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Abstract

Water footprints (WFs) in crop production are an ecological measurement of water utilization that represents the cumulative
groundwater quantum consumed within a region (district/state or country) to produce the crops. WFs in crop production have
great significance for ecosystem’s sustainability, as high WFs are posing a serious challenge for the scientists and presents
researchable issues for reducing WFs for increased crop water productivity. Crop need based approaches and improved
climate smart technologies (CSTs) instead of conventional approaches help in reducing the irrigation water use without
compromising crop yields. In view of global warming, need to reduce the water intake in agricultural production has been
thought as an urgently sustainable issue. Amongst various crops of South Asia, rice—wheat cropping system extensively
cultivated on ~ 12.5 million ha (Mha), has large WFs. A large scale field experimentation suggested several permissible
techniques having overwhelming significance for reducing WFs in crop production. Amongst the several CSTs, laser levelers
for precision leveling, cultivars with short duration rice varieties, delayed transplanting of rice seedlings, soil matric potential
(or tensiometer) based irrigation scheduling, direct drilling of rice seeds, crop establishment on permanent beds, mechanical
rice seedling transplanting, and crop diversification through oilseed/pulses has considerable significance in water saving
and decreased WFs. Nonetheless, all technologies are not universally efficient in reducing WFs, and depend up on several
factors of which soil texture and climatic conditions are the major determinants. For feeding the burgeoning population and
to sustain and/or increased food production, technological focus should be on widespread adoption of technologies which
aims at reduced WFs either by decreasing water loss from the leaf and/or soil. The present review deals with WFs in crop
production, and the technologies to enhance irrigation water productivity and ecosystems’ sustainability of predominant
cropping system of South Asia, particularly in water-harassed regions.
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Khurana and Singh 2012). The food sustainability and live-
lihood security of world’s largest cropland ecosystem is
experiencing escalating pressure, especially in the context
of multi-faceted challenges of declining water resources,
stagnation in crop productivity and deterioration in soil
quality (Bhatt et al. 2019, 2021). To sustainably achieving
high demands of increased population with escalating bur-
den of increased crop productivity and to meet the daily
food and water requirements of human beings, animals and
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plants on earth planet, assured irrigation water supply is
required (Bhatt et al. 2021). The term WFs is often used
to describe how altered feeding habits in the modern era
influenced the water resources and its fate (Hoekstra and
Chapagain 2008). The volume and extent of water consumed
by people, referred as WFs is considered in terms of volumes
of water used and/or polluted; is a measure of humanity’s
appropriation of fresh water (Chapagain and Hoekstra 2010).
In crop production, the supply of irrigation water for produc-
ing per unit of produce is termed virtual WFs (Allan 2001;
Hoekstra 2003; Mekonnen and Hoekstra 2011). Hoekstra
(2003) first introduced the term WFs as a quantitative index
of the volume of irrigation water consumed in food produc-
tion sustainably, and to elucidate the measures to reduce the
water input particularly for water guzzling crops cultivated
in water stressed regions without compromising with yields
(Hoekstra and Chapagain 2008; Hoekstra et al. 2009; Chapa-
gain and Hoekstra 2010). The total quantum of fresh water
utilized by an individual or community to create goods and
services is defined as the EFs of that individual or com-
munity (Hoekstra and Chapagain 2008). The WFs are con-
sidered as crucial and sustainability indicator to investigate
the linkage between total food grains produced and the total
quantum of irrigation water used to produce that food (Dan-
iels et al. 2011; Hoff et al. 2014). In the last four decades, the
global water usage jumps to more than threefold, which has
been ascribed to the changing eating habits from vegetar-
ian to non-vegetarian (Wada et al. 2012). The unsustainable
underground water utilization by ~20% of total irrigation
water demand must be reduced for increased ecosystems’
sustainability (Wada et al. 2012).

India, Afghanistan, Bhutan, Bangladesh, Nepal, Mal-
dives, Sri Lanka, and Pakistan are the major parts of South
Asia with predominance of rice based cropping sequences
and have high WFs. The declining underground water table
has been the most challenging sustainability issue for rice-
based systems, and the conventional imperfect crop estab-
lishment methods and irrigation management practices are
considered responsible for water unsustainability (Bhatt
and Kukal 2016, 2018; Bhatt et al. 2020a,b; Bhatt et al.
2021). Escalating water scarcity poses severe threats to
overall ecosystem development in the entire South Asian
region (Rosegrant et al. 2013). The availability of good qual-
ity irrigation water of 1604 and 1304 m?, respectively in
Indian and Pakistan is far below than the global average
of 24,776 m> (FAO 2008). In South Asia, due to projected
population increase up to~2.22 billion by 2040, the water
demand is expected to becomes severe as majority of the
food (up to~80%) comes from the irrigated regions (Yad-
vinder-Singh 2008). Agricultural sector ranked as the larg-
est water consumer (up to~95%) in South Asia, with > 70%
of universal total water usage (Babel and Wahid 2008). In
different countries viz. Bangladesh, India, Nepal, Pakistan
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and Sri Lanka, agricultural sector constitute ~ 16, 19, 32,
12 and 21%, respectively in the Domestic Gross Product
(Stabinsky 2014).

Due to faulty agricultural techniques more particularly in
the rice growing regions, the productivity of water in South
Asian countries has been ~ 6-times lower than the global
best food producers (Bhatt and Singh 2017). Therefore, for
enhancing water productivity with improved water and nutri-
ent use efficiencies, there is tremendous scope to reduced
water, energy and C footprints (Lal 2008; Singh et al. 2019,
2020, 2021). Before discussing different technologies for
reducing WFs, the classification of different types of foot-
prints followed by major exporters or importers of water is
very important to understand the concept in a much better
way.

WFs are broadly classified as blue, green, and the grey
WFs (Kashyap and Agarwal 2021). These WFs for the north-
western state of Punjab (India) are shown in Fig. 1. The
blue WFs includes surface and sub-surface water sources
required for multiple uses for generating different products
and the water loss within a particular region (Hoekstra et al.
2011). Green WFs included rainwater stored in rainwater
harvesting structures to be used in crop production, which
help cut down power (electricity) requirement for pumping
the underground water from deeper layers, which could be
used in other potential sectors. Soil moisture available for
roots which comes directly from rainfall, termed as green
water, while water comes from other water bodies e.g. lakes
etc. is termed as blue water (Dalin et al. 2012). However,
grey water is the volume of water required to dilute emit-
ted pollutants to ambient levels (Hoekstra et al. 2011).
According to estimates, the global use of blue water is cur-
rently ~927-1660 km3 yr1 or km® yr~! (Rost et al. 2008;
Hoff et al. 2010). In addition to rainfed agriculture and parts
of irrigated agriculture green water consumption ranged
from ~ 3000 to 6000 km? yr~!(Rost et al. 2008; Liu et al.
2009; Hoff et al. 2010), which made its inclusion in differ-
ent water management programs increased to many folds
(Rockstrom et al. 2000). The worldwide WFs estimated to
be ~7450 km?® yr~! in absolute terms, and ~ 1240 m~> yr~!
capita~! (Hoekstra and Chapagain 2007), with significant
variances or variation?? within countries. The countries
such as North America and Western Europe, appear to have
significantly greater per capita WFPs than China and South
Africa. Between 1996 and 2005, the worldwide annual
average WFs was~9087 Gm™ yr~!, comprising ~74%
green, ~ 11% blue, and ~ 15% grey water. Production for
export accounts for around a quarter of the total WFs. In
Beijing, the overall WFs associated with the consumption
of local agriculture products in 2009 was ~23.7x 108 or
10® m®. Grey water contributed the most (~58%), followed
by green water (~23%), and blue water (~ 19% percent).
The contributions of vegetables, maize, and wheat crops
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accounts for~53, 33, and 9%, respectively of the overall
WFs. Improving water and fertilizer management from a
production standpoint offers a lot of scope for reducing
different WFs of agricultural crops so that the saved water
could be partitioned to other sectors (Huang et al. 2012).

Major importers and exporters of global
water use

WFs are significant sustainability indicators as they aid
in tracing commodity flows and associated virtual water
throughout its journey from production to consumption
(Chapagain and Hoekstra 2004a, b; Daniels et al. 2011).
The global WFs of ~ 7450 Gm? yr~! account for an aver-
age of ~1240 m? capita™! yr~! (Hoekstra and Chapa-
gain 2007). India with~17% of global population has the
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Zone 3 Zone 5 Average
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largest WFs of ~987 Gm?® yr~!, comprising ~ 13% of the
global WFs in absolute terms. However, USA had the larg-
est WFs of ~ 2480 m? capita™ yr~!, followed by the south
European population in Spain, Greece and Italy with WFs
of ~2300-2400 m? capita™ yr~! (Hoekstra and Chapagain
2007). The people in China had relatively low WFs of ~700
m? capita™! yr~! (Hoekstra and Chapagain 2007). Another
study revealed the WFs of ~ 2,842 m? capita™! yr~! in USA,
1071 m? capita! yr~! in China, ~ 1089 m? capita™' yr~! in
India, and ~ 1385 m? capita™ yr~! by the global average
consumers (Hoekstra and Mekonnen 2012). The estimates
revealed average virtual water content of industrial prod-
ucts of ~100 1 US$ ™! in USA,~501US$ ! in Germany and
The Netherlands, ~ 10-151 US$~! in Japan, Australia, and
Canada, ~20-251 US$~! in the developing nations includ-
ing India and China, against the global average net water
content of industrial products of ~801 US$~! (Hoekstra
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and Chapagain 2007). According to Fader et al. (2011),
the five major net importers of blue water are Japan, Indo-
nesia, North Korea, Bangladesh, and Papua New Guinea.
In contrast, the primary net exporters of virtual water are
the United States, India, Thailand, China, and Pakistan
(Table 1).

The United States, Argentina, Australia, Canada, and
France were the most significant net virtual water exporters.
At the same time, Japan, Mexico, North Korea, the Nether-
lands, and Spain were the top net virtual water importers
of green water, according to estimations of the total virtual
water balance. The major gross virtual water exporters which
together account for > 1/2 of the global virtual water export
were the USA, China, India, Brazil, Argentina, Canada, Aus-
tralia, Indonesia, France, and Germany are ~314, 143, 125,
112, 98, 91, 89, 112, 72, 65 and 64 Gm® yr™!, respectively
(Fig. 2a). The largest blue virtual water exporters which
account for~49% of the global blue virtual water export
are USA, Pakistan, India, Australia, Uzbekistan, China, and
Turkey, which are partially water stressed (Alcamo and Hen-
richs 2002; Alcamo et al. 2003; Smakhtin et al. 2004). The
major gross virtual water importers were the USA, Japan,
Germany, China, Italy, Mexico, France, United Kingdom
and Netherlands (~234, 127, 125, 121, 101, 92, 78, 77 and
71 Gm? yr!) (Hoekstra and Mekonnen 2012) (Fig. 2b).

The constant separation of blue and green, green
water highlighted the dominance of green water (~84%)
in both internal and exterior (~94%) WFs. The highest
absolute and per capita blue WFs were found in Pakistan
and Iran, while the highest absolute green and blue WFs
were found in the United States and India. Berlin imports
more than ~60% of its virtual water from overseas, com-
pared to~3.5% in Lagos and ~ 1.4% in Delhi. As a result,
Delhi and Lagos have a higher supply from the nearby
hinterland (sources within 100 kms of the city) (Hoff
et al. 2014). The Netherlands, for example, has an aver-
age WFs of 37.5 Gm™ yr~! of which 33.2 Gm™? yr~! is
imported from other countries as virtual water (van Oel
et al. 2009). Other European nations, such as the United
Kingdom, Germany, and Italy, all import ~60-95% of their
total WFs (Yu et al. 2010; Hoekstra and Mekonnen 2012;
Tamea et al. 2013), regardless of the fact that none of them

would be considered water deficient by conventional crite-
ria, (Falkenmark 1986; Seckler et al. 1990). The estimated
world average WFs for wheat (1827 m> ton™!) is broken
down into green, blue, and grey WFs as~ 1277, 342 and
207 m3 ton~!, respectively (Chenoweth et al. 2014). The
combination of water types used in rice WFs varies widely
between countries. Green WFs account for ~63% of rice
WFs in the Philippines, whereas blue WFs account for up
to ~82% of rice WFs in Pakistan (Chapagain and Hoekstra
2011). In comparison to the Philippines, Pakistan’s higher
blue WFs have been attributed to greater irrigation use.
Under different systems, rain dependent agriculture is
the world’s most productive green water user, due to lit-
tle consumption of green water than irrigated agricultural
systems, but irrigated agriculture is recognized as the
world’s top blue water user (Vanham and Bidoglio 2013).
During 1996-2005, global WFs associated with crop pro-
duction totaled ~ 7404 billion m?® yr~! (comprising ~78%
green WFs, ~ 12% blue WFs, and ~ 10% grey WFs). Wheat,
rice, and maize has total WFs of ~ 1087, 992 and 770 Gm?
yr~!, respectively and earlier two crops have ~50% blue
WFs worldwide. India, China and the United States had
the highest total WFs at 1047, 967 and 826 Gm® yr~!,
respectively. The Indus and the Ganges river basins have
total blue WFs to the tune of 117 and 108 Gm® yr~!,
respectively as a result of crop output. Together, these two
basins accounted for around a 1/4" of the blue WFs associ-
ated to global crop output. Rainfed agriculture has~91%
green, while the remaining ~9% grey WFs, while irrigated
agriculture has ~48% green, ~4% blue, and the remain-
ing ~ 12% grey WFs (Mekonnen and Hoekstra 2011).
Hoekstra and Chapagain, (2007) projected WFs for indi-
vidually country globally from 1997 to 2001. The United
States has WFs of 2480 m capita™ yr~!, while China has
WFs of 700 m capita™! yr™'. The worldwide average WFs
per capita is~ 1240 m yr~'. The four primary direct driv-
ers determining any country’s WFs were the utilization
volumes, which are linked with national income, utiliza-
tion behavior, climatic, and agricultural variability (Hoek-
stra and Chapagain 2007). Green water dominates internal
(~84%) and external (~94%) WFs compared to blue water.
Pakistan and Iran have high per capita blue WFs, while the

Table 1 Top five net importers
and exporters for blue, green

Blue water

Green water Total water

and total water Net importer

Net exporter

Net importer Net exporter  Net importer Net exporter

Japan USA
Indonesia India
North Korea Thailand
Bangladesh China
Papua New Guinea  Pakistan

Japan USA Japan USA
Mexico Argentina Mexico Argentina
The Netherlands ~ Australia North Korea Australia
North Korea Canada The Netherlands ~ Canada
Spain France Spain France

Source: Fader et al. (2011)
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US and India has extremely high green and blue WFs (Feder
etal. 2011).

WFs measurements and equations

WFs defined as volumes of good quality water required for
generating 1.0 kg of the grains and expressed as m® Mg~
Generally, direct water consumed in drinking, bathing etc.,
and indirectly water consumed in agriculture, industry
etc. considered under overall WFs. Different water phases

normally considered for water use action plan (Hoekstra
et al. 2009). Time scale volumetric water used as m> Mg~!
(or L kg_l) is considered as crops’ WFs (Hoekstra et al.
2009). Agriculture WFs (m? kg_l) is defined as inherent
moisture condition of field from sowing to harvesting of
crop (Xinchun et al. 2018; Hoekstra et al. 2009) and is
estimated as under.

Total WFs = WFy,, + WFqeop + WEg

where, WFy,,. is blue WF, WF,., is green WF, and WFg,,,
is gray WF.
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The variation between received total rain and crop evapo-
transpiration (ET) could be used to define quantitative irri-
gation water. Generally, ET losses divided into green and
blue water and expressed as ET .., and ET,.. respectively.
Therefore, there is a need to estimate crop wise WFs to even-
tually decide the crop to be targeted for sustainably shrink-
ing water inputs. For the estimation of different WFs, soil
water balance components viz. rainfall, irrigation, evapora-
tion, transpiration, drainage, seepage, and profile moisture
change is very important.

WFs in puddled rice-based cropping
sequences

Puddled transplanted rice has been the major establishment
method followed in entire South Asia (Bouman et al. 2007,
Sravan and Murthy 2008; Zeigler and Barclay 2008; Laborte
et al. 2017). The crop establishment methods e.g. puddling
(wet-tillage) followed by water feeding practices viz. con-
tinuous flooding, early establishment of rice seedlings and
selection of long-duration rice varieties are considered to
have high WFs. Earlier the prime focus was on producing
more and more food grains, which has now been shifted
to ‘producing more and more with less and less irrigation
water’. To sustainably achieve this objective, several other
promising techniques with much less WFs are popularized
amongst the farmers of South Asia (IRRI 2007; Bhatt et al.
2019). In the puddled transplanted rice which consumes
about 5-6 irrigations followed by flood irrigations has been
estimated to consume ~ 3333 L of irrigation water for pro-
ducing just 1.0 kg of grains (Bhatt 2020a, b).

Adoption of rice cultivars which stayed for shorter dura-
tion in field also helps to reduce the WFs as compared to
a long duration rice cultivar. Among several WFs cutting
techniques, short duration rice varieties, delayed seedling
transplanting, laser land leveling, seeding of rice seeds in
un-puddled soil, raised beds cultivation, soil matric poten-
tial based irrigation scheduling are the most promising ones
(Bhatt et al. 2019, 2020a, b). Additionally, residue mulching
provides many benefits involving stopping of sunrays to the
bare surface, checks flight of vapors, slow down the wind,
and therefore, its tendency to move vapors with it has con-
siderable potential in enhancing water productivity (Bhatt
et al. 2019, 2020a, b; Singh et al. 2021). Direct seeding of
rice has also propagated as a CSTs which helped in cutting
up to six irrigations as crop is established under no puddled
environment (Cabangon et al. 2002), but this technology
can only practice in fields having medium to heavy textured
soils. Additionally, in system of rice intensification (SRI),
since irrigation is applied on plant need basis, the technol-
ogy has witnessed lesser WFs and higher yields (Gujja et al.
2007).

@ Springer

WFs of different crops

The global WFs linked with the consumption of cotton
products are ~256 Gm yr~!, with blue water accounting
for ~42%, green water ~39%, and grey water ~ 19%. Cot-
ton use in some nations, such as China, the United States,
and Mexico, significantly impacts foreign water resources
(Brar and Singh 2022). The average WFs for rice and
wheat in India and Punjab were ~1097 and 871 m> Mg~!
grain yield, respectively (Kashyap and Agarwal 2021). In
the north-western state of Punjab, green WFs had the high-
est share (~63%), followed by ~19% for blue and ~17%
for grey WFs for rice, and ~ 15, 52 and 33%, respectively
for wheat production (Kashyap and Agarwal 2021). Green
water contribution reported to be ~43 and 64% for date
palm and cotton. The global average blue WFs for crop
production were ~899 Gm?® yr~!, where rice and wheat
contribution reported with~204 and 202 Gm? yr~!,
respectively, where both constitute ~45% of global blue
WFs. However, the grey WFs associated with fertilizer-N
use in crop agriculture were 733 Gm® yr~! as higher grey
WFs are seen in wheat, maize, and rice (~ 123, 122 and
111 Gm?® yr™!, respectively), accounting for 56% of world-
wide grey WFs. (Mekonnen and Hoekstra 2011). The WFs
of rice is ~ 13-times higher than sweet potatoes, and ~ 8.8
to 10.4-times that of sugarcane, showing scope to cut the
WFs. Figure 3 illustrates Different countries” WFs for rice
and wheat production. WFs for rice ranged from ~903 to
3288 m’ Mg‘1 in different nations, while WFs for wheat
ranged from ~490 to 2421 m® Mg~!. The average virtual
WFs for maize cultivation were higher (4000 m> Mg~
in Nigeria, while the lowest (~440 m® Mg™') in Germany
(Table 2). Among South Asian countries, India has the
largest (~ 1937-2860 m® Mg~') WFs for maize cultiva-
tion. The global average WFs for maize cultivation varied
between ~909-1789 m? Mg_1 (Shrestha et al. 2013; Hoek-
stra and Chapagain 2007).

WFs for sugarcane, corn, and sweet potatoes grown
in Taiwan compared with Brazil, the United States, and
China. In Taiwan, WFs for maize cultivation are only 60%
of maize grown in the United States. Sugarcane farming
is generally more efficient in tropical and sub-tropical
climate zones because to its high need on precipitation.
For potatoes, the virtual WFs varied between ~ 96-823
m® Mg~! in different countries; ~ 100 m* Mg~' in Ger-
many, ~250-291 m*® Mg~! in India, ~ 302-823 m?® Mg~!
in China, ~ 186 m* Mg™! in Japan, ~96-118 m* Mg~! in
Taiwan, ~265 m> Mg~! in Nepal, ~398 m> Mg~! in USA
and ~290 m® Mg~! in Nigeria, against the global average
of ~225 m®> Mg~! (Table 3). For other vegetable crops,
WFs varied widely, with the highest (~214-327 m® Mg™)
in Broccoli, while the lowest for cabbage and lettuce
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Fig.3 The average virtual water footprints (WFs) for rice (a), wheat
(b), pulses (c), soybean (d), sugarcane (e), millets (f), oilseeds (g) and
sorghum (h) in different countries. Sources: Hoekstra and Chapagain
(2007); Gerbens-Leenes et al. (2008); Babel et al. (2011); Mekon-

nen and Hoekstra (2011); Huang et al. (2012); Kongboon and Sam-
pattagul (2012); Shrestha et al. (2013); Hoff et al. (2014); Su et al.
(2015); Le Roux et al. (2016); Cui et al. (2021)
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Table 2 Mean (or range) of

virtual water footprints (WFs) Country Mean 0r3rangiof virtual ~ References

for maize (Zea mays L.) WES (m” Mg

cultivation in different countries Germany 440 Hoff et al. (2014)

across the globe India 19372860 Shrestha et al. (2013), Hoff et al. (2014)
Nigeria 4000 Hoff et al. (2014)
Netherlands 2415 Mekonnen and Hoekstra (2011)
China 702-1179 Gerbens-Leenes et al. (2008), Huang et al. (2012),

Shrestha et al. (2013), Le Roux et al. (2016), Cui et al.
(2021)

USA 489-782 Gerbens-Leenes et al. (2008), Shrestha et al. (2013)
Taiwan 669-704 Su et al. (2015)
Japan 1493 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Nepal 2845 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Russia 1397 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Indonesia 1285 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Australia 744 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Brazil 1180 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Mexico 1744 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Italy 530 Shrestha et al. (2013), Hoekstra and Chapagain (2007)
Global average 909-1789 Shrestha et al. (2013), Hoekstra and Chapagain (2007)

Table 3 Mean (or range) of virtual water footprints (WFs) for potato
(Solanum tuberosum L.) cultivation in different countries across the
globe

Country  Mean or range of References
virtual WFs (m?

Mg™")

Germany 100 Hoff et al. (2014)

India 250-291 Shrestha et al. (2013),Hoff et al.
(2014)

China 302-823 Huang et al. (2012), Shrestha et al.
(2013)

Japan 186 Shrestha et al. (2013)

Taiwan  96-118 Su et al. (2015)

Nepal 265 Shrestha et al. (2013)

USA 398 Shrestha et al. (2013)

Nigeria 290 Hoff et al. (2014)

Global 225 Shrestha et al. (2013)

(Table 4). The virtual water content of the two primary
staples wheat and barley imported by Berlin is ~498 and
639 1 kg~!, respectively. Sorghum and millet, the two main
staples imported to Lagos, with virtual WFs of ~5700 and
6600 1 kg~!, respectively. (Hoff et al. 2014). The virtual
WFs for barley varied between ~ 640 and 2482 m* Mg™!
for different countries, against the global average of 1388
m? Mg~! (Table 5).

The average virtual WFs in wheat (range =490 to 1654
m® Mg™!) (Table 6) reported to be lower as compared to that
of the rice (range =903 to 3288 m® Mg~!) (Table 7) which
might be due to creating of anaerobic conditions over here
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as compared to that of wheat. This might also be the reason
that why more focus is mode on the irrigation management
in the rice (Bhatt et al. 2021). Every year, the EU consumes
957,000 ton of fresh Spanish tomatoes, evaporating 71 M
m? yr~! and requiring 7 M m? yr™! to neutralize leached
nitrates in Spain. The four key direct elements defining a
region’s WFs are widely believed to be consumption volume,
consumption patterns, climate, and agricultural practice
(Chapagain and Hoekstra 2004a, b; Hoekstra and Chapagain
2007). Figure 3c illustrates WFs for different pulses varied
between 1090 m®> Mg~! in Germany and 11,100 m* Mg~! in
Nigeria (Hoff et al. 2014). The WFs for pulses in India and
China varied between 2088 and 2860 m* Mg~! (Shrestha
et al. 2013; Hoff et al. 2014), and was lower by ~ 1.4-7.9
times lower than the global average WFs for pulses (Mekon-
nen and Hoekstra 2011). The WFs for soybean varied
between 1076 m®> Mg~! in Brazil and 4124 m® Mg~! in
India (Hoekstra and Chapagain 2007) (Fig. 3d). Sugarcane
had the lower WFs; varied between ~ 103 and 586 m> Mg_1
(Fig. 3e). The highest WFs for sugarcane cultivation has
been reported in Nepal (Shrestha et al. 2013), while in other
Asian countries these WFs varied between~ 117 and ~276
m> Mg~! (Hoekstra and Chapagain 2007; Babel et al. 2011).
The WFs for different millets were ~3088 m* Mg~! in
Nepal, ~3100 m* Mg~! in Japan, ~2143 m* Mg~! in USA,
1863 m® Mg™! in China, ~3269 m® Mg™" in India, against
global average WFs of ~4596 m® Mg™! (Fig. 3f). These data
revealed that WFs for millet cultivation in these countries
were lower than the global average. On the other hand, how-
ever, the WFs for oilseed crops in Nepal (~5987 m® Mg™!)
and China (~4323 m® Mg™") were higher, compared with the
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Table 4 Mean (or range) of
virtual water footprints (WFs)
for cultivation of different
vegetable crops in different
countries across the globe

Table5 Mean virtual water
footprints (WFs) for barley
(Hordeum vulgare 1..)
cultivation in different countries
across the globe

Table 6 Mean (or range) of
virtual water footprints (WFs)
for wheat (Triticum aestivum L.)
cultivation in different countries
across the globe

23
Country Crop Mean or range of virtual References
WFs (m® Mg‘l)
Netherland Tomato 214 Mekonnen and Hoekstra (2011)
China Vegetables 184 Cui et al. (2021)
China Vegetables 380-431 Huang et al. (2012)
China Water Melon 136 Huang et al. (2012)
China Carrot 61-116 Le Roux et al. (2016)
China Cabbage 64-79 Le Roux et al. (2016)
China Beetroot 100-124 Le Roux et al. (2016)
China Broccoli 214-327 Le Roux et al. (2016)
China Lettuce 56-93 Le Roux et al. (2016)
Global Vegetables 300 Mekonnen and Hoekstra (2011)
Country Mean virtual WFs (m® References
Mg™h
Berlin 640 Hoff et al. (2014)
USA 702 Hoekstra and Campagain (2007), Shrestha et al. (2013)
China 848 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Japan 697 Shrestha et al. (2013)
Russia 2359 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Italy 1822 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Netherland 718 Hoekstra and Campagain (2007), Shrestha et al. (2013)
India 1966 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Nepal 2482 Shrestha et al. (2013)
Australia 1425 Hoekstra and Campagain (2007); Shrestha et al. (2013)
Brazil 1373 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Mexico 2121 Hoekstra and Campagain (2007), Shrestha et al. (2013)
‘World 1388 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Country Mean or range of vir-  References
tual WFs (m* Mg™")
Berlin 490 Hoff et al. (2014)
Netherland 619-1827 Hoekstra and Campagain (2007), Mekonnen and Hoekstra (2011)
China 690-887 Hoekstra and Campagain (2007), Huang et al. (2012), Shrestha
et al. (2013), Le Roux et al. (2016), Cui et al. (2021)
Japan 743 Shrestha et al. (2013)
USA 849 Hoekstra and Campagain (2007), Shrestha et al. (2013)
India 1654 Hoekstra and Campagain (2007), Shrestha et al. (2013)
Nepal 1554 Shrestha et al. (2013)
Russia 2375 Hoekstra and Campagain (2007)
Australia 1588 Hoekstra and Campagain (2007)
Brazil 1616 Hoekstra and Campagain (2007)
Japan 734 Hoekstra and Campagain (2007)
Mexico 1066 Hoekstra and Campagain (2007)
Italy 2421 Hoekstra and Campagain (2007)
Global 1334 Hoekstra and Campagain (2007), Shrestha et al. (2013)
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Table 7 Mean (or range) of virtual water footprints (WFs) for rice
(Oryza sativa L.) cultivation in different countries across the globe

Country Mean or range of vir-  References

tual WFs (m> Mg™")
China 903.1 Cui et al. (2021)
USA 1275 Hoekstra and Chapagain (2007)
China 1321 Hoekstra and Chapagain (2007)
India 2850 Hoekstra and Chapagain (2007)
Russia 2401 Hoekstra and Chapagain (2007)

Indonesia 2150
Australia 1022

Hoekstra and Chapagain (2007)
Hoekstra and Chapagain (2007)

Brazil 3082 Hoekstra and Chapagain (2007)
Japan 1211 Hoekstra and Chapagain (2007)
Mexico 2182 Hoekstra and Chapagain (2007)
Italy 1679 Hoekstra and Chapagain (2007)
Taiwan 1521-3288 Su et al. (2015)

Nepal 2358 Shrestha et al. (2013)

Global 2291 Hoekstra and Chapagain (2007)

global average of ~3421 m> Mg~!, whilst the lower in USA
(~2155 m®> Mg™!) and India (~ 1523 m*® Mg™!) (Fig. 3g).
The data showed a large variation in WFs for sorghum cul-
tivation in different countries. It was the lowest in USA
(~782 m® Mg~!), while the highest in India (~4053-7900
m® Mg™!) (Hoekstra and Chapagain 2007; Gerbens-Leenes
et al. 2008) (Fig. 3h). The WFs of ~ 1242 m*> Mg~ in Taiwan
(Su et al. 2015), ~863-1373 m> Mg~! in China (Hoekstra
and Chapagain 2007; Gerbens-Leenes et al. 2008), ~2382
m® Mg~ in Russia (Hoekstra and Chapagain 2007), ~ 1081
m® Mg~! in Australia (Hoekstra and Chapagain 2007), 1609
m> Mg~! in Brazil (Hoekstra and Chapagain 2007), 1212
m® Mg~! in Mexico (Hoekstra and Chapagain 2007), against
a global average of ~2853 m® Mg~!. Figure 4a illustrates
WFs for cotton seed production varied between ~ 1419
and 8264 m> Mg_l in different countries. However, the
WFs for cotton lint production in other countries varied
between ~3210 m® Mg™! in China and ~ 10,072 m®> Mg~! in
Indonesia (Fig. 4b).

Water consumption behaviour

Agriculture utilizes the most water for feeding the ever-
escalating population (Shiklomanov 2000; Foley et al. 2005;
Rost et al. 2008; Doll et al. 2012). Because ~90% of global
freshwater use is linked to product and service life cycles,
the solution is heavily reliant on modifying crop establish-
ment and irrigation patterns (Ridoutt and Pfister 2010). WFs
could be decreased by decreasing water inputs through CSTs
which helps enhance the yields and land productivity in the
region. However, as the world’s population grows and living
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standards rise, pressure on freshwater supplies has grown
fast. Many of the commodities used by a country’s citizens
are produced in other countries, which they need to purchase
to fulfill their requirements. Earlier WFs studies revealed
the impact of regional crop consumption on the production
sites” water resources (Chapagain et al. 2006; Chapagain and
Orr 2009; Hoekstra and Chapagain 2007). There appears to
be a strong understanding of the effects of human produc-
tion systems and consumption patterns (Ridoutt 2009). To
accomplish the aim of sustainability, WFs must be reduced
by ~48.6% without affecting the yield potentials (Ridoutt
and Pfister 2010) through the more efficient irrigation water
and fertilizer use technologies which reduces blue and grey
WFs (Zhou 2005; Kong 2009; An 2010; Sun 2010; Huai
2010). Vegetables, maize, and wheat all contributed signifi-
cantly to the total WFs associated with the consumption of
local crops, indicating that these crops have a high potential
for decreasing Beijing’s total blue and grey WFs associated
with agricultural output. Without sacrificing yields, the irri-
gation water supplied to vegetables (both in open and cov-
ered systems) may be decreased by ~20% and the nitrogen
application rate by ~67% (An 2010; Sun 2010; Huai 2010).
The irrigation water applied can be lowered to the tune
of 1/4th and the fertilizer-N application rate by ~ 1/3th to
maintain wheat production at the farmer level (Kong 2009;
Huai 2010). Compared to the previous results, the WFs for
vegetables, maize, and wheat may decrease by ~40, 30, and
19%, respectively. By using the CSTs, the total blue and
grey WFs could be sustainably reduced up to~20 and ~55%,
respectively.

The data reveal that the annual WFs of agricultural pro-
duction in the Gomti river basin was~ 12,196 Mm?, with
irrigated agriculture accounting for 89% of the total. Wheat,
paddy, and sugarcane accounted for ~94% of the basin’s total
WF crop output. Blue and green WFs accounted for ~48
and ~46% of the basins’ total WFs. (Mali et al. 2017). The
WFs and eutrophication were reduced by ~27.5 and ~23.9%,
respectively, on reducing irrigation inputs to the tune of 33%
compared to conventional practice as this did not result in
a significant land productivity decline. It results in~52%
reduction in water eutrophication footprint while maintain-
ing a similar water scarcity footprint in the cereals cropping
system (Huang et al. 2015). Decrements in water inputs,
required to generate a unit yield could help in mitigating
regional water scarcities in a more sustainable and climate
smart way.

The conventional puddled flooded conditions of rice
also responsible for the green houses gases emissions and
therefore, climate change. Thereby while shifting to cli-
mate-smart technologies where on one side WFs reduced
and consequences of climate change will be better managed
sustainably (Simpson et al. 2014; Bhatt et al. 2020a, b). For
that reason, faulty flood irrigation of rice, poor soil health,
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Fig.4 The average virtual water
footprints (WFs) for cotton seed
(a) and cotton lint (b) in differ-
ent countries. Sources: Hoekstra
and Chapagain (2007); Shrestha
et al. (2013)
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greenhouse emissions, climate change, frequent dry spells,
droughts and higher WFs must be dealt with in a smart and
sustainable way. Our prime objective is to trim down the
water inflows and therefore, WFs in the region, in rice follow
cropping sequences by either solo or multiple approaches as
suited to the farmers. Therefore, an integrated approach with
different technologies must be designed sustainably for the
farmers but with a support from soil scientists, agronomists,
plant breeders, entomologist or pathologist and ultimately
the farmer- the end-user of the technology. Mainly identified
reasons for these higher WFs involve adoption of long-dura-
tion cultivars (Pusa-44), early rice transplanting, faulty flood
irrigations, and finally, wrong crop establishment methods
as (puddling-could use up to six irrigations). Therefore,
enhancing the use efficiency of applied irrigation water is
the win—win approach towards improving the productivity
of applied water along with cutting down the overall WFs
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for harvesting bumper yields in the region (Singh et al. 1995;
Blackshaw et al. 2011).

Climate smart technologies (CSTs)
for reducing WFs

The CSTs are the different crop establishment techniques
being advocated, tested and recommended by the research-
ers in the region for sustainably reducing the WFs in South
Asia without compromising the grains yields. Precision
land leveling, cultivars with shorter stay in fields, potential
based irrigations, diversification and raised beds, etc., are
some of the important CSTs for reducing the water inputs
and this saved water could be diverted to other sectors or
place where it is urgently required (Bhatt and Arora 2021;
Bhatt et al. 2016, 2019), therefore, reducing the fresh water
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demands of these areas by one or other way. Factors affect-
ing CSTs performance in cutting down the WFs: Aim of
different CSTs in the region is to cut down the water inputs
in agriculture sustainably without cutting down the land pro-
ductivity on one side while mitigating the adverse effects
of climate change on other. But these CSTs are situation
specific which depends on the soil textural class and are not
universally applicable. Even then, several factors identified
affected their performance and must be taken into considera-
tion while planning, preparing and implementing any of the
farmer welfare programs in South Asia, which are listed as
below one by one (Bhatt 2017a, b).

Along with cutting down the WFs in the region, improv-
ing the water quality of the high salt water is also needed,
especially in the rice crop (Elliott et al. 2014; Qadir et al.
2010). In coastal regions, soil alkalinity is often considered
the major factor responsible for poor water quality (Dalia-
kopoulos et al. 2016; McFarlane et al. 2016) which must
be improved for its reuse. Further, as per the latest reports
of FAO and UNEP, ~50% of land affected from high salts
(Rozena and Flowers 2008). As a whole, Bangladesh and
India dominated with the land deteriorated from high salt
contents and which are not fit for growing of plants and the
role of agricultural scientists are inevitable. (Parvin et al.
2017; Rahman et al. 2015; Hoque and Haque 2016; Huq
et al. 2015) as the focus is to reclaim these soils for its reuse
for attaining sustainable food security. State governments
after considering this point, supplied good quality irrigation
water to such problematic areas, which are already water-
logged with poor quality water for better crop production
and survival of the inhabitants (Bhatt et al. 2019). Therefore,
water treasure below the ground must be sustainably used
with no loss for producing more grains per drop of water
through the advanced CSTs (Murad et al. 2018). Therefore,
under the current water shortage scenarios, one side, we
aim to sustainably cut down the WFs through reusing poor

quality water with proper interventions while on other, is to
enhance the use efficiency of good quality water through dif-
ferent CSTs in the region. To reduce WFs, scientists devel-
oped, tested and recommended some climate smart tech-
nologies such as timely rice seedling nursery sowing and
seedling transplanting, short duration rice cultivars, mechan-
ical transplanting of rice, laser levelling, direct drilling of
rice seeds in un-puddled soils, permanent beds, intermittent
irrigations with soil matric potentials, crop diversification,
zero tillage (ZT) etc. These technologies also known as
CSTs or resource conservation technologies, which helps to
reduce the WFs in the region and thereby the saved quantity
of water could be partitioned top other competitive sector
viz. industrial or house hold sector.

Role of laser land leveller in reducing WFs

Laser land levelling is the most adopted climate smart tech-
nology which preciously levelled all the ups and downs at
the field, enhances water use efficiency, water and land pro-
ductivity, and finally, reduces the WFs (Table 8) (Sattar et al.
2003; Walker et al. 2003; Bhatt and Sharma 2009). In the
Moga district of Punjab, a laser leveller was implemented
on a trial basis in village-Sukhanand. In Indo-Gangetic
Plains (IGPs), conventional flood irrigation is most adopted
conventional practice to irrigate the agricultural crops viz.
rice, wheat etc. where ~ 10-25% applied water just wasted/
lost due to uneven field levels (Kahlown et al. 2002) which
resulted in lower use efficiency (Jat et al. 2006). Many times,
water not reached the whole plots which results in poor per-
formance of the plants not receiving adequate water quan-
tum. This results in improved crop stand, improved crop pro-
ductivity, and reduced labor requirements (Jat et al. 2006),
which is reflected in improved farm income by improving
system productivity to~7% with additional benefits of
irrigation water savings of up to~ 14 and 13% in rice and

Table 8 Importance of laser land levelling technology in reducing water footprints (WFs) of different crops

Location Soil texture  Total Water saving (cm) Average % yield increase References

Uttar Pardesh (India) Sandy loam 12-14% Non-significant change Jat et al. (2006)
Modipuram (India) Sandy loam 25% 15-35% Jat et al. (2006)

- - 49% in wheat and 31.7% in Paddy 6.9% in wheat Jat et al. (2006)

- Sandy loam — 7.31% in rice and 6.14% in wheat Jat et al. (2006)

- - - 24% increase in rice yield Rickman (2002)

- - - 20.1% increase in seed cotton Sattar et al. (2003)
Modipuram (India) - - Pal et al. (2003)
Pakistan - 25% wheat irrigation water saving 20-35% increase in wheat yield ~ Kahlown et al. (2002)
Tajikistan Loamy 811 M*/ha 31% increase in cotton yield Abdullaev et al. (2007)
India Sandy-loam Water saving of 26-30% in rice, 26-33% in Aryal et al. (2015)

wheat, 22-33% in maize and 26-43% in

cotton
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Table 9 Benefits of direct seeded rice (DSR) over the conventional puddled transplanted rice (PTR) in terms of water savings and grain yield

benefit at different locations

Country Soil texture Total water saving Yield increase (over PTR) References

India 3—4 irrigations Similar yields Pathak et al. (2013)
450 mm Similar yields Bouman et al. (2005)

India Sandy loam Water use efficiency increased by 7.6% Mahajan et al. (2012)

India Sandy loam Water productivity increased by 17.6% -

India - Water productivity increased to 5.0% Brar et al. (2011)

India - - 9.0% increase in yield

- - - 1.0 Mg ha™! increment in grain yield Farooq et al. (2011)

- - - 6.0 Mg ha™! increment in grain yield Ko and King (2000)

Pakistan - Water productivity decreased by 12% due — — Jahangir et al. (2005)

to lesser yields
India - 35-57% of water saving - Sharma et al. (2003)
India - Singh et al. (2003)

wheat, respectively (Jat et al. 2008). According to Shrivas-
tava et al. (2011), in western UP, this CST saves ~33% in
irrigation water while also improving efficiency from ~ 60 to
88% and distribution efficiency from ~ 80 to 92%, resulting
in increased water productivity (kg grain m™) from 0.49 to
1.02 in rice and wheat, respectively. As a result, LL reduces
water needs while increasing water productivity, and should
be recommended to farmers for lowering WFs of various
crops without sacrificing water or land productivity.

Role of direct drilling of rice seeds in reducing WFs

Direct drilling of rice seeds or direct seeded rice (DSR)
reduced the WFs as compared to that of puddled trans-
planted rice (Table 9) as it avoids the puddling operations
and applied irrigations at field capacity thereafter (PAU
2021). Puddling deteriorates the soil structure, followed by
establishment problems of the next upland crop viz. wheat.
Therefore, new crop establishment methods must be worked
out to protect soil structure and reduce the WFs (Ho and
Romli 2000; Bhatt and Singh 2021; Bhatt and Kukal 2015).
Conventional crop establishment practices involve repeated
puddling (wet-tillage) which require a lot of water inputs
followed by significant losses by seepage, percolation, and
evaporation (Bouman and Tuong 2001). Thereby scientist
discovered and recommended new crop establishment prac-
tices known as direct seeded rice, which have both benefits
as discussed earlier. Studies in IGPs had already pointed
out variation in DSR role, which might be due to textural
properties of the soils (Bhatt et al. 2021). Crop yields are
lower in the north-western IGPs might be due to lower rains
to the tune of ~400-750 mm than in the eastern IGP rains of
1000-1500 mm (Gupta and Seth 2007; Chabert and Sarthou
2020).

DSR saved irrigation water more than the conventional
PTR due to lack of conventional puddling operations.
However, some workers (Bhatt and Singh 2021, 2022;
Bhuiyan et al. 1995) reported higher WFs in this system
which might be due to longer crop stay in field, (Rashid
et al. 2009), higher percolation losses in DSR (Sudhir-Yadav
et al. 2011a), and due to light textured soils (Bhatt and
Kukal 2015; Bhatt et al. 2021). Sudhir-Yadav et al. (2011b)
showed significant irrigation water savings with statistically
equal yields of DSR and PTR under intermittent irrigation
in Punjab clay loam soils. Rainfall pattern and timing are
also important determinants of DSR irrigation productiv-
ity. (Sudhir-Yadav et al. 2011b). Due to poor crop stand,
micronutrient deficits, and significant weed infestation, DSR
yields are frequently lower than PTR (Singh et al. 2005a,
Bhatt and Kukal 2015). This technology avoids nursery rais-
ing, seedling uprooting, and transplanting, reducing water,
labor, and energy footprints. As a result, it should only be
recommended to farmers with medium to heavy textured
soils. (Bhatt et al. 2021; Bhatt and Singh 2021, 2022).

Role of permanent beds in reducing WFs

Bed planting has shown water saving by up to~20%-30%,
was initially tested for upland crops and thereafter for low
land rice (Table 10) (Singh et al. 2005; Govaerts et al. 2005).
This also alleviated the problem of aeration stress in wheat,
especially in heavy textured clayey soils, particularly after
conventional puddled transplanted rice. Beds encourage
water productivity in furrows more than flood irrigation, and
placing urea granules between rows of beds also improved N
use efficiency for rice and wheat (Peoples et al. 1995). With
this intervention, in wheat only ~ 18 to 30% of irrigation
water could be saved (Jat et al. 2008; Lauren et al. 2006),
but these beds are frequently demolished after wheat crop.
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Table 10 Crop production on
permanent beds in improving
the water productivity of rice—
wheat cropping system in north-
western India

Location Soil texture Change in water productivity on permanent beds  References

Punjab (India)
Haryana (India) -

Sandy loam  Water productivity increased to 6.0% Brar et al. (2011)
Jat et al. (2006)

Singh et al. (2010)

Water productivity increased by 42.0%

Water use efficiency increased by 4.3%

During the first several years, permanent beds enhanced
water infiltration along the profile. Humphreys et al. (2005)
observed that irrigation water savings range from ~ 12-60%
for direct-seeded and transplanted rice on beds in the IGP,
with different yield and water productivity gains. Kukal et al.
(2010) reported no difference in irrigation water usage than
PTR as compared to this technology which might be due to
higher cracking of the loam in permanent beds on irrigation.
Higher water use efficiency was observed in bed planted
crops (Brar et al. 2011), though it decreased over time when
side slopes of permanent beds reshaped with tractors which
resulted in the compaction of the side slopes of the beds
(David et al. 2003). Further, compaction of the side slopes
of the beds during reshaping increases the bulk density of
the side slopes, preventing free rhizosphere growth in the
0-15 cm. Although this problem might be remedied by using
narrow-tiered tractors.

Role of soil matric potential based irrigation
scheduling in reducing WFs

Soil matric potential (or tensiometer) based irrigation
scheduling helps in applying irrigation water as per the
need of the crop and in a climate-smart way (Hoelscher
et al. 1993; Matharu et al. 2011; Bhatt and Arora 2021). In
Punjab, India, already > 13 lakh ha-m of additional water
extracted every year from below the ground. Tensiometer
worked on the principles of soil matric potential helps
the farmers to decide that when to irrigate. However, on
increasing suction land productivity decreased (Bouman
and Tuong 2001) which could extend up to~10-40%
when suction increased to 10-30 kPa. Bhatt and Sharma
(2009) found that between 2006 and 2010, water savings
ranged from~11.1 to 30.7% with nearly identical returns
in the Kapurthala area of Punjab. These CSTs helps in
saving of ~25-46.1% of irrigation water when compared
to two-day interval irrigation (Kukal et al. 2005). The
tensiometer-based irrigation helps in getting higher water
productivity (0.5 g kg~!) when compared to two-day
interval irrigation (0.34 g kg™!) and continuous irriga-
tion (0.28 g kg~!) (Kukal et al. 2005). There is a need to
develop critical values of soil matric suction for the dif-
ferent rice-verities in relation to texturally divergent soils
(Bhatt and Arora 2021; Mahajan et al. 2012). Therefore,
irrigating the rice crops based on the soil matric suction
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helps irrigate the crop at the desired level. Tensiometers
helped in saving of significant amounts of the irrigation
water (which could be used in other relevant sectors)
(Fig. 5a) (Vitta et al. 2014) and the energy/power to extract
it from underground. On a range, tensiometers brought
downwards the irrigation utilization in kharif crop e.g.
rice to ~ 14-15%. Commonly, irrigation arrangement for
one acre of rice field by soil matric tension condensed the
irrigation water use which is of significant range and the
saved water could be diverted to the relevant sectors. This
water savings is linked with the saving in power/electricity
used to withdraw this extra water deep from the ground
(Fig. 5b).

Role of zero tillage (ZT) technology in reducing WFs

ZT is another efficient and climate smart technology which
helped save significant quantum of irrigation water which
could later be partitioned to the other competitive sec-
tor (Hobbs and Giri 1997; Bhatt et al. 2021; Gupta et al.
2021) but with the condition of mulch retention on the
soil surface. Further, intensive tillage results in evolution
of CO, gas which causes global warming and a decline
on soil organic matter status. However, under the ZT only
required portion of soil surface cut for placing of seed
only, and therefore, both above problems encountered.
However, one full pre-sowing wheat irrigation completely
saved, resulting in a saving of ~30% irrigation water.
Wheat production, profitability, resource efficiency, and
farmer livelihood have all benefited from zero or reduced
tillage, particularly in locations where the rice harvest is
often delayed (Erenstein et al. 2008). The benefits of ZT
wheat with Happy seeder machine have include reduced
air pollution, energy for cultivation and been reported to
irrigation water amounts (Sidhu et al. 2008; Singh et al.
2008). Zero till wheat sowing with Happy seeder manage
the crop residue in a best, sustainable and climate smart
way by retaining it on the rather in the soil surface which
act as mulch and partitioning greater fraction of ET water
toward transpiration which increased the grain yield due
to more intake of nutrients along with water to be used as
transpiration (Arora et al. 2011; Bhatt et al. 2021; Singh
and Benbi 2020).
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Fig.5 Residual effects of

soil matric potential based
(tensiometer guided) irrigation
scheduling on water saving

(a) and power saving (b) (2.5
acres = 1.0 ha) in different
districts of Punjab (Vitta et al.

saving (%

Wate

100% -
90% -
80% -
2014) 3 70% A
60% -
2 50% -
5 40% A
30% -
20% -
10%
0% . . . . :

#2012 %2013

Amritsar Jallandhar Kapurthala Ludhiana

250 H

200 +

150 -

Power saving (kWh acre™)

Role of mechanical transplanting in reducing WFs

For attending the labor problem during kharif (summer) sea-
son viz. during rice season, mechanical transplanting of rice
(MTR) is one promising option and serves the purpose in
reducing the WFs (Garg et al. 1997; Rickman et al. 2015).
This also avoids the ill effects of puddling under ZT sce-
nario (Singh et al. 2005; Duraisamy et al. 2011). MTR with
a self-propelled transplanter provided equal grain yields to
manual transplanting but was much greater than direct sow-
ing in both dry and wet circumstances (Sharma et al. 2003).
Energy needs for mechanical and manual transplanting were
found to be ~ 1074 and 757 MJ ha™!, respectively, whereas
mechanically transplanted paddy yields ranged from 3.75
to 5.70 Mg ha~!, with an average yield of 4.71 Mg ha™!,
compared to 4.5 Mg ha™! for manually transplanted paddy
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(Baruah et al. 2001). On the other hand some workers
(Gangwar and Singh 2010; Gangwar et al. 2008) found DSR
to be better in comparison to the MTR with some disadvan-
tages on and off the field during its operation (Bhatt et al.
2014). MTR seems to be a promising technology to reduce
WFs especially under ZT conditions reported to be suffer-
ing from many issues, as reported by Bhatt et al. (2014).
There is an urgent need to handle these issues if MTR under
ZT conditions are recommended to the farmers for reducing
WFs in rice-wheat cropping sequence (Bhatt et al. 2021).

Role of crop diversification in reducing WFs
Rice is the water guzzling crop and requires almost sub-

merged conditions (Table 11) which resulted in the decline
of underground water table. Though scientists recommended
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Table 11 Water saving by crop
diversification of traditional
rice-wheat cropping system

Suggested/ recommended crop

Replaced crop Total evapo-transpiration (ET)

based water saving (in M ha-m)

with other crops Pulses (1.0 M ha)

Pulses (0.5 Mha) + Maize (0.5 M ha)

Basmati rice (1.0 M ha)
Oil seeds (10 M ha)

Oilseeds (0.5 M ha) 4+ Gram (0.5 M ha)

Rice 0.15
0.135
0.10

Wheat 0.10
0.08

Minhas et al. (2010)

some technologies for reducing the water inputs, these will
not work up to when considerable rice area is diversified
under low water requiring crops. In Indian Punjab only, addi-
tional 1.3 M ha-m water withdrawn below the surface, which
resulted in declining underground water tables. (Jain and
Kumar 2007). According to Johl committee report, 2002 we
must have to divert at least 1.0 Mha area from the rice, then
our water requirement could be sustainable met out. Under
diversification option, rice could be replaced with basmati,
maize or pulses and in rabi (winter) wheat could be replaced
with raya and chickpea for reducing overall WFs. Therefore,
diversification is an effective, sustainable and climate smart
technology for reducing WFs but needs some urgent atten-
tion/awareness from the different governmental setups.

Shifting of date of transplanting for reducing WFs

Date of transplanting has a marked effect in reducing the
WFs especially of rice crop (Table 12) as during early trans-
planting viz. May, air is dried and thus ET requirement is
much higher, much of supplied water is lost via evapora-
tion. This forced the farmers to apply frequent irrigations
for meeting the crop water requirements. However, under
timely transplanting in the first fortnight of June, monsoon
arrived in July which made the dry air humid and therefore,
reduces evaporation losses and partition higher fraction of

soil moisture to the transpiration component. This helps both
moisture and nutrients to move in the plants through roots,
which finally reflected in higher grain yields (Bhatt et al.
2016, 2021; Jalota et al. 2009). The simulation studies shown
that shifting of date of transplanting of rice from the 16th
of May to the 16th of June decreased ET by ~ 100—-140 mm
and a further delay to 1st July caused an additional saving of
50 mm (Arora 2006; Chahal et al. 2007; Thapa et al. 2017).
Therefore, shifting date of transplanting up to 15th of June
could substantially increase water productivity, and every
effort made to popularize this fact through different agricul-
tural extension systems, but farmers again go for early trans-
planting (~48% area still transplanted before 15" of June).
This technology also has substantial ability of recharging
of the ground water, as it doesn’t reduce the drainage as the
other technologies dose.

Role of mulching in reducing WFs

Mulching i.e. surface retention of crop residue has been
one of the chief moisture conservation technology which
help (1) reduces the impact of solar radiation on ground
surface, (2) regulates the soil temperature, (3) reduces the
vapor pressure gradient, escape of the water vapors into the
atmosphere, and (4) reduces the wind speed and their vapor
carrying capacity (Singh and Saini 2011; Bhatt et al. 2021,

Table 12 Effect of date of transplanting on the water requirement and grain yields of rice and wheat

Location Soil texture ~ Shift in transplanting/sowing time

Salient findings

References

Rice
Punjab (India) Sandy loam From 25th May to 25th June

From 16th May to 15th of June
From 20th May to 10th June

Wheat

Irrigation water decreased by 260 mm with
Irrigation water decreased to 420 mm with

Irrigation water decreased to 420 mm with a

From 10th of October to 25th of January Evaporation decreased to 14 mm and deep drain-

Jalota et al. (2009)
0.4 Mg ha—1 yields compensation

Singh et al. (1996)
0.6 Mg ha—1 yields compensation

Gill (1990)

yield compensation of 0.7 Mg ha—1

Timsina et al. (2008)
age decreased to 1.4 mm while ET increased

to40 mm. Hence 25th October to 25th Novem-

ber is optimum time for wheat plantation
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Bhatt and Khera 2006; Vincent and Davies 2003; Jalota and
Prihar 1990). Additional benefits of mulching are cutoff of
straw burning, improvement in soil organic matter and soil
physico-chemical properties. Farmers in South Asia can now
sow wheat in the presence of loose rice residues thanks to
the recent development of the Happy seeder (Sidhu et al.
2007, 2008) and the rotary disc drill (Sharma et al. 2008),
which provides residues in a narrow strip of 7.5 cm in front
of sowing tynes and chops the residues. This technique along
with providing befit of mulching also helps in avoidance of
burning of straw in the fields thus reducing CO, emissions
which helps in the carbon (C) sequestration which improves
the soil physico-chemical and biological properties.

Gaps and future thrust research areas

Reducing WFs sustainably is possible in South Asia (Ercin
and Hoekstra 2014) by shifting water extractions patterns
(Shen et al. 2008) supported by rising underground water
levels and food demands by 2050 (De Fraiture et al. 2007).
By changing dietary habits and food wastage must be arrested
at the earliest through different techniques must be addressed.
Rosegrant et al. (2002) delineated relationships between con-
sumption, trade, social and economic development. Though
an approach ‘Footprint Family’ coined by Galli et al. (2012),
for establishing a relationship of soil carbon stocks with soil
physical properties and therefore, on the WFEs. In South Asia,
WFs benchmark values were developed, including rice-based
cropping sequences while most WF reduction efforts on agri-
culture presented mono-culturally issues (Ercin and Hoekstra
2014). For promoting functional diversity of an agroecosys-
tem, intercropping must be introduced for having a regular
income (Brooker et al. 2015). The intervening period (after
wheat harvesting and rice establishment) must be included
for delineating the soil moisture dynamics of the whole crop-
ping sequence. Therefore, rice—wheat cropping sequence
should be treated as a whole with intervening periods (Bhatt
and Kukal 2015) for reducing the WFs.

Conclusions and future perspectives

Up to now, it is quite clear that puddle transplanted rice
sequences have huge WFs which needs to be cut down
sustainably by using recommended integrated package of
resource conservation technologies as per farmer’s condi-
tions of soil texture and climatic conditions. Afterwards,
the saved water could be partitioned to other competitive
sectors or used to produce more grains to feed the ever-
increasing inhabitants of South Asia. Farmers need to shift
to sustainable techniques for cultivating the rice crop if they
don’t want to shift to lower water requiring crops due to

the assured government support price. However, evaluation
of these WFs cutting technologies (CSTs) must include the
intervening periods between two crops to delineate the soil
moisture dynamics for judicious use of irrigation water.

Opportunity potentials

In South Asia for reducing the WFs in a sustainable and
climate smart way, following points must be considered in
the upcoming farmer welfare programs.

e In WFs reduction programmes, end user viz. farmer must
be involved for making them a great success, otherwise
it might not be effective for those it is being prepared.

e By including the intervening periods of different crop-
ping sequences.

e By mitigating the impact of global warming through
adopting different strategies.

e By establishing and using platforms even at different
level for reducing water inputs in the region.

e By evaluating CSTs at different soil textural classes and
agro-climatic conditions, only then reliable technologies
should be passed on to the farmers for overall cutting
down the WFs in the South Asia. Farmers with coarse
textured soils have to till their DSR fields due to high
weed pressure and severe iron deficiency and again trans-
plant basmati seedlings and that too under puddled envi-
ronment. Therefore, clear cut directions must be there
for farmers with a particular set of soil textural class and
climatic conditions, regarding the selection and imple-
mentation of the CSTs for enhancing the grain yields and
cutting down the WFs in the region.
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