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Abstract

The purpose of this study is to assess the individual and interactive effects of different rates of rice straw incorporation, Rsti,
0,5,7.5,and 10 t ha_l) and nitrogen fertilizer, N, (0, 90, 120, and 150 kg ha_l) on changes in physicochemical properties,
available nutrients of surface soil, and wheat yield in a long-term rice-wheat system field experiment. Following rice in
wheat crop, four rates of Rsti in the main plots and four rates of N in the sub plots were applied in a split-plot design with
three replications. After wheat harvest of the 10th rice-wheat cropping cycle, triplicate soil samples were collected from O to
15 cm soil layer. Rice straw incorporation improved the soil organic carbon, soil aggregation, porosity, retention, and avail-
ability of water, as well as macro and micronutrients availability, and reduced resistance to root penetration, but increased
soil bulk density. Wheat yield increased up to 7.5 t ha~! Rsti and N up to 120 kg N ha™!. Among the assessed soil properties
and available nutrients influenced by Rsti and N, supplementary soil organic carbon and available potassium were the top-
ranked soil properties responsible for increased wheat yield. Wheat yield increased with rice straw incorporation was mainly
due to increased soil organic carbon and available potassium.

Keywords Rice straw incorporation - Nitrogen fertilizer - Soil physicochemical properties - Nutrient availability - Wheat

yield - Principal components analysis

1 Introduction

Rice-wheat is a dominant cropping system of Asia. In Indo-
Gangetic plains (IGP), the seed yield of rice and wheat
ranges from 5.5 to 6.5 and 4.0 to 5.5 t ha™!, respectively,
which results in 10-12 t ha™! of rice and 8-10 t ha™! of
wheat straw production. The management of wheat straw
is not a serious concern, but managing the rice straw is a
great challenge for farmers. Most (>70%) of the rice straw
is burnt in the fields to ensure timely planting of the wheat
crop after rice. In Punjab, almost 80% of the rice crop is
harvested using combine harvesters, nearly 19.7 million
metric tons of paddy straw is left on the soil surface, and
15.4 million metric tons are burnt in fields (Gupta 2019).
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This leads to deterioration of soil health by reducing soil
organic matter, damaging soil properties, killing soil flora
and fauna, and multi-nutrient deficiencies. It also contributes
to environmental pollution creating health hazards. Other
options are its removal from the field, retention as mulch on
the soil surface, and incorporation into soil. Several studies
have indicated the incorporation of crop residue into surface
soil is beneficial for crop production and soil conservation as
it improves the biological activity, soil physical and chemi-
cal fertility, and availability of nutrients (Jat et al. 2013;
Neugschwandtner et al. 2014; Zhang et al. 2014; Hati et al.
2015; Gathala et al. 2017; Jayaraman et al. 2020; Li et al.
2021). With rice straw incorporation (Rsti), the expected
improved soil properties realized after a long period are
soil organic carbon, aggregation, intake, retention and
availability of water, and availability of nutrients as well as
decreased soil penetration resistance. It is hypothesized that
the improved edaphic environment with Rsti due to addition
of organic carbon (OC) and potassium (K) inherited by rice
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straw is liable for increased wheat yield in rice-wheat sys-
tem. Though the effect of crop residue incorporation on soil
physicochemical properties has been studied extensively, but
little is known about the order of dominance of modified soil
properties affecting subsequent wheat yield. Thus, a study
was under taken to assess (i) the individual and interactive
effects of different rates of rice straw incorporation (Rsti)
and fertilizer nitrogen (N) on physicochemical properties
and available nutrients in the surface soil (0—15cm), (ii)
impact of different rates of Rsti and N on wheat yield, and
(iii) dominant soil properties related to wheat yield.

2 Materials and Methods
2.1 Site Description

A long-term field experiment on rice-wheat cropping sys-
tem was started in 2008—-2009 on a sandy clay loam (typic
ustochrept) soils at the Department of Soil Science research
farm (30° 58’ N, 75° 50" E), Punjab Agricultural University,
Ludhiana (247 m above sea level). The type of climate for
the area is sub-tropical and semi-arid. The weather is charac-
terized by a very hot summer with monsoon season and dry
spells, and a bracing winter. The southwest monsoon sets in
from the last week of June and withdraws at the end of Sep-
tember. The maximum summer temperature is around 38°C
and sometimes touches 45°C. Winter experiences frequent
frosty spells, especially in December and January, and the
minimum temperature dips to 0.5°C.

2.2 Experimental Design and Treatments

A field experiment on rice-wheat cropping system was
started in 2008-2009. Every year, all the plots after wheat
harvest (mid-April) were kept fallow until pre-sowing irri-
gation for rice (first week of June). For rice, the prepara-
tory tillage included two diskings followed by two passes of
tyne cultivator in standing water to puddle the soil followed
by planking. On the puddle soil, 30 days old rice seedlings
(variety PR 118) were transplanted manually at 15 cm X 20
cm spacing in the second week of the June each year. At
transplanting, a uniform dose of 13 kg P ha™! as diammo-
nium phosphate (DAP), 25 kg K ha™! as muriate of potash
(MOP), and 10 kg of Zn ha~! as zinc sulfate was applied
to all the treatments. Different doses of nitrogen (120, 150,
and 200 kg ha™!) as urea were applied in 3 equal split doses
at transplanting and at 3rd and 6th week after transplant-
ing. Rice crop was harvested manually at physiological
maturity in the 3rd week of October and grains from the
biomass were removed by using a plot-thresher. In the ongo-
ing field experiment, every year, after rice crop, the straw
was removed from the plots and chopped with a chopper. In
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split-plot design with three replications, four rates of rice
straw (0, 5, 7.5, 10 t ha™!) were incorporated (Rsti) in the
main plots with a rotavator. It was followed by pre-sowing
irrigation of 80 mm, and sowing wheat in rows 20 cm apart
with zero till drill at proper soil moisture conditions. Four N
rates (0, 90, 120, 150 kg ha™") were applied in the subplots.
The wheat crop was irrigated (80 mm each) at four critical
growth stages (crown root initiation, maximum tillering,
panicle initiation, and dough). The 60 kg P,O5 ha~! and 30
kg K,O ha™! were applied as per recommendation by Punjab
Agricultural University’s package of practices (https://www.
pau.edu/content/pf/pp_rabi). The wheat crop was harvested
at physiological maturity in the third week of April. Grain
yield was calculated at 10% moisture content.

2.3 Soil Sampling and Analysis

After wheat harvest of the 10th rice-wheat cropping cycle,
triplicate soil samples were collected from O to 15 cm soil
layer of all plots. The physicochemical properties and avail-
able nutrients in soil samples were determined following
the standard procedures (Pansu and Gautheyrou 2016): to
be exact, the bulk density by core sampler method, soil
texture by international pipette method, aggregate stability
by wet sieving method, hydraulic conductivity by constant
head method, sorptivity cumulative infiltration and steady
state infiltration rate in situ by ring infiltrometer method,
pH by Beckman’s glass electrode pH meter (1:2 soil-water
suspension), electrical conductivity at 25 °C by Solu bridge
conductivity meter (1:2 soil-water supernatant), soil organic
carbon by rapid titration method, available nitrogen by alka-
line KMNO, method, ammonium and nitrate N by Kjeldahl
distillation method, available phosphorus by 0.5 M NaHCO,
(pH 8.5) extraction method, available potassium by neutral
normal ammonium acetate method, available micronutrients
cations by DTPA extract method using atomic absorption
spectrophotometer (AAS).

2.4 Statistical Analysis

The effects of Rsti and N rates on wheat grain yield, soil
physicochemical properties, and available nutrients in soils
were analyzed using analysis of variance (ANOVA). Least
significant difference (LSD) at p=0.05 was used for multiple
comparisons of treatment means. The Pearson correlation
matrix between soil variables was calculated using “IBM
SPSS v.20” statistics. To identify and rank the dominant
soil properties responsible for wheat yield improvement,
the dimensionality reduction technique “principal compo-
nent analysis” (PCA) and relative variable importance in
terms of mean increase error were performed on the data
set using “XLSTAT” software. The variables with high
Eigen and factor loading values were selected for each PC,
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and the correlation matrix was run separately. The highly
correlated variables under different PCs were selected for
the final minimum data set, MDS (Andrews et al. 2002a).
After determining the MDS indicators, every observation of
each MDS indicator was transformed using a linear scoring
method (Andrews et al. 2002b).

3 Results

The ANOVA showed that the effect of main (Rsti amounts)
and sub (N rates) treatments and their interaction (RstixN)
on soil physicochemical properties and available nutrients
(macro and micro) were mostly significant (p=0.05). There-
fore, treatments and their interactive effects are presented
and discussed.

3.1 Effect of Rice Straw Incorporation and Nitrogen
Fertilizer Rates on Soil Physical Properties

The bulk density (BD) of surface soil (0—15cm) increased
significantly with rates of Rsti and N over the Rsti0 and NO

checks (Table 1). The significant increase in BD was up to
Rsti7.5 (6.6%). The significant increase in BD was up to
120 kg N ha~! (3.8%), but thereafter decreased at N150.
The total porosity (POR) of the soil, inversely related to
BD, was significantly decreased by rates of Rsti as well as
N (Table 1). Compared to Rsti0, the POR decreased by 7.2%
in Rsti5, 11.6% in Rsti7.5, and 11.0% in RstilO (Table 1).
The PORs in Rsti7.5 and Rstil0 were statistically at par. The
N120 treatment reduced POR significantly (8.8%), while for
the NO, N90, and N120 rates, it was statistically at par with
each other. The RstixN interaction was significant, and the
same POR of 0.38 m® m™ was observed in treatment com-
binations of Rsti54+N90 and Rsti7.5+N120.

Soil moisture characteristics curves (SMCC), depicting
the relationship between volumetric moisture content and
matric suction, showed that the rates of Rsti and N influ-
enced the moisture content at various suctions (Fig. la, b).
The moisture content at all suctions increased with Rsti
and N rates. At field capacity (FC), soil moisture content
was increased by Rsti incorporation over the RstiO (0.220
m*m™3), by 21.4, 25.4, and 33.9% in Rsti5, Rsti7.5, and
Rstil0 treatments, respectively (Table 1). The FC values in

Table 1 Effect of rice residue incorporation and nitrogen levels on physical properties of 0 to 15 cm soil layer

Treatments Ny Nyq Ny Niso Mean Ny Ny Ny Niso Mean
Bulk density (Mg m™3) Total porosity, m® m™>

Rsti0 1.52efg 1.49¢ 1.57cdef 1.54defg 1.53¢ 0.41ab 0.43a 0.40bc 0.40bc 0.41la
Rsti5 1.52fg 1.60cd 1.61bc 1.57cdef 1.58b 0.41ab 0.38cde 0.38efg 0.39bc 0.38b
Rsti7.5 1.63abc 1.59cde 1.67ab 1.58cdef 1.62a 0.36def 0.40bc 0.32¢ 0.38cde 0.36¢
Rstil0 1.59cde 1.61bc 1.68a 1.64abc 1.63a 0.37cde 0.38bcd 0.33fg 0.38cde 0.37c
Mean 1.57b 1.57b 1.63a 1.58b 0.39a 0.40a 0.35b 0.39a

LSD (p=0.05) Rsti:0.03, N:0.03, RstixN:0.06 LSD (p=0.05) Rsti:1.300.013, N:1.30, RstixN:2.600.026

SED Rsti:0.014, N:0.014, RstixN:0.029 SED Rsti:0.64, N:0.64, RstixN:1.28

Field capacity, m®> m™> Permanent wilting point, m* m™3

Rsti0 0.22d 0.24cd 0.22d 0.21d 0.22¢ 0.088fg 0.101def 0.092fg 0.079g 0.089d
Rsti5 0.24cd 0.27bc 0.29ab 0.29ab 0.27b 0.095efg 0.107cdef ~ 0.115bcde 0.131ab 0.112¢
Rsti7.5 0.28ab 0.28ab 0.29ab 0.27bc 0.28b 0.126abc 0.116bcd 0.131ab 0.131ab 0.126b
Rstil0 0.30ab 0.31a 0.29ab 0.28ab 0.30a 0.142a 0.140a 0.140a 0.142a 0.141a
Mean 0.26a 0.27a 0.27a 0.26a 0.113a 0.116a 0.119a 0.121a

LSD (p=0.05) Rsti:0.019, N:0.019, RstixN:0.038 LSD (p=0.05) Rsti:0.010, N:0.010, RstixN:0.019

SED Rsti:0.009, N:0.009, RstixN:0.019 SED Rsti:0.005, N:0.005, RstixN:0.009

Available water, m® m™> Soil penetration resistance, MPa

Rsti0 0.133¢ 0.136¢ 0.132¢ 0.137c 0.134a 2.42ab 2.42abc 2.43a 1.89abced 2.26a
Rsti5 0.143bc 0.162abc 0.178a 0.157abc 0.160a 1.89abc 1.81abced 1.67abcd 1.60abed 1.96b
Rsti7.5 0.155abc 0.165abc 0.160abc 0.138¢ 0.155a 2.00abcd 1.84abcd 1.85abced 1.86¢cd 1.89b
Rstil0 0.163abc 0.176ab 0.156abc 0.141c 0.159a  2.08abcd  2.03bcd 1.83bcd 1.17d 1.78b
Mean 0.148ab 0.160a 0.156ab 0.143b Mean 2.29a 2.02ab 1.95ab 1.65b Mean
LSD (p=0.05) Rsti:0.014, N:0.014, Rst N:0.029 LSD (p=0.05) Rsti:0.083, N:0.083, Rst N:0.166

SED Rsti:0.005, N:0.005, Rst N:0.009 SED Rsti:0.040, N:0.040, Rst N:0.082

Rsti0, Rsti5, Rsti7.5, and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 t ha™!, respectively

NO, N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and 150 kg N ha™!, respectively
Means followed by the same letter in a column do not differ significantly at 5% probability
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Fig. 1 Soil moisture and matric suction relation as influenced by a
rice straw incorporation and b nitrogen levels. Rsti0, Rsti5, Rsti7.5,
and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 t
ha™!, respectively. NO, N90, N120, and N150 represent nitrogen fer-
tilizer at 0, 90, 120, and 150 kg N ha™!, respectively. Standard errors
for field capacity (0.3 bar) and permanent wilting point (15 bar) are
given in Table 1

Rsti5 and Rsti7.5 treatments were statistically at par. Simi-
lar trend was observed in soil moisture content at perma-
nent wilting point (PWP). As a consequence of increased
moisture at FC and PWP with Rsti incorporation rate, the
available water content was also 21.6% higher at Rsti7.5
than RstiO.

Soil penetration resistance decreased significantly with
the rate of Rsti (Table 1). The decrease below Rsti0 was
13.3% in Rsti5, 16.4% in Rsti7.5, and 21.2% in Rstil0. The
SPR of 2.29 MPa in NO decreased by 11.8% in N90, 14.8%
in N120, and 27.9% in N150. Total water stable aggregates
(TWSA) increased significantly with Rsti. The increase was
15.1% in Rsti7.5 and 15.5% in Rstil0 compared to RstiO
(54.2%).
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The TWSA contained 24.0-34.4% macroaggregates
(>0.25 mm) and 28.2-30.2% microaggregates (0.25-0.10
mm) (Table 2). Apart from total of TWSA, the percent-
age of water stable aggregates within an aggregate size
was also changed with Rsti and N addition (Table 3). With
the increase in rate from RstiO to 10 t ha™!, the percentage
of aggregates >0.25 mm increased, mainly for size range
0.25-5.0 mm (by 24.2%). Though the percentage of these
aggregates has increased with the Rsti rate increase, the
corresponding percentage of aggregate from 0.25 to 0.10
mm has decreased by 6.6%. The TWSA in NO and N90
and N120 and N 150 were significantly at par. The percent
TWSA within aggregates of 0.25-0.10 mm and >2.0 mm
were increased significantly with increased N from 0 to 150
kg ha™!. The MWD and GMD increased significantly with
the Rsti rate. In Rstil0, the MWD increased by 26.8% over
the RstiO (0.41 mm) and the GMD increased by 42.9% over
the RstiO (0.28 mm) (Table 2). Likewise, the aggregate ratio
(AR), which indicates the proportion of macroaggregates
(MaA) over microaggregate (MiA), showed the following
order-Rstil0 >Rsti7.5 >Rsti5 >Rsti0 (Table 3). The MWD,
GMD, and AR decreased significantly with the N rate com-
pared to NO. In N150, the decrease was 7.8% MWD, 9.8%
GWD, and 18.6% AR.

The cumulative infiltration (CI) increased with Rsti
and N rates. After 450 min, the CI increase over the Rsti0
(102.8cm) was by 22.6% in Rsti5, 24.8 % in Rsti7.5, and
37.0% in Rstil0 (Fig. 2a). The CI was increased over the
NO, respectively, by 21.3, 21.5, and 24.6% in N90, N120,
and N150 kg ha™! (Fig. 2b). Saturated hydraulic conduc-
tivity (SHC) of 9.0 mm h™! for Rsti0 decreased, by 40.0%
in Rsti5, 44.4 % in Rsti7.5, and 47.8% in Rstil0 (Fig. 3).
Saturated hydraulic conductivity also decreased with the N
rate. For instance, SHC of 6.0 mm h™! for NO treatment was
decreased by 8.3% in N90, 11.9% in N120, and 13.3% in N
150 kg ha™".

3.2 Effect of Rice Straw Incorporation and Nitrogen
Rates on Soil Chemical Properties

The soil organic carbon (SOC) significantly increased with
Rsti rates. Compared to the Rsti0 (4.8 g kg™!), it was higher
by 20.8, 25.0, and 33.3% in the Rsti5, Rsti7.5, and Rstil0
treatments, respectively (Table 4). The N rate also signifi-
cantly increased the SOC. With N90, N120, and N150, the
SOC was increased by 7.4, 9.3, and 9.3%, respectively, than
the NO (5.4 g kg™"). The effects of Rsti and N rates and their
interactions were significant on electrical conductivity and
pH (Table 4). The EC in different treatment combinations
varied from 0.14 to 0.18 dS m~!. Significant interaction
revealed that pH was highest (7.54) in treatment RstiO+NO
and lowest (7.03) in Rstil0+ N150.
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Table 2 Effect of rice residue incorporation and nitrogen levels on physical properties of 0 to 15 cm soil layer

Treatments Ny Ny Ny Nisg Mean Ny Ngo Nis Nisg Mean

Water stable macroaggregate,% Water stable microaggregates, %

Rsti0 24.1h 25.0fgh 21.9gh 25.1fgh 24.0c 24.9ab 30.9ab 31.0ab 34.2ab 30.2a

Rsti5 26.8bcd 22.6h 26.4efgh 33.61efgh 27.4b 18.9a 34.3ab 33.0b 33.7ab 30.0a

Rsti7.5 30.1a 32.6bcd 28.6defg 39.0cdef 32.6a 26.1a 30.2ab 31.1ab 32.0ab 29.9a

Rstil0 30.4cde 36.3ab 33.8ab 37.0bc 34.4a 24.0ab 27.4ab 30.4ab 30.9ab 28.2a

Mean 27.8a 29.1a 27.7a 33.7a Mean 23.5a 30.7a 31.0a 32.7a

LSD (p=0.05) Rsti:2.28, N:2.28, Rsti N:4.57 LSD (p=0.05) Rsti:4.94, N:4.94, Rsti N:9.88

SED Rsti:1.12, N:1.12, Rsti N:2.24 SED Rsti:2.42, N:2.42, Rsti N:4.85

Mean weight diameter, mm Geometric mean weight diameter, mm

RstiO 0.47fgh 0.35efg 0.39bcde 0.4h 0.41c 0.36efg 0.20de 0.25bcd 0.31g 0.28¢

Rsti5 0.51bc 0.37gh 0.39bc 0.51fgh 0.44b 0.43bc 0.22fg 0.25ab 0.40efg 0.32bb

Rsti7.5 0.47bcde 0.46cde 0.44def 0.46bcde 0.46b 0.36bcd 0.34bcd 0.31cde 0.35bced 0.34ab

Rstil0 0.58a 0.49b 0.43bcd 0.52defg 0.51a 0.49b 0.38 0.30bcd 0.43def 0.40a

Mean 0.51a 0.42b 0.41a 0.47c Mean 0.41a 0.28b 0.28a 0.37c

LSD (p=0.05) Rsti:0.026, N:0.026, Rsti N:0.052 LSD (p=0.05) Rsti:0.037, N:0.037, Rsti N:0.075

SED Rsti:0.012, N:0.012, Rsti N:0.025 SED Rsti:0.018, N:0.018, Rsti N:0.036

Rsti0, Rsti5, Rsti7.5, and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 tha™, respectively

NO, N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and 150 kg N ha™!, respectively

Means followed by the same letter in a column do not differ significantly at 5% probability

Table 3 Percent water stable aggregates within aggregate fractions (mm)

Treatment Per cent aggregates of different sizes TWSA (%) Aggregate ratio
>2 mm 2-1mm 1.0-0.5mm 0.5-0.25mm 0.25-0.10mm

Rsti0 1.67¢ 2.07b 2.95b 17.32b 30.21a 54.22¢ 0.86¢

Rsti5 3.11b 3.14a 4.29a 16.85a 29.98a 57.35ac 1.02bc

Rsti7.5 3.46b 3.43a 4.44a 21.28a 29.85a 62.45ab 1.10ab

Rstil0 4.68a 3.39a 4.79a 21.52a 28.19a 62.57a 1.25a

LSD (p=0.05) 0.59 0.45 0.667 1.85 3.80 5.02 0.169

SED 0.29 0.220 0.32 0.91 1.867 2.46 0.083

N, 3.64a 2.58ab 3.82a 17.8a 23.45a 51.30a 1.29b

Ny 2.74bc 2.95a 4.26a 19.19a 30.69a 59.82a 0.99b

Ny 2.63b 2.75a 3.66a 18.65a 31.41b 59.09b 0.89a

Niso 3.92c 3.70b 4.73a 21.33a 32.69a 66.38ab 1.05b

LSD (p=0.05) 0.59 0.45 0.667 1.85 3.80 5.02 0.169

SED 0.29 0.220 0.32 0.91 1.867 2.46 0.083

-1

Rsti0, Rsti5, Rsti7.5, and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 t ha

, respectively

NO, N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and 150 kg N ha™!, respectively

TWSA represents total water stable aggregates

Means followed by the same letter in a column do not differ significantly at 5% probability

3.2.1 Effect of Rice Straw Incorporation and Nitrogen Rates
on Nutrients Availability in Soil

The macronutrients were significantly affected by Rsti and
N (Table 4). The Rsti significantly increased the available
N (Avail N) content in the soil. Avail P was highest (35.7 kg
ha™!) in Rsti10+NO and lowest (9.4 kg ha™!) in RstiO+NO.

Available potassium (Avail K) was differently affected by
Rsti and N rates (Table 4). The Rsti rate increased Avail K
significantly over the Rsti0 (100.6 kg ha™"), by 20.9, 37.2,
and 47.5% in Rsti5, Rsti7.5, and Rstil0, respectively. In con-
trast, the Avail K was significantly reduced by 9.5, 14.1, and
12.6% at N90, N120, and N150, respectively. The interactive
effect of rates of Rsti and N was also significant, with the
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Fig.2 Cumulative infiltration as influenced by a rice straw incorpora-
tion and b nitrogen levels. Rsti0, Rsti5, Rsti7.5, and Rstil0 represent
rice straw incorporation at 0, 5, 7.5, and 10 t ha™!, respectively. NO,
N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and
150 kg N ha™", respectively

highest Avail K (164.2 kg ha™!) in Rsti7.5+ NO and lowest
Avail K (94.9 kg ha™!) in Rsti04+N90.

Rsti increased the available Fe, Mn, Zn, and Cu con-
tent significantly (Table 5). In general, available Fe, Mn,
and Zn contents were statistically at par in Rsti5, Rsti7.5,
and Rstil0, and significantly higher than RstiO. The Rsti5,
Rsti7.5, and Rstil0, respectively, increased the Avail Fe by
4.6, 8.5, and 5.6%; Avail Mn by 21.8, 33.9, and 41.3%; Avail
Znby 9.5, 11.5, and 13.6%; and Avail Cu by 0, 0, and 3.7%.
The N addition also significantly affected the available Fe,
Mn, Zn, and Cu contents. The N90, N120, and N150, respec-
tively, decreased Avail Fe by 3.9%, increased by 13.4%,
and increased 13.8%. The Avail Mn was increased by 6.1,
11.9, and 23.3% at the N90, N120, and N 150, respectively.
The Avail Zn content decreased by 1.5% at N90, while it
increased by 2.3% and 3.8% at N120 and N 150, respectively.
Unlike Rsti, N addition significantly decreased the available
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Rice straw incorporation levels

Fig.3 Saturated hydraulic conductivity as influenced by rice straw

incorporation and nitrogen levels. Rsti0, Rsti5, Rsti7.5, and Rstil0
represent rice straw incorporation at 0, 5, 7.5, and 10 t ha™!, respec-

tively. NO, N90, N120, and N150 represent nitrogen fertilizer at 0,
90, 120, and 150 kg N ha™!, respectively. Error bars indicate standard
error of means. Histograms with the same letters do not differ signifi-
cantly at 5% probability

Cu content in soil. Avail Cu content with the N90, N120, and
N150 was decreased by 17.2, 1.7, and 0.9%, respectively.

3.3 Effect of Rates of Rice Straw Incorporation
and Nitrogen on Wheat Yield

Both the Rsti and N additions affected the grain yield of
wheat significantly (Table 6). The mean yield was signifi-
cantly higher in Rsti7.5 than other rates of Rsti, and in Rsti5
and Rstil0, was statistically at par and significantly higher
than Rsti0. Mean yield was higher by 5.4% in Rsti5, 11.10%
in Rsti7.5, and 6.95% in Rstil0 than the Rsti0 (4688 kg
ha™!). Wheat yield increased significantly from N addition,
with the yield from N120 (6321 kg ha™") and N150 (6092 kg
ha™') being statistically at par (Table 6). The 7.5t ha™! Rsti+
120 kg ha™! N fertilizer gave the highest yield of 6504 kg
ha~!. The treatment combination of Rsti7.5+N90 gave yield
(5749 kg ha™') that was statistically at par with the recom-
mended practice of Rst0+N120 (5980 kg ha™!), suggesting
saving of 30 kg N ha~! from Rsti7.5.

3.4 Principal Component Analysis

Principal component analysis, performed to describe the
soil’s most variable parameter(s) explaining wheat yield
based on factor loadings from each principal component
(PC), showed that maximum variability in the data was
explained by the factor loading up to 3 principal compo-
nents, which is evident from the cumulative variability up to
89.0% and eigen values of 17.8 (Table 7). The PC1 explained
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Table 4 Effect crop residue incorporation and nitrogen levels on chemical properties of 0- to 15-cm soil layer

Treatments N, Nyo Nis Niso Mean N, Ny Nis Niso Mean
Soil organic carbon (g kg™ Electrical conductivity of soil (dS m™")

Rsti0 4.7g 5.0fg 5.2efg 44g 4.8¢c 0.10c 0.15¢ 0.16bc 0.16¢ 0.15b
Rsti5 5.5def 5.8cdef  6.0bcde  6.lbcd  5.8b 0.17ab 0.17ab 0.16bc 0.14c 0.16a
Rsti7.5 5.7cdef  5.7cdef  6.0bcd 6.7ab 6.0b 0.14c 0.18a 0.17ab 0.16ab 0.16a
Rstil0 5.9cde 7.0a 6.3abcd  6.5abc 6.4a 0.10a 0.17ab 0.14c 0.17ab 0.16a
Mean 5.4b 5.8a 5.9a 5.9a 0.16b 0.17a 0.16b 0.16b

LSD (p=0.05) Rsti:0.36, N:0.36, RstixN:0.72 LSD (p=0.05) Rsti:0.010 N:0.010, RstixN:0.020

SED Rsti:0.177, N:0.177, RstixN:0.35 SED Rsti:0.005 N:0.005, RstixN:0.010

Soil pH Soil available nitrogen (kg ha™")

Rsti0 7.54bc 7.30ef 7.30a 7.52ef 7.41a 119.17a 109.76abcd 90.94¢g 81.54h 100.35a
Rsti5 7.45¢ef 7.41f 7.52bc 7.17bc  7.39b  109.76abcd  109.76abcd 116.03def  97.22fg 108.19ab
Rsti7.5 7.48ef 7.54de 7.28b 7.26ef  7.39b  109.76abcd  112.90abcde  97.22dfg 106.62bcdef ~ 106.62a
Rstil0 7.20f 7.42cd 7.50ef 7.03cd  7.29b  100.35defg ~ 84.67cdef 116.03ab 112.90abc 103.49a
Mean 7.42b 7.41b 7.40a 7.24b 109.76a 104.27a 105.06a 99.57b

LSD (p=0.05) Rsti:0.054, N:0.054, RstixN:0.109 LSD (p=0.05) Rsti:4.51 N:4.51, RstixN:9.03

SED Rsti:0.027, N:0.027, RstixN:0.053 SED Rsti:2.21 N:2.21, RstixN:4.43

Soil available phosphorus (kg ha™!) Soil available potassium (kg ha™)

Rsti0 9.4f 25.4cd 22.8de 253cd  20.7d  105.8efg 94.9¢ 98.3fg 103.3efg 100.6d
Rsti5 22.3de 24.8cd 26.3¢c 27.9¢c 25.3c 130.5cd 117.9de 131.3cd 107.0efg 121.7¢
Rsti7.5 26.2¢ 31.7b 31.2b 21.5e 27.6b  164.2a 141.4bc 111.5ef 138.6bc 138.9b
Rstil0 35.7a 31.1b 31.2b 32.4b 32.6a 159.7a 152.9ab 140.3bc 140.6bc 148.4a
Mean 23.4b 28.2a 27.9a 26.8a 140.1a 126.8b 120.3b 122.4b

LSD (p=0.05) Rsti:1.46, N:1.46, RstixN:2.92 LSD (p=0.05) Rsti:7.16, N:7.16, RstixN:14.32

SED Rsti:0.71, N:0.71, RstixN:1.43 SED Rsti:3.52, N:3.52, RstixN:7.03

Rsti0, Rsti5, Rsti7.5, and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 t ha™!, respectively

NO, N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and 150 kg N ha™!, respectively

Means followed by the same letter in a column do not differ significantly at 5% probability

Table 5 Effect crop residue incorporation and nitrogen levels on chemical properties of 0- to 15-cm soil layer

Treatments N, Ny Ny Niso Mean Ny Ny Ny Niso Mean
Fe, mg kg™ Mn, mg kg™!

Rsti0 32.95cde 28.06efg 32.92cde 28.60efg 30.64a 6.09f 5.93f 5.80f 6.58ef 6.10d
Rsti5 28.25efg 27.35g 31.32cdefg  41.14a 32.02ab 6.48ef 7.23de 8.20c 7.82cd 7.43¢
Rsti7.5 33.11cde 29.32defg  35.54bc 34.92bc 33.22a 6.61ef 8.30c 8.45¢ 9.31b 8.17b
Rstil0 27.72fg 32.55cdef  38.67ab 34.27bcd 33.30a 8.28¢ 7.72cd 8.30c 10.18a 8.62a
Mean 30.51b 29.32b 34.61a 34.73a 6.87d 7.29¢ 7.69b 8.47a

LSD (p=0.05) Rsti:2.20, N:2.20, RstixN:4.40 LSD (p=0.05) Rsti:0.37, N:0.37, RstixN:0.74

SED Rsti:1.08, N:1.08, RstixN:2.16 SED Rsti:0.182, N:0.182, RstixN:0.364

Zn, mg kg~! Cu, mg kg™!

Rsti0 2.47defg 2.20g 2.40efg 2.66bcdef  2.43b 1.18a 0.90cd 1.20a 1.08abced 1.09a
Rsti5 2.77abed 2.56cdef 2.66bcdef 2.64bcdef  2.66a 1.19a 0.88d 1.04abcd 1.26a 1.09a
Rsti7.5 2.64bcdef 2.87abc 2.32fg 3.01a 2.71a 1.14ab  0.93bcd 1.19a 1.15ab 1.10a
Rstil0 2.68abcde  2.76abed 2.95ab 2.65bcdef  2.76a 1.15ab 1.13ab 1.12abc 1.12abc 1.13a
Mean 2.64a 2.60a 2.58a 2.74a 1.16a 0.96b 1.14a 1.15a

LSD (p=0.05) Rsti:0.15, N:0.15, RstixN:0.30 LSD (p=0.05) Rsti:0.10, N:0.10, RstixN:0.20

SED (p=0.05) Rsti:0.073, N:0.073, RstixN:0.15 SED Rsti:0.05, N:0.05, RstixN:0.098

Rsti0, Rsti5, Rsti7.5, and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 t ha™", respectively

NO, N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and 150 kg N ha™, respectively

Means followed by the same letter in a column do not differ significantly at 5% probability
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Table 6 Effect of rice straw

incorporation and nitrogen Treatments No Noo Nizo Miso Mean
levels on grain yield (kg ha™") Rsti0 1797.50f 5181.53¢ 5980.32abcd 5790.93abcde 4687.57b
Sia“rvi’)eat (pooled data of 3 Rsti5 1943.04f  5343.90de 6425.94ab 6057.13abe 4942.50ab
Rsti7.5 2222.77f 5749.58bcde 6503.77a 6349.10ab 5206.31a
Rstil0 2025.95¢ 5481.72cde 6373.74ab 6171.23abc 5013.16ab
Mean 1997.32¢ 5439.18b 6320.94a 6092.10a
LSD (p=0.05) Rsti:314.4, N: 314.4, RstixN: 628.8

SED

Rsti:154.3, N: 154.3, RstixN: 308.7

Rsti0, Rsti5, Rsti7.5, and Rstil0 represent rice straw incorporation at 0, 5, 7.5, and 10 t ha™!, respectively
NO, N90, N120, and N150 represent nitrogen fertilizer at 0, 90, 120, and 150 kg N ha™!, respectively
Means followed by the same letter in a column do not differ significantly at 5% probability

Table 7 Loading values and percent contribution of assayed physicochemical variables on axis identified by the principal component analysis

Soil variables PCl1 PC2 PC3
Loading values Contribution of  Loading values Contribution of  Loading values Contribution
variables (%) variables (%) of variables
(%)

Gy wheat 0.527 2.449 —0.804 17.956 0.042 0.062
pH 0.327 0.941 0.636 11.219 —0.544 10.326
SOC 0.980 8.482 0.092 0.234 —0.143 0.713
BD 0.872 6.709 —0.052 0.075 0.249 2.157
Porosity —0.766 5.172 —0.024 0.016 —0.414 5.964
PR —0.966 8.229 0.235 1.533 —-0.049 0.083
FC 0.916 7.406 0.222 1.366 —0.184 1.178
PWP 0.954 8.024 0.243 1.644 —0.037 0.047
AW 0.656 3.803 0.137 0.524 —0.370 4.770
TWSA 0.791 5.524 —0.420 4.905 —0.099 0.341
MWD 0.376 1.248 0.817 18.518 0.155 0.836
SSIR 0.323 0.922 -0.319 2.829 —0.856 25.567
Ks -0.919 7.447 0.207 1.193 —0.195 1.322
Avail P 0.925 7.553 —0.006 0.001 -0.219 1.668
Avail K 0.674 4.009 0.697 13.480 —0.111 0.433
Fe 0.663 3.877 -0.311 2.690 0.659 15.158
Mn 0.973 8.356 -0.015 0.007 0.062 0.133
Zn 0.871 6.689 0.359 3.571 —0.003 0.000
Cu 0.156 0.215 0.317 2.796 0.905 28.580
Eigen value 11.331 3.601 2.869
Variability (%) 56.657 18.005 14.343
Cumulative variance (%) 56.657 74.662 89.004

SOC soil organic carbon, BD bulk density, PR soil penetration resistance, F'C field capacity, PWP permanent wilting point, TWSA total water
stable aggregates, MWD mean weight diameter, SSIR steady state infiltration rate, ks saturated hydraulic conductivity, Avail K available potas-
sium, Avail P available phosphorus, AW available water, GY wheat grain yield of wheat

about 56.7% of the variability with the eigen vector value of
11.3; and the variable with highest positive loading values
(0.980) and percent contribution (8.4%) was SOC. The PC2
explained 18.0% of the variability with eigen vector value
of 3.6; and the variable with highest positive loading value
(0.817) and percent contribution (18.51%) was MWD. Fur-
thermore, the PC3 explained about 14.34% variability with
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eigen vector values of 2.87; and the variables with highest
positive loading (0.905) and percent contribution (28.5%)
values were available Cu. Also, all the assessed variables
showed positive correlation except SPR, SHC, and POR
in PC1; BD, POR, TWSA, SSIR, Avail P, Avail Fe, and
Avail MN in PC2; and pH, SOC, POR, SPR, FC, PWP, AW,
TWSA, SSIR, Avail P, Avail K, and Zn in PC3. The bi-plots
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of PC1 and PC2 showed that SPR, SHC, and POR were neg-
atively correlated to all other variables (Fig. 4). Segregation
of treatments and variables in the factorial space in the fig-
ure indicates that the assayed variables are closely ordinate
with the data points representing the high correlation among
the various soil properties in the orthogonal space, which
depicts that variables were more influenced by Rsti7.5 and
Rstil0 treatments compared to Rsti5 and RstiO as well as all
N treatments. The closeness in the distribution lines for FC,
PWP, available water, SOC, Rsti7.5, and Rstil0 indicates
the positive correlation among these and the significance of
high rates of rice straw incorporation (Rsti7.5 and Rsti10) in
improving soil physical health. Moreover, Rsti had a positive
correlation with pH and available nutrients like K, Cu, Zn,
and Mn. Both the Rsti and N variables enhance wheat yield
by improving soil physical health and nutrients availability.
The random forest algorithm in the present study forecasts
that SOC and Avail K are the most important variables to
predict wheat yield (Fig. 5).

4 Discussion

Increased BD and decreased POR with Rsti are consist-
ent with the results of Osunbitan et al. (2005). Keller et al.
(2019) ascribed it to resettling of the soil particles, result-
ing from broken down of aggregates during incorporation
operation, and compression caused by wheeling action of
machinery used for incorporation. Both these mechanisms
get accentuated when the incorporated straw is chopped. The

Fig.4 Principal component

analysis of soil physicochemical

properties. SOC, soil organic 10
carbon; BD, bulk density; SPR,

NO

0 L L L :

space freed on decomposition gets occupied with finer soil
particles and as a consequence, BD is increased.

The decrease in SPR with Rsti is due to significantly
higher moisture content retention in the O to 15 cm soil layer
as a result of improved soil structure owing to the higher
amount of SOM and proportion of micro-pores (Table 1).
Such decrease in SPR with crop residue incorporation com-
pared to burning or removal has been reported by Zhang
et al. (2014); Verhulst et al. (2010); Salahin et al. (2014);
Lal (2000); and Gathala et al. (2017).

The significant improvement of total water stable aggre-
gates (TWSA) and percent of water stable aggregates with
Rsti are supported by the findings of Walia and Dick (2018)
and Karami et al. (2012). The increased percentage of mac-
roaggregates and decreased percentage of 0.2 to 1.0 mm
aggregates are in line with the observations of Singh et al.
(2018) in Indian Punjab and Wang et al. (2015) and Wei
et al. (2006) in China, who observed increased macro- and
decreased microaggregates with rice straw application. The
significant increase of mean weight diameter (MWD) and
geometric mean diameter (GMD) with Rsti is because of the
increased proportion of macroaggregates (>0.25 mm). The
increased SOC and TWSA results are in line with those of
Verhulst et al. (2010) and Ozpinar and Cay (2006).

The cumulative infiltration (CI) increase with Rsti sub-
stantiates the observations of Gathala et al. (2017), Govaerts
et al. (2009), and Jat et al. (2013) and is probably because
of the presence of a greater proportion of macro- and meso-
pores. The decreased saturated hydraulic conductivity (SHC)
with Rsti is attributed to increased bulk density (Table 1).
These results corroborate the findings of Turmel et al. (2015)

Biplot (Axes PC1 and PC2: 74.66 %)
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Variable importance for wheat
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Fig.5 Relative importance of soil variables for predicting yield.
SOC, soil organic carbon; Avail K, available potassium; SPR, soil
penetration resistance; SSIR, steady state infiltration rate; ks, satu-
rated hydraulic conductivity; Avail P, available phosphorus; TWSA,
total water stable aggregates; AW, available water; PWP, permanent
wilting point; FC, field capacity; BD, bulk density; MWD, mean
weight diameter

who reported a decrease in hydraulic conductivity of a sandy
soil with crop residue. All these studies on hydraulic con-
ductivity clarify that it may decrease with Rsti if soil bulk
density and tortuosity of the pores are increased especially
when the straw is chopped. The N fertilizer increases BD,
decreases POR and saturated hydraulic conductivity (SHC),
while it increases cumulative infiltration (CI) due to more
root proliferation (Tripathi et al. 2007) which compresses
the soil particles by its pressure (Lucas et al. 2019). The
improved water retention characteristics of soil could be
attributed to higher amount of SOM and conversion of
macro-pores into more stable water transmitting micro-
pores, as evident from the aggregation ratio in the present
study and that of Singh et al. (2011).

Regarding the change in soil chemical properties and
nutrient availability, the increase in SOC content may be
ascribed to more decay and release of carbonaceous material
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after incorporation of crop residue (Choudhury et al. 2014;
Lehtinen et al. 2014). Increased SOC with N may be due to
more root and shoot growth as well as increased amount of
leaf fall as crop progresses towards its maturity (Sivakumar
and Ahlawat 2008; Hati et al. 2015; Virk et al. 2017). Both
Rsti and N significantly increased available N, P, and K con-
tents in soil. Increased available N in soil with Rsti is simi-
lar to the results of Shafi et al. (2007) and Kushwaha et al.
(2000). Increased available N in soil with Rsti is similar to
the results of Shafi et al. (2007) and Urra et al. (2018) who
attributed it to the increased values of soil microbial activity
and biomass. The increased Avail P with Rsti is attributed
to reduced direct contact between Avail P and soil particles
and increased phosphatase enzyme activity (Lemanowicz
2011). Higher Avail K at higher Rsti is ascribed to the fact
that about 80-85% of total plant K remains in vegetative
part at crop maturity, which may contribute to the soil Avail
K after microbial decomposition. The results of the present
study are analogous with the findings of Gathala et al. (2017)
and Surekha et al. (2003). The increased available micronu-
trient contents with Rsti could be attributed to the fact that
about 50-80% of micronutrient cations (Zn, Fe, Cu, and Mn)
taken up by rice crop remains in the vegetative part after
maturity and can be recycled through incorporated residue
(Singh et al. 2009).

Increase in wheat yield with crop residue incorporation
has been reported either due to improved soil physicochemi-
cal properties (Zhao et al. 2019; Chen et al. 2020) or avail-
ability of micronutrients (Sharma and Dhaliwal 2020), but
no study is available that obviously shows the dominant vari-
able responsible for yield increase.

The principal component analysis in the present study
adds that among the measured soil properties and available
nutrients, the top-ranked responsible for increased wheat
yield from Rsti were soil organic carbon and available potas-
sium. These results are consistent with those of Sarkar and
Kar (2011) who also reported significant improvement of
grain rice and wheat yield with addition of rice straw and
wheat straw either separately or in combination. The sup-
plemented soil organic carbon improves the soil aggregation,
water intake, retention, and availability, as well as nutrients
availability, while it decreases resistance to root penetration.
Combined effect of these helps in boosting the grain yield.

Beneficial effect of Rsti into surface soil for crop pro-
duction and soil conservation has also been reported as
it rebuilds the biological activity and plays a vital role in
improvement and maintenance of edaphic environment
(Gathala et al. 2017; Jat et al. 2013; Zhang et al. 2014).
Significant increase in grain yield with Rsti and N in the pre-
sent study is in line with the results of Yuana et al. (2014).
Yield may decrease in the first and second cropping cycle
due to immobilization of nitrogen and phosphorus (Karlen
et al. 2014; Varvel et al. 2008). Nitrogen fertilizer improves
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the yield by proliferating root system and canopy size. The
wheat yield response to rice straw incorporation may vary
with the longevity of the practice, soil (textural and struc-
tural properties, which governs the distribution of soil sepa-
rates and pore spaces), type of the rice straw (as such or
chopped), and the machinery used for incorporating it.

5 Conclusions

In India and Indo-Gangetic plains, rice straw disposal is
a problem in the rice-wheat cropping system. In general,
rice straw is burnt in situ which causes deterioration of soil
health by reducing soil organic matter, damaging soil prop-
erties, killing soil flora and fauna, and multi-nutrient defi-
ciencies. Moreover, it contributes to environmental pollution
creating health hazard. Incorporating an appropriate fraction
of total rice straw into surface soil is a viable option of safe
disposal as it not only increases wheat yield, but improves
soil organic carbon, ensuing soil physicochemical properties
and nutrient availability.
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