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The rice-maize (R-M) system is rapidly expanding in Bangladesh due to its

greater suitability for diverse soil types and environments. The present

conventional method of cultivating puddled transplanted rice and maize is

input-intensive, decreases soil health through intense ploughing, and ultimately

reduces farm profitability. There is a need to investigate alternatives.

Accordingly, we conducted a replicated 2-year (2020–2021) field study to

investigate the effects of conservation agriculture (CA) based tillage and crop

establishment (TCE) techniques and residue management practices on the

physical, chemical, and biological properties of soil along with crop productivity

and the profitability of rice-maize systems in the sandy loam soil of Northwest

Bangladesh. Two TCE techniques Puddled transplanted rice (PTR) followed by

Conventional tillage maize (CTM) and strip tillage direct-seeded rice (STDSR)

followed by strip-tilled maize (STM) were assigned to the main plots and

different percentages of crop residue retention (0, 25, and 50% by height)

were allocated to the subplots. Results showed that a reduction in bulk density

(BD), soil penetration resistance (SPR), and increased soil porosity were

associated with STDSR/STM-based scenarios (strip tillage coupled with

25 and 50% residue retention). The soil organic carbon (SOC) fractions, such

as dissolved organic C (DOC), light and heavy particulate organic matter C

(POM-C), MAOM, and microbial biomass C (MBC) levels in the 0–10 cm layer

under ST based treatments were 95, 8, 6, 2 and 45% greater, respectively,

compared to CT with no residue treatment. When compared to the CT

treatment, the DOC, light POM-C, heavy POM-C, and MAOM in the

10–20 cm layer with ST treatment were 8, 34, 25, 4 and 37% higher,

respectively. Residue retention in ST increased average rice, maize, and

system yields by 9.2, 14.0, and 14.12%, respectively, when compared to CT.

The system gross margin and benefit-cost ratio (BCR) were $1,515 ha−1 and

1.90 under conventional tillage to $1,696 ha−1 and 2.15 under strip-tillage

practices. Thus, our study suggests that CA could be an appropriate practice
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for sustaining soil fertility and crop yield under R-M systems in light-textured

soils or other similar soils in Bangladesh.

KEYWORDS

direct seeded rice, strip tillage, residuemanagement, conservation agriculture, system
productivity, carbon fractions

1 Introduction

The main rice-based cropping system in Bangladesh, termed

rice-rice (R-R) is practiced through a monsoon (T. aman) crop in

the rainy Kharif season, followed by a winter (Boro) crop during the

winter season when irrigation water is available. The area covers

about 2306 M ha of land in 2014, 2015 (Nasim et al., 2017). When

water is scarce, maize, wheat, potato, vegetables, or other crops are

grown instead of Boro to increase profits. Among the cropping

systems practiced, rice-wheat (R-W) system are predominant in

tropical to subtropical climate areas of the Indo-Gangetic plains

(IGP) of Bangladesh, Nepal, India and Pakistan because they serve a

significant role in achieving food security and income for rural and

urban populations (Chaki A. K. et al., 2021). During the 2000s, the

maize area increased considerably, changing from 50M ha in

2000 to 401M ha in 2017, 2018 (DAE, 2019). This change is

mainly because of the rising demand for maize grain for poultry

and fisheries and also for the human diet (Ali et al., 2008; Timsina

et al., 2010). This rice-maize (R-M) system occupies approximately

1.31M ha in Bangladesh, India, and Nepal, explaining their

importance in the region (Gathala et al., 2015).

In the north-western part of Bangladesh, farmers experience a

delay in maize planting when excessive soil moisture has caused a

delay in harvesting the previous rice crop. This happens frequently

and any kind of tillage operation is inadvisable until the soil moisture

has reduced sufficiently to allow traffic without compaction or

slippage. Usually, farmers use conventional tillage, which involves

up to 3–5 passes of slow-speed rotary tillage with a two-wheeled,

tractor (2WT) driven power tiller. This is the reason why farmers

need an additional 2,3 weeks after the rice harvest to carry out tillage

operations before planting maize, which significantly delays

planting. (Gathala et al., 2015). Therefore, the maize crop is

affected by heat stress during the reproductive stage if sown late

(Timsina et al., 2010), which may cause a 12–22% yield loss (Ali,

2006). The literature suggests that to minimize the yield gap and

achieve the potential yield, maize crops should be planted as soon as

possible after the rice harvest (Timsina et al., 2010).

In Bangladesh, a significant amount of soil organic carbon

(SOC) has been lost over the last decade (BBS, 2017; Uddin et al.,

2019. This is due to a decrease in inherent soil fertility, and poor

soil and irrigation management, along with the adoption of

inappropriate intensive farming practices such as intensive

tillage by a two-wheel tractor driven power tiller for land

preparation (Krupnik et al., 2013), use cow dung as a fuel,

residue removal and burning practices, which accelerate the

physical disruption of soil aggregate and decrease soil organic

carbon (SOC) (Gupta Choudhury et al., 2014; Lenka et al., 2015),

and microbial activities (Curaqueo et al., 2011).

In the context of delayed planting, heat stress and soil health

deterioration, the application of climate-smart agriculture (CSA), for

example, conservation agriculture (CA) techniques, which involve

minimum disturbance of soil, residue retention/cover crops (Blair

et al., 2006), and crop rotation (Parihar et al., 2016), may be

especially relevant. With no-till practices or minimum tillage in

CA systems, there is little need to prepare the land for planting

(FAO, 2001). This could allow early sowing, avoid heat stress, and

keep soil moisture (Kucharik, 2006; Marongwe et al., 2012).

According to previous research, no-till with crop residue

retention has a significant impact on soil erosion control,

enhanced soil structure by maintaining soil aggregates (Galdos

et al., 2009), minimum oxidation of soil organic matter, reduced

runoff and increasing crop productivity (Roose and Barthes, 2001;

Erenstein, 2002; Chaki A. K. et al., 2021). The agronomic

productivity is increased when 25–50% (1.3–2.5 Mg ha−1) of the

entire crop residues are incorporated with a chisel plough (Bahrani

et al., 2007). Another finding from Kumawat et al. (2022) who

conducted a field experiment with varying amounts of residue

retention under CA based maize-chickpea cropping system. They

found that the lowest bulk density, higher soil moisture content and

soil available nitrogen, phosphorus and organic carbonwas recorded

in 60 and 90% of crop residue plots compared to no residue retained

plots. Vasconcelos et al. (2018) suggested that 6 Mg ha−1 of crop

residue would be a good way to prevent soil C loss and keep the soil

covered. Furthermore, several studies have suggested that retaining a

moderate quantity (50%) of crop residues can increase crop

productivity. Under irrigated conditions, a short-term evaluation

of applying crop residue at different rates (ranging from 25 to 100%)

and with varied tillage techniques showed that applying residues at

R100, followed by R75 and R50, significantly enhanced soil organic

carbon and wheat grain production (Mirzaei et al., 2021. The

benefits of reduced tillage practices can be more productive if

optimally combined with crop residue management and mixed-

cropping systems (crop rotation diversification). In this context,

future research is needed to investigate the effect of crop residue

management and different cropping systems on changes in soil

parameters, and crop productivity (Asargew et al., 2022).

Crop residue returning, both aboveground or belowground

biomass, to the field after harvesting a crop is a globally accepted

good practice for improving soil health parameters. To maintain

soil quality and ensure sustainability, residue returning must be

implemented scientifically. This is because tillage practises, how

residue is returned to the soil, and how long it takes, and weather
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conditions, can have an effect on achieving the maximum benefit

from residue retention (Naresh et al., 2021). Examples include

Chalise et al. (2019) who reported that mulch retention had a

positive impact on soybean yield. Another study was conducted

by Krupnik et al. (2014) at two locations in Bangladesh and found

inconsistent results; at one location, there was no difference in the

tillage system in either year, whereas, in another location,

conventional tillage gave a higher yield in the first year but

strip-tillage gave higher yields in the second year. So future

research is needed to understand the performance of various

tillage techniques, such as conventional tillage and no tillage

under equal residue retention, in a range of crop, soil, and

climatic conditions (Singh et al., 2020). Clearly, given the lack

of understanding of these issues, investigation of appropriate

tillage with crop establishment methods and straw return in R-M

systems is therefore critical for rice and maize production,

ensuring food security, and fulfilling the feed demand from

livestock, poultry and fish industries in Bangladesh.

Many studies have been conducted separately on rice and

maize production systems such as R-R, and R-W systems in Asia,

and tillage and nutrient management (Timsina and Connor,

2001), although studies on the R-M systems in South Asia,

especially in Bangladesh are still limited (Timsina et al., 2018).

To cover this information gap, it is important to investigate the

long-term sustainability of R-M system production in

Bangladesh using various tillage alternatives. It is hypothesized

that Conservation Agriculture (CA) techniques which

considered zero, strip, and reduced tillage, crop residue

retention, and diversified maize-based crop rotations, improve

soil health parameters such as physical, chemical and biological,

compared to conventional tillage and the existing dominant R-R,

R-W cropping system of the region. Hence, in response to this

knowledge gap and to test the hypothesis, the objectives of the

present study were to investigate the short-term effects of

different tillage practices with residue return on the physical

and chemical properties, and biological activity under a rice-

maize rotation in sandy loam soil in Bangladesh.

2 Materials and methods

2.1 Site and soil characteristics

The field experiment was conducted at the Agricultural

Research Station (ARS), Bangladesh Agricultural Research

Institute, Rajbari, Dinajpur during the 2019–20 and

2020–21 seasons of Aman rice (rainy season) and maize in

the North-Western part of Bangladesh (Figure 1). The

experimental site is located in the Old Himalayan piedmont

plain (AEZ 1) (BARC, 2015; FAO/UNDP 1988). The soil of

the experimental site is a well-drained sandy loam with

pH 6.7, and the initial physical, chemical and biological

properties of the soil are given in Table 1.

2.2 Climatic characteristics

Figure 2 highlights that during the experimental period

the monthly maximum temperatures varied from 22 to 34°C

and the minimum temperature from 10 to 27°C at the study

site. The average 2 years (2019–21) annual rainfall was

1796 mm and overall, 80% of this fell during the May to

October period.

2.2.1 Rice season
The total rainfall during the rice season (June-November)

was 1950 mm in 2019 whereas 2,486 mm in 2020. Total

monthly rainfall during June was 297 in 2019 whereas it

was 403 mm in 2020 and the total rainfall in July ranged

from 618 mm in 2019 to about 680 mm in 2020. June and July

rainfall are very important for sowing direct-seeded rice

(DSR), whereas rainfall during July is crucial for

transplanted rice. The average maximum temperatures

from June to November were 29–34°C while the minimum

temperatures were 16–27°C.

2.2.2 Maize season
The weather pattern fluctuated across the 2 years. The total

amount of rainfall in the winter maize growing season

(November-May) was higher in 2020–2021 (743.7 mm) than

in 2019–2020 (601.3 mm). Maize is grown during the cool

(11–22°C) winter period (Mid-November to the first week of

May) and at that time rainfall is very limited. The monthly mean

daily maximum temperatures from November to May were

223–340°C while the minimum temperatures were

11.10–20.14°C, respectively.

2.3 Experimental details

The experiment was laid out in a 2-factor split-plot design

with three replications. Main plot treatments were puddled

transplanted rice (PTR) followed by conventional tillage maize

(CTM) and strip tillage direct-seeded rice (STDSR) followed by

strip-tilled maize (STM) and the sub-plot treatments were three

rice residue management options (0, 25 and 50%) either retained

on the soil surface in strip tillage plots or incorporated into the

soil in conventional tillage plots. The maize stalks were cut and

chopped into 5–10 cm lengths and spread uniformly over the

whole plot across the treatments. The treatments in the current

study have been discussed details in Table 2.

2.4 Crop management

Twenty-two-day old seedlings were manually transplanted

with a spacing of 20 cm × 15 cm and 2,3 seedlings per hill. All

DSR plots were sown with zero-till maize/multi-crop planter
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TABLE 1 The initial status of soil properties at the experimental site.

A. Soil physical properties

Depth (cm) Bulk density
(Mgm-3)

Particle density
(Mgm-3)

Moisture
content (%)

Field
capacity % (0.3 bar)

Soil penetration resistance
(SPR) (kPa)

Soil particle (%) Soil texture

Sand Silt Clay

0–10
1.42

2.51
20.70

27.4
870 60

22
18

Sandy loam

10–20
1.47

2.42
19.67

23.1
1,080 72

16
12

Sandy loam

20–30
1.59

2.47
16.11

22.4
1,380 70

16
14

Sandy loam

30–40
1.64

2.56
20.37

24.5
1,680 66

20
14

Sandy loam

40–50
1.60

2.49
21.27

29.9
1,170 62

24
14

Sandy loam

50–60
1.53

2.58
30.87

29.2
480 64

18
18

Sandy loam

60–70
1.54

2.48
26.50

36.7
440 72

17
11

Loamy sand

B. Soil chemical and biological properties

Depth (cm) pH OM (%) Total N (%) Available

P (mg kg-1) K (meq/100 g) S (mg kg-1) Zn (mg kg-1) Mn (mg kg-1) Fe (mg kg-1) B (mgkg-1)

0–10 6.15 0.96 0.08 18 0.16 20.7 0.89 10.1 53.2 0.41

10–20 6.20 0.83 0.05 17 0.18 20.8 0.86 9.5 47.8 0.38

20–30 6.25 0.75 0.04 12 0.11 19.6 0.74 9.6 45.2 0.32

30–40 6.35 0.65 0.04 10 0.10 20.9 0.72 5.2 29.1 0.32

40–50 6.38 0.54 0.03 10 0.09 21.04 0.54 5.1 26.9 0.24

50–60 6.45 0.48 0.02 9 0.07 24.1 0.52 2.4 20.6 0.23
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FIGURE 1
Thewhole green highlighted areas represent the experimental district and the red areas represent the Dinajpur Sadar Sub-district on themap of
Bangladesh. The yellow point is the location of the experimental site.

FIGURE 2
Observed rainfall, solar radiation, and maximum and minimum temperatures in the study area.
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having an inclined plate seed metering system (model,

BMWRI-ZT) with 20 cm row using a 30 kg seeds ha−1. The

sowing of DSR and wet bed rice nursery for PTR was done at the

same time in the third week of July each year. In CTM plots,

maize (BARI Hybrid maize-9) dibbled manually at 20 kg ha−1

maintaining 60 cm × 20 cm plant spacing in the third week of

November whereas STM plots were sown by the zero-till maize/

multi-crop planter (model, BMWRI-ZT). In the experiment

field, rice was fertilized with 54 kg N + 12 kg P + 60 kg K +

9 kg S + 1.2 kg Zn ha−1, while maize received 218 kg N + 76 kg P

+ 80 kg K + 37 kg S + 11 kg Mg+ 2.1 kg Zn ha−1. No pre-

planting herbicides were used in the CT plots, but

pyrazosulfuron, a broad-spectrum post-emergence herbicide,

was used in the STDSR plots and glyphosate was used in the

CTM plots to control weeds.

2.5 Harvesting and yield measurements

Both crops, rice and maize, were harvested at the physiological

maturity stage. The rice cropwas harvested inDSRplots during thefirst

week of November, whereas PTR plots were harvested in the second

week of November in both years. Rice was harvested manually in an

area of 3.7m2 within a field of each plot, following a zig-zag pattern to

avoid border effects. For the maize crop, a net plot area of 35m2 was

harvested and the biomass was dried in the field for 3–5 days under the

Sun. The rice grain yields were adjusted to a 12% moisture content

whereas for themaize grain it was 14%. The dryweight of stubble/straw

was recorded after drying at 70°C to a constant weight.

Annual system productivity was determined as rice

equivalent yield (REY) by converting the yield of maize crops

into rice equivalent yield

REY � Yield of maize crop (kg ha−1) × Price of non − rice crop (US$/kg)
Price of rice (US$/kg) (1)

The prices of rice and maize used for the calculation were

US$ 0.21, and US$ 0.24 kg−1, respectively. The grain prices of all

the component crops were determined based on local market

prices in BDT and later converted to US$ (1 US$ = 85.00 BDT,

the average exchange rate in the experimental period.

2.6 Leaf chlorophyll

For the rice crop, the chlorophyll content was determined by

using a chlorophyll meter (SPAD-502, Minolta Camera Co. Ltd.,

Osaka, Japan) during the vegetative and reproductive phases, amature

leaf being taken from the top of the plant tomeasure the SPADvalues.

2.7 Soil sampling and processing

The soil was collected from the experimental fields before

establishing the treatments in 2019, and in 2021 after the harvest

FIGURE 3
Schematic diagram showing SOC fractionation DOM =
Dissolved Organic Matter, Light POM= Particulate Organic Matter,
density, Heavy POM = Heavy Particulate Organic Matter, and
MAOM = Mineral-Associated Organic Matter. (Modified from
Robertson et al., 2019).

TABLE 2 Description of experimental treatments.

Treatments Treatments details Descriptions of ST and CT

T1 (PTR/CTM +0%
residue)

Puddled Transplanted Rice—Conventional
till Maize

Strip tillage (ST): Multi-crop planter (model, BMWRI-ZT Manufactured by BMWRI, Dinajpur)
in a single operation were used for DSR and STM. Tilled and seed placement between 5 and 7 cm

T2 (PTR/CTM +25%
residue)

Puddled Transplanted Rice—Conventional
till Maize

T3 (PTR/CTM +50%
residue)

Puddled Transplanted Rice—Conventional
till Maize

T4 (DSR/STM +0%
residue)

Direct Seeded Rice—Strip till Maize Conventional tillage (CT): Three-four times full rotary tillage by 2 W tractor operated by power
tiller were used for PTR and CTM. The depths of tillage are about 6–9 cm. Incorporation of crop
residue with one-time land leveling. Puddling (wet tillage) was done twice in 8–10 cm of
standingmi power tiller

T5 (DSR/STM +25%
residue)

Direct Seeded Rice—Strip till Maize

T6 (DSR/STM +50%
residue)

Direct Seeded Rice—Strip till Maize
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of the maize crop in the second year. Briefly, nine representative

soil samples were randomly taken from the experimental field at

0–10 and 10–20 cm depths and subsequently composited based

on depth for the analysis of soil chemical properties. In addition,

another soil sample was collected (from 0 to 10, 10–20, 20–30,

30–40, 40–50, 50–60 and 60–70 cm soil profile) by digging a

100 cm deep soil pit in the experimental site to determine the

initial physical and chemical properties of the soil layers. After

2 years of the rice-maize cropping systems, inMay 2021 (after the

maize harvest), three representative soil samples were collected

from each plot at 0–10 and 10–20 cm depths and composited

according to depth for the analysis of carbon fraction in each

depth. For microbial biomass carbon, soil samples were collected

from each plot at 0–5 and 5–10 cm depths. The soil samples were

gently sieved through a 4 mmmesh sieve to remove large organic

substances. After sieving, the soil samples were passed through a

2 mm sieve and stored in plastic zipper bags at 4°C before

microbial biomass carbon analysis. Soil penetration resistance

(SPR) was calculated at 0–10 and 10–20 cm depths before

starting the experiments and after the end of the experiment

in the second year using a Hand Penetrometer (Eijkelkamp

Equipment, Model 06.01, and Serial No. 11911698/11,

Giesbeek, Netherlands).

2.8 Analytical methods

2.8.1 Soil physical and chemical properties
Organic matter (OM), nitrogen (N), phosphorus (P),

potassium (K) and zinc (Zn) were measured following

standard procedures (Page et al., 1989). Soil pH was measured

with a glass electrode pH meter (WTW pH 522) at a soil-water

ratio of 1:2.5 as described by (Page et al., 1982), soil organic C was

determined by Walkley and Black’s wet oxidation method as

described by Jackson. (1973) and total N was determined by

micro-Kjeldahl method (Page et al., 1989); available P was

measured following the Olsen method (Jackson, 1973),

exchangeable K was quantified following the NH4OAc

extraction method (Black, 1965), S was determined by the

turbidimetric method through a spectrophotometer using a

wavelength of 420 nm (Page et al., 1989). Ca was measured by

the complexometric method of titration using Na2-EDTA

(Disodium ethylenediaminetetraacetic acid) as a complexing

agent (Page et al., 1989), Mg was estimated by using the

NH4OAc extraction method (Black, 1965), and available Zn,

Cu, Fe, and Mn were measured by using the diethylenetriamine

Penta acetic acid (DTPA) extraction method (Lindsay, 1978).

Particle size distribution was assessed by the hydrometer method

(Bouyoucos, 1962), and the soil textural class was calculated

using the USDA textural triangle. Bulk density and particle

density of the soil samples were determined by the core

sampler method and Pycnometer method, respectively (Karim

et al., 1988). The soil porosity was calculated from the

relationship between bulk density and particle density

Porosity(%) � (1 − BD
PD

) × 100 (2)

where, BD is bulk density (Mg m−3), PD is particle density

(Mg m−3).

2.8.2 Carbon fractionation by size and density
We determined the TOC contents of composite soil samples

by the size-density fractionation technique proposed by

Robertson et al. (2019). The main goal was to figure out how

SOM changes in each of the different soil fractionations. With

this approach, four soil fractions were made: DOM (dissolved

organic matter), Light POM (particulate organic matter,

density, < 1.85 Mg m−3), Heavy POM (heavy particulate

organic matter, size >53 µm), and MAOM (mineral-associated

organic matter, < 53 µm) (Figure 3). To assess DOM, 10 g of air-

dried soil was passed through a 2 mm sieve and placed in a 50 ml

centrifuge tube, then 30 ml of deionized water was added and the

sample was shaken for 15 min at 95 rpm. After that, the sample

was centrifuged for 15 min at 1874 g (calculate rpm for 19.2 cm

SoG rotor = 2,876 rpm), and the soil solution was filtered using

20 µm Whatman No 1 filter paper. After that, the sample was

analyzed within 48 h by elemental analyser (Vario micro cube

CHNOS Elemental Analyzer; EuroEA3000).

The light POM technique begins with the first step, following

that, the solid material was retained on the filter in the pre-

weighed aluminium pan in order to measure the weight of the

light fraction. Besides this, 20 ml of sodium polytungstate (SPT)

1.85 Mg m−3was added to a centrifuge tube containing the

centrifuged 10 g soil, and shaken for 18 h on a reciprocal

shaker at 95 rpm to disperse the sample and then centrifuged

for 30 min at 1874 g. It was then collected in the previously

weighed aluminium pan and dried at 60°C in the oven. The light

POM was then recorded.

For the heavy POM, the procedure was firstly to remove the SPT

by repeatedly rinsing the soil with deionized water: deionized water

was added (to the 40 ml mark), the sample was shaken to mix it, it

was centrifuged, and the water discarded and finally passed onto a

53 µm sieve. To assess MAOM, we collected the sample that has

passed through the sieve into a pre-weighed aluminium pan–this

was the silt and clay-sized organicmatter fraction (MAOM). Finally,

we put 10 mg of each of the ground solid fractions (Light POM,

Heavy POM, and MAOM) into 9 × 5 mm silver capsules, added

30 µl of 15% hydrochloric acid, and oven-dried them at 60°C, and

the samples were analyzed in the elemental analyser (Vario micro

cube CHNOS Elemental Analyzer; EuroEA3000). The soil organic

carbon (SOC) stock was calculated according to the following

equation (Batjes, 1996):

SOC stock (Mg ha−1) = SOC concentrations (%) × bulk

density (Mg m−3) × depth (cm).
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The carbon stock computed in different fractions considering

amount of visible piece of degraded plant material in every

fraction as well as % of SOC concentrations.

2.8.3 Microbial biomass carbon (MBC)
The chloroform fumigation extraction method was adopted

to estimate the amount of microbial biomass C in soils.

Fumigated and non-fumigated soils were extracted with 0.5 M

K2SO4 (soil: K2SO4 solution = 1:4) and shaken for 30 min and

then, filtered. From the extract, the amount of biomass C was

determined according to the method described by Vance et al.

(1987).

2.9 Economic analysis

Partial economic analysis under a range of tillage practices

and residue retention levels was computed based on the

production costs and income from the sale of rice and maize

grain, and rice stubble and maize stover. The production costs

involved input costs, machinery costs, and labour used for the

experiment. The cost of seed, growing the seedlings, fertilizers,

insecticides, herbicides, and irrigation was considered as input

costs; whereas machinery costs included amulti-crop planter and

power tiller hired for tillage and seed sowing. The labour costs

involved different operations, e.g., tillage, seedbed preparation,

sowing/transplanting, irrigation management, thinning,

weeding, harvesting and threshing. Gross returns (GR) were

estimated by multiplying grain and straw yield by the price of

grain and straw per hectare each year. The net income was

calculated by subtracting the total input costs from the gross

return and the gross margin was estimated by subtracting the

total production cost from the gross return. The benefit-cost ratio

(BCR) was computed as the gross return divided by the cost of

production. All the prices were converted to US$ based on a

conversion rate of 85BDT = 1 US$ (www.xe.com).

2.10 Statistical analysis

All data were analyzed statistically using a two-way factorial

model based on a split-plot design (Popat and Banakara, 2020).

In our study, as all the data were normally distributed (p > 0.05),

they were exposed to parametric tests. The variables of the effects

of different treatments were tested by analysis of variance

(ANOVA), and comparisons between the treatments based on

the least significant difference at p ≤ 0.05. Before doing statistical

analysis, the normality assumption of analysis of variance

(ANOVA) was tested by Shapiro and Wilk (1965) by R Core

Team (2020) and STAR statistical software (Biometrics and

Breeding Informatics, PBGB Division, International Rice

Research Institute, Los Baños, Laguna). In addition, the

Conformity of homogeneity of variance was also tested by

Bartlett’s test (Snedecor and Cochran, 1989). Since the

normality assumption of ANOVA was met, there was no need

for data transformation. The effect of the treatment PTR/CTM

vs. STDSR/STM was compared using t-test for independent

samples (using STAR software).

3 Results

3.1 Effect on soil physical properties

3.1.1 Soil bulk density
The effects of TCE and crop residue management practices

on soil bulk density (BD) were significant at 0–10 and 10–20 cm

profile depths (Table 3). The ANOVA showed that, at 0–10 cm

soil depth, the effects of TCE techniques on bulk density was

lower by 2.73% in STDSR/STM compared to PTR/CTM. At the

same depth, irrespective of residue management practices, the

soil bulk density under TCE was lower than with no crop residue

retention by 2% (4%) in 25% (50%) crop residue retention plots.

On the other hand, in sub-surface soil (10–20 cm), PTR/CTM

had a higher value (1.53) than STDSR/STM (1.49) considering

TCE techniques. A similar trend was also found concerning

residue management practices and a lower value was obtained in

50% crop residue retention treatment (1.49), followed by 25%

crop residue (1.51) and no residue retention treatments (1.54). In

addition, BD in soils under TCE and crop residue management

practices increased with increasing soil profile depths. However,

the ANOVA showed no significant interaction effect on TCE and

residue management practices on BD in the 0–10 and 10–20 cm

soil depths but the value of STDSR/STM with residue

incorporation/retention plots declined at both depths.

3.1.2 Soil penetration resistance (SPR)
Themain effects of TCE techniques and residuemanagement

were significant on SPR at 0–10 and 10–20 cm soil depths

(Figure 4). SPR showed a tendency to increase at a depth of

0–10 cm and was always higher in PTR (333 kpa) than in DSR

(ST) systems considering tillage practices. Furthermore,

retention of residue caused a significant reduction in SPR

compared to the residue removal plots, and the maximum

SPR (366.01 kpa) was obtained in no crop residue retention

followed by 25% crop residue retention (283.50 kpa). The

lowest SPR (243.33 kpa) was recorded in 50% crop residue

retention. At the same depth, irrespective of conventional and

strip tillage with residue management practices, a significant

effect on SPR was found in no and 50% crop residue retention,

respectively. At a 10–20 cm depth, TCE techniques showed no

significant effect on SPR, whereas a 16% reduction in SPR was

recorded in STDSR/STM compared to PTR/CTM. At the same

depth, mean SPR under 25 and 50% crop residue retention in

STDSR/STM plots compared to no crop residue retention in

PTR/CTM plot was reduced by 24 and 29%, respectively. In
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addition, at the same depth SPR values were 13 and 17% lower in

25 and 50% crop residue retention plots compared to no crop

residue retention plots. The changes in SPR were positively

correlated with BD at both depths. In our study, there was no

significant differences between conventional and strip tillage at a

10–20 cm soil depth. Our study also found that 61% variation in

SPR could be explained through BD; SPR = 1,452.3BD - 1854.2,

R2 = 0.61***, p ≤ 0.001.

In comparison to two tillage methods with the same amount

of crop residue retention, the mean SPR values in PTR/CTM

plots were 14–46% higher under 0, 25, and 50% crop residue

retention compared to STDSR/STM plots at 0–10 cm soil depth

and by 23–26% at 10–20 cm soil depth (Figure 4).

3.1.3 Soil moisture content (SMC)
The ANOVA showed no significant interaction effect of TCE

and residue management practices on soil moisture content

(SMC) in the 0–10 and 10–20 cm soil depths. But the effects

of residue management on SMC were, however significant at

0–10 cm and 10–20 cm profile depths. At a 0–10 cm depth, SMC

increased by 7 and 17% under 25 and 50% crop residue retention

plots compared to no residue plots. Besides, the effects of TCE

techniques on SMC were not significant but it was increased by

10% in STDSR/STM compared to PTR/CTM (Supplementary

Table S1). At a 10–20 cm depth, SMC was higher by 34% in

STDSR/STM compared to PTR/CTM plots. At the same depth,

SMC values were 8 and 15% higher in 25 and 50% crop residue

TABLE 3 Soil bulk density (Mg m−3) at two soil depths under different tillage and crop establishment (TCE) techniques and residue management (R)
options at the end of 2 years of the rice-maize system.

Parameters 0–10 cm 10–20 cm

TCE technique CR0 CR25 CR50 Mean CR0 CR525 CR50 Mean

STDSR/STM 1.49 1.47 1.43 1.46b 1.53 1.49 1.47 1.49b

PTR/CTM 1.53 1.50 1.47 1.50a 1.56 1.52 1.51 1.53a

Mean 1.51a 1.48b 1.45c 1.54a 1.51b 1.49b

LSD (0.05) TCE = 0.025 TCE = 0.019

Residue (R) = 0.01 Residue (R) = 0.02

TCE × R = ns TCE × R = ns

Treatment details are in Table 2 and ns indicates no significant.

FIGURE 4
Effect of tillage and crop establishment (TCE) techniques and residue management (R) options on soil penetration resistance (KPa) at 0–10 and
10–20 cm profile depths at maize harvest in 2020–21. For treatment, details refer to Table 2. Different upper-case letters represent significant
intragroup statistical difference at p ≤ 0.05; Different lower-case letters represent significant intergroup statistical difference at p ≤ 0.05; p values
calculated by the ANOVA test and t-test.
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retention plots compared to no crop residue retention plots.

There was a significant effect on SMC in the STDSR/STM and

PTR/CTM plots, irrespective of residue management at

10–20 cm depth only (Figure 5). In our study, SMC was

inversely correlated to SPR in both soil depths (r = −0.51,

p ≤ 0.01). When comparing two tillage systems with the same

level of crop residue retention, the mean SMC values were

6–11% higher in STDSR/STM plots than in PTR/CTM plots at

0–10 cm soil depth and 32–35% higher at 10–20 cm soil depth

(Figure 5).

3.1.4 Soil porosity
The effect of residue management practices was

significant at both depths. At the 0–10 cm depth, the

porosity value was higher by 9 and 18 in 25 and 50% crop

residue retention plots compared to no crop residue retention

plots. On the other hand, in sub-surface soil (10–20 cm) a

similar trend was also observed and the value was 8 and 17%

greater under 25 and 50% crop residue retention treatments

compared to no residue retained/incorporation treatments.

As compared to the conventional and strip tillage with

residue management practices, there was a significant

effect on soil porosity in the 50% crop residue retention

plots at a 10–20 cm depth only (Figure 6). There was no

interaction effect of TCE and residue management practices

on soil porosity at 0–10 and 10–20 cm profile depths but the

value was higher in the SDSR/STM plots (Supplementary

Table S2). Mean soil porosity values were 11–45% higher

under no 25 and 50% crop residue retention in STDSR/STM

plots compared to PTR/CTM plots at 0–10 cm soil depth and

by 11–12% at 10–20 cm soil depth.

3.2 Carbon fractionation

3.2.1. Dissolved organic carbon
In the present research, tillage management practises

had the greatest influence on dissolved organic carbon

(DOC) content (Table 4). The amounts of DOC were

significantly higher in STDSR/STM management plots

(38.73 mg kg−1) compared to no residue retention plots

(19.69 mg kg−1) at a 0–10 cm depth. Irrespective of

residue and tillage interaction plots, the value was higher

in STDSR/STM practices under 25 and 50% residue

retention/incorporation plots. Similarly, at 10–20 cm

depth, a higher value (64%) was obtained in STDSR/STM

practices compared to no residue retention practices.

Considering, residue management practices, in both of

the years, a higher value was observed in 25 and 50%

residue retention/incorporation plots than no residue

retention plots (Table 4).

3.2.2 Carbon stock in fractionation contributed
by light, heavy POM and MAOM

The amounts of carbon in light POM present in the 50%

residue retention/incorporation plots was 25% higher

FIGURE 5
Effect of tillage and crop establishment (TCE) techniques and residue management (R) options on soil moisture content (SMC) at 0–10 and
10–20 cm profile depths at maize harvest in 2020–21. For treatment, details refer to Table 2. Different upper-case letters represent significant
intragroup statistical difference at p ≤ 0.05; Different lower-case letters represent significant intergroup statistical difference at p ≤ 0.05; p values
calculated by the ANOVA test and t-test.
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compared to no residue retained plots However, irrespective

of residue level, the trend was higher in STDSR/STM plots at

both depths. In sub-surface soil at a depth of 10–20 cm, the

proportion of carbon provided by light POM was 28.7%

higher in 50% residue plots than in residue removal plots

(Figure 7).

Although no significant variation was observed in tillage

practices, the value was 10% higher in strip tillage compared

to conventional tillage practices. For the carbon stock in light

POM, 50% crop residue gave better results compared to other

treatments, as demonstrated by the highest amounts of SOC

compared with the other residue management practices at a

10–20 cm depth (p ≤ 0.05) (Figure 8). However, irrespective

of residue levels, there was no significant difference but the

value was 10% higher in strip-tillage than in conventional

tillage. The interaction effect between tillage and residue

management practices was not significant but greater

values were observed in the STDSR/STM plots

(Supplementary Table S3).

Our study showed that the SOC was higher in surface soil

compared to the subsurface soil (Figure 8 and Supplementary

Table S4) and a higher value was found in 25 and 50% residue

plots than in no residue plots. The proportion of carbon

contributed by heavy POM was 29% in surface soil and 14%

in subsurface soil and the value was higher in 50% residue plots

than in residue removal plots (Figure 7). We did not find any

FIGURE 6
Effect of tillage and crop establishment (TCE) techniques and residue management (R) options on soil porosity at 0–10 and 10–20 cm profile
depths. For treatment, details refer to Table 2. Different upper-case letters represent significant intragroup statistical difference at p ≤ 0.05; Different
lower-case letters represent significant intergroup statistical difference at p ≤ 0.05; p values calculated by the ANOVA test and t-test.

TABLE 4 Quantity of carbon in dissolved organic carbon (DOC) (mg kg−1).

TCE technique 0–10 cm 10–20 cm

CR0 CR25 CR50 Mean CR0 CR525 CR50 Mean

STDSR/STM 37.45 39.45 39.28 38.73a 42.55 46.09 48.25 45.63

PTR/CTM 19.09 20.27 19.70 19.69b 21.52 36.87 24.97 27.79

Mean 28.27 29.86 29.49 32.04 41.48 36.61

LSD (0.05) TCE = 10.04 TCE = ns

Residue (R) = ns Residue (R) = ns

TCE×R = ns TCE×R = ns

Treatment details are in Table 2 and ns indicates no significant.
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significant difference between tillage and residue interaction

effect (Supplementary Table S4).

The effect of residue management practices was significant in

surface soil. At the 0–10 cm depth, the carbon stock was higher by

27 and 8% in 25 and 50% crop residue retention plots compared to no

crop residue retention plots (Figure 8). On the other hand, a similar

trendwas also observed in sub-surface soil (10–20 cm). Irrespective of

tillage management practices, the higher carbon stock value was

found in STDSR/STM plots (9.03Mg ha−1) compared to PTR/CTM

plots (8.59Mg ha-1). The percentage of SOC stock that resided in the

MAOM fraction and the value was 64 and 71% in 25 and 50% residue

retention plots compared to the no residue plots (60%) (Figure 7).

TheANOVAshowed that therewere no significant interaction effects

between tillage and crop establishment (TCE) technique with residue

management practices on carbon stock at 0–10 and 10–20 cm profile

depths. But the value was higher in strip tillage with 50% residue

FIGURE 7
The proportion of carbon contributed by light POM, heavy POM and MAOM at 0–10 (A,B) and 10–20 (C,D) cm soil depths.
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retention plots compared to conventional tillage with no residue plots

(Supplementary Table S5).

3.3 Effect of tillage and residue
management on microbial biomass
carbon (MBC)

3.3.1 Microbial biomass carbon (MBC)
The MBC was significantly higher under residue retention

compared to no residue retention at both of the depths. At the

depth of 0–5 cm, retention of 25 and 50% residues resulted in

45–54% higher MBC than no residue retention, whereas

37–41% was found at the 5–10 cm depth. Overall, there was

a tendency for the values to be lower at the 5–10 cm depth.

Moreover, we did not get an interaction effect (p ≤ 0.05) with

tillage and residue practices on microbial biomass carbon

(Supplementary Table S6). The result showed that there

was no significant difference between two tillage systems

with the same level of crop residue retention on MBC but

the mean MBC values were 4–17% higher in STDSR/STM

plots than in PTR/CTM plots for 25 and 50% crop residue

retention at 0–5 cm soil depth (Figure 9).

3.4 Physiological parameters

3.4.1 Chlorophyll concentration
3.4.1.1 Rice

In the first year, there was no significant variation in

SPAD under crop establishment (TCE) techniques and

residue management practices in different rice stages; 50,

60, 70, and 80 days after sowing (DAS) as shown in

(Supplementary Table S7). However, higher SPAD values

were observed in 60 DAS and the value was lower in

80 DAS. In the second year, the value was higher in

FIGURE 8
Carbon stock in fractionation contributed by light POM (A), heavy POM (B) andMAOM (C) at 0–10 and 10–20 cmprofile depths atmaize harvest
in 2020–21. For treatment, details refer to Table 2. Different upper-case letters represent significant intragroup statistical difference at p ≤ 0.05;
Different lower-case letters represent significant intergroup statistical difference at p ≤ 0.05; p values calculated by the ANOVA test and t-test.
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25 and 50% crop residue retention plots than in the 0%

residue retention plots (Supplementary Table S8). The

SPAD values decreased and varied from 38.7 to 31.4

(relative content of chlorophyll) in the no residue

retention practices.

3.4.1.2 Maize

In the first year of our study, there was significant

variation in the effects of residue management practices in

90 DAS as shown in Supplementary Table S9. The maximum

SPAD value (61.20) was recorded in 50% crop residue

retention plots followed by 25% crop residue retention

(59.39). On the other hand, the lowest values were found in

no residue retention practice plots (57.56). Similarly, in the

second year, the effects of TCE techniques and residue

management practices were significant in 90 DAS and the

maximum values were obtained in ST (57.26) rather than in

PTR systems (56.30), as shown in (Supplementary Table S10).

Irrespective of residue management practices, 50%, and 25%

of crop residue retention plots showed higher values

(57.38 and 56.03) compared to the no residue plots.

However, in both the years, the interaction effects of crop

establishment (TCE) techniques and residue management

practices were non-significant (p ≤ 0.05) during the

growing period of maize but STM gave a higher value than

residue removal plots.

3.5 The effect of tillage and residue
management on yield component and
cropping system

3.5.1 Yield and yield parameter of rice and maize
In the first year, there was no significant TCE × residue

management interaction effect on the yield and contributing

characters of rice. In our study (tiller/hill and panicle length) of

rice were significantly affected by TCE techniques. However, PTR

(CT) had 8 and 2% higher values in relation to panicle density

and panicle length (cm) than DSR (ST) plots. Considering the

yield, the trend was higher in PTR plots than in ST plots

(Supplementary Table S11). Similarly, in the second year

ANOVA also showed no significant interaction effects

residue × TCE techniques on rice yield. The main effects were

observed in tillage management practices, the yield being 14%

higher in PTR compared to DSR (ST) plots. In both seasons, the

biomass yield followed a similar trend to grain yield

(Supplementary Table S12).

For maize, during 2019, 2020, the main effects of TCE

practices were plant height and thousand-grain weight while

other effects from residue management were recorded from

grains/cob, 1,000 grain weight, cob length, cob line, and cob

round. A decrease in plant height and weight of 1,000 grain

weight in the order of 3 and 5% were observed in CTM after PTR

compared to STM after STDSR. Retention of crop residues

FIGURE 9
Allocation of microbial biomass at 0–5 cm (A) and 5–10 cm (B) depths as influenced by residue retention, and tillage-based crop establishment
practices after 2-year of rice-maize system.
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increases the grains cob−1 by 3 and 4%, 1,000 grain weight by

5 and 9%, cob length (cm) by 9 and 21%, in the case of 25 and

50% crop residue retention rather than no residue retention plots.

The highest maize yield was recorded from 50% crop residue

retention (9.14 Mg ha−1) followed by 25% residue retention

(8.85 Mg ha−1), and the lowest was found from no residue

treatment (8.37 Mg ha−1), although there was no significant

effect of the TCE practices on maize yield (Supplementary

Table S13). In 2020, 2021, the trend of cobs plant−1, grains/

cob, weight of 1,000 grains, cob length, cob line, and cob round

were similar to the previous maize crop. However, there was an

increase in grains/cob (3 and 6%), the weight of 1,000 grains

(4 and 8%), cob length (7 and 19%), cob round (2 and 6%) in

relation to 25 and 50% crop residue retention compared to no

residue retention plots. The trend in maize yield was similar to

the previous season for TCE and residue management practices,

and there was also a higher yield of 10 and 14% under 25 and 50%

residue retention compared to no residue management practices

(Supplementary Table S14). In both seasons, the biomass yields

also followed a similar trend to grain yield. The present study did

not find any significant interaction effect between tillage and

residue practice but the yield was higher in STM plots compared

to CTM plots.

3.5.2 Rice-maize system productivity
The total rice equivalent yield (REY) of the R-M system

ranged from 9.56 to 10.46 Mg ha−1 in the first year, while in the

second year, it was 9.91–11.31 Mg ha−1. Residue retention/

incorporation practices resulted in consistently higher REY

yields across the years. However, the highest system

productivity was obtained from 50% crop residue retention

practices (10.45 Mg ha−1in year 1, 11.31 Mg ha−1 in year 2)

followed by 25% crop residue retention management (10.16,

10.92 Mg ha−1). The lowest REY was recorded from no residue

retention practices in year 1 and year 2 (9.56 and 9.91 Mg ha−1).

The incremental decline in REY was significant when crop

residue was removed, with no significant difference when

compared with the TCE technique. Overall, in year 1, the

REY was higher at 5 and 9% under 25 and 50% residue

retention compared to no residue management practices while

it was 10 and 14% in year 2 (Table 5).

3.6 Gross margin analysis

In 2019, 2020, the effect of residue management was significant

in relation to production costs, gross return, gross margin, and BCR

but in the TCE technique (tillage practices) only production costs

were significant in the RM system. The production costs were

US$216 higher for PTR/CTM compared to STDSR/STM

(Figure 10). Irrespective of residue retention, the production cost

was highest (US$1,557) in CR0 while it was lowest (US$1,527) in

CR50. Total gross return, gross margin, and benefit-cost ratio (BCR)

are also highest in 50% crop residue retention treatments and lowest

for no crop residue retention plots.

In 2021, 2022, there was significant variation in the main

effects of TCE techniques and residue management practices

relating to production costs, gross margin, and BCR in the RM

system. The highest production cost (US$1,678) was found from

PTR/CTM and the STDSR/STM gave the lowest production cost

(US$1,462), as shown in (Figure 10). In the R-M system, the

highest gross margin (US$1,696) and BCR (2.15) were also

TABLE 5 Rice and maize grain yields and rice equivalent yield (REY) (Mg ha−1) in Rice-Maize cropping systems during 2019–2020 and 20–21.

Items Residues Year 1 Year 2

STDSR/STM PTR/CTM Mean Summary STDSR/STM PTR/CTM Mean Summary

Rice CR0 4.15 4.27 4.21 LSD0.05
TCE = ns
Residue (R) = ns
TCE×R = ns

4.02 4.65 4.33 LSD0.05
TCE = 0.30
Residue (R) = ns
TCE×R = ns

CR25 4.26 4.34 4.30 4.21 4.72 4.47

CR50 4.25 4.35 4.29 4.12 4.78 4.45

Mean 4.22 4.32 4.12b 4.71a

Maize CR0 8.44 8.29 8.37b LSD0.05
TCE = ns
Residue (R) = 0.37
TCE×R = ns

9.07 8.32 8.67 b LSD0.05
TCE = ns
Residue (R) = 0.34
TCE×R = ns

CR25 8.80 8.89 8.85a 9.68 9.43 9.55 a

CR50 9.21 9.08 9.14a 10.02 9.77 9.90 a

Mean 8.82 8.75 9.57 9.17

REY CR0 9.48 9.65 9.56b LSD0.05
TCE = ns
Residue (R) = 0.39
TCE×R = ns

10.30 9.51 9.91b LSD0.05
TCE = ns
Residue (R) = 0.39
TCE×R = ns

CR25 10.16 10.06 10.11b 11.07 10.77 10.92a

CR50 10.37 10.52 10.45a 11.45 11.17 11.31a

Mean 10.00 10.08 10.94 10.48

Treatment details are in Table 2 and ns indicates no significant.
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FIGURE 10
Cost of production under TCE techniques with residue management options for rice and maize system in northwest Bangladesh (CT0 =
conventional tillage with no residue; CT25 = conventional tillage with 25% residue; CT50 = conventional tillage with 50% residue; ST0 = Strip tillage
with no residue; ST25 = Strip tillage with 25% residue; ST50 = Strip tillage with 50% residue during 2019–2020 (A) and 2020–2021(B). Numbers in
each spider diagram mention amount in US$.

TABLE 6 Economics of different crop establishment techniques and residue management options in rice-maize cropping system during
2019–2020 and 2020–21.

Treatment/year Production
cost ($ ha−1)

Gross
return ($ ha−1)

Gross
margin ($ ha−1)

Benefit cost ratio ($
ha−1)

Year 2019–2020

TCE technique (TCE)

STDSR/STM 1431b 3,003 1,573 2.09

PTR/CTM 1,647.a 3,009 1,362 1.82

Residue retention (R)

CR0 1,557 2893b 1335b 1.86

CR25 1,533 3028a 1494a 1.98

CR50 1,525 3097a 1571a 2.04

LSD (0.05)

TCE 22 ns ns ns

Residue (R) 3.42 113 115 0.08

TCE×R Ns ns ns ns

Year 2020–2021

STDSR/STM 1467b 3193a 1696a 2.15 a

PTR/CTM 1678a 3,163 a 1515b 1.90 b

CR0 1593a 2,992 b 1398b 1.88b

CR25 1566b 3233a 1,666. a 2.07a

CR50 1558c 3,311 a 1753. a 2.13 a

LSD (0.05)

TCE 30.58 Ns 145.06 0.08

Residue (R) 2.32 111.26 111.74 0.07

TCE×R ns ns ns ns

Treatment details are in Table 2 and ns indicates no significant.
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recorded from STDSR/STM and the lowest was from the PTR/

CT system (Table 6). The main effect of residue retention refers

to gross return, gross margin, and BCR following the same trend

in the previous year.

4 Discussion

4.1 The effect of tillage and residue
management on soil physical properties

Soil penetration resistance (SPR) values were significantly

lower in DSR (ST) than under PTR (CT) systems. Further, our

results also showed an increase in SPR with an increase in soil

depth. The key interpretation is that a higher SPR under PTR was

related with a higher bulk density (especially at 10–20 cm depth)

in these plots. This agrees with the results reported by Singh et al.

(2016), who conducted an experiment in sandy loam soil with

three tillage and two residue management options in the R-M

system in north-west India and found that SPR showed an

increasing trend with an increase in soil depth and was always

higher in PTR (CT) compared to DSR (ZT) systems. Salahin et al.

(2021) carried out a 3-year study in the Gangetic Plains of

Bangladesh to evaluate the effects of zero tillage (ZT), strip

tillage (ST), bed planting (BP), and conventional tillage (CT)

with two residue retention levels. They found that the soil

penetration resistance of the ST system was lower than that of

the CT system. Lampurlanés and Cantero-Martínez (2003) also

reported that increasing trend in SPR with an increase in soil

depth. The higher SPR value in CT plots may be also associated

with the development of plough pan at a 10–20 cm depth (Singh

et al., 2013).

Irrespective of residue management practices, SPR was

consistently lower in residue incorporation/retention plots

compared to removal residue plots CT at 0–10, and 10–20 cm

soil depths. The beneficial effect of incorporation/retention

residue on PR is supported by Saha et al. (2010), who found

that increased residue incorporation/retention reduced soil PR at

a 0–15 cm depth on sandy loam soil. In a study in Uttar Pradesh,

India, the continuous application of 5 Mg ha−1 crop residues for

5 years in R-M systems decreased the SPR value by 23–31% over

no residue plots (Singh et al., 2016). However, it is important to

bear in mind that SPR is directly correlated to BD and inversely

related to soil water content (Sharma and De Datta, 1986) and in

our study, SPR also closely followed BD and soil moisture content

trends. Jat et al. (2009) also reported that SPR had a greater value

under puddling compared to ZT/conservation tillage.

The interaction effect of TCE techniques and residue on SPR

was not significant in the present study. Similar observations

were also reported by Singh et al. (2013), who conducted a long-

term experiment to assess the effects of three tillage systems, no

tillage (NT), ridge-tillage (RT) and plough tillage (PT), and three

mulch rates (no residue, 8, and 16 Mg ha−1 yr−1 and reported that

the interaction between tillage, mulch, and soil depth was not

significant on SPR.

The present study demonstrated that the TCE technique’s

influence on bulk density and the value were lower in STDSR/

STM compared to PTR/CTM at both depths. The main

explanation is that puddling in rice crops is known to destroy

soil aggregates and increase compaction of the soil (Gathala et al.,

2011a). Our research also observed that strip tillage in DSR had a

lower value compared to PTR (CT) treatment plots. This study is

also in line with another researcher Singh et al. (2016) who

observed that crop residue retention under DSR plots decreased

soil bulk density compared to conventional tillage. In order to

assess the impacts of zero tillage (ZT), strip tillage (ST), bed

planting (BP), and conventional tillage (CT) with two residue

retention levels, Salahin et al. (2021) conducted a 3-year research

in the Gangetic Plains of Bangladesh. They discovered that the

CT system had a larger bulk density near the soil surface than the

ST system. According to a 4-year study in India by Gathala et al.

(2011a), the CT-based system tends to have higher soil bulk

density near the soil surface (10–20 cm soil depths) than the CA

system.

In contrast, other researchers have found that higher bulk

density under ZT at a 0–5 cm depth compared to CT in different

cropping systems than R-M system (Wu et al., 1992; Gathala

et al., 2011a; Huang et al., 2012; Jat et al., 2013). In our study, soil

bulk density varied significantly due to residue management

practices which is similar to the findings of He et al. (2009)

who observed that crop residue retention under no-tillage

practices decreased soil bulk density. The decreasing trend is

strongly correlated with the deposition of organic matter and

greater soil biological activity in ST practice (Alam et al., 2014).

Moreover, Lal (2000) found that the incorporation of 16 Mg ha−1

of rice residue for 3 years decreased BD from 1.20 to 0.98 Mg m−3

on sandy loam soil. Coinciding with this result, Salahin et al.

(2021) observed that soil BD did not significantly vary due to

crop residue incorporation/retention practices. Sokolowski et al.

(2020) observed that no-tillage practices increased soil BD

compared to tillage systems (mouldboard plough) although

the study was conducted in clay loam soil in an area with

heavy rainfall. The present study also indicated that the

interaction effects of TCE and crop residue management had

no significant effect on soil BD. The findings is also confirmed by

Singh et al. (2013) which reported that the interactive effect of

tillage and mulch practices on soil BD was not significant in

wheat crops. Our findings also differ from the results of Singh

et al. (2016), who found interaction effects on the BD value at

0–15 cm and 15–30 cm depths.

Our study showed that strip tillage with residue retention/

incorporation generated higher soil moisture content at all

depths than in no residue plots. This is because residue

retention in strip tillage maintaining favourable soil

temperature by changing soil energy balances and heat fluxes

(Kozak et al., 2007; Abdullah, 2014). In addition to this, another
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argument is that no residue with conventional tillage often

creates the land unprotected from extreme temperature which

in turn leads to a decrease in the amount of moisture contained in

the soil (Ward et al., 2013). These findings are similar to Zhao

et al. (2020) who conducted a meta-analysis to evaluate changes

in SMC (soil moisture content), looking at CR retention in China

(considering 278 publications), and observed that CRR (crop

residue retention) led to an increase in SMC by 5.9% compared to

CR removal. The present study also showed that higher SMC was

found in strip tillage with residue retention compared to

convention tillage with residue incorporation. The positive

effect of retention residue on SMC is substantiated by

Bhattacharyya et al. (2013), who performed a 6-years field

experiment on sandy loam soil comparing various tillage

methods with residues incorporated or retained on the soil

surface. They discovered that areas where agricultural residues

were retained on the surface included much more water-stable

macroaggregates, which contributed to a higher SMC. Another

example from Verhulst et al. (2011) who found that SMC was

higher in residue retained plot due to less evaporation, which has

an effect on SMC. A global meta-analysis by Li et al. (2019)

indicated that CA-based management strategies increased

accessible water by 10.2% higher than conventional practises.

Many researchers agree that CA methods, such as strip tillage

with the mulching effect of CR, are advantageous (Stewart et al.,

2018; Lu, 2020). Other researchers Kader et al. (2017) also found

that straw mulching helped to conserve soil moisture at a

0–30 cm depth and reduced soil temperature. The main

explanation might be linked to lower soil temperatures and

lower evaporation from residue retention plots (Busari et al.,

2013). However, the trend of increased SMC owing to CA

management practices is highly dependent on the regional

climate (Abdallah et al., 2021). For example, Gathala et al.

(2020) conducted a study in Bangladesh, Nepal and India and

observed that water productivity was increased by 19% by

adopting CA practices in the subtropical region.

Consequently, negative outcomes were also found in cold

-humid and tropical humid climates, where waterlogging was

observed (Abdallah et al., 2021). The current study indicated that

the retention of crop residue together with strip-tillage increased

SMC compared to CT with the removal of residues. These results

are similar to (Song et al., 2016) who found that removal of crop

residue through conventional tillage causes soil water loss, thus

affecting soil moisture content.

Soil porosity under CT was significantly lower than ST at two

soil depths. The main explanation is that puddling in rice crops is

known to increase compaction of the soil and ultimately reduces

the porosity (Singh et al., 2016). Higher soil porosity under

residue retention/incorporation in the plots than in soil with

residue removal has been also reported by others (Alam et al.,

2014; Alam et al., 2019). Another example from Patra et al.

(2019) found that soil porosity was higher in zero tillage than in

conventional tillage. These findings also in line with Liu et al.

(2005), who observed that the retention of crop residue increased

soil porosity when there was minimal tillage in the sub-surface

layer. The increase of soil porosity in ST might be due to the

addition of organic matter and crop residues which was the result

of minimum soil disturbance (Alam et al., 2014). In contrast,

Sasal et al. (2006) observed that total porosity was 3.5% higher in

conventional tillage practices than in ZT-based practices in the

surface soil layer (0–15 cm). Another example from Tangyuan

et al. (2009) found that the total soil porosity was most affected in

the surface layer rather than the sub-surface layer.

4.2 The effect of tillage and residue
management on soil organic carbon
fraction

The SOC fractions, like dissolved organic C, microbial

biomass C and particulate organic matter C are known as a

soil quality indicator parameter (Liu et al., 2014; Dong et al.,

2009; Saviozzi et al., 2001; Lenka et al., 2015; Yang et al., 2005). As

a relatively mobile fraction of the SOC, DOC plays an important

role in the transport of nutrients, such as nitrogen and

phosphorus (Kaiser, 2003). The current study revealed that

the DOC in the 10–20 cm depth was higher in the TCE

technique (ST) as compared to the CT soil. The strong

stratification of the DOC at the 10–20 cm layer of the ST soil,

due to receiving higher rainfall during the crop growing periods

that may increase the downward movement of DOC to the

deeper layer of soil. This is in line with Roy et al. (2022), who

observed that surface drip irrigation increased the moist soil

environment which is closely associated with a downward

movement of DOC to a deeper layer. In coarse texture soil, a

lower amount of clay content also contributed to this process

(Gmach et al., 2019). Our results also showed that strip-tillage

with direct-seeded rice plots have higher DOC, as compared to

CT practices. The fundamental reason is that CTmethods expose

SOC to air, leading to increased organic carbon oxidation,

whereas reducing tillage management practices favour organic

carbon build-up under zero or reduced tillage (Zhao et al., 2015).

The study also observed a higher SOC stock in light POM

in higher residue retention plots. It might be due to the mixing

of crop stubbles and roots with soil which ultimately results in

higher SOC stock. Our findings corroborate those of many

other researchers (Blanco-Canqui and Lal, 2007; Liang et al.,

2007; Nobuhisa and Hiroyuki, 2009). Liu et al. (2014)

reported that improved crop management practices, such

as no-tillage and residue retention/incorporation practices,

often lead to an increase in SOC and SOC fractions compared

to CT. Another example from Chivenge et al. (2007), found

that higher SOC was obtained from sandy soils in plots where

mulch ripping with residue retention was practiced compared

with plots where clean ripping was carried out with no residue

retention.

Frontiers in Environmental Science frontiersin.org18

Sarker et al. 10.3389/fenvs.2022.969819

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.969819


In heavy POM, the beneficial effect of strip tillage and crop

residue retention/incorporation on SOC stock was recorded

only in the 0–10 cm soil layer, but not in lower layers

(Figure 8). These findings are also similar to Luo et al.

(2010) who observed that SOC stock was higher in ZT plots

only in the upper surface layer (0–10 cm), but decreased by

3.30 ± 1.61 Mg ha−1 at a lower depth (20–40 cm) over CT

practices. Roy et al. (2022) also reported that higher SOC

stock was observed at the surface layer followed by lower SOC

stock in the subsurface soil layer in CA-based practices

compared to conventional practices. Based on a short-term

study (2-year trial) in Bangladesh, Chaki AK. et al. (2021)

discovered that the CA-based system tended to have greater

soil TOC near the soil surface (0–5 cm and 5–15 cm soil

depths) than the CT system. Moreover, This was also well

supported by Zeng et al. (2021) who recorded a higher SOC in

the top layer of soils than in the sub-layer soils. The key

management difference across the treatments that could

explain the greater SOC stock in the STDSR/CMT was the

addition of residue of 4.2 Mg ha−1 year−1 (Figure 8 and

Supplementary Table S15). According to Bhattacharyya

et al. (2015), CA practices boosted both SOC content and

stock as compared to CT. Similarly, the residue retention plot

produced a much larger SOC stock (6 Mg/ha/year), according

to (Ranaivoson et al., 2017).

Crop residue can play an important role to increasing and/

or maintaining SOC levels in the soil profile although its effect

may be influenced by how residue is kept in the soil, e.g.,

residue surface retention vs incorporation (Turmel et al.,

2015). When comparing two tillage systems with the same

level of crop residue retention, the study observed that SOC

stock was higher under strip tillage with residue retention

compared to conventional tillage with the incorporation of

residue in the plot at the surface layer. The main explanation is

that crop residue on the surface under strip tillage involves less

interaction with soil microorganisms (Salinas-Garcia et al.,

2001), and therefore decomposition is more gradual than CT,

where residue comes into close contact with microorganisms

when mixed in the soil (Reicosky et al., 1997). This finding is in

line with Kuswaha et al. (2001) who conducted an experiment

in India between residue retention vs. incorporation, and

found that SOC is higher under minimal tillage with the

residue retained in plots compared to incorporation in

plots. Our findings are in agreement with other researchers

who found higher SOC content in no tillage than reduced

tillage (Singh et al., 2020). In contrast, Dong et al. (2009)

conducted an experiment in Northern China and found that

SOC content was higher in CT with residue incorporation

treatment but the study was conducted in silt loamy soil.

Moreover, Turmel et al. (2015) reported that there was a

significant increase in SOC content in the CT with residue

treatment plots. However, it is well understood that

incorporating crop residues into the soil improves soil

aeration, and temperature, and creates favourable

conditions for microorganisms, resulting in higher

decomposition rates and ultimately SOC loss (Coppens

et al., 2007; Fontaine et al., 2007) particularly in sub-humid

temperate to sub-humid tropical regions (Turmel et al., 2015).

At 30°C, the rate of SOC mineralization can increase by up to

72–177%, according to Ghimire et al. (2019). In addition,

Moldboard ploughing is generally shown to decrease C stocks

in the soil (Turmel et al., 2015). However, our study confirmed

that combining strip tillage with residue retention, either

complete or partial on the surface, is more helpful than

removing the residue entirely.

Because of the inconsistency of the findings of SOC in the soil

under tillage and residue management practices, it is, therefore,

recommended that the whole soil profile should be studied rather

than shallow sampling (Vanden Bygaart and Angers, 2006). This

will help to provide more accurate information on the effects of

residue management practices on SOC in the soil (Baker et al.,

2007).

4.3 The effect of tillage and residue
management on microbial biomass
carbon (MBC)

Soil microbiological indicators like MBC are influenced by

land management practices and environmental changes (Zhao

et al., 2018)Our study showed that strip tillage with residue

retention/incorporation generated higher microbial biomass

carbon (MBC) at all depths than in no residue retention plots.

This is because the addition of residue increased soil organic

carbon (Saurabh et al., 2021) and this gradually increased with

increasing quantities of residue return, which ultimately promote

soil MBC (Zhao et al., 2018). Another explanation for higher

MBC could be that the residue provides readily mineralisable and

hydrolysable carbon for better microbial growth (Samal et al.,

2017). Moreover, the incorporation of crop residues into the soil

may have a beneficial effect on endogeic (horizontal-burrowing)

earthworms because it will act as a food source (Wuest et al.,

2005). This is consistent with our observation that it influences

the total organic C pool, due to changes in C supplied by crop

residues, and ultimately that is reflected in the microbial biomass

(Franzluebbers et al., 1999). The present study also observed that

higher MBC were found on the surface than in the subsurface

layers. The possible reason for this may be the lesser availability

of crop residue at a lower soil depth. Moreover, another reason is

that zero tillage with residue retention on the topsoil makes the

soil cooler and wetter, resulting in lower fluctuations in moisture

and temperature (Kaldivgo, 2001) and ultimately encouraging

microbial substrates as well as higher MBC (Luna-guidoet al,

2007). Our findings are in agreement with many other

researchers (Zhao et al., 2018; Chen et al., 2020). In addition,

a reduction in the loss of SOC and a uniform supply of carbon
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from crop residues act as a source of energy for microorganisms

(Kumar and Babalad, 2018). Our study also suggested that there

was no significant effect between TCE techniques in relation to

MBC. This result was confirmed by other research (Luna-guido

et al., 2007) which found that zero tillage on its own does not

provide higher MBC compared to zero tillage with residue

retained. When comparing two tillage systems with the same

level of crop residue retention, the study observed that MBC was

higher under strip tillage with residue retention compared to

conventional tillage with the incorporation of residue at the

surface layer. This may be because microbial biomass was

closely connected to the distribution of SOC and the amount

of moisture in the soil (Doran, 1987; Salinas-Garcia et al., 2001).

4.4 The effect of tillage and residue
management on physiological properties

The concentration of chlorophyll in the leaf is an important

indicator that can be used to determine soil N supply to growing

plants during the growing season (Mupangwa et al., 2020).

Our study showed that strip tillage with residue retention/

incorporation generated higher SPAD values than in no residue

retention plots. A higher SPAD value in the second year might be

partly due to higher rainfall and the residue conserving the

moisture. This finding is in line with other researchers (Liu

and Wiatrak, 2012) who concluded that there was no significant

difference between different tillage systems but found that the

value was higher in the season with the highest rainfall. Other

findings, for example, Najafinezhad et al. (2015) reported that

drought stress reduced the concentration of leaf chlorophyll

(SPAD value) by 5.21% compared to normal irrigation.

Moreover, Shefazadeh et al. (2012) also found that the

chlorophyll concentration in wheat leaves was highly

correlated with the soil’s moisture status. Reductions in

chlorophyll might be due to the production of ROS (reactive

oxygen species) under oxidative stress which ultimately leads to

the degradation of chlorophyll pigments (Sairam and Srivastava,

2002). A decrease in the chlorophyll content was also reported in

other crops when the supply of water and nitrogen was limited

(Lauer and Boyer 1992; Paknejad et al., 2007; Massacci et al.,

2008). In maize, our study showed that the retention of residue

caused a significant increase in SPAD values compared to the

removal of residue from the plots. These findings are also similar

to Najafinezhad et al. (2015) who found that drought stress

decreased total chlorophyll by 12.46% in the corn crop. The

increase in SPAD value in the residue retention plots may be

associated with the increase of moisture retention in the soil,

resulting in the prevention of oxidative stress effects, and

ultimately, it helps to overcome the harmful influences of

drought stress on chlorophyll (Najafinezhad et al., 2015). An

increase in chlorophyll content in barley crops by using 4.5 t ha−1

residue has been reported by Najafinezhad et al. (2015) as well as

in ridge tillage with mulching in winter wheat crops (Li et al.,

2018).

4.5 The effect of tillage and residue
recycling on crop yields and the cropping
system

The results of the study demonstrated that STDSR gave

lower yield compared to PTR. The lower yield of STDSR was

associated with a lower number of panicles and reduced

panicle length compared to PTR. Other possible reasons

for a lower yield in DSR compared to PTR could be, 1)

micronutrient deficiency (Fe and Zn) due to aerobic

conditions (Singh et al., 2016) 2) increased weed and

insect infestation (Gathala et al., 2011a) 3) moisture

deficiency due to higher infiltration rates (Singh et al.,

2016) and 4) the high plant density of DSR needs more

mineral nutrients than PTR (Schnier et al., 1990). These

findings are similar to Chaki AK. et al. (2021) who found

that the mean decrease in rice yield was 0.83 t ha−1 in zero

tillage in comparison with PTR in light-textured soil.

Similarly, Rashid et al. (2018), who conducted an

experiment in light-textured soil in southern Bangladesh,

also recorded a 3, 4% lower yield in ZT compared to PTR.

In contrast, other studies conducted by Haque et al. (2016);

Islam et al. (2019) and Saharawat et al. (2010) also compared

the performance of PTR and ZT UPTR with fully irrigated

conditions, where the ZT UPTR produced a higher yield than

or similar yield to PTR. Therefore, there is a need to assess the

dynamics of macro-and micronutrients in the soil to achieve

an optimum rice yield when PTR is replaced by DSR.

Although the DSR plots gave a lower yield, the shorter

time the crops spent in the field in DSR (as DSR plots

were harvested 7–10 days earlier than puddled transplanted

rice (Saharawat et al., 2010) might create an opportunity for

the timely planting of successional maize crops. However,

despite the lower yields in DSR than in PTR, an aerobic rice

system requires low input (water, labour, and fuel) (Farooq

et al., 2011; Kumar and Ladha, 2011).

In our study, the TCE techniques with rice residue

retention/incorporation of either 25% or 50% gave a higher

maize yield compared to the removal of all residue from the

plots. Our findings agree with Rashid et al. (2019) who

concluded that compared with full straw removal, 50%

straw retention increased the grain yield of maize by 5%,

and Singh et al. (2016) who also reported that the maize

yield under a ZTDSR/ZTM + R system was higher by

4.0 and 14.2% than CTDSR/CTM and PTR/CTM. The

higher maize yield under residue retention/incorporation

practices might be due to the utilization of mineral N by

microorganisms, and in later seasons, increased the efficiency

of available N uptake by nutrient recycling (Jat et al., 2012;
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Alam et al., 2020). Moreover, the higher soil moisture

concentrations under ST with residue retention practices

are also likely to have contributed to the higher grain and

biomass yield compared to conventional tillage practices

(Asargew et al., 2022). In addition, the yield was increased

in STM after DSR possibly due to avoiding puddling in rice

(Hobbs et al., 2002; Gathala et al., 2011b; Jat et al., 2014), and

the fact that the role of crop residues correlated with reducing

the adverse impact of terminal heat stress during the

reproductive phase (April and May), and provided an

optimum soil thermal regime (STR), coupled with better

root growth (Singh et al., 2016). Puddling (wet tillage) in

rice forms a hard plough pan, increases the bulk density,

disturbs the soil structure, fills the macropores with finer

soil particles as well as reducing porosity and increasing

soil compaction, which adversely affects upland crops

(Sharma et al., 2003; Gathala et al., 2011a). These results

are also consistent with the findings of another researcher,

Singh et al. (2016) who recorded a higher yield in ZT (zero

tilled) maize compared to that in CT plots. However, the meta-

analysis conducted by Sun et al. (2020) found that semi-arid to

humid regions, with 40 ≤ HI < 100, are good for CA-practices

and have the potential to enhance SOC in soil (humidity index,

“HI” (average rainfall/mean air temperature). The R-M system

productivity (rice equivalent yields) generally followed the

increasing trend with time, ranging from 5 to 9% in year 1 to

10–14% in year 2, when crop residue was retained/recycled.

These findings are similar to Rashid et al. (2019) who

concluded that the highest REY was found from residue

retention compared with no retention plots.

4.6 The effect of tillage and residue
management on profitability

The current study showed that the cost of production for

R-M was higher in CTPTR/CTM compared to STDSR/STM

practices due to the high labour and fuel costs of land

preparation for maize, the high cost for transplanting rice

seedlings and manually seeding maize crops. In our study,

CTPTR practices required the highest ($1,647 ha−1) and

STDSR/STM required the lowest input costs

(~$1,431 ha−1) in the rice maize system. There could be

several explanations for higher production costs in CTPTR

including 1) higher labour costs associated with activities

such as land preparation, transplanting rice, sowing maize,

irrigation etc., under CTPTR/CTM practices, 2) machinery

costs, especially for puddling which typically required tilling

4–6 times before transplanting rice and 3, 4 times before for

sowing maize. Our findings are in agreement with others

(Singh et al., 2014; Gathala et al., 2015; Rashid et al., 2019),

who compared input costs, e.g., labour and the machinery

required for PTR, and STDSR practices, where STDSR

involved lower costs compared to PTR. In the current

study, regardless of residue retention, the production cost

in residue retention plots was lower than in no residue plots.

This may be because crop residue cleanup and

transportation on the farm needed more labour and fuel.

These findings are similar to those of Sarkar et al. (2020),

who observed that removal of crop residues required more

labour, effort, and capital. The present study also showed a

higher gross return, gross margin, and BCR under strip

tillage with residue incorporation/retention than

conventional tillage with no residue retention in the plots.

This finding is similar to that of other researchers (Gathala

et al., 2011b; Laik et al., 2014; Parihar et al., 2016; Rashid

et al., 2019). Although such clear benefits were observed

from TCE techniques with residue retention/incorporation,

but the present study has some limitations for implementing

these research findings in farmers’ fields as our analysis is

based on data from a research station experiment on a small

plot of 35 m2. Our study suggests that economic analysis in

the future could be conducted by research station

experiments on larger plots.

4.7 Practical applications for climate
change mitigation and future research

Given the current climate change issues, the

implementation of a CA-based agricultural system is one of

the most essential ways to decrease the expected increase of

GHG emissions in the atmosphere. Since the CA-based

systems improve soil health and organic carbon stocks by

fostering soil carbon sequestration by incorporating crop

residue and also minimum disturbance of soils. However,

CA may not absorb more carbon over time than

conventional systems if all CA principles, such as

minimum soil disturbance, permanent soil organic cover

with crop residues and/or cover crops and crops

diversification are not followed properly. The current

study revealed that crop residue retention is essential for

enhancing soil organic carbon in R-M rotation. Providing

incentives to farmers based on carbon footprint/storage and

other ecosystem services through residue retention is a viable

technique for encouraging the adoption of CA technology in

tropical and temperate climatic regions. However, it is

recognized that these results represent only 2 years of a

field experiment, and a longer period of the study is

needed to assess the performance of ZTDSR/ZTM with

varying rates of crop residue mulch in R-M systems in

diverse soil, climatic, and socio-economic conditions.

Besides longer experiments, cropping system simulation

studies accounting for the impact of climate change on

soil and crop variables might be needed to give greater

insights into the long-term impacts of tillage and residue
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management on sandy soil under R-M systems in

Bangladesh.

5 Conclusion

Adoption of conservation agricultural techniques in the study

areas has a tremendous effect on the crop profitability of farmers,

particularly on sandy loam soils in North-Western Bangladesh.

The sustainable intensification practices assessed in this study

address the issue of declining soil fertility, especially the decline

in organic carbon, microbial biomass carbon and increased soil

compaction, etc. We found that strip tillage direct-seeded rice

(STDSR), followed by strip-tilled maize (STM) with partial residue

retention/incorporation (+R) from both the crops, improved SOC

content and the soil’s physical properties, namely soil bulk density,

porosity, soil penetration resistance, soil moisture, and other soil

and crop parameters, especially microbial biomass carbon and

chlorophyll content. Our results showed a decrease in bulk density

(4.3–6.9%) and penetration resistance (15.9–30.7%), and an

increase in organic carbon (23.6–35.3%), soil moisture content

(11.1–21.3%), and porosity (16.1–32.5%) compared to a

conventional tillage-based rice-maize rotation in sandy soil. It

was also observed that soil biological health, i.e., microbial biomass

carbon (4–9%), and physiological parameters like leaf chlorophyll

concentration, had significantly improved in STDSR/STM

compared to PTR/CTM. Furthermore, puddling in rice with

residue removal practices showed a negative impact on soil

properties for maize production. The overall improvement in

soil conditions resulted in gradually enhanced crop

productivity, particularly for maize in ST plots, and improved

farm profitability compared to conventionally tilled rice andmaize

crops. Therefore, to maintain soil health and high crop

productivity, residue inputs should be combined with the use of

appropriate tillage techniques. However, for organic matter to

build up in sandy soil, more emphasis should be put on the

addition of organic resources, such as keeping at least 25–50% of

crop residues and incorporating them into the soil.
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