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water-use efficiency under an irrigated pigeonpea–wheat cropping
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SUMMARY

In search of a suitable resource conservation technology under pigeonpea (Cajanus cajan L.)–wheat (Triticum
aestivum L.) system in the Indo-Gangetic Plains, the effects of conservation agriculture (CA) on crop productivity
and water-use efficiency (WUE) were evaluated during a 3-year study. The treatments were: conventional tillage
(CT), zero tillage (ZT) with planting on permanent narrow beds (PNB), PNB with residue (PNB + R), ZT with plant-
ing on permanent broad beds (PBB) and PBB + R. The PBB + R plots had higher pigeonpea grain yield than the CT
plots in all 3 years. However, wheat grain yields under all plots were similar in all years except for PBB + R plots in
the second year, which had higher wheat yield than CT plots. The contrast analysis showed that pigeonpea grain
yield of CA plots was significantly higher than CT plots in the first year. However, both pigeonpea and wheat
grain yields during the last 2 years under CA and CT plots were similar. The PBB + R plots had higher system
WUE than the CT plots in the second and third years. Plots under CA had significantly higher WUE and signifi-
cantly lower water use than CT plots in these years. The PBB + R plots had higher WUE than PNB + R and PNB
plots. Also, the PBB plots had higher WUE than PNB in the second and third years, despite similar water use. The
interactions of bed width and residue management for all parameters in the second and third years were not sig-
nificant. Those positive impacts under PBB + R plots over CT plots were perceived to be due to no tillage and
significantly higher amount of estimated residue retention. Thus, both PBB and PBB + R technologies would
be very useful under a pigeonpea–wheat cropping system in this region.

INTRODUCTION

Continuous rice–wheat cropping system in the Indo-
Gangetic Plains (IGP), often with poor management,
has resulted in a decline in productivity and crop
yields in the highly productive areas (Singh et al.
2011; Jat et al. 2013). This has also resulted in loss
of soil fertility due to emergence of multiple nutrient
deficiencies (Dwivedi et al. 2001) and deterioration
of soil physical properties (Gathala et al. 2013).

Besides, this cropping system is input-intensive, i.e.
there is demand for high doses of fertilizers, high
levels of irrigation and intense tillage practices, which
makes it unsustainable. This calls for finding an alterna-
tive cropping system and suitable management prac-
tice, which can sustain soil and environmental health
in addition to improving crop water-use efficiency
(WUE) and farm economy (Das et al. 2014).

The fertilizer nitrogen (N) use of rice–wheat crop-
ping system in the IGP is low, ranging from between
21 and 31% in rice and 32–52% in wheat, due to N
losses by different pathways (Aulakh & Singh 1997).
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Growing a legume crop in place of rice may have
advantages well beyond the N additions through bio-
logical N2 fixation, including nutrient recycling from
deeper layers, minimizing soil compaction, increasing
soil organic matter, facilitating soil aggregation, break-
ing of weed and pest cycles, minimizing harmful
allelopathic effects and also improving WUE and nu-
trient-use efficiency (Ghosh et al. 2007; Thierfelder
et al. 2012). Constraints such as the cost of raising a
leguminous crop and delays in wheat sowing due to
the long duration of monsoon grain legumes restricts
the integration of legumes on a large scale (Ali 1999;
Siddique et al. 2012). However, development of
short-duration pigeonpea varieties in recent years
improves the feasibility of growing pigeonpea
instead of rice in the rice–wheat cropping system.

Pigeonpea occupies an area of c. 3·4 million ha
with a total production of 2·3 million tonnes (t) and
an average productivity of 678 kg/ha (Government of
India 2010). Singh et al. (2005) reported that the net
economic returns under the pigeonpea–wheat
system were greater compared with the rice (Oryza
sativa L.)–wheat system in this region and the former
system had better soil health than the latter. Thus,
this system has the capacity for improving the liveli-
hood of the farmers of the region and saving water.
However, Singh et al. (2005) also conducted a
survey and observed that wheat yields in this region
were lower (3·3 t/ha) when sown after pigeonpea
than after rice (3·7 t/ha). This calls for investigations
into the possibilities for enhancing yields of both
crops. Since conservation tillage, residue retention
and bed planting practices have some advantages
such as improved hydraulic properties, aggregation
and soil organic carbon (SOC) and N (Bhattacharyya
et al. 2006, 2013a) and higher WUE (Das et al.
2014), the same practices could improve both wheat
and pigeonpea yields.

Conservation agriculture (CA), which involves crop
residue retention, no or reduced tillage, crop rotation
and controlled traffic that lessens compaction, can
help in improving soil health, sustaining crop product-
ivity (Ladha et al. 2009; Bhattacharyya et al. 2013a, b),
enhancing input-use efficiency and facilitating C
sequestration (West & Post 2002; Bhattacharyya
et al. 2008, 2009, 2012a, b; Kassam & Friedrich
2011). Bed planting generally saves irrigation water
(Gathala et al. 2011; Das et al. 2014; Kukal et al.
2014) and labour without compromising crop prod-
uctivity (Hobbs & Gupta 2000; Karunakaran &
Behera 2013; Naresh et al. 2014). No information is

available on system productivity and WUE of the
pigeonpea–wheat system in this region as affected
by zero tillage (ZT), with or without residue retention.
Moreover, no information is available on relative per-
formance of ZT and zero tilled-permanent broad- and
narrow-bed sowing with and without residue retention
on the performance of the system.

The permanent bed planting technique has been
developed for reductions in production costs (Lichter
et al. 2008). Permanent raised beds permit the main-
tenance of a permanent soil cover on the bed for
greater rainwater capture and resource conservation
(Govaerts et al. 2005, 2007). The advantages of per-
manent raised bed planting over ZT with flat planting
are that it saves irrigation water, and weeding and fer-
tilization practices are performed easily by traffic in
the furrow bottoms (Limon-Ortega et al. 2002; Das
et al. 2014). Past Q2research suggests some advantages
of broad beds over narrow beds in the maize–wheat
system in Mexico and elsewhere. For example,
Akbar et al. (2007) reported a water saving of
c. 36% for broad beds and c. 10% for narrow beds
compared with flat sowing and that grain yield
increased by 6% for wheat and 33% for maize in
Pakistan. In both cases, the furrows act both as path-
ways for drainage of excess rain and for conservation
of rainwater in dry spells (Astatke et al. 2002). Residue
retention generally increases SOC content (Saharawat
et al. 2010; Das et al. 2013) and improves productivity
(Verhulst et al. 2011; Naresh et al. 2012; Siddique
et al. 2012). However, there is a need for wider-
scale evaluation of these novel technologies under
diverse production systems for productivity and
WUE, as the CA technologies are site- and crop-
specific (Ladha et al. 2009).

The present study was conducted under the
‘Challenge Programme on Conservation Agriculture’,
which is studying the impacts of several novel agro-
nomic practices under the cotton (Gossypium
hirsutum L.)–wheat, pigeonpea–wheat, maize (Zea
mays L.)–wheat and rice–wheat cropping systems
under irrigated conditions. The results of the cotton–
wheat system with similar treatment combinations
have already been reported by Das et al. (2014). In
the present study, it was hypothesized that: (i) perman-
ent bed planting (both narrow and broad beds) and
residue retention would result in larger crop product-
ivity and system WUE compared with farmers’ prac-
tice (CT and no residue addition), (ii) in ZT system,
residue retention would improve yield and WUE
over the residue removal and (iii) permanent broad
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beds (PBB) would have different productivity and
WUE compared with permanent narrow beds (PNB),
due to differences in bed configuration and plant
population density. The objectives of the present
study were to: (i) evaluate the impacts of CA (perman-
ent beds with and without residue retention) on crop
yield and above-ground biomass productivity under
a pigeonpea–wheat system of the western IGP; (ii)
assess the CA effects on WUE during a 3-year study;
and (iii) evaluate the performance of residue retention
v. residue removal under permanent beds, and PNB v.
PBB on crop productivity and the pigeonpea–wheat
system WUE.

MATERIALS AND METHODS

Study site

An experiment on pigeonpea–wheat cropping system
was conducted during 2010–13 at the research farm of
the Indian Agricultural Research Institute (IARI), New
Delhi, India (28°35′N, 77°12′E; 228 m a.s.l.). The
field was laser-levelled and a uniformity trial on
wheat was undertaken during rabi (winter) 2009/10
before the initiation of the experiment to ensure
uniform soil fertility across the entire field. The
region has a sub-tropical and semi-arid climate with
hot, dry summers and cold winters. May and June
are the hottest months with mean daily maximum tem-
perature varying from 40 to 46 °C, whereas January is
the coldest month with mean daily minimum tempera-
ture ranging from 6 to 8 °C. The mean (last 40 years)
annual rainfall is 710 mm, of which 80% is received
during southwest monsoon from July to September
and the rest is received through ‘Western Distur-
bances’ from December to February. Pan evaporation
varies from 3·5 to 13·5 mm/day and reference evapo-
transpiration from 9 to 15 mm/day. Mean monthly
values of meteorological parameters recorded at
the IARI meteorological observatory adjacent to the
experimental site during the experimental period
(June 2010–April 2013) are presented in Fig. 1.
The soil (0–15 cm layer) of the experimental site,

taken on 7 May 2010 after the uniformity trial, was
sandy clay loam in texture with pH 7·7, Walkley and
Black C 5·2 g/kg (Walkley & Black 1934), electrical
conductivity (EC) 0·64 dS/m, potassium permanganate
(KMnO4) oxidizable N 182·3 kg/ha, 0·5 M sodium
bicarbonate (NaHCO3) extractable phosphorus (P)
23·3 kg/ha and 1 N ammonium acetate (NH4OAc) ex-
tractable potassium (K) 250·5 kg/ha (IARI 2012). The

soil contained sufficient amounts of calcium chloride
(CaCl2) extractable sulphur (S) and diethylene triamine
pentaacetate (DTPA) extractable micronutrients as all
of these were above the critical deficiency limits.

Experimental details

Five treatments were employed with three replications
in a randomized block design. These treatments
included: conventional tillage and sowing of both
crops on flat beds (CT), ZT and sowing of crops on
PNB, PNB with residue retention (PNB + R), ZT with
sowing on broad beds (PBB), PBB with residue reten-
tion (PBB + R). Individual plot size was 9·0 × 8·4 m2.
In PNB plots, there were 12 narrow beds and in
PBB, there were six broad beds. In PBB plots, there
were five wheat rows within ∼110 cm broad beds
(∼110 cm bed and ∼30 cm furrow), whereas in PNB
plots there were three wheat rows within ∼40 cm
narrow beds (∼40 cm bed and ∼30 cm furrow). The
details of bed widths and treatments are given in
Table 1. Conventional tillage involved three cultiva-
tion passes (one with disc plough and two with culti-
vator) before each crop, while in ZT no tillage was
done. Fresh raised beds were prepared during the
first year of the study and were reshaped once a year
before pigeonpea sowing. Pigeonpea residue involved
the leaves and tender twigs, while wheat residue was
retained as such after harvesting the crop with a
combine harvester. Approximately 0·20 and 0·40 of
the pigeonpea and wheat residues, respectively,
were retained in all residue retention plots. The
entire residues were not retained in the current
study, because pigeonpea and wheat residues are
used by the farmers as a source of fuel and cattle
feed, respectively. Residues of the respective crops
were retained on the soil surface at harvest under all
residue retention plots, while these were removed
under CT.

Sowing and agro-practices

Pigeonpea (cvar Pusa 992) was sown at 20 kg/ha
manually in the last week of May at 70 cm between
rows × 10–15 cm between plants and harvested in
the last week of November. In all the years and
under all plots, pigeonpea was manually seeded
using a narrow slit opener, making a very shallow
(4–5 cm deep) and narrow slit/furrow/opening on the
soil; seeds were dibbled in a continuous manner and
later thinned out to maintain the desired population.
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Wheat cvar HD 2932 in the first year and cvarWR 544
in the second year onwards was sown at 100 kg/ha
by the first fortnight of December using a zero-till
drill on the flat beds, a turbo seeder on the PBB, and
a bed planter on the PNB plots. Cultivar WR 544 is
a short-duration wheat variety that can tolerate termin-
al heat and is very suited to late planting (IARI 2012).
HD 2932 was replaced with WR 544, because HD
2932 suffered from drought stress in the early years.
A common basal dose of 20 kg N + 60 kg phosphorus

pentoxide (P2O5) + 40 kg potassium oxide (K2O)/ha
was applied to pigeonpea. For wheat, a common
dose of 120 kg N + 60 kg P2O5 + 40 kg K2O/ha was
applied, of which the total amount of P and K were
applied as a basal dressing along with 0·50 N, while
the remaining N was top-dressed in two equal splits
after the first and second irrigations. During top dress-
ing, fertilizers were broadcast and care was taken, so
that the fertilizers were targeted on the crop rows.
The herbicide glyphosate was applied at 1·0 kg/ha in

Fi
g.

1
-
B/
W

on
lin

e,
B/
W

in
pr
in
t

Fig. 1. Monthly total rainfall, mean monthly maximum and minimum temperatures during the experimental period (June
2010–April 2013).

Table 1. Treatment details and plot design

Treatments; notations
used

Treatment description

Pigeonpea and wheat

Tillage Type of bed Residue retention

CT Conventional
tillage

Flat beds No

PNB Zero tillage (ZT) Permanent narrow bed (PNB; 40 cm bed
and 30 cm furrow)

No

PNB + R ZT PNB (40 cm bed and 30 cm furrow) Yes; wheat residue in pigeonpea
and pigeonpea residue in wheat

PBB ZT Permanent broad bed (PBB; 110 cm bed
and 30 cm furrow)

No

PBB + R ZT PBB (110 cm bed and 30 cm furrow) Yes; wheat residue in pigeonpea
and pigeonpea residue in wheat

4 T. K. Das et al.
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the ZT plots about a week before sowing of both crops.
In pigeonpea, a pre-emergence treatment of pendi-
methalin 1·0 kg/ha was made at 2 days after sowing
(DAS), while in wheat, sulfosulfuron 25 g/ha was
applied post-emergence at 30 DAS (Das 2008). In
addition, one hand weeding was completed in the
first 2 years, while quizalofop-ethyl at 50 g/ha in the
third year was applied to pigeonpea at 40 DAS.

Measurement of dry matter yields

At maturity, pigeonpea was harvested manually about
4–5 cm above the ground level in the last week of
November each year. Wheat was harvested with a
combine about 15–20 cm above the ground level in
the second week of April in all years. Seed dry
matter yields of pigeonpea and wheat were obtained.
Stover/straw weight was determined after oven-drying
at 70 °C to a constant weight and expressed on a dry-
weight basis. Grain yields of pigeonpea and wheat as
well as dry matter of stover/straw were taken from the
net plot area after discarding the border rows. In each
treatment, there were 12 narrow beds and six broad
beds. For pigeonpea and for narrow beds (row to
row spacing = 0·7 m), four central beds constituting
four 5-m long rows were harvested for yield measure-
ment. Thus, the net plot area for narrow beds was
14m2 (2·8 × 5·0 m2).Forbroadbeds (rowtorowspacing
= 0·7 m), two beds constituting four 5-m long rows
were harvested from the net plot area of 14 m2. For
wheat and for narrow beds, four central beds with
three wheat rows in each bed (=12 wheat rows)
were harvested from a net plot area of 14 m2 (2·8 ×
5·0 m2). For broad beds, wheat yield measurements
were taken from two central beds with five wheat
rows in each bed (=10 wheat rows) from the net plot
area of 14 m2. For ZT/CT plots (where conventional
flat sowing was done), both pigeonpea and wheat
were harvested from an area of 2·8 × 5·0 m2 for yield
measurements. Thus, for flat sown ZT/CT plots, four
pigeonpea rows and 14 wheat rows were harvested.
Grain and straw dry matter yields were added together
for both crops to obtain the above-ground biomass.

Estimation of residue inputs

The amounts of residue inputs from pigeonpea and
wheat in all years were estimated. Wheat stubble
biomass (in the CT plots) were measured during the
last year of the experiment and from that treatment-
wise stubble:straw ratios were obtained. Wheat

biomass data were calculated for all years using
those ratios and a uniform value of 0·3 t/ha was con-
sidered as the stubble biomass contribution by the
previous wheat crop to pigeonpea in the first year.
Root biomass data for pigeonpea and wheat crops
were estimated using the root:shoot ratios (5·2 for
pigeonpea and 7·4 for wheat) from published research
(Bolinder et al. 2007). Treatment-wise the below-
ground root (and rhizo-deposition) biomass for all
crops was computed by assessing the shoot biomass
(total above-ground biomass as the sum of grain and
stover/straw yields) for both crops. Approximately
0·20 of the pigeonpea stover and 0·40 of the wheat
straw biomass were retained in the residue-amended
plots (PNB + R and PBB + R). In the first year before ini-
tiation of the experiment, the previous wheat crop was
harvested and an estimated quantity of c. 2·6 t/ha
wheat residue was retained in the PBB + R or PNB +
R plots. Wheat straw yield of that year was ∼6·5 t/ha.
It was estimated that in all years, c. 0·045 of wheat
straw remained as stubble in the CT and other
residue removal plots. Thus, the estimated amounts
of wheat + pigeonpea residues returned to pigeon-
pea–wheat cropping system are given in Table 2.

Measurement of irrigation water, total water applied
and water-use efficiency

These parameters were measured during the last 2
years (2011/12 and 2012/13) of the experiments. In
both years, five irrigations for pigeonpea and five irri-
gations for wheat, excluding the pre-sowing irrigation,
were applied. The irrigation water depth applied to
each experimental plot was measured on an average
four times using a digital velocity meter and the
wetted area of the field channel. At the start of the ex-
periment, a rating curve was generated showing the
relationship between flow depth and discharge in
the main channel and then an exponential equation
was developed. Afterwards, at every irrigation, only
flow depth was measured in the channel and corre-
sponding discharge was determined using either the
rating curve or the exponential equation developed.
Irrigation water depths indicated by the soil moisture
deficit (SMD) in each treatment were calculated
using the soil moisture content of before irrigation
and root zone depth of plants, besides soil bulk
density and time taken to compensate the SMD,
using Eqn (1) (Michael 2008):

SMD ¼ ðθFc # θiÞ ×DRZ × Bd ð1Þ
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where SMD: soil moisture deficit (mm), θFc: soil water
content at field capacity (%), θi: soil water content
before irrigation (%), DRZ: root zone depth (mm), Bd:
bulk density of soil (t/m3). Soil moisture content at any
time was measured using a time-domain reflectometer
(TDR) that was calibrated previously using the gravimet-
ricmethod.Daily rainfall datawere collected froma rain
gauge located at about 1 km southeast of the experimen-
tal plots. Effective rainfall was calculated using standard
methods given by FAO (2010) and then total water use
wascomputedas thesumofwaterapplied through irriga-
tions and effective rainfall. The system WUE (kg wheat
grains/ha ×mm of water) of the pigeonpea–wheat
system was computed following Bhushan et al. (2007).

Statistical analyses

All data were analysed using analysis of variance
(ANOVA) for a randomized block design (Gomez &
Gomez 1984). Grain and biomass yields of all years
and WUE data of 2011/12 and 2012/13 were further
analysed to delineate the impacts of bed width and
residue retention. Hence, partition of the four treatment
degrees of freedom into single degree of freedom con-
trasts was done. The contrast analysis has a factorial
structurewith tillagecontrast (CTv.CA), residuecontrast
(residue retention v. residue removal), bed width con-
trast (PNB v. PBB) and residue × bed width interaction
contrast.

RESULTS

Estimated residue inputs

The mean annual input of organic biomass/residues to
soil from all crops (Table 2) varied with above-ground
yield responses of the crops and treatment. Cumulative
residue input from pigeonpea during the 3 years under
PBB + R was 18·1 t/ha compared with only 9·2 t/ha for
CT plots (Table 2). Roots and rhizodeposition from all
crops contributed significant amounts of biomass input
to the soil in both crops. Plots under PNB + R and PBB
+ R had 73 and 86·6% higher estimated residue inputs
than CT plots during the 3 years (Table 2).

Grain yield

The plots under PBB + R had c. 40% higher pigeonpea
grain yield compared with the CT plots (farmers’ prac-
tice) during the first year of the study (Table 3). The
PBB plots had c. 14% higher pigeonpea grain yieldTa
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than PNB plots (1·31 t/ha) in the first year. In contrast,
the wheat grain yields of PBB + R and CT plots were
similar during that year (Table 3). To delineate the
impacts of residues and bed width, contrast analyses

were performed. Results reveal that all CA plots had
33 and 24% higher pigeonpea grain yield and pigeon-
pea biomass yields, respectively than CT plots in the
first year (Tables 3a and 3b). All other contrasts

Table 3. Productivity (t/ha) of pigeonpea and wheat as affected by conservation agriculture in the western Indo-
Gangetic Plains in (2010/11)

Treatments*
Pigeonpea grain
yield (t/ha)

Wheat grain
yield (t/ha)

Pigeonpea above-
ground biomass (t/ha)

Wheat above-ground
biomass (t/ha)

CT 1·1 4·9 5·7 12·8
PNB 1·3 4·6 6·9 11·0
PNB + R 1·4 4·6 6·7 11·3
PBB 1·5 4·9 7·2 12·3
PBB + R 1·5 4·9 7·6 12·6
S.E.M. (D.F. = 8) 0·10 0·24 0·31 0·92

* See Table 1 and Materials and Methods section for treatment detailsQ4 .

Table 3a. Factorial analysis of variance of pigeonpea and wheat grain yields (t/ha) in 2010/11

Source

Pigeonpea: 2010 Wheat: 2010/11

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 0·002 0·001 0·03 NS 2 0·312 0·156 0·94 NS
Tillage contrast (CT v. CA) 1 0·257 0·257 8·47 < 0·05 1 0·029 0·029 0·17 NS
Residue contrast (residue
retention v. residue
removal

1 0·009 0·009 0·30 NS 1 0·003 0·003 0·02 NS

Bed width contrast (PNB
v. PBB)

1 0·092 0·092 3·02 NS 1 0·252 0·252 1·51 NS

Residue × bed width
contrast

1 0·0001 0·0001 0·00 NS 1 0·005 0·005 0·03 NS

Error 8 0·243 0·030 8 1·334 0·167

Table 3b. Factorial analysis of variance of biomass productivity (t/ha as dry matter) of pigeonpea and wheat in
2010/11

Source

Pigeonpea: 2010 Wheat: 2010/11

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 0·012 0·006 0·02 NS 2 2·472 1·236 0·48 NS
Tillage contrast (CT v. CA) 1 4·505 4·505 16·04 <0·01 1 2·282 2·282 0·89 NS
Residue contrast (residue
retention v. residue
removal

1 0·036 0·036 0·13 NS 1 0·288 0·288 0·11 NS

Bed width contrast
(PNB v. PBB)

1 1·153 1·153 4·11 NS 1 4·992 4·992 1·95 NS

Residue × bed width
contrast

1 0·219 0·219 0·78 NS 1 0·0003 0·0003 0·00 NS

Error 8 2·247 0·281 8 20·467 2·558
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(PNB v. PBB, residue retention v. residue removal and
their interaction) were not significant.

In the second year, all plots had similar pigeonpea
grain yield (Table 4) with no significant differences

between treatments. The PBB + R plots had c. 16%
higher wheat grain yield than CT plots (4·2 t/ha) in
the second year. Similarly, wheat grain yield under
PBB + R plots was 10% higher compared with PBB

Table 4. Productivity (t/ha) of pigeonpea and wheat as affected by conservation agriculture in the western Indo-
Gangetic Plains during the 2011/12 and 2012/13 seasons

Treatments*

2011/12 2012/13

Pigeonpea
grain yield
(t/ha)

Wheat grain
yield (t/ha)

Pigeonpea
grain yield
(t/ha)

Wheat grain
yield (t/ha)

CT 1·88 4·2 1·90 4·6
PNB 1·90 4·3 2·04 4·4
PNB + R 2·01 4·4 2·12 4·8
PBB 1·95 4·4 2·10 4·9
PBB + R 2·04 4·9 2·19 4·9
S.E.M. (D.F. = 8) 0·057 0·20 0·085 0·14

* See Table 1 and Materials and Methods section for treatment detailsQ5 .

Table 4a. Factorial analysis of variance of pigeonpea and wheat grain yields (t/ha) in 2011/12

Source

Pigeonpea: 2011 Wheat: 2011/12

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 0·047 0·023 2·36 NS 2 0·38 0·19 1·78 NS
Tillage contrast (CT v. CA) 1 0·022 0·022 2·16 NS 1 0·182 0·182 1·70 NS
Residue contrast (residue
retention v. residue
removal

1 0·030 0·030 3·02 NS 1 0·203 0·203 1·90 NS

Bed width contrast
(PNB v. PBB)

1 0·005 0·005 0·48 NS 1 0·288 0·288 2·70 NS

Residue × bed width
contrast

1 0·0003 0·0003 0·03 NS 1 0·120 0·120 1·12 NS

Error 8 0·079 0·0099 8 0·860 0·109

Table 4b. Factorial analysis of variance of pigeonpea and wheat grain yields (t/ha) in 2012/13

Source

Pigeonpea: 2012 Wheat: 2012/13

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 0·024 0·012 0·56 NS 2 0·018 0·009 0·15 NS
Tillage contrast (CT v. CA) 1 0·108 0·108 5·04 NS 1 0·033 0·033 0·56 NS
Residue contrast (residue
retention v. residue
removal

1 0·022 0·022 1·01 NS 1 0·180 0·180 3·06 NS

Bed width contrast
(PNB v. PBB)

1 0·013 0·013 0·59 NS 1 0·227 0·227 3·86 NS

Residue × bed width
contrast

1 0·0007 0·0007 0·00 NS 1 0·114 0·114 1·94 NS

Error 8 0·172 0·022 8 0·471 0·059
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(4·4 t/ha) in the second year. Contrast analysis
showed that during the second year, the grain yields
of wheat for CT v. all CA plots, PNB v. PBB plots,
residue retained v. residue removal plots and inter-
action of bed width × residue management were not
significant (Tables 4a and 4b).
In the third year, plots under PBB + R had 15%

higher pigeonpea grain yield compared with CT
plots (Table 4). However, PBB + R plots had similar
wheat grain yield to CT plots in that year (Table 4).

Above-ground biomass

Similar to the pigeonpea grain yield data, PBB + R
plots had significantly (P < 0·05) higher pigeonpea
biomass than CT and PNB plots in the first year
(Table 3). As with pigeonpea grain yield, PBB + R
plots had c. 33% higher pigeonpea total above-
ground biomass compared with the CT plots in the
first year (Table 3). Pigeonpea biomass of PNB + R
plots was 13% less than PBB + R plots in that year.
Despite similar wheat grain yields in all treatments,
plots under PBB + R plots had significantly (P < 0·05)
higher wheat biomass yield than PNB and PBB + R
plots, indicating superiority of the PBB + R plots in
the first year.
However, all plots had similar pigeonpea biomass

both in the second and third years except for PBB +
R plots, which had 13% higher pigeonpea biomass
than PBB plots in the third year (Table 5). There was
no consistent trend among the treatments in terms of
wheat biomass yield during the last 2 years. In the
second year, although CT plots had similar wheat
biomass to PBB + R plots, PBB + R plots had signifi-
cantly higher wheat biomass yield than PBB, PNB
and PNB + R plots (Table 5). However, in the third
year, PNB + R plots had ∼14% higher wheat
biomass than PBB + R plots (Table 5), and PNB + R
plots also had higher wheat biomass compared with
PNB and PBB plots. All contrasts (CT v. CA; PNB v.
PBB, residue retention v. residue removal and the
interaction of bed width and residue management)
were non-significant for both pigeonpea and wheat
biomass in the last 2 years of the study (Tables 5a
and 5b).

System water-use efficiency

This parameter was not calculated for the first year.
Total water use in the pigeonpea–wheat system in
the last 2 years was highest in the CT plots, whereas

PBB + R plots used the least water in both years
(Table 6). The PBB + R plots had water savings of c.
16%, but had c. 30% higher WUE in the second
year over CT plots (Table 6). Similarly, the plots
under PBB + R had 27% higher WUE compared with
CT plots during 2012/13. Despite all CA plots using
similar amounts of water in the last 2 years, WUE
data of some of these plots were significantly different
to one another. For instance, in the second year,
PBB + R plots had 9, 11 and 19% higher WUE than
PBB, PNB + R and PNB plots, respectively (Table 6).
However, in the third year, WUE data of PBB + R,
PBB and PNB + R plots were similar, but PBB + R
plots had 17% higher WUE than PNB plots (Table 6).

Contrast analysis showed that plots under all CA
used 12 and 9% less water in the second and third
years, respectively, than CT plots (Tables 6a and 6b).
However, other contrasts (PNB v. PBB, residue reten-
tion v. residue removal and interaction of bed width
and residue management) were not significant in
terms of water use in these years (Tables 6a and 6b).
As for water use, WUE values of CA plots were signifi-
cantly (P < 0·01) higher than CT plots in both second
and third years. Despite similar water use, PBB plots
had significantly higher (P < 0·05) WUE values than
PNB plots in both years. There was a trend for
residue retention under permanent bed planting to in-
crease the WUE values in both the second and third
years over residue removal plots, but the differences
were not statistically significant (Table 6). The interac-
tions of bed width and residue management in both
years were not-significant (Tables 6a and 6b).

DISCUSSION

In partial accordance with the first hypothesis, ZT with
permanent bed planting (broad beds) and residue re-
tention (PBB + R treatment) resulted in larger pigeon-
pea productivity in the first and third years and
higher wheat grain yield in the second year than CT
plots. This finding is in agreement with Aquino (1998),
who reported 8% higher yield in wheat grown under
bed planting compared with CT in Mexico. Naresh
et al. (2014) also observed that wheat grain yield
increased by c. 13·5% with raised bed planting com-
pared with flat-bed planting in Meerut, western IGP, in
a maize–wheat system. Despite PNB + R plots having
higher pigeonpea grain yield than CT plots in the first
and third years, wheat yields for these plots were
similar. Productivity improvements in PNB/PBB plots
with residue retention over CT plots could be due to
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compound effects of many factors such as addition of
nutrients, low weed density, improved soil physical
properties, improved water regimes, better water ex-
traction and aeration compared with CT (Unger &

Jones 1998; Das et al. 2014). The Q3pigeonpea grain
yield increased over the years in all plots, including
the PBB + R plots. Thus the impact of this treatment
improved with advancing year of adoption.

Table 5. Above-ground biomass (t/ha) of pigeonpea and wheat as affected by conservation agriculture in the
western Indo-Gangetic Plains

Treatments*

2011/12 2012/13

Pigeonpea Wheat Pigeonpea Wheat

CT 9·1 12·0 10·6 12·8
PNB 9·2 11·2 11·5 11·9
PNB + R 9·4 11·3 10·9 13·4
PBB 9·6 11·1 10·0 11·8
PBB + R 9·6 13·0 11·3 11·7
S.E.M. (D.F. = 8) 0·49 0·74 0·45 0·57

* See Table 1 and Materials and Methods section for treatment detailsQ6 .

Table 5a. Factorial analysis of variance of biomass (t/ha) of pigeonpea and wheat in 2011/12

Source

Pigeonpea: 2011 Wheat: 2011/12

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 2·352 1·176 1·61 NS 2 0·189 0·095 0·06 NS
Tillage contrast (CT v. CA) 1 0·249 0·249 0·34 NS 1 0·329 0·329 0·20 NS
Residue contrast (residue
retention v. residue
removal

1 0·017 0·017 0·02 NS 1 3·060 3·060 1·88 NS

Bed width contrast
(PNB v. PBB)

1 0·211 0·211 0·29 NS 1 1·968 1·968 1·21 NS

Residue × bed width
contrast

1 0·217 0·217 0·03 NS 1 2·539 2·539 1·56 NS

Error 8 5·830 0·729 8 13·022 1·628

Table 5b. Factorial analysis of variance of biomass (t/ha) of pigeonpea and wheat in 2012/13

Source

Pigeonpea: 2012 Wheat: 2012/13

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 2·518 1·259 2·10 NS 2 0·894 0·447 0·46 NS
Tillage contrast (CT v. CA) 1 0·282 0·282 0·47 NS 1 0·945 0·945 0·97 NS
Residue contrast (residue
retention v. residue
removal

1 0·357 0·357 0·59 NS 1 1·577 1·577 1·62 NS

Bed width contrast
(PNB v. PBB)

1 0·706 0·706 1·17 NS 1 2·193 2·193 2·25 NS

Residue × bed width
contrast

1 2·852 2·852 4·75 NS 1 1·896 1·896 1·95 NS

Error 8 4·806 0·601 8 7·789 0·974
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Table 6. Impacts of conservation agriculture on system water-use efficiency (WUE) (kg wheat grains/ha/mm)
under a pigeonpea–wheat system in the western Indo-Gangetic Plains

Treatments*

2011/12 2012/13

Total water use by
the system (mm)

WUE (kg wheat
grains/ha/mm)

Total water use by
the system (mm)

WUE (kg wheat
grains /ha/mm)

CT 1096 8·0 1210 8·3
PNB 1021 8·8 1138 9·0
PNB + R 990 9·4 1120 9·7
PBB 961 9·6 1093 9·9
PBB + R 944 10·4 1060 10·5
S.E.M. (DF= 8) 37·9 0·38 40·3 0·35

* See Table 1 and Materials and Methods section for treatment detailsQ7 .

Table 6a. Factorial analysis of variance of total water use and water-use efficiency (WUE) by the pigeonpea–
wheat system in 2011/12

Source

Total water use: 2011/12 WUE: 2011/12

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 4283 2142 0·50 NS 2 0·291 0·145 0·34 NS
Tillage contrast (CT v. CA) 1 32 783 32 783 7·60 <0·05 1 5·618 5·618 13·11 <0·01
Residue contrast (residue
retention v. residue
removal

1 1692 1692 0·39 NS 1 1·658 1·658 3·87 NS

Bed width contrast
(PNB v. PBB)

1 8507 8507 1·97 NS 1 2·466 2·466 5·76 <0·05

Residue × bed width
contrast

1 136·7 136·7 0·03 NS 1 0·062 0·062 0·14 NS

Error 8 34 508 4314 8 3·427 0·428

Table 6b. Factorial analysis of total water use and water-use efficiency (WUE) by the pigeonpea–wheat system
in 2012/13

Source

Total water use: 2012/13 WUE: 2012/13

D.F. SS MSS F value F Probability D.F. SS MSS F value F Probability

Replication 2 10 016 5008 1·03 NS 2 2·012 1·006 2·70 NS
Tillage contrast (CT v. CA) 1 27 606 27 606 5·68 <0·05 1 5·204 5·204 13·96 <0·01
Residue contrast (residue
retention v. residue
removal

1 1951 1951 0·40 NS 1 1·327 1·327 3·56 NS

Bed width contrast
(PNB v. PBB)

1 8269 8269 1·70 NS 1 2·530 2·530 6·79 <0·05

Residue × bed width
contrast

1 168·8 168·8 0·03 NS 1 0·020 0·020 0·05 NS

Error 8 38 912 4864 8 2·983 0·373
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However, wheat yields under different treatments did
not increase over the years. As in the present study,
Sakala et al. (2000) also observed that over time
there could be additional yield benefits from the
legume (due to N-accumulation through biological
N2 fixation and leaf litter), but this did not benefit
the wheat crop in subsequent years. In contrast, Das
et al. (2014) observed that a PBB + R management
practice produced significantly higher (mean of 3
years) cotton and wheat productivity, respectively,
than CT plots in the same area. Thus, the PBB + Rman-
agement practice under the pigeonpea–wheat system
was not as effective as it was under the cotton–wheat
system in the same location.

Although there were six wheat rows within a 140 cm
width under a narrow-bed plot (PNB or PNB + R) com-
pared with five wheat rows within 140 cm width under
a broad-bed plot (PBB or PBB + R), there were no sig-
nificant differences in wheat grain yield due to the
bed configurations (PNB v. PBB plots) in the first 2
years. However, surprisingly, in the third year, plots
under PBB had 11% higher wheat grain yield than
PNB plots. This was a result under broad beds, of
wheat having an increased numbers of spikes per unit
area than the plots with narrow beds (mean values of
310 spikes/m2 under PNB and PNB + R plots v. 347
spikes/m2 under PBB and PBB + R plots, in the third
year). Again in PNB, there were six rows on 80 cm+
60 cm of furrows (43% of the total 140 cm width),
whereas on PBB there were five rows on 100 cm+
40 cm furrow (29% of the total 140 cm width).
Hence, there was more bed width hosting the five
rows in PBB than the six rows in the PNB. This might
have influenced wheat growth and yield favourably
under PBB compared with PNB plots, yielding similar
yield per unit area despite fewer rows.

It has been reported that during the initial years,
crop yields can be reduced under PBB (Yadvinder-
Singh et al. 2004). However, the results of the
current study indicate that pigeonpea grain yields of
CA plots in the first year were not reduced, but
rather increased. This could be due to a combination
of better release of nutrients from soils under new beds
and added residues. Despite plots under CA practices
having higher pigeonpea grain yield in the first year
than CT, both PBB and PBB + R plots had similar
pigeonpea grain yield to CT plots in the second year
and only PBB + R plots had higher pigeonpea grain
yield than CT plots in the third year. Similarly, both
PBB and PBB + R plots had similar wheat grain yield
to CT plots even in the third year. In agreement with

the current results, Thierfelder &Wall (2012) observed
that the first significant differences in wheat yields
were observed after five cropping seasons under CA
and continued from there on. So, CA benefits are, in
general, not instant and there is some lag phase until
the benefits materialize. The lack of immediate yield
benefits of CA (as observed for wheat in the current
study) has also been highlighted by Giller et al.
(2009) and Gilbert (2012) as a major bottleneck for
the widespread uptake of CA in many parts of the
world, including Southern Africa. However, farmers
do not evaluate their cropping systems based only on
the grain yield. Other advantages of CA such as reduc-
tions in labour (i.e., for land preparation and weeding)
as reported by Malawi (Ngwira et al. 2013) and also
observed in the current work, coupled with less water
use and no reduction in crop yields of the initial year
(rather increased pigeonpea yield) can facilitate faster
adoption of CA under many cropping systems.

Contrast analyses showed that apart from the wheat
yield in the third year, pigeonpea grain yield was not
affected due to residue retention. This finding is in agree-
ment with Sayre & Hobbs (2004), who reported that in
the initial years of establishment of permanent bed
planting, crop yields can be reduced due to the net N
immobilization by microorganisms during residue de-
composition. This phenomenon calls for detailed inves-
tigation on the N availability and soil health (including
soil temperature, aeration, soil aggregation, porosity
and pore size distribution including root growth) in the
pigeonpea–wheat system under CA in this region.

Results of the present study also revealed that the CT
plots consumed c. 100 mm more water than the mean
water consumption by PNB and PBB plots in 2 years.
Similarly, water use by CT plots was much higher than
CA plots in both years of investigation. This was due to
the fact that the furrows act as pathways for drainage
during excessive rains and conserve rainwater in dry
spells (Astatke et al. 2002). Water use efficiency
improved with CA as it allowed for earlier planting,
reduced soil evaporation, eased weed management,
and increased access to nutrients (Siddique et al.
2012). The significantly higher WUE in all CA plots
compared with CT plots is also due to a decrease in
water use (by 8·4%) under CA compared with the
CT plots. Das et al. (2014) also reported that in the
cotton–wheat system, the best treatment, PBB + R,
had 14% lower water requirement. In the present
study, PBB plots had 30% higher WUE (mean of
2 years) than CT plots. Similarly to the current work,
Kumar et al. (2003) reported that permanent raised
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bed system saved irrigation water and increased irriga-
tion WUE compared with conventional flat system by
41% in wheat. From a study at New Delhi (India),
Aggarwal & Goswami (2003) also reported that grain
yields of wheat were similar under raised beds and
conventional flat systems, but WUE was ∼18·5%
higher with raised beds. Significantly higher system
WUE data under PBB plots compared with PNB
plots were very interesting and the reason could be
that PBB plots had non-significant but higher crop
yields and less water use in both study years than
PNB plots. Detailed studies of radiation use efficiency,
evaporation and root water uptake may give more
insights on these differences.
Contrast analyses also delineated that the WUE

values in last 2 years with residue retention were
higher (but not significantly) than the residue
removal treatments. This was mainly attributed to
combined effects of numerically less irrigation water
applied with residue retention than residue removal,
non-significant but higher grain yields of both crops
with residue retention compared with residue
removal and the impacts of residues in soil moisture
conservation. It should be noted that during the
three study years, bed planting + residue retained
plots received >85% higher residue load than only
bed planting plots. Munkholm et al. (2008) also
observed that ZT with residue removal often leads to
poorer soil structural quality (more compact), yield
and WUE reduction compared with ZT with residue
retention. However, the current authors found little in-
formation on CA (ZT and residue retention) impacts on
WUE under a pigeonpea–wheat system. Several studies
under a rice–wheat cropping system have shown that
mulching in wheat had a positive effect on soil water
conservation under CA and the effect was more
pronounced in dry periods (Sidhu et al. 2007;
Chakraborty et al. 2010; Verhulst et al. 2011).
Chakraborty et al. (2010) demonstrated that rice straw
mulch increased mean wheat grain yield in this region
by 17·1%, reduced crop water use by 3–5% and
improved WUE by 38·3% compared with no mulch;
they also observed that mulch produced 25% higher
root length and 40% higher root length densities com-
paredwith nomulch in lower layers (>15 cm), probably
due to greater soil moisture retention.

CONCLUSION

The plots under PBB with residue retention (PBB + R)
showed higher pigeonpea grain yields in the first

and third years and wheat grain yields in the second
year than the plots with CT (farmers’ practice). All
CA plots had higher pigeonpea grain and biomass
yields compared with CT plots in the first year. That
PBB + R plots also had significantly higher WUEs
than the CT plots in the last 2 years. Moreover, the
PBB + R plots had significantly higher WUE than
PNB + R and PNB plots. In fact, all CA plots had sig-
nificantly higher WUE than CT plots in both years.
Both pigeonpea and wheat grain yields, biomass pro-
ductivities and WUE due to residue retention and
removal were similar. But WUE for permanent bed
planting + residue retention plots were significantly
higher than residue removal (permanent bed planting
only) plots. Despite plots with PBB having similar
water use and crop productivities to PNB plots,
WUE values of the former treatment were significantly
higher than PNB-treated plots. However, bed width ×
residue management interactions for all parameters
were not significant. These results are of tremendous
importance and are very novel in South Asia. Thus,
either PBB or PBB + R management practice may be
adopted by farmers (depending upon their resources)
for improving productivity and WUE under this crop-
ping system. However, the long-term impact (in terms
of productivity and ecology) of PBB and PBB + R man-
agement practices is a key future research issue.

The authors gratefully acknowledge the contributions of
the Indian Agricultural Research Institute (IARI), New
Delhi for approving this research project (Challenge
Programme onConservation Agriculture) and providing
necessary services and supplies during the course of in-
vestigation. The concerned Divisions of IARI, New
Delhi, contributing towards successful conduct of this
project are also duly acknowledged. Besides, the
initial support received from the International Maize
and Wheat Improvement Centre (CIMMYT), India
Office is gratefully acknowledged.

REFERENCES

AGGARWAL, P. & GOSWAMI, B. (2003). Bed planting system for
increasing water use efficiency of wheat (Triticum aesti-
vum) grown in Inceptisol (Typic Ustochrept). Indian
Journal of Agricultural Sciences 73, 422–425.

AKBAR, G., HAMILTON, G., HUSSAIN, Z. & YASIN, M. (2007).
Problems and potentials of permanent raised bed crop-
ping systems in Pakistan. Pakistan Journal of Water
Research 11, 11–21.

ALI, M. (1999). Evaluationof greenmanure technology in trop-
ical lowland rice systems. Field Crops Research 61, 61–78.

Crop productivity under conservation agriculture 13

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663



AQUINO, P. (1998). The Adoption of Bed Planting of Wheat in
the Yaqui Valley, Sonora, Mexico. Wheat Program Special
Report No. 17a. Mexico, DF: CIMMYT.

ASTATKE, A., JABBAR, M., MOHAMED SALEEM, M. A. & ERKOSSA, T.
(2002). Technical and economic performance of animal-
drawn implements for minimum tillage: experience on
vertisols in Ethiopia. Experimental Agriculture 38,
185–196.

AULAKH, M. S. & SINGH, B. (1997). Nitrogen losses and fertil-
izer N use efficiency in irrigated porous soils. Nutrient
Cycling in Agroecosystems 47, 197–212.

BHATTACHARYYA, R., PRAKASH, V., KUNDU, S. & GUPTA, H. S.
(2006). Effect of tillage and crop rotations on pore size dis-
tribution and soil hydraulic conductivity in sandy clay
loam soil of the Indian Himalayas. Soil and Tillage
Research 86, 129–140.

BHATTACHARYYA, R., KUNDU, S., PANDEY, S. C., SINGH, K. P. &
GUPTA, H. S. (2008). Tillage and irrigation effects on crop
yields and soil properties under rice–wheat system of
the Indian Himalayas. Agricultural Water Management
95, 993–1002.

BHATTACHARYYA, R., PRAKASH, V., KUNDU, S., SRIVASTVA, A. K. &
GUPTA, H. S. (2009). Soil aggregation and organic matter in
a sandy clay loam soil of the Indian Himalayas under dif-
ferent tillage and crop regimes. Agriculture, Ecosystems &
Environment 132, 126–134.

BHATTACHARYYA, R., TUTI, M. D., KUNDU, S., BISHT, J. K. &
BHATT, J. C. (2012a). Conservation tillage impacts on soil
aggregation and carbon pools in a sandy clay loam soil
of the Indian Himalayas. Soil Science Society of America
Journal 76, 617–627.

BHATTACHARYYA, R., TUTI, M. D., BISHT, J. K., BHATT, J. C. &
GUPTA, H. S. (2012b). Conservation tillage and fertilization
impact on soil aggregation and carbon pools in the Indian
Himalayas under an irrigated rice–wheat rotation. Soil
Science 177, 218–228.

BHATTACHARYYA, R., PANDEY, S. C., BISHT, J. K., BHATT, J. C.,
GUPTA, H. S., TUTI, M. D., MAHANTA, D., MINA, B. L.,
SINGH, R. D., CHANDRA, S., SRIVASTVA, A. K. & KUNDU, S.
(2013a). Tillage and irrigation effects on soil aggregation
and carbon pools in the Indian sub-Himalayas.
Agronomy Journal 105, 101–112.

BHATTACHARYYA, R., DAS, T. K., PRAMANIK, P., GANESHAN, V.,
SAAD, A. A. & SHARMA, A. R. (2013b). Impacts of conserva-
tion agriculture on soil aggregation and aggregate-asso-
ciated N under an irrigated agroecosystem of the Indo-
Gangetic Plains. Nutrient Cycling in Agroecosystems 96,
185–202.

BHUSHAN, L., LADHA, J. K., GUPTA, R. K., SINGH, S., TIROL-
PADRE, A., SAHARAWAT, Y. S., GATHALA, M. & PATHAK, H.
(2007). Saving of water and labor in a rice–wheat
system with no-tillage and direct seeding technologies.
Agronomy Journal 99, 1288–1296.

BOLINDER, M. A., ANDRÉN, O., KÄTTERER, T., DE JONG, R.,
VANDENBYGAART, A. J., ANGERS, D. A., PARENT, L. E. &
GREGORICH, E. G. (2007). Soil carbon dynamics in
Canadian agricultural ecoregions: quantifying climatic in-
fluence on soil biological activity. Agriculture, Ecosystems
and Environment 122, 461–470.

CHAKRABORTY, D., GARG, R. N., TOMAR, R. K., SINGH, R.,
SHARMA, S. K., SINGH, R. K., TRIVEDI, S. M., MITTAL, R. B.,
SHARMA, P. K. & KAMBLE, K. H. (2010). Synthetic and
organic mulching and nitrogen effect on winter wheat
(Triticum aestivum L.) in a semi-arid environment.
Agricultural Water Management 97, 738–748.

DAS, T. K. (2008). Weed management in crops and cropping
systems. In Weed Science: Basics and Applications, 1st
edn (Ed. T. K. Das), pp. 640–725. New Delhi, India: Jain
Brothers Publishers.

DAS, T. K., BHATTACHARYYA, R., SHARMA, A. R., DAS, S., SAAD, A.
A. & PATHAK, H. (2013). Impacts of conservation agricul-
ture on total soil organic carbon retention potential
under an irrigated agro-ecosystem of the western
Indo-Gangetic Plains. European Journal of Agronomy
51, 34–42.

DAS, T. K., BHATTACHARYYA, R., SUDHISHRI, S., SHARMA, A. R.,
SAHARAWAT, Y. S., BANDYOPADHYAY, K. K., SEPAT, S.,
BANA, R. S., AGGARWAL, P., SHARMA, R. K., BHATIA, A.,
SINGH, G., DATTA, S. P., KAR, A., SINGH, B., SINGH, P.,
PATHAK, H., VYAS, A. K. & JAT, M. L. (2014). Conservation
agriculture in an irrigated cotton-wheat system of the
western Indo-Gangetic Plains: crop and water productiv-
ity and economic profitability. Field Crops Research
158, 24–33.

DWIVEDI, B. S., SHUKLA, A. K., SINGH, V. K. & YADAV, R. L.
(2001). Results of participatory diagnosis of constraints
and opportunities (PDCO) based trials from the state of
Uttar Pradesh. In Development of Farmers’ Resource-
Based Integrated Plant Nutrient Supply Systems:
Experience of a FAO–ICAR–IFFCO Collaborative Project
and AICRP on Soil Test Crop Response Correlation (Eds
A. Subba Rao & S. Srivastava), pp. 50–75. Bhopal, India:
IISS.

FAO (2010). Irrigation Water Management: Irrigation Water
Needs. Irrigation Water Management Training Manual
no. 3. Rome: FAO.

GATHALA, M. K., LADHA, J. K., SAHARAWAT, Y. S., KUMAR, V.,
KUMAR, V. & SHARMA, P. K. (2011). Effect of tillage and
crop establishment methods on physical properties of a
medium-textured soil under a seven-year rice–wheat
rotation. Soil Science Society of America Journal 75,
1851–1862.

GATHALA, M. K., KUMAR, V., SHARMA, P. C., SAHARAWAT, Y. S.,
JAT, M. S., SINGH, M., KUMAR, A., JAT, M. L., HUMPHREYS, E.,
SHARMA, D. K., SHARMA, S. & LADHA, J. K. (2013).
Optimizing intensive cereal-based cropping systems
addressing current and future drivers of agricultural
change in the northwestern Indo-Gangetic plains
of India. Agriculture, Ecosystems & Environment 177,
85–97.

GHOSH, P. K., BANDYOPADHYAY, K. K., WANJARI, R. H.,
MANNA, M. C., MISRA, A. K., MOHANTY, M. & SUBBA

RAO, A. (2007). Legume effect for enhancing productivity
and nutrient use efficiency in major cropping systems - An
Indian perspective: a review. Journal of Sustainable
Agriculture 30, 59–86.

GILBERT, N. (2012). African agriculture: dirt poor.Nature 483,
525–527.

14 T. K. Das et al.

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714



GILLER, K. E., WITTER, E., CORBEELS, M. & TITTONELL, P. (2009).
Conservation agriculture and smallholder farming in
Africa: the heretics’ view. Field Crops Research 114,
23–34.

GOMEZ, A. K. & GOMEZ, A. A. (1984). Single-factor experi-
ments. In Statistical Procedures for Agricultural
Research, 2nd edn, (Eds A. K. Gomez & A. A. Gomez),
pp. 7–83. New York: John Wiley & Sons.

GOVAERTS, B., SAYRE, K. D. & DECKERS, J. (2005). Stable high
yields with zero tillage and permanent bed planting?
Field Crops Research 94, 33–42.

GOVAERTS, B., SAYRE, K. D., LICHTER, K., DENDOOVEN, L. &
DECKERS, J. (2007). Influence of permanent raised bed
planting and residue management on physical and chem-
ical soil quality in rain fed maize/wheat systems. Plant &
Soil 291, 39–54.

Government of India (2010). Crops. In Annual Report 2009–
2010, pp. 23–32. New Delhi: Department of Agriculture
and Cooperation, Ministry of Agriculture, Government
of India. Available online at: http://www.performance.gov.
in/sites/default/files/departments/agriculture-cooperation/
Annual%20Report%202009-10.pdf (verified 1 December
2015).

HOBBS, P. R. & GUPTA, R. K. (2000). Sustainable resource
management in intensively cultivated irrigated rice–
wheat cropping systems of the Indo-Gangetic Plains of
south Asia: strategies and options. In Proceedings of the
International Conference on Managing Natural
Resources for Sustainable Agricultural Production in the
21st Century, New Delhi, India. 14–18 Feb. 2000 (Ed.
A. K. Singh), pp. 584–592. New Delhi, India: Indian
Society of Soil Science.

IARI (2012). Resource conservation technologies. In
Technological Options for Enhanced Productivity and
Profit (Eds N. V. Kumbhare, C. B. Singh, M. Wason, J. P.
Sharma, H. Kumar & V. Sangeetha), pp. 134–162. New
Delhi, India: Indian Agricultural Research Institute (IARI).

JAT, M. L., GATHALA, M. K., SAHARAWAT, Y. S., TETARWAL, J. P.,
GUPTA, R. & YADVINDER-SINGH (2013). Double no-till and
permanent raised beds in maize–wheat rotation of
north-western Indo-Gangetic plains of India: effects on
crop yields, water productivity, profitability and soil phys-
ical properties. Field Crops Research 149, 291–299.

KARUNAKARAN, V. & BEHERA, U. K. (2013). Effect of tillage,
residue management and crop establishment techniques
on energetics, water use efficiency and economics in
soybean (Glycine max)–wheat (Triticum aestivum) crop-
ping system. Indian Journal of Agronomy 58, 42–47.

KASSAM, A. & FRIEDRICH, T. (2011). Conservation agriculture:
principles, sustainable land management and ecosystem
services. In Società Italiana di Agronomia XL Convegno
Nazionale, Università degli Studi Teramo, 7–9
September 2011 (Eds M. Pisante & F. Stagnari), pp.
25–28. Teramo, Italy: Università degli Studi di Teramo.
Available online at: http://www.siagr.it/index.php?
option=com_phocadownload&view=category&download=
22:atti-sia-teramo-2011-riferimenti-bibliografici&id=1:
documenti-sia&Itemid=559&lang=en (verified 29
October 2015).

KUKAL, S. S., YADVINDER-SINGH, JAT, M. L. & SIDHU, H. S. (2014).
Improving water productivity of wheat-based cropping
systems in South Asia for sustained productivity.
Advances in Agronomy 127, 157–258.

KUMAR, M., SINGH, H., HOODA, R. S., KHIPPAL, A. & SINGH, T.
(2003). Grain yield, water use and water use efficiency
of pearlmillet (Pennisetum glaucum) hybrids under vari-
able nitrogen application. Indian Journal of Agronomy
48, 53–55.

LADHA, J. K., KUMAR, V., ALAM, M.M., SHARMA, S., GATHALA, M.
K., CHANDNA, P., SAHARAWAT, Y. S. & BALASUBRAMANIAN, V.
(2009). Integrating crop and resource management tech-
nologies for enhanced productivity, profitability and sus-
tainability of the rice–wheat system in South Asia. In
Integrated Crop and Resource Management in the Rice–
wheat System of South Asia (Eds J. K. Ladha, YADVINDER-
SINGH, O. Erenstein & B. Hardy), pp. 69–108. Los Baños,
The Philippines: IRRI.

LICHTER, K., GOVAERTS, B., SIX, J., SAYRE, K. D., DECKERS, J. &
DENDOOVEN, L. (2008). Aggregation and C and N contents
of soil organic matter fractions in a permanent raised-bed
planting system in the Highlands of Central Mexico. Plant
and Soil 305, 237–252.

LIMON-ORTEGA, A., SAYRE, K. D., DRIJBER, R. A. & FRANCIS, C. A.
(2002). Soil attributes in a furrow-irrigated bed planting
system in northwest Mexico. Soil and Tillage Research
63, 123–132.

MICHAEL, A. M. (2008). Water requirement of crops and irri-
gation management. In Irrigation: Theory and Practice,
2nd edn, (Ed. A. M. Michael), pp. 478–553. New Delhi,
India: Vikas Publishing House Pvt Ltd.

MUNKHOLM, L. J., HANSEN, E. M. & OLESEN, J. E. (2008). The
effect of tillage intensity on soil structure and winter
wheat root/shoot growth. Soil Use and Management 24,
392–400.

NARESH, R. K., SINGH, S. P. & CHAUHAN, P. (2012). Influence of
conservation agriculture, permanent raised bed planting
and residue management on soil quality and productivity
in maize–wheat system in western Uttar Pradesh.
International Journal of Life Sciences, Biotechnology and
Pharma Research 1, 27–34.

NARESH, R. K., RATHORE, R. S., KUMAR, P., SINGH, S. P., SINGH, A.
& SHAHI, U. P. (2014). Effect of precision land leveling and
permanent raised bed planting on soil properties, input
use efficiency, productivity and profitability under maize
(Zea mays) – wheat (Triticum aestivum) cropping system.
Indian Journal of Agricultural Sciences 84, 725–732.

NGWIRA, A. R., THIERFELDER, C. & LAMBERT, D. M. (2013).
Conservation agriculture systems for Malawian smallholder
farmers: long-term effects on crop productivity, profitabil-
ity and soil quality. Renewable Agriculture and Food
Systems 28, 350–363.

SAHARAWAT, Y. S., SINGH, B., MALIK, R. K., LADHA, J. K.,
GATHALA, M., JAT, M. L. & KUMAR, V. (2010). Evaluation of
alternative tillage and crop establishment methods in a
rice–wheat rotation in north-western IGP. Field Crops
Research 116, 260–267.

SAKALA, W. D., CADISCH, G. & GILLER, K. E. (2000). Interactions
between residues of maize and pigeonpea and mineral N

Crop productivity under conservation agriculture 15

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765



fertilizers during decomposition and N mineralization.
Soil Biology and Biochemistry 32, 679–688.

SAYRE, K. D. & HOBBS, P. R. (2004). The raised-bed system of
cultivation for irrigated production conditions. In
Sustainable Agriculture and the Rice–wheat System (Eds
R. Lal, P. Hobbs, N. Uphoff & D. O. Hansen), pp. 337–
355. Columbus, OH: Ohio State University.

SIDDIQUE, K. H.M., JOHANSEN, C., TURNER, N. C., JEUFFROY, M.
H., HASHEM, A., SAKAR, D., GAN, Y. & ALGHAMDI, S. S.
(2012). Innovations in agronomy for food legumes. A
review.Agronomy for SustainableDevelopment32, 45–64.

SIDHU, H. S., MANPREET-SINGH, HUMPHREYS, E., YADVINDER-SINGH,
BALWINDER-SINGH, DHILLON, S. S., BLACKWELL, J., BECTOR, V.,
MALKEET-SINGH & SARBJEET-SINGH (2007). The Happy Seeder
enables direct drilling of wheat into rice stubble. Australian
Journal of Experimental Agriculture 47, 844–854.

SINGH, V. K., DWIVEDI, B. S., SHUKLA, A. K., CHAUHAN, Y. S. &
YADAV, R. L. (2005). Diversification of rice with pigeonpea
in a rice–wheat cropping system on a Typic Ustochrept:
effect on soil fertility, yield and nutrient use efficiency.
Field Crops Research 92, 85–105.

SINGH, V. P., TRIPATHI, N. & KUMAR, A. (2011). Resource con-
servation technology in rice–wheat cropping system: an
ecological and sustainable approach. Research Journal
of Chemistry and Environment 15, 365–371.

THIERFELDER, C. & WALL, P. C. (2012). Effects of conservation
agriculture on soil quality and productivity in contrasting
agro-ecological environments of Zimbabwe. Soil Use and
Management 28, 209–220.

THIERFELDER, C., CHEESMAN, S. & RUSINAMHODZI, L. (2012). A
comparative analysis of conservation agriculture
systems: benefits and challenges of rotations and inter-
cropping in Zimbabwe. Field Crops Research 137,
237–250.

UNGER, P.W. & JONES, O. R. (1998). Long-term tillage
and cropping systems affect bulk density and
penetration resistance of soil cropped to dryland
wheat and grain sorghum. Soil and Tillage Research 45,
39–57.

VERHULST, N., SAYRE, K. D., VARGAS, M., CROSSA, J., DECKERS, J.,
RAES, D. & GOVAERTS, B. (2011). Wheat yield and tillage-
straw management system × year interaction explained
by climatic co-variables for an irrigated bed planting
system in northwestern Mexico. Field Crops Research
124, 347–356.

WALKLEY, A. & BLACK, I. A. (1934). An examination of the
Degtjareff method for determining soil organic matter,
and a proposed modification of the chromic acid filtration
method. Soil Science 37, 29–38.

WEST, T. A. & POST, W.M. (2002). Soil organic carbon se-
questration rates by tillage and crop rotation: a global
data analysis. Soil Science Society of America Journal
66, 1930–1946.

YADVINDER-SINGH, BIJAY-SINGH, LADHA, J. K., KHIND, C. S.,
KHERA, T. S. & BUENO, C. S. (2004). Effects of residue de-
composition on productivity and soil fertility in rice–
wheat rotation. Soil Science Society of America Journal
68, 854–864.

16 T. K. Das et al.

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816


