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A b s t r a c t. Tillage practices affect mechanical and hydro-
logical characteristics of soil and subsequently the least limiting 
water range. This quality indicator under the wheat-maize sys-
tem of northwest India has not been studied yet. The treatments 
included four tillage modes, namely conventional tillage, no-til- 
lage without residue, no-tillage with residue, and deep tillage as 
well as three irrigation regimes based on the irrigation water and 
pan evaporation ratio i.e. 1.2, 0.9, and 0.6. The experiment was 
conducted in a split plot design with three replications. At the end 
of cropping system, the mean least limiting water range (m3 m-3) 
was found to be highest in deep tillage (0.26) and lowest in no- 
tillage without residue (0.15). The field capacity was a limiting 
factor for the upper range of the least limiting water range beyond 
soil bulk density 1.41 Mg m-3 and after that 10% air filled porosity 
played a major role. However, for the lower range, the perma-
nent wilting point was a critical factor beyond soil bulk density 
1.50 Mg m-3 and thereafter, the penetration resistance at 2 MPa 
becomes a limiting factor. Thus, deep tillage under compaction 
and no-tillage with residue under water stress is appropriate prac-
tice for achieving maximum crop and water productivity.   

K e y w o r d s: least limiting water range, tillage, maize, 
wheat, soil moisture, crop productivity

INTRODUCTION

Water is considered as a primary factor in limiting crop 
production. Water deficiency is not only due to rain and 
its poor distribution but also due to poor structural qua- 
lity of soil. Many soil physical properties have potential 
to limit crop production. Plant growth is affected by soil 
hydro-physical characteristics such as soil water content, 
aeration, and penetration resistance. A method called non-
limiting water range was first developed (Letey, 1985) to 
account for each of these limiting soil physical conditions. 

This concept was later improved and renamed as the least 
limiting water range (LLWR) by da Silva et al., 1994. 
The LLWR is defined as the range in soil water within 
which limitations to plant growth associated with water 
potential, aeration, and mechanical resistance to root pe- 
netration are minimal (da Silva et al., 1994). It integrates 
the effects of aeration, soil strength, and water potential into 
one index on the basis of soil water content. The LLWR 
can be considered to be a useful indicator of soil physi-
cal quality for crop production (Asgarzadeh et al., 2010; da 
Silva and Kay, 2004; Lapen et al., 2004; Leao et al., 2006; 
Verma and Sharma, 2008). The LLWR is more sensitive to 
soil structural changes than available water (da Silva et al., 
1994; Zou et al., 2000).

The LLWR can be used to evaluate improvement or 
degradation of soil physical properties. The usefulness of 
LLWR as an index of soil physical quality in a wide range 
of soils, crops, and tillage management practices is reported 
by several researchers (Benjamin et al., 2003; da Silva et 
al., 1994, 2004; Leao et al., 2006; Wu et al., 2003). Ideal 
conditions for plant growth are associated with the value of 
10% air porosity (Bowen et al., 1994; Grable and Siemer, 
1968) and 2 MPa soil resistance to root development (da 
Silva et al., 1994). The upper limit is defined at 10% aera-
tion porosity on volumetric base (Gupta and Allamaras, 
1987) or soil water content at field capacity whichever is 
lower and lower limit is either the soil water content at 
the permanent wilting point (Savage et al., 1996) or cor-
responding to 2 MPa (da Silva et al., 1994) soil penetration 
resistance whichever is higher. When the LLWR is zero, the 
soil achieves the critical soil bulk density value (Imhoff et 
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al., 2001), which indicates that restrictive density affecting 
root growth and crop yield has been reached (Reichert et 
al., 2009). 

A wide range of LLWR implies that the soil is intermit-
tent to environmental stresses as the plants growing in such 
soil are less likely to suffer from poor aeration, water stress, 
and/or mechanical impedance and the soil is more produc-
tive, as compared to soil with a narrow range of LLWR 
(da Silva and Kay, 2004). The LLWR represents a great 
advance in biophysical studies of soils, and it is considered 
as the best indicator in relation to plant growth. There are 
reports showing that soil management systems leading to 
lower LLWR expose crops to more frequent stress due to 
excess or lack of water (da Silva and Kay, 1996). Tillage 
practices may alter soil physical environment by bring-
ing changes in soil mechanical and hydrological changes 
(Shaver et al., 2002), which subsequently affect the LLWR 
and crop productivity (Iqbal et al., 2005). 

Presently, the rice-wheat system is predominant in 
northwest India and due to alternate tillage practices in 
this system, the problems of poor aeration and compac-
tion have started emerging, which may cause soil health 
and underground water concerns. Studies in Punjab (Kukal 
and Aggarwal, 2003; and Singh et al., 2009) have shown 
the presence of a high soil bulk density (ρb) layer at 
15-25 cm soil depth under this monoculture. Therefore, 
there is a need to diversify the prevailing wheat-rice crop-
ping system with the wheat-maize system, which will help 
in preventing the deterioration of soil health as well as 
restricting the fall of underground water by consuming less 
water as compared to rice. So far, the effects of tillage prac-
tices on soil mechanical characteristics, LLWR, and crop 
productivity had not been studied under different tillage 
and irrigation regimes together in this region. Therefore, 
the study was planned with the objective to determine 
the effects of tillage practices on LLWR and to find suit-
able practice that assures favourable soil environment for 
achieving higher crop and water productivity.  

MATERIALS AND METHODS

This field experiment was conducted during the grow-
ing seasons of 2014 (wheat) and 2015 (maize) at the 
Research Farm of the Department of Soil Science, Punjab 
Agricultural University, Ludhiana. The site represents the 
Indo-Gangetic alluvial plains situated at 30° 56’ N latitude 
and 75° 52’ E longitude with an altitude of 247 m above the 
mean sea level. The area is characterized by a sub-tropical 
and semi-arid type of climate with hot and dry summer 
from April to June followed by hot and humid period dur-
ing July to September and cold winters from November 
to January. The mean maximum and minimum tempera-
tures show considerable fluctuations during different parts 
of the year. The summer temperature touches 45°C with 
dry summer spells. Winter experiences frequent frosty 

spells especially in December and January and minimum 
temperature dips to 0.5°C. The experiment comprised four 
tillage practices, namely conventional tillage (CT), no-till-
age without residue (NT), no-tillage with residue (NTR), 
and deep tillage (DT) in main plots as well as three irri-
gation regimes based on the irrigation water over pan 
evaporation ratio i.e. IW/PAN-E ratio of 1.2, 0.9, and 0.6 
in subplots for both the crops. However, before wheat 
crop, the field was under rice-wheat cropping systems with 
conventional tillage practices. The plots were 4.0 m wide 
by 10.0 m long with treatments replicated three times in 
a split plot design. In the conventional tillage plots, the 
field was disked twice followed by two cultivators and one 
planking operation, while the field in the deep tillage was 
deep ploughed up to 45 cm depth with 50 cm apart and 
then conventional tillage operations were performed. In no 
tillage with residue, the sowing of both the crops was made 
directly under the no-till conditions with retention of crop 
residue. However, in no-tillage without residue practice, 
the residues were removed for both the crops and sowing 
was made under undisturbed soil conditions. The soil was 
neutral, non-calcareous in nature, and sandy loam in texture 
(Typic Ustochrept). The sowing of wheat and maize was 
performed following all recommended packages of practic-
es in the month of October 2014 and May 2015 with a seed 
rate of 100 and 20 kg ha-1, respectively. The row-to-row 
spacing was maintained as 20 cm in wheat and 60 cm in 
maize. The harvesting of wheat and maize were performed 
in the month of April and October, respectively. The in-situ 
and laboratory determinations were made for various soil 
physico-chemical characteristics at the end of the experi-
ment i.e. after maize harvesting. 

The in-situ determination of soil bulk density (ρb) was 
made with the help of a cylindrical core having 7.5 cm 
height and 8.0 cm diameter at 0-15 and 15-30 cm depths 
with three replications. The cores were dried in an oven 
at 105°C until the weight of the soil became constant. The 
ratio of dry soil mass (Ms) and internal volume (Vt) of the 
cylindrical ring is expressed as bulk density (ρb) of soil 
(Mg m-3) (Blake and Hartge, 1986):

.
t

s
b V

M=ρ (1)

The penetration resistance (PR) of soil was measured 
with a hand-held digital cone penetrometer (CP40II; Rimik 
electronics, RFM Australia) at five randomly selected 
locations within a plot. The soil PR was recorded up to 
60 cm depth. The measurements were made at the end of 
the wheat-maize cropping cycle along with simultaneous 
measurements of soil moisture content. 

The saturated hydraulic conductivity (Ks) was deter-
mined using the constant head method (Reynolds et al., 
2002). Undisturbed soil cores (8 cm diameter and 7.5 cm 
length) were collected from 0-7.5 and 7.5-15 cm depths. 
Samples were saturated in the laboratory. A saturated soil 
sample along with the core was connected with another 



TILLAGE EFFECT ON LEAST LIMITING WATER RANGE 185

core and, to avoid water leakage, grease was applied in the 
jointing place on the top of a previous core. A thin layer 
of water was slowly poured on top of the sample by using 
siphons connected to a constant head device (Mariotte 
apparatus). The volume of water that percolated through 
the sample was measured at definite intervals of time. The 
Ks was calculated using the following equation: 

,
LH

L
tA

Q Ks +
= (2)

where: Ks – saturated hydraulic conductivity (cm h-1), 
Q – volume of percolate collected (cm3), L – length of soil 
column (cm), A – cross sectional area of soil column (cm2), 
t – time (h), H – depth of water above soil (cm).

The volumetric soil moisture content in different layers 
was computed by multiplying the mass water content with 
the ρb of a particular layer.

During the growing period of both the crops, the agro-
nomic data on plant height, thousand grain weight, crop 
biomass, and yield was recorded. The plant height of ten 
randomly selected plants in each plot was measured with 
the help of a meter scale from the ground surface to the 
apex of the plant. A representative sample of one thousand 
grains for both the crops from each plot was counted manu-
ally and weighed on a precision balance and expressed in 
grams. The crop biomass determination was made by tak-
ing all the above ground plant parts of 1 m2 area per plot for 
both the crops and was dried and weighed. The harvested 
crop produced from each plot was decobbed separately in 
the case of maize and thrashed in the case of wheat. The 
grain yield of both the crops were recorded in kg from 
24 m2 area in each plot and finally expressed in t ha-1. 

The root distribution was measured at 75 and 95 days 
after sowing (DAS) in maize and wheat, respectively. The 
root samples were collected up to 60 cm depth in both the 
crops. For root sampling, the soil cores were taken with the 
help of a core sampler of 5 cm diameter. Samples were tak-
en in between the plant rows. The root-soil cores were then 
collected and washed in plastic nets. Roots were carefully 
separated from the soil by washing the nets under water. 
The washed roots were further cleaned to remove any lefto-
ver weed roots, seed, and other organic debris. The root 
length density (RLD) (cm cm-3) was calculated from the 
total length of roots measured by a scanner to the volume 
of the core. 

The water productivity (WP) was calculated by divid-
ing the grain yield of corresponding treatment with the total 
water use (IW+RF+PWU) (cm) in particular treatment: IW 
– amount of irrigation water applied (cm), RF – rainfall dur- 
ing crop growth period (cw), WU – profile water use (cw).

The data collected on various aspects of the investiga-
tions were statistically analysed as prescribed by Cochran 
and Cox (1967) and adapted by Cheema and Singh (1991) 
in statistical package CPCS-I. The treatment comparisons 
were made at a 5% level of significance.  

Soil moisture retention at different matric suctions i.e. 
0.03, 0.1, 0.5, 1.0, 1.5 MPa was determined with the help 
of pressure plate apparatus. Brass rings of the core sam-
pler containing undisturbed soil samples were used for 
determining the soil water content at field capacity, perma-
nent wilting point and other suctions using pressure plate 
apparatus. Respective matric potential was applied over 
the undisturbed saturated soil samples in rings until water 
ceased to flow from the pressure chambers. Then the soil 
samples were taken out of the chamber and water content 
was determined gravimetrically. Gravimetric soil water 
contents at field capacity (0.03 MPa) and permanent wilting 
point (1.5 MPa) were multiplied with ρb to give volumetric 
water content at field capacity and permanent wilting point. 

The water content at complete saturation was deter-
mined by saturating undisturbed soil samples in rings 
overnight and then the soil water content of saturated soil 
was determined gravimetrically, which when multiplied 
with ρb gives volumetric water content (θsat). The volu-
metric water content at 10% air filled porosity (θap) was 
determined using a method suggested by da Silva et al. 
(1994) as follows:

θap = θsat – 10. (3)

Upper limit of LLWR is 10% aeration porosity on volu-
metric base (θap) or soil water content at field capacity (FC) 
whichever is lower.

Lower limit of LLWR is either soil water content at 
wilting point or corresponding to 2 MPa soil penetration 
resistance whichever is higher.

Magnitude of LLWR – soil water content between the 
upper and lower limit of LLWR.

RESULTS

The soil bulk density (ρb), a prominent factor in quali- 
fying the compaction state of soil, was found to be sig-
nificantly affected by tillage practices both at the surface 
0-15 cm) and sub-surface soil layers (15-30 cm). In deep 
tillage with deep ploughing of field up to 45 cm depth, 
the soil ρb decreased up to 8% as compared to NT in the 
subsurface soil layer (Table 1). This demonstrates the effec-
tiveness of chiselling as a mechanical practice to minimize 
the limiting factors to the development and productivity of 
plants. The decrease in soil ρb with intensive tillage prac-
tices was also reported by Diaz-Zorita (2004); Khurshid 
et al. (2006) and Ji et al. (2013). Maximum soil ρb (1.57 
and 1.76 Mg m-3) was recorded in no-tillage without resi-
due practice at 0-15 and 15-30 cm soil depths, respectively. 
Likewise soil ρb, the PR (MPa) was found to be signifi-
cantly affected by tillage practices at lower soil depths 
(Table 1). Due to shattering of soil up to 45 cm depth and 
50 cm apart, the soil was loosened from the lateral and 
vertical downward direction. This helped in achieving 
minimum PR under deep tillage. At the surface soil layer 
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(0-15 cm), the PR was maximum under conventional till-
age (0.59) followed by no-tillage without residue (0.57), 
no-tillage with residue (0.55), and least under deep till-
age (0.46). Thus, there was no significant difference 
at the surface layer under different tillage practices. 
However, at the subsurface layer (15-30 cm), the PR was 
found to be significantly increased up to 2.45, 2.23, and 
2.30 in conventional tillage, in no-tillage without resi- 
due, and in no-tillage with residue, respectively. In turn, in 
the case of deep tillage, the increase in PR was only up to 1. 
60 MPa. The high PR in conventional tillage may be due to 
hard pan formation caused by the use of heavy machinery 
for performing five field operations before actual sowing of 
the crop. However, deep tillage caused physical manipula-
tion of subsurface soil and increased soil porosity leading 
to a decrease in PR. A similar trend was observed for other 

soil layers (Fig. 1a). The data pertaining to the effect of 
tillage practices on saturated hydraulic conductivity (Ks) is 
presented in Table 1. Maximum Ks (cm h-1) was observed 
in deep tillage (5.36 and 4.63), followed by no-tillage with 
residue (5.11 and 4.33), no-tillage without residue (4.46 
and 3.41), and conventional tillage (3.92 and 2.81) at 0-15 
and 15-30 cm depths, respectively. The removal of the hard 
layer at the subsurface level through chiselling enhanced 
more open and more homogeneous water movement 
through the soil. However, continuous conventional tillage 
caused a decrease in soil organic matter content, which was 
associated to a decrease in aggregate stability, consequently 
leading to the formation of surface crusts. Surface crusts 
are a dangerous aspect of soil degradation; they are formed 
mainly by raindrop impact, which causes the mechanical 

T a b l e  1.  Soil bulk density, saturated hydraulic conductivity and penetration resistance under different tillage practices in wheat-
maize cropping system

Tillage
practices

Bulk density
(Mg m-3)

Saturated hydraulic conductivity 
(cm h-1)

Penetration resistance
(MPa)

Soil depth (cm)

0-15 15-30 0-15 15-30 0-15 15-30

CT 1.49 1.70 3.92 2.81 0.59 2.45

NT 1.57 1.76 4.46 3.41 0.57 2.23

NTR 1.53 1.74 5.11 4.33 0.55 2.30

DT 1.47 1.63 5.36 4.63 0.46 1.60

Mean 1.51 1.70 4.71 3.79 0.54 2.15

LSD (<0.05) 0.07 0.05 1.01 0.95 NS 0.36

CT – conventional tillage, NT – no-tillage without residue, NTR – no-tillage with residue, DT – deep tillage.

Fig. 1. Penetration resistance (a) and volumetric soil water content (b) under different tillage practices.

a b

-

-
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destruction of soil aggregates, thus reducing seedling emer-
gence, soil-atmosphere gas exchange, water infiltration, 
and Ks. The data on the effect of tillage practices on the 
volumetric soil moisture content (θ) at different soil depths 
is presented in Fig. 1b. Mean maximum θ was observed 
in no-tillage with residue, followed by no-tillage without 
residue, conventional tillage, and deep tillage. As the soil 
disturbance increased by frequent tillage practices, the θ 
decreased. However, with an increase in soil depth, the θ 
also increased. The data on soil moisture characteristics is 
presented in Fig. 2a. 

The effect of tillage practices on RLD of maize and 
wheat is presented in Table 2. At the surface layer (0-15 cm), 
the RLD (cm cm-3) was found to be maximum under deep 
tillage (1.78), followed by conventional tillage (1.13), no-
tillage with residue (1.07), and no-tillage without residue 
(0.85). High RLD was observed in deep tillage attributed 

to loosening of soil, which helps in greater root prolifera-
tion. The RLD of wheat varied significantly among the 
tillage practices. Maximum mean RLD (cm cm-3) at 
0-15 cm depth was observed in deep tillage (1.25) and 
the least in no-tillage without residue (0.83). At 15-60 
cm depth, RLD (cm cm-3) was in the range of 0.33-0.66 
in conventional tillage, 0.21-0.44 in no-tillage without 
residue, 0.27-0.57 in no-tillage with residue, and 0.36-
0.72 in deep tillage. The data pertaining to the effect 
of tillage practices on plant height (m) is presented in 
Table 3. Tillage practices significantly affect the plant height 
of both the crops. Mean maximum plant height (cm) of wheat 
was observed in deep tillage (1.05) followed by no-tillage 
without residue (1.02), conventional tillage (1.01), and no-
tillage with residue (0.98). However, in maize the trend of 
plant height among the tillage practices was of the order 
deep tillage > no-tillage with residue > no-tillage without 
residue > conventional tillage. The thousand grain weight 

Fig. 2. Soil moisture content at different suction (a) and mean least limiting water range (LLWR) (b) under different tillage practices.

a b

T a b l e  2.  Root length density (cm cm-3) under different tillage practices in wheat-maize cropping system at different soil depths

Tillage
practices

Wheat Maize

Soil depth (cm)

0-15 15-30 30-45 45-60 0-15 15-30 30-45 45-60

CT 0.95 0.66 0.48 0.33 1.13 0.87 0.63 0.48

NT 0.83 0.44 0.31 0.21 0.85 0.59 0.47 0.37

NTR 1.04 0.57 0.39 0.27 1.07 0.86 0.55 0.44

DT 1.25 0.72 0.48 0.36 1.78 1.22 0.76 0.57

Mean 1.02 0.60 0.42 0.29 1.21 0.89 0.60 0.46

LSD (<0.05) 0.13 0.08 0.07 0.07 0.38 0.21 0.16 0.09

Explanations as in Table 1.

-

-

- -
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(TGW) (g), a major yield contributing factor, was observed 
to be maximum under deep tillage (45.7 and 305.7) for wheat 
and maize, respectively. Minimum TGW was observed in 
no-tillage without residue in wheat and conventional tilla- 
ge in maize. Significantly higher water productivity was 
observed under deep tillage in both the crops; however, the 
lowest water productivity was observed under no-tillage 
without residue in wheat and under conventional tillage 
in maize (Table 3). Among various irrigation regimes, the 
mean maximum plant height was observed in IW/PAN-E 
1.2 (I1) in wheat and IW/PAN-E 0.9 (I2) in maize (Table 4). 
Maximum TGW, crop biomass, crop yield, and water pro-
ductivity was observed at the I1 regime in wheat but in 
maize maximum TGW and yield was observed at the IW/
PAN-E 0.9 (I2) regime. The maximum water productivity 
was observed at the IW/PAN-E 0.6 (I3) regime in maize. 

The data related to the effect of different tillage practic-
es on mean LLWR is presented in Fig. 2b. The mean LLWR 
(m3 m-3)was found to be highest in deep tillage (0.26) fol-
lowed by no-tillage with residue (0.24), conventional 
tillage (0.20) and no-tillage without residue (0.15). With an 

increase in tillage intensity, the LLWR also increases. The 
variation in soil ρb under different tillage practices results in 
different soil water content values. The data on volumetric 
water content of soil in relation to soil ρb is presented in 
Fig. 3. Among different tillage practices, the field capacity 
was the limiting factor for the upper range of LLWR beyond 
ρb (Mg m-3) 1.41, after that 10% air filled porosity (AFP) 
became the limiting factor. For the lower range, the PWP 
was the limiting factor beyond ρb (Mg m-3) 1.50 and the- 
reafter PR 2 MPa became the limiting factor for different 
tillage practices. In the case of conventional tillage for the 
upper value of LLWR, FC was the limiting factor up to ρb 
1.37 Mg m-3,  after that 10% AFP became the limiting fac-
tor and for lower PWP was limiting up to ρb 1.44 Mg m-3, 

then PR 2 MPa was limiting. In no-tillage with residue 
for the upper value, FC was the limiting factor up to ρb 
1.41 Mg m-3 and thereafter 10% AFP was the limiting factor. 
For the lower value, permanent wilting point (PWP) was li- 
miting up to ρb 1.54 Mg m-3, after that PR 2 MPa was limiting. 
In the case of DT, the upper value of LLWR was FC up to ρb 
1.40 Mg m-3, after that 10% AFP was limiting. For the lower 

T a b l e  3.  Plant height, thousand grain weight, crop biomass, crop yield and water productivity of wheat and maize under different 
tillage practices

Tillage 
practices

Plant height
(cm)

Thousand grain 
weight (g)

Crop biomass
(Mg ha-1)

Crop yield
(Mg ha-1)

Water productivity 
(Mg ha-1 mm-1)

wheat maize wheat maize wheat maize wheat maize wheat maize

CT 1.01 2.42 42.7 283.9 13.6 15.5 4.27 5.96 26.4 7.76

NT 1.02 2.66 39.8 296.8 13.9 15.9 4.08 5.92 25.1 8.30

NTR 0.98 2.69 40.7 294.8 14.5 16.9 4.13 6.54 25.7 9.84

DT 1.05 2.74 45.7 305.7 15.4 18.1 4.46 6.92 27.2 10.21

Mean 1.01 2.63 42.2 295.3 14.4 16.6 4.23 6.34 26.1 9.03

LSD (<0.05) 0.04 0.12 1.52 10.9 1.06 1.24 0.17 0.31 0.74 0.83

Explanations as in Table 1.

T a b l e  4.  Plant height, thousand grain weight, crop biomass, crop yield and water productivity of wheat and maize under different 
irrigation regimes

Irrigation 
regimes

Plant height (cm) Thousand grain 
weight (g)

Crop biomass
(Mg ha-1)

Crop yield
(Mg ha-1)

Water productivity
(Mg ha-1 mm-1)

wheat maize wheat maize wheat maize wheat maize wheat maize

I1 1.028 2.65 44.2 293.1 15.2 17.1 4.60 6.22 27.3 8.58

I2 1.007 2.68 41.8 301.1 14.2 16.5 4.15 6.63 26.0 8.97

I3 1.002 2.56 40.5 291.7 13.9 16.1 3.95 6.15 25.1 9.54

Mean 1.012 2.63 42.2 295.3 14.4 16.6 4.23 6.33 26.1 9.03

LSD (<0.05) 0.016 NS 1.80 7.90 0.70 0.60 0.34 0.31 1.20 0.56

I1 – IW/ PAN-E ratio 1.2; I2 – IW/ PAN-E ratio 0.9; I3 – IW/ PAN-E ratio 0.6 (both in maize and wheat).
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value, PWP was limiting up to ρb 1.45 Mg m-3, then 2 MPa 
PR became limiting. In the case of no-tillage without resi-
due, the FC was the limiting factor up to ρb (1.45 Mg m-3); 
thereafter 10% AFP became limiting. For the lower value, 
the PWP was the limiting factor up to ρb 1.52 Mg m-3, after 
that 2 MPa was limiting. LLWR had a maximum value in 
deep tillage followed by conventional tillage, no-tillage with 
residue, and the least value under no-tillage without residue. 

The soil bulk density and PR represent the compac-
tion conditions of soil and have a significant effect on crop 
physiology. The relation between PR and ρb and grain 
yield is presented in Fig. 4a and b. There is a positive 
relation between PR and ρb. However, the relation between 
PR and grain yield was found to be negative, as presented 
in Fig. 4b. The fact of considering LLWR as a good indi-
cator of crop productivity was found to be correct in the 
present study with a correlation coefficient of 0.85 in maize 
and 0.90 in wheat (Fig. 5). Different tillage practices alter 

pore size distribution, increase microporosity, and thus 
affect soil ρb. Figure 6 presents the relation between ρb and 
LLWR. There is a negative relation between ρb and LLWR. 
The increase in ρb decreases the LLWR in all tillage sys-
tems. In relation to LLWR, the increase in ρb increases soil 
PR, decrease the soil water content at FC, and reduces aera-
tion. At the same ρb, LLWR was found to be in the order 
deep tillage > no-tillage with residue > conventional till-
age > no-tillage without residue. The θ increases with an 
increase in ρb due to the reduction in macroporosity, which 
leads to narrow LLWR. 

DISCUSSION

Mean maximum volumetric water content after a com-
plete wheat-maize cropping cycle was observed under 
no-tillage with residue, followed by no-tillage without resi-
due, conventional tillage, and deep tillage. The no-tillage 
with residue practice conserved more moisture probably 

Fig. 3. Volumetric soil water content in relation to bulk densities under different tillage practices.

No-tillage
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because of the retention of crop residues on the soil surface, 
interception of rainfall, reduction of runoff, evaporation, 
and an increase in available water capacity as compared 
to other tillage practices where the crop residue was com-
pletely removed. Similar observations were also reported 
by Filho et al. (2013); Kebede and Bekelle (2008); Rashidi 
and Keshavarzpour (2007); and Wang et al. (2009). Further, 
the tillage-induced disturbance and the pulverizing effect 
under conventional tillage and deep tillage produce a finer 
and loose soil structure, which has fewer retention pores 
than in no-tillage with residue. Soil disturbance and tillage 
frequency decreases volumetric water content (Hussain et 
al., 1998). As in this study, the increase in soil moisture 
with depth was also reported by Dao (1993); Kahlon et al. 
(2012); Kebede and Bekelle (2008). 

The deep tillage promotes higher root proliferation 
because of loosened soil conditions both laterally and ver-
tically downward performed by deep ploughing the field. 

Zhao et al. (2014) also reported that RLD of deep tillage at 
0-10, 10-20, 20-30, and 30-40 cm depths were higher than 
conventional tillage by 28.7, 50.0, 52.5, and 64.0%, respec-
tively. Ji et al. (2013) and Wang et al. (2009) also reported 
higher RLD under deep tillage than conventional tillage. 
However, soil compaction, particularly of the deeper soil 
layers, may have caused a significant decrease of RLD with 
depth. The highest plant height, TGW, biomass and crop 
productivity of both the crops observed under deep tillage 
are attributed to enhanced nutrients and moisture availa- 
bility than other tillage practices. Liu et al. (2010) con-
cluded that maize with mulch improved the ecological 
environment of the soil, increased soil temperature and 
soil water contents, promoted the growth of maize, and 
increased crop yield. 

The increase in ρb increased the cohesion of the soil 
particles, decreased macroporosity, reduced soil aeration, 
and increased the risk of soil compaction, which led to 

Fig. 4. Relationship between bulk density and penetration resistance (a) and maize grain yield and penetration resistance (b). 

Fig. 5. Relationship between least limiting water range (LLWR) and grain yield of wheat and maize. 

a b
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decreased water content at AFP and increased PR within 
the LLWR. Chiselling decreased soil ρb and increased the 
LLWR magnitude by lowering the soil water content at 
which PR reaches 2.0 MPa. Similar observations were 
also recorded by Calonego et al. (2011). Higher LLWR 
in soil under chiselling, results in a favourable physical 
environment for root growth (Betz et al., 1998; Cavalieri 
et al., 2006). Kadziene et al. (2011) also found a greater 
LLWR for ploughed and harrowed systems than for no-
tillage without residue. The effect of bio-pores on PR was 
greater in no-tillage without residue because of undis-
turbed compaction conditions, which decreased LLWR. 
This may also be because of the higher ρb found in the con-
servation system where soil resistance reaches 2.0 MPa at 
higher moisture contents. These results are in accordance 
with that of Kaufmann et al. (2010) and Olibone et al. 
(2010). In the 0-15 cm soil layer, zero tillage with residue 
(ZT+R), permanent broad bed with residue (PBB + R), 
and permanent narrow-beds with residue (PNB + R) had 
nearly 13, 24, and 11% higher mean LLWR values than 
ZT, PBB, and PNB plots, respectively; the crop residue 
retention improved LLWR (Mishra et al., 2015). Mean 
LLWR was 40% greater in conventional tillage than in no- 
tillage without residue (Filho et al., 2013).

With an increase in LLWR (m3 m-3), the grain yield 
(Mg ha-1) increased, as it provides more availability of mois-
ture for plants to utilize and offers less restriction for roots. 
It provides a better environment for plants to grow. The 
grain yield increases due to a decrease in soil PR associated 
with non-limiting conditions water and nutrient availabi- 
lity. According to Kay et al. (2006), the LLWR of a soil 
can be directly linked to physiological limitations of plant 
growth. A significant and positive correlation was also 
observed between LLWR and wheat grain yield by Sharma 
and Bhushan (2001). There was a negative relation between 
ρb and LLWR. Among tillage practices, the LLWR was of 
the order deep tillage > no-tillage with residue > conven-
tional tillage > no-tillage without residue. The θ increases 
with an increase in ρb due to the reduction in macroporos-
ity, leading to narrow LLWR. A decrease in LLWR with an 
increase in soil ρb was also reported by Choudhary et al. 
(2008); da Silva and Kay (1997); Kauffman et al. (2010); 
and Calonego et al. (2011). The increase in soil ρb under 
deep tillage > no-tillage with residue > conventional til- 
lage > no-tillage with residue due to undisturbed soil sur-
face leading to soil compaction was also reported by Ram 
et al. (2010), and Alvarez and Steinbach (2009). The soil 
ρb and PR were significantly lower in plots with tillage due 
to reduction in compaction and an increase in porosity. In 

Fig. 6. Least limiting water range (LLWR) in relation to soil bulk density under different tillage practices.
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deep tillage, due to the loosening of soil to the deeper 
layer, the PR was found to be minimal as compared to 
other tillage practices, and grain yield was maximal due 
to availability of water and nutrients from deeper layers. 
As the PR decreases, soil helps in maintaining effec-
tive plant rooting and facilitates good water and nutrient 
uptake by plants, which subsequently help in improv-
ing the crop yield. The PR measurements of soil can be 
used to assess the need for tillage operations, which help 
maintain effective plant rooting and facilitate good water 
and nutrient uptake. Soil PR was negatively correlated 
with soil water content and positively correlated with ρb 
(Filho et al., 2013). With an increase in LLWR (m3 m-3), the 
grain yield (t ha-1) increases as it provides more moisture 
for plants to utilize and offers less restriction for roots. It 
provides a better environment for plants to grow. With an 
increase in LLWR, the limiting condition associated with 
soil PR decreases leading to an increase in water and nu- 
trient availability, thus grain yield increases. The LLWR 
of a soil can be directly linked to physiological limitations 
of plant growth (Kay et al., 2006). Memon et al. (2013) 
also reported that maize had the greatest plant height under 
deep tillage than conventional tillage because of enhanced 
nutrients and moisture availability in deep tillage than con-
ventional tillage.  

There was a significant change in the soil ρb and PR in 
deep tillage due to shattering and loosening of soil up to 
45 cm depth and 50 cm apart. This reduced compaction 
under deep tillage provides a better soil environment for 
achieving a wider LLWR. The compaction changes the 
pore size distribution of the bulk soil with an increase in 
micro porosity and a decrease in macro porosity. This is also 
reflected by an increase in soil bulk density. The changes in 
soil structure due to compaction have three consequences 
related to LLWR: an increase in soil PR, a decline in soil 
water content at FC, and a reduction of air at high water 
content. The compaction recorded in no-tillage without 
residue due to undisturbed soil conditions decreased the 
LLWR as was also reported by da Silva and Kay (1997) and 
Tormena et al. (1999). Among tillage practices, the ӨAFP 
was the upper limit of LLWR when the bulk density was 
greater than 1.40 Mg m-3.   

CONCLUSIONS

1. The deep tillage helped in reducing the soil com-
paction by lowering soil bulk density and penetration 
resistance and thus, provided better environment for root 
proliferation as well as water and nutrient uptake from the 
deeper soil layers.  

2. The least limiting water range was found to be a good 
soil quality indicator, particularly in northwest India, where 
soil compaction at the subsurface soil layer (15-30 cm) is 
an emerging problem due to alternate tillage practices in 
a monoculture system. The mean highest least limiting 

water range was observed in deep tillage and the lowest in 
no-tillage without residue. The least limiting water range 
decreases with increases in soil bulk density. 

3. The irrigation regimes did not significantly influ-
ence the mechanical and hydrological properties of the 
soil, thus the least limiting water range was unaffected by 
these regimes. However, the irrigation regimes significant-
ly influence the plant parameters and productivity of both 
wheat and maize.  

4. With the increase in the least limiting water range, 
the grain yield increased which was attributed to better soil 
environment for root proliferation and crop growth. Thus, 
under compaction (hard pan formation), the deep tillage is 
the best practice to opt for achieving maximum crop and 
water productivity, whereas the no-tillage with residue 
practice is a viable option under water stress conditions.  
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