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Abstract

Increasing the productivity of the rice—wheat (RW) system in north-west India is
critical for the food security of India. However, yields are stagnating or declin-
ing, and the rate of groundwater use is not sustainable.

Many improved technologies are under development for RW systems, with
multiple objectives including increased production, improved soil fertility,
greater input use efficiency, reduced environmental pollution, and higher prof-
itability for farmers. There are large reductions in irrigation amount with many
of these technologies compared with conventional practice, such as laser land
leveling, alternate wetting and drying (AWD) water management in rice,
delayed rice transplanting, shorter duration rice varieties, zero till wheat, raised
beds, and replacing rice with other crops. However, the nature of the irrigation
water savings has seldom been determined. It is often likely to be due to
reduced deep drainage, with little effect on evapotranspiration (ET).

Reducing deep drainage has major benefits, including reduced energy con-
sumption to pump groundwater, nutrient loss by leaching, and groundwater
pollution. The impacts of alternative technologies on deep drainage (and thus on
irrigation water savings) vary greatly depending on site conditions, especially
soil permeability, depth to the watertable, and water management. More than
90% of the major RW areas in north-west India are irrigated using groundwater.
Here, reducing deep drainage will not “save water” nor reduce the rate of decline
of the watertable. In these regions, it is critical that technologies that decrease
ETand increase the amount of crop produced per amount of water lost as ET (i.e.,
crop water productivity, WPgy) are implemented. The best technologies for
achieving this are delaying rice transplanting and short duration rice varieties.
The potential for replacing rice with other crops with lower ET is less clear.

1. INTRODUCTION

The irrigated rice—wheat (R W) cropping system of north-west India is

fundamental to India’s food security (Timsina and Connor, 2001). The
small states of Punjab and Haryana produce 50% of the rice and 85% of
the wheat procured by the Government of India (Singh, 2000). The
productivity of these systems needs to increase to keep up with population
growth in India, which is predicted to increase from 1.12 billion in 2008 to
1.35 billion by 2025 (UNESCO, 1995). Over that time, agricultural pro-
duction needs to increase by about 25% on the same or less land, but in fact
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yields of rice and wheat are declining or stagnating (Ladha ef al., 2003).
Furthermore, production must increase in the face of severe soil degrada-
tion, increased incidence of pests and diseases, increasing labor scarcity,
salinity, and waterlogging in some regions, and perhaps of greatest concern,
groundwater depletion in large areas where the RW system prevails
(Chhokar and Sharma, 2008; Pingali and Shah, 1999; Sharma ef dl.,
2004a,b, 2007; Singh, 2000).

Since the early 1970s, there has been a steady increase in the depth to the
groundwater in most of the RW area of north-west India (Ambast et al.,
2006; Hira, 2009; Hira and Khera, 2000; Hira et al., 2004; Rodell et al.,
2009). The increase in depth has accelerated alarmingly in some areas in
recent years; for example, in parts of Ludhiana District in central Punjab,
the rate of change increased from about 0.2 m/yr during 1973-2001 to
about 1 m/yr during 2000-2006 (Fig. 1). A similar trend was reported in
Kurukshetra in Haryana (Sharma ef al., 2008a). In 2009, 103 out of 138
administrative blocks were overexploited in Punjab, while 55 out of 108
blocks were overexploited in Haryana (http://cgwb.gov.in/gw_profiles/
st_Haryana.htm). Using satellite-based estimates of groundwater depletion,
Rodell et al. (2009) found that groundwater is being depleted at a mean rate
of 4.0 1.0 cm/yr across the states of Rajasthan, Punjab, Haryana, and
western Uttar Pradesh. Over a period of 6 years (August 2002—October
2008) with close to normal rainfall, they estimated that the volume of
groundwater had declined by 109 km” (109 10’ m?), double the capacity
of India’s largest surface reservoir. The maximum rates of groundwater
depletion appeared to be centered on Haryana and western Uttar Pradesh.
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Figure 1 Depth to the watertable in June in Gujjarwal, Ludhiana District, Punjab,
India, 1973-2005 (data source: Groundwater Cell, Punjab Department of Agriculture).
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The increase in depth to the groundwater in north-west India has three
major negative effects (Hira, 2009): (1) increasing energy requirement and
cost of pumping groundwater; (2) increasing tubewell infrastructure costs;
and (3) deteriorating groundwater quality, which will ultimately be to the
degree that the groundwater becomes unusable because of upwelling of salts
from the deeper native groundwater (AICRP, 2009; Kamra ef al., 2002),
and because of saline groundwater intrusion into fresh groundwater (as a
result of reversal of groundwater flows due to the lowering of groundwater
levels in fresh groundwater regions below levels in areas with saline
groundwater).

In an attempt to solve the various problems of RW systems in the Indo-
Gangetic Plain (IGP), many improved technologies referred to as
“Resource Conserving Technologies” (RCTs) and “Integrated Crop and
Resource Management” (ICRM) have been developed over the past cou-
ple of decades (Chauhan et al., 2001; Gupta and Seth, 2006; Ladha et al.,
2009; RWC-CIMMYT, 2003; Sharma et al., 2005; Sidhu et al., 2007).
These technologies are targeted at increasing the productivity, sustainability,
and profitability of rice-based cropping systems through reducing and
reversing soil degradation, reducing air pollution, and increasing nutrient,
labor, and water use efficiencies. Examples of these technologies include
laser leveling, reduced and zero tillage, dry seeding of rice, raised beds,
retention of crop residues, balanced fertilization, and crop diversification.
Many of the technologies involve adoption of one or more of the three
fundamental principles of conservation agriculture—reduced or zero tillage,
soil surface cover, and crop rotation (FAO, 2008; Hobbs et al., 2008).
The importance of integrated management of the crop and all resources,
and of considering the performance of the total cropping system, as opposed
to that of individual crops in isolation, is also being increasingly recognized
(Jat et al., 2009; Ladha ef al., 2009).

This chapter explores the potential of many on-farm technologies to
save water and to increase productivity with respect to both irrigation
amount and total water depletion (water no longer available for productive
use due to its loss from the system or pollution), and to highlight gaps
in knowledge and future research needs. The focus is on the IGP of
north-west India, where RW systems prevail, and where the problems of
groundwater decline are most severe. The analysis commences with a brief
description of the hydrogeology of the RW areas of north-west India and
the causes of groundwater decline in this region (Sections 2 and 3).
Section 4 then examines 12 on-farm technologies with regard to their
potential to contribute toward increasing food production and reducing
water use.
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2. THE HYDROGEOLOGY AND DEVELOPMENT OF
IRRIGATION IN NORTH-WEST INDIA

The main rice and wheat producing states of north-west India are
Punjab (5.0 Mha), Haryana (4.4 Mha), and western Uttar Pradesh
(8.1 Mha). They are largely located in the IGP, a flood plain which is the
surface expression of a structural depression located immediately south of
the Shiwalik Foothills of the Lower Himalayas and filled with alluvium. The
topography is gentle (e.g., average slope of 0.3 m/km in Punjab). Most of
Punjab and Haryana are underlain by the Indus River plain aquifer, a
560,000 km? (56 Mha) unconfined to semiconfined porous alluvial formation
that also underlies Rajasthan and eastern Pakistan (Zaisheng et al., 2006 as
cited in Rodell et al., 2009). The Ganges plain starts in eastern Haryana.

The hydrogeology of the IGP is described by Tanwar and Kruseman
(1985). The structural depression forms a deep (>3000 m) trough, but
south of a line extending north east from Delhi the basement is at much
shallower depth (200—1000 m). The underlying geologic formation is of
marine origin (Asghar et al., 2002; Kulkarni ef al., 1989). The trough 1s filled
with alluvial material deposited by rivers from the Himalayas. Coarse to fine
sediments overlay a thick deposit of clay starting at 50-150 m below the
ground surface (Kulkarni ef al., 1989). In the north, clayey layers are
intercalated in medium sand and gravel deposits (Bowen, 1985), while in
the south clay and silt layers predominate, although intercalated with fine
sand layers. Despite its large number of clay layers, the whole of the aquifer
system can be considered as a single heterogeneous unconfined aquifer. Sometimes
the clay layers create semiconfined conditions (leaky aquifers) locally, but
the clay layers may also be pervious, especially when they contain large
amounts of calcium carbonate nodules (often the case).

Annual rainfall declines from around 1000 mm in the hilly north-east
portions of Punjab and Haryana to 200 mm in the south west of each
state. Average rainfall is higher in western Uttar Pradesh (1000 mm) than
in Punjab (780 mm) or Haryana (615 mm). Eighty-five per cent of the rain
falls during the monsoon season, from late June to early September, the
period when rice is grown. Potential evaporation exceeds rainfall except
during the peak of the monsoon in July and August (e.g., Fig. 2). Winters
are dry, with only the occasional light shower during the period of wheat
growth (November to March).

Much of the native groundwater of the Indus basin is saline because of its
marine origin, but most of the shallower aquifers were flushed of their salt
content in the past. Prior to the introduction of irrigation, the depth to the
watertable was 20-50 m. In Punjab, groundwater flows from north east to
south west. The groundwater quality changes from good quality in the
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Figure 2 Longterm (1966-1995) monthly mean pan evaporation and rainfall at
Ludhiana, Punjab.

north east to poor quality (highly saline and/or sodic) in the south west, and
quality also deteriorates with depth (Hira ef al., 1998). The northern foot-
hills region (0.65 Mha) and central plains region (2.5 Mha) have fresh and
marginal quality groundwater, respectively, which can be used for irriga-
tion. The groundwater in the south-west region (1.9 Mha) is generally
unsuitable for irrigation. In Haryana, the groundwater flows from the north
east and south toward the center, and from the center toward the west. The
north eastern part of the state is underlain by fresh groundwater, and the
remaining 2.8 Mha is underlain by brackish to very saline groundwater.
The central basin of 1.7 Mha has no proper surface drainage. As in Punjab,
the salinity of the groundwater increases with depth (Kamra et al., 2002).
The salinity in shallow aquifers, where this occurs, is a result of mixing with
deeper saline water and/or evaporation (Kulkarni ef al., 1989).

Canal irrigation was introduced by the British in the middle of the
nineteenth century, but without provision for proper drainage, and water-
tables rose rapidly due to deep drainage from the canals, irrigated fields, and
rainfall (e.g., Fig. 3). In normal monsoon years in the 1970s, vertical
recharge from rainfall was about 90 mm/yr in Punjab and Haryana, and
higher (215 mm/yr) in western Uttar Pradesh where rainfall is higher (Datta
and Goel, 1977; Datta et al., 1973; Goel et al., 1977). As a result, fresh
groundwater lenses now overlie the deeper saline groundwater (Hira and
Murty, 1985; Qureshi ef al., 2008; Sufi ef al., 1998). The thickness of the
lenses varies depending on the microtopography, hydrogeology, and prox-
imity of channel distributaries, and is greatest near rivers and canals where
the depth to the watertable is least (e.g., Fig. 2 in Qureshi ef al., 2008).
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Transmissivity values from well tests range from 170 to 2600 m>/d, and
specific yield in the depth range affected by water level fluctuations is
10-15%. The rise in the watertable eventually resulted in waterlogging in
large parts of Punjab and Haryana in the mid twentieth century. In 1964
most of the present state of Punjab (except the south west) had a watertable
within 3 m of the soil surface, and significant areas had a watertable within
1.5 m (Hira and Khera, 2000). Significant secondary salinization occurred in
areas with saline groundwater due to mixing with the overlying fresh water
and high evaporation (Ritzema ef al., 2008; Uppal, 1966). The salt-affected
area in Punjab increased from 0.03 Mha in 1950 to 0.68 Mha in 1965.

In the second half of the twentieth century there was rapid expansion in
groundwater pumping from tubewells due to the inability of the supply-
driven canal system to meet the needs of farmers growing the new high
yielding, input-responsive rice and wheat varieties, and strongly supported
by many institutional and policy factors (Raina and Sangar, 2004). This led
to the rapid increase in rice and wheat production known as the “Green
Revolution.” In Punjab, the area of rice increased from 0.39 to 2.48 Mha
between 1970-1971 and 2001-2002, while the area of wheat increased
from 2.29 to 3.42 Mha over the same period (Takshi and Chopra, 2004).
Rice and wheat are now grown in rotation on 1.8 Mha (Abrol, 1999).
In Haryana, the rice area increased from about 0.3 to 0.9 Mha between
1970-1971 and 2000-2001, and the wheat area increased from 1.1 to
2.2 Mha over the same period (Ambast et al., 2006), with 0.6 Mha of
RW systems (Abrol, 1999). In the whole of Uttar Pradesh there are now
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Figure 3 Groundwater rise at Ran Singh Wala village, Faridkot district in south-west
Punjab following the introduction of canal irrigation in the nineteenth century (adapted
from Hira et al., 1998).
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about 5.6 Mha of RW systems (Abrol, 1999). Across north-west India, the
RW cropping system prevails in regions where rainfall is more than 500 mm
and the groundwater has fresh or marginal quality, and in these regions district
average tubewell density ranges from 15 to 307 /km? (Ambast et al., 2006).

The number of tubewells in Punjab increased from 0.1 million in 1960
to 0.9 million in 1997 (Hira and Khera, 2000), and to about 1.2 million in
2008. In Haryana there were more than 600,000 wells and tubewells by
2005 (Sharma ef al., 2008a). By 1994 there were 2 million tubewells in the
whole of Uttar Pradesh (Chadha, 2004). About 85% of the land area in
Punjab is now cultivated with a cropping intensity of 189%, and 97% of this
land is irrigated. Two-thirds of Punjab’s rice and wheat are produced in the
central zone, where the cropping intensity is 201%. In this region, ground-
water is used to irrigate 90-97% of the irrigated area of each district (Sarkar
et al., 2009). Across the international border in Punjab, Pakistan, ground-
water also provides 70% of the requirements for RW systems (Arshad et al.,
2008). In Haryana, cropping intensity in the RW area 1s 215%, and the state
average is 182%. Groundwater supplies 46% of the total irrigated area
(Kumar, 2004) and is the main source in the RW areas (Ambast ef al.,
2006). In western Uttar Pradesh, with a cropping intensity of 157%,
4.2 Mha are irrigated using groundwater (79% of the irrigated area) (Rai,
2004). In the most intensive RW regions, almost all irrigation is now by
groundwater (Erenstein, 2009; Sarkar ef al., 2009).

The rapid increase in groundwater pumping in the RW areas led to a
rapid decline in groundwater levels. For example, there were declines of 5—
15 m in the past 20 years in 11 districts across Punjab and Haryana (Ambast
et al., 2006). The average depth to the watertable in districts of the central
zone of Punjab had increased to 15-28 m by 2006 (Hira, 2009). With no
interventions, it is predicted that the watertable will fall below 10 m in 75%
of Punjab by 2020 (Takshi and Chopra, 2004). Hira (unpublished data)
predicts that by 2025, 42 of 134 blocks (30% of Punjab) will have water-
tables deeper than 30 m, making it impossible to pump out groundwater
using hand pumps or small submersible pumps. Of these 42 blocks, the
watertable will fall beyond 40 m in 30 blocks, beyond 50 m in 6 blocks, and
to 6090 m in 4 blocks. In western Uttar Pradesh, the groundwater is
declining at 0.1-0.75 m/yr (Rai, 2004).

In addition to the problem of groundwater decline in the major RW
areas, parts of Punjab, Haryana, and western Uttar Pradesh continue to be
prone to waterlogging and salinization, caused by rising watertables in canal
irrigated areas where the groundwater quality is too poor for irrigation.
However, the waterlogged area in south-west Punjab had declined to just a
few thousand hectares by 2003 (Jose ef al., 2004), largely as a result of
increased use of the fresh groundwater lens (tapped using skimming wells
and shallow tubewells, Hira, 1994), and partly due to the installation of
surface drains which drain floodwater from submerged areas to the Sutlej
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River. Almost 50% of Haryana has rising watertables and poor quality
groundwater (Kumar, 2004), but with potential to greatly alleviate the
problem through reducing canal irrigation and increasing the use of the
fresh, shallow groundwater overlying the saline groundwater.

3. WATER SOURCES, SINKS, DEPLETION, AND SAVINGS

Keller et al. (1996) used the concepts of sources, sinks, and recycling as
a means of understanding water in river basins. The sources of water in a river
basin are present precipitation, past precipitation (snow, ice), surface stores
(river channels, dams, canals, rice paddies, lakes, ponds), subsurface stores
(soil profile, aquifers), diversions from other basins, and desalinization of
seawater (Seckler, 1996). The sinks are destinations for water, or conditions
of water, from where or which it cannot be reused in the basin; the sinks
include the atmosphere, oceans, inland seas, saline aquifers, and water that
becomes too polluted for further use. When water is withdrawn from a
source and used to irrigate a crop, part of it is lost to the atmosphere sink—
by plant transpiration and by evaporation from the soil or from water lying
on the soil surface. The remainder drains to surface and/or subsurface
storages which may be sources or sinks depending on the condition of the
water. Water depletion is loss of water to sinks. “Real” water saving occurs
when flows to sinks are reduced.

3.1. Why is the watertable going down in the rice—wheat belt
of north-west India?

Using a water balance model and 10 years (1989-1998) of Ludhiana,
Punjab, weather data, Jalota and Arora (2002) estimated annual average
crop ET of 964 mm from the irrigated RW system, exceeding average
annual rainfall by 128 mm (Table 1). Deep drainage was 1110 mm, 83% of’
which occurred during the rice phase. As indicated above, deep drainage in
the main RW areas flows to the groundwater system from where it can be
reused. Assuming that all of the irrigation is from groundwater, and that all
of the deep drainage can be reused, the annual net depletion of the ground-
water due to the RW system is equal to ET-rain, or 128 mm. Given an
aquifer specific yield of 10-15%, annual water depletion of 128 mm is
equivalent to a decline in the groundwater level of 1.28-0.83 m/yr. The
actual rate of watertable declines at Gujjarwal (Fig. 1) over that period was
much less (0.2 m/yr) as there was some irrigation from the canal system
(Arshad et al., 2008), because of recharge across the landscape from rainfall,
rivers, canals and canal irrigated fields, and because of net subsurface lateral
inflow in the groundwater system.
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Table 1 Simulated evaporation and transpiration (mm) for an irrigated rice-fallow-
wheat-fallow cropping system in central Punjab, on a sandy loam soil

Surplus/Deficit

Period Rainfall Evaporation Transpiration (Rain-ET)
Rice 650 217 292 +141
Short fallow 22 38 - 16
Wheat 122 83 237 198
Long fallow 42 97 - 55
Total 836 435 529 128
Annual water 964

requirement (E+T)

Extracted from Jalota ef al. (2002).

The ET water depletion in the study of Jalota and Arora (2002) was due
to transpiration from rice and wheat, evaporation from the soil or water
lying on the soil surface during these crops, and soil evaporation during the
long and short fallow periods (Table 1). Total rainfall during the rice season
exceeded total ET by 141 mm, while total rainfall during the wheat, long
fallow and short fallow periods was much less than ET.

There are few published measurements of the amount of irrigation water
that farmers apply to their fields in the RW systems of north-west India.
Based on a survey of 398 farmers using groundwater only in Haryana
(Erenstein, 2009), average estimated applications to rice and wheat were
1890 and 220 mm, respectively. On a loam soil in central Punjab,
Humphreys ef al. (2008a) measured irrigation amounts of 2300-2400 mm
to continuously flooded rice, 1400-1800 mm to rice with various forms of
alternate wetting and drying (AWD) water management, and 290 mm to
wheat. In Punjab, Pakistan, mean irrigation amounts over three seasons
ranged from 1100 to 1500 mm for rice, and 150 to 260 mm for wheat
(Jehangir et al., 2007). The data indicate that irrigation of rice is very
inefficient given that rainfall usually balances or exceeds crop water use
requirement (ET) in north-west India, even after allowing for the fact that
the monsoon does not start until 2-3 weeks after the crop is transplanted, an
estimated water requirement of 250 mm to saturate the rootzone and
meet ET demand during that dry period. Thus irrigation water is currently
applied to rice at an order of magnitude higher than the theoretical require-
ment, due to the physiological requirement of near saturated soil for
maximum yield (Bouman and Tuong, 2001), the management and fertility
advantages of ponding (for weed control and availability of P and micro-
nutrients such as Fe on coarse textured, alkaline soils), and the use of the
paddy field as a water storage to buffer against unreliable water (electricity)
supply. In contrast to rice, the amount of water applied to wheat is much
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closer to the theoretical requirement (average ET-rain = 198 mm), how-
ever, there will also be some residual soil water available to wheat after rice,
reducing the irrigation requirement. These calculations suggest that there is
considerable scope to increase the irrigation efficiency of rice in this region,
and some scope to increase the irrigation efficiency of wheat, and that the
potential gains are far greater for rice. But an even more important question
is “what is the potential to reduce water depletion due to flows to sinks from where the
water cannot be recovered, and to reduce or halt the decline in groundwater levels?”

3.2. How much water do we need to save to arrest the decline
in the watertable?

The amount of water that needs to be saved from RW systems depends on
the rate of groundwater decline, which varies across the region depending
on many factors such as hydrogeology, climate, landuse, and management.
From a biophysical perspective, the amount of groundwater extraction
should not exceed the amount of recharge to maintain an equilibrium
water level in the aquifer at the desired depth. The optimum depth for
the RW zones has been suggested to be around 6—7 m (Ambast ef al., 2006)
and 10 m (Hira and Khera, 2000). The reasons for this depth are not
reported, but it is shallow enough to minimize the cost of pumping and
avoid the need to dig the deep pits needed to lower the electric motors
(which results in many fatalities due to collapse of the pits), and deep enough
to avoid loss of groundwater by evaporation and problems of waterlogging
and salinization.

The amount of water that needs to be saved is equal to the net depletion
from the aquifer over the time period of interest, and can be calculated from
the product of the rate of decline in the groundwater level and the specific
yield of the aquifer. Using Gujjarwal, central Punjab as a theoretical exam-
ple, with a recent watertable decline of 1 m/yr and specific yield of 15%, the
net loss from the aquifer is equivalent to 150 mm/yr. This implies that to
stabilize the groundwater at Gujjarwal at the 2005 level (16 m below the
land surface), annual water depletion across the landscape needs to be
reduced by 150 mm, which is about 15% of the estimated ET. What is
the potential for improved on-farm technologies to save this much water?

3.3. Methods for reducing groundwater depletion

Many methods have been proposed for arresting the decline in the water-
table in north-west India (Hira, 2009). These involve decreasing withdrawal
of groundwater by reducing on-farm irrigation requirement and/or increas-
ing recharge.
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3.3.1. Methods for simultaneously reducing withdrawal of
groundwater and increasing recharge
These methods involve increasing surface water supplies, by measures such as:

Increasing the canal water supply to central Punjab through the construc-
tion of new headworks on the Sutlej River to capture some of the
1 10°t0 10  10” m’ of water going to Pakistan during the monsoon,
and reviving the old canal watercourses (now ploughed in) in central
Punjab; this would reduce reliance on groundwater through increasing
surface supply, and increase recharge from the canal system
Construction of small and medium dams in the Shiwalik Hills to increase
recharge and provide water for irrigation in Punjab; Grewel and Dar
(2004) estimated that 15-20% of the groundwater depletion could be met
by such measures

By how much these methods would reduce net water depletion from
the Indus basin as a whole is an important question. For example, if all the
water that flows down the Sutlej River to Pakistan during the monsoon
ultimately flows to sinks (such as the ocean), then capture and retention of
that water in Punjab, India would indeed reduce water depletion from the
basin. However, if some of the water that flows to Pakistan is used directly
from the river system, or if it recharges fresh groundwater systems, then
retention of that water in India would not save water in the basin. Only
about 20% of the annual flow in the Indus Basin in Pakistan now reaches the
sea (Qureshi ef al., 2008). The Indus Basin is considered to be a closing
basin, with most of its water already used, and with increasing demand for
water from nonagricultural sectors in the future (Qureshi et al., 2008).
Therefore, politics aside and allowing for environmental flow requirements,
the potential for reducing net depletion from the Indus Basin by retaining
more water in India is questionable and requires further in-depth analysis.

3.3.2. Methods for increasing recharge of groundwater
Methods for increasing recharge have been proposed at landscape, village,
and urban levels, and include:

Construction of recharge wells in areas where the groundwater is declin-
ing, and where there is a thick restricting layer below the soil surface
(Ambeast et al., 2006; Kamra, 2004)

Adoption of soil conservation practices in the Shiwalik Hills to reduce
runoff and increase infiltration, for example, contour trenches, vegetation
barriers, bunding of fields

Rainwater harvesting in cities through the use of grass saver tiles
Renovation of village ponds, which are often silted, to increase
infiltration
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Methods for increasing recharge by capturing runoff have been shown to
have local impacts on groundwater levels, with benefits to local water
pumpers. However, the effect on water depletion at larger scales is less
clear, and depends on the amount of runoff that is captured and used
elsewhere in the system. Analysis at larger scales is needed.

3.3.3. Methods for reducing withdrawal of groundwater
Hira (2009) proposed a range of on-farm technologies that would reduce
withdrawal of groundwater:

Delaying transplanting of rice

Diversification from rice to other crops

Increasing the efficiency of irrigation water use with technologies such as
AWD for rice, laser land leveling, raised beds, and mulching

These and other on-farm technologies are discussed in greater detail in
Section 4. There are many anecdotal reports and published papers in the
popular and scientific literature indicating lower irrigation requirement (thus
reduced withdrawal of groundwater) and higher irrigation water productivity
(WP)) with many improved technologies in comparison with conventional
practice in RW systems (Erenstein ef al., 2008; Humphreys ef al., 2005,
2008b; Ram ef al., 2005; Sharma and Singh, 2002). However, whether
these technologies reduce water depletion and/or increase crop productivity
with respect to water depletion, and by how much, are not known.

3.3.3.1. Reducing run off and deep drainage Practices that reduce sur-
face runoft and deep drainage to sinks such as saline groundwater and the sea
are important ways of reducing water depletion. This is especially the case in
regions such as south-west Punjab and southern Haryana, India, and in parts
of Punjab and Sindh, Pakistan, where deep drainage water flows into
aquifers that are too saline for use (Qureshi ef al., 2008). However, even
here the fresh drainage water tends to overlie the saline water in thin
freshwater lenses. About 50-75% of the freshwater can be captured
and reused using technologies such as skimming wells (Ambast et al.,
2006; Asghar et al., 2002; Hira, 2009). Of course, the extraction of the
fresh water needs to be done with care to extract as little as possible of the
deeper saline water (Kamra ef al., 2002). The design of the skimming well,
depth of the well (distance from the intake to the fresh/saline water
interface), and pumping rate and duration are all important factors in this
(Sufi et al., 1998). Furthermore, the amount of salt in the freshwater lens will
increase over time, mainly due to the salt in the irrigation water (e.g.,
addition of 1000 mm of fresh river water with a salinity of 0.3 dS/m adds
the equivalent of 19 t/ha of sodium chloride). The rate of salinization of the
aquifer can therefore be slowed by management practices that minimize the
amount of irrigation water applied. Keeping the watertable deep is critical
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to enable leaching of salt from the root zone. Therefore deep drainage needs
to be reduced to an amount lower than the rate of dissipation of the
groundwater (by leakage to deeper depths, and/or evaporation in the case
of shallow watertables, and/or shallow groundwater pumping). Thus, in
areas underlain by saline groundwaters, it is critical to employ technologies
that reduce deep drainage.

The effects of improved technologies on the amount of deep drainage
will vary greatly with site conditions (soil type/permeability, presence of a
hard pan, degree of soil cracking, depth to the watertable) and with irriga-
tion system design (size of irrigation bays relative to irrigation flow rates,
which affects the duration of irrigations). It will also vary depending on
water management of the current practice (e.g., whether rice is grown with
continuous flooding or AWD).

Where surface runoff from individual fields can be captured and reused
“downstream,” and where deep drainage can be used by groundwater
pumpers, these losses from individual fields are actually flows to water
sources and not losses from the system at larger spatial scales (Hafeez ef al.,
2007; Loeve et al., 2004). This is the case in much of the RW belt of
north-west India, because the whole of the IGP is underlain by a single,
unconfined aquifer (Section 2). Furthermore, in canal irrigated areas, deep
drainage to groundwater protects the water source from loss by evaporation,
provided that the watertable is not shallow (Hafeez and Khan, 2006; Khan
et al., 2006; Young et al., 2007), and is often the source of water for farmers
with inadequate or no canal supply. The evaporative loss of water from the
groundwater depends on the depth to the watertable and soil type (Raes and
Deproost, 2003; Rasheed ef al., 1989).

Reducing deep drainage in farmers’ fields will reduce pumping costs,
pollution of groundwater, and leaching of nutrients, and should be strongly
encouraged. However, it will not halt the decline in groundwater levels in
the major RW growing areas of north-west India. Here it is critical to
develop and adopt technologies that also increase production per unit of
evapotranspiration (WPg).

3.3.3.2. Reducing ET and increasing WPgr Reducing ET and increasing
WPgt is beneficial in all water-limited situations. In groundwater irrigated
areas where ET is the only source of water depletion and food production
needs to be increased, it is critical. There are several ways that WPg can be
increased:

i. increase yield and reduce ET

The ideal would be technologies that increase WPg by simultaneously
increasing yield and reducing ET, providing the means to both increase
food production and reduce water depletion. This is possible with improved
technologies in some situations, as was the case with subsurface drip
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irrigated maize in south eastern Australia (O’Neill et al., 2008). However, in
general, it is difficult to increase yield without increasing ET because of the
strong, positive linear relationship between transpiration and dry matter
production (e.g., Farquhar and Richards, 1984; Haefele et al., 2008),
together with the fact that dry matter production is an important determi-
nant of yield of cereals up to some optimal level of biomass (e.g., Akita,
1989; Reynolds et al., 2007; Tollenaar, 1991). When yields are at or above
about 50% of their potential, yield gains come at a near proportionate
increase in ET (Molden ef al., 2010). Thus, unless starting at very low
yield levels, technologies that increase yield are generally likely to result in
higher transpiration and higher ET, unless the yield increase is simply a
result of increased harvest index due to factors such as avoidance of heat or
cold damage at sensitive reproductive stages.

ii. maintain yield and reduce ET

Examples of technologies that increase WPgt by reducing ET while
maintaining yield in north-west India include delaying rice transplanting
date (Section 4.2), and growing shorter duration varieties (Section 4.3).
As most of the cultivable land in the major RW areas of north-west India is
already used, there is little scope for increasing food production with such
technologies alone.

iii. increase yield and increase ET, but with a proportionately larger
increase in yield

Technologies that increase WPt by increasing both yield and ET, but
which increase yield by more than ET, can also be used to increase food
production and reduce ET by reducing the cropped area to the optimum
level, but this would be difficult to implement in north-west India for socio-
economic reasons. Furthermore, the impact on water depletion from the
noncropped land (and which will be affected by management of that land,
e.g., weedy fallow vs. bare fallow vs. cultivated fallow) also needs to be
considered, in a landscape scale analysis of WPgr.

iv. increase yield and maintain ET

Technologies that increase WPt by increasing yield while maintaining
ET could also serve the dual purpose of increasing food production and
reducing water depletion if the total cropped area is reduced, but would be
difficult to implement as above (iii).

v. reduce yield and reduce ET, but with a proportionately larger reduction
in ET

Technologies that increase WPgt by reducing both yield and ET, with
higher reductions in ET, are undesirable if food production is to be
increased.
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4. EFFECTS OF IMPROVED TECHNOLOGIES ON YIELD,
THE NATURE AND AMOUNT OF WATER SAVINGS, AND
WATER PRODUCTIVITY

This section reviews the findings to date on the effects of a wide range of
technologies on yield, components of the water balance, and water produc-
tivity. The components of the water balance considered are irrigation, deep
drainage, and ET (partitioned into evaporation and transpiration where possi-
ble). The measures of water productivity discussed here are with respect to
irrigation (WP) and ET (WPgt). Where available, field data are presented.
However, it is difficult in field studies to separate most components of the
water balance, and few researchers have attempted this. In some cases, the
separation has been done using crop models, usually calibrated and validated
for the relevant environment and application, and with the advantage of being
able to assess performance of the technology over a range of seasonal condi-
tions. The review shows that while there is a considerable amount of data on
the impacts of many technologies on yield, irrigation amount and WPy in
comparison with conventional practice, this is not the case for all technologies.
Furthermore, there have been very few attempts to determine the nature of
any irrigation water savings, and in particular, to determine ET and WPgt.
The main findings of the review are summarized in Table 2.

Before discussing the potential benefits of the “improved” technologies,
it is important to recognize that there is considerable scope to increase land
and water productivity of the RW system through improved agronomic
management while retaining current cultural practices (PTR followed by
wheat grown using zero till or conventional tillage). District average farmer
yields of rice and wheat in Punjab, Haryana, and western UP are consider-
ably below achievable yields on research stations, and 40-70% below poten-
tial yields (Pathak ef al., 2003; Timsina ef al., 2004). The yield gap between
the best practice and the farmers’ practice was 18.6% in the north western
plains under the frontline demonstration program (Anonymous, 2009a).
The gaps between research station and farmer yields indicate considerable
scope for increasing food production simply by greater adoption of recom-
mended crop management practices. This would also result in large increases
in water productivity with respect to both irrigation and ET. In particular,
improved management of continuously flooded PTR is likely to have
small or negligible effects on irrigation amount and ET, while increasing
yield and thus WP and WPgt. The situation with regard to WP} and WPgr
of wheat is less clear, and will depend on whether the increase in yield as a
result of improved management is greater than any increases in irrigation
amount and ET. There is also considerable scope to increase yields of
rice, wheat, and alternative crops in the medium term through varietal



Table 2 Estimated impacts of improved technologies on components of the water balance and water productivity in comparison with

conventional practice (see Section 4 for explanation)

Section 4

location Technology

Rice

4.1 Laser leveling

4.2 Delayed
transplanting”

4.3 Short duration rice”

4.4 Alternate wetting &
drying

4.5 Zero till transplant”

4.6 Dry seeding”

4.6 Aerobic rice

4.7 Transplanted rice on
fresh beds

Wheat

4.1 Laser leveling

4.8 Zero till

Irrigation

N\, 100-200 mm*
\, 75 mm 20
May—-20 Jun
\, 75 mm
20 Jun—20 Jul

\\ up to 270 mm*™*

200-800 mm*

?(’

\ 200-500 mm*
. 500-800 mm*
\, 300500 mm"

\\ 50100 mm*
\ 30-100 mm*

Deep drainage

\\ as for irrig"
Negligible

\\ up to 200 mm**

. s a
as for irrig

?ﬂ
: s a
| as for irrig
s a
\\ as for irrig
.2,
| as for irrig

\| as for irrig”
? low rainfall so
little deep

drainage

Yield

+0-6%
Negligible

Negligible or
decrease

Negligible

Negligible
N\ 0-20%

N\ 30-40%
N\ 10%

+0-20%
+5%

ET

Negligible
\, 75 mm
\, 75 mm

N\, 70 mm
Negligible
Negligible
Negligible

Decrease
Negligible

WPgr

Small increase
+15%
+15%

+20%
Negligible
Negligible

L 0-20%
)

Small decrease

Effect on rate of
groundwater
decline

Negligible
Large reduction

Large reduction
Negligible

Negligible
Negligible
Negligible
Negligible

Small reduction
Small reduction

(continued)




Table 2 (continued)

Effect on rate of

Section 4 groundwater
location Technology Irrigation Deep drainage Yield ET WPgt decline
4.9 Mulching of wheat  \, 0-40 mm Negligible Negligible unless Negligible Negligible unless Negligible

water limiting water limiting

(increase) (increase)
4.10 Wheat on beds . 100 mm \\ as for irrig" +5% ? Small increase  Negligible Negligible
Alternatives to rice—wheat
4.11 Sugarcane N\, 200 mm \ as for irrig” 230-240 mm Large increase
4.11 Cotton—wheat \ 250 mm \ as for irrig" 210-250 mm Large increase
4.11 Maize—wheat N 450-500 mm  \ as for irrig* . 50-70 mm Medium reduction

Numbers in the tables should be regarded as indicative only, and are derived from the limited available data reported in the text. \, 50 mm indicates a decrease of 50 mm; + 50 mm indicates an increase
of 50 mm; ? indicates insufficient data or knowledge to estimate the impact. Comments in italics are suggested impacts based on current understanding, but for which no data are available.

“ Magnitude of the reduction will depend on many factors, especially soil permeability, depth to watertable, and water management.

" Same irrigation scheduling criteria/water management as conventional practice.

¢ Data for a loamy sand—more permeable than a typical rice soil.
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improvement. For example, by breeding for higher yield potential,
improved disease and insect resistance, and tolerance to heat during the
reproductive stages. However, neither improved varieties nor improved
management using current cultural practices address the sustainability pro-
blems of resource degradation, labor scarcity, pollution, and water scarcity.
Hence there is a need for technologies which seek to address these and other
problems, and also the need for the development of improved varieties
suited to these improved technologies.

4.1. Laser leveling

Despite the fact that fields for RW systems are puddled and leveled every
year prior to rice transplanting, the soil surface is often very uneven,
resulting in excessive water application to enable the highest portions of
the field to be flooded for rice, or wetted during irrigation of wheat. In a
recent survey of 300 farmers’ fields in Punjab, India, the difference between
the highest and lowest parts of the fields ranged from 8 to 25 cm (H.S. Sidhu,
unpublished data). Jat ef al. (2006) reported leveling indices (LIs) of up to 13
cm in farmers’ fields in Ghaziabad, where LI is the mean deviation between
the desired elevation and the actual elevation. LI increased rapidly with field
areaup to 1 ha. In 50 m 5 m replicated irrigation blocks on a reclaimed
sodic soil, Tyagi (1984) found that the irrigation amount required to cover
the block increased from 42 to 95 mm as LI increased from 1 to 7 cm.
Average wheat yield decreased from 3.1 to 2.2 t/ha as LI increased from 1 to
7 cm, and the decline in yield was attributed to increased waterlogging (the
estimated time for the surface water to disappear was 7 d with LI=5
compared with 2 d for LI=1).

In 71 farmers’ fields in Punjab, Pakistan, laser guided leveling gave an
average reduction in irrigation amount of 76 mm (21%) and an average yield
increase of 0.6 t/ha (15%) for wheat (Kahlown et al., 2006). In 71 farmers’
fields in western Uttar Pradesh, India, laser leveling gave reductions in
irrigation amount of 50-100 mm in wheat and of 100-150 mm in rice (Jat
et al., 2006). Assuming irrigation applications of 300 mm to wheat and 2000
mm to rice with conventional leveling, this represents irrigation reductions of
17-30% for wheat, and 5-8% for rice. Mean WP in both crops was increased
by about 20% with laser leveling due to reduced irrigation amount and higher
yield (by 9% in wheat, 6% in rice). In a small plot replicated experiment on a
sandy loam soil in western Uttar Pradesh, laser leveling did not result in
significantly higher yields of rice or wheat, however, the total crop system
yield with lasering was significantly higher (by 7%) in the second year (Jat
et al., 2009), demonstrating the importance of considering the total system as
well as individual crops in the rotation. Total irrigation was lower in the
lasered treatment compared with conventional leveling, by about 200 mm
(12-23%) in rice and 40 mm (9—13%) in wheat.
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Studies to explain the effects of laser guided leveling on either crop
performance or components of the water balance are lacking. The higher
wheat yields are probably due to improved soil water status (reduced water
logging and/or reduced water deficit stress due to removal of low and high
spots). The net effect on ET is likely to be negligible in both flooded rice
and wheat. The higher wheat yields probably reflect improved crop growth
and thus greater transpiration, while evaporation is likely to be reduced due
to reduced duration of free water on the soil surface (due to faster irrigation
time and removal of depressions where water would pond after rain or
irrigation). It is likely that much of the irrigation water saving in the above
studies was due to reduced deep drainage. In that case, the size of the
irrigation water saving will depend greatly on soil type, depth to the water-
table, and duration of irrigation (which depends on irrigation flow rates in
relation to field size). There are no reports of the effects of these factors on
the irrigation water savings due to laser leveling in the RW regions.

In addition to large reductions in irrigation amount and higher yields,
laser leveling has many other benefits including increase in the cultivable
area and greater efficiency of machinery operations and inputs (due to
reduced overlap of machinery passes and reduced “misses”) (Jat et al.,
2006). Large areas are likely to be laser leveled in the RW systems of the
IGP over the next decade, based on initial adoption rates. Laser leveling
commenced in western Uttar Pradesh in 2003, and by February 2006, 37
farmers owned laser levelers, and 10,000 acres had been leveled across 10
districts (Jat et al., 2006). However, the most rapid rates of expansion are
now occurring further west. In 2005, about 70,000 ha had already been
leveled in Punjab, Pakistan, using laser technology (Jat et al., 2006).
A project was implemented by the Punjab provincial government in
2006—-2008 which was to provide 1500 laser units (50% subsidy) with the
goal of leveling 0.3 Mha during the life of the project, and Jat et al. (2006)
projected that within 10 years about 1.8 Mha would have been laser leveled.
Laser leveling is just beginning in Punjab, India, with more than 2000 laser
units in that state in August 2009, subsidized by the government (25% in
2008, 33% in 2009) (H. S. Sidhu, personal communication).

4.1.1. Summary—Laser leveling

Large reductions in irrigation amount and increases in WPy as a result of
laser assisted land leveling have been reported from many farmers’ fields in
the north-west IGP, with irrigation water reductions of the order of
100 mm in both rice and wheat, but results are variable. The irrigation
water savings are likely to be due to reduced deep drainage, and will
therefore vary with site conditions, irrigation system design, and water
management. There is no information in the literature on the effects of
site conditions on the effects of laser leveling on irrigation water use and
WPy, nor on the effects of laser leveling on ET and WPg—WPgt could
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increase or decrease depending on effects on crop biomass and harvest
index. Laser guided land leveling provides many important benefits for
farmers, however, it is unlikely to reduce water depletion and groundwater
table decline in the major RW areas where groundwater is used for irriga-
tion. On the other hand, in canal irrigated areas, laser leveling will be very
beneficial in reducing the rate of watertable rise and thus the amount of
waterlogging and secondary salinization. The reduced irrigation require-
ment will make more canal irrigation water available for other uses.

4.2. Planting date

Shifting planting to a date when a crop can grow under reduced evaporative
demand while maintaining yield, and without jeopardizing the ability to
sow the next crop at the optimum time, can significantly reduce ET and
increase WPgt. This is especially the case in north-west India for crops
planted prior to the onset of the monsoon. Many field and modeling studies
and Department of Agriculture Statistics show that the yield of transplanted
rice is relatively stable over a wide range of transplanting dates from early
May to mid June or later, although some studies show a yield decline for
transplanting after mid June (Arora, 2006; Chahal ef al., 2007; Hira and
Khera, 2000; Jalota et al., 2009; Khepar et al., 1999). Many studies also show
large reductions in ET by delaying transplanting in north-west India from
early May to early July. Using 36 years of weather data at Ludhiana and
potential ET calculated by the modified Penman method and crop factors as
suggested by Doorenbos and Pruitt (1977), Khepar et al. (1999) estimated
that ET of rice between transplanting and harvest (duration 110 d)
declined from 700 to 490 mm as the date of transplanting was delayed
from 1 May to 1 July. Irrigation amounts were least with 1 July transplant-
ing, the date which resulted in the greatest rainfall interception and rela-
tively low ET during the cropping season. Using ORYZA2000 on a sandy
loam at Ludhiana, Arora (2006) found that ET of continuously flooded rice
decreased from 758 to 569 mm as transplanting date (PR114) was delayed
from mid May to 1 July. Jalota ef al. (2009) found a reduction in ET of PR
118 ( 120 d transplanting to maturity) of about 70 mm by delaying
transplanting from 25 May to 25 June with safe AWD water management
(irrigation 2 d after floodwater dissipated), using the CropSyst model on a
loamy sand. Using the CROPMAN model, Chahal et al. (2007) found that
delaying transplanting to mid June or later provided more favorable tem-
peratures (reduced heat stress) and reduced risk of rain during flowering.
Later rice planting also widens the window between wheat harvest and rice
planting and thus increases the ability to include a third crop, such as a short
duration pulse, in the RW system (Section 4.12).

Until recently, the recommended practice in Punjab was to transplant
around mid June to save water and electricity. However, in reality, farmers
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staggered transplanting from early May to the end of June because of limited
labor availability, increased pest pressure on later planted crops, and limited
availability of electricity for pumping (Hira and Khera, 2000; Singh, 2009).
Between 1990 and 2004, 24-64% of the rice crop was transplanted before 31
May, and 49-66% by 15 June (Singh, 2009). During 2006 and 2007, a mass
campaign was begun to educate farmers to delay rice transplanting to June 10
or later, and to appeal to the Punjab State Electricity Board to provide 8 h of
electricity per day to tubewells from this date onwards (and several hours of
electricity were provided every day). The Punjab Preservation of Sub Soil
Water Ordinance was implemented in 2008, on the initiative of the Punjab
State Farmers’ Commission (Singh, 2009). The Ordinance prohibited plant-
ing seedling nurseries prior to 10 May, and transplanting rice prior to 10 June.
Farmers who did not comply had their crops ploughed in and were required
to pay for the cost of the diesel used to do this. The Ordinance was converted
to an Act in March 2009, and a similar Act was passed in Haryana. As a
result, the area transplanted by 31 May in Punjab decreased to 1.2% in 2008,
while the area transplanted before 15 June decreased to 23%. Based on
one year’s data and historic transplanting patterns, rainfall, and groundwater
levels, Singh (2009) estimated that implementation of the Act reduced the
long-term rate of decline in the groundwater level by about two-thirds, or
30 cm/yr. The saving in electricity due to the Act was estimated to be
1.22 10° Rs/yr ( $24 million/yr) (Singh, 2009). Hira (2009) predicted
that further delaying the transplanting date from 10 June to 15, 20, 25, and 30
June would reduce the average watertable decline rate from 64 cm/yr to 51,
39, 29, and 20 cm/yr, respectively.

4.2.1. Summary—Rice transplanting date

Delaying the transplanting date to mid June will significantly reduce water
depletion as ET, while maintaining yield, with important benefits in both
groundwater irrigated areas (reduced depletion of the groundwater) and canal
irrigated areas (more canal water available for water short areas). The effect of
delaying transplanting on deep drainage will be small unless crop duration is
significantly affected. As current rice varieties in north-west India are not or
only slightly photoperiod sensitive, there will be little effect of changing
transplanting date on crop duration. Major constraints to further reducing
water depletion by delaying the transplanting date from 10 to 30 June are
lower vyields for transplanting after mid June, and the lack of labor to
transplant millions of hectares of rice over a much shorter time period than
has been the case in the past. Mechanical transplanting could potentially solve
the latter problem, however, to date attempts to mechanize transplanting in
puddled fields have not been successful in north-west India, with negligible
farmer uptake. However, mechanized transplanting in nonpuddled fields is a
promising new technology (Section 4.4), and would help solve the problem
of labor shortage.
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4.3. Varietal duration

Reducing varietal duration reduces irrigation water use through decreasing
both ET and deep drainage. Using CropSyst on a loamy sand (not a typical
rice soil), Jalota ef al. (2009) found that ET was reduced by about 70 mm
with a short duration hybrid (RH257, 90 d from transplanting to maturity)
in comparison with the longer duration PR 118 (120 d), while deep
drainage was reduced by about 200 mm. The recently released rice variety
PAU 201 matures 15 d earlier than many of the current popular long
duration varieties, and yields 20-25% more. Thus shifting to varieties with
shorter duration, with similar or higher yield, is a real possibility to reduce
both irrigation amount and ET while increasing WP; and WPgr. The
reduction in ET will reduce groundwater depletion in groundwater irri-
gated areas, and the reduction in deep drainage will reduce watertable rise in
canal irrigated areas.

4.4. AWD in rice

Traditional lowland rice production involves flooding, puddling, and trans-
planting, and the fields are normally kept flooded until shortly before
harvest. Rice performs best when grown under continuous flooding or in
saturated soil, and yield declines as the soil dries below saturation, with a
critical threshold of around 10 kPa (Bouman and Tuong, 2001). AWD (also
known as “intermittent irrigation”) involves flooding the field with a
shallow depth of water, say 5 cm, and then waiting for a few days after
the floodwater has dissipated before irrigating again. AWD reduces seepage
and deep drainage losses, more so on more permeable soil (Tuong et al.,
1994). With careful management (“safe AWD?”), there is no yield loss
compared with continuously flooded rice. Safe AWD incorporates shallow
ponding for the first 2 weeks after transplanting, and during flowering, to
avoid water deficit stress during these sensitive stages. Yield is maintained if
the perched watertable is not allowed to fall below about 15 cm below the
soil surface the rest of the time. The actual safe depth varies with soil type,
but this has not been quantified, and 15 cm is the upper threshold across all
soils. Safe AWD is a proven technology for the tropics and subtropics, with
practical guidelines for its application using a simple, low-cost “field water
tube” (Bouman et al., 2007a) now known as the “panipipe” in Bangladesh
and India. It is widely practised in regions of China where there is now
irrigation water scarcity (Li and Barker, 2004), and is also the recommended
practice in many countries or regions including the IGP of India and
Bangladesh (e.g., Anonymous, 2009b; Sandhu et al., 1980; Sattar et al.,
2009), the Philippines, and Vietnam. There are many reports from small
plot studies in the IGP showing large irrigation water savings (15—-40% of
the applied water or up to 840 mm) with AWD in puddled transplanted rice
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(PTR) in comparison with continuous flooding, and with no or only small
effects on yield (e.g., Choudhary, 1997; Hira et al., 2002; Humphreys ef al.,
2008a; Sandhu et al., 1980; Sharma, 1989, 1999). The reported irrigation
water savings from north-west India are likely to be overestimates in com-
parison with the situation in farmers’ fields because of disproportionately high
underbund seepage from small plots where measures to reduce seepage were
not implemented (Humphreys ef al., 2008a; Tuong ef al., 1994). The irriga-
tion water savings are much larger on the permeable soils with deep water-
tables in north-west India than on soils of low permeability and/or where
watertables are shallow (Belder et al., 2004, 2007; Cabangon et al., 2001).

There are a few modeling studies, but very few field studies, which have
attempted to determine the nature of the irrigation water savings as a result of
AWD in comparison with continuously flooded PTR. On a clay loam in
Punjab, Sudhir-Yadav et al. (2010a) observed a consistent trend for declining
ET as water management changed from continuous flooding to irrigation
scheduled at 20, 40, and 70 kPa, however, the differences were not signifi-
cant. The main causes of the 50% reduction in irrigation amount in going
from continuous flooding to AWD were reduced deep drainage and seep-
age, plus reduced runoftin one year, and reduced ET in the other year. Arora
(2006) used the ORYZA2000 model to compare continuous flooding and
AWD for PTR on a sandy loam for 12 years of weather data at Ludhiana,
Punjab. The AWD treatment involved continuous flooding for 2 weeks after
transplanting, and thereafter irrigation (50 or 75 mm) 2 d after the disappear-
ance of free water from the soil surface. AWD reduced the average (over 12
years) irrigation amount by about 350 mm or 25-30%, but ET was only
reduced by about 30 mm. Average water productivity with respect to ET
(WPgT) was about 5% lower with AWD, while input water productivity
(WP r) was about 8% higher with AWD due to reduced deep drainage.
Belder et al. (2007) and Bouman et al. (2007a,b) also found only very small
effects of safe AWD on ET and small to large eftects on irrigation amount and
deep drainage for PTR in the Philippines and China using ORYZA2000.
The reduction in irrigation with AWD was due to reduced drainage, and was
highly dependent on rainfall, soil type, and depth to the watertable.

While AWD is the recommended practice in India, in reality farmers
irrigate according to the availability of water (in canal irrigated systems) or
electricity (which is highly subsidized, or even free to farmers in some states
such as Punjab) for groundwater pumping. The availability of electricity to
rural areas is unreliable and limited to a few hours every day or so, therefore
farmers pump continuously whenever free electricity is available because of
the uncertainty as to when it will next be available. Thus there is little
incentive, and high risk, with adoption of AWD by groundwater pumpers
who have access to electricity. Farmers are concerned that if the soil dries to
the degree that it cracks, then irrigation requirement will be greatly
increased. However, where farmers are dependent on diesel (for which
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they have to pay) to pump groundwater, safe AWD would be a useful
technology for minimizing irrigation water (and diesel) use while maintain-
ing rice yield. Hira (2009) proposed charging the full price for electricity to
provide an incentive to farmers to irrigate more efficiently, and using half of
the income from selling electricity to provide bonuses for rice and wheat. If
Punjab State Electricity Board is able to supply 6-8 h of electricity per day to
tubewells from 10 June onwards (introduced in 2009), this would enable
farmers to practice safe AWD.

The distribution of water in the canal systems of north-west India is
based on a rotational system known locally as ““Warabandi,” and described
in detail by Khepar et al. (2000). The canal water may only be available to
individual farmers every couple of weeks. Farmers in the lower reaches get
much less water per unit area than farmers in the upper reaches because the
duration of supply at each farm outlet is in proportion to the holding size,
without considering seepage losses from head to tail of the system. Infre-
quent, unreliable, and inadequate water supply means that it is logistically
impossible for farmers reliant on canal irrigation to adopt safe AWD.
Furthermore, the cost of canal irrigation water is low (US$2.7/ha in
Haryana, Erenstein (2009); US$8.2/ha in Punjab in 2009, up from US
$3.8/ha in 2007), so there is no incentive for farmers with better access to
water in the upper reaches to save irrigation water.

The extent of adoption of safe AWD in the IGP is unknown, but it is
likely to be small, in both canal and groundwater irrigated areas, for the
above reasons. Where AWD occurs, it is likely to be because the farmers
have no other choice because of lack of rain and electricity or canal water,
that s, it is “unmanaged” AWD and thus likely to result in yield loss due to
water deficit stress (Bouman and Tuong, 2001).

4.4.1. Summary—Safe AWD for rice

Safe AWD maintains yield while giving very large irrigation water savings in
transplanted rice on permeable soils with deep watertables, in comparison
with continuously flooded rice. The reduction in irrigation amount is likely
to be due to reduced deep drainage, with little effect on ET and WPgr.
Conversion from continuously flooded rice to safe AWD will help conserve
irrigation water for other uses and reduce watertable rise in canal irrigated
areas, but will have little effect on the rate of groundwater depletion in the
groundwater irrigated areas.

In practical terms, adoption of safe AWD is generally not possible for farmers
dependent on canal irrigation or electricity for groundwater pumping because
of unreliable and limited supply of water or electricity. There is no incentive to
adopt safe AWD because of the low prices of water and electricity. However,
safe AWD would be beneficial for farmers who purchase diesel to pump
groundwater. Areas where diesel powered pumps are commonly used should
be identified and the technology could be promoted immediately.
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There is a need for institutional and policy changes to encourage farmers
to adopt safe AWD. In canal irrigated systems, adoption by farmers upstream
would improve canal water supplies for downstream farmers. However, this
would result in reduced groundwater recharge in upstream reaches, with
potential effects on “downstream” farmers dependent on groundwater for
irrigation.

4.5. Zero till transplanted rice

Mechanical transplanting into noncultivated soil (zero till transplanting) has
recently been shown to be a very promising technology for establishing rice
in north-west India, with major benefits including large savings in energy
and labor, and regular plant spacing (Malik and Yadav, 2008; Sharma et al.,
2003, 2005). The technology is particularly relevant to north-west India at
present because of the rapidly escalating labor scarcity for transplanting as a
result of the National Rural Employment Guarantee Act (2007). This Act
promises 100 d paid work in people’s home villages, while transplanting of
rice in north-west India has been dependent on millions of migrant laborers
from eastern Uttar Pradesh and Bihar.

Whether zero till transplanting results in water savings in comparison
with transplanting into puddled soil, and the nature of those savings, has not
been established. Puddling is practised in rice culture for many reasons
including weed control, ease of transplanting, and to help maintain standing
water in the field by reducing drainage beyond the rootzone. The relative
importance of these benefits varies with many factors such as climate, soil
type, and local cultural practices. Reducing deep drainage is most important
on coarse textured soils such as those in north-west India, where infiltration
rates are very high in the absence of puddling (e.g., 30 mm/d on a sodic silty
loam at Modipuram, Uttar Pradesh, Sharma ef al., 2002; 72 mm/d on a silty
loam in Haryana, Sharma ef al., 2004b). The reduction in infiltration rate
(and thus of deep drainage) as a result of puddling depends on soil type,
depth to the watertable, intensity of prepuddling tillage and puddling, and
depth of the floodwater (Adachi, 1992; Cabangon and Tuong, 2000; Gajri
et al., 1999; Kukal and Aggarwal, 2002; Kukal and Sidhu, 2004; Kukal et al.,
2005; Sanchez, 1973). Thus, with the same water management from transplant-
ing to harvest, deep drainage from puddled fields during this period is likely
to be lower than from nonpuddled fields. The magnitude of the difference
will depend greatly on water management and site conditions such as soil
type, degree of soil cracking at the time of rice establishment, and depth to
the watertable.

While puddling reduces deep drainage after transplanting, it can also
require a large amount of water to undertake the puddling operation,
typically 150-250 mm to saturate and flood the soil (Tuong, 1999). In
some parts of Asia, there is also a long prepuddling soil soaking period for a
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range of logistical reasons (Cabangon et al., 2002; Tuong, 1999). During this
period, large amounts of water can be lost as evaporation and deep drainage.
The amount and size of soil cracks has a large influence on deep drainage
(Cabangon and Tuong, 2000; Liu ef al., 2003; Tuong et al., 1996). Further-
more, the cracks do not necessarily close during soaking and ponding, and
may continue to conduct large amounts of water to depth until they are
closed by puddling (Ishiguro, 1992; Tuong ef al., 1996). Long soaking
periods are common in canal irrigation systems where flow rates are inade-
quate, and where the irrigation water supply is from field to field instead via
distributary channels. However, in the major RW regions of north-west
India, farmers have installed tubewells to have ready access to water (e.g., an
average of 1.8 tubewells per household in Haryana, Erenstein, 2009).
Therefore they can normally irrigate and complete puddling within a
couple of days, and the irrigation water savings from avoiding puddling
for transplanted rice are likely to be small as the field also needs to be soaked
prior to zero till transplanting. Furthermore, in both systems, the field needs
to be shallow-flooded for a couple of weeks after transplanting for good
establishment.

There are few studies comparing water use in puddled and non-puddled
transplanted rice. Singh et al. (2001) compared zero till and PTR using the
same water management—the soil was always saturated, with floodwater
depth ranging from 0 to 5 cm. In their 3 year RW experiment in small plots
on a sandy loam at Delhi, they found that PTR used on average 125 mm less
irrigation water than transplanted rice in nonpuddled soil. Importantly, their
irrigation measurements included the prepuddling irrigations, which is not
often the case in reports on water use in PTR in north-west India.

Given the large irrigation water savings possible with sate AWD, it is also
important to compare puddled and zero till transplanted rice under these
conditions. Puddled soils tend to crack upon drying; the rate and size of
crack development depends on the rate of drying, the amount of clay with
shrink/swell properties, and the potential for consolidation of the puddled
layer (Cabangon and Tuong, 2000; Ringrose-Voase and Sanidad, 1996;
Ringrose-Voase ef al., 2000). The cracks grow as the soil dries, which in
turn increases the rate of drying as a result of exposure of the crack faces to
the atmosphere. Sanchez (1973) found that topsoil drying and cracking 30 d
after transplanting, followed by AWD, greatly reduced root development
and yield, whereas topsoil drying and cracking 60 d after transplanting had
no effect on root development and increased yield. Irrigation water use and
deep drainage losses can be much higher once the soil cracks due to bypass
flow (flow through vertically continuous macropores) (Cabangon and
Tuong, 2000; Sanchez, 1973; Wopereis et al., 1994). Anectodal evidence
from India is that cracking commences much sooner in puddled soil than
nonpuddled soil. This implies that the safe AWD irrigation interval for
PTR may be less than for zero till transplanted rice, which may result in
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irrigation water savings with zero till transplanted rice. Bhushan ef al. (2007)
compared these two tillage methods in small plots on a silty loam soil at
Modipuram, using the same AWD irrigation scheduling rule for both
methods (irrigate to a floodwater depth of 5 cm at the first appearance of
hairline cracks). In 2002 (which was very dry for the first 2 months), the
total amount of irrigation applied to both the puddled and zero till treat-
ments was similar (3050 mm). In 2003 (rains well distributed), there was an
8% reduction (150 mm) in irrigation water use with zero till transplanted
rice. The nature of the irrigation water savings was not determined. Yield
and yield components of zero till and PTR were similar in both years,
therefore it is likely that transpiration was similar in both treatments. To date
there are no other published data on water use in zero till transplanted rice
compared with PTR.

4.5.1. Summary—Zero till transplanted rice

There are insufficient data to predict the impact of changing from puddled
to zero till transplanted rice on components of the water balance and
measures of WP. The impact needs to be assessed based on optimum
irrigation management for each system, and the impact on deep drainage
is likely to vary greatly with soil type (permeability, tendency to crack),
amount of soil cracking at the time of establishment, and depth to the
watertable. The impact on ET is likely to be small.

4.6. Dry seeded rice with AWD

Dry seeding provides another mechanical and potentially simpler option for
establishment of rice than mechanical transplanting. In dry seeded rice
(DSR), the seed is normally drilled into soil tilled in a similar way to
conventional tillage for wheat, but it can also be sown using zero tillage
(e.g., Bhushan ef al., 2007). Water management for DSR can vary from
continuous flooding (after establishment) to frequent irrigation (with the
goal of similar yield to that of continuously flooded PTR or DSR—that is,
DSR with safe AWD) to infrequent irrigation (for situations where lack of
irrigation water limits rice yield) to rainfed.

4.6.1. Frequently irrigated DSR

There is currently a lot of interest in DSR in north-west India because of
the reduced labor requirement. DSR is also attractive to farmers because of
the lower irrigation requirement of DSR with AWD than continuously
flooded PTR, especially given the reluctance of farmers to adopt PTR with
AWD due to concerns about soil cracking if irrigation water (electricity) is
not available as needed. In the central to eastern Ganges Plains, where rice
establishment is often reliant on the start of the monsoon, dry seeding can
provide the opportunity for timely establishment on the first rains (usually
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one to two supplementary irrigations are needed after sowing) prior to the
onset of the monsoon proper, rather than waiting for sufficient rain to be
able to puddle and flood the soil for transplanted rice. Often the monsoon is
late relative to the optimum time for transplanting, resulting in transplanting
of seedlings older than the optimum age, and terminal drought due to
cessation of the rains prior to maturity of late planted crops. The late rice
harvest also delays establishment of wheat beyond the optimum date,
lowering wheat yield. However, in north-west India, the optimum time
for establishment of DSR is a few weeks prior to the normal start of the
monsoon, at a very hot time of year when evaporative demand is very high
(typical pan evaporation 8-12 mm/d, Fig. 2). Furthermore, the duration of
DSR in the main field is longer (by 2-5 weeks) than the duration of
transplanted rice (Cabangon ef al., 2002; Sudhir-Yadav et al., 2010b),
suggesting that ET of DSR will be higher than ET of PTR. On the other
hand, anecdotal reports from farmers and researchers are that the safe AWD
irrigation interval in DSR can be much longer than in PTR because the
puddled soil cracks much sooner and more strongly. On a clay loam soil in
Punjab, Sudhir-Yadav et al. (2010a) observed that the soil water tension at
17—20 cm depth increased to 20 kPa 1-3 d earlier in PTR than DSR, and
that crack formation usually started just 1 d after irrigation during the early
growth stage when there was little plant cover and hot, dry weather. The
longer irrigation interval may result in lower irrigation water use in non-
puddled soil, while the lack of puddling may increase deep drainage and
thus irrigation amount. The net result will depend on site conditions, and in
the few cases where it has been determined, irrigation amount was reduced
with DSR compared with PTR with the same AWD irrigation scheduling
(Bhushan et al., 2007; Jat et al., 2009; Sudhir-Yadav et al., 2010a).
Bhushan et al. (2007) compared PTR and zero till DSR in small plots on
a silty loam at Modipuram. The DSR was sown on the same day as the
nursery for PTR. They used the same irrigation scheduling rules for both
establishment methods, daily irrigation for the first 2 weeks after transplant-
ing or sowing, followed by irrigation when hairline cracks appeared. There
was a 20% reduction in irrigation application with DSR compared with
PTR in both the poorly and well-distributed rainfall years. Yields were
similar in both treatments in the first year (>7 t/ha), although yield was
achieved in different ways—much higher tiller and panicle density and
lower floret fertility in DSR compared with PTR. Yield of DSR was
significantly lower than of PTR in the second year (by 13%). Sharma
et al. (2005) also reported similar yields (>6.5 t/ha) for DSR and PTR.
On a sandy loam at Modipuram with similar irrigation management to that
of Bhushan ef al. (2007), Jat et al. (2009) also found reduced water input
(irrigation plus rain) by 9-24% with DSR (zero till or cultivated) in
comparison with PTR. The magnitude of the saving was similar in both
lasered and nonlasered treatments. Yields of DSR in the second year were
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significantly lower than yields of PTR (by about 30% or 2 t/ha in both
lasered and nonlasered treatments), resulting in similar WP; in both DSR.
and PTR in both leveling treatments. The yield loss with DSR was offset by
higher wheat yields after DSR than after PTR in the second year, resulting
in similar total system yield, and again demonstrating the importance of
considering the total system rather than individual crops. At Delhi the best
varieties only produced around 4.5 t/ha when dry seeded and irrigated at a
soil water tension of 20 kPa, with about a 10% yield decline when the
irrigation threshold tension was increased to 40 kPa (Singh et al., 2008).
Irrigation at soil water tensions of 20 and 40 kPa reduced input water by
23% and 32%, respectively, in comparison with irrigation to keep the soil
close to saturation. How much of the irrigation water savings in the above
studies was due to reduction in ET and/or deep drainage is not known.
If the lower yield of DSR was associated with lower biomass, at least part of
the irrigation water savings would be due to reduced ET, but the effect on
WPgT would depend on whether ET was reduced by more than yield.

In small plots on a clay loam at Ludhiana, Punjab, Sudhir-Yadav ef al.
(2010a,b) found similar irrigation water use and yield (>7 t/ha) of contin-
uously flooded PTR and daily irrigated DSR (topped up to 5 cm daily from
the time of transplanting the PTR; the DSR and the seedbed for PTR were
sown on the same day) (Fig. 4). When irrigations were delayed until the soil
water tension increased to 20 kPa at 17-20 cm depth, irrigation amounts in
both establishment methods were more than halved, and the amount
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Figure 4 Irrigation water use of PTR and DSR as affected by irrigation scheduling on
a clay loam at Ludhiana, Punjab, 2008. Daily = daily irrigation topped up to 5 cm, 20
kPa = irrigated when soil water tension at 17-20 cm increased to 20 kPa. Vertical bar is
the least significant difference (p = 0.05) for the interaction between establishment
method and irrigation treatment. (Adapted from Sudhir-Yadav ef al., 2010a.)
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applied to DSR was 30-50% lower than that applied to PTR, while yields
in both treatments were similar to yields of continuously flooded PTR. The
larger irrigation amount with PTR-20 kPa than DSR-20 kPa was mainly
due to the fact that the PTR was continuously flooded for the first 15 d after
transplanting before the irrigation scheduling commenced, and to a much
lesser degree because it also required more frequent irrigation once the
scheduling commenced. Deep drainage over the whole season was esti-
mated using tritiated water injected at 60 cm at the time of sowing (DSR) or
transplanting (PTR) (Munnich, 1968). Deep drainage under DSR-20 kPa
(284 and 453 mm in 2008 and 2009, respectively) was significantly higher
than in PTR-20 kPa (170 and 255 mm), probably due to the combination
of irrigation and rainfall between sowing and the time of transplanting in
2008, and the lack of puddling (higher infiltration rate) in DSR. However,
the deep drainage under PTR in 2008 was probably underestimated as it did
not include drainage as a result of the large amount of rain that fell between
the time of sowing DSR and irrigation for puddling. ET in both treatments
was similar each year (means of 640 and 710 mm in 2008 and 2009,
respectively), as was WPgr (1.1-1.2 kg/m?). The irrigation water saving
in DSR was due to reduced seepage and runoff. Whether this is a real water
saving would depend on whether the seepage water ultimately flowed to
sources or sinks.

Yields of both DSR and PTR declined when the soil was allowed to dry
to higher tensions than 20 kPa, and yield of DSR declined more rapidly
than yield of PTR as tension increased to 40 and 70 kPa (Sudhir-Yadav
et al., 2010b). On a marginally sodic silt loam at Modipuram, yield of DSR
declined significantly (by 15%) as the threshold for irrigation increased from
10 to 20 kPa at 20 cm (Sharma et al., 2002). The DSR was affected by iron
deficiency in the studies of both Sharma ef al. (2002) and Sudhir-Yadav et al.
(2010b), more so as the threshold tension for irrigation increased. Develop-
ment of improved varieties targeted for dry seeding with AWD water
management is needed, as are management guidelines (e.g., irrigation,
nutrients, weeds). The IRRI-led Cereal Systems Initiative for South Asia
(CSISA) project which commenced in 2009 includes a major effort to
develop varieties for dry seeding with safe AWD.

4.6.1.1. Summary—Dry seeded rice with safe AWD Irrigation amounts of
DSR. with safe AWD are reduced in comparison with PTR with safe
AWD, largely because of the need for continuous flooding during the first
2 weeks after transplanting, and partly because of the shorter irrigation
interval to avoid soil cracking in puddled soil. The very limited data
available to date (one study) suggest similar ET and WPgt from DSR and
PTR with safe AWD management, while the results of several studies show
similar or lower yields with DSR than PTR.
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4.6.2. Aerobic rice

The System of Aerobic Rice (“aerobic rice”) is also a dry seeded system, but
one which uses much less irrigation water than well-irrigated DSR. It is
referred to as a “System” as it involves the use of both specially developed
input-responsive cultivars that are adapted to drier soil conditions than lowland
rice varieties, and management practices tailored to maximize input water
productivity (WP ). Aerobic rice was originally developed for irrigation
areas where traditional PTR can no longer be grown due to water scarcity (as a
result of physical shortage of water, inaffordability of water to farmers, or
policies banning PTR, such as in areas that used to grow PTR around Beijing),
and for favorable rainfed upland areas (Wang et al., 2002). The WPy of
aerobic rice is typically double that of traditional rice culture grown under
optimum conditions in the same climate (Bouman et al., 2006; Feng ef al.,
2007; Yang et al., 2005). In northern China, first-generation aerobic rice
varieties have a demonstrated yield potential of 6 t/ha (compared with about
9 t/ha for lowland cultivars) but use only about 50% of the input (irrigation plus
rain) water used in paddy rice. While the yield potential of current aerobic rice
varieties is only about two-thirds that of lowland varieties grown in saturated or
flooded soil, as water input is reduced below that required for continuous soil
saturation, yields of traditional varieties fall below those of aerobic rice varieties
grown with the same level of water deficit (Fig. 5). Thus aerobic rice is suited
to areas where there is insufficient water to grow PTR or high yielding
DSR with safe AWD, but where there is a need to continue to grow rice.
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Figure 5 Yield of aerobic rice varieties (black diamonds) and a lowland variety (open

diamonds) under flooded and aerobic soil conditions at nearby sites outside Beijing,
China, 2001-2004 (source: Bouman et al., 2007a).
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[tis also an attractive crop for traditional upland areas where crops such as maize
and soybeans are sometimes severely affected by waterlogging, as aerobic rice
is tolerant of waterlogging. Templeton and Bayot (2008) conservatively
estimated that the potential adoption area for aerobic rice in China is about 5
Mha. Preliminary extrapolation domain analysis based on site similarity
(climate, topography, rice growing area, availability of irrigation and poverty
level) analysis with pilot aerobic rice sites suggested that the potential area for
aerobic rice in India is also very large (several million hectares) and includes
much of the IGP (Rubiano and Soto, 2008).

Using the ORYZA2000 rice model, Bouman ef al. (2006) showed that
changing the irrigation threshold for aerobic rice from 10 kPa soil tension at
15—20 cm (equivalent to daily irrigation) to 20 kPa had no effect on yield,
ET or WPgt with a watertable at 60 cm, in wet and dry years, at Huibei in
the Yellow River plain in China. With a deep watertable (1.9 m) in a dry
year, both yield and ET declined by about 6% (by 0.5 t/ha, 40 mm,
respectively), thus WPgt was again hardly affected. WPgt of aerobic rice
ranged from 1 to 1.2 kg/m’, compared with values in excess of 1.4 kg/m’
for lowland rice in the same locality, for a range of watertable conditions and
irrigation schedules. Xue et al. (2008) found higher WPg of around 1.4 kg/
m® of aerobic rice for irrigation thresholds of 20-100 kPa using
ORYZA2000 in deep watertable conditions near Beijing. Yield declined
by about 10% (from 7.5 to 6.8 t/ha) over this range of irrigation schedules,
while ET declined by about 6% (from about 510 to 480 mm).

As for frequently irrigated DSR using varieties with higher yield poten-
tial, aerobic rice sometimes performs poorly as a result of factors such as
micronutrient deficiency and nematodes (Kreye et al., 2009a,b). Further
research is needed to produce germplasm with higher yield potential under
limited water, and to develop management guidelines for sustainable aero-
bic rice-based cropping systems.

4.6.2.1. Summary—Aerobic rice Trrigation input can be further reduced
beyond that in DSR using safe AWD using the System of Aerobic Rice, and
with small reductions in ET, but the tradeoft is lower yield. The very
limited data to date (one study) suggest that WPgt of aerobic rice is less
than that of well-irrigated PTR. Clearly, further efforts are needed to
develop higher yielding aerobic rice systems and to quantify impacts on
components of the water balance and water productivity.

4.7. Rice on beds

4.7.1. Transplanted rice on beds

Small plot replicated experiments show reductions in the amount of irriga-
tion water applied to transplanted rice on fresh beds compared with PTR
(Bhushan et al., 2007; Kukal et al., 2010). In both these studies the same
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AWD irrigation scheduling rules were applied to beds and PTR—irrigation
on the appearance of hairline cracks on the soil surface of the flat plots or in
the bottom of the furrows (Bhushan ef al., 2007), or irrigation 2 d after the
disappearance of water from the soil surface or furrows (Kukal et al., 2010),
and the furrows were filled almost to the top of the beds at each irrigation.
Irrigation amount on fresh beds was reduced by 16% on a silty loam in
western Uttar Pradesh (Bhushan et al., 2007), and by 11% and 24% on sandy
loam and loam soils, respectively, in Punjab (Kukal ef al., 2010). At all three
sites, there was a reduction in yield on the beds similar to the reduction in
irrigation amount, thus WPy was similar in the transplanted fresh beds and
PTR. In a farmers’ field on the loam, irrigation was reduced by 15% while
yield was reduced by 8%, resulting in a small increase in WP;. Some of the
earliest farmer participatory trials of rice on beds in Ghaziabad, Uttar
Pradesh, showed much larger average reductions in irrigation time (around
40%) for transplanted and DSR on raised beds in comparison with farmer
practice (PTR), while average yields of all three systems were similar, thus
resulting in higher WP; on the beds (Balasubramanian et al., 2003; Gupta
et al., 2003). The reasons for the differences are unknown; however, it is
likely that the larger irrigation water savings in the farmers’ fields were due
to comparison of intermittently irrigated beds with continuously flooded
PTR, whereas the studies of Bhushan et al. (2007) and Kukal et al. (2010)
compared beds and PTR with similar AWD water management.

Results of experiments in small plots comparing transplanted rice on
permanent beds and PTR are quite variable in terms of both grain yield and
irrigation water use. In general, rice on permanent beds performs much
better in the eastern IGP than in the north west (Humphreys ef al., 2008Db).
Reesults from Bangladesh, Nepal, and Uttar Pradesh show reduced irrigation
amounts of 14-38% on permanent beds compared with PTR, on soils
ranging in texture from sandy loam to silty clay loam, for beds up to
8 years old (Bhushan ef al., 2007; Jat et al., 2008; Lauren et al., 2008;
Talukder ef al., 2008). In these studies, Bhushan et al. (2007) and Jat ef al.
(2008) irrigated all treatments at the first appearance of hairline cracks in the
flat plots or furrows, while Lauren ef al. (2008) irrigated the PTR and beds
on the same day. In contrast, the total amount of irrigation water applied to
PTR and permanent beds on a sandy loam at Ludhiana was similar on
average over 4 years (Kukal et al., 2010). In this case both treatments were
irrigated 2 d after the disappearance of water from the surface/furrows
(usually on the same day), and the furrows were also filled almost to the
top at each irrigation. On a loam at Phillaur with the same irrigation
management, irrigation water application to the permanent beds was signif-
icantly higher (by 16-21% over 4 years) than in PTR in the small plots, and
by 7% in a large (farmer field) block (one year’s data only).

Results from Bangladesh and Nepal consistently show similar or higher
yields of transplanted rice on permanent beds than PTR (Lauren et al., 2008;
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Talukder et al., 2008), and higher WPy as a result of both higher yields and
lower irrigation amounts. In contrast, results from India and Punjab, Paki-
stan consistently show lower yields on the permanent beds than in PTR, in
both small plots and farmers’ fields (Bhushan ef al., 2007; Jat et al., 2008;
Jehangir et al., 2007; Kukal et al., 2010; Yadvinder-Singh et al., 2008a,
2009), with yield declining as the beds age. The net result in the studies in
India was thus similar or declining WP; on the permanent beds compared
with PTR. In Punjab, WP, declined to about 50% of that in PTR by the
2nd or 3rd rice crop on the sandy loam and loam soils, respectively, in both
small plots and in a farmer’s field (Kukal ef al., 2010).

Kukal ef al. (2010) also found that total irrigation amount was higher on
permanent beds than fresh beds with the same irrigation management in
small plots on sandy loam and loam soils (by 11% and 24%, respectively),
and by 25% in adjacent farmer blocks on the loam soil. They attributed this
to bypass flow as a result of greater macroporosity in the permanent beds due
to cracking and biopores. In the farmer field blocks, irrigation application
depth also had a large effect on the amount of irrigation water applied to
both fresh and permanent beds on the loam (Kukal ef al., 2010). Half filling
the furrows (instead of filling them to the top of the beds) at each irrigation
decreased irrigation water amount in the permanent and fresh beds to 68%
and 61%, respectively, of that in PTR with the same AWD irrigation
scheduling. However, yield also declined by 20-25% when irrigation
depth in the furrows was halved. The net result was higher WPy in PTR
than on both the fresh and permanent beds irrigated with half furrow depth.

4.7.2. DSR on beds

There are only a few reports comparing DSR on beds with DSR on the flat
or PTR, all in small plots in north-west India. All these studies show a
decline in yield of DSR on the beds relative to PTR, but the results are
inconsistent in terms of irrigation amount.

Choudhury et al. (2006) compared yield and components of the water
balance for DSR on sandy loam and loam soils on fresh beds and on the flat at
Delhi. The small plots had plastic lined bunds to reduce underbund seepage,
and row spacing on the flats was even (20 cm) or with paired rows (20 cm,
47 cm), the same plant row spacings as on the beds. All three treatments
were lightly irrigated every 2nd day to keep the root zone close to field
capacity. There was a significant (11%) reduction in irrigation amount on
the beds in the first year compared with both DSR flat treatments, but no
significant difference in the second year. The reduction in irrigation in the
first year was due to a 15% reduction in drainage beyond the rootzone,
while ET (calculated from the water balance) was similar on beds and flats
with paired row spacing in both years, but significantly lower (by about 12%
or 75 mm) than with 20 cm row spacing, probably due to the much lower
leaf area and biomass production with the paired rows (on beds and flats).
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Yields of DSR on beds and flats with paired rows were similar, and
significantly lower (by 12-24%) than yields of DSR with 20 cm row
spacing. Water productivity with respect to ET was thus similar in all
three treatments in 1 year, and significantly lower (by 14%) on beds and
flats with paired rows than with 20 cm row spacing in the other year.
At Modipuram, irrigation water use of DSR on fresh beds was significantly
lower (by 9% and 5% on sandy loam and silty loam soils, respectively) than
in DSR on the flat (Bhushan et al., 2007; Jat et al., 2008; first crop on the
beds in both these permanent bed studies). Yields on the beds were 17% and
14% lower than on the flat, resulting in slightly but significantly lower WP,
on the beds. At another sandy loam site at Modipuram, yields of DSR and
irrigation amount on fresh beds were both about 25% lower than PTR with
the same irrigation scheduling rules (appearance of hairline cracks), resulting
in similar WPy in DSR and PTR (Jat et al., 2009).

Yield of DSR on permanent beds (3- and 8-year-old beds) was signifi-
cantly lower (by 46% and 23%, respectively) than yield of PTR, and 16%
lower than yield of DSR on the flat, on two sandy loam sites in Modipuram
(Jat et al., 2008, 2009). While irrigation input was reduced by about 25%
(400 mm) on the 3-year-old beds, WP} was significantly lower because of
the 46% yield decline (Jat ef al., 2009). On sandy loam and loam soils in
Punjab, yields of DSR on beds also declined greatly relative to yield of PTR
as the beds aged, while the amount of irrigation water applied to DSR was
similar to or higher than that applied to PTR with the same AWD irrigation
management (Humphreys et al., 2008a; Yadvinder-Singh et al., 2008a,
2009). The higher irrigation amounts were partly due to the longer duration
of DSR in the main field. Constraints to growth of DSR on beds in north-
west India included nematodes and severe iron deficiency which could not
be fully overcome by the use of iron sprays (Sharma ef al., 2002; Yadvinder-
Singh et al., 2008a, 2009).

4.7.3. Summary—Rice on beds

Transplanted rice on fresh beds consistently results in irrigation water savings of
15-25% in comparison with PTR with AWD, with irrigations on beds and
PTR scheduled using the same rules. However yields on beds in north-west
India tend to be lower than yields of PTR, resulting in similar WPy.

The nature of the irrigation water savings has hardly been investigated, for
both transplanted and DSR on beds, apart from the study of Choudhury ef al.
(2006). Where rice growth is similar on beds to that of PTR, there is likely to
be little effect on ET, and the savings are probably due to reduced deep
drainage and thus their magnitude will depend on soil type and depth to the
watertable. The size of the irrigation water savings for intermittently irrigated
beds will be much higher if they are compared with PTR with continuous
flooding rather than with AWD. The magnitude of the water savings of
transplanted rice on fresh beds in farmers’ fields in comparison with farmer
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practice (probably PTR with continuous flooding) appears to be similar to
the savings with AWD compared to continuous flooding of PTR.

The performance of transplanted rice on permanent beds is variable across
the IGP. In north-west India yields and WP; generally decline as the beds
age in comparison with PTR with the same irrigation scheduling rules. This
is not the case in studies in Nepal and Bangladesh. Results are also variable
with regard to irrigation amount on permanent beds compared with PTR.
Bypass flow on the permanent beds as a result of soil cracking during the
long hot fallow, and the development of biopores, appears to lead to higher
irrigation requirement on the permanent beds on some soil types. Yield of
DSR on beds is consistently inferior to that of PTR, and yield declines
greatly as the beds age. Iron deficiency and nematodes are often major
problems.

To date there has been negligible adoption of rice on fresh or permanent
beds in north-west India. Clearly, further research is needed to develop
sustainable, high yielding permanent bed systems for rice.

4.8. Zero till wheat

Traditional establishment of wheat after rice involves removal of the rice
residues (predominantly by burning in north-west India, or manually in
eastern India), followed by intensive tillage (Gajri ef al., 2002). In the north
west, this typically involves a pretillage irrigation followed by a couple of
discings then harrowings then plankings to prepare the seed bed for wheat.
In Punjab, India the seed is normally sown in rows by a seed drill, whereas in
Haryana and the eastern IGP it is commonly broadcast. Adoption of zero
tillage in the IGP has been rapid since the mid-1990s, increasing to over
3 million hectares by 2006 (Harrington and Hobbs, 2009). The major driver
for adoption is increased profitability as a result of lower establishment costs
(Erenstein and Lakshmi, 2008). In 2003-2004, zero till wheat (ZTW) was
practised on over 1 million hectares in India, using the Pantnagar or “zero
till” seed drill (Erenstein and Lakshmi, 2008). This machine is capable of
sowing into bare, nontilled soil and into anchored rice residues, but not into
combine harvested rice stubbles because the loose residues left by the
harvester block the seed drill. Thus ZTW as it is currently practised involves
full or partial burning, or removal of the loose rice residues.

In a comprehensive review of ZTW farmer participatory trials and
research in RW systems of the IGP, Erenstein and Lakshmi (2008) found
that zero till saved one irrigation, and gave average irrigation water savings
of 10-30% or up to 100 mm, compared with conventional tillage. This was
mainly due to lack of need for a presowing irrigation due the ability to sow
sooner after rice harvest while the soil was still moist, and due to the much
shorter duration of the first irrigation because of the faster advance of the
water over the nontilled soil surface. However, a pre-tillage/sowing
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irrigation may not always be needed for wheat sown into tilled soil (Sharma
and Singh, 2002). Yields of ZTW were similar or higher (by an average of
6%) than yields with conventional tillage, thus WP} was also higher. Adop-
tion studies in Haryana (Erenstein ef al., 2008) also showed that WPy was
significantly (17%) higher in ZTW than with conventional tillage, due to
slightly higher yields (by 4%) and slightly lower irrigation amount (by 9%),
although the average number of irrigations for both establishment methods
was the same.

The nature of the irrigation water savings for ZTW in comparison with
conventionally tilled wheat has not been investigated. There are four possi-
ble causes: (1) reduced transpiration as a result of earlier planting resulting in
the crop growing under a period of lower evaporative demand; (2) reduced
deep drainage due to the shorter duration of the first irrigation, and due to
fewer irrigations where that is the case; (3) reduced soil evaporation due to
reduction in the period between rice harvest and wheat as a result of earlier
wheat planting; Humphreys ef al. (2008a) showed significant drying of the
soil profile to depth on sandy loam and loam soils in Punjab between the time
of rice harvest in mid October and wheat sowing in early November.
As there is often a window of several weeks between rice harvest and the
optimum time for wheat sowing in the north west, the use of zero tillage is
unlikely to advance the time of wheat sowing significantly, except where
rice harvest is late as is the case for basmati rice; considerable areas of basmati
are grown in Haryana (0. 4 Mha out of a total rice area of 1 Mha since
about 2000, but with a dramatic increase to 0.8 Mha out of 1.2 Mha in
2009), Punjab ( 20% of the rice area or 0.5 Mha) and Uttar Pradesh;
(4) reduced soil evaporation due to nondisturbance of the soil—whether
tillage increases total evaporation due to exposure of moist soil aggregates to
the atmosphere or reduces it due to breaking of capillarity depends on the
time period, soil type, incidence and amount of rain, and evaporative
demand (Jalota ef al., 2001). Under typical dry, low evaporative demand
conditions after rice harvest, Jalota et al. (2001) found only very small
differences in soil profile water content for untilled and cultivated soil after
2 and 3 weeks on sandy loam soils, but on a loamy sand (not a typical rice soil)
water content in the untilled soil was 30 mm higher after 3 weeks.

The optimum time for wheat sowing in north-west India is the first
fortnight in November. Given that rice is generally harvested in early to
mid October, and the potential for early establishment of wheat using zero
tillage, it is important to understand the tradeoffs between on yield, WP and
WPgt with earlier sowing? Using the DSSAT-CSM-CERES Wheat v.4.0
crop model, Timsina ef al. (2008) compared yield, components of the water
balance, and water productivity of the predominant wheat variety
(PBW343) sown at 15 d intervals from 10 October to 10 January. Maximum
yield and water productivity with respect to both irrigation (WP;) and ET
(WPgT) occurred with 25 October and 10 November sowings, suggesting
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sowing can be brought back to at least 25 October, with the potential benefit
of capturing residual soil water from rice that would otherwise be lost by
evaporation. Yield, WPy and WPyt were least with sowing on 10 October.
The potential for planting between 10 and 25 October also needs to be
explored with regard to yield, water depletion and water productivity, given
that earlier sowing provides the opportunity for the crop to mature under
cooler conditions and with lower evaporative demand.

4.8.1. Summary—Zero till wheat

Adoption rates of zero till wheat are far higher than with any other improved
technology for RW systems, with adoption on over 10% of the RW area of
India by 2003—-2004. A major driver for adoption is increased profitability as
a result of lower establishment costs. There is considerable evidence from
farmer adoption studies that zero till wheat gives irrigation water saving of at
least 10% (at least 2030 mm) in comparison with conventional practice,
while yields are generally slightly higher, leading to higher WP;. Experi-
mental studies indicate that reductions in irrigation amounts of up to 30% are
possible. How much of the irrigation water saving is due to reduced ET or
deep drainage, and the effect on WPgT, are not known.

4.9. Surface residue retention and mulching

4.9.1. The effect of mulch on soil evaporation

It is well established from laboratory studies that surface residue retention and
mulching decrease soil evaporation, and that the reduction in evaporation
depends on the amount of mulch, soil water content, soil type, and evaporative
demand (e.g., Bond and Willis, 1970; Gill and Jalota, 1996; Prihar ef al., 1996;
Steiner, 1989). However, while cumulative evaporation from mulched soil
initially lags behind that of bare soil, the difference declines with time (because
the mulched soil is wetter) and eventually the total loss from the mulched soil
becomes similar to or can even exceed the total loss from the bare soil (Bond
and Willis, 1970; Prihar ef al., 1996). However, these findings are from
laboratory studies in the absence of wetting events after the mulch is applied.
Field soils are subjected to wetting by rain and irrigation, and drying by
evaporation, root water uptake and drainage, therefore the actual impacts of
mulch on evaporation will be site and season specific.

4.9.2. Surface retention of rice residues for wheat

The recent development of the Happy Seeder (Sidhu ef al., 2007, 2008) and
the Rotary Disc Drill (Sharma et al., 2008b) provides RW farmers in the
IGP with the capability of sowing ZTW in the presence of loose and
anchored rice residues. The Happy Seeder removes the residues in a narrow
strip (7.5 cm) in front of the sowing tynes, and chops the residues which
flow past the tynes. This enables zero tillage into bare soil, and leaves
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standing straw between the seed rows plus a mulch on the soil surface. The
Rotary Disc Drill cuts through the residues and makes a slit in the soil for
placing seed and fertilizer. Several experiments in Punjab and Nepal show
that rice mulch significantly reduces the rate of soil drying and delays the
need for irrigation of wheat (Balwinder Singh et al., 2010a; Rahman et al.,
2005; Sidhu ef al., 2007; Yadvinder-Singh ef al., 2008b). Using micro-
lysimetry, Balwinder-Singh et al. (2010b) showed that the mulch reduced
soil evaporation by 35 and 40 mm on a clay loam soil in both a lower than
average rainfall year (89 mm) with poor rainfall distribution, and a higher
than average rainfall year (159 mm) with good rainfall distribution, respec-
tively (Fig. 6A and B). However, the reduction in soil evaporation was
offset by significantly higher transpiration in both years. In the drier year
(three postsowing irrigations), ET, yield and WPgr were unaffected by
mulching. In the other year (one postsowing irrigation), mulching signifi-
cantly increased biomass and yield compared with the nonmulched control
which suffered from water deficit stress for about 10 d after maximum
tillering. Again ET was similar with and without mulching, but WPgT was
significantly increased due to the higher yield.

Whether or not mulching reduces the need for irrigation depends
greatly on the incidence and amount of rainfall—in some years mulch
reduced the number of irrigations by one when scheduled based on soil
matric potential, in other years mulched and nonmulched wheat required
the same number of irrigations (Balwinder-Singh, 2010a; Yadvinder-Singh
et al., 2008b). The results of Balwinder-Singh et al. (2010b) suggest that
mulching does not reduce water depletion as ET due to reduced transpira-
tion efficiency in the presence of mulch. This is a disappointing finding
which needs further investigation.

In addition to retention of rice residues, the Happy Seeder and Rotary
Disc Drill provide the capability of sowing on the day of harvest, maximiz-
ing the opportunity for productive use of residual soil water rather than
losing it by evaporation. The field studies of Jalota ef al. (2001) suggest that
mulching would result in similar or higher soil profile water content (by up
to 50 mm) over a period of 2—4 weeks after rice harvest, in the presence of
limited rain. Thus sowing into rice residues immediately after rice harvest
could save up to 50 mm of soil water for early use by the crop.

Adoption of the Happy Seeder is at an early stage. In 2008-2009, the
Happy Seeder was demonstrated in participatory trials on 930 acres across all
districts of Punjab, and in a few trials in western UP. At that time there were
four manufacturers and a government subsidy of 33%. Twenty-two machines
were sold, 10 to farmers and the rest to government, institutions and co-
operative societies (Manpreet Singh, personal communication). In May 2010
there were five manufacturers in Punjab, and the state government announced
plans to buy 200 Happy Seeders for the 2010-2011 season, providing 80
machines free to Primary Agriculture Cooperative Societies, and a further 120
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Figure 6 The effect of mulching on soil evaporation from wheat at Ludhiana, Punjab
was measured using mini-lysimeters in (A) 2006-2007 and (B) 2007-2008. The stan-
dard error of the mean for each data point is plotted, creating an envelope of variability.
(Adapted from Balwinder-Singh et al., 2010.)

with a 50% subsidy http:/www.tribuneindia.com/2010/20100602/punjab.
htm#2. It was anticipated that this would halt burning on at least 20,000 ha in
2010. While there are government bans on the burning of crop residues in
Punjab and Haryana, these have not been implemented to date.

4.9.3. Surface retention of residues during the fallow period

between wheat harvest and rice planting
Potential evaporation is very high during the 2-month period between
wheat harvest and rice planting, with total pan evaporation of the order of
500 mm (Fig. 2); however, the amount of evaporation will depend on soil
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water content. Results from a sandy loam show that the soil profile was
relatively dry at the time of wheat harvest, but that there was further loss of
water from the 020 and 20—-40 cm layers between harvest and preirrigation
tor rice (Fig. 7). The total loss during this period was about 20 mm. The
field studies of Jalota et al. (2001) showed losses of around 70 and 40 mm on
sandy loam and loamy sand soils during this period, while the modeling
studies of Jalota and Arora (2002) predicted higher evaporation (averages of
146 and 97 mm from medium and coarse textured soils, respectively) during
this fallow period.

To date, little attention has been paid to management of the fallow
period after wheat harvest, apart from the possibility of introducing a green
manure crop (Yadvinder-Singh et al., 2004), or a short duration food crop
(such as mung bean, Section 4.11) during this period. Most of the wheat in
north-west India is harvested by combine (Gajri et al., 2002). The loose
straw (about two-thirds of the residue) is normally removed for animal feed,
and the remaining straw (2 t/ha) is burnt. Would mulching with that
amount of straw in that environment significantly reduce evaporation
during the fallow period? In laboratory studies, Steiner (1989) found that
stage 1 evaporation from a wetted soil was reduced by 85% with less than
1 t/ha of wheat straw. On deeply wetted soils in laboratory experiments,
Prihar ef al. (1996) found that the introduction of shallow (5 cm) tillage
when the cumulative reduction in evaporation due to mulch reached a
maximum (a couple of days to about 10 d atter mulching, depending on soil
type) provided maximum benefit in reducing evaporative loss from a range
of soil types. The practical implication of this is that mulching after wheat
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Figure 7 Drying of the upper soil profile between wheat harvest (11 April 2006)
and preirrigation for rice on a sandy loam at Ludhiana. Horizontal bars are standard
deviations for the data on 12 April (Humphreys et al., unpublished data).
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harvest in years when there is significant residual soil moisture (e.g., due to
rain close to harvest or late irrigation), followed by shallow tillage a few days
later, may help conserve residual soil moisture after wheat. However, the
soil profile is normally dry at the time of wheat harvest (Humphreys ef al.,
2008a), and with little likelihood of rain. In their field experiments, Jalota
et al. (2001) showed that in the period of high evaporative demand after
wheat harvest, and with occasional rains, there was no benefit of mulching
(with 6 t/ha of wheat straw) in terms of soil water content.

4.9.4. Summer crops and mulching

The reduction in evaporation of irrigated summer crops as a result of
mulching is likely to be larger than for wheat because of much higher
evaporative demand, especially prior to the onset of the monsoon. Mulch-
ing can greatly increase yield of summer crops in north-west India, but
results are variable, depending in particular on weather (Ram ef al., 2005;
Sekhon et al., 2005). Studies on the effects of mulching summer crops on
ET in the region are lacking. Using a water balance model, Jalota and Arora
(2002) estimated that mulching maize reduced evaporation by means of 185
and 130 mm on medium and coarse textured soils, respectively, while
mulching cotton reduced evaporation by means of 225 and 165 mm,
respectively. Based on these results, there may also be considerable potential
to reduce evaporation from DSR (with AWD) using mulches, and this
needs further investigation.

4.9.5. Summary—Mulching

Mulching ofters the potential to reduce evaporation from wheat by 30—40 mm,
which will reduce the number of irrigations needed by one in some
years. However, initial results suggest that the reduction in evaporation is
offset by increased transpiration, and that under well-irrigated conditions
transpiration efficiency is reduced, resulting in similar WPgt with and without
mulch. Under limited water conditions where mulching reduces water deficit
stress and loss of yield, WPyt is increased. Preliminary results suggest
that mulching of wheat does not reduce water depletion as ET due to reduced
transpiration efficiency in the presence of mulch, and further investigations
are needed.

There seems to be little scope for mulching to reduce soil evaporation
during the very hot, dry fallow between wheat and rice harvest, unless there
is rain shortly prior to the time for establishment of rice. The potential for
water savings through mulching of summer crops, including DSR, has not
been investigated to date, but maybe substantial based on the results of
limited trials with non-rice summer crops. The potential for mulching to
reduce water depletion as ET and increase WPyt requires further
investigation.
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4.10. Wheat on raised beds

There are many anecdotal reports of large irrigation water savings for wheat
on beds in comparison with conventional tillage in farmers’ fields. The few
published data show reduced irrigation time or amount of 35-50% and
slightly higher yield (mean 5%) on the beds (Hobbs and Gupta, 2003;
Kahlown et al., 2006; Singh et al., 2002). It is likely that most of these
reports from farmers’ fields are for fresh beds. Despite these positive results,
there has been negligible adoption of wheat on beds in RW systems. The
reasons have not been analyzed, but are likely include the need to purchase a
bed planter (although a simple potato ridger can be used) and to knock the
beds down after wheat harvest for conventional rice cultivation.

Permanent bed R W systems would probably be more attractive to farmers
if yields of both rice and wheat could be maintained or increased, because
this would greatly reduce establishment costs. However, to date, poor yields
of rice on permanent beds in north-west India have discouraged adoption
(Section 4.7). Results of replicated experiments generally show similar or
higher yields of wheat on permanent beds compared with conventional
tillage, and reduced irrigation amounts (Bhushan et al., 2007; Jat et al., 2008;
Lauren et al., 2008; Talukder ef al., 2008; Yadvinder-Singh et al., 2008a,
2009). The reduction in irrigation amount on permanent beds from repli-
cated experiments is usually smaller than that reported from farmers’ fields
(probably fresh beds), perhaps because of the longer duration of irrigation in
farmers’ fields and/or increased macroporosity of the permanent beds in
comparison with fresh beds, and thus more opportunity for deep drainage
losses. In some situations, yields were lower on fresh and permanent beds
than with conventional tillage—as a result of more rapid drying of the beds
on coarse textured soils, accumulation of salt on the beds on a sodic soil, or
inadequate tillering associated with late planting (Choudhury et al., 2006;
Jehangir et al., 2007; Sharma et al., 2002; Yadvinder-Singh et al., 2009).
These problems could generally be overcome by better management, but
suggest that beds require more skilled or precise management than estab-
lishment with conventional tillage.

There have been few studies to quantify the nature of the irrigation
water savings for wheat on beds. In a comparison of zero till wheat on
permanent beds with conventionally tilled wheat on sandy loam and loam
soils at Delhi, irrigation water use was lower on the beds due to lower ET
(Choudhury ef al., 2006). The lower ET on the beds was probably due to
poorer crop growth (the crop was planted late, and the plants on beds were
probably unable to compensate for the wider row spacing on the beds by
greater tillering under the cooler weather conditions experienced by late
planted crops), and also due to less deep drainage in one of the 2 years of this
experiment (Choudhury ef al., 2006). The net result was lower WPgT on
the beds. It is likely that soil evaporation from beds is higher than from a flat
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layout during the first part of the crop season, while the soil is bare and until
the canopy develops. This is because the formation of beds increases the soil
surface area—by about 50% in the case of the narrow beds (30 cm bed top,
37.5 cm furrow width, 15 cm furrow depth) commonly used in north-west
India. Prashar et al. (2004) and Kukal et al. (2008) showed that the beds (10
and 20 cm soil depths) dried more rapidly than conventionally tilled soil
after sowing on sandy loam and loam soils, more so on the sandy loam.
Model simulations using Hydrus 2D also show substantially greater evapo-
ration from the beds than from the flats with a bare soil surface (F. Cook,
personal communication). Mulching of the beds would reduce this loss, and
the Happy Seeder approach can provide the capability of direct drilling into
crop residues on beds (see cover photo in Humphreys and Roth, 2008).

4.10.1. Summary—Wheat on beds

There is much anecdotal evidence that irrigation amounts are reduced greatly
and yields are maintained or increased slightly by growing wheat on fresh beds
in farmers’ fields in comparison with conventional tillage, and this is also
generally the trend in small plot studies. The irrigation water savings are likely
to be due to faster irrigation times and reduced deep drainage, and therefore
the magnitude of the irrigation savings is likely to depend on soil type and
depth to the watertable. Growing wheat on beds is unlikely to decrease ET,
and may increase it, especially in situations where beds lead to increased crop
growth, such as on soils prone to waterlogging. The effects on WPgt are
unknown. Adoption of wheat on beds in RW systems is unlikely to be
attractive unless it is in a permanent bed cropping system. Yields of wheat
on permanent beds are generally similar to or slightly higher than yields with
conventional tillage. However, the performance of rice on beds has been
unsatisfactory to date in the north-west IGP, hence there has been no adoption
of permanent bed RW cropping systems in this region.

4.11. Replacement of rice, crop diversification

It is sometimes suggested that replacement of rice with other crops would
help solve the declining groundwater problem in Punjab, India (e.g., Hira,
2009). Alternative crops to rice, such as maize, soybean and cotton, have
much lower irrigation water requirement than rice (e.g., Jat, 2006; Ram
et al., 2005). Depending on the distribution and amount of the monsoon
rains and soil type, these crops require from none to four to five irrigations
after sowing, with total irrigation application to maize and soybeans of the
order of one-fifth to one-tenth of that for PTR. Two important questions
are: (1) by how much will replacing rice reduce water depletion, and
(2) what is the effect on the productivity of depleted water?

Jalota and Arora (2002) used a water balance model to compare compo-
nents of the water balance for four cropping systems (including fallow
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periods) using 10 years of weather data at Ludhiana, Punjab. Annual total “losses”
(as evaporation, transpiration, and deep drainage) on the medium textured soil
were greatest for the RW system, followed by sugarcane, cotton—wheat, and
maize—wheat (Table 3). The high losses in the RW system on the medium
textured soil were due to much higher deep drainage, which was up to four times
the deep drainage in the other summer crops. On the coarse textured soil, annual
total losses were highest in sugarcane and again least in maize-wheat. ET was
highest in sugarcane, followed by cotton—wheat, RW, and maize—wheat.
Ahmad ef al. (2004) also found higher ET from cotton—wheat than from RW
in Punjab, Pakistan, using the SWAP model. The results suggest that simply
replacing the R W system with other systems such as cotton—wheat or sugarcane
would actually increase water depletion in the major parts of the RW region
where mostirrigation is from groundwater. The results of Jalota and Arora (2002)
also suggest that replacing rice with maize would reduce total annual water
depletion by only 50—70 mm. Using the model of Jalota and Arora (2002), Hira
et al. (2004) also estimated slightly higher ET for soybeans than rice, but much
lower ET for other pulses (450 mm) and pigeon pea (300 mm), and lower ET for
(winter) oilseeds (280 mm) and black gram (320 mm) than wheat (400 mm),
while ET for winter maize was higher (500 mm). However relative ET of all
crops, and particularly in relation to rice, depends greatly on the date of planting
(Section 4.2), largely because of the effect on the duration of the crop in the field
prior to the onset of the monsoon, when evaporative demand is very high.

These modeling results should be regarded as preliminary but indicative,
and clearly further work is needed to quantify components of the water balance
and water productivity with respect to water depletion for a range of cropping
systems. This needs to be done for a range of agroecological (soil type, climate,
depth to the watertable) and management conditions (e.g., planting date,
irrigation management), using both field measurement and crop modeling.

With minimum government support prices and guaranteed purchase for
both rice and wheat, together with a lack of good infrastructure and markets
for alternative crops, there is currently no incentive for farmers to replace
these crops with alternative crops.

Table 3 Simulated components of the water balance (annual, mm) for a range of
irrigated cropping systems (including fallow periods) at Ludhiana, Punjab (adapted
from Jalota and Arora, 2002)

Medium textured soil Coarse textured soil
Cropping system ET Deep drainage ET Deep drainage
Rice—wheat 1130 810 960 770
Maize—wheat 1080 410 890 650
Cotton—wheat 1340 280 1210 500
Sugarcane 1360 210 1340 550
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4.11.1. Summary—Replacement of rice, crop diversification

Replacing rice with another summer crop will greatly reduce the amount of
irrigation water applied, with many benefits. In canal irrigated areas with
saline groundwaters, replacement of rice will reduce water depletion and
the rate of watertable rise and associated problems. But replacement of rice
with other summer crops will not reduce the problem of groundwater
depletion in areas with fresh groundwater, where groundwater is the main
source of irrigation water and ET is the only source of water depletion,
unless the alternative crop has lower ET than that of rice. Preliminary
studies suggest that replacement of RW with cotton—wheat, soybean—
wheat, or sugarcane will actually increase ET losses, while the gains through
replacing RW with maize—wheat will be large to negligible depending
on rice planting date. Further studies are needed to quantify ET for a
range of cropping systems under a range of site, seasonal, and management
conditions.

4.12. System intensification

Potential evaporation is very high during the long fallow period between
wheat harvest and rice planting (Fig. 2, Section 4.9). Wheat planted on 10
November in Punjab reaches physiological maturity around 25 March.
Rainfall between 25 March and 25 May is small, and exceeded 50 mm in
only 25% of years between 1970 and 2005 at Ludhiana. Inclusion of a short
duration crop such as mungbean during this time could make productive
use of this rainfall, and also increase productive use of any residual soil water
from wheat. Of course this additional crop would also require irrigation and
increase total depletion from the system as ET; however, it is the effect on
total system production with respect to ET that should be considered. With
conventional tillage, mungbean planted after wheat normally requires one
presowing irrigation and three to four postsowing irrigations. In
2008-2009, one to two postsowing irrigations were saved by drilling
mungbean into wheat residues (after removal of 70% of the wheat straw)
which followed wheat drilled into rice residues using the Happy Seeder
(Yadvinder-Singh, unpublished data). Furthermore, the residues of the
mungbean crop could be retained with other benefits to the total system,
including reduction of evaporation from the subsequent rice crop through
dry seeding into the residues. Another potential advantage of growing a
crop between wheat harvest and rice establishment is reduction or preven-
tion of soil cracking due to the need to keep the soil moist for the crop. This
would reduce deep drainage due to crack flow, especially during preculti-
vation irrigation, in the subsequent rice or other summer crop. The impact
of crop intensification on productivity of the total system with respect to
total water depletion needs to be investigated in field and modeling studies.
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5. GENERAL DiscussSION

In regions where water is limiting (or will become limiting in the
foreseeable future), and where food production needs to increase, as in the
RW regions of north-west India, two of the objectives of improved crop
technologies must be to increase production per unit of depleted water and
to reduce water depletion. That is, to achieve real water savings. Our review
finds that there are very few data available on the impact of most technol-
ogies on water depletion, nor on productivity with respect to depleted
water. This is consistent with the observations of Kumar et al. (2009) who
stated that “ There is effectively no research in India quantifying the real water saving
and water productivity impacts of water saving irrigation technologies on various crops,
at the field level. An extensive review of literature shows that all the data on water-
savings are based on applied water . . .. .. Some of the figures on water saving. . ..are
quite high. . . the condition of flood irrigation system chosen for comparison influences
the findings on water savings and yield. . .. Poorly managed flood irrigation systems
used for comparison could significantly affect the result in favor of....”

Our review shows that some improved technologies result in reductions
in irrigation applications, or “irrigation water savings,” and higher WPy, with
major benefits including reduced irrigation/energy costs, and reduced
demand on overstretched electricity supplies. The size of the irrigation
water saving can be substantial, but is often variable depending on site
conditions and the control used for comparison. The choice of control is
particularly important in the case of rice—is it PTR with continuous flooding
or PTR with the recommended practice, safe AWD? Technologies which
generally result in substantial irrigation water savings in R W systems in north-
west India in comparison with conventional practice include laser assisted
land leveling, delayed rice transplanting, short duration rice varieties, AWD
in transplanted and dry seeded rice, aerobic rice, replacing rice with other
summer crops, zero till wheat (with and without mulching) and raised beds
tor wheat. The irrigation water saving can be very large, for example 50-90%
(1000—1800 mm) saving by replacing rice with other summer crops, up to
40% or 800 mm for AWD in rice in comparison with continuous flooding,
and up to 35% (100 mm) in wheat with laser assisted leveling or zero tillage.
The effect of other technologies such as transplanted rice and DSR (on beds
or flats, zero till, or cultivated) on irrigation amount in comparison with PTR.
with safe AWD may be small, but has not been clearly established.

However whether or not decreased irrigation applications are due to real
water savings is usually unknown, as very few studies have attempted to
quantify this. It is likely that much or all of the irrigation water savings with
technologies such as laser leveling, safe AWD, raised beds and replacement
of rice with other summer crops in the main RW areas is due to reduced deep
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drainage which flows to fresh groundwater systems which are pumped for
irrigation. To halt the decline in the watertable, the focus in these regions
must be on technologies that reduce depletion as ET and increase WPgt. By
far the biggest gains in reducing ET come from delaying rice transplanting
and growing shorter duration varieties. For example, delaying transplanting in
central Punjab from late May to late June reduces ET by about 75 mm while
maintaining yield, thus increasing WPgt Recent policies and their imple-
mentation have resulted in a major shift in transplanting date, with claims of
significant impacts on the rate of groundwater decline already. Reducing rice
varietal duration provides another important means of reducing ET, for
example, by up to 70 mm in central Punjab, and short duration varieties
with similar or higher yield potential to the current longer duration popular
varieties are now available. The effect of mulching on ET from summer
crops, including DSR, may be very large but has not been investigated. The
effect of mulching winter crops on ET is less clear, and the recent findings of
Balwinder-Singh et al. (2010b) suggest that the reduction in soil evaporation
as a result of mulching wheat is offset by increased transpiration. It is likely
that other technologies such as laser leveling, beds and zero till, will not
decrease ET, and in fact may increase ET if crop growth is improved.
Whether these technologies lead to higher WPgt is not known.

Of course, there are also many other benefits of irrigation saving tech-
nologies even if they do not reduce ET, and these technologies should be
promoted provided they do not decrease WPgt of the total cropping system.
A possible example of a technology that should not be adopted is replacement
of the RW cropping system in central Punjab with a cotton—wheat system or
sugarcane, based on the ET estimates of Jalota and Arora (2002).

In regions where irrigation water savings can be achieved through
reduced drainage to ground or surface waters that are too saline or polluted
for further use, such as in south-west Punjab and southern and central
Haryana, there is large scope for real water savings through technologies
that reduce deep drainage (as well as technologies that reduce ET). Here,
the biggest potential for saving water is to diversify from rice-based cropping
systems to non-rice cropping systems.

‘While conversion from current practice to technologies that provide real
water savings is extremely important, it is also important to consider what
happens to the saved water. In situations where water is so limiting that
some cultivable land is not cropped, farmers may use the saved water to
grow additional irrigated crops, with the net result of increased water
depletion. This is the case in Punjab Pakistan, where the introduction of
zero till wheat and laser leveling led to increased wheat area, primarily on
large landholdings (which account for 50% of the RW area) (Ahmad et al.,
2007). They estimated that 60% adoption of zero till wheat would increase
water depletion as ET by 5%, or 1.3 10” m®. This is probably less of an
issue in the irrigated areas of north-west India where almost all cultivable
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land is used, such as in central Punjab where cropping intensity is 201%.
However, it may be an issue in parts of Haryana and western Uttar Pradesh
where lands are sometimes left fallow due to lack of water, especially if the
net result is decreased productivity with respect to water depletion.

There have been no studies on the impacts of widescale adoption of
improved technologies for RW systems on water depletion and the pro-
ductivity of that water in north-west India. Widescale adoption of technol-
ogies that affect water depletion and deep drainage will have impacts on the
depth to groundwater table, demand for water from the canal system,
demand for electricity and pollution of groundwater. The impacts will
vary depending on site conditions (soils, hydrogeology, climate, source of
irrigation water, irrigation and drainage networks) across the landscape.
Comprehensive studies using spatial hydrologic models are needed to
estimate the likely impacts at higher spatial scales from sub-district to sub-
basin and basin. Such studies, combined with the results of field, crop
modeling, and economic studies, would be useful to help identify the
optimum technology options for local conditions.

6. CONCLUSIONS

This review has focused on the eftects of improved technologies for
RW systems on components of the water balance, grain yield, and water
productivity with respect to irrigation and evapotranspiration (ET). There
are many other potential benefits of these improved technologies, such as
increased profitability, improved soil properties, reduced labor and energy
requirements, and reduced air and water pollution, but these are not the
focus of this chapter.

There are clearly many technologies with the potential to reduce the
amount of irrigation water applied to RW systems. However, the impacts
of the technologies in terms of yield, components of the water balance, and
water productivity are often variable and are affected by many factors
including climate, soil type, and hydrological conditions. The effects of
improved technologies on real water savings is poorly understood at the
farmer field scale, and have hardly been considered at higher spatial scales.
Very few studies have determined the effects of alternative crop technolo-
gies on ET and drainage, and whether the drainage losses at the farmer field
scale are losses at higher spatial or temporal scales, and thus the real water
savings. The irrigation water savings are often likely to be due to reduced
deep drainage, with little effect on ET. More than 90% of the major RW
areas are irrigated using groundwater. Here, reducing deep drainage will not
“save” water nor reduce the rate of groundwater decline, and technologies
that decrease ET are needed. The best technologies for reducing ET are
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delayed rice transplanting and use of short duration rice varieties. In areas
where the groundwater is highly saline and/or sodic, and not suitable for
irrigation, reducing deep drainage provides real water savings in addition to
other benefits such as reduced waterlogging and secondary salinization.

The performance of the technologies needs to be systematically assessed at
the farmer field scale for a range of site conditions, to increase process
understanding, and to develop generic knowledge to help target technologies
to site conditions. Such targeting needs to be informed by the results of crop
simulation modeling. The use of simulation models enables evaluation of
technologies over the likely range of seasonal conditions, taking into account
soil type, depth to the watertable, and a range of management factors. Crop
models also enable estimation of components of the water balance and crop
water productivity, parameters which are extremely difficult to measure in
the field. Models also allow analysis of risk, and tradeoffs between yield, water
depletion, deep drainage, runoff, etc. However, there needs to be significant
investment in good data sets for model calibration and evaluation and process
understanding to capitalize on the predictive capacity of crop models. This is
currently a major gap for RW systems in the IGP.

There is also poor understanding of the amount of reduction in water
depletion needed to halt the decline in groundwater levels. This will vary
depending on local hydrogeological conditions. There is a need for the
development and application of models and other approaches for assessing
the impacts of widescale adoption of technologies at a range of spatial scales
from sub-district to sub-basin and basin. The ultimate challenge is to design
land use strategies, cropping systems and management options that will meet
food production needs, and that will be biophysically and socio-economi-
cally sustainable in the longer term, appropriately targeted to the variable
environments across the IGP.

ACKNOWLEDGEMENTS

This review is an output of the Cereal Systems Initiative for South Asia (CSISA) funded by the
Bill and Melinda Gates Foundation and USAID. Balwinder Singh and Sudhir Yadav are
supported by John Allwright Fellowships through the Australian Centre for International
Agricultural Research. The development of this chapter owes much to the inspiration, oppor-
tunities, and support offered by Dr. Tony Fischer to the senior author over the past decade.

REFERENCES

Abrol, I. P. (1999). Sustaining rice—wheat system productivity in the Indo-Gangetic plains:
Water management-related issues. Agric. Water Manage. 40, 31-35.

Adachi, K. (1992). Effect of puddling on rice-soil physics: Softness of puddled soil and
percolation. In “Soil and Water Engineering for Paddy Field Management”



206 E. Humphreys et al.

(V. V. N. Murty and K. Koga, Eds.), pp. 220-231. Asian Institute of Technology,
Bangkok, Thailand.

Ahmad, M. D., Masih, L., and Turral, H. (2004). A comparative analysis of crop water
productivity of rice—wheat and cotton—wheat rotations in Rechna Doab, Punjab,
Pakistan. In “New Directions for a Diverse Planet: Proceedings for the 4th International
Crop Science Congress” (A. Fischer, N. Turner, J. Angus, L. McIntyre, M. Robertson,
A. Borrell, and D. Lloyd, Eds.), Available at www.cropscience.org.au/icsc2004/poster/
1/5/228_masih.htm (last accessed 24 Sept 2009).

Ahmad, M. D., Giordano, M., Turral, H., Masih, 1., and Masood, Z. (2007). At what scale
does water saving really save water? J. Soil Water Conserv. 62(2), 29A-35A.

AICRP. (2009). All India Coordinated Project on Management of Salt Affected Soils and
Use of Saline Water in Agriculture—Biennial Report (2006-08). Central Soil Salinity
Research Institute, Karnal, Haryana, India, 212pp.

Akita, S. (1989). Improving yield potential in tropical rice. Progress in Irrigated Rice
Research International Rice Research Institute, Los Bafios, Philippines, 73pp.

Ambast, S. K., Tyagi, N. K., and Raul, S. K. (2006). Management of declining
groundwater in the Trans Indo-Gangetic Plain (India): Some options. Agric. Water
Manage. 82, 279-296.

Anonymous (2009a). In “Progress Report of the All India Coordinated Wheat and Barley
Improvement Project 2008-09—Social Sciences, Vol. VII” (R. Singh, S. Singh,
A. Singh, A. Kumar, and S. S. Singh, Eds.), p. 37. Directorate of Wheat Research,
Karnal, Haryana, India.

Anonymous (2009b). Package of Practices for Kharif Crops in Punjab. Punjab Agricultural
University, Ludhiana, Punjab, India.

Arora, V. K. (2006). Application of a rice growth and water balance model in an irrigated
semi-arid subtropical environment. Agric. Water Manage. 83, 51-57.

Arshad, M., Ahmed, N., and Jehanzeb, M. C. (2008). Modeling approach for the assessment
of recharge contributions to groundwater from surface irrigation conveyance system.
Irrig. Drainage Syst. 22, 67-77.

Asghar, M. N., Prathapar, S. A., and Shafique, M. S. (2002). Extracting relatively-fresh
groundwater from aquifers underlain by salty groundwater. Agric. Water Manage. 52,
119-137.

Balasubramanian, V., Ladha, J. K., Gupta, R. K., Naresh, R. K., Mehla, R. S., Bijay-Singh,
and Yadvinder-Singh. (2003). Technology options for rice in the rice=wheat system in
South Asia. In “Improving the Productivity and Sustainability of Rice—Wheat Systems:
Issues and Impacts” (J. K. Ladha, J. E. Hill, J. M. Duxbury, R. K. Gupta, and
R. J. Buresh, Eds.), pp. 1-25. ASAlnc, CSSAlnc, SSSAlnc, Madison, WI. ASA Special
Publication 65.

Balwinder-Singh, Humphreys, E., Eberbach, P. L., Katupitiya, A., Yadvinder-Singh, and
Kukal, S. S. (2010a). Wheat growth, yield and water productivity as affected by rice straw
mulch and irrigation. Field Crops Res. (submitted).

Balwinder-Singh, Humphreys, E., Eberbach, P. E., and Katupitiya, A. (2010b). The parti-
tioning of evapotranspiration of irrigated wheat as affected by rice straw mulch. In “Soil
Solutions for a Changing World”. Proceedings of the 19th World Soil Science Congress,
1-6 August 2010, Brisbane, Australia.

Belder, P., Bouman, B. A. M., Cabangon, R., Guoan, L., Quilang, E. J. P., Yuanhua, L.,
Spiertz, J. H. J., and Tuong, T. P. (2004). Effect of water-saving irrigation on rice yield
and water use in typical lowland conditions in Asia. Agric. Water Manage. 65, 193-210.

Belder, P., Bouman, B. A. M., and Spiertz, J. H. J. (2007). Exploring options for water
savings in lowland rice using a modelling approach. Agric. Syst. 92, 91-114.


http://www.cropscience.org.au/icsc2004/poster/1/5/228_masih.htm
http://www.cropscience.org.au/icsc2004/poster/1/5/228_masih.htm

Halting the Groundwater Decline in NW India 207

Bhushan, L., Ladha Jagadish, Gupta Raj, Singh, S., Tirol-Padre, A., Saharawat, Y. S,
Gathala, M., and Pathak, H. (2007). Saving of water and labor in rice—wheat systems
with no-tillage and direct seeding technologies. Agron. J. 99, 1288-1296.

Bond, J. ]., and Willis, W. O. (1970). Soil water evaporation: 1* stage drying as influenced by
surface residue and evaporation potential. Soil Sci. Soc. Am. Proc. 34, 924-928.

Bouman, B. A. M., and Tuong, T. P. (2001). Field water management to save water and
increase its productivity in irrigated lowland rice. Agric. Water Manage. 49, 11-30.

Bouman, B. A. M., Yang Xiaoguang, Wang Huaqi, Wang Zhimin, Zhao Junfang, and Chen
Bin. (2006). Performance of aerobic rice varieties under irrigated conditions in North
China. Field Crops Res. 97, 53—65.

Bouman, B. A. M., Lampayan, R. M., and Tuong, T. P. (2007a). Water Management in
Irrigated Rice: Coping with Water Scarcity. International Rice Research Institute,
IRRI, Los Bafios, Philippines.

Bouman, B. A. M, Feng Liping, Tuong, T. P., Lu Guoan, Wang Huagqi, and Feng Yuehua.
(2007b). Exploring options to grow rice using less water in northern China using a
modelling approach. II. Quantifying yield, water balance components, and water pro-
ductivity. Agric. Water Manage. 88, 23-33.

Bowen, R. (1985). Hydrogeology of the Bist Doab and adjacent areas, Punjab, India. Nordic
Hydrol. 16, 33—44.

Cabangon, R. J., and Tuong, T. P. (2000). Management of cracked soils for water saving
during land preparation for rice cultivation. Soil Till. Res. 56, 105-116.

Cabangon, R. J., Tuong, T. P., Castillo, E. G., Bao, L. X., Lu, G., Wang, G. H,, Cui, L.,
Bouman, B. A. M., Li, Y. H., Chen, C., and Wang, J. Z. (2001). Effect of irrigation
method and N-fertilizer management on rice yield, water productivity and nutrient-use
efficiencies in typical lowland rice conditions in China. Paddy Water Environ. 2, 195-206.

Cabangon, R. J., Tuong, T. P, and Abdullah, N. B. (2002). Comparing water input and
water productivity of transplanted and direct-seeded rice production systems. Agric. Water
Manage. 57, 11-31.

Chadha, D. K. (2004). Exploitation of aquifer system in north-west India: Need for optimiza-
tion and regulation of the resource. In “Groundwater Use in North-West India—Work-
shop Paper” (I. P. Abrol, B. R. Sharma, and G. S. Sekhon, Eds.), pp. 46-55. Centre for
Advancement of Sustainable Agriculture, New Delhi, India.

Chahal, G.B. S., Sood, A., Jalota, S. K., Choudhury, B. U., and Sharma, P. K. (2007). Yield,
evapotranspiration and water productivity of rice (Oryza sativa L.)-wheat (Triticum
aestivum L.) system in Punjab (India) as influenced by transplanting date of rice and
weather parameters. Agric. Water Manage. 88, 14-22.

Chauhan, D. S., Sharma, R. K., Tripathi, S. C., Kharub, A. S., and Chhokar, R. S. (2001). New
paradigms in tillage technologies for wheat production. Research Bulletin No. 8 (Bilingual)
Directorate of Wheat Research, Karnal, 16pp.

Chhokar, R. S., and Sharma, R. K. (2008). Multiple herbicide resistance in Littleseed
Canarygrass (Phalaris minor): A threat to wheat production in India. Weed Biol. Manage.
8, 112-123.

Choudhary, T. N. (1997). Water Management in Rice for Efficient Production. Directorate
of Water Management Research, Patna, Delhi.

Choudhury, B. U., Bouman, B. A. M., and Singh, A. K. (2006). Yield and water produc-
tivity of rice—wheat on raised beds at New Delhi, India. Field Crops Res. 100, 229-239.

Datta, P. S., and Goel, P. S. (1977). Groundwater recharge in Panjab State (India) using
tritium tracer. Nordic Hydrol. 8, 225-236.

Datta, P. S, Goel, P. S., Rama, F. A., and Sangal, S. P. (1973). Ground water recharge in
western Uttar Pradesh. Proc. Indian Acad. Sci. 78, A1-A12.



208 E. Humphreys et al.

Doorenbos, J., and Pruitt, W. O. (1977). Guidelines for Predicting Crop Water Require-
ments. FAO Irrigation and Drainage Paper 24. Food and Agriculture Organisation of the
United Nations, Rome, Italy, 144pp.

Erenstein, O. (2009). Comparing water management in rice—wheat production systems in
Haryana, India and Punjab, Pakistan. Agric. Water Manage. 96, 1799-1806.

Erenstein, O., and Lakshmi, V. (2008). Zero tillage impacts in India’s rice—=wheat systems:
A review. Soil Till. Res. 100, 1-14.

Erenstein, O., Farooq Umar, Malik, R. K., and Sharif Muhammad. (2008). On-farm
impacts of zero tillage wheat in South Asia’s rice—wheat systems. Field Crops Res. 105,
240-252.

FAO. (2008). Conservation Agriculture Food and Agriculture Organisation of the United
Nations, Rome. Available at www.fao.org/ag/ca/ (last accessed 24 November 2009).

Farquhar, G. D., and Richards, R. A. (1984). Isotopic composition of plant carbon correlates
with water-use efficiency of wheat genotypes. Aust. J. Plant Physiol. 11, 539-552.

Feng, L., Bouman, B. A. M., Tuong, T. P., Cabangon, R. J., Li, Y., Lu, G., and Feng, Y.
(2007). Exploring options to grow rice using less water in northern China using a
modelling approach. I. Field experiments and model evaluation. Agric. Water Manage.
88, 1-13.

Gajri, P. R., Gill, K. S., Singh, R, and Gill, B. S. (1999). Effect of pre-planting tillage on
crop yields and weed biomass in a rice—wheat system on a sandy loam soil in Punjab. Soil
Till. Res. 52, 83—89.

Gajri, P. R., Ghuman, B. S., Samar Singh, Mishra, R. D., Yadav, D. S., and Harmanjit
Singh. (2002). Tillage and Residue Management Practices in Rice—Wheat System in
Indo-Gangetic Plains—A Diagnostic Survey. Indian Council of Agricultural Research,
New Delhi and Punjab Agricultural University, Ludhiana, India. Technical Report,
National Agricultural Technology Project, 12pp.

Gill, B. S., and Jalota, S. K. (1996). Evaporation from soil in relation to residue rate, mixing
depth, soil texture and evaporativity. Soil Technol. 8, 293-301.

Goel, P. S., Datta, P. S., and Tanwar, B. S. (1977). Measurement of vertical recharge to
groundwater in Haryana State (India) using tritium tracer. Nordic Hydrol. 8, 211-224.
Grewel, S. S., and Dar, S. K. (2004). Groundwater recharge by rainwater management in
Shiwaliks of north India—An overview. In “Groundwater Use in North-West India—
Workshop Paper” (I. P. Abrol, B. R. Sharma, and G. S. Sekhon, Eds.), pp. 91-98. Centre

for Advancement of Sustainable Agriculture, New Delhi, India.

Gupta, R. K., and Seth, A. (2006). A review of resource conserving technologies for
sustainable management of the rice=wheat cropping systems of the Indo-Gangetic Plains
(IGP). Crop Prot. 26, 436—447.

Gupta, R. K., Naresh, R. K., Hobbs, P. R., Zheng, J., and Ladha, J. K. (2003). Sustainability
of post-green revolution agriculture: The rice—wheat cropping systems of the Indo-
Gangetic Plains and China. In “Improving the Productivity and Sustainability of Rice—
‘Wheat Systems: Issues and Impacts” (J. K. Ladha, J. E. Hill, J. M. Duxbury, R. K. Gupta,
and R. J. Buresh, Eds.), pp. 1-25. ASAInc, CSSAlInc, SSSAInc, Madison, WI. ASA
Special Publication 65.

Haefele, S. M., Siopongco, J. D. L. C., Boling, A. A., Bouman, B. A. M., and Tuong, T. P.
(2008). Transpiration efficiency of rice (Oryza sative L.). Field Crops Res. 111, 1-10.
Hafeez, M., and Khan, S. (2006). Tracking fallow irrigation water losses using remote-sensing
techniques: A case study from the Liuyuankou Irrigation System, China. In “Agricultural
Water Management in China” (I. R. Willett and Z. Gao, Eds.), pp. 67-75. Australian
Centre for International Agricultural Research, Canberra, Australia. Available at http:/
www.aciar.gov.au/publication/PR123 ACIAR Proceedings No. 123, (last accessed

26 Feb 2010).


http://www.fao.org/ag/ca/
http://www.aciar.gov.au/publication/PR123
http://www.aciar.gov.au/publication/PR123
http://www.aciar.gov.au/publication/PR123

Halting the Groundwater Decline in NW India 209

Hafeez, M. M., Bouman, B. A. M., van de Giesen, N., and Vlek, P. (2007). Scale effects on
water use and water productivity in a rice-based irrigation system (UPRIIS) in the
Philippines. Agric. Water Manage. 92, 81-89.

Harrington, L. W., and Hobbs, P. R. (2009). The rice-wheat Consortium and the Asian
Development Bank: A history. In “Integrated Crop and Resource Management in the
Rice-Wheat System” (J. K. Ladha, Yadvinder-Singh, O. Erenstein, and B. Hardy, Eds.),
pp. 3—67. International Rice Research Institute, Los Bailos, Philippines.

Hira, G. S. (1994). A case study of waterlogging and drainage in Punjab. In “Proceedings:
National Symposium on Waterlogging, Drainage and Salinity in Irrigated Commands,
held at WALATARI, Hyderabad from December 28-29,” pp. 127-136.

Hira, G. S. (2009). Water management in northern states and the food security of India.
J. Crop Improve. 23, 136-157.

Hira, G. S., and Khera, K. L. (2000). Water Resource Management in Punjab under Rice—
Wheat Production System. Research Bulletin No. 2/2000 Department of Soils, Punjab
Agricultural University, Ludhiana, India.

Hira, G. S., and Murty, V. V. N. (1985). An appraisal of waterlogging and drainage problems
in south west parts of Punjab. Department of Soil and Water Engineering, Punjab
Agricultural University, Ludhiana, India, 55pp.

Hira, G. S., Gupta, P. K., and Josan, A. S. (1998). Waterlogging Causes and Remedial
Measures in South-West Punjab. Research Bulletin No. 1/98 Department of Soils,
Punjab Agricultural University, Ludhiana, India.

Hira, G. S., Singh, R, and Kukal, S. S. (2002). Soil matric suction: A criterion for scheduling
irrigation to rice (Oryza sativa). Indian J. Agric. Sci. 72, 236-237.

Hira, G. S., Jalota, S. K., and Arora, V. K. (2004). Efficient Management of Water Resources
for Sustainable Cropping in Punjab. Research Bulletin. Department of Soils, Punjab
Agricultural University, Ludhiana, 20pp.

Hobbs, P. R, and Gupta, R. K. (2003). Resource-conserving technologies for wheat in the
rice—wheat system. In “Improving the Productivity and Sustainability of Rice—Wheat
Systems: Issues and Impacts” (J. K. Ladha, J. E. Hill, J. M. Duxbury, R. K. Gupta, and
R. J. Buresh, Eds.), pp. 149-171. ASAlnc, CSSAInc, SSSAInc, Madison, WI. ASA
Special Publication 65.

Hobbs, P. R., Sayre, K., and Gupta, R. (2008). The role of conservation agriculture in
sustainable agriculture. Phil. Trans. R. Soc. B 363, 543—555.

Humphreys, E., and Roth, C. H., (Eds.) (2008). In “Permanent Beds and Rice-Residue
Management for Rice—Wheat systems in the Indo-Gangetic Plain”. ACIAR Proceedings
No. 127, Australian Centre for International Agricultural Research, Canberra, Australia.
Available at http:/www.aciar.gov.au/publication/term/18 (last accessed 17 Nov. 2008).

Humphreys, E., Meisner, C., Gupta, R., Timsina, J., Beecher, H. G., Tang Yong Lu,
Yadvinder-Singh, Gill, M. A., Masih, 1., Zheng Jia Guo, and Thompson, J. A. (2005).
Water savings in rice—wheat systems. Plant Prod. Sci. 8, 242-258.

Humphreys, E., Kukal, S. S., Amanpreet-Kaur, Thaman, S., Yadav, S., Yadvinder-Singh,
Balwinder-Singh, Timsina, J., Dhillon, S. S., Prashar, A., and Smith, D. J. (2008a).
Permanent beds for rice—wheat in Punjab, India. Part 2: Water balance and soil water
dynamics. In “Permanent Beds and Rice-R esidue Management for Rice—Wheat Systems
in the Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth, Eds.), ACIAR Proceed-
ings No. 127, pp. 37-61. Australian Centre for International Agricultural Research,
Canberra, Australia. Available at http:/www.aciar.gov.au/publication/term/18 (last
accessed 17 Nov. 2008).

Humphreys, E., Timsina, J., Lauren, J. G., Meisner, C. A., Masih, 1., Sharma, R. K.,
Chhokar, R. S., Sidhu, H. S., Manpreet-Singh, and Roth, C. H. (2008b). Permanent
beds and rice residue management for rice—wheat systems in the Indo-Gangetic Plains:
Overview. In “Permanent Beds and Rice-Residue Management for Rice—Wheat


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18

210 E. Humphreys et al.

Systems in the Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth, Eds.), ACIAR
Proceedings No. 127, pp. 9-20. Australian Centre for International Agricultural
Research, Canberra, Australia. Available at http:/www.aciar.gov.au/publication/term/
18 (last accessed 17 Nov. 2008).

Ishiguro, M. (1992). Eftects of shrinkage and swelling of soils on water management in paddy
fields. In “Soil and Water Engineering for Paddy Field Management” (V. V. N. Murty
and K. Koga, Eds.), pp. 258-267. Asian Institute of Technology, Bangkok, Thailand.

Jalota, S. K., and Arora, V. K. (2002). Model-based assessment of water balance components
under different cropping systems in north-west India. Agric. Water Manage. 57, 75-87.

Jalota, S. K., Khera, R., and Chahal, S. S. (2001). Straw management and tillage eftects on
soil water storage under field conditions. Soil Use Manage. 17, 282—287.

Jalota, S. K., Singh, K. B., Chahal, G. B. S., Gupta, R. K., Chakraborty Somsubhra, Sood
Anil, Ray, S. S., and Panigrahy, S. (2009). Integrated effect of transplanting date, cultivar
and irrigation on yield, water saving and water productivity of rice (Oryza sativa L.) in
Indian Punjab: Field and simulation study. Agric. Water Manage. 96, 1096—1104.

Jat, M. L. (2006). Eftect of tillage on performance of winter maize in northern India.
In “Water to Gold”. (E. Humphreys, K. O’Keefte, N. Hutchins, and R. Gill, Eds.),
Proceedings of the Maize Association of Australia 6th Triennial conference, Griffith
NSW, 21-23 February 2006, pp. 293-299. Maize Association of Australia, Finley,
Australia.

Jat, M. L., Chandna, P., Gupta, R., Sharma, S. K., and Gill, M. A. (2006). Laser Land
Leveling: A Precursor Technology for Resource Conservation. Rice-Wheat Consor-
tium for the Indo-Gangetic Plains, New Delhi, India. Rice-Wheat Consortium Techni-
cal Bulletin 7.

Jat, M. L., Gathala, M.. K., Singh, K. K., Ladha, J. K., Singh, S., Gupta, R. K., Sharma, and
Saharawat, Y. S. (2008). Experiences with permanent beds in the rice—wheat systems of
the western Indo-Gangetic Plain. In “Permanent Beds and Rice-Residue Management
for Rice=Wheat Systems in the Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth,
Eds.), ACIAR Proceedings No. 127, pp. 98—107. Australian Centre for International
Agricultural Research, Canberra, Australia. Available at http:/www.aciar.gov.au/
publication/term/18 (last accessed 17 Nov. 2008).

Jat, M. L., Gathala, M. K., Ladha, J. K., Saharawat, Y. S., Jat, A. S., Vipin Kumar, A. S.,
Sharma, S. K., Kumar, V., and Gupta, R. K. (2009). Evaluation of precision land leveling
and double zero-till systems in the rice-wheat rotation: Water use, productivity, profit-
ability and soil physical properties. Soil Till. Res. 105, 112—121.

Jehangir, W. A., Masih, 1., Ahmed, S., Gill, M. A., Ahmad, M., Mann, R. A,
Chaudhary, M. R., and Turral, H. (2007). Sustaining Crop Water Productivity in
Rice—Wheat Systems of South Asia: A Case Study from Punjab Pakistan. International
Water Management Institute, Lahore, Pakistan, Working Paper.

Jose, M. K., Kumar, C. P., and Bhar, A. K. (2004). Sustainable use of groundwater in
north-west India: Database requirements. In “Groundwater Use in North-West India—
Workshop Paper” (I. P. Abrol, B. R. Sharma, and G. S. Sekhon, Eds.), pp. 56—64. Centre
for Advancement of Sustainable Agriculture, New Delhi, India.

Kahlown, M. A., Azam, M., and Kemper, W. D. (2006). Soil management strategies for
rice—wheat rotations in Pakistan’s Punjab. J. Soil Water Conserv. 61, 40—44.

Kamra, S. K., Khajanchi Lal, Singh, O. P., and Boonstra, J. (2002). Effect of pumping on
temporal changes in groundwater quality. Agric. Water Manage. 56, 169-178.

Kamra, S. K. (2004). Enhancing groundwater recharge in northwest Indo-Gangetic
Plains. In “Groundwater Use in North-West India-Workshop Paper” (I. P. Abrol,
B. R. Sharma, and G. S. Sekhon, Eds.), pp. 81-90. Centre for Advancement of
Sustainable Agriculture, New Delhi, India.


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18

Halting the Groundwater Decline in NW India 211

Keller, A., Keller, J., and Seckler, D. (1996). Integrated water resource systems: Theory and
policy implications International Irrigation Management Institute, Colombo, Sri Lanka.
Research Report 3.

Khan, S., Tariq, R., Cui Yuanlai, and Blackwell, J. (2006). Can irrigation be sustainable?
Agric. Water Manage. 80, 87-99.

Khepar, S. D., Sondhi, S. K., and Satyendra Kumar. (1999). Impact of cultural practices on
water use in paddy fields. ICID J. 48(3), 13-26.

Khepar, S. D., Yadav, A. K., Sondhi, S. K., and Siag, M. (2000). Water balance model for
paddy fields under intermittent irrigation practices. Irrig. Sci. 19, 199-208.

Kreye, C., Bouman, B. A. M., Castaneda, A. R., Lampayan, R. M., Faronilo, J. E.,
Lactaoen, A. T., and Fernandez, L. (2009a). Possible causes of yield failure in tropical
aerobic rice. Field Crops Res. 111, 197-206.

Kreye, C., Bouman, B. A. M., Reversat, G., Fernandez, L., Vera Cruz, C., Elazegui, F.,
Faronilo, J. E., and Llorca, L. (2009b). Biotic and abiotic causes of yield failure in tropical
aerobic rice. Field Crops Res. 112, 97-106.

Kukal, S. S., and Aggarwal, G. C. (2002). Percolation losses of water in relation to puddling
intensity and depth in sandy loam rice fields. Agric. Water Manage. 57, 49-59.

Kukal, S. S., and Sidhu, A. S. (2004). Percolation losses of water in relation to pre-puddling
tillage and puddling intensity in a puddled sandy loam rice (Oryza sativa) field. Soil Till.
Res. 78, 1-8.

Kukal, S. S., Humphreys, E., Yadvinder-Singh, Timsina, J., and Thaman, S. (2005).
Performance of raised beds in rice—wheat systems of north western India.
In “Evaluation and Performance of Permanent Raised Bed Cropping Systems in Asia,
Australia and Mexico”. (C. H. Roth, R. A. Fischer, and C. A. Meisner, Eds.), CIAR
Proceedings No. 121, pp. 26—40. Australian Centre for International Agricultural
Research, Canberra, Australia. Available at http:/www.aciar.gov.au/publication/term/
18 (last accessed 17 Nov. 2008).

Kukal, S. S., Humphreys, E., Yadvinder-Singh, Balwinder-Singh, Yadav, S., Amanpreet-
Kaur, Thaman, S., Timsina, J., Dhillon, S. S., Brar, N. K., Prashar, A., and Smith, D. J.
(2008). Permanent beds for rice—wheat in Punjab, India. Part 1: Crop performance.
In “Permanent Beds and Rice-Residue Management for Rice—Wheat Systems in the
Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth, Eds.), ACIAR Proceedings No.
127, pp. 23-36. Australian Centre for International Agricultural Research, Canberra,
Australia. Available at http:/www.aciar.gov.au/publication/term/18 (last accessed 17
Nov. 2008).

Kukal, S. S., Sudhir-Yadav, Humphreys, E., Amanpreet-Kaur, Yadvinder-Singh,
Thaman, S., and Balwinder-Singh. (2010). Factors affecting irrigation water savings in
raised beds in rice and wheat. Field Crops Res. Submitted for publication.

Kulkarni, K. M., Rao, S. M., Singhal, B. B. S., Parkash, B., Navada, S. V., and Nair, A. R.
(1989). Origin of saline groundwaters of Haryana State, India. In “Regional Characteriza-
tion of Water Quality”. Proceedings of the Baltimore Symposium, May 1989, pp. 125-132.
International Association of Hydrological Sciences Publ. No. 182.

Kumar, R. (2004). Groundwater status and management strategies in Haryana.
In “Groundwater Use in North-West India—Workshop Paper” (I. P. Abrol,
B. R. Sharma, and G. S. Sekhon, Eds.), pp. 16-26. Centre for Advancement of
Sustainable Agriculture, New Delhi, India.

Kumar, M., Sharma, B., and Singh, O. P. (2009). Water saving and yield enhancing micro-
irrigation technologies: How far can they contribute to water productivity in Indian
agriculture. In “India’s Water Future: Scenarios and Issues” (U. A. Amarasinghe, T. Shah,
and R. P. S. Malik, Eds.), pp. 227-252. International Water Management Institute,
Colombo, Sri Lanka.


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18

212 E. Humphreys et al.

Ladha, J. K., Pathak, H., Tirol-Padre, A., Dawe, D., and Gupta, R. K. (2003). Productivity
trends in intensive rice—wheat cropping systems in Asia. In “Improving the Productivity
and Sustainability of Rice=Wheat Systems: Issues and Impacts” (J. K. Ladha, J. E. Hill,
J. M. Duxbury, R. K. Gupta, and R. J. Buresh, Eds.), pp. 45-76. ASAlnc, CSSAlnc,
SSSAlInc, Madison, WI. ASA Special Publication 65.

Ladha, J. K., Yadvinder-Singh, Erenstein, O., and Hardy, B., (Eds.) (2009). In “Integrated Crop
and Resource Management in the Rice—Wheat System”. International Rice Research
Institute, Los Bafios, Philippines, 395pp.

Lauren, J. G., Shah, G., Hossain, M. L., Talukder, A. S. M. H. M., Duxbury, J. M.,
Meisner, C. A., and Adhikari, C. (2008). Research station and on-farm experiences
with permanent raised beds through the Soil Management Collaborative Research
Support Program. In “Permanent Beds and Rice-Residue Management for Rice—
Wheat Systems in the Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth, Eds.),
ACIAR Proceedings No. 127, pp. 124-132. Australian Centre for International Agri-
cultural Research, Canberra, Australia. Available at http:/www.aciar.gov.au/
publication/term/18 (last accessed 17 Nov. 2008).

Li, Y., and Barker, R. (2004). Increasing water productivity for paddy irrigation in China.
Paddy Water Environ. 2, 187-193.

Liu Chen-Wuing, Cheng Shih-Wei, Yu Wen-Sheng, and Chen Shih-Kei. (2003). Water
infiltration rate in cracked paddy soil. Geoderma 117, 169-181.

Loeve, R., Dong, B., Molden, D., Li, Y. H., Chen, C. D., and Wang, J. Z. (2004). Issues of
scale in water productivity in the Zhangehe irrigation system: Implications for irrigation
in the basin context. Paddy Water Environ. 2, 227-236.

Malik, R. K., and Yadav, A. (2008). Direct-seeded rice in the Indo-Gangetic Plain: Progress,
problems and opportunities. In ‘“Permanent Beds and Rice-Residue Management for
Rice—Wheat Systems in the Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth,
Eds.), ACIAR Proceedings No. 127, pp. 133—143. Australian Centre for International
Agricultural Research, Canberra, Australia. Available at http:/www.aciar.gov.au/
publication/term/18 (last accessed 17 Nov. 2008).

Molden, D., Oweis, T., Steduto, P., Bindraban, P., Hanjra, M. A., and Kijne, J. (2010).
Improving agricultural water productivity: Between optimism and caution. Agric. Water
Manage. 97, 528-535.

Munnich, K. O. (1968). Moisture movement measurement by Isotope tagging. “Guidebook
on Nuclear techniques in Hydrology”, pp. 112-117. International Atomic Energy
Agency, Vienna, Austria.

O’Neill, C. J., Humphreys, E., Louis, J., and Katupitiya, A. (2008). Maize productivity in
Southern New South Wales under furrow and pressurised irrigation. Aust. J. Exp. Agric.
48, 285-295.

Pathak, H., Ladha, J. K., Aggarwal, P. K., Peng, S., Das, S., Yadvinder Singh, Bijay Singh,
Kamra, S. K., Mishra, B., Sastri, A. S. R. A. S, Aggarwal, H. P., Das, D. K., et al. (2003).
Trends of climatic potential and on-farm yields of rice and wheat in the Indo-Gangetic
Plains. Field Crops Res. 80, 223-234.

Pingali, P. L., and Shah, M. (1999). Rice—wheat cropping systems in the Indo-Gangetic plains:
Policy re-directions for sustainable resource use. “Sustaining Rice-Wheat Production
Systems: Socio-Economic and Policy Issues”. Rice-Wheat Consortium for the Indo-
Gangetic Plains, New Delhi, India, Rice-Wheat Consortium Paper Series 5, pp. 1-12.

Prashar, A., Thaman, S., Humphreys, E., Dhillon, S. S., Yadvinder-Singh, Nayyar, A.,
Gajri, P. R, Dhillon, S. S., and Timsina, J. (2004). Performance of wheat on beds
and flats in Punjab, India. In “4th International Crop Science Congress, 26 Sep—1 Oct
2004, Brisbane,” Available at http:/www.cropscience.org.au/icsc2004/poster/1/2/
964 _nayyaraa.htm (last accessed 7 October 2009).


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.cropscience.org.au/icsc2004/poster/1/2/964_nayyaraa.htm
http://www.cropscience.org.au/icsc2004/poster/1/2/964_nayyaraa.htm
http://www.cropscience.org.au/icsc2004/poster/1/2/964_nayyaraa.htm

Halting the Groundwater Decline in NW India 213

Prihar, S. S., Jalota, S. K., and Steiner, J. L. (1996). Residue management for reducing
evaporation in relation to soil type and evaporativity. Soil Use Manage. 12, 150—157.
Qureshi, A. S., McCornick, P. G., Qadir, M., and Aslam, Z. (2008). Managing salinity and

waterlogging in the Indus Basin of Pakistan. Agric. Water Manage. 95, 1-10.

Raes, D., and Deproost, P. (2003). Model to assess water management from shallow water
table to the root zone. Agric. Water Manage. 62, 79-91.

Rahman, M. A., Chikushi, J. K., Saifizzaman, M., and Lauren, J. G. (2005). Rice straw
mulching and nitrogen response of no-till wheat following rice in Bangladesh. Field Crops
Res. 91, 71-81.

Rai, D. (2004). Monitoring and assessment of groundwater resources in western Uttar
Pradesh. In “Groundwater Use in North-West India—W orkshop Paper” (I. P. Abrol,
B. R. Sharma, and G. S. Sekhon, Eds.), pp. 27-32. Centre for Advancement of
Sustainable Agriculture, New Delhi, India.

Raina, R. S., and Sangar, S. (2004). Institutional reform in knowledge for integrated water
management—Groundwater lessons from Haryana. In “Groundwater Use in North-
West India—Workshop Paper” (I. P. Abrol, B. R. Sharma, and G. S. Sekhon, Eds.),
pp. 178-193. Centre for Advancement of Sustainable Agriculture, New Delhi, India.

Ram, H., Yadvinder-Singh, Timsina, J., Humphreys, E., Dhillon, S. S., Kumar, K., and
Kler, D. S. (2005). Performance of upland crops on beds in northwest India. In “Evaluation
and Performance of Permanent Raised Bed Cropping Systems in Asia, Australia and
Mexico”. (C. H. Roth, R. A. Fischer, and C. A. Meisner, Eds.), ACIAR Proceedings
No. 121, pp. 41-58. Australian Centre for International Agricultural Research, Canberra,
Australia. Available at http:/www.aciar.gov.au/publication/term/18 (last accessed 17
Nov. 2008).

Rasheed, H. R., Al-anaz, H., and Abid, K. A. (1989). Evaporation from soil surface in
presence of shallow water tables. In “New Directions for Surface Water Modeling”.
Proceedings of the Baltimore Symporium, May 1989, pp. 353-361. IAHS Publ. no. 181.
Available at http://iahs.info/redbooks/a181/1ahs_181_0353.pdf (last accessed 26 Feb.
2010).

Reynolds, N., Calderin, D., Condon, A., and Vargas, M. (2007). Association of source/sink
traits with yield, biomass and radiation use efficiency among random sister lines from
three wheat crosses in a high-yield environment. J. Agric. Sci. 145, 3—16.

Ringrose-Voase, A. J., and Sanidad, W. B. (1996). A method for measuring the develop-
ment of surface cracks in soils: Application to crack development after lowland rice.
Geoderma 71, 245-261.

Ringrose-Voase, A. J., Kirby, J. M., Djoyowasito, G., Sanidad, W. B., Serranoc, C., and
Lando, T. M. (2000). Changes to the physical properties of soils puddled for rice during
drying. Soil Till. Res. 56, 83—104.

Ritzema, H. P., Satyanarayana, T. V., Raman, S., and Boonstra, J. (2008). Subsurface
drainage to combat waterlogging and salinity in irrigated lands in India: Lessons learned
in farmers’ fields. Agric. Water Manage. 95, 179—-189.

Rodell, M., Velicogna, I., and Famiglietti, J. S. (2009). Satellite-based estimates of ground-
water depletion in India. Nature 460, 999—-1002.

Rubiano, J., and Soto, V. (2008). Extrapolation Domains of Project No. 16 ‘Aerobic Rice
System (STAR). Consultant Report to the Challenge Project on Water and Food,
Colombo, Sri Lanka.

RWC-CIMMYT. (2003). In “Addressing Resource Conservation Issues in Rice—Wheat
Systems of South Asia: A Resource Book”. Rice-Wheat Consortium for the Indo-
Gangetic Plains, New Delhi, India.

Sanchez, P. A. (1973). Puddling tropical rice soils: 2. Effects of water losses. Soil Sci. 4, 303-308.


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://iahs.info/redbooks/a181/iahs_181_0353.pdf
http://iahs.info/redbooks/a181/iahs_181_0353.pdf

214 E. Humphreys et al.

Sandhu, B. S., Khera, K. L., Prihar, S. S., and Singh, B. (1980). Irrigation needs and yield of
rice on a sandy-loam soil as affected by continuous and intermittent submergence. Indian
J. Agric. Sci. 50, 492—496.

Sarkar, A., Sen, S., and Kumar, A. (2009). Rice—wheat cropping cycle in Punjab:
A comparative analysis of sustainability status in different irrigation systems. Environ.
Dev. Sustain. 11, 751-763.

Sattar, M. A., Maniruzzaman, M. 1., and Kashem, M. A. (2009). National Workshop
Proceedings on AWD Technology for Rice Production in Bangladesh. Bangladesh
Rice Research Institute, Gazipur, Bangladesh, 54pp.

Seckler, D. (1996). The New Era of Water Resources Management: From “Dry” to “Wet”
Water Savings International Irrigation Management Institute, Colombo, Sri Lanka.
Research Report 1, 17pp.

Sekhon, N. K., Hira, G. S., Sidhu, A. S., and Thind, S. S. (2005). Response of soyabean
(Glycine max Mer.) to wheat straw mulching in different cropping seasons. Soil Use
Manage. 21, 422—-426.

Sharma, P. K. (1989). Effect of periodic moisture stress on water-use efficiency in wetland
rice. Oryza 26, 252-257.

Sharma, B. R. (1999). Water saving irrigation techniques for paddy rice in India. Interna-
tional Symposium on Water Saving Irrigation for Paddy Rice Chinese National Com-
mittee on Irrigation and Drainage, Beijing, People’s Republic of China, pp. 72-83.

Sharma, R. K., and Randhir Singh. (2002). Furrow irrigated raised bed-planting system: An
efficient input usage production technology. Indian Farming 52(3), 25-26.

Sharma, P. K., Bhushan, L., Ladha, J. K., Naresh, R. K., Gupta, R. K.,
Balasubramanian, B. V., and Bouman, B. A. M. (2002). Crop-water relations in rice-
wheat cropping under different tillage systems and water-management practices in a
marginally sodic, medium-textured soil. In  “Water-wise Rice Production”
(B. A. M. Bouman, H. Hengsdijk, B. Hardy, B. Bindraban, T. P. Toung, and
J. K. Ladha, Eds.), pp. 223-235. International Rice Research Institute, Los Bafos,
Philippines.

Sharma, R. K., Chhokar, R. S., Gathala, M. K., Vivak Kumar, Pundir, A. K., and
Mongia, A. D. (2003). Direct seeding of rice—A distinct possibility. Indian Wheat
Newsl. 9(2), 5.

Sharma, A. K., Sharma, R. K., and Srinivasa Babu, K. (2004a). Effect of planting options and
irrigation schedules on development of powdery mildew and yield of wheat in the North
Western Plains of India. Crop Prot. 23, 249-253.

Sharma, R. K., Srinivasa Babu, K., Chhokar, R. S., and Sharma, A. K. (2004b). Effect of
tillage on termite, weed incidence and productivity of spring wheat in rice—wheat system
of North Western Indian plains. Crop Prot. 23, 1049-1054.

Sharma, R. K., Tripathi, S. C., Kharub, A. S., Chhokar, R. S., Mongia, A. D., Shoran, ]J.,
Chauhan, D. S., and Nagarajan, S. (2005). A Decade of Research on Zero Tillage and
Crop Establishment Directorate of Wheat Research, Karnal, Haryana, India. Research
Bulletin No. 18, 36pp.

Sharma, A. K., Babu, K. S., Sharma, R. K., and Kamlesh Kumar. (2007). Effect of tillage
practices on Tilletia indica Mitra (Karnal bunt) disease of wheat in a rice=wheat rotation of
the Indo-Gangetic Plains. Crop Prot. 26, 818-821.

Sharma, B., Mukherjee, A., Chandra, R., Islam, A., Dass, B., and Ahmed, M. R. (2008a).
Groundwater governance in the Indo-Gangetic Basin: An interplay of hydrology and
socio-ecology. In “Fighting Poverty through Sustainable Water Use: Volume I”
(E. Humphreys, R. S. Bayot, N. van Brakel, F. Gichuki, M. Svendsen, P. Wester,
A. Huber-Lee, S. Cook, B. Douthwaite, C. T. Hoanh, N. Johnson, S. Nguyen-Khoa,
A. Vidal, I. Maclntyre, and R. Maclntyre, Eds.), pp. 73-76. CGIAR Challenge Program



Halting the Groundwater Decline in NW India 215

on Water and Food, Colombo, Sri Lanka. Available at http:/ifwf2.org/ (last accessed
7 October 2009).

Sharma, R. K., Chhokar, R. S., Jat, M. L., Samar Singh, Mishra, B., and Gupta, R. K.
(2008b). Direct drilling of wheat into rice residues: Experiences in Haryana and Western
Uttar Pradesh. In “Permanent Beds and Rice-Residue Management for Rice—Wheat
Systems in the Indo-Gangetic Plain”. (E. Humphreys and C. H. Roth, Eds.), ACIAR
Proceedings No. 127, pp. 147-158. Australian Centre for International Agricultural
Research, Canberra, Australia. Available at http:/www.aciar.gov.au/publication/term/
18 (last accessed 17 Nov. 2008).

Sidhu, H. S., Manpreet-Singh, Humphreys, E., Yadvinder-Singh, Balwinder-Singh,
Dhillon, S. S., Blackwell, J., Bector, V., Malkeet-Singh, and Sarbjeet-Singh. (2007).
The Happy Seeder enables direct drilling of wheat into rice stubble. Aust. J. Exp. Agric.
47, 844-854.

Sidhu, H. S., Manpreet-Singh, Blackwell, J., Humphreys, E., Bector, V., Yadvinder-Singh,
Malkeet-Singh, and Sarbjit-Singh. (2008). Development of the Happy Seeder for direct
drilling into combine harvested rice. In “Permanent Beds and Rice-Residue Manage-
ment for Rice-Wheat Systems in the Indo-Gangetic Plain”. (E. Humphreys and
C. H. Roth, Eds.), ACIAR Proceedings No. 127, pp. 159-170. Australian Centre for
International Agricultural Research, Canberra, Australia. Available at http:/www.aciar.
gov.au/publication/term/18 (last accessed 17 Nov. 2008).

Singh, R. B. (2000). Environmental consequences of agricultural development: A case study
from the Green Revolution state of Haryana, India. Agric. Ecosyst. Environ. 82, 97-103.

Singh, K. (2009). Act to save groundwater in Punjab: Its impact on water table, electricity
subsidy and environment. Agric. Econ. Res. Rev. 22, 365-386.

Singh, S., Sharma, S. N., and Prasad, R. (2001). The effect of seeding and tillage methods on
productivity of rice-wheat cropping system. Soil Till. Res. 61, 125-131.

Singh, S., Yadav, A., Malik, R. K., and Singh, H. (2002). Furrow irrigated raised bed
planting system—A resource conservation technology for increasing wheat productivity
in rice-wheat sequence. In “Herbicide Resistance Management and Zero Tillage in
Rice-Wheat Cropping System”. (R. K. Malik, R. S. Balyan, A. Yadav, and
S. K. Pahwa, Eds.), Proceedings of an International Workshop, Hisar, 4—6 March
2002, pp. 198-200. Chaudhary Charan Singh Haryana Agricultural University, Hisar,
Haryana, India.

Singh, A. K., Chinnusamy, V., and Dubey, S. K. (2008). Developing a System of Temperate
and Tropical Aerobic Rice in Asia (STAR) Water Technology Centre, Indian Agricul-
tural Research Institute, New Delhi, India. Challenge Program on Water and Food
PN16 Project Completion Report.

Steiner, J. (1989). Tillage and surface residue effects on evaporation from soils. Soil Sci. Soc.
Am. J. 53, 911-916.

Sudhir-Yadav, Humphreys, E., Kukal, S. S., Gurjeet Gill, and Rangarajan, R. (2010a).
Water balance and water productivity in dry seeded and puddled transplanted rice in
Punjab, India. Field Crops Res. (Submitted for publication).

Sudhir-Yadav, Gurjeet Gill, Humphreys, E., Kukal, S. S., and Walia, U. S. (2010b). Effect of
water management on crop performance of dry seeded and puddled transplanted rice.
Field Crops Res. (Submitted for publication).

Sufi, A. B., Latif, M., and Skogerboe, G. V. (1998). Simulating skimming well techniques for
sustainable exploitation of groundwater. Irrig. Drain. Syst. 12, 203-226.

Takshi, K. S., and Chopra, R. P. S. (2004). Monitoring and assessment of groundwater
resources in Punjab State. In “Groundwater Use in North-West India—W orkshop
Paper” (I. P. Abrol, B. R. Sharma, and G. S. Sekhon, Eds.), pp. 8-15. Centre for
Advancement of Sustainable Agriculture, New Delhi, India.


http://ifwf2.org/
http://ifwf2.org/
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18

216 E. Humphreys et al.

Talukder, A. S. M. H. M., Meisner, C. A., Baksh, M. E., and Waddington, S. R. (2008).
‘Wheat—maize—rice cropping on permanent raised beds in Bangladesh. In “Permanent
Beds and Rice-Residue Management for Rice-Wheat Systems in the Indo-Gangetic
Plain” (E. Humphreys and C. H. Roth, Eds.), pp. 159-170. Australian Centre for
International Agricultural Research, Canberra, Australia, http:/www.aciar.gov.au/
publication/term/18. ACIAR Proceedings No. 127, Available at (last accessed 17 Nov
2008).

Tanwar, B. S., and Kruseman, G. P. (1985). Saline groundwater management in Haryana
State, India. In “Hydrogeology in the Service of Man”. Memoires of the 18th Congress
of the International Association of Hydrogeologists, Cambridge, pp. 24-30. Available at
http://iahs.info/redbooks/a154/iahs_154_03_0024.pdf (last accessed 11 March 2010).

Templeton, D., and Bayot, R. S. (2008). An Assessment of the ‘Developing a System of
Temperate and Tropical Aerobic Rice (STAR) in Asia’ Project. Consultant report to the
Challenge Program on Water and Food, Colombo, Sri Lanka.

Timsina, J., and Connor, D. J. (2001). Productivity and management of rice-wheat cropping
systems: Issues and challenges. Field Crops Res. 69, 93—132.

Timsina, J., Pathak, H., Humphreys, E., Godwin, D., Bijay-Singh, Shukla, A. K., and
Singh, U. (2004). Evaluation of, and yield gap analysis in rice using CERES Rice ver.
4.1 in northwest India. Available at http:/www.cropscience.org.au/icsc2004/poster/2/
3/659_timsinaj.htm (last accessed 2 March 2010).

Timsina, J., Godwin, D., Humphreys, E., Yadvinder-Singh, Bijay-Singh, Kukal, S. S., and
Smith, D. (2008). Evaluation of options for increasing yield and water productivity of
wheat in Punjab, India using the DSSAT-CSM-CERES-Wheat model. Agric. Water
Manage. 95, 1099-1110.

Tollenaar, M. (1991). Physiological basis of genetic improvement of maize hybrids in
Ontario from 1959 to 1988. Crop Sci. 31, 119-124.

Tuong, T. P. (1999). Productive water use in rice production: Opportunities and limita-
tions. J. Crop Prod. 2, 241-264.

Tuong, T. P., Wopereis, M. C. S., Marquez, J. A., and Kropft, M. J. (1994). Mechanisms
and control of percolation losses in irrigated puddled rice fields. Soil Sci. Soc. Am. J. 58,
1794-1803.

Tuong, T. P., Cabangon, R. J., and Wopereis, M. C. S. (1996). Quantifying flow processes
during land soaking of cracked rice soils. Soil Sci. Soc. Am. J. 60, 872—879.

Tyagi, N. K. (1984). Effect of land surface uniformity on some economic parameters of
irrigation in sodic soils under reclamation. Irrig. Sci. 5, 151-160.

UNESCO (1995). United Nations Educational, Scientific, and Cultural Organization
(UNESCO) Statistical Yearbook 1995. UNESCO, Paris, France.

Uppal, H. L. (1966). Waterlogging in Punjab and the suspected buried ridge in the sub-
alluvium. Proc. Indian Natl. Acad. Sci. 40A(5 and 6), 366—376. Available at http:/www.
new.dli.ernet.in/rawdataupload/upload/insa/INSA_1/20005bad_366.pdf (last accessed
12 March 2010).

Wang, H., Bouman, B. A. M., Zhao Dule, Wang Changgui, and Moya, P. F. (2002).
Aerobic rice in northern China: Opportunities and challenges. In “Water-Wise Rice
Production” (B. A. M. Bouman, H. Hengsdijk, B. Hardy, B. Bindraban, T. P. Toung,
and J. K. Ladha, Eds.), pp. 143—163. International Rice Research Institute, Los Banos,
Philippines.

Wopereis, M. C. S., Bouma, J., Kropff, M. J., and Sanidad, W. (1994). Reducing bypass
flow through a dry, cracked and previously puddled rice soil. Soil Till. Res. 29, 1-11.
Xue, C., Yang Xiaoguang, Bouman, B. A. M., Deng Wei, Zhang Qiuping, Yan Weixiong,
Zhang Tianyi, Rouzi Aji, and Wang Huaqi. (2008). Optimizing yield, water require-
ments, and water productivity of aerobic rice for the North China Plain. Irrig. Sci. 26,

459-474.


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://iahs.info/redbooks/a154/iahs_154_03_0024.pdf
http://iahs.info/redbooks/a154/iahs_154_03_0024.pdf
http://www.cropscience.org.au/icsc2004/poster/2/3/659_timsinaj.htm
http://www.cropscience.org.au/icsc2004/poster/2/3/659_timsinaj.htm
http://www.cropscience.org.au/icsc2004/poster/2/3/659_timsinaj.htm
http://www.new.dli.ernet.in/rawdataupload/upload/insa/INSA_1/20005bad_366.pdf
http://www.new.dli.ernet.in/rawdataupload/upload/insa/INSA_1/20005bad_366.pdf
http://www.new.dli.ernet.in/rawdataupload/upload/insa/INSA_1/20005bad_366.pdf

Halting the Groundwater Decline in NW India 217

Yadvinder-Singh, Bijay-Singh, Ladha, J. K., Khind, C. S., Gupta, R. K., Meelu, O. P., and
Pasuquin, E. (2004). Long-term effects of organic inputs on yield and soil fertility in the
rice-wheat rotation. Soil Sci. Soc. Am. J. 68, 845—853.

Yadvinder-Singh, Brar, N. K., Humphreys, E., Bijay-Singh, and Timsina, J. (2008a). Yield
and nitrogen use efficiency of permanent bed rice-wheat systems in northwest India:
effect of N fertilization, mulching and crop establishment method. In “Permanent Beds
and Rice-Residue Management for Rice-Wheat Systems in the Indo-Gangetic Plain”.
(E. Humphreys and C. H. Roth, Eds.), ACIAR Proceedings No. 127, pp. 62-78.
Australian Centre for International Agricultural Research, Canberra, Australia. Available
at http:/www.aciar.gov.au/publication/term/18 (last accessed 17 Nov. 2008).

Yadvinder-Singh, Sidhu, H. S., Manpreet-Singh, Humphreys, E., Kukal, S. S., and
Brar, N. K. (2008b). Straw mulch, irrigation water and fertiliser N management eftects
on yield, water use and N use efficiency of wheat sown after rice. In “Permanent Beds and
Rice-Residue Management for Rice-Wheat Systems in the Indo-Gangetic Plain”.
(E. Humphreys and C. H. Roth, Eds.), ACIAR Proceedings No. 127, pp. 171-181.
Australian Centre for International Agricultural Research, Canberra, Australia. Available at
http:/www.aciar.gov.au/publication/term/ 18 (last accessed 17 Nov 2008).

Yadvinder-Singh, Humphreys, E., Kukal, S. S., Balwinder-Singh, Amanpreet-Kaur,
Thaman, S., Prashar, A., Yadav, S., Navneet-Kaur, Dhillon, S. S., Smith, D. J.,
Timsina, J., et al. (2009). Crop performance in a permanent raised bed rice-wheat
cropping system in Punjab, India. Field Crops Res. 110, 1-20.

Yang, X., Bouman, B. A. M., Want Huaqu, Wang Zhimin, Zhao Junfang, and Chen Bin.
(2005). Performance of temperate aerobic rice under different water regimes in North
China. Agric. Water Manage. 74, 107-122.

Young, C., Wallender, W., Schoups, G., Fogg, G., Hanson, B., Harter, T., Hopmans, J.,
Howitt, R., Hsiao, T., Panday, S., Tanji, K., Using, S., ef al. (2007). Modeling shallow
water table evaporation in irrigated regions. Irrig. Drain. Syst. 211, 119-132.


http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18
http://www.aciar.gov.au/publication/term/18

	Halting the Groundwater Decline in North-West India-Which Crop Technologies will be Winners?
	Introduction
	The Hydrogeology and Development of Irrigation in North-West India
	Water Sources, Sinks, Depletion, and Savings
	Why is the watertable going down in the rice-wheat belt of north-west India?
	How much water do we need to save to arrest the decline in the watertable?
	Methods for reducing groundwater depletion
	Methods for simultaneously reducing withdrawal of groundwater and increasing recharge
	Methods for increasing recharge of groundwater
	Methods for reducing withdrawal of groundwater
	Reducing run off and deep drainage
	Reducing ET and increasing WPET



	Effects of Improved Technologies on Yield, the Nature and Amount of Water Savings, and Water Productivity
	Laser leveling
	Summary-Laser leveling

	Planting date
	Summary-Rice transplanting date

	Varietal duration
	AWD in rice
	Summary-Safe AWD for rice

	Zero till transplanted rice
	Summary-Zero till transplanted rice

	Dry seeded rice with AWD
	Frequently irrigated DSR
	Summary-Dry seeded rice with safe AWD

	Aerobic rice
	Summary-Aerobic rice


	Rice on beds
	Transplanted rice on beds
	DSR on beds
	Summary-Rice on beds

	Zero till wheat
	Summary-Zero till wheat

	Surface residue retention and mulching
	The effect of mulch on soil evaporation
	Surface retention of rice residues for wheat
	Surface retention of residues during the fallow period between wheat harvest and rice planting
	Summer crops and mulching
	Summary-Mulching

	Wheat on raised beds
	Summary-Wheat on beds

	Replacement of rice, crop diversification
	Summary-Replacement of rice, crop diversification

	System intensification

	General Discussion
	Conclusions
	Acknowledgments
	References




