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Abstract: In order to study the contribution of long-term tillage and rice straw management practices
on wheat yield and soil properties in a rice–wheat system, a field study was conducted with seven
main plot treatments as straw management practices, i.e., puddled transplanted rice + zero till drill
sown wheat without paddy and wheat straw (R1), puddled transplanted rice + conventional tillage
sown wheat without paddy and wheat straw (R2), puddled transplanted paddy without wheat
straw + zero till wheat sown with Happy Seeder with paddy straw as mulch (R3), puddled trans-
planted rice without wheat straw+ conventional tillage sown wheat after paddy straw incorporation
with disc harrow (R4), puddled transplanted rice without wheat straw + zero till sown wheat after
paddy straw incorporation with rotavator (R5), puddled transplanted rice with wheat straw + zero till
sown wheat with Happy Seeder with paddy straw as mulch (R6), puddled transplanted rice + zero
till drill sown wheat after partial burning of wheat and paddy straw (R7) and three subplot treat-
ments, i.e., nitrogen (N) levels (100, 125 and 150 kg ha−1), in a rice–wheat system-cropping system
during 2017–2018 and 2018–2019 in a split plot experiment. Among different treatments, the straw
management practices significantly influenced yield and yield attributes as well as the nutrient
availability in soil. The application of 100 kg N ha−1 resulted in a significantly higher partial factor
productivity (PFPN) of N over other levels of N application. The reduction in wheat yields obtained
with conventional sowing of wheat without straw/straw burning/removal cannot be compensated
even with an additional 50 kg N ha−1 to that obtained with straw retention or incorporation. In
addition to saving N, crop residue recycling also helped to improve soil properties, grain quality,
profitability, and air quality considerably.

Keywords: straw management practices; nutrient uptake; rice-wheat system; crop productivity; soil
properties and quality parameters

1. Introduction

The rice–wheat system is cultivated in the nearly 13.5 million hectares in the Indo-
Gangetic Plains of South-Asia and plays a key and crucial role in the food security of
millions of people; India alone shares 10.5 m ha [1]. In Punjab, India, about 91% and 82% of
the area under rice and wheat is harvested by combines [2], respectively, leaving a large
amount of residue in the field that creates problems in the smooth sowing of succeeding
wheat crops. While 75% of wheat straw is used as fodder, rice straw has no economic
use. In Indian Punjab, more than 90% of rice straw and 25% of wheat straw are burnt
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annually by the farmers [3]. It leads to loss of nutrients, about 80% of nitrogen (N), 25% of
phosphorus (P), 21% of potassium (K), and up to 60% of sulfur (S) along with the emission
of 18% of black carbon, which is the second largest contributor to global warming [4].
Burning or removing a straw from the system leads to the loss of a substantial amount of
plant nutrients which need to be replenished in the soil through costly energy-expensive
inorganic fertilizers, resulting in reduced profits for the farmers [5].

On-farm straw management options include surface retention as mulch and soil
incorporation. The in situ incorporation of rice straw is generally not preferred by the
farmers due to the narrow window of 20–25 days between harvesting of rice and sowing
of wheat and the high cost incurred on incorporation. Generally, rice is harvested in the
first week of October and wheat is sown in the last week of October or the first week
of November. In paddy-based systems, the management of paddy straw in fields is a
serious problem due to scarcity of labor availability and gained momentum in recent
years. The farmers generally follow the legally banned practice of burning paddy straw
in their fields, and about 80% of rice straw produced is being burnt annually over 3 to
4 weeks of October–November. The problem is more severe under irrigated conditions
particularly in the mechanized rice–wheat system of northwestern India. With the recent
development of the zero-till seed drill (known as Happy Seeder), wheat can be planted
in combine harvested rice fields, leaving rice straw as surface mulch [6]. The surface-
placed residue presented a slow decomposition, which generally does not contribute to
the N nutrition of wheat over a short period and might even immobilize soil N [7]. On
the other hand, a recent study showed that the long-term incorporation of rice straw
increased N use efficiency in both rice and wheat in the rice–wheat system [5]. Mulching
wheat crop with rice straw enhances wheat yield from 11 to 22%, water use efficiency
up to 25%, and root length density up to 40% in mulch-treated plots because of higher
soil water retention [8]. A large number of short-term and medium-term studies on the
effect of rice residue management on productivity and soil properties in the rice–wheat
system are available in the literature [9,10], but more research is needed to study the
long-term effect of crop residue management with varying N levels on wheat yield, N use
efficiency, grain quality and soil properties in north-western conditions of India. There
are several scenarios for residue management in the rice–wheat cropping system. Every
management scenario has its advantages as well as disadvantages, since crop residue
management practices are affected by the climatic and soil conditions of an area and every
crop residue management practice is not suitable under all conditions [11]. Therefore, the
testing of different management practices is imperative before their adoption in the area.
We hypothesize that the continuous retention of rice residues on the surface as mulch or
its incorporation into the soil for more than three years and its subsequent decomposition,
besides improving soil health [11], will release nutrients for wheat crop and thereby help
save fertilizer input, increase N use efficiency, improve wheat grain yield and quality,
maintain or improve soil health and decrease the environmental pollution. Knowledge of
the above parameters for the most efficient practice of rice straw management along with
varying rates of N for saving N is very scanty and therefore is the focus of the present study.

2. Material and Methods
2.1. Experimental Site and Soil Characteristics

A long-term field experiment on different straw management practices in rice (Oryza sativa L.)
and wheat (Triticum aestivum L.) cropping systems was initiated in 2008 at the Research
Farm, Department of Agronomy, Punjab Agricultural University, Ludhiana (latitude
of 30◦54’ N, the longitude of 75◦48′ E,~247 m AMSL), Punjab (India) to study the im-
pact of rice residue management practices on the productivity of the rice–wheat sys-
tem. The surface (0–15 cm) soil was sandy loam in texture with an average bulk den-
sity of 1.47 g cm−3. The soil of the experimental site was Typic Ustochrept, alkaline
in reaction having soil pH (1:2 soil:water suspension)-8.6), soil electrical conductivity
(1:2 soil:water suspension)-0.18 dSm−1 [12] with soil organic C (SOC) of 5.80 g kg−1 [12].
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The KMnO4oxidizable N, Olsen P content, and 1N NH4OAc-extractable K in the initial soil
sample were131.5 mg kg−1, 12.2 mg kg−1 and 133.4 mg kg−1, respectively.

2.2. Climatic and Weather Data during the Crop Season

The study sites fall under semi-arid and sub-tropical climate with hot and dry summer
extending between April and June and mostly moist between July and September due
to the onset of monsoon, while there are cool and dry during winters extending between
November and January. Mild climatic conditions prevail during February and March. This
region receives 705 mm of average annual rainfall, nearly four-fifths of which is delivered
from July to September (Figure 1).
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The weather during the crop growing season of 2017–2018 and 2018–2019 was recorded
at the Meteorological Observatory of Punjab Agricultural University, Ludhiana. The
average maximum weekly temperature ranges were 15.5–35.5 ◦C and 17.2–39.3 ◦C, while
the average minimum weekly temperature ranges were 5.3–20.3 ◦C and 2.8–21.9 ◦C during
the crop season of 2017–2018 and 2018–2019, respectively (Figure 1). The average maximum
temperature during the standard metrological week (SMW) 9 to 13 in 2017–2018 was
high (29 ◦C) compared to 2018–2019 (25 ◦C). The total amount of rainfall received during
2017–2018 and 2018–2019 in wheat seasons was 84 mm and 223.2 mm, respectively, and it
was relatively well distributed (Figure 1).
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2.3. Brief Description of Field Treatments and Experimental Set-Up

A field experiment was initiated in 2008 with seven residue management treatments
to study the long-term effects of tillage and rice straw management on crop yields in a rice–
wheat system. After 9 years, the experiment was modified for two more consecutive years
(2017–2018 and 2018–2019) with the above seven treatments as main plots and splitting of
main treatment into three levels of N as sub-plots to evaluate the long-term implications
of tillage and residue management practices and N application on wheat productivity
and soil properties. Seven residue management treatments were kept as main plots with
3 fertilizer N levels (viz., 100, 125 and 150 kg N ha−1) as sub plots in a split-plot design
with three replications. These seven treatments represented four scenarios mainly arising
under farmers’ field conditions nowadays. In the first scenario (treatments R1 to R2), wheat
and rice straw were removed before planting the crop. In the second scenario (treatments
R3 to R5), rice was transplanted after wheat straw removal, but wheat was sown and rice
straw was retained as surface mulch. The third scenario (R6) depicts the situation where
wheat straw was incorporated into the soil before the rice crop, and rice straw (100%) was
retained as surface mulch in wheat. The fourth scenario (R7) simulates the conditions
where farmers usually burn standing stubbles of wheat after collecting about 75% of the
straw for fodder before transplanting rice and partially burn (loose) rice straw for sowing
of wheat. Treatment details are given in Table 1. The total amount of residue added and
NPK recycled in each treatment is given in Table 2.

Table 1. Details of field treatments applied under rice–wheat cropping system.

Treatments Abbreviations

Main Plot: Residue Management Practices

Scenario 1. Planting after removal of rice and wheat straw residue
Puddled transplanted rice + zero till drill sown wheat R1
Puddled transplanted rice + conventional tillage sown wheat R2

Scenario 2. Planting with rice residue in wheat and removal of wheat straw in rice

Puddled transplanted rice + zero till sown wheat with Happy Seeder rice straw as mulch R3
Puddled transplanted rice + conventional tillage sown wheat and straw incorporation with disc harrow R4
Puddled transplanted rice + zero till sown wheat and straw incorporation with rotavator R5

Scenario 3. Planting with both rice and wheat residue

Puddled transplanted rice + zero till sown wheat with Happy Seeder with rice straw as mulch R6

Scenario 4. Planting after partial burning of rice and wheat residue

Puddled transplanted rice + zero till drill sown wheat (Farmer practice) R7

Sub-plot: Fertilizer N levels (kg ha−1)

I. 100 N1
II. 125 N2
III. 150 N3

2.4. Crop Management

The sub plot size was 4.0 m × 2.5 m (10.0 m2). In rice, high yielding with the best
cooking quality variety PR121 was transplanted in the last week of June with a spacing
of 20 cm × 15 cm. The recommended dose of nitrogen 125 kg ha−1 through urea was
applied in 3 equal splits at 7, 21 and 42 days of transplanting, respectively. The phosphorus
and potassium fertilizers were applied only to wheat crop. The rice crop was harvested
in the first week of October. In wheat, high yielding and yellow rust-resistant variety
PBW 677 was sown in the first week of November with row spacing of 15 cm apart and
5–6 cm depth. A basal dose of 26.2 kg P ha−1 as single super phosphate containing 16%
P2O5 and 25 kg K ha−1 as muriate of potash (60% K2O) was applied to all treatments.
Fertilizer-N as urea was added as per treatments (100, 125 and 150 kg N ha−1), i.e., half at
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sowing and the other half was top dressed in two equal splits after 21 days with the first
irrigation and at 45 days with the second irrigation to crop. Termites were controlled by
treating the seed with chlorpyriphos (20EC @ 4 mL kg seed−1). A tank mix solution of Topik
15 WP (clodinafop) at 400 g ha−1 and Algrip 20 WP (metsulfuron) at 25 g ha−1 was applied
for the management of grassy (Phalaris minor) and broadleaf weeds at 30–35 days after
sowing. The other crop production and protection practices were followed as per package
of practices for rabi crops [13]. Plots were irrigated with 100 mm water about 1 week prior
to seeding and 4 additional irrigations of 75 mm were applied at critical growth stages of
wheat. The wheat crop was harvested in the second week of April.

Table 2. Amount of crop residue and nutrient addition through residue in different treatments.

Treatments
Amount of Crop Residue Added (Mg ha−1) Nutrient Addition with Residue (kg ha−1)

Rice Wheat N P K

Residue management practices

R1 - - - - -
R2 - - - - -
R3 8.21 - 44.9 7.79 222.0
R4 8.27 - 45.2 7.85 223.6
R5 8.27 - 45.2 7.85 223.6
R6 8.33 6.69 45.6 + 26.8 7.90 + 8.03 225.2 + 80.3
R7 - - - - -

2.5. Data Collection and Analysis
2.5.1. Soil Parameters

Composite soil samples were taken from the surface layer (0–15 cm) soil from all the
plots after harvesting rice crop in 2017 and homogenized thoroughly. Surface soil samples
(0–15 cm depth) were also collected after the wheat harvest in 2018–2019 to know changes
in soil properties. These soil samples were air dried and sieved through a 2 mm sieve before
analysis of pH (1:2 soil:water suspension), EC (1:2 soil:water suspension), SOC and available
N, P and K contents. Soil organic carbon was analyzed using the Walkley and Black wet
digestion method [12]; available N was determined using the alkaline permanganate
method [14], while available P was determined using Olsen’s method [15]. Available K was
determined in 1N CH3COONH4 (pH = 7.0) using a flame photometer [12]. Soil temperature
was measured with digital and analog thermometer (Spectrum Technologies, Aurora, IL,
USA) at a depth of 15 cm from sowing to the crop emergence (up to 15 days after sowing)
and at monthly intervals up to harvest. For determination of soil bulk density, cores were
taken from undisturbed soil [16] at two depths (0–7.5 cm and 7.5–15 cm). Then, these
samples were dried in an oven till the constant weight was achieved and their weight was
recorded. A double-ring infiltrometer was used to measure the infiltration rate [17]. The
depth of water infiltrated into soil at different time intervals was recorded to estimate the
infiltration rate of soil (cm hr−1). Soil penetration resistance was measured by using a cone
penetrometer (CP 40 II, RIMIK Toowoomba, QLD, Australia) from different soil depths up
to 40 cm, and the readings were expressed as kPa.

2.5.2. Plant Parameters

Tiller density (total tillers m−2) in wheat sown with a rotavator plot was recorded
(1.0 m2 area) and for other treatments from 1 m row length at two randomly selected spots
within each plot at maturity, and then, the average was expressed as tillers m−2. Similarly,
spikes were counted at harvest and expressed in spikes m−2. Five spikes were selected
randomly to measure the length. Grains were also counted simultaneously to record grains
per spike. The central area (4 m2) from each plot was manually harvested, and grain weight
was measured after threshing. A known weight of sub-samples was dried in an electric
oven at 50 ◦C for 48 h for the determination of moisture content of grains. The 1000 grain
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weight was determined by counting 1000 grains collected from each plot, and weight
was expressed at 12% moisture content. The hardness of grains was tested by crushing
the grains under an Ogawa Seiki OSK grain hardness tester, which gave values of force
in kilograms on gauge. Hectoliter weight (or test weight) was determined with the test
weight apparatus of 100 mL volume. The value obtained after weighing of wheat grains
was expressed in kilogram per hectoliter (kg hl−1). Grain protein was analyzed using an
automatic whole grain analyzer (Infratech-1241 model) and expressed in percentage. The
protein yield of wheat grains was estimated as a product of grain yield and grain protein.

2.5.3. Partial Factor Productivity of N

The partial factor productivity (PFPN) of applied N (kg grain kg N−1) is calculated as
grain yield (kg ha−1) produced from the unit quantity of N applied.

2.5.4. Economic Analysis

The mean gross returns were worked out as a product of the market price of produce
(grain and straw) and their yield, and net returns were worked out by deducting the
cultivation cost from total returns. The benefit:cost ratio was calculated by dividing the net
returns with the cultivation cost.

2.6. Statistical Analysis

Data were analyzed with ANOVA in a split plot design [18] using SAS 9.1 software
(SAS Institute). The treatment means were compared with the least significant difference
(LSD) at p < 0.05. Since there was no significant difference in the trend of results during
both years, data were pooled over for 2 years.

3. Results

The interaction effects (residue management practices × fertilizer N rates) on growth
parameters, yield attributes and dry matter production except for grain yield and partial
factor productivity of N were insignificant (Table 3). The results of various straw manage-
ment techniques and varying levels of non-growth parameters, yield attributes, dry matter
production, grain yield and the partial factor of productivity are presented in Table 4.

3.1. Growth Parameters

Different residue management practices significantly (p ≤ 0.05) affected growth pa-
rameters of wheat such as plant height and tiller density at harvest and chlorophyll content
index, LAI, and PAR at 120 days after sowing of wheat (Table 4). Significantly higher plant
height was observed in the treatments of the second and third scenarios compared to the
first and fourth scenarios. The treatment combination of R5 exhibited maximum plant
height at harvest and was significantly higher than R1 and R7.

Tiller density (378 m−2) was maximum in treatment R6 where rice and wheat straws
were retained/incorporated in the field and were significantly higher over removal treat-
ments R1 and R2 and straw burnt treatment R7. The chlorophyll content index recorded at
120 days was the highest in treatment R6 where both the straws were retained/incorporated
and were on par with the treatments R3 and R4. The chlorophyll content index of other
treatments was significantly lower than R6, R5 and R4. LAI and PAR after four months
of sowing of wheat were statistically similar amongst those treatments where only rice
straw or both rice and wheat straw were incorporated or retained on the surface and was
significantly higher over treatments where either straw was removed or burnt (R1, R2
and R7) (Table 4). Amongst growth parameters, only the chlorophyll content index of
wheat leaves increased significantly with increase in fertilizer N application rates (Table 4).
Residue management significantly affected the mass of dry matter in both years, where N
levels did not influence significantly (Figure 2).
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Table 3. Analysis of variance (degree of freedom and F value) of growth parameters of wheat (data pooled over two years).

Source DF

F Ratio

Plant Height
(cm)

Tillers Density
(m−2)

Chlorophyll
Content Index LAI PAR Interception

Spikes m−2 Spike Length (cm) Grains Spike−1 1000- Grain
Weight (g)

Grain Yield
(Mg ha−1)

PFP
(kg Grain kg N−1)

At Harvest At 120 DAS

Rep 2 1.44 3.04 4.32 0.11 12.96 1.52 0.66 4.01 0.60 1.89 1.94
Y 1 31.01 * 17.91 ns 53.74 * 4.46 ns 46.04 * 12.95 ns 3.07 ns 9.21 ns 0.04 ns 6.79 ns 6.66 ns

R 6 3.31 * 9.28 * 11.60 * 6.54 * 23.45 * 8.90 * 16.30 * 2.93 * 0.46 ns 9.34 * 10.39 *
YxR 6 0.70 ns 0.15 ns 0.10 ns 0.10 ns 0.22 ns 0.16 ns 0.45 ns 0.02 ns 0.02 ns 0.13 ns 0.13 ns

N 2 0.49 ns 2.81 ns 59.9 * 1.96 ns 2.63 ns 1.99 ns 4.90 * 2.70 ns 0.01 ns 1.97 ns 2687.5 *
RxN 12 0.09 ns 0.03 ns 1.25 ns 0.05 ns 0.60 ns 0.04 ns 1.33 ns 0.02 ns 0.04 ns 4.83 * 8.82 *
YxN 2 −0.00 ns 0.00 ns 2.88 ns 0.00 ns 0.06 ns 0.02 ns 0.44 ns 0.00 ns 0.00 ns 0.02 ns 4.40 *

YxRxN 12 0.06 ns 0.03 ns 1.30 ns 0.03 ns 0.46 ns 0.03 ns 0.90 ns 0.00 ns 0.04 ns 0.11 ns 0.12 ns

Rep—replications, Y—years, R—residue addition, N—nitrogen levels, ns—non-significant, * Values are statistically significant at p ≤ 0.05).

Table 4. Effect of crop residue management practices and N levels on growth, yield parameters, yield and partial factor productivity (PFP) of wheat in rice–wheat
cropping system (data pooled over 2 years).

Treatments Plant Height
(cm)

Tillers
(m−2)

Chlorophyll
Content Index LAI PAR Interception Spike Density

m−2
Spike Length

(cm) Grains Spike−1 1000- Grain
weight (g)

Grain Yield
(Mg ha−1)

PFP
(kg Grain kg N−1)

Crop residue management practices

R1 92.9 c 339 d 19.2 c 2.86 b 75.3 b 331 d 10.7 b 43.4 c 39.3 a 4.91 b 40.3 b

R2 95.5 ab 351 cd 19.3 c 2.97 b 75.1 b 352 c 10.3 b 44.9 bc 39.1 a 4.95 b 40.5 b

R3 95.1 ab 368 ab 22.1 ab 3.46 a 82.4 a 360 abc 11.7 a 49.8 ab 41.1 a 5.41 a 44.5 a

R4 96.0 a 370 ab 22.3 ab 3.54 a 81.9 a 368 ab 11.9 a 50.3 ab 40.9 a 5.56 a 45.8 a

R5 96.4 a 371 ab 21.6 b 3.66 a 83.3 a 365 ab 11.5 a 50.7 ab 39.9 a 5.50 a 45.3 a

R6 94.5 abc 378 a 23.1 a 3.74 a 84.1 a 367 a 11.9 a 52.2 a 41.3 a 5.61 a 46.2 a

R7 94.0 bc 361 bc 19.4 c 3.04 b 75.8 b 354 bc 10.7 b 45.5 bc 39.7 a 5.06 b 41.5 b

LSD (p ≤ 0.05) 1.9 12.8 1.42 0.41 2.46 12 0.47 5.8 NS 0.29 2.34

Nitrogen levels

N1 94.8 a 358 a 18.9 a 3.23 a 79.3 a 350 a 11.1 b 46.5 a 40.1 a 5.26 a 52.6 a

N2 95.2 a 363 a 20.7 a 3.31 a 79.3 a 354 a 11.2 ab 48.0 a 40.2 a 5.30 a 42.4 b

N3 94.8 a 369 a 23.3 a 3.43 a 80.5 a 358 a 11.4 a 49.9 a 40.2 a 5.30 a 35.4 c

LSD (p ≤ 0.05) NS NS 0.81 NS NS NS 0.2 NS NS NS 0.5
Interaction NS NS NS NS NS NS NS NS NS 0.11 1.25

The values with the same superscript letter (a, b, c) do not differ significantly at the 5% level using Duncan’s multiple range test.
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3.2. Yield Attributes

Spike density, spike length and grains per spike of treatment R6 were significantly
higher over straw removal treatments R1 and R2 or in straw burnt treatment R7 (Table 4).
The test weight (1000-grain weight) was statistically similar in all the treatments. Nitrogen
levels did not significantly affect yield attributes such as spike density, number of grains
per spike and 1000-grain weight of wheat (Table 4). However, spike length increased
significantly with the application of 150 kg N ha−1 compared to that application of N at
lower than 150 kg.

3.3. Grain Yield

Different residue management practices influenced wheat grain yield significantly
(Table 4). It was significantly higher in treatment R6 where the residue of both the crops
was retained/incorporated compared to the treatments without straw or straw burnt, but it
was statistically similar with all the treatments of the second scenario. The grain yield of
wheat realized from the treatments of the first and fourth scenarios was statistically similar.
Among the four scenarios, the grain yield of wheat obtained from the R1 treatments of the
first scenario responded significantly to the fertilizer N application rate of 125 kg N ha−1,
whereas the treatment R2 of the first scenario responded up to 150 kg N ha−1 (Table 5).

The treatments belonging to the second and third scenarios did not respond to the
addition of more than 100 kg N ha−1, whereas the treatment of the fourth scenario also
responded to up to 150 kg N ha−1 (Table 5). On an average, 10.6% higher yields along
with savings of 25 to 50 kg N ha−1 were achieved by managing rice straw alone/or both
straw to that without straw/straw burnt treatments in the field (Table 4). The average
wheat grain yield in straw managed treatments R3, R4, R5 and R6 was 12% and 9.1%
higher than treatments without straw R1 and R2 and straw burnt treatment R7, respectively.
Wheat grain yield obtained from treatment R6 was 13.8% and 10.9% higher compared
with the average yield of straw removal treatments R1 and R2 and straw burnt treatment
R7, respectively (Table 4). Varying N levels could not significantly affect wheat grain
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yield and yield contributing parameters. Although the 1000-grain weight of wheat was
improved with straw management practices and graded levels of N, the differences were
non-significant.

Table 5. Interactive effect of crop residue management practices and nitrogen levels on grain yield
(Mg ha−1) of wheat (data pooled over 2 years).

Treatments
Nitrogen Levels

N1 N2 N3

R1 4.79 h 4.94 g 5.03 f

R2 4.83 g 4.95 f g 5.07 f

R3 5.44 de 5.42 de 5.39 e

R4 5.61 a 5.57 bc 5.50 bcde

R5 5.54 bcd 5.52 bcd 5.45 cde

R6 5.70 a 5.62 ab 5.52 bcd

R7 4.93 5.07 5.18

LSD (p ≤ 0.05) (R × N) 0.12
The values with the same superscript letter do not differ significantly at the 5% level using Duncan’s multiple
range test.

3.4. Nutrient Uptake

The data revealed that nutrient uptake by grain and straw differed significantly
with the different straw management techniques (Table 6). The highest N and K uptake
(97.4 kg ha−1 and 23.3 kg ha−1) by grain were recorded in treatment R6. The P uptake
by grain was highest (15.2 kg ha−1) in treatments R3 and R4 and was significantly higher
than the treatments with no straw or straw burnt. The application of different levels of
N also affected N uptake by grains and was highest at 150 kg N ha−1 application rate
(92.8 kg ha−1). The uptake of N, P and K by straw was significantly higher in treatment R6
as compared to the treatments belonging to scenarios 1 and 4 but was statistically on par
with all the treatments in scenario 2. The N uptake by straw improved significantly with
the application of 150 kg N over its lower levels of application. However, the uptake of P
as well as K was statistically similar at 125 or 150 kg N but significantly higher over 100 kg
N treatment (Table 6).

3.5. Nitrogen Use Efficiency

The PFPN was significantly higher in R6 (46.2 kg grain kg N−1) than R1 and R2 or
straw burnt treatment R7 but was statistically on par with R3 and R4 (Table 4). Maximum
PFPN was achieved at 100 kg N ha−1 (52.6 kg grain kg N−1), which was significantly higher
than the application of higher N levels.

3.6. Physical and Chemical Properties of Soil
3.6.1. Available Nitrogen (N), Phosphorus (P) and Potassium (K)

The data given in Figure 3a–c clearly indicate that the different rice residue manage-
ment practices significantly affected the availability of N, P and K in soil, and the treatment
R6 exhibited the highest values of 365 kg ha−1, 28.9 kg ha−1 and 345.7 kg ha−1, respectively.
The treatments where rice straw alone or both straws were managed in the soil resulted in
20.3, 27.8 and 8.9% more N, P and K availability in the soil to the treatments without any
straw or straw burnt, respectively. The graded doses of N did not influence the nutrient
availability in the soil considerably (Figure 3).

3.6.2. Soil Organic Carbon (SOC)

The SOC was also influenced significantly by different rice residue management
practices. The SOC content after termination of the experiment (wheat of 2018–2019)
was significantly higher in treatments with rice straw alone or with both straws incorpo-
rated/retained over the treatments with straw removed/straw burnt. On average, the SOC
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content of treatments with straw recycling increased by 33.9% over the average treatments
without straw/straw burnt (Figure 3d). Application of N beyond 100 kg ha−1 did not
increase SOC content (Figure 3d). The SOC content in surface soil under this treatment R6
increased markedly compared to treatments without straw/straw burnt (Figure 3d).

Table 6. Effect of crop residue management practices and nitrogen levels on nutrient uptake (kg ha−1)
by grain and straw of wheat in rice–wheat cropping system (pooled data of 2 years).

Treatments
Grain Straw

N P K N P K

Residue management practices

R1 81.3 b 11.6 b 19.1 b 28.3 c 2.86 b 54.5 c

R2 78.4 b 11.7 b 18.7 b 28.1 c 2.84 b 55.5 c

R3 94.2 a 15.2 a 22.0 a 33.5 a 3.53 a 66.2 ab

R4 95.4 a 15.2 a 23.3 a 33.3 ab 3.38 a 65.3 ab

R5 93.7 a 14.2 a 22.3 a 32.8 ab 3.41 a 65.9 ab

R6 97.4 a 14.8 a 23.3 a 34.6 a 3.63 a 70.8 a

R7 82.6 b 12.3 b 20.3 b 29.7 bc 3.03 b 59.4 bc

LSD (p ≤ 0.05) 6.3 1.4 1.6 3.6 0.32 7.5

Fertilizer N levels

N1 85.0 c 13.0 a 21.2 a 30.3 b 3.07 b 59.6 b

N2 89.2 b 13.9 a 21.1 a 31.3 ab 3.27 ab 62.7 ab

N3 92.8 a 13.8 a 21.5 a 32.7 a 3.37 65.2 a

LSD (p ≤ 0.05) 2.9 NS NS 1.4 0.21 3.5

Interaction NS NS NS NS NS NS

The values with the same superscript letter do not differ significantly at the 5% level using Duncan’s multiple
range test.

3.6.3. Soil Temperature

The data on soil temperature revealed that residue management practices significantly
affected the soil temperature (Table 7). The minimum temperature increased and the
maximum temperature decreased significantly with the recycling of crop residues. During
emergence (up to 15 days after sowing) and at 30 DAS, the minimum temperature was
lowest (14.1 ◦C and 9.9 ◦C) and maximum temperature was highest (22.3 ◦C and 19.4 ◦C),
respectively, in R2. However, in residue retained treatments (R6, R3, R4 and R6), the
minimum temperature during emergence and at 30 DAS increased and was highest under
R3 treatment (15.2 ◦C and 10.9 ◦C), and the maximum temperature decreased to 19.7 ◦C
and 16.6 ◦C in R6, respectively. A similar trend in soil temperature was observed at other
dates of measurement.

Table 7. Effect of crop residue management practices on soil temperature during wheat in rice–wheat
cropping system (pooled data of 2 years).

Treatments
Up to Emergence 30 DAS 60 DAS 90 DAS At Harvest

min max min max max max max

R1 14.2 bc 21.7 a 9.9 b 18.9 a 14.6 ab 15.1 ab 30.0 a

R2 14.1 c 22.3 a 9.9 b 19.4 a 14.7 a 15.3 a 29.8 ab

R3 15.2 a 20.1 c 10.9 a 16.8 c 13.5 c 14.4 c 29.3 bc

R4 14.4 bc 21.8 a 10.1 b 17.6 b 14.2 ab 14.7 b 29.5 abc

R5 14.5 b 21.0 b 10.6 a 17.8 b 14.1 b 14.6 bc 29.5 abc

R6 15.1 a 19.7 c 10.7 a 16.6 c 13.5 c 14.3 c 29.2 c

R7 14.1 c 21.7 a 9.9 b 19.2 a 14.6 ab 15.0 ab 29.9 ab

LSD (p ≤ 0.05) 0.3 0.6 0.3 0.7 0.5 0.5 0.5

The values with the same superscript letter do not differ significantly at the 5% level using Duncan’s multiple
range test.
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Figure 3. Effect of crop residue management practices and fertilizer nitrogen levels on available soil
(a) nitrogen, (b) phosphorus, (c) potassium, and (d) SOC at harvest of wheat in rice–wheat cropping
system (data pooled over two years). The values with the same superscript letter do not differ
significantly at the 5% level using Duncan’s multiple range tests.

3.6.4. Soil Bulk Density

The lowest bulk density was recorded in treatment R4 (1.31 g cm−3), and the highest
was observed in treatment R1 (1.40 g cm−3) at 0–7.5 cm soil depth (Table 8). The bulk
density increased with an increase in soil depth. At 7.5–15 cm, the lowest bulk density
(1.35 g cm−3) was recorded in treatment R6 and the highest (1.43 g cm−3) was recorded in
treatment R2.

Table 8. Effect of crop residue management practices on soil bulk density and penetration resistance
at harvest of wheat in rice–wheat cropping system (pooled data of 2 years).

Treatments

Bulk Density (g cm−3) Soil Penetration Resistance (kPa)
Soil Depth (cm) Soil Depth (cm)

0–7.5 7.5–15 10 20 30 40

R1 1.40 a 1.42 a 369 ab 944 ab 688 a 648 a

R2 1.40 a 1.43 a 452 a 1003 a 712 a 658 a

R3 1.33 c 1.37 bc 262 c 693 c 522 bc 548 a

R4 1.31 c 1.37 bc 268 c 673 c 523 bc 551 a

R5 1.36 b 1.41 a 317 bc 769 bc 648 a 561 a

R6 1.32 c 1.35 c 250 c 659 c 496 c 552 a

R7 1.38 ab 1.40 ab 362 b 781 bc 665 ab 547 a

LSD (p ≤ 0.05) 0.03 0.03 88 190 143 NS
The values with the same superscript letter do not differ significantly at the 5% level using Duncan’s multiple
range test.
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3.6.5. Soil Penetration Resistance

Different crop residue management practices also significantly affected the soil pene-
tration resistance (SPR) of the experimental field (Table 8). The SPR in the treatment R6 for
10, 20, 30 and 40 cm depth was found to be 250.0, 659.3, 495.7 and 552.3 kPa, respectively.
The highest SPR was recorded in treatment R2.

3.6.6. Infiltration Rate

Rice residue retention affected the water infiltration rate significantly (Figure 4).
Residue incorporation or retention increased the infiltration rate. It was observed that the
infiltration rate under treatment R6 was highest (2.0 cm hr−1) and was lowest in treatment
R2, i.e., 1.5 cm hr−1 after 204 min during 2017–2018, and the respective values for these
treatments were found to be 2.2 cm hr−1 and 1.6 cm hr−1 during 2018–2019.
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3.7. Wheat Grain Quality

Residue management practices and N levels did not influence grain hardness signif-
icantly (Table 9). However, grain hardness numerically decreased with adding residue
over treatments without residue. Grain hectoliter weight and protein content showed a
non-significant effect of straw management treatments (Table 9). However, protein content
was significantly affected by N levels. The data further revealed that at higher rates of
N application (125 to 150 kg ha−1), the grain protein content also increased from 11.13 to
12.09%, respectively. The different crop residue management practices and N levels had a
significant effect on grain protein yield (Table 9). Treatment R4 yielded maximum grain
protein (644 kg ha−1). The application of 150 kg N ha−1 produced significantly higher grain
protein yield than its lower N application levels.

Table 9. Effect of crop residue management practices and nitrogen levels on quality parameters and
yield of wheat in rice–wheat cropping system (pooled data of 2 years).

Treatments Grain Hardness (kg) Hectoliter Weight
(kg Hectoliter−1) Protein Content (%) Grain Protein Yield (kg ha−1)

Residue management practices

R1 10.6 a 75.9 a 11.7 a 574 b

R2 10.6 a 75.7 a 11.7 a 581 b

R3 10.6 a 76.3 a 11.6 a 627 a

R4 10.6 a 76.4 a 11.6 a 645 a

R5 10.6 a 76.1 a 11.6 a 640 a
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Table 9. Cont.

Treatments Grain Hardness (kg) Hectoliter Weight
(kg Hectoliter−1) Protein Content (%) Grain Protein Yield (kg ha−1)

R6 10.5 a 76.5 a 11.5 a 644 a

R7 10.5 a 76.0 a 11.6 a 589 b

LSD (p ≤ 0.05) NS NS NS 31.2

Fertilizer N levels

N1 10.5 a 76.0 a 11.1 c 587 c

N2 10.6 a 76.1 a 11.6 b 615 b

N3 10.7 a 76.3 a 12.1 a 641 a

LSD (p ≤ 0.05) NS NS 0.19 11.1
Interaction NS NS NS NS

The values with the same superscript letter do not differ significantly at the 5% level using Duncan’s multiple
range test.

3.8. Economics

The cost of cultivation was maximum in the conventional sowing of wheat treat-
ment R2 (Table 10). The gross and net returns and BC ratio were maximum in treatment
R6. Among the N levels, cost of cultivation, gross and net returns were highest under
150 kg N ha−1. However, the BC ratio was lowest in 150 kg N ha−1 (3.06).

Table 10. Effect of crop residue management practices and nitrogen levels on the economics of wheat
in rice–wheat cropping system (pooled data of 2 years).

Treatments
Cost of Cultivation Gross Returns Net Returns

B:C
($ha−1)

Residue management practices

R1 393.0 a 1397.4 b 1004.4 c 2.55 c

R2 410.6 a 1410.9 b 1000.3 c 2.43 c

R3 354.9 a 1539.9 ab 1185.1 a 3.34 a

R4 375.9 a 1570.4 ab 1194.5 a 3.18 b

R5 352.3 a 1563.8 ab 1211.5 a 3.44 a

R6 354.9 a 1593.3 a 1238.4 a 3.49 a

R7 346.3 a 1439.5 b 1093.2 b 3.16 b

LSD (p ≤ 0.05) NS 53.9 53.9 0.15

Fertilizer N levels

N1 365.6 a 1491.7 b 1126.1 a 3.10 a

N2 369.7 a 1504.4 ab 1134.7 a 3.09 a

N3 373.7 a 1510.4 a 1136.7 a 3.06 a

LSD (p ≤ 0.05) NS 12.6 NS NS

Interaction NS 33.4 33.4 0.09
The values with the same superscript letter do not differ significantly at the 5% level using Duncan’s multiple
range test.

4. Discussion
4.1. Growth Parameters, Dry Matter Production, Yield Attributes, and Grain Yield

Leaf area index (LAI), a common production ecology, varied with the tillage practices
and crop residue incorporation. The increased level of total N in soil under reduced tillage
might be due to crop residue retention with minimum tillage, which increases the SOM and
microbial activity linked to nitrogen fixation [19]. The no-tillage practices have increased
soil organic carbon by 17.0% and mulch incorporation by 20.1% compared with conven-
tional tillage on loess soil [20]. The frequent tillage practices disrupted the soil aggregates,
enhanced the mineralization of organic matter, and lowered the SOC and soil nitrogen
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content. The increase in nitrogen content in soil with crop residue retention effectively
increased leaf area duration by increasing the LAI, resulting in increased plant growth
parameters and crop yield [21]. Dry matter accumulation was significantly influenced
by treatments where straw was either incorporated or retained on the surface of the soil
(Figure 2). The dry matter accumulation was highest (1166 g m−2) in the treatment R6
followed by the treatments (with rice straw alone) R3, R4, and R5, respectively. It might be
due to an increase in tiller density, which is consistent with the findings of [20]. Treatment
R6 produced 13.8% and 10.9% higher grain yield of wheat as compared with the average
yield of straw removal treatments and straw burnt treatment, respectively (Table 4). The
average grain yield of wheat in straw managed treatments was 12% and 9.1% higher than
treatments without straw and straw burnt, respectively, which was ascribed to an increase
in yield contributing traits such as spike length, spike density, and number of grains per
spike and test weight in wheat due to moderation of soil temperature, increased nutrient
availability and soil moisture content due to residues retained at the surface [10,22–26].
The average values of yield attributing characters were lower in straw removal treatments,
which contributed to the lower grain yield of wheat compared with straw burnt treatment
and treatments with rice and wheat straw retained/incorporated (Table 4). Amongst the
straw removal treatments, treatment R2 where rice was transplanted without wheat straw
and the succeeding wheat was sown without rice straw resulted in a significantly higher
grain yield of wheat over treatment R1. The lower wheat yield in R1 compared with R2
might be due to poor root growth and the decreased availability of soil N [27]. The in-
crease in wheat grain yield under different straw management practices was in line with
earlier research findings highlighting the yield advantage of residue mulch compared to
no residue under irrigated conditions [24,25,28–33]. Varying levels of N did not have any
significant effect on yield and yield attributes (spike density, spike length, grains per spike,
and 1000-grain weight) of wheat. Our results are consistent with the findings from previous
studies [19,34]. The higher N levels resulted in a decrease in yield attributes as reported
by [34].

The significant interaction effect of crop residue management practices and fertilizer
N on grain yield was attributed to more annual nutrient cycling in respective treatments
where either rice straw alone or both rice and wheat straw has been incorporated or retained
on the surface as mulch [11], higher photosynthetic activity of the plant [19,28], improved
hydrothermal conditions due to residue retaining [29] and better utilization of applied N
resulting in reduced losses due to leaching [19]. A significantly higher uptake of N, P, and
K by grain with different crop residue management practices (Table 7) has been supported
by [35] who studied the beneficial effect of residue on uptake of plant nutrients by the crop.
These results showing the highest N uptake by grain with varying levels of N corroborate
with earlier research findings [36].

4.2. N Use Efficiency

The partial factor productivity of N (PFPN) was significantly higher in R6 (46.2 kg
grain kg N−1) than R1 and R2 or treatment (straw burnt) R7 but statistically on par with R3
and R4. Maximum PFPN was obtained with the lowest level of N (52.6 kg grain kg N−1) as
compared to higher levels of N application.

4.3. Grain Quality

Both residue management practices and varying N levels did not affect grain hardness
significantly, but there was a decreasing trend in grain hardness with straw recycling
(Table 9). This might be due to an increase in soil moisture content due to a reduction in
evaporation loss and an increase in SOC with the retention/incorporation of residue. The
decrease in grain hardness of wheat was from 10.75 to 9.26 kg with the increase in mulch
rate from 0 to 6 t ha−1 (10]. Different straw management treatments had a non-significant
impact on the hectoliter weight and grain protein content of wheat grains (Table 9). No
significant effect of mulch on protein content was also observed by [10]. However, these
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grain parameters were significantly affected by N levels. This might have occurred due to
the greater absorption of N with an increase in N levels, as N is directly related to protein
content and is in line with the findings of [33,34]. The significantly highest grain protein
yield with the 150 kg N ha−1 as compared with the lower N application rates is mainly
attributed to enhanced grain yield at a higher level of N application.

4.4. Physio-Chemical Soil Properties

The incorporation/retention of rice straw alone or both rice and wheat straw influ-
enced the availability of nutrients such as N, P, and K in soil significantly over the straw
removed treatments due to the supplementation of plant nutrients from the decomposition
of incorporated/retained straw [20,37–40]. Straw management practices significantly af-
fected the SOC content of surface soil (0–15 cm)over straw removal or straw burnt practices
(Figure 3d), which might be due to the increased input of carbon with the addition of
residues, whereas burning and residue removal leads to a decrease in the SOC content of
the soil [1,41–45]. The significant increase in SOC content of the surface soil in treatment
R6 compared with R1, R2 or R7 demonstrates the positive effects of zero till wheat on the
build-up of SOC [46]. Zero tillage is well known for the decreased oxidation of SOC due
to the protection of encapsulated SOM and thereby improves the SOC content [47,48],
whereas conventional tillage accentuates the soil microbial decomposition of organic mat-
ter by exposing occluded organic matter [35,49]. The moderation in soil temperature in
straw-retained treatments in our study might be due to the interception of solar radiation
by residue retention as compared to residue removal treatments. The residue retention
moderates soil temperature by about 2.0 to 3.3 ◦C [10,50]. The lowest bulk density and SPR
were recorded in treatment R4 (1.31 g cm−3) and the highest was recorded in treatments
with straw removal (1.40 g cm−3) at 0–7.5 cm soil depth (Table 8). It could be because of
organic matter in soil and the prevention of crust formation on the soil surface by irrigation
and rainfall impacts. A significant effect of rice straw mulching and incorporation on bulk
density has been reported [10,51]. The lower SPR in residue-retained plots might be due
to the lower bulk density [51,52]. The addition of crop residue in soil or surface cover as
mulch prevents the direct impact of rain drops and reduces the chance of erosion through
increasing water infiltration [53]. Infiltration is reported to be higher in no tillage than in
tilled soils due to the large number of macropores and increased microbial activity [54].
Tripathi et al. [55] reported that in wheat season, the infiltration rate increased more than in
the rice season both under zero tillage and conventional tillage because of the breakdown
of aggregates in the puddled layer and subsurface compaction

5. Conclusions

The results showed that the conventional sowing of wheat after the incorporation of
rice straw or zero-till sowing of wheat with rice straw as a surface mulch on a long-term
basis improved wheat productivity, soil properties, nutrient uptake, and grain quality, with
reduced N application. Furthermore, residue recycling in the rice–wheat system will help
in improving air quality by avoiding open field residue burning in northwestern India.
Conventional or zero-till sowing of wheat after straw burning or its removal reduces wheat
yields, which cannot be compensated even after applying an additional 50 kg N ha−1 to the
yields obtained with straw retention or incorporation. Overall, it is concluded that surface
mulching with rice straw on a long-term basis is a good agronomic practice for sustaining
wheat productivity, soil health, and nitrogen use efficiency.
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