RB 0.80b 2.60b 0.62a

RR 0.86a 3.05a 0.63a

LSD (p= 0.05) 0.04∗ 0.27∗ 0.02∗

Nutrient management (N)

N1 0.82b 2.72b 0.62a

N2 0.84a 2.89a 0.62a

N3 0.83ab 2.87a 0.62a

LSD (p= 0.05) 0.02∗ 0.31∗ 0.01∗

R× N

LSD (p= 0.05)

NS NS NS

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF)

as basal+ 75% by fertigation; N2: 50% RDF as basal+ 50% by fertigation; and N3: 75% RDF

as basal + 25% by fertigation. At the p = 0.05 level, ∗indicates the significant and NS the

non-significant differences in mean values of residue, nutrient, and their interactions. Tukey’s

HSD test (p = 0.05) shows that mean values in rows and columns followed by similar letters

are not significantly different.

and Ef = 0.80–0.83) (Table 4). The model indicated that the total

mineralizable carbon at the 0–30 cm surface soil was higher in RR

plots (619.30 µg of CO2-C g−1 of soil) than in RB plots (226.93

µg of CO2-C g−1 of soil). The mineralization rate was highest

during the initial 3 days of incubation and decreased gradually

with the progress of incubation time, irrespective of the treatments

(Figure 4). The exclusion of the initial 3 days of mineralizable C

values from the cumulative data provided a better fit to a linear

model with R2 values of 0.93 and 0.94 for RB and RR, respectively

(Figure 5).

Soil enzymes

Soil dehydrogenase activity (DHA), alkaline phosphatase

activity (APA), and ß-glucosidase activity (BGA) were significantly

affected by residue and nutrient management treatments (Table 5).

Plots with residue retention had 86, 16, and 22% higher DHA, APA,

and BGA, respectively, than residue-burning plots. For nutrient

management practices, the enzyme activities followed the order: N2

> N3 > N1. DHA, APA, and BGA improved by 82, 14, and 26%

under N2, and 67, 11, and 19% under N3, respectively, compared

to N1.

Microbial population

The microbial population, namely, bacteria, fungi, and

actinomycetes, were significantly affected by residue and nutrient

management treatments (Table 6). The population of bacteria was

higher compared to fungi and actinomycetes irrespective of the

treatments. Compared to RB, the counts of bacteria, fungi, and

actinomycetes were 30, 31, and 21%, respectively, higher in RR. The
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FIGURE 4

Carbon mineralization (µg of CO2-C g−1 of soil) as a�ected by residue management in the 0–30cm surface soil (RB, residue burning; RR, residue

retention).

TABLE 4 Parameter estimates and model goodness-of-fit for the first-order exponential function fitted to the cumulative carbon-mineralization data

under residue management in multi-ratoons of sugarcane in the 0–30cm surface soil.

Residue management C mineralization
(µg of CO2-C g−1

of soil)

Decomposition kinetics model

C0 (±SE) (µg of

CO2-C g−1 of soil)

k (±SE) (day−1) RMSE Ef SSRT (p)

RB 226.93± 10.47 220.54± 21.01 0.16± 0.045 6.16 0.80 ≤0.05

RR 619.30± 13.89 601.47± 48.49 0.18± 0.04 14.99 0.83 ≤0.05

Estimated mean values of the model Y = C0 (1- e
−kt) are presented, where Y = cumulative CO2-C emission (µg of CO2-C g−1 of soil), C0 = potentially mineralizable C (µg of CO2-C g−1 of

soil), k= decomposition rate constant (day−1), and t= time of incubation (days). RB, residue burning; RR, residue retention; Ef, modeling efficiency coefficient; RMSE, root mean square error;

SE, standard error of the mean; SSRT, the sum of square reduction test.

FIGURE 5

Carbon mineralization (µg of CO2-C g−1 of soil) as a�ected by residue management in the 0–30cm surface soil [linear model Y = Y0 + b*x, where Y

= cumulative CO2-C emission (µg of CO2-C g−1 of soil), Y0 is the overall intercept, b is the slope, and x is time (days)]. RB, residue burning; RR,

residue retention.
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TABLE 5 E�ect of residue and nutrient management on soil enzymes in surface 0–30cm soil layers.

Treatments Dehydrogenase activity
(DHA)

(µg TPF g−1 h−1)

Alkaline phosphatase activity
(APA)

(µg p-nitrophenol g−1 h−1)

ß-glucosidase activity (BGA)

(µg p-nitrophenol g−1 h−1)

Residue (R)

RB 40.87b 223.23b 20.17b

RR 76.19a 259.52a 24.69a

LSD (p= 0.05) 12.45∗ 6.46∗ 0.89∗

Nutrient management (N)

N1 39.12c 222.71c 19.58c

N2 71.11a 253.54a 24.64a

N3 65.36b 247.88b 23.32b

LSD (p= 0.05) 5.42∗ 3.49∗ 1.19∗

R× N

LSD (p= 0.05)

NS NS NS

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal+ 75% by fertigation; N2: 50% RDF as basal+ 50% by fertigation and N3: 75% RDF as basal

+ 25% by fertigation. At the p = 0.05 level, ∗indicates the significant and NS the non-significant differences in mean values of residue, nutrient, and their interactions. Tukey’s HSD test (p =

0.05) shows that mean values in rows and columns followed by similar letters are not significantly different.

TABLE 6 E�ect of residue and nutrient management on soil microbial population in 0–30cm surface soil layers.

Treatments Bacteria
(CFU x 1010 g−1 soil)

Fungi

(CFU x 1010 g−1 soil)

Actinomycetes

(CFU x 1010 g−1 soil)

Residue (R)

RB 8.59b 6.05b 6.26b

RR 11.19a 7.90a 7.61a

LSD (p= 0.05) 0.19∗ 0.16∗ 0.17∗

Nutrient management (N)

N1 9.39b 6.09b 6.69b

N2 10.17a 7.52a 7.09a

N3 10.11a 7.33a 7.02a

LSD (p= 0.05) 0.17∗ 0.20∗ 0.19∗

R× N

LSD (p= 0.05)

NS NS NS

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal+ 75% by fertigation; N2: 50% RDF as basal+ 50% by fertigation; and N3: 75% RDF as basal

+ 25% by fertigation. At the p = 0.05 level, ∗indicates the significant and NS the non-significant differences in the mean values of residue, nutrient, and their interactions. Tukey’s HSD test (p

= 0.05) shows that mean values in rows and columns followed by similar letters are not significantly different.

treatments having application of >50% of RDF as basal (N2 and

N3) had 8, 23, and 5% higher populations of bacteria, fungi, and

actinomycetes, respectively, as compared to N1.

Soil carbon sequestration, carbon retention
e�ciency, and its environmental
implications

During the 6 years of study, the total amount of C added

through crop residues (root, rhizodeposition, and above-ground

biomass) was 11–12Mg C ha−1 for residue retention plots, whereas

it ranged between 3.4 and 3.8Mg C ha−1 for residue-burning plots

(only through root and rhizodeposition) (Table 7). A build-up in

SOC was observed with RR (4.05Mg C ha−1), but it declined

in RB plots (−1.06Mg C ha−1) (Table 6). Furthermore, N2 plots

resulted in 20 and 43% higher rates of C sequestration than N3 and

N1, respectively.

Soil carbon retention efficiency (CRE) varied between 11 and

37% among the treatments (Figure 6). Highest CRE was observed

under RR-N2 followed by RR-N3 ≥ RR-N1 > RB-N2 > RB-N3 >

RB-N1. Understandably, there was a loss in CRE of up to 18% with

residue burning.

Sugarcane yield and its relationship with
the soil properties

Sugarcane yield averaged over 6 years of cultivation (2016–

22) was affected significantly by residue and nutrient management

practices (Figure 7). Plots with RR had 38% higher cane yield than
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TABLE 7 Impact of treatments on soil organic carbon sequestration at a surface soil depth of 0–30cm.

Treatments Initial SOC
(Mg C ha−1)

Final SOC
(Mg C ha−1)

C-sequestration

(Mg C ha−1)

C loss/gain rate

(Mg C ha−1 yr−1)

Residue (R)

RB 22.5a 21.97b −1.06b −0.18b

RR 22.5a 26.55a 4.05a 0.68a

LSD (p= 0.05) 1.35∗ 0.43∗ 0.07∗

Nutrient management (N)

N1 22.5a 24.03a 1.21b 0.21b

N2 22.5a 24.50a 1.79a 0.30a

N3 22.5a 24.26a 1.49b 0.25b

LSD (p= 0.05) NS 0.29∗ 0.04∗

R× N

LSD (p= 0.05)

NS NS NS

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal+ 75% by fertigation; N2: 50% RDF as basal+ 50% by fertigation; and N3: 75% RDF as basal

+ 25% by fertigation. At the level of p-value of 0.05, ∗indicates the significant and NS the non-significant differences in mean values of residue, nutrient, and their interactions. Tukey’s HSD test

(p= 0.05) shows that mean values in columns followed by similar letters are not significantly different.

FIGURE 6

Carbon retention e�ciency as a�ected by residue and nutrient management practices. RB, residue burning; RR, residue retention; N1: 25%

recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal + 25% by

fertigation; bars with di�erent lowercase letters are significantly di�erent among the treatments for Tukey’s HSD test (p = 0.05).

RB (93.12Mg ha−1), whereas plots with N2 and N3 produced

9–10% higher cane yield (i.e., 128.24 and 126.74Mg ha−1,

respectively) than N1 (116.21 Mg ha−1).

Most of the C pools and biological soil properties showed

significant correlations (P < 0.01 and P < 0.05) among each other

(Table 8). Very labile and labile pools were significantly correlated

with active C pool (r = 0.99, p < 0.01 and r = 0.94, p < 0.01),

whereas less labile and non-labile pools were significantly positively

correlated with passive C pool (r= 0.65, p < 0.01 and r= 0.81, p <

0.01), respectively. SOC significantly positively correlated with very

labile (r = 0.70, p < 0.01), non-labile (r = 0.91, p < 0.01), active (r

= 0.61, p < 0.01), and passive (r = 0.88, p < 0.01) pools of C. All

the enzymes, namely, DHA, APA, and BGA, were significantly and

positively correlated with each other (P < 0.01). Mineralizable C

was significantly positively correlated with very labile, labile, and

active pools of C (r = 0.94, p < 0.01; r = 0.92, p < 0.01; and

r= 0.89, p < 0.01, respectively). Sugarcane yield had significantly

positive correlation with labile pool (r = 0.68, p < 0.05), active

pool (r = 0.70, p < 0.05), DHA (r = 0.88, p < 0.01), APA (r =

0.93, p < 0.01), BGA (r = 0.93, p < 0.01), bacteria (r = 0.96, p <

0.01), fungi (r = 0.69, p < 0.05), and actinomycetes (r = 0.87, p <

0.05), respectively.
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FIGURE 7

Sugarcane yield under di�erent residue and nutrient management practices in 6 years (mean of 6 years). RB, residue burning; RR, residue retention;

N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal +

25% by fertigation; bars with di�erent lowercase letters are significantly di�erent among the treatments for Tukey’s HSD test (p = 0.05).

Discussion

Crop residues are a prerequisite for the SOC pool. Therefore,

retaining more crop residues in the soil is closely related to an

increase in SOC concentration (Dolan et al., 2006). Our results of

residue retention plots having higher total SOC as well as increased

C pool sizes are in line with the findings of Razafimbelo et al.

(2006), Galdos et al. (2009), and Tenelli et al. (2019). Active C

pools (very labile and labile) serve as readily available food for

microbial communities governing nutrient cycling processes in

soils. In contrast, passive C (less labile and non-labile) pools are

relatively resistant to decomposition and thus contribute to long-

term C sequestration. Similar contributions of the two pools were

earlier reported by Majumder et al. (2008), Datta et al. (2018), and

Somasundaram et al. (2019). High contents of C in the passive

pool are ascribed to the higher surface area of black clayey soils

that safeguard its degradation (Datta et al., 2018). Additionally,

high lignin contents of sugarcane trash appear to increase the

half-life of the passive pool. Higher quantity of residue additions

and their slow decomposition due to lower soil disturbance for

ratoon crops and quantities of trash being high are the other

reasons for higher SOC as well as the different pools (Saha et al.,

2008; Dikgwatlhe et al., 2014; Jat H. S. et al., 2019). Higher LI

in RR might be due to higher decomposable carbon, which is

also manifested in higher AP and labile pools of C, as previously

reported by Fang et al. (2005) and Datta et al. (2017, 2018).

Indeed, the higher quantities of passive C pool than the active

ones resulted in increased values of RI1 in RR (Datta et al., 2017).

The nutrient management practice had no effect on SOC and its

pools, which might be due to the relatively short duration of the

experiment but was significantly associated with soil enzymes and

microbial population. The higher rate of CO2 flux in the first

few days after incubation was due to the rapid decomposition

of labile carbon and increased agitation of microbes at the time

of sampling, resulting in a greater availability of metabolically

accessible compounds (Saggar et al., 2001). Consistent with the

results of many studies, residue retention significantly increased

mineralizable C at all incubation stages, as residue organic C can

greatly promote microbial growth and activity (Cheng et al., 2014;

Zang et al., 2016). Further application of 50–75% RDF as basal

might have facilitated the decomposition of crop residues in the soil

(Liang et al., 2022).

The enzyme activity usually becomes enhanced with the

availability of labile carbon and nitrogen to the microbes. A higher

basal dose of fertilizer appears to cause a surge in soil mineral N at

the initial crop stage. On the contrary, the retention of residues with

a high C:N ratio (100:1 here) results in temporary N immobilization

(Oliveira et al., 2017). This immobilization increases competition

for the available N between plant roots and soil microorganisms

(Jingguo and Bakken, 1997). Thus, higher basal dose appears to

have helped to overcome this situation by boosting both the initial

root growth and microbial growth. Fertigation with the remaining

half nutrients subsequently improved the synchrony between the

nutrient demands of the crop and microbial populations (Gehl

et al., 2005). Soil enzyme activities have been reported to be

highly related to the amount of substrate (organic matter) available

for microbial growth (Chandra, 2011; Wang et al., 2011; Stott

et al., 2013). Higher microbial activities, in turn, create a positive

“rhizosphere effect” through the release of organic substance,

thereby resulting in higher enzyme secretion in soil (Roldan et al.,

2005). Similar findings were also reported by Choudhary et al.

(2018), Jat H. S. et al. (2019), and Roy et al. (2022). Furthermore,

the residues acted as a food source and, when coupled with nutrient

management, influenced the C:N ratio for increasing the activity of

microbes. Increased microbial population by providing stimulating

substrates through residue retention or incorporation was reported

earlier (Ghimire et al., 2014; Choudhary et al., 2018; Jat H. S. et al.,

2019). The application of more than half a dose of nutrients as

basal and the rest through fertigation maintains their availability

as per the demand of both the plants and microorganisms during

crop growth (Awale et al., 2013; Jat S. L. et al., 2019). This strategy

further ensures sufficient soil nutrients, especially N, for optimizing
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TABLE 8 Pearson’s correlations among the soil C pools and biological properties with crop yield irrespective of scenarios.

VL L LL NL AP PP SOC LI RI1 RI2 MinC DHA APA BGA Bac Fun Acti Yield

VL 1

L 0.90∗∗ 1

LL 0.09 0.30 1

NL 0.85∗ 0.32 0.08 1

AP 0.99∗∗ 0.94∗∗ −0.42 0.54 1

PP 0.65 0.44 0.65∗∗ 0.81∗∗ 0.16 1

SOC 0.70∗∗ 0.92 0.32 0.91∗∗ 0.61∗∗ 0.88∗∗ 1

LI 0.76 0.93 −0.66∗∗ −0.07 0.72∗∗ −0.44 0.52 1

RI1 0.62 −0.15 0.78∗∗ −0.15 −0.83∗∗ 0.35 0.12 −0.86∗∗ 1

RI2 −0.25 −0.54 −0.59 0.14 −0.19 −0.24 0.28 −0.13 −0.08 1

MinC 0.94∗∗ 0.92∗∗ 0.36 0.14 0.89∗∗ 0.14 0.64∗ 0.72∗ 0.23 0.11 1

DHA 0.35 0.20 −0.53 −0.06 0.18 −0.36 0.20 0.30 −0.30 0.32 0.83∗∗ 1

APA 0.39 0.25 −0.55 −0.09 0.17 −0.39 0.23 0.34 −0.30 0.33 0.74∗∗ 0.93∗∗ 1

BGL 0.33 0.18 −0.56 −0.17 0.17 −0.45 0.28 0.34 −0.32 0.29 0.70∗∗ 0.87∗∗ 0.74∗ 1

Bac 0.56 0.03 −0.24 0.19 0.15 0.00 0.07 0.06 −0.09 0.11 0.88∗∗ 0.68∗∗ 0.70∗∗ 0.66∗∗ 1

Fun 0.60 0.08 −0.08 −0.11 0.09 −0.13 0.14 0.02 0.02 0.10 0.56∗ 0.26 0.33 0.29 0.26 1

Acti 0.73 0.03 −0.26 −0.09 0.03 −0.22 0.19 −0.01 −0.09 0.25 0.54 0.58 0.48 0.39 0.14 0.14 1

Yield 0.46 0.68∗ 0.45 0.58 0.70∗ −0.40 0.63 0.39 0.28 0.11 0.78∗∗ 0.88∗∗ 0.93∗∗ 0.93∗∗ 0.96∗∗ 0.69∗ 0.87∗ 1

VL, very labile C pool; L, labile C pool; LL, less labile C pool; NL, non-labile C pool; AP, active C pool; PP, passive C pool; SOC, soil organic carbon; LI, lability index; RI, recalcitrant index; MinC, Mineralizable C; DHA, dehydrogenase activity; APA, alkaline phosphatase

activity; BGL, glucosidase activity; Bact, total bacterial population; Fun, total fungal population; Acti, total actinomycetes population. ∗Correlation is significant at the 0.05 level (two-tailed); ∗∗Correlation is significant at the 0.01 level (two-tailed).
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the residue decomposition and, in turn, the build-up of stable pools

of SOC (Cotrufo et al., 2013).

Similarly, residue retention plots exhibited a higher rate of C

sequestration (0.68Mg C ha−1 yr−1) than other treatments, which

might be attributed to a higher amount of above- and below-ground

crop residue C inputs left over the soils, which subsequently became

a part of SOC. Similar results on crop residue retention in paddy–

wheat cropping systems have been reported by Das et al. (2013),

Datta et al. (2015), Jat H. S. et al. (2019), and Roy et al. (2022).

This effect was also reflected in increased CRE in residue-retained

plots after 6 years of the experimental period. In general, sugarcane

trash burning in India leads to emissions of CO2, CO, SOX, NOx,

NH3, and particulate matter, which have been estimated at 28.23,

1.7, 0.01, 0.05, 0.02, and 0.24 Mt, respectively (Jain et al., 2014). As

the increase in 1Mg C retention in soil equals a decrease in 3.67Mg

CO2 released into the atmosphere, the residue retention with

nutrient management has the potential to lower CO2 emissions by

2.72Mg CO2 ha
−1 yr−1, as compared to traditional practices.

Higher sugarcane yield under residue retention and more

than 50% RDF as basal application might be attributed to higher

carbon mineralization, better nutrient availability, and improved

soil biological properties. Similar reports of higher system yield

under crop residue C inputs through residue retention and proper

nutrient management practices were also reported by Majumder

et al. (2008), Surendran et al. (2016), Datta et al. (2018), and Jat

et al. (2018).

Most of the C pools in the soil were related to each other,

indicating the existence of a dynamic equilibrium between these

pools. Thus, a practice that causes the depletion or enrichment

in one pool would influence the equilibrium and affect the size

of others. The high correlation values, particularly between active

pools and labile pools and between non-labile and less labile pools,

indicate their active participation in C dynamics of soils. Labile

C and active pools C as well as enzyme and microbial population

were significantly correlated with sugarcane yield, suggesting their

contribution to crop growth and thus cane yield. Overall, it can

be stated that the C inputs and C pools influence the yield of

the crops, possibly through maintaining better soil health, and

therefore, proper nutrient management practices are essential

for the maintenance of the SOC level and sustainability of the

production systems.

Conclusion

Residue retention practices during 6 years of sugarcane

cultivation increased the cane yield by 38% compared to the

farmer’s practice of burning trash. Furthermore, soil organic carbon

stocks, especially the non-labile pools, were further improved,

and the C sequestration rate was estimated to be 0.68Mg C

ha−1 yr−1, while there was a net loss of 0.18Mg C ha−1 yr−1

under farmer’s practice. Thus, the practice of residue retention

could lower CO2 emissions by 2.72Mg CO2 ha
−1 yr−1. Increasing

the basal dose of nutrients to 50–75% of the recommended

fertilizers improved the cane yield by 8–10%. Positive effects of

residue retention and nutrient management were attributed to

improvements in microbial populations and enzymatic activities.

Sustainable agricultural residue management has become a major

concern, particularly for developing countries such as India, which

has a growing population, production rates, and economic growth.

Due to a lack of technical awareness and adequate disposal options,

small-scale farmers, in particular, resort to agricultural residue

burning as an economical alternative. However, any solution

involving long-haul transportation, expensive technology, or high

capital investment is less likely to succeed. Sustainable solutions

that involve the methods of in situ management of crop residues

show better promise to be successful. Thus, the practices of residue

retention and proper nutrient management have the potential for

long-term sustainability of sugarcane cultivation (in an area of 27m

ha including India) in view of declining soil fertility and forecasted

global warming with climate change.
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