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Abstract: Minimum soil disturbance and increased crop residue retention practices are promising
options to enhance soil organic matter, nutrient concentration and crop yield. However, the potentials
of the practices in improving soil properties, increasing crop yield and in ensuring economic return
have not been tested in the monsoon rice (Oryza sativa L.)-lentil (Lens culinaris L.) /wheat (Triticum
aestivum L.)-jute (Corchorus culinaris L.) cropping systems on seasonally flooded lowlands of the
Eastern Gangetic Plain of South Asia. A field trial for consecutive three years was conducted 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 (RL—a low level similar
to current farmers’ practice and RH—increased retention) on soil properties, yield and economic
return. Between rice and jute crops, lentil was grown for the 1st and 2nd years and wheat for the
3rd year during the dry winter season. The ST and BP performed better than the CT and ZT in
terms of yield of rice and lentil, whereas ST and ZT performed better than other practices in the
case of jute. Higher residue retention (RH) increased crop yield for all the years. The highest rice
equivalent yield (sum of 3 crop yields, expressed as rice yield) and the greatest benefit-cost ratio
(BCR) were recorded with ST and RH. The increased yield in the ST was associated with reduced soil
bulk density (BD), while ST with RH increased soil water (SW) and decreased penetration resistance
(PR) of soil. Compared to CT, minimum soil disturbance of ZT and ST increased soil organic matter
(SOM) stock by 24% and 23%, respectively; total nitrogen (TN) by 23.5% and 18.4%, respectively;
extractable sulphur (S) by 21% and 18%, respectively; whereas Zinc (Zn) concentrations increased by
53% and 47%, respectively, in the upper 0-5 cm soil depth. Accumulation of extractable P, S and Zn
in the 0-5 cm depth of soil followed the sequence as ZT > ST > BP > CT practice. The higher amount
of residue retention significantly increased SOM, TN and extractable P, K, S and Zn concentrations
at 0-5 cm and 5-10 cm soil depths. The 3-year study suggests that ST with RH is a potential crop
management approach for the seasonally flooded rice-lentil /wheat-jute cropping systems to enhance
soil nutrients status, crop yield and farm economy.
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1. Introduction

Fitting novel rice (Oryza sativa L.) establishment practices in the wetland rice—upland
crop intensive cropping systems has always been a challenge. The benefits of following
minimum soil disturbance and crop residue retention for establishing upland crops may be
destroyed during establishing rice crop by puddling [1,2]. To fit conservation agriculture
(CA) in rice-based triple cropping systems, puddling has been replaced by direct seeding
of rice (dry, wet and water seeding), but they have their own demerits for the timeliness,
labour use, water productivity, input requirement, drudgery, fuel consumption, energy use,
yield sacrifice, economic return and GHG fluxes [3-5]. Accordingly, the beneficial farming
principles of CA are not yet adopted widely in rice-based cropping systems particularly
in South Asia [6]. A novel solution to overcome these problems can be non-puddled rice
crop establishment practice which, in some environments and soils, has been reported
to perform well in terms of yield increase, soil properties improvement, global warming
mitigation and economic return [2,5,7-9]. More research is needed in diversified soils and
cropping systems to showcase the potentials of CA cropping so that farmers, as well as
policymakers, see the merits of adopting CA cropping in the Eastern Gangetic Plains (EGP).

Yield sustainability of CA cropping over time is based on soil fertility improvement
which occurs by following its principles (minimal disturbance of soil, crop residue retention
and growing crops in rotation). Long-term studies indicate that zero or minimum soil
disturbance either improves or maintains soil fertility and productivity and similarly
increases [10] or gives similar [11] crop yields in comparison with conventional cropping
systems. In addition, crop residue retention builds SOM level and nitrogen reserves and
also influences soil nutrient availability [12]. Soil physical and biological properties [7,9,13]
are also influenced by crop residue retention. Appropriate crop rotation reduces weed
infestation and fertilizer inputs use, increases nitrogen (N) availability, maintains soil
fertility and thereby increases crop yields [14]. Legumes, such as lentil, in the cropping
sequence, have the potential to enhance soil N concentration by fixing atmospheric N [15].
Jute, an important cash crop in Bangladesh, drops large amounts of leaf litter to the
soil during crop growth, which improves the physical and chemical characteristics of
soil [16,17]. Cassman et al. [18] categorically stated that soils of rice-based double—or
triple—cropping accumulate a significant amount of nutrients over time, even with the
removal of all aboveground biomass from the field and without organic manure application.
Many previous studies reported that CA practices increase crop yield by improving soil
fertility, conserving soil water and sequestering organic carbon in farm soils [3,19]. But
very few studies report how CA cropping was applied to rice-upland cropping systems in
the low lying areas which prevail in the EGP and other parts of Bangladesh. The alteration
of soil properties under the CA cropping (non-puddled transplanting of rice and strip
planting and bed planting for upland crops) in rice-based cropping systems in the low
lying areas has also not been reported.

A range of cropping systems (more than 300) are practiced on the EGP depending on
the land types and the availability of irrigation water [20]. Jute is common in the flooded
area of the EGP and the component crops are grown by traditional crop establishment
practices. As a result, soil health has been reported to deteriorate and nutrient mining has
occurred under the traditional practices all over the EGP and Bangladesh [3,16]. Limited
research has been done on CA practice on light-textured soils in seasonally flooded lands
that support the ricejute cropping system [21]. Soils with lower organic matter content
and sandy texture can respond more to the implementation of a CA in terms of soil health
and crop yield than loam and clay textured soils [22]. However, the adoption of minimal
soil disturbance (strip tillage /bed planting/zero tillage for upland crops and non-puddling
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for rice) and residue retention for all component crops in intensive triple cropping systems
can alter the stratification and availability of nutrients in the soil [1,23-25]. Few studies
have been done to record the alterations in terms of soil health, crop yield and economics
of the complete CA cropping [1,3,8,24] which are required for a complete assessment of CA
cropping in the Gangetic Plains. The study was, therefore, conducted to measure changes
in physical properties, SOM, soil nutrient concentrations yields and profitability of crops in
the monsoon rice-lentil/wheat-jute cropping system under different crop establishment
and crop residue retention practices.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted in a farmer’s field of Baliakandi Upazila (sub-district)
under the Rajbari district of Bangladesh from 2012 to 2015. The experimental field was
located in the Low Ganges River Floodplain agro-ecological zone (AEZ-12). It was classed
as medium low land (8 m above sea level) where the rainwater drained out within 24 hours.
The soil texture was sandy loam while the soil is classified as a Chromic-Calcaric Gleysol
(FAO Soil Unit) [26] and Aeric Haplaquept (USDA Soil Family) according to [27]. The
major cropping pattern following in this area is the rainy season rice-lentil/wheat-jute
sequence. The climate of this area is subtropical-maximum temperatures prevail in the
months of April-May and the minimum temperatures in the months of December—January.
Rabi season (November to March) is the dry season and almost no rainfall occurs during
this time while the highest rainfall occurs during the months of July-August. Weather data,
including temperatures (maximum and minimum), rainfall, and relative humidity during
the study period are shown in Figure 1.

2.2. Treatments and Experiment Layout

The trial included four soil tillage options-zero tillage (ZT), strip-tillage (ST), bed
planting (BP) and conventional tillage (CT), and two levels of crop residue retention-
low retention level equivalent to farmer’s practice (RL) and increased residue retention
(RH). The residue levels were maintained by height for rice and wheat, and by weight for
lentil and jute. All of the senesced leaves fell to the soil surface during the growing season
regardless of residue treatments (Table 1). The experiment was laid out in a split-plot design
with four replications. Tillage practices were allocated to the main plots and residues to the
sub-plots. Each of the experimental sub-plots was 9 x 6 m. The beds were prepared for the
first crop and they were reformed for every subsequent crop over the experimental period.

Table 1. Retention of residues by the component crops in the jute-lentil/wheat-rice cropping system over three years

(tha~1). Values are the means of four replicates.

RI:ZS::_Q Rice Lentil Jute Rice Lentil Jute Rice Wheat Jute Total
tion Residue Residue Leaf Residue Residue Leaf Residue  Residue Leaf Residues
2012 2012-13 2013 2013 2013-14 2014 2014 2014-15 2015
Levels
Ry, 1.9 0.24 2.17 2.7 0.23 1.12 24 2.15 1.34 14.3
Ry 34 0.56 2.10 4.3 0.58 1.46 4.5 3.99 1.47 224
LSDg g5 0.03 0.05 0.20 0.19 0.03 0.29 0.28 0.29 0.16 0.69

ZT = zero tillage, SP = strip tillage, BP = bed planting, CT = conventional tillage, RL = low residue retention, RH = increased residue
retention, LSD = least significant difference.

2.3. Cropping Pattern and Variety

The cropping pattern was transplanted monsoon (aman) rice (Oryza sativa)-lentil (Lens
culinaris)-jute (Corchorus olitorius), except in the 3rd year where lentil was replaced by wheat
(Triticum aestivum) because of high rainfall during the sowing time. The crop varieties were
Binadhan-7 for rice, BARI mosur-3 for lentil, Nabin (JRO-524) for jute, and Prodip (BARI
Gom-24) for wheat.
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Figure 1. Weather data during the cropping period.

2.4. Preparation of Different Soil Management Plots and Seeds or Seedling Planting

e  Zero tillage (ZT)—For the rice, plots were irrigated and flooded for 18-24 hours
just immediately before transplanting and then 30-day old seedlings were manually
transplanted directly into the wet, softened soil with a spacing of 25 x 15 cm. In
case of lentil, jute and wheat, ZT was accomplished by one pass with a Versatile
Multi—crop Planter (VMP) using a narrow furrow opener that opened a 2-3 cm wide
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and 1.0-1.5 cm deep slot maintaining 25 cm row spacing. Basal fertilizers were placed
in the furrows below and to the side of the seed, respectively using VMP.

e  Strip tillage (ST)—the seed/seedling zone (3-5 cm wide and 34 cm deep) was rotary
tilled while the inter-row with crop residue retained was left undisturbed. The ST
was accomplished by VMP using rotating blades maintaining 25 x 15 cm spacing and
placing seed and fertilizer behind narrow furrow openers. In case of rice, first strip
tillage was carried out and then the soil was flooded by irrigation for 18-24 hours
before transplanting rice seedlings in the non—puddled strip. For sowing of lentil, jute,
and wheat seeds, ST was done by one pass with VMP maintaining 25 cm spacing from
row to row and at the same time seeds and fertilizers were placed in the strip.

e Bed planting (BP)—the new beds around 15-16 cm height were prepared at the
beginning of the experiment in 2012 by using VMP in a one-pass operation. Thereafter,
the beds were maintained but reshaped for subsequent crops (e.g., lentil, jute and
wheat) by the VMP. Rice seedlings were transplanted manually on both edges of the
raised beds whereas seeds of lentil, jute and wheat were sown on the same edges in
the subsequent season. Basal fertilizers were applied on top of the re-shaped beds.

e Conventional tillage (CT)—For rice, irrigation was applied to the plots up to saturation
level, and then soil was puddled with three passes by a rotary tiller followed by two
passes by soil leveler and then manual transplanting of rice seedling. For sowing
of lentil, jute and wheat a high-speed rotary tiller was used for tillage two passes
maintaining a 10-12 cm depth followed by two leveling operations. The seed rate was
35,8, 120 kg ha~! for lentil, jute and wheat, respectively for all the tillage options.

2.5. Fertilizer Application

Fertilizer application rates followed the national recommendations according to the
Fertilizer Recommendation Guide [16]. The rates of nutrient application were 83, 24, 35,
11 and 2 kg ha I N, P, K, S and Zn for rice; 20, 17, 20, and 1 kg ha ! N, P, K and Zn,
respectively, for lentil; 75,7, 18, 7 and 1 kg ha !N, P K, S and Zn, respectively, for jute;
and 100, 26, 50, 20, 1.25 and 1 kg ha I N, P K, S, Zn and B, respectively, for wheat. The
fertilizers urea, triple superphosphate, muriate of potash, gypsum, zinc sulphate and boric
acid were used as sources of N, P, K, S, Zn and B, respectively.

2.6. Pest Management

Three days prior to land preparation for each crop, a non-selective pre-planting herbi-
cide, Roundup [Glyphosate, N-(phosphonomethyl) glycine] at the rate of 3.75 L ha~! was
sprayed on the whole experimental field to suppress weed infestation. A pre-emergence
herbicide, Rifit 50 EC (Pretilachlor) at the rate of 2 L ha~! was applied at five days after
transplanting (DAT) of rice seedlings and following hand weeding if required. A post-
emergence selective herbicide, Whip super 9 EC® (Fenoxaprop-P-ethyl), was used at
18 days after sowing (DAS) at the rate of 650 mL ha~! for jute and a hand weeding was
done in lentil at 28 DAS. For wheat, weeds were controlled partially by spraying a post-
emergence selective herbicide, Affinity (Carfentrazone ethyl + Isoproturon), at the rate of
2.5 g L~! water at 20 DAS. Virtako (Chlorantraniliprole 20% + thiamethoxam 20%, at the
rate of 75 g ha!) was sprayed at 52 DAT to control the disease.

2.7. Crop Harvest and Data Recording

Each crop was harvested in its maturity stage. After harvest, the grain and straw
yields for rice and wheat, seed and stover yields for lentil, and fibre and stick yields for
jute were determined. Final grain yield was converted to t ha~! at 14% moisture content
for rice, and at 12% moisture content for wheat and lentil.

2.8. Soil Analysis

Soil samples from all treatments were collected at 0-5, 5-10 and 10-15 cm depths.
After harvesting of the 2nd (lentil), 5th (lentil) and 8th crop (wheat), soil bulk density (BD)
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REY = Rice yield +

was measured by core method [28] and cone penetration resistance (PR) was measured
by Hand Penetrometer (Eijkelkamp Equipment, Model 06.01, Serial No. 11911698/11,
Giesbeek, The Netherlands). Soil water content (SWC) was measured by using an MPM-
160 Moisture Probe Meter (ICT International Pty Ltd.). The PR and SWC were measured
at the same time and it was repeated three times [29]; the cone PR was expressed in N
cm ™2 [30]. Soil organic carbon (SOC) was measured by the wet oxidation method [31] and
SOM was calculated by multiplying percent SOC with the van Bemmelen factor, 1.73 [32].
Total N was measured by micro-Kjeldahl method [33], available P by the 0.5 M NaHCOs,
pH 8.5 extraction [34], exchangeable K by NH4OAc extraction [35], available S by CaCl,
extraction [36] and available Zn by DTPA extraction [37].

2.9. Calculation of Rice Equivalent Yield

Rice Equivalent Yield (REY) of component crops (rice, lentil, jute and wheat) in the
cropping pattern was computed by using Formula (1) [38]:

Other crop yield (t/ha) x Market price of other crop(Tk./tonne)
Market price of rice (Tk/t)

M

2.10. Economic Analysis

The cost of production under different tillage practices and residue retention levels
was calculated based on the total cost of products and total production cost. Rental charge
of the land and input costs were the components of production cost. The cost for seed,
seedling raising, VMP and power-tiller hiring for land preparation, fertilizers, labour,
herbicides, insecticides, weeding, planting, intercultural operations, irrigation, harvest and
post-harvest operations were the total variable costs. Total input cost was calculated as
total variable cost (inputs, labour) plus total fixed cost (land rent) plus investment interest
(considering 8%). Gross return was estimated as the sum of the market price of products
and by-products of crops per hectare in each year. Prices of products and production
costs are used to calculate the net return, gross margin and benefit—cost ratio (BCR). The
BCR was computed as the gross return divided by total input cost whereas net return was
calculated by subtracting the total input cost from the gross return, and gross margin was
calculated by subtracting the total variable cost from gross return [39]. All the prices were
converted to US dollars by using the conversion rate on 1 June 2018.

2.11. Statistical Analysis

All measured and calculated data were analyzed statistically using a two-way factorial
model based on a split-plot design. Treatment effects for the variables were tested by
analysis of variance (ANOVA), and comparisons among the treatment means were made
using the Least Significant Difference (LSD) test at 5% level of probability (p < 0.05).
Statistical procedures were carried out following the software program SPSS version 21
for Windows.

3. Results
3.1. Effects of Tillage and Residue on Crop Yield
3.1.1. Rice

The rice grain yield was greatly varied due to different tillage options in all three
years (Table 2). In the first year, the tillage option CT and ST had similar yields, while
transplanting on zero tilled soil (ZT) had the lowest yield (2.66 t ha—!). However, in
the 2nd and 3rd years, the highest grain yield was observed in ST practice and BP had
a significantly similar yield to ST. In the 2nd and 3rd years the lowest grain yield was
noted in CT practice which was similar to ZT practice. There was no marked variation
in rice grain yield between high and low residue retention in the 2nd year, however, in
the 3rd year, the high residue retention produced 0.5 t ha~! higher grain yield over low
residue retention.
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Table 2. Effect of tillage practices and crop residue retention on yield (t ha~1) of different crops in the Rice-lentil/ wheat-jute

cropping system over three years. Values are the means of four replicates.

Tillage Grain Yield of T. aman Rice Grain Yield of Lentil/Wheat Fibre Yield of Jute
Practices Rg Ry Mean Rg Ry Mean Rg Ry Mean
1st year: Rice-Lentil-Jute
VAN - - 2.66 1.45 1.35 1.40 4.50 4.72 4.61
ST - - 3.24 1.81 1.72 1.76 5.32 4.06 4.69
BP - - 2.88 1.52 1.49 1.51 2.85 3.11 2.98
CT - - 3.70 2.01 1.95 1.98 3.64 3.44 3.54
Mean - - - 1.70 1.63 - 4.08 3.83 -
LSDg o5 Tillage = 0.69 \ Tillage = 0.42, Residue = ns Tillage = ns, Residue = ns
2nd year: Rice-Lentil-Jute
VAN 5.57 5.51 5.54 1.46 1.43 1.45 4.31 493 4.62
ST 6.15 6.42 6.28 1.70 1.61 1.65 4.46 5.29 4.87
BP 5.72 6.02 5.87 2.00 1.86 1.93 3.12 3.66 3.39
CT 5.05 5.21 5.13 1.31 1.07 1.19 3.54 347 3.51
Mean 5.62 5.79 - 1.61 1.49 - 3.86 4.34 -
LSDg g5 Tillage = 0.44, Residue = ns [ Tillage = 0.29, Residue = 0.09 Tillage = 1.12, Residue = 0.43
3rd year: Rice-Wheat-Jute
ZT 4.89 5.39 5.14 4.19 4.23 4.21 3.74 3.90 3.82
ST 5.72 6.11 591 4.29 4.61 4.25 4.10 4.34 4.22
BP 5.17 5.87 5.52 4.24 4.28 4.26 3.18 343 3.30
CT 4.77 5.19 4.98 4.06 4.33 4.19 3.63 3.50 3.56
Mean 5.14 5.64 - 4.20 4.36 - 3.66 3.79 -
LSDg o5 Tillage = 0.48, Residue = 0.21 [ Tillage = ns, Residue = 0.15 [ Tillage = 0.63, Residue = 0.13

ZT = zero tillage, ST = strip tillage, BP = bed planting, CT = conventional tillage, RL= low residue retention, RH= increased residue
retention, LSD = least significant difference, ns = not significant, T (tillage practices) x R (residue retention) not significant for all cases.

3.1.2. Lentil

In the 1st year, the CT practice produced the highest seed yield (1.98 t ha—!), followed
by ST (1.76 t ha™!). The ZT produced the lowest seed yield (1.40 t ha=!) (Table 2). But
in the 2nd year, the highest seed yield was recorded in BP (1.93 t ha~!), followed by ST
(1.65 t ha~!), while the lowest yield was in CT (1.19 t ha™!). Increased retention of crop
residues resulted in the increased seed yield in the 2nd year, but not in the 1st year.

3.1.3. Jute

The fibre yield of jute significantly (p < 0.05) responded to different tillage options in
all three years. The highest fibre yield was obtained from ST (4.69, 4.87 and 4.22 tha—! in
the 1st, 2nd and 3rd years, respectively) which was statistically similar to ZT, whereas BP
produced the lowest fibre (Table 2). Significantly higher fibre yield (4.34 and 3.79 t ha~! in
the 2nd and 3rd years, respectively) was recorded with an increased amount of residue
retention compared to the lower amount of residue retention.

3.1.4. Wheat

Neither crop establishment practices nor residue retention had significant effects on
wheat yields (Table 2). However, increased residue retention increased wheat grain yield
by 0.16 t ha~ 1.

3.1.5. Cropping System Yield

The total yield of the crops grown in a sequence on the same piece of land in a year
was expressed as rice equivalent yield (REY). The ST planting consistently gave higher
REY over the years. Over the three years, across residue retention levels, the maximum
mean REY was observed in ST (20.4 t ha~!) which was significantly higher than REY
in ZT (18.1tha~'), BP (17.5 t ha™!) and CT (16.9 t ha™!) as shown in Figure 2. The
increased residue level produced higher REY than the low residue level, as evidenced in
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years 2 and 3, and when averaged over three years (Figure 3). Over the three years, the
mean REY increased by 0.5 t ha~! due to RH compared to RL.

G 1st year @2nd year B3rd year B Mean REY

REY (t ha)

ST BP CT

Tillage practices

Figure 2. Effect of tillage practices on rice equivalent yield. ZT = zero tillage, ST = strip tillage, BP = bed planting,

CT = conventional tillage.

2 1st year [M2nd year §3rd year ® MeanREY

REY (t ha)

RL

Residue retention levels

Figure 3. Effect of residue retention levels on rice equivalent yield. RL = low residue retention, RH = increased residue retention.

3.2. Effects of Tillage and Residue Retention on Soil Physical Properties
3.2.1. Bulk Density

After harvest of the 8th crop, compared with the initial soil bulk density (BD), the
lowest BD was recorded in soil under ST (Table 3). Soil BD in soils under all tillage practices
increased with increasing soil depths. For example, soil BD at 0-5 cm depth in ST declined
to 1.45 g cm 3 from the initial BD (1.51 g cm~3); at 5-10 cm depth, it was declined to
1.49 g cm 2 from 1.53 g cm 3 and at 10~15 cm soil depth, it dropped to 1.52 g cm 2 from
1.55 g cm~3 The residue retention practices did not affect the soil BD in any soil depths
(Table 3).
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Table 3. Effect of tillage practices and residue retention levels on soil bulk density, penetration resistance and water content

in soils after 8th crop harvest.

. Bulk Density Penetration Resistance Water Content
Tillage (g cm3) (MPa) (volume %)
Practices Ry Ry Mean Ry Ry Mean Ry Ry Mean
0-5 cm soil depth, initial BD 1.51 g cm 3
ZT 1.54 1.52 1.53 4.61 445 453 13.3 13.4 13.3
ST 1.46 1.45 1.45 476 2.95 3.86 12.7 14.8 13.7
BP 1.51 1.49 1.50 6.91 5.95 6.43 10.2 114 10.8
CT 1.50 1.49 1.49 5.65 491 5.28 12.1 13.1 12.6
Mean 1.50 1.49 - 5.48 4.56 - 12.1 13.2 -
LSDy 05 Tillage = 0.05, Residue = ns [ Tillage = 1.78, Residue = 0.82 [ Tillage = 2.08, Residue = 0.85
5-10 cm soil depth, initial BD 1.53 g cm 3
ZT 1.58 1.54 1.56 7.96 6.13 7.04 14.9 18.2 16.6
ST 1.50 1.49 1.49 6.52 5.15 5.83 17.4 19.0 18.9
BP 1.54 1.55 1.54 9.21 6.44 7.82 14.6 18.0 15.3
CT 1.52 1.52 1.52 7.06 5.79 6.42 16.7 18.8 17.6
Mean 1.53 1.51 - 7.69 5.88 - 15.9 18.5 -
LSDy 05 Tillage = 0.06, Residue = ns \ Tillage = 1.36, Residue = 0.60 \ Tillage = 2.58, Residue = 1.14
10-15 cm soil depth, initial BD 1.55 g cm =3
ZT 1.59 1.58 1.59 9.31 7.88 8.60 15.3 18.6 17.0
ST 1.53 1.51 1.52 7.96 6.41 7.19 18.5 214 20.0
BP 1.57 1.56 1.56 9.76 8.31 9.03 15.1 174 16.2
CT 1.54 1.53 1.54 9.09 7.55 8.32 16.5 20.2 18.3
Mean 1.55 1.53 - 9.03 7.54 - 16.4 19.4 -
LSDg o5 Tillage = 0.05, Residue = ns [ Tillage = 1.26, Residue = 0.4 [ Tillage = 2.65, Residue = 1.85

ZT = zero tillage, ST = strip tillage, BP = bed planting, CT = conventional tillage, RL = low residue retention, RH = increased residue
retention, LSD = least significant difference, ns = not significant, T (tillage practices) x R (residue retention) not significant for all cases.

3.2.2. Soil Penetration Resistance

Across residue retention practices, the soil PR decreased in the order of ST < ZT ~ CT < BP
at 0-5, 5-10 and 10-15 cm soil depths. In addition, the soil PR was always lower where
increased residue was retained compared to low residue retention (Table 3). The changes
in soil PR were most strongly correlated with changes in soil BD at 10~15 cm (R? = 0.53).
The tillage practices affected soil PR independently of residue retention effects.

3.2.3. Soil Water Content

After harvest of the 8th crop (wheat), ST, ZT and CT had higher water content com-
pared with BP in the upper soil depth (0-5 cm) (Table 3). Significantly higher soil water
was conserved in ST followed by CT, ZT and BP, respectively, in the 5-10 and 10-15 cm
soil depths. Increased residue retention had higher SWC compared to SWC in low residue
retention. Soil water content (SWC) was inversely related to soil PR at all soil depths
(r=—0.98, p < 0.01) (Figure 3).

3.2.4. Soil Water Content

After harvest of the 8th crop (wheat), ST (13.7% water content), ZT (13.3%) and CT
(12.6%) had higher water content compared with BP (10.8 %) in the upper soil depth
(0-5 cm) (Table 3). Significantly higher soil water was conserved in ST (18.9 and 20.0%) fol-
lowed by CT (17.6 and 18.3%), ZT (16.6 and 17.0%) and BP (15.3 and 16.2%), respectively, in
the 5-10 and 10-15 cm soil depths. Increased residue retention had higher SWC compared
to SWC in low residue retention. Soil water content (SWC) was inversely related to soil PR
at all soil depths (r = —0.975, p < 0.01) (Figure 4).
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3.3. Soil Organic Matter

The establishment of crops by following minimum soil disturbance practices (ST and
ZT) for all crops in rice-based cropping system promoted SOM accumulation over three
years. The highest SOM stock was recorded in ZT (10.2 t ha=1)and ST (10.1 t ha™'). The
SOM content of the uppermost soil depth (0-5 cm) in ZT, ST, BP and CT increased by
24%, 23%, 17% and 11%, respectively, compared to the initial SOM stock (8.2 t ha=1). The
accumulation was higher at 0-5 cm soil depth than other soil depths (Table 4). At 5—10 cm
and 10-15 cm soil depths, SOM stock did not significantly vary with tillage practices. The
RH treatment significantly increased the SOM compared to RL at all soil depths. The SOM
content was inversely related to soil penetration resistance (r = —0.727, p < 0.01). Like other
soil properties, there was no interaction between tillage practice and residue retention on
SOM content over the soil depths.

Table 4. Effect of tillage practices and residues retention on soil organic matter stock, total nitrogen stock and available

phosphorus concentrations in soils after 3 years.

Tillage Organic Matter (t ha—1) Total N (t ha—1) Available P (mg kg—1)
Practices Rg Ry Mean Rg Ry Mean Ry Ry Mean
0-5 cm soil depth, initial OM 8.2 t ha=!, N 0.430 t ha~!, P 6.1 mg kg !
ZT 9.9 10.5 10.2 0.490 0.572 0.531 9.2 10.9 10.1
ST 9.2 10.6 10.1 0.481 0.530 0.509 9.1 10.7 9.9
BP 9.2 10.1 9.6 0.467 0.526 0.496 8.2 10.4 9.3
CT 8.4 9.8 9.1 0.435 0.466 0.450 7.1 8.6 7.8
Mean 9.2 10.2 - 0.468 0.525 - 8.4 10.2 -
LSDg g5 Tillage = 0.6, Residue = 0.4 [ Tillage = 0.054, Residue = 0.022 [ Tillage = 0.4, Residue = 0.4
5-10 cm soil depth, initial OM 7.6 tha—1, N 0.398 tha—1, P 5.5 mg kg
ZT 8.4 9.0 8.7 0.440 0.464 0.452 7.6 9.0 8.3
ST 8.4 8.9 8.6 0.442 0.447 0.445 7.5 8.5 8.0
BP 8.0 8.4 8.2 0.416 0.438 0.432 72 8.3 7.7
CT 8.0 8.7 8.3 0.422 0.443 0.427 6.6 7.6 7.1
Mean 8.2 8.7 - 0.430 0.448 - 7.2 8.4 -
LSDg g5 Tillage = ns, Residue = 0.3 \ Tillage = ns, Residue = 0.009 \ Tillage = 0.8, Residue = 0.3
10-15 cm soil depth, initial OM 6.8 tha—1,N 0.364 tha—T, P 4.7 mg kg~ !
ZT 6.9 8.0 7.5 0.368 0.418 0.393 6.5 7.1 6.8
ST 7.7 8.6 8.1 0.406 0.452 0.429 6.2 6.9 6.6
BP 7.0 8.1 7.5 0.372 0.423 0.400 6.3 6.4 6.3
CT 7.4 8.6 8.0 0.395 0.459 0.427 5.9 6.3 6.1
Mean 7.3 8.3 - 0.385 0.427 - 6.2 6.7 -
LSDg o5 Tillage = ns, Residue = 0.2 \ Tillage = ns, Residue = 0.014 \ Tillage = ns, Residue = ns

ZT = zero tillage, ST = strip tillage, BP = bed planting, CT = conventional tillage, OM = organic matter, N = nitrogen, P = phosphorus,
RL = low residue retention, RH = increased residue retention, LSD = least significant difference, NS = not significant, T (tillage practices) x
R (residue retention) not significant for all cases.

3.4. Effects on Soil Fertility
3.4.1. Soil N Content

After three years of CA-based cropping, N stocks in the upper soil increased. After
the 3rd year, the highest N stock (0.531 t ha~!) was found in ZT, ST (0.509 t ha~!) and BP
(0.496 t ha—!) and the lowest N stock was in CT practice (0.45 t ha=!) at the upper 0-5 cm
soil layer (Table 4). No significant differences were recorded among the tillage practices at
the lower soil depths (5—10 and 10-15 cm). The N stocks increased by 22%, 13% and 20%
at 0-5, 5-10 and 10-15 cm depth soils under increased residue retention over initial N stock.
On the other hand, the average low residue retention in the soil (across tillage treatments)
had 9%, 8% and 6% increased N stocks at 0-5, 5-10 and 10-15 cm soil depths, respectively,
based on the initial N stocks of 0.43, 0.398 and 0.364 t ha—!, respectively.
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3.4.2. Soil P Concentration

Minimal disturbance of soils affected P concentration (NaHCOj3 extractable), particu-
larly in the upper 0-5 and 5-10 cm depths after the three years of CA cropping (Table 4),
with higher values in ZT and ST than in BP and CT. The P increased by 66%, 62%, 52% and
28% in the 0-5 cm soil layer and by 51%, 45%, 40% and 29% at 5-10 cm soil depth, in ZT,
ST, BP and CT practices, respectively, over the initial values of 6.1, 5.5 and 4.7 mg kg~ !,
respectively. Higher extractable P concentrations (67% increase at 0-5 cm and 53% at
0-10 cm depth) were obtained in the increased crop residue retained soils, whereas 38%
and 31% higher P levels were recorded in low residue retained soils at 0-5 and 5-10 cm soil
depths, respectively, compared to initial P status.

3.4.3. Soil K Concentration

The exchangeable K content was not influenced significantly by the different tillage
practices over the soil depths (Table 5). On the other hand, the increased amount of crop
residue retention significantly increased the exchangeable K content at all soil depths (0-5,
5-10 and 10-15 cm). An average of 50%, 53% and 38% more exchangeable K was noted
in increased residue retained soils, whereas in low residue retained soils the increase was
27%, 31% and 22% at three soil depths, respectively, compared to the initial values.

Table 5. Effects of tillage practices and residue retention levels on potassium, sulphur and zinc concentrations in soils after 3 years.

- Exchangeable K Extractable S Extractable Zn
Pz;ctaifzs (cmol kg—1) (mg kg—1) (mg kg—1)
Rp Ry Mean Rg Ry Mean Rg Ry Mean
0-5 cm soil depth, initial K 0.162 cmol kgfl, 514.6 mg kgfl, Zn 0.32 mg kg*1
ZT 0.220 0.275 0.248 16.5 18.8 17.7 0.43 0.54 0.49
ST 0.213 0.250 0.231 16.0 18.5 17.2 0.41 0.53 0.47
BP 0.203 0.225 0.214 15.9 17.1 16.5 0.40 0.48 0.44
CT 0.185 0.223 0.204 14.7 15.8 15.6 0.37 0.44 0.40
Mean 0.205 0.243 - 15.8 17.6 - 0.40 0.50 -
LSDg o5 Tillage = ns, Residue = 0.01 [ Tillage = 0.17, Residue = 0.06 [ Tillage = 0.03, Residue = 0.02
5-10 cm soil depth, initial K 0.134 cmol kg1, S 14.4 mg kg1, Zn 0.22 mg kg~ !
ZT 0.185 0.223 0.204 15.6 18.5 17.0 0.28 0.35 0.31
ST 0.183 0.210 0.196 15.4 17.8 16.6 0.26 0.33 0.30
BP 0.173 0.200 0.186 14.6 16.7 15.7 0.24 0.31 0.28
CT 0.160 0.188 0.174 14.1 16.2 15.1 0.23 0.30 0.26
Mean 0.175 0.205 - 14.9 17.3 - 0.25 0.32 -
LSDg.p5 Tillage = ns, Residue = 0.01 [ Tillage = ns, Residue = 0.76 [ Tillage = ns, Residue = 0.02
10-15 cm soil depth, initial K 0.125 cmol kg1, S 13.5 mg kg1, Zn 0.21 mg kg~ !
ZT 0.163 0.178 0.170 14.9 174 16.2 0.26 0.29 0.28
ST 0.160 0.175 0.168 14.6 16.9 15.8 0.25 0.28 0.27
BP 0.148 0.170 0.159 13.9 16.0 15.0 0.24 0.27 0.25
CT 0.140 0.168 0.154 13.6 15.7 14.6 0.23 0.26 0.24
Mean 0.153 0.173 - 14.3 16.5 - 0.24 0.27 -
LSDg g5 Tillage = ns, Residue = 0.01 \ Tillage = ns, Residue = ns \ Tillage = ns, Residue = ns

ZT = zero tillage, ST = strip tillage, BP = bed planting, CT = conventional tillage, RL = low residue retention, RH = increased residue
retention, LSD = least significant difference, ns = not significant, T (tillage practices) x R (residue retention) not significant for all cases.

3.4.4. Soil S Concentration

Minimal tillage practices (ZT, ST and BP) showed significant effects on soil S content.
The highest extractable S content was found in ZT (17.7 mg kg 1), ST (17.2 mg kg ') and
BP (16.5 mg kg 1) at 0-15 cm depth which were significantly higher than CT practice
(15.3 mg kg 1) (Table 5). The increase was 21% in soils under ZT and 18% in ST at 0-5 cm
soil depth over the initial level. However, there were no significant differences observed in
extractable S content in the deeper two layers (5-10 and 10-15 cm). The increased residue
retention practice had increased extractable S concentrations at all soil depths (Table 5). At
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0-5, 5-10 and 10-15 cm soil depths, increased crop residue retained soils had 21%, 20% and
22% increased extractable S content, whereas 8%, 3% and 5% increments were observed in
low residue retained soils, respectively, relative to the initial status.

3.4.5. Soil Zn Concentration

A significant variation was recorded in extractable Zn content for different tillage
practices, particularly at 0-5 cm soil depth (Table 5). All the tillage practices had increased
Zn concentrations in soil relative to initial soil. The ZT, ST, BP and CT had 53%, 47%, 38%
and 25% higher Zn concentration, in comparison with initial Zn (0.32 mg kg’l). Between
residue retention practices, the increased and low residue retention practices had 45% and
14% higher soil Zn concentrations, respectively, compared to the initial Zn status.

3.5. Economics of Different Tillage Systems

Among the different tillage systems, strip tillage was the most profitable system
(Table 6) for the rice-based cropping system over the three years of study. Although the
total input costs were similar to each other for all four crop establishment systems (ZT, ST,
BP and CT), the ST system showed better economic performances than any other tillage
systems in terms of gross return (on an average, 11, 16 and 15% higher than ZT, SP and
BP, respectively), net return (on an average, 22, 30 and 28% higher than ZT, SP and BP,
respectively) and benefit-cost ratio (BCR) over the two levels of residue retention. The BCR
(average of three years) in ST was 1.84 contrasting with 1.64 in ZT, 1.58 in BP and 1.60
in CT. When the total cost is compared, the benefit is different from one tillage system to
another system which was influenced mainly by the crop yields of the crops (rice, lentil,
wheat & jute).

Table 6. Profitability of different tillage practices in the rice-lentil/wheat—jute cropping system.

Particular

T SP BP CT

1st year: Rice-Lentil-Jute

Gross return (US $ ha—1) 3732 4201 3216 4065
Total input cost (US $ ha™1) 2323 2272 2228 2292
Gross margin (US $ ha~!) 1998 2517 1576 2361
Net return (US $ ha—1) 1409 1929 989 1773
BCR 1.61 1.85 1.44 1.77

2nd year: Rice-Lentil-Jute
Gross return (USD ha1) 4341 4789 4430 3676
Total input cost (USD ha1) 2316 2303 2367 2311
Gross margin (USD ha™1) 2615 3075 2654 1954
Net return (USD ha—1) 2026 2486 2063 1365
BCR 1.87 2.08 1.87 1.59

3rd year: Rice-Wheat-Jute
Gross return (USD ha—1) 3749 4125 3682 3656
Total input cost (USD ha1) 2591 2565 2565 2528
Gross margin (USD ha~!) 1754 2156 1713 1722
Net return (USD ha—1) 1158 1560 1117 1128
BCR 1.45 1.61 1.44 1.45

Average of 3 years

Gross return (USD ha—1) 3941 4372 3776 3799
Total input cost (USD ha1) 2410 2380 2386 2377
Gross margin (USD ha=1) 2122 2582 1981 2013
Net return (USD ha~1) 1531 1992 1390 1422
BCR 1.64 1.84 1.58 1.60

ZT = zero tillage, SP = strip planting, BP = bed planting, CT = conventional tillage, 1 $ USA = 82.50 BDT (Tk). Note: Market price of crops:
Rice grain USD 0.21 kg1, Rice straw USD 0.02 kg ™!, Lentil seed USD 0.88 kg1, Lentil stover USD 0.01 kg~ !, Wheat grain USD 0.24 kg1,
Wheat straw USD 0.01 kg !, Jute fibre USD 0.36 kg !, Jute stick USD 0.02 kg .
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4. Discussion
4.1. Effects of Tillage Practices and Residue Retention on Crop Yield

Minimum soil disturbance and increased residue retention practice improved yield
performances of crops in the jute-lentil/wheat-rice cropping system by increasing SOM, by
creating favorable soil BD, PR and SWC and by enhancing N, P, K, S and Zn availability in
soil. In the case of the T. aman rice, yield increases with ST was 19-22% higher than the CT
practice. The lentil yield was comparable to the yield with CT in the 1st year but exceeded
the CT yield in the 2nd year. However, the yield of wheat in ST was similar to grain yield
of CT. The ZT and CT had similar wheat grain yields after four years of cropping in a
study in the Punjab, India [40] A similar grain yield of wheat was recorded under different
tillage practices in an irrigated cotton-wheat system in the western Indo-Gangetic Plains
by Das et al. [41].

The ST practice increased fibre yield of jute in the 1st year by 32% relative to CT, by
38% in the 2nd year and by 19% in the 3rd year. Similarly, ZT practice also increased yield
relative to CT practice (30% in the 1st year). The increased yield under ST and ZT can be
attributed to better plant establishment due to the more uniform jute seed placement at
proper depth (1.0-1.5 cm depth in ZT and 3-4 cm depth in ST).

The increase in yield of component crops except wheat under minimum disturbance
of soil might be associated with increased SOM which modifies soil physical conditions
to be more favorable for crop growth [3,42]. The lower BD and PR of soils under ST
(Table 3) are also connected to the increased SOM which might have created a favorable
rhizosphere environment for plant and root growth, nutrient uptake and crop yield (data
not shown) [43]. The improved status of soil nutrients for crops under ST (Tables 4 and 5)
also accounts for higher crop yield [44].

The BP practice gave comparable yield to ST in all cases except in jute crops that
had depressed yield in all three years. In the present study, BP experienced more rapid
drying of the beds than other practices on the sandy loam and loam soils which might be
responsible for lower jute yield under BP practice [45]. As a result, in the BP tillage option,
there was a 17.8% lower water content of the soil in the 2nd year at 0-5 cm soil depth. In
addition, the mechanised planting may not control the depth of sowing of small jute seeds
well enough for consistent germination on the raised beds [46].

4.2. Effects of Tillage Practices and Residue Retention on Soil Physical Properties

In comparison with initial soil BD (1.51 g cm~2), after 3 years, ST practice substantially
reduced soil BD (1.45 g cm~3) at 0-5 cm soil depth. The lower soil BD under ST could be
attributed to the SOM improvement in the surface soil (0-5 cm) as reported for silty clay
soils after 3 years in the EGP [44].

Soil BD was not significantly varied due to residue retention in the current study which
is at par with the results of [47] who found no significant influence of residue retention
on BD value of Vertisol soil in Australia. Even though increased residue was tested in the
present study, and it represented an extra 8 t of plant biomass addition per ha, only 50%
(regarded as increased residue retention) of the cereal residue was retained. This may not
be sufficient on sandy loam soil to alter BD within 3 years.

Soil PR was consistently lower in ST and higher in BP practice than CT at all 3 soil
depths. By comparison, Islam [44] found consistently lower soil PR with ST than CT
practice after 7 crops at 5-10 cm and 10-15 cm soil depths in the EGP. On the other hand,
soil PR was significantly decreased at 0-5 cm, 5-10 cm and 5-10 cm soil depths by increased
residue retention level, which might be due to improvement of SOM. The beneficial effect
of increased residue on PR is supported by [48] who reported that increased residue
incorporation reduced soil PR at 0-15 cm depth on sandy loam soil (Typic Haplustept).

The increased SWC was recorded in ST under the winter wheat crop but it is not
clear whether the effect is due to greater soil cover by residue or to increased soil organic
matter (Tables 3 and 4). Many previous studies support soil water conservation under ST
compared with CT [44,49]. Increased crop residue retention also appeared to conserve more
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water content in soil in the 0-5 cm depth soil which suggests a role in limiting evaporation
loss [50]. The significant cooling effect of residues may slow the evaporative losses of water
from soil with increased residue retention [1].

The SWC values were inversely correlated with soil PR values after 1st year’s lentil
harvest at 0-5 cm soil depth (2 = 0.841), after the 2nd year’s lentil harvest at 0-5 cm soil
depth (r* = 0.836) and after the 3rd year’s wheat harvest at 0-5 cm soil depth (r* = 0.951).
These results can be related to SOM which increases water holding capacity [51].

4.3. Effects of Tillage Practices and Residue Retention on Soil Organic Matter and Soil Fertility

The ZT and ST increased organic matter content in soil by about one—quarter after
3 years of CA practice at 0-5 cm soil depth. But in 5-10 cm and 10-15 cm soil depths, the
SOM remained unchanged (p > 0.05). In the ZT and ST, crop residues were not incorporated
in the soils which reduced contact of crop residues with soil and resulted in stratification of
organic matter close to the soil surface. The increase in SOM can be attributed to the surface
retention of crop residues of three crops over three years (Table 1) and the additional C
from the increased biomass production; decreased disturbance of SOM and following
crop rotation with species that produce different qualities of crop residue may also have a
positive effect on SOM levels [1].

About 22.4 t of crop residues ha~! were retained in 3 years’ time for 50% residue level
equivalent to around 10.7 t of added C ha~!. On the other hand, under lower residue
retention practice, 14.4% of the added residue to measurable as an increase in soil C stock
after three years.

By contrast with other elements, exchangeable K increased after 3 years at 0-5, 5-10
and 10-15 cm soil depths with increased crop residue retention. [52] noted that crop
biomass, especially from cereal crops, contains large quantities of K, and recycling from the
stubble can markedly increase K availability in soils. Indeed Yadvinder-Singh et al. [53]
suggested that rice residue retention can significantly reduce the amount of K fertilizer
application in the next crop. On the other hand, tillage practices did not influence ex-
changeable K in soil which contradicted the results obtained by Alam et al. [42] who found
exchangeable K was increased under minimal soil disturbance. It is possible that the
higher K removal om grain under ST and ZT, in particular, may negate any influence of the
minimum soil disturbance treatments on exchangeable K in soils.

There were significant differences in available S concentration in the upper 0-5 cm
soil depth after the 3rd crop cycle due to tillage practices and this was connected with the
higher organic matter concentration in the topsoil. Available S concentration increased by
21%, 18%, 13% and 5% under ZT, ST, BP and CT practices, respectively, at 0-5 cm soil depth
compared with initial soil S status. These differences may be related to greater runoff and
leaching potential of S under CT, but like the increases in N, P, K and Zn, S increase can be
attributed to the increased SOM in the ZT and ST treatments in particular [41].

4.4. Profitability

The ST practice for upland crops and non-puddling for rice crops have ensured in-
creased economic return in terms of gross margin, net return and BCR (Table 6). The
increased yield under the novel crop establishment practices was the main driver of in-
creased profitability. In other studies, the increased profit and BCR for CA crop production
is also attributed to decreased costs of inputs [8]. The increased yield with the novel
practices might be attributed to improved soil health (increased soil organic carbon, nu-
trient concentration, improved physical properties). A similar study was conducted in
Bangladesh by [5], while [54] conducted farm-level research to find out the profitability
of CA practice in Ecuador. They reported that crop rotations and reduced tillage increase
SOM and soil health which ultimately increases incomes for farm households.
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5. Conclusions

Strip tillage practice conserved more water content in soil (13.7%) and lowered BD
(1.45 g cm~3) and PR (3.86 MPa) at 0-5 cm soil depth, relative to other practices. The ZT
and ST increased organic matter accumulation in the soil at 0-5 cm depth (24 and 23%
over initial SOM, respectively) but in 5-10 cm and 10-15 cm soil depths, SOM remained
unaffected. Higher total N, extractable S and Zn concentrations in the uppermost 0-5 cm
soil depth and extractable P in the 0-10 cm depth were accumulated under the minimum
soil disturbance systems. Increased retention of crop residues after 3 years increased SOM
and other nutrient concentration. Ultimately, CA practices (minimum soil disturbance and
increased crop residue retention) augmented grain yield of rice, lentil and jute fibre. Overall,
the ST with higher crop residue retention can be regarded as an efficient CA practice in
terms of improvement of soil physical properties, organic matter, nutrient concentrations,
crop yield and economic return.
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