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Abstract

More than 70% of fresh water is used in agriculture in many parts of the world, but competition for domestic and 
industrial water use is intense. For future global food security, water use in agriculture must become sustainable. 
Agricultural water-use efficiency and water productivity can be improved at different points from the stomatal to the 
regional scale. A promising approach is the use of deficit irrigation, which can both save water and induce plant physi-
ological regulations such as stomatal opening and reproductive and vegetative growth. At the scales of the irrigation 
district, the catchment, and the region, there can be many other components to a sustainable water-resources strat-
egy. There is much interest in whether crop water use can be regulated as a function of understanding of physiologi-
cal responses. If this is the case, then agricultural water resources can be reallocated to the benefit of the broader 
community. We summarize the extent of use and impact of deficit irrigation within China. A sustainable strategy for 
allocation of agricultural water resources for food security is proposed. Our intention is to build an integrative system 
to control crop water use during different cropping stages and actively regulate the plant’s growth, productivity, and 
development based on physiological responses. This is done with a view to improving the allocation of limited agri-
cultural water resources.
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Introduction

Globally, more than 40% of annual food production comes 
from irrigated land, and agriculture is the largest consumer 
of water, at 70% of all freshwater withdrawals (FAO, 2007). 
As water scarcity becomes more acute in many parts of the 
world, increasing the effectiveness with which agricultural 
water resources are used is a priority for enhanced food secu-
rity. The world population is predicted to grow beyond 7.5 
billion and food demand to increase by 50% by 2030 (FAO, 
2012). Using present values of agricultural water-use effi-
ciency (WUE), calculations suggest that water use in irriga-
tion will increase by 30%, which can be as much as 750 km3 

of water. In addition to this, climate change will impact the 
extent and productivity of both irrigated and rain-fed agri-
culture across the globe, increasing crop water demand and 
decreasing crop productivity in many regions.

A significant challenge for agriculture is to provide the 
world’s growing population with a sustainable and secure 
supply of sufficient, safe, nutritious food that meets dietary 
needs and food preferences for an active and healthy life. This 
will probably need be done using less farmland and reduced 
quantities of water (FAO, 2002). Agricultural water pro-
ductivity (yield per unit of water used) must be improved. 
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Increased global food security will be impossible if  agricul-
tural water-resource utilization is not sustainable (Biswas, 
2008; García, 2008). China’s population is currently over 1.3 
billion and, despite social policies to limit population growth, 
is not expected to reach a peak until 2033 at around 1.5 bil-
lion. The country must feed 21% of the world’s population 
with only about 6% of the global water resources and 9% of its 
arable land (Zhang, 2011). Arid and semi-arid areas account 
for 49% of the total land area of China, and the development 
of agriculture in many regions is limited by water scarcity. 
This is particularly the case for irrigated agriculture in arid 
areas, which will need an additional water supply to meet 
the challenge of producing more food in the coming decades 
(Molden, 2007; Li et al., 2014).

WUE can be described and quantified by different 
terms and scales. Physiologically, photosynthetic WUE is 
the most basic at the leaf  level, and instantaneous WUE 
(WUEins, photosynthesis rate/transpiration rate, Pn/Tr) and 
intrinsic WUE (WUEint, photosynthesis rate/stomatal con-
ductance of  CO2, Pn/gs) are the two common parameters. 
Furthermore, the trade-off  between the amount of  carbon 
assimilated and the amount of  water transpired has been 
quantified at the leaf  level (Lambers et  al., 1998; Katul 
et al., 2000):
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where, Ca and Ci are the ambient and inner leaf partial pres-
sures of CO2 (hPa) respectively, and VPD(hPa) is the water 
vapour pressure difference (ei – ea) assuming that leaves and 
the atmosphere are at the same temperature. The constant 
1.6 is the ratio of molecular diffusion coefficient for water 
vapour relative to that for CO2, and pa is the atmospheric 
pressure (hPa).

However, the two parameters calculated according to meas-
urement by the gas exchange method are both instantaneous 
values that can only explain short-term responses to environ-
mental factors. At the ecosystem level, a measure analogous 
to WUEint is:

 
WUE

GPP
i
*

s

=
G

 

where GPP is gross primary productivity and Gs is surface 
conductance derived from meteorological variables and 
the latent energy flux by inverting the Penman–Monteith 
equation.

Thus, inherent WUE (IWUE*) can represent WUEi
*, which 

can be described as the used daily GPP, VPD, and evapotran-
spiration (ET) data from 43 sites around the world at the eco-
system level (Beer et al., 2009):
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However, there are still some assumptions and limitations; 
for example, diurnal variations in GPP, ET, and VPD were 
neglected when exploring their linear relationship using daily 
data, but the relationship is non-linear under some particular 
environmental conditions (Katul et al., 2000). A new under-
lying WUE was proposed and a hysteresis model supporting 
the GPP, VPD0.5 and ET relationship was also put forward 
(Zhou et al., 2014):

 
uWUE

GPP VPD
ET

0.5

=
⋅

 

The formation of crop yield is the result of the synergistic 
effect of multiple factors in the field. How can we express 
crop productivity and the physiological process in the long 
term and the response to breeding and other agronomic 
measures? As with crop level during the growth season, crop 
WUE (WUEc) is often used to quantify the crop water pro-
ductivity responses to crop species, genotypes, and manage-
ment practices as:

 WUE HI/ETc = ×B  

where B is crop dry biomass, HI is harvest index, and ET is 
crop water used.

From an agronomic and genetic viewpoint, it has also been 
argued that the important determinant of plant production 
in arid areas is the effective use of water (EUW, defined as 
maximal soil moisture capture for transpiration, which also 
involves reduced non-stomatal transpiration and minimal 
water loss by soil evaporation) and not higher WUE under 
drought stress (Blum, 2009). Furthermore, at the farmland, 
irrigation district, and even regional levels, the seepage, water 
loss, and recycled water in the farmland and canal systems 
should be considered. A systematic and quantitative approach 
to improve the multiplicative WUE chain (Eall) from reservoir 
to crop yield was put forward by Hsiao et al. (2007) to quan-
tify the integrative effects of agricultural water management, 
engineering, agronomical, and physiological processes clearly 
and fundamentally as follows:
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where Econv, Efarm, Eappl, EET, Etr, Eas, Ebm, and EY are water 
conveyance, in the farm, application, consumptive, transpira-
tion, assimilation, biomass and yield efficiency, respectively, 
WV0 is the ratio of the quantity of water (W) diverted out of 
the reservoir for the farm, Wfg is the quantity of water received 
at the farm gate, Wfd is the water at the field edge, Wrz is the 
water retained in its root zone, WET is the water in the root 
zone removed by ET, Wtr is the water taken up by the crop 
and transpired, mas is mass of CO2 assimilated by photosyn-
thesis, mbm is plant biomass produced, mY is harvested yield.

Typically in this literature, the numerator and denomina-
tor of the efficiency ratio for the overall efficiency (Eall) under 
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poor and good situations showed a 12–50-fold difference in 
WUE when the comparison is based on the upper limit values 
of the poor and on the mid-values of the good or between the 
mid-values, which indicated that there is much potential for 
improvement in different situations. Hence, deficit irrigation 
is practised when farmers have less water than the maximum 
ET needs, thus increasing WUE for Eappl, EET and EY mainly 
through applying most remaining water in the root zone, forc-
ing crops to extract more water from the soil and improv-
ing harvest index by regulating vegetative and reproductive 
growth (Hsiao et al., 2007).

There are three ways of dealing with water scarcity that lim-
its food availability: (i) by increasing the supply of water and 
land above present levels; (ii) by improving water productivity 
either by enhancing yield or by EUW; or (iii) by importing 
water in the form of food (virtual water) to cope with regional 
water scarcity (Fereres et al., 2011). In China, 63% of total 
water is used for agriculture, but there is substantial regional 
variation in these data. In north China, where there is extreme 
water scarcity and high productivity under most circum-
stances, the average water use may be 75%, but in arid areas 
such as north-west China, agriculture can use 90% of total 
water available since food production depends mainly on irri-
gation. Such a substantial commitment of water to irrigation 
causes significant problems for the natural environment, and 
the capacity for people to live normal lives and for communi-
ties to survive is called into question (Kang et al., 2009).

How can we improve agricultural water productivity? 
Utilization of limited water resources can be made more 
efficient by implementing ‘water-saving agriculture’, which 
is an approach that includes more effective distribution of 
irrigation water, manipulation of water transport through the 
soil–plant–atmosphere continuum and an increased focus on 
increasing water availability for yield formation (Fig. 1). The 
central objectives are to take full advantage of any rainfall, 
efficient utilization of irrigation water, and improved crop 
WUE by integrative measures. In China, water-saving agricul-
ture has been an effective way to cope with the ever-increas-
ing food demands of the country. Water-saving agriculture is 
applied in China via a range of administrative policies. These 
are aimed at increasing the efficiency of agricultural water 
use. In practice, this is achieved by integrative technology sys-
tems including engineering, agronomy, and biology.

The engineering approaches include rational exploitation 
of water resources, rainwater harvesting and storage for agri-
cultural use, utilization of brackish water or recycled sew-
age water, desalination of sea water or sea ice for irrigation, 
which can be implemented with canal lining, low pressure 
pipe conveyance, improved surface irrigation by shortening 
or narrowing borders or furrows, surge flow irrigation based 
on laser-controlled land levelling technology and sprinkler 
irrigation, micro-irrigation, drip irrigation under plastic film 
mulch, and subsurface irrigation (Du et al., 2014). Meanwhile, 
agronomic approaches include crop rotation, water conser-
vation through minimum tillage or no tillage, plastic film 
mulching or straw mulching, water-fertilizer coupling, use 
of superabsorbent polymers to increase the water-holding 
capacity of the soil, soil amendments, and anti-transpirants.

Although this is a wide range of innovative approaches, the 
most challenging and potentially promising approach is the 
exploitation of plant biology to deliver ‘biological water sav-
ing’ through physiological regulation of water productivity. 
This involves exploitation via plant improvement and/or crop 
management of our understanding of the control of stoma-
tal opening, different root properties, and reproductive and 
vegetative growth. The aim of biological water saving is to 
decrease crop water consumption without an apparent yield 
reduction under conditions where water is in limited supply.

Plant physiological responses to deficit 
irrigation

Stomata are pores on leaf surfaces through which plants 
exchange CO2, water vapour, and other constituents with the 
surrounding environment. In general, stomatal conductance 
depends on stomatal density and size, and more stomata will 
provide more pores for transpiration. Under the given con-
ditions, water stress caused by deficit irrigation may result in 
stomatal closure and thus reduce transpiration rate. Many 
researchers have reported that stomatal density responds to 
various environmental factors and water deficit leads to an 
increase in stomatal density and a decrease in stomatal size, 
indicating an adaptation to drought (Zhang et  al., 2006; 
Martinez et al., 2007). A study on a perennial grass (Leymus 
chinensis) showed that moderate water deficits had positive 
effects on stomatal number but more severe deficits led to a 
reduction (Xu and Zhou, 2008). Furthermore, research on pea-
nut suggested that soil drying reduced stomatal aperture and 
stomatal conductance but increased WUE, and the response 
was different among different peanut genotypes under moder-
ate or mild water stress (Songsri et  al., 2013). The research 
progress in determining the genes regulating stomatal density 
and the possibility of increasing plant WUE were reviewed 
by Wang et al. (2007). It appears that manipulating stomatal 
density may be a more amenable approach than manipulating 
stomatal behaviour in achieving a better plant WUE.

A supply of water to the plant is essential for crop growth. 
A minimum amount of cell turgor is required for cell expan-
sion, while the activity of the cell cycle and cell production 
also requires a minimum water status. Water deficit during 
the growth and development of the plant affects different 
physiological, biochemical, and developmental processes that 
underpin yield formation in one way or another.

How can we develop an irrigation method to improve crop 
WUE from a physiological understanding? The major plant 
adaptive response to drought at the cellular level, which has a 
proven effect on yield under drought stress, is osmotic adjust-
ment (Blum, 2005). Our experimental data on cotton also 
showed that deficit irrigation enables leaf turgor maintenance 
under the same leaf water potential, thus supporting stoma-
tal conductance under lower leaf water status, and improves 
root capacity for water uptake (Du et al., 2007). A primary 
response to variation in water availability is stomatal behav-
iour, and this will directly impact crop water status and carbon 
gain. Transpiration efficiency, which is WUE at the leaf level, 
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is determined by the delicate interplay between transient pho-
tosystem activity, substomatal cavity CO2 concentration, and 
stomatal activity (Farquhar et al., 1989). Furthermore, both 
reproductive and vegetative growth will be impacted by plant 
water status and carbon gain but can also apparently respond 
directly to soil water availability (Du et al., 2010b). A positive 
and unique relationship between stomatal conductance to 
leaf water status has traditionally been considered evidence 
for stomatal control by a range of environmental factors and 
control of leaf water status by stomata. When a negative rela-
tionship is found, a mechanism that allows stomata to control 
leaf water status has been proposed (Jones, 1990).

Fully irrigated plants usually have widely opened stomata. 
Plants open their stomata for CO2 uptake and carbon gain 
but will lose significant quantities of water at the same time 
(Kang and Zhang, 2004). A small narrowing of the stomatal 
opening can reduce water loss substantially with little effect 
on photosynthesis rate. Earlier research predicted that plants 
generally should have the capability to increase their WUE 
in this way, thereby maximizing their chance of surviving a 
period of drought, potentially without a great reduction in 
carbon gain and biomass accumulation. However, this may 
occur only when crops are aerodynamically well coupled 
to the atmosphere (Cowan, 1988). However, during critical 
growth stages, it is particularly important to maintain plant 
water supply and status (McLaughlin and Boyer, 2004); suc-
cessful plants may be those that regulate their water loss as a 
function of the amount of available water in the soil (Jones, 
1990). This suggests that plants must be able to ‘detect’ the 
degree of soil drying and then respond to it, for example 
by regulating their stomatal conductance. Early work in the 
laboratory (e.g. Zhang and Davies, 1989, 1990; Davies and 
Zhang, 1991; Mingo et al., 2004; Dodd, 2013) has revealed 
that such a feed-forward mechanism may work through a 

range of chemical growth regulators such as abscisic acid 
(ABA), 1-aminocyclopropane-1-carboxylate (ACC), cyto-
kinins, and plant mineral elements, which might act as ‘sig-
nals’ of the degree of soil drying. Some early suggestions 
were that synthesis of some growth regulators in roots may 
be a function of root water status, with ‘root-sourced sig-
nals’ moving to the shoots in the xylem stream to regulate 
shoot growth and physiology. However, there is now some 
doubt whether enough ABA can be synthesized in roots to 
attribute root signalling to root-sourced ABA (Christmann 
et al., 2007). There are many reports of strong relationships 
between xylem ABA concentrations and shoot physiological 
and developmental responses (e.g. Tardieu et al., 1992; Dodd 
et al., 2008a, b; Dodd, 2009), and we must account for this 
extra ABA transport as soil dries. Many years ago, Hartung 
and co-workers reported that much shoot-sourced ABA can 
be transported to roots in the phloem and recirculated to 
shoots, apparently in quantities that are dependent on soil 
and root water status (Hartung and Slovik, 1991). In addition 
to this, Wilkinson and Davies (2010) showed that, while ABA 
in the xylem (which is always present, regardless of the soil 
water status) can be the regulator that is responsible for sto-
matal and growth responses to soil drying, extra hormone is 
not required to elicit a response. Alkalinization of the xylem 
sap, which often accompanies soil drying, will allow ABA 
arriving in the shoot increased access to sites of action on the 
guard cells, for example, thereby increasing the potency of 
the ABA-based root signal. Experiments with rootstocks and 
other tools have underlined the importance of root-sourced 
cytokinins and other hormones as components of root sig-
nals (Ghanem et  al., 2011). Root signals may substantially 
reduce water loss through stomata at a time when no water 
deficit is detectable in the shoots, and may be thought of as a 
first line of defence against soil drying. With prolonged soil 

Fig. 1. Multiple processes of water use in agriculture for food security.
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drying, a second line of defence may operate through a pro-
gressive reduction in shoot turgor and water potential, per-
haps starting with lower and older leaves. Massive amounts 
of ABA will be produced in these wilted leaves and be sent 
to the upper younger leaves and buds where water loss will 
be reduced even further (Zhang and Davies, 1989). It is 
important that plants maintain a minimum water status in 
their meristems for some growth and eventually for survival 
under a prolonged drought. With the decreasing availability 
of water in the soil, signals from the first and second lines of 
defence will increase in strength, and stomata will close fur-
ther. Part of the root system in drying soil can respond to the 
drying by sending root signals to the shoots where stomatal 
behaviour may be impacted in such a way that water loss is 
reduced (Liang et al., 1997).

Understanding the processes for regulating water use and 
yield as well as quality provide some opportunity for biologi-
cal water saving in agriculture. We need to know how this 
biology can be manipulated to the advantage of farmers, via 
changing methods and degrees of water availability in plant 
root zones. Furthermore, key growth stages must be identified 
(Fig. 2).

Most plants grow in environments where water is fre-
quently in short supply, and during this time, the demands of 
plants for water and photo-assimilates vary with the growth 
stage of the plant. The effects of water deficits depend on 
the timing, duration, and severity of the stress (Bradford 
and Hsiao, 1982). Soil water deficit at the seedling stage can 
substantially reduce the stomatal conductance leaf growth 
and leaf photosynthesis. However, such inhibition may not 
cause permanent injury because photosynthesis and growth 
can largely recover from all but the most severe stresses. Here, 
stomatal inhibition may be the main cause of a restriction 
in carbon gain (Cornic, 1994), while cell expansion may be 

limited by hydraulic and chemical influences. Cell division 
may continue under mild stress, and this ‘stored growth’ can 
cause leaves to grow faster after a soil-drying episode such 
that there may be no net loss of canopy development with 
time (Hsiao et al., 1976). Soil water deficit may reduce water 
loss from plants through physiological regulation of stomatal 
conductance (Davies and Zhang, 1991). Therefore, the total 
water consumption can be reduced by both a temporary (or 
accumulative, depending on the degree of stress) reduction in 
leaf area and a reduced rate of transpiration.

Water stress can generate passive adaptation of  plants 
to a condition of  water scarcity, but a regulated deficit 
through a targeted irrigation treatment may be used as an 
active means of  improving crop yield quality and WUE. 
The potential benefits of  deficit irrigation given at different 
stage(s) of  crop development have been tested on a broad 
range of  crops. Regulated deficit irrigation (RDI), a con-
cept raised in the 1970s, provides a controlled degree of 
soil drying at particular times in a season. In this way, the 
amount of  irrigation water applied is reduced (Stewart and 
Nielsen, 1990), and this can therefore be a way of  increas-
ing water productivity (higher yields per unit of  irrigation 
water applied). This technique has been used for control-
ling excessive vegetative growth (as an alternative to prun-
ing, which may allow disease development of  some crops). 
In a specific period of  the growing season, irrigation time 
is limited in order to reduce the rate of  canopy develop-
ment. This can save water but have little impact on carbon 
gain and yield if  the crop is not carbon limited. Penetration 
of  more radiation to fruit developing in the canopy can 
greatly increase the quality of  the fruit of  some crops. The 
application of  RDI can require less labour than a pruning 
operation and thereby increase profitability of  the crop for 
farmers. After a period of  water deficit, water is supplied 

Fig. 2. Water-use process regulation by changing the drying and wetting method of plant root zones. The figure is modified from: Sauter A, Davis 
WJ, Hartung W. 2001. The long-distance abscisic acid signal in the droughted plant, the fate of the hormone on its way from root to shoot. Journal 
of Experimental Botany 52, 1991–1997, by permission of the Society for Experimental Biology, and Davies WJ, Sally W, Loveys BR. 2002. Stomatal 
control by chemical signalling and the exploitation of this mechanism to increase water use efficiency in agriculture. New Phytologist 153, 449–460, with 
permission.

Deficit irrigation/sustainable water use for food security | 2257



again to the crop to ensure a reasonable yield of  good 
quality.

Given that most countries in the world now face increasing 
water scarcity for at least part of their main cropping season, 
how to irrigate crops with a limited quantity of water with-
out losing a significant amount of yield is a major issue: how 
can we increase productivity per unit of water used, thereby 
producing ‘more crop per drop’ (UNIS, 2000) of water used? 
Deficit irrigation methods based on physiological responses 
have been reported to improve WUE (Goodwin and Jerie, 
1992; Boland et  al., 1993; Kang et  al., 2000a, b, 2002a, b). 
These were often explained either in terms of reduced soil 
surface evaporation and/or a trade-off  of better water use 
for a proportionally smaller reduction in yield. Alternate 
partial root-zone irrigation (APRI) or partial root-zone dry-
ing (PRD) should produce more benefits than these. Early 
studies involving partially drying part of the root system 
also quantified the effects on the ABA contents of the roots, 
xylem sap, and leaves in either a horizontally split-root sys-
tem in Helianthus annuus (Neales et al., 1989) or a vertically 
split-root system with upper soil drying (Li and Zhang, 1994). 
These experiments were conducted using fixed PRD, and the 
roots in the dried part of the root zone experienced minor 
changes in soil water status. Much effort has been spent on 
developing efficient irrigation techniques such as RDI and 
APRI based on physiological response. Both methods can 
reduce transpiration and leaf growth while increasing WUE 
with only small decreases in yield while improving crop fruit 
quality (Dry and Loveys, 1998; Kang et al., 1998).

RDI is usually applied during the period of slow fruit 
growth when shoot growth is rapid. However, it can also be 
applied after harvest in early-maturing varieties. It is useful 
for reducing excessive vegetative vigour and also for mini-
mizing irrigation and nutrient loss through leaching. The 
scheduling is applied by reducing irrigation rates only in 
those periods when fruit or crop growth is less sensitive to 
water, and irrigation reductions are often defined as a per-
centage of an optimal irrigation rate (Chalmers et al., 1981; 
Girona et al., 1993). Although the initial goal of RDI was to 
improve yield and/or quality, in arid and semi-arid regions, 
the focus is related primarily to the efficient management of 
limited water resources. Environmental problems caused by 
an excess of nitrogen leakage and irrigation sustainability are 
also addressed by this technique.

APRI has been proposed as a means of improving crop 
WUE with no (or reduced) losses in yield. APRI attracted 
considerable interest after it was first proposed (Dry and 
Loveys, 1998; Kang et al., 1998; Davies et al., 2000, 2011; Gu 
et al., 2000). This irrigation method is relatively easy to apply 
in the field if  alternative irrigation of part of the root sys-
tem is possible. This is relatively straightforward at low cost, 
with some manufacturers of irrigation piping selling irriga-
tion piping where two lines are welded together with offset 
drippers. The concept of elevating the transport of hormones 
from one part of the root system while the wetter soil around 
the other part of the root supplies water is derived from ear-
lier split-root studies (Blackman and Davies, 1985; Zhang and 
Davies, 1987) and requires parts of the root zone to be dried 

and wetted alternately (Kang and Zhang, 2004). The novelty 
of this method is that a root signal from the drying roots can 
reach the shoots where physiological processes such as stoma-
tal behaviour and leaf growth can be controlled (Zhang and 
Davies, 1990). However, Dodd (2007) showed that it is impor-
tant not to dry the soil excessively because some xylem trans-
port from dry roots is required to allow chemical signals to 
exert physiological control. Although PRD/APRI and RDI 
are rational in theory, it is difficult for farmers to optimize 
their application, particularly in anything other than row 
crops (e.g. in cereal production in the field). The timing of 
RDI and the degree of soil water deficit, and the timing and 
method of APRI are still needed to be investigated on cereals 
in different climates, cereal varieties and planting conditions. 
Even the control equipment in the field still needs to be opti-
mized before it can be concluded whether it is practical in all 
conditions. Nevertheless, Dodd’s group have gone some way 
to providing an understanding of how different degrees of 
soil drying and timing of rewatering can impact the transport 
of growth regulators (Dodd, 2007). In a particularly inter-
esting paper, Martin-Vertedor and Dodd (2011) related the 
number of cereal roots in drying soil to the intensity of an 
ABA signal and the degree of limitation of leaf growth. In 
a meta-analysis across a range of horticultural and agricul-
tural crops, Dodd (2009) showed a positive impact of PRD 
on WUE compared with a control where the same amount 
of water was applied indiscriminately across the whole root 
system. This is strong evidence that long-distance chemical 
signalling in a range of crops can be exploited to enhance 
water productivity in agriculture.

Deficit irrigation studies in China to 
improve WUE in agriculture

Since drought tolerance varies considerably by genotype 
and by phenological stage, deficit irrigation requires precise 
knowledge of the crop response to drought stress for each 
of the growth stages (Kirda et  al., 1999). Many regions of 
China are suffering from water scarcity, with overuse of water 
in agriculture causing serious environmental problems in 
some regions. The impacts of RDI have been researched on a 
range of field crops in China in the arid north and north-west 
China under the support of the National Natural Science 
Foundation and programs from the Ministry of Science and 
Technology and other ministries. The research showed that 
crops that are less sensitive to water deficits, such as fruit 
trees, cereals crops, and greenhouse crops, can adapt well to 
various deficit irrigation practices (see Tables 1–3).

Deficit irrigation methods on cereal crops: maintaining 
yield with less water

In general, cereal crops contribute significantly to food secu-
rity. There is some potential to practice RDI on cereal crops 
in the arid north and north-west of China. Most experiments 
on field crops such as maize, wheat, and sorghum have shown 
that RDI can maintain a similar yield level under mild water 
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stress during earlier stages, with WUE enhanced significantly 
(Fig.  3). Experimental research on maize showed that soil 
drying at the seedling stage plus further mild soil drying at the 
stem-elongation stage is the optimum deficit irrigation strat-
egy for maize production in this semi-arid area (Kang et al., 
2000a). The similar results on maize in Shanxi and Shaanxi, 
cotton in Xinjiang and Gansu, and wheat in Shaanxi and 
Gansu also suggested that RDI should be applied at the early 
growth stage (Kang and Cai, 2002). The degree of water defi-
cit can reach 45–50% of field capacity, which has no serious 
effect on crop yield and can improve crop WUE by 20–29% 
on maize and 61–66% on wheat, respectively (Kang et  al., 
2000a). A  study carried out on winter wheat in the North 

China Plain showed possible water savings of 25–75% by 
applying RDI at various growth stages, without significant 
loss of yield and profits (Zhang et al., 2005, 2013). It was also 
found that the maximum grain yield of winter wheat will be 
gained at 84% of maximum ET, and that a reduced irriga-
tion frequency is better for both grain yield and WUE in 
drought years. Timing of the deficit and its severity should 
also be modulated according to the drought tolerance of 
different wheat varieties. For the variety that is sensitive to 
drought, water deficit at the seedling to stem-elongation stage 
is the best choice for improved WUE, and its increment also 
decreased with deficit stage postponed. However, for the vari-
ety with higher drought resistance, water deficit in the later 

Table 1. Details of recommended deficit irrigation and compared irrigation methods on field crops in China

Plants Study no. Details of recommended deficit irrigation and compared 
irrigation methods

Location and time Reference

Maize 1 Alternate partial root-zone furrow irrigation compared with 
conventional furrow irrigation

Minqin, Gansu, 
1999–2000

Kang et al. (2009)

2 Controlled soil water at 40–50% θf at the seedling stage plus a 
further mild soil drying (55–65% θf) at the stem-elongation stage, 
compared with 60–80 and 65–85% θf, respectively

Changwu, Shaanxi, 
1996–1997

Kang et al. (2000a)

3 Controlled soil water at 60% θf compared with 65% θf at the 
seedling to stem-elongation stage

Xinxiang, Henan, 2007 Du et al. (2010b)

Wheat 4 Irrigation controlled at the lower limit of soil water content at 60%, 
and 45% θf at seedling, 45% θf at grain-filling stage, and 75% θf at 
other stages, compared with 75% θf at all stages

Changwu, Shaanxi, 
1995–1998

Kang et al. (2002a)

5 Irrigation water amount of 60 mm compared with 75 mm at 
seedling to tillering stages

Wuwei, Gansu, 2004 Kang et al. (2009)

6 Irrigation controlled at the lower limit of soil water content as 80, 
70, and 70% θf, compared with 90, 85, and 85% θf at sowing, 
seedling and jointing stages

Yanzou, Shandong, 
2007–2008

Han et al. (2009)

7 Controlled soil water at 50–55% θf compared with 65% θf at the 
planting to seedling stage with three varieties

Xinxiang, Henan, 
2006–2007

Du et al. (2010b)

8 Controlled irrigation times as four with the irrigation water amount 
of 30 mm per time, compared with irrigation times as two with the 
irrigation water amount of 60 mm per time at stem-elongation and 
heading stages

Luancheng, Hebei, 
2003–2007

Du et al. (2010b)

Sorghum 9 Alternate partial root-zone furrow irrigation at jointing and heading 
stages with irrigation water amount of 37.5 mm compared with 
traditional block irrigation of 67.5 mm for each irrigation

Xiuwen, Shanxi, 2011 Cao et al. (2011)

Potato 10 Alternate partial root-zone furrow irrigation only using half the 
irrigation water amount compared with traditional furrow irrigation 
with three varieties

Huhehot, Inner Mongolia 
and Qinwangchuan, 
Gansu, 2009–2010

Xie et al. (2012)

11 APRI only using 70% irrigation water amount compared with 
traditional subsurface drip irrigation

Xinxiang, Henan, 2008 Huang et al. (2010)

Bean 12 Mild deficit (60–65% θf) at seedling and jointing stages compared 
with full irrigation (70–75% θf) at all stages

Qinwangchuan, Gansu, 
2006

Ding et al. (2007)

13 Alternate partial root-zone furrow irrigation compared with 
conventional furrow irrigation with same upper and lower limit of 
soil water content

Shenyang, Liaoning, 
2010

Xu et al. (2011)

14 Alternate partial root-zone furrow irrigation compared with 
conventional furrow irrigation; the irrigation water amount after 
planting is three-quarters of the control treatment

Changchun, Jilin, 
2009–2010

Zhang et al. (2011)

Peanut 15 Two-thirds of the water was applied using alternate partial root- 
zone furrow irrigation compared with conventional furrow irrigation 
with the same upper and lower limits of soil water content

Shenyang, Liaoning, 
2011

Xia et al. (2013)

θf, field capacity.
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Table 2. Details of recommended deficit irrigation and compared irrigation methods and responses of fruit quality on fruit trees in China

The relative fruit quality parameter is the ratio of fruit quality under the recommended deficit irrigation method to that under the conventional 
method. There was significant difference for data with an asterisk under the recommended deficit irrigation method compared with the control.

Plants Study no. Details of recommended deficit irrigation 
and compared irrigation methods

Location and 
time

Relative fruit 
quality parameters

Reference

Apple 1 Moderated water deficit irrigation (water amount 
at 60% of US Class A pan-evaporation) during 
10 June to 10 July; 80% in other growth period, 
compared with 80% in whole stages under micro- 
sprinkler irrigation

Changping, 
Beijing, 1999–2000

– Huang et al. 
(2001)

2 Half irrigation water amount was applied using 
alternate partial root-zone block irrigation compared 
with conventional block irrigation

Shexian, Hebei, 
2004, 2006

No significant 
difference in TSS, fruit 
firmness, fructose, 
and TA

Cheng et al. 
(2008)

3 Control irrigation water amount of two-thirds 
during sprouting to bloom flowering compared with 
conventional block irrigation

Shexian, Hebei, 
2004–2006

No significant 
difference in TSS, fruit 
firmness, fructose, 
and TA

Cheng et al. 
(2008)

4 Half irrigation water amount was applied using 
alternate partial root-zone drip irrigation compared 
with conventional drip irrigation; the alternate cycle 
was 2–4 weeks

Yantai, Shandong, 
2006–2007

1.05–1.07* (fruit 
firmness); 1.09–1.10* 
(TSS); 0.90–0.96* (TA)

Liu et al. (2010c)

Pear 5 Controlled soil water content at 40–60% θf for 
25–80 d after full blooming, compared with 
conventional block irrigation above 60% θf during 
all stages

Handan, Hebei, 
1998–2001

1.08* (TSS); 1.28*– 
1.72* (fructose); 1.27* 
(TA); 1.10*–1.17* (K)

Cheng et al. 
(2003)

6 Moderated water deficit irrigation (water amount at 
60% of US Class A pan-evaporation) in slow fruit 
enlargement stage, 80% in cell division and slow 
fruit growth period, compared with 80% in all three 
stages under drip irrigation

Korla, Xinjiang, 
2009–2010

1.00–1.04 (TSS); 
0.55*–1.24* (TA); 1.01–
1.10* (fructose)

Wu et al. (2012)

7 Alternate partial root-zone block irrigation (300 l 
of water per plant per irrigation) compared with 
conventional block irrigation (500 l of water per plant 
per irrigation); the low limit of soil water content is 
60% θf.

Yongnian, 
Hebei,2004–2005

– Zhao et al. 
(2007)

8 Alternate partial root-zone block irrigation (50 mm 
per plant per irrigation) compared with conventional 
block irrigation (60 mm per irrigation); the low limit of 
soil water content is 60% θf.

Yongnian, Hebei, 
2006–2007

1.08–1.14* (TSS); 
0.92–0.95 (TA); 1.04– 
1.06 (fruit firmness)

Zhao et al. 
(2008)

Peach 9 Moderated water deficit irrigation (water amount as 
60% of US Class A pan-evaporation) in slow fruit 
enlargement stage, 80% in cell division and slow 
fruit growth period, compared with all 80% in three 
stages under drip irrigation

Haidian, Beijing, 
1997–1998

– Li et al. (2001)

10 Half irrigation water amount was applied using APRI 
compared with conventional drip irrigation; the 
alternate cycle is 2–4 weeks

Haidian, Beijing, 
2004–2005

– Song et al. 
(2008)

11 Alternate partial root-zone drip irrigation compared 
with conventional drip irrigation; the irrigation water 
amount was 70% of the control treatments

Yangling, Shaanxi, 
2001

– Gong et al. 
(2004)

Table grape 12 Half irrigation water amount was applied using 
alternate partial root-zone drip irrigation compared 
with conventional drip irrigation with the same 
irrigation cycle

Wuwei, Gansu, 
2004–2006

1.15–1.42* (Vc); 
1.01–1.04 (TSS); 
0.87*–1.00 (TA)

Du et al. (2008)

13 Two-thirds irrigation water amount was applied 
using alternate partial root-zone furrow irrigation 
compared with conventional furrow irrigation with 
same irrigation cycle

Wuwei, Gansu, 
2004–2006

1.26*–1.38* (Vc); 
0.96–1.01 (TSS); 
0.82*–0.91* (TA)

Du et al. (2013)
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stage is better for its WUE improvement. Moreover, for the 
variety with moderate drought resistance, stem elongation to 
booting is the better stage for water deficit to improve WUE 
(Du et al., 2010b).

Experiments with pot-grown maize showed that, compared 
with conventional watering, alternative irrigation on half  the 
root zone reduced water consumption by 35% with a total 
biomass reduction of only 6–11% (Liang et al., 1997; Kang 
et al., 1998). Experiment with hot peppers under drip irriga-
tion also showed that APRI reduced water used for irriga-
tion by about 40% (Kang et al., 2001). Another experiment, 
where APRI was applied to a vertical soil profile (Kang et al., 
2002b), showed that water consumption was reduced by 
20% (moderate soil drying) and 40% (severe soil drying) by 
extending the watering intervals. It was concluded that alter-
native watering in the vertical soil profile is an effective and 
water-saving method of irrigation and may have the potential 
to be used in the field.

In the field, photosynthesis rate, transpiration rate, yield, 
WUE, soil water distribution, irrigation water advance, 
and uniformity were assessed over 4  years for maize irri-
gated with APRI in an arid area with a seasonal rainfall of 
77.5–88.0 mm, and conventional furrow irrigation was used 
as a comparison. The results showed that there was no sig-
nificant difference in photosynthesis rate between different 
irrigation treatments when plants received the same amount 
of water. Luxury water consumption was reduced, without 
necessarily reducing the rate of photosynthesis substantially. 
The most surprising result in this experiment was that APRI 
maintained a high grain yield with up to a 50% reduction in 
the amount of irrigation. As a result, WUE for applied water 
was increased substantially (Kang et al., 2000a, b). In another 
trial of APRI, wheat under ridge planting and furrow irri-
gation was compared with conventional furrow irrigation. 
The yield of APRI plants increased by 15.5–18.5% compared 
with control treatment at the same irrigation water amount 
of 225–300 mm, and one-third to one-half  of the water was 
saved under the same yield level (Lian, 2006). Furthermore, 

APRI can also significantly reduce nitrate nitrogen accumu-
lation in deeper soil layers (Xue et al., 2008; Xu et al., 2009). 
Earlier research also showed that APRI had the highest nitro-
gen fertilizer recovery with minimal mineral nitrogen residue 
left after maize harvest (Kirda et al., 2001, 2005). For other 
field crops such as potato, bean, and peanut, deficit irrigation 
strategies still have great potential on improving WUE with 
less water and similar yield levels (Fig. 3).

Deficit irrigation methods on fruit trees: improving WUE 
and fruit quality

Deficit irrigation was applied successfully to fruit trees to 
balance the vegetative and reproductive growth with accept-
able yield and improved fruit quality. Fruit trees are well 
suited to RDI and APRI strategies because of  their deep 
root systems, and water can be applied with precision to 
individual plants (Table 2 and Fig. 4). In some earlier cases, 
experiments on apple and peach trees showed that RDI saved 
17–20% of  water while shoot growth was reduced, but the 
tree yields showed no significant differences (Huang et al., 
2001; Li et al., 2001). Experiments on pear also showed that 
controlled soil drying reduced shoot growth by 15–25%, and 
the fruit diameter and fresh weight were not affected by defi-
cit applied during the fruit growth stage. There is no signifi-
cant effect of  RDI on fruit size, soluble solid content, and 
yield at harvesting stage (Cheng et al., 2003). Our study on 
pear-jujube trees also suggested that deficit irrigation can be 
applied for a fixed period with a controlled degree of  soil dry-
ing to reduce irrigation water and restrict excessive vegeta-
tive vigour. This treatment maintained or slightly increased 
the fruit yield and thus WUE was significantly increased. 
During the bud burst to leafing stage, moderate soil water 
deficits did not have an effect on fruit quality but signifi-
cantly saved irrigation water and increased fruit yield and 
thus enhanced WUE by 5–23%. Low water deficit during 
the fruit growth stage and low, moderate, and severe water 
deficits during the fruit maturation stage had no significant 

Plants Study no. Details of recommended deficit irrigation 
and compared irrigation methods

Location and 
time

Relative fruit 
quality parameters

Reference

14 The limit of irrigation was controlled at 40% θf during 
the sprout and heading period

Shihezi, Xinjiang, 
2009

– Liu et al. (2010a)

Wine grape 15 Controlled soil water content of 65–70% θf under 
conventional drip irrigation (CK); the irrigation water 
amount was 26 l per plant; 18.2–20.8 l per plant 
is recommended for three varieties (Cabernet 
Sauvignon, Cabernet Franc and Pinot Noir)

Yinchuan, Ningxia, 
2011

1.02–1.10 (TSS); 0.93– 
0.97 (TA); 1.02–1.11* 
(fructose); 1.20*–1.31* 
(tannins); 1.01 (total 
phenols); 1.04–1.08* 
(anthocyanins)

Fang et al. (2013)

Jujube 16 Moderate water deficit (half water of CK) at bud 
burst to leafing stages, compared with full irrigation 
(90 mm per stage) using block irrigation method

Dali, Shaanxi, 
2005–2006

1.15–1.31* (fruit 
firmness); 1.03–1.05 
(Vc); 0.90–1.04 (TSS)

Cui et al. (2008)

Litchi 17 APRI (half water of CK) compared with conventional 
irrigation; the irrigation method was micro-sprinkler

Haikou, Hainan, 
2007

No significant 
difference in TSS, TA, 
and anthocyanins

Zhou et al. 
(2008)

θf, field capacity; CK, control treatment; TSS, total soluble solid content; TA, titrated acid content; Vc, vitamin content.

Table 2. Continued
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effect on the fruit weight and fruit volume but reduced fruit 
water content slightly, which led to a much reduced percent-
age of  rotten fruit during the post-harvest storage period. 
Such an RDI strategy also shortened the fruit maturation 

period by 10–15 d and raised the market price of  the fruit 
(Cui et al., 2008, 2009).

Yield, WUE, and the fruit quality response of table grape 
subjected to three drip irrigation treatments were examined in 

Table 3. Details of recommended deficit irrigation and compared irrigation methods and responses of fruit quality on greenhouse crops 
in China

Crops Study no. Details of recommended deficit irrigation 
and compared irrigation methods

Location and time Relative fruit quality 
parameters

Reference

Tomato 1 Slight water deficit irrigation (soil water content 
as 55–65% θf at bloom and fruit setting 
stage and 75–85% θf at fruit development 
stage, compared with 65–75 and 75–85% θf, 
respectively, under drip irrigation

Yangling, Shaanxi, 
2006

No significant difference in 
TSS, Vc and TA

Guo et al. (2007)

2 Alternate partial root-zone furrow irrigation at 
vegetative growth stage and whole root-zone 
irrigation at fruit growth stage, compared with 
conventional furrow irrigation at both stages

Yangling, Shaanxi, 
2008

No significant difference in 
appearance and nutritional 
quality; the mean nitrate 
content in the fruit was 
reduced significantly by 
3.1%

Wu et al. (2009)

3 Controlled soil water content at 70–85% θf, low 
water (60% irrigation water amount of CK) at 
flowering and fruit-set stage and middle nitrogen 
(0.30 g kg–1) under APRI

Yangling, Shaanxi, 
2011

1.13*–1.37* (TSS); 
1.06–1.25* (deoxidized 
sugar); 1.32*–1.50* 
(lycopene); 0.71–0.79* 
(TA); 1.03*–1.05* (Vc); 
1.39*–1.55*(nitrate content)

Liu et al. (2013)

Eggplant 4 Irrigation time interval of 10 d, mild deficit (80% 
water of full irrigation) at seedling and mature 
stage, i.e. 12 and 20 mm, full irrigation at 
flowering and fruit-set stage, i.e. 25 mm per time 
using drip irrigation

Xinxiang, Henan, 
2011

No significant difference in 
TSS and fruit firmness

Wang et al. (2012)

5 Half water was applied using alternate partial 
root-zone furrow irrigation compared with flood 
irrigation for full irrigation

Yangling, Shaanxi, 
2004

– Du et al. (2005)

Cucumber 6 Controlled soil water content at 60–90% θf at 
flowering stage and 65–90% θf at fruiting stage, 
compared with 70–90% θf at both stages

Yangling, Shaanxi, 
2006

1.40* (deoxidize sugar); 
1.31* (total soluble sugar); 
1.03* (Vc); 1.05*(soluble 
protein)

Chang et al. (2007)

7 Alternate partial root-zone furrow irrigation (the 
upper limit of soil water content was 85% θf) 
compared with conventional furrow irrigation

Yangling, Shaanxi, 
2007

– Du et al. (2010a)

8 Alternate partial root-zone furrow irrigation 
compared with conventional furrow irrigation; 
the irrigation water amount after planting was 
65% of the control treatments

Shunyi Beijing, 
2008–2009

1.22*–1.26* (soluble 
protein); 1.08–1.16* (Vc)

Cao et al. (2010)

Nectarine 9 Half water was applied using alternate partial 
root-zone furrow irrigation compared with flood 
irrigation for full irrigation

Tai’an, Shandong, 
2002–2003

0.80*(fruit firmness); 
1.16*(TSS)

Bi et al. (2005)

Cantaloup 10 Alternate partial root-zone drip irrigation (the 
upper limit of soil water content was 85% θf) 
compared with conventional drip irrigation(the 
low limit of soil water content was 100% θf)

Yangling, Shaanxi, 
2012

1.14* (TSS); 1.25* (Vc); 
1.31* (soluble protein)

Zhao et al. (2013)

Strawberry 11 Controlled half of the root zone irrigated to 
100% θf and the other half maintained under 
drying conditions; irrigation was shifted from 
one side to the other side of the root zone when 
volumetric soil water content (θ) at the drying 
side decreased to about 50% θf, compared with 
whole root zone irrigated to 100% θf.

Taian, Shandong, 
2007–2008

– Wang et al. (2009)

θf, field capacity; TSS, total soluble solid content; TA, titrated acid content; Vc, vitamin content.
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Wuwei, Gansu province, in northwest China. The three treat-
ments were: (i) conventional drip irrigation, irrigated on both 
sides of the root system as the control; (ii) alternate drip irri-
gation, irrigated with 50% of the control, alternatively on the 
two sides of the root system during consecutive watering and 
(iii) fixed drip irrigation, irrigated with 50% of the control, 
only and always on one side of the root system. The results 
showed that improved WUE, earlier fruit maturity, and bet-
ter quality of table grape could be achieved by alternate drip 
irrigation without detrimental effects on the fruit yield in arid 
areas (Du et al., 2008). Mineral potassium and iron elements 
in fruit and anthocyanins in the pericarp, which have better 
effects on the prevention of hypertension, were found to be 
much higher under APRI than under conventional drip and 
furrow irrigation (Zhou, 2000). The experimental research 
on wine grape conducted in Yinchuan, Ningxia province, 
showed that quality parameters of fructose and tannins were 
improved significantly (Fang et al., 2013). In a pear orchard 
in Yongnian county, Hebei province, 60% irrigation water 
was applied under APRI and fixed partial root-zone irriga-
tion (FPRI) compared with conventional irrigation, and 
showed that yield and fruit weight were maintained at similar 

levels but WUE was improved by 62–63% under APRI (Zhao 
et  al., 2007). However, in another research study on lychee 
using an APRI strategy in Haikou, Hainan province, the data 
showed that, in tropical areas, half  of the irrigation water 
under APRI could maintain a similar yield and fruit quality 
(Zhou et al., 2008).

Deficit irrigation methods on greenhouse crops: 
improving yield, WUE, and fruit quality

Greenhouses may be used to overcome shortcomings in the 
growing qualities of  a piece of  land, such as a short grow-
ing season or poor light levels, and thereby improve food 
production in marginal environments. Much research has 
recently suggested that deficit irrigation on greenhouse 
crops can improve or maintain yield with a higher WUE 
and better fruit quality (Table 3 and Fig. 5). Tomato is one 
of  more popular vegetables as well as an important source 
of  antioxidants such as lycopene, phenolic, and vitamin 
C in the human diet (Toor et  al., 2006). Our experiments 
in arid regions of  north-west China from winter 2008 to 
spring 2009 and from winter 2009 to spring 2010 showed 
that one-third and two-thirds of  full irrigation at the seed-
ling stage did not significantly influence greenhouse tomato 
fruit growth; in addition, total yield and fruit quality, water 
consumption, and total yield were decreased by the applica-
tion of  one-third of  full irrigation at the flowering and fruit 

Fig. 3. Relative yield and WUE of recommended deficit irrigation methods 
on field crops in China. The relative parameter is the ratio of yield and 
WUE under the recommended deficit irrigation method to that under the 
conventional method. AN asterisk indicated a significant difference for the 
data under the recommended deficit irrigation compared with the control. 
The fraction of the conventional method is given for each column. Shaded 
and unshaded columns indicate the relative parameters minimum and 
maximum data since the experiments were conducted for two or more 
years. Study numbers and details are listed in Table 1.

Fig. 4. Relative yield and WUE of recommended deficit irrigation method 
on fruit trees in China. See Fig. 3 for details. Study numbers and details 
are listed in Table 2.
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development stage and one-third or two-thirds of  full irriga-
tion at fruit maturation stage. However, the fruit contents 
of  total soluble solids, reducing sugars, organic acids, and 
vitamin C, as well as fruit firmness, sugar/acid content ratio, 
colour index, and WUE, were significantly increased (Chen 
et al., 2013). Experimental research conducted in Yangling, 
Shaanxi, showed similar results in the greenhouse (Liu 
et al., 2013); however, earlier experiments of  RDI and APRI 
on tomato in the same sites showed no significant difference 
on total soluble solids, vitamin content, and organic acids 
(Guo et  al., 2007; Wu et  al., 2009). An APRI experiment 
on eggplant in the greenhouse showed that 25.35% more 
yield and 25.39% more WUE were gained under APRI than 
under FPRI at the same irrigation level (Du et  al., 2005). 
Furthermore, the RDI experiment of  eggplant under drip 
irrigation showed that 80% water supply at seedling and 
mature stage could improve the yield and WUE, while 60% 
water supply at blooming stage improved the appearance 
quality of  eggplant with significant reduction of  yield and 
WUE (Wang et  al., 2012). The experiments on cucumber 
also tested the same effect on yield, WUE and fruit quality 
(Chang and Zou, 2007; Cao et al., 2010).

Experiments with nectarine also showed that when com-
pared with conventional irrigation, APRI and FPRI can 
inhibit growth of new shoots and advance the maturity of 
fruits, which means higher price and more benefit to the farm-
ers. The average fruit single weight and firmness obtained 

with APRI and FPRI treatments are reduced, but the yield is 
not influenced, and total soluble solid content was increased. 
Compared to the conventional irrigation treatment, 50% of 
water was saved in APRI and FPRI and therefore WUE was 
increased. Compared with FPRI, the average fruit weights, 
yield, total soluble solid content and WUE were all increased 
with APRI. Fruit firmness was not increased (Bi et al., 2005). 
Furthermore, alternate partial root-zone drip irrigation on 
cantaloupe in the greenhouse also suggested that yield was 
improved with significant enhancement of soluble solid con-
tent, vitamin C, and soluble protein (Zhao et al., 2013). APRI 
on strawberry in the greenhouse also showed that half  the 
amount of water could maintain the yield at the same level 
(Wang et al., 2009).

In the last 3 years, a farmer field school was organized in the 
Shiyang River Basin, north-west China. This was intended to 
train farmers in water-saving agriculture. Local farmers were 
invited to the Shiyanghe experimental station, which belongs 
to China Agricultural University, to learn more about defi-
cit irrigation and its impact on the environment. The use of 
the technique was extended to 4133 ha in this region during 
1999–2002 and has even extended to cereal crops in Inner 
Mongolia, Shaan Xi, Xiniang and Ningxia provinces in arid 
north-west China in recent years. The research interests of 
APRI strategy focus mainly on water–fertilizer coupling and 
the processes impacting fruit growth and quality (Zhou et al., 
2007; Song et al., 2008; Liu et al., 2010a, b; Chai et al., 2011; 
Nong et al., 2012; Du et al., 2013; Li et al., 2013; Zhou et al., 
2013; Zhu et  al., 2013; Wang et  al., 2014). The aim of the 
research is to assess how root hydraulic conductivity changes 
in different parts of the root zone, how the ability of roots 
to take up water and nutrition changes for different parts of 
the root system, how the major nutrients are distributed in 
the plants, and how the stomatal adjustment and changes 
in root uptake capacity can regulate and improve WUE and 
fruit quality under APRI. It is necessary to reveal the crop-
to-crop response differences due to APRI to understand the 
variations of root and trunk sap flow, transpiration rate, ET 
rate, water cycle, and balance in the field under APRI. Based 
on the above understanding, deficit irrigation protocol was 
designed to increase fruit quality and WUE (see Fig. 6) for 
food security.

A sustainable strategy of agricultural water 
resources for food security in China

Deficit irrigation requires more accurate and real-time alloca-
tion of agricultural water resources, especially in arid areas. 
Sustainable water management for food security needs to 
include: (i) the optimal allocation of water resources; (ii) high 
efficiency of agricultural water use; (iii) prevention and con-
trol of water pollution; and (iv) countermeasures to combat 
extreme climate disasters and other considerations.

Improving agricultural WUE is a strategic requirement for 
food security. If  China is to deliver the Government’s pro-
posed increment of 50 billion kg of grain between now and 
2020, over this period annual agricultural water use must 

Fig. 5. Relative yield and WUE of recommended deficit irrigation method 
on greenhouse crops in China. See Fig. 3 for details. Studies number and 
details are listed in Table 3.
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be kept constant or even maintained at a reduced level. The 
WUE of farming in China is still far lower than that of devel-
oped countries, with an irrigation water effective use ratio 
of about 0.5 and an irrigation water productivity of 1.1 kg 
m–3, Both of these figures are far lower than the values of 
0.7–0.8 and 2.5–3.0 kg m–3 achieved in advanced countries. 
Meanwhile, the agricultural irrigation in China is still rela-
tively extensive and the water-saving irrigation area ratio is 
only 42% of the whole irrigation acreage in China. According 
to a survey conducted by the Ministry of Water Resources, if  
the irrigation water effective use ratio improved from 0.5 to 
0.7, approximately 60–70 billion m3 of water would be saved; 
and even if  the irrigation water productivity increased only 
from 1.1 to 1.5 kg m–3, about 100 billion m3 of water would be 
saved to produce the same cereal yield.

In recent years, the Ministry of Water Resources of China 
put forward an agricultural water management strategy for 
‘increasing grain yield and water-saving’ in north-east China, 
‘limiting groundwater abstraction for saving’ in North China 
Plain, ‘water-saving with high efficiency’ in north-west China, 
and ‘water-saving with drainage reduction’ in south China. 
Research and the extension of efficient irrigation technology 
have developed rapidly in China. On the North China Plain, 
winter wheat yield increased significantly when crops received 
3600 m3 hm–2 from microspray irrigation technology, with a 
WUE of 1.7 kg m–3, while WUE under traditional border irri-
gation is 1.5 kg m–3 (Zhang et al., 2013). Maize production 
in north-east China has reached 15000 kg hm–2 under drip 
irrigation; the average yield increment is 6000–7500 kg hm–2 
compared with yields under conventional cultivation and sur-
face irrigation. Fifty percent of the irrigation water is saved 
by using drip rather than sprinkler irrigation, and 86% is 
saved if  drip irrigation is used rather than surface irrigation.

There is a clear economic benefit of using drip irrigation in 
addition to the water-saving benefit. According to the survey 
data in north China, 8550 Renminbi (RMB) hm–2 of irriga-
tion is required for the total cost of water supplies, irriga-
tion equipment, plastic film, and conventional cultivation 

management for drip irrigation. If  calculated on the basis 
of maize yield of 15 000 kg hm–2 and a local price of 1.2 
RMB kg–1, the income will be 18 000 RMB hm–2, and the net 
income will be 9450 RMB hm–2; compared with the average 
net income of conventional maize, the efficient water-saving 
technology provides 6000 RMB hm–2 in benefit to the local 
farmers.

Optimizing water transport and distribution in the irriga-
tion canal system is also necessary for achieving water-saving 
irrigation at the scale of an irrigation district or catchment. 
With the extension of high and new technology in agricul-
tural water management, digital canal system management 
greatly promotes the practice of precision scheduling of 
water resources and precision irrigation. In order to meet 
the requirement of optimizing water distribution in canal 
systems, there is a need to apply computer and information 
technology to control water volume flow in real time. In order 
to optimize management of a canal system, automation of 
engineering control equipment, advanced systems software, 
and decision-making support are all needed in the large irri-
gation districts in north China.

A sustainable strategy for management of agricultural 
water resources involving deficit irrigation based on physi-
ological responses of crops needs to: (i) either reduce ET 
without yield reduction or improve yield with a similar ET; 
(ii) construct a compensatory mechanism for agricultural 
water-saving for farmers; (iii) improve water-saving efficiency 
by rural land circulation and scale operation;(iv) develop 
advanced practical water-saving technologies and economi-
cal, reliable, and durable equipment and facilities in the field; 
(v) construct and improve the system for water-saving tech-
nology extension and service; (vi) strengthen basic research 
on water-saving irrigation under changing environmental 
conditions; and (vii) establish national ET monitoring and 
an agricultural water-saving experimental research network.

The application of deficit irrigation in a saline environ-
ment is another problem that should be addressed. Deficit 
irrigation under saline conditions is still a very difficult issue 
in terms of balancing soil salinity and water shortage. There 
are some references indicating that deficit irrigation is the 
greater risk of increased soil salinity due to reduced leaching 
(Schoups et al., 2005; Kaman et al., 2006; Raine et al., 2007; 
Geerts and Raes, 2009). Only when irrigation water volumes 
required for leaching are considered would it be a sustainable 
strategy, especially in arid areas. An experiment of RDI to 
reduce soil salinization in an apple orchard concluded that 
potential reductions in soil salinization because of the lower 
amounts of added salts were only experienced under natural 
salt leaching arising from high precipitations and that, other-
wise, irrigation should be increased to control root-zone salt 
accumulation (Nasr and Ben Mechlia, 2002). Another experi-
ment evaluating root-zone salinity distribution in an olive 
orchard showed that, since PRD supplied half  of the irriga-
tion water amount, it added fewer salts to the soil than the full 
irrigation treatment, and these salts were leached during the 
wet season keeping soil salinity to levels that were not harm-
ful to the olive trees (Ghrab et  al., 2013). Furthermore, an 
experiment conducted from 2008 to 2012 in a peach orchard 

Traditional full irrigation based on water balance

Physiological compensation 

Redundant growth control

Root–shoot communication

SPAC multi-process water transport

Water/yield/fruit quality response

Multi-purpose decision-making

Deficit 
irrigation for 
improving
WUE and 

fruit quality

Regulating technologies for improving WUE and fruit quality

Optimal allocation of 
limited irrigation water

Temporal and spatial
deficit irrigation regulation

Multi-factor multi-process 
synergistic regulation

Irrigation Decision Support System for water saving and fruit quality 

Method and practice of active deficit irrigation for improving WUE and fruit quality

Fig. 6. Research frame of deficit irrigation for improving fruit quality and 
WUE. SPAC, soil–plant–atmosphere continuum.

Deficit irrigation/sustainable water use for food security | 2265



in the Middle Ebro Basin of Spain found that soil salinity 
and sodicity did not increase during the 5-year study period 
because of salt leaching by precipitation (Aragüés et  al., 
2014). More effort is still needed to coordinate soil salinity 
control and water productivity improvement. Other negative 
effects of long-term deficit irrigation on yield reduction, the 
regional water cycle, and its accompanying processes should 
also be considered.

Conclusion remarks

Because of the rapid depletion of water resources and the 
increasing impact of climate change, conventional irrigation 
practices can no longer be sustained in many areas in China. 
Methods that may cut down irrigation are of considerable 
interest and should be explored further. Deficit irrigation 
methods have been assessed systematically by the irrigation 
community in different parts of the world and are now used 
widely in crop and fruit production in many countries, Much 
of this work is still relatively empirical, but through these 
efforts we have gained a good appreciation of what are the 
most drought-sensitive developmental stages of many impor-
tant food crops.

Cowan (1988) and others have argued that plants have 
evolved mechanisms to maximize carbon gain and growth 
in environments where rainfall is unpredictable. This sug-
gests that crop plants should be able to regulate their water 
use according to the water availability in the soil. Our 
understanding of  the theoretical basis of  active regulation 
of  WUE has now increased to the point where physiologi-
cal control mechanisms might be exploited to tune deficit 
irrigation methods for different crops and different environ-
ments. Such tuning might deliver increased WUE, yield, 
and crop quality. Further gains can be achieved if  we also 
include in our manipulations accurate and real-time assess-
ments of  water availability that allow effective allocation of 
water resources.

Acknowledgements
We are grateful for the support from the National Natural Science Fund in 
China (51321001, 51222905, 91425302, and 51439006) and the National High-
Tech 863 Project of China (2011AA100502). This research is also supported 
by the 111 Program of Introducing Talents of Discipline to Universities 
(B14002), the National Basic Research Program of China (2012CB114300), 
and the Shenzhen Overseas Talents Innovation & Entrepreneurship Funding 
Scheme (The Peacock Scheme).

References
Aragüés R, Medina ET, Martínez-Cob A, Faci J. 2014. Effects of deficit 
irrigation strategies on soil salinization and sodification in a semiarid drip-
irrigated peach orchard. Agricultural Water Management 142, 1–9.

Beer C, Ciais P, Reichstein M, et al. 2009. Temporal and among-site 
variability of inherent water use efficiency at the ecosystem level. Global 
Biogeochemical Cycles 23, GB2018.

Bi YY, Gao DS, Wang XY, Li XL. 2005. Influences of partial root zone 
irrigation on the growth and development, yield, and quality of nectarine 
in greenhouse. Chinese Journal of Eco-Agriculture 13, 88–90 (in Chinese 
with English abstract).

Biswas AK. 2008. Integrated water resources management: is it working? 
Water Resources Development 24, 5–22.

Blackman PG, Davies WJ. 1985. Root to shoot communication in maize 
plants of the effect of soil drying. Journal of Experimental Botany 36, 
39–48.

Blum A. 2005. Drought resistance, water-use efficiency, and yield 
potential-are they compatible, dissonant, or mutually exclusive? Australian 
Journal of Agricultural Research 56, 1159–1168.

Blum A. 2009. Effective use of water (EUW) and not water-use efficiency 
(WUE) is the target of crop yield improvement under drought stress. Field 
Crops Research 112, 119–123.

Boland AM, Mitchell PD, Jerie PH, Goodwin I. 1993. Effect of 
regulated deficit irrigation on tree water use and growth of peach. Journal 
of Horticulture Science 68, 261–274.

Bradford KJ, Hsiao TC. 1982. Physiological responses to moderate 
water stress. In: Lange OD, Nobel PS, Osmond CB, Ziegler H, eds. 
Encyclopedia of plant physiology , vol. 12. Berlin: Springer, 263–324.

Cao CL, Dong LL, Song XD, Si LJ, Bai WB. 2011. Effect on spring 
sorghum photosynthesis and water use of alternate furrow irrigation. 
Chinese Agricultural Science Bulletin 27, 96–100 (in Chinese with English 
abstract).

Cao Q, Wang SZ, Gao LH, Ren HZ, Chen QY, Zhao JW, Wang Q, Sui 
XL, Zhang ZX. 2010. Effects of alternative furrow irrigation on growth and 
water use efficiency of cucumber in solar greenhouse. Transactions of the 
CSAE 26, 47–53 (in Chinese with English abstract).

Chai Q, Yang CH, Huang GB. 2011. Water use characteristics 
of alternately irrigated wheat-maize intercropping in oasis region of 
northwestern China. Acta Agronomica Sinica 37, 1623–1630.

Chalmers, DJ, Mitchell PD, van Heek L. 1981. Control of peach tree 
growth and productivity by regulated water supply, tree density and 
summer pruning. Journal of the American Society of Horticultural Science 
106, 307–12.

Chang LF, Zou ZR. 2007. Effects of regulated deficit irrigation (RDI) on 
the growth, yield and quality of greenhouse cucumber. Journal of Anhui 
Agricultural Science 35, 7142–7144 (in Chinese with English abstract).

Chen JL, Kang SZ, Du TS, Qiu RJ, Guo P, Chen RQ. 2013. 
Quantitative response of greenhouse tomato yield and quality to water 
deficit at different growth stages. Agricultural Water Management 129, 
152–162.

Cheng FH, Chen JY, Zhao ZJ, Zhang JY. 2008. Effects of irrigation 
on yields, quality and water use efficiency of apple. Journal of Anhui 
Agricultural Science 36, 11298–11300 (in Chinese with English abstract).

Cheng FH, Li SH, Meng ZQ. 2003. Study on the effect of regulated 
deficit irrigation on the vegetative growth, cropping and fruit quality of Yali 
pear variety. Journal of Fruit Science 18, 72–77 (in Chinese with English 
abstract).

Christmann A, Weiler E W, Steudle E, Grill E. 2007. A hydraulic 
signal in root-to-shoot signalling of water shortage. The Plant Journal 52, 
167–174.

Cornic G. 1994. Drought stress and high light effects on leaf 
photosynthesis. In: Baker NR, Bowyer JR, eds. Photoinhibition of 
photosynthesis, from molecular mechanisms to the field . Oxford: Bios 
Scientific Publishers, 297–313.

Cowan IR. 1988. Stomata behavior and environment. Advance of Botany 
Research 4, 117–228.

Cui NB, Du TS, Kang SZ, Li FS, Zhang JH, Wang MX, Li ZJ. 2008. 
Regulated deficit irrigation improved fruit quality and water use efficiency of 
pear-jujube trees. Agricultural Water Management 95, 489–497.

Cui NB, Du TS, Li FS, Tong L, Kang SZ, Wang MX, Liu XZ, Li ZJ. 
2009. Response of vegetative growth and fruit development to regulated 
deficit irrigation at different growth stages of pear-jujube tree. Agricultural 
Water Management 96, 1237–1246.

Davies WJ, Bacon MA, Thompson DS. 2000. Regulation of leaf and 
fruit growth in plants growing in drying soil: exploitation of the plants’ 
chemical signalling system and hydraulic architecture to increase the 
efficiency of water use in agriculture. Journal of Experimental Botany 51, 
1617–1626.

Davies WJ, Sally W, Loveys BR. 2002. Stomatal control by chemical 
signaling and the exploitation of this mechanism to increase water use 
efficiency in agriculture. New Phytologist 153, 449–460.

2266 | Du et al.



Davies WJ, Zhang JH, Yang JC, Dodd IC. 2011. Novel crop science 
to improve yield and resource use efficiency in water-limited agriculture. 
Journal of Agricultural Science 149, 123–131.

Davies WJ, Zhang JH. 1991. Root signals and the regulation of 
growth and development of plants in drying soil. Annual Review of Plant 
Physiology and Plant Molecular Biology 42, 55–76.

Ding L, Cheng ZY, Guo SN, Zhang R, Huang CX. 2007. Effect of 
regulated deficit irrigation on water use efficiency and yield of broad bean. 
Journal of Gansu Agricultural University 42, 123–126 (in Chinese with 
English abstract).

Dodd IC. 2007. Soil moisture heterogeneity during deficit irrigation alters 
root-to-shoot signalling of abscisic acid. Functional Plant Biology 34, 
439–448.

Dodd IC. 2009. Rhizosphere manipulations to maximize ‘crop per drop’ 
during deficit irrigation. Journal of Experimental Botany 60, 2454–2459.

Dodd IC. 2013. Abscisic acid and stomatal closure: a hydraulic 
conductance conundrum? New Phytologist 197, 6–8.

Dodd IC, Davies WJ, Belimov AA, Safronova VI. 2008a. Manipulation 
of soil: plant signalling networks to limit water use and sustain plant 
productivity during deficit irrigation—a review. Acta Horticulturae 792, 
233–239.

Dodd IC, Gregorio E, Davies WJ. 2008b. Accounting for sap flow from 
different parts of the root system improves the prediction of xylem ABA 
concentration in plants grown with heterogeneous soil moisture. Journal of 
Experimental Botany 59, 4083–4093.

Dry, PR, Loveys BR. 1998. Factors influencing grapevine vigour and 
the potential for control with partial root-zone drying. Austalian Journal of 
Grape Wine Research 4, 140–148.

Du SN, Bai GS, Liang YL. 2010a. Effects of irrigation methods on 
cucumber growth, yield and water use efficiency. Journal of Zhejiang 
University (Agriculture & Life Sciences) 36, 433–439 (in Chinese with 
English abstract).

Du SN, Liang YL, Zhai S, Xu FL, Chen ZJ, Chen ZH. 2005. Effect of 
irrigation style on eggplant growth. Chinese Agricultural Science Bulletin 
21, 430–432 (in Chinese with English abstract).

Du TS, Kang SZ, Sun JS, Zhang XY, Zhang JH. 2010b. An improved 
water use efficiency of cereals under temporal and spatial deficit irrigation 
in north China. Agricultural Water Management 97, 66–74.

Du TS, Kang SZ, Yan BY, Zhang JH. 2013. Alternate furrow irrigation: 
a practical way to improve grape quality and water use efficiency in arid 
Northwest China. Journal of Integrative Agriculture 12, 509–519.

Du TS, Kang SZ, Zhang JH, Li FS, Yan BY. 2008. Water use efficiency 
and fruit quality of table grape under alternate partial root-zone drip 
irrigation. Agricultural Water Management 95, 659–668.

Du TS, Kang SZ, Zhang JH. 2007. Response of cotton growth and 
water use to different partial root zone irrigation. Scientia Agricultura Sinica 
40, 2546–2555 (in Chinese with English abstract).

Du TS, Kang SZ, Zhang XY, Zhang JH. 2014. China’s food security 
is threatened by the unsustainable use of water resources in North and 
Northwest China. Food and Energy Security 3, 7–18.

Fang YL, Sun W, Wan L, Xi ZM, Liu X, Zhang ZW. 2013. Effects of 
regulated deficit irrigation (RDI) on wine grape growth and fruit quality. 
Scientia Agricultura Sinica 46, 2730–2738 (in Chinese with English 
abstract).

FAO. 2002. The State of Food Insecurity in the World. When people must 
live with hunger and fear starvation . Rome: FAO.

FAO. 2007. Climate change and food security: a framework document . 
Rome: FAO.

FAO. 2012. Statistical Yearbook 2012. World food and agriculture . Rome: 
FAO.

Farquhar GD, Ehleringer JR, Hubick K. 1989. Carbon isotope 
discrimination and photosynthesis. Annual Review of Plant Physiology and 
Plant Molecular Biology 40, 503–537.

Fereres E, Orgaz F, Gonzalez-Dugo V. 2011. Reflections on food 
security under water scarcity. Journal of Experimental Botany 62, 
4079–4086.

García LE. 2008. Integrated water resources management, A ‘small’ 
step for conceptualists, a giant step for practitioners. Water Resources 
Development 24, 23–36.

Geerts A, Raes D. 2009. Deficit irrigation as an on-farm strategy 
to maximize crop water productivity in dry areas. Agricultural Water 
Management 96, 1275–1284.

Ghanem, ME, Albacete A, Smigocki AC, Frebort I, Pospisilova H, 
Martinez-Andujar C, Acosta M, Sanchez-Bravo J, Lutts S, Dodd 
IC, Perez-Alfocea F. 2011. Root-synthesized cytokinins improve shoot 
growth and fruit yield in salinized tomato (Solanum lycopersicum L.) plants. 
Journal of Experimental Botany 62, 125–140.

Ghrab M, Gargouri K, Bentaher H, Chartzoulakis K, Ayadi M, Ben 
Mimoun M, Moncef M, Ben Mechlia N, Psarras G. 2013. Water 
relations and yield of olive tree (cv. Chemlali) in response to partial root-
zone drying (PRD) irrigation technique and salinity under arid climate. 
Agricultural Water Management 123, 1–11.

Girona J, Mata M, Goldhamer D, Johnson R, and DeJong T. 1993. 
Patterns of soil and tree water status and leaf functioning during regulated 
deficit irrigation scheduling in peach. Journal of the American Society of 
Horticultural Science 118, 580–586.

Gong DZ, Kang SZ, Tong L, Ding RS. 2004. Effects of root divided 
alternative irrigation on soil moisture distribution and root trunk sap flow 
dynamics of peach trees. Journal of Hydraulic Engineering 35, 112–118 (in 
Chinese with English abstract).

Goodwin I, Jerie P. 1992. Regulated deficit irrigation, from concept to 
practice. Australian and New Zealand Wine Industry Journal 5, 131–133.

Gu SL, David Z, Simon G, Greg J. 2000. Effect of partial rootzone 
drying on vine water relations,vegetative growth,mineral nutrition, yield and 
fruit quality in field-grown mature sauvignon blanc grapevines. Research 
Notes, #000702. Fresno, CA: California Agricultural Technology Institute, 
California State University.

Guo HT, Zou ZR, Yang XJ, Zhou HF. 2007. Effects of regulated deficit 
irrigation (RDI) on physiological indexes, yield, quality and WUE of tomato. 
Agricultural Research in the Arid Areas 25, 133–137 (in Chinese with 
English abstract).

Han ZJ, Yu ZW, Wang D, Wang XZ, Xu ZZ. 2009. Effects of regulated 
deficit irrigation on water consumption characteristics and water use 
efficiency of winter wheat. Chinese Journal of Applied Ecology 20, 
2671–2677 (in Chinese with English abstract).

Hartung W, Slovik S. 1991. Physico-chemical properties of plant growth 
regulators and plant tissues determine their distribution and redistribution. 
New Phytologist 119, 361–82.

Hsiao IC, Acevedo E, Fereres E, Henderson DW. 1976. Water stress, 
growth and osmotic adjustment. Philosophical Transactions of the Royal 
Society of London Series B 273, 479–500.

Hsiao TC, Steduto P, Fereres E. 2007. A systematic and quantitative 
approach to improve water use efficiency in agriculture. Irrigation Science 
25, 209–231.

Huang XF, Li GY, Wang XW, Zeng DC, Sun NJ. 2001. Water use of 
micro- sprinkler irrigated apple trees under full irrigation and regulated 
deficit irrigation. Transactions of the CSAE 17, 43–47 (in Chinese with 
English abstract).

Huang ZD, Qi XB, Fan XY, Hu C, Zhu DH, Li P, Qiao DM. 2010. Effects 
of alternate partial root zone subsurface drip irrigation on potato yield and 
water use efficiency. Chinese Journal of Applied Ecology 21, 79–83 (in 
Chinese with English abstract).

Jones HG. 1990. Physiological aspects of the control of water status in 
horticultural crops. HortScience 25, 19–26.

Kaman H, Kirda C, Cetin M, Topcu S. 2006. Salt accumulation in 
the root zones of tomato and cotton irrigated with partial root-drying 
technique. Irrigation and Drainage 55, 533–544.

Kang SZ, Cai HJ (eds). 2002. Theory and practice of the controlled 
alternate partial rootzone irrigation and regulated deficit irrigation . Beijing: 
China Agricultural Press (in Chinese).

Kang SZ, Liang ZS, Hu W, Zhang JH. 1998. Water use efficiency of 
controlled alternate irrigation on root-divided maize plants. Agricultural 
Water Management 38, 69–76.

Kang SZ, Pan YH, Hu XT, Shi PZ, Zhang JH. 2000b. Soil water 
distribution, uniformity and water-use efficiency under alternate furrow 
irrigation in arid areas. Irrigation Science 19, 181–190.

Kang SZ, Shi WJ, Cao HX, Zhang J. 2002b. Alternate watering in soil 
vertical profile improved water use efficiency of maize (Zea mays). Field 
Crops Research 77, 31–41.

Deficit irrigation/sustainable water use for food security | 2267



Kang SZ, Shi WJ, Zhang JH. 2000a. An improved water use efficiency 
for maize grown under regulated deficit irrigation. Field Crops Research 
67, 207–214.

Kang SZ, Su XL, Du TS (eds). 2009. Water resource transformation and 
efficient water-saving pattern in arid Northwest China—a case study in 
Shiyang River Basin . Beijing, China: Water Resources and Hydro Power 
Press, 773.

Kang SZ, Zhang JH. 2004. Controlled alternate partial root-zone 
irrigation, its physiological consequences and impact on water use 
efficiency. Journal of Experimental Botany 55, 2437–2446.

Kang SZ, Zhang L, Hu XT, Li ZJ, Jerie P. 2001. An improved water use 
efficiency for hot pepper grown under controlled alternate drip irrigation on 
partial roots. Scientia Horticulturae 89, 257–267.

Kang SZ, Zhang L, Liang Y, Cai HJ. 2002a. Effects of limited irrigation 
on yield and water use efficiency of winter wheat in the Loess Plateau of 
China. Agricultural Water Management 55, 203–216.

Katul GG, Ellsworth DS, Lai C. 2000. Modelling assimilation and 
intercellular CO2 from measured conductance: a synthesis of approaches. 
Plant, Cell & Environment 23, 1313–1328.

Kirda C, Derici MR, Schepers JS. 2001. Yield response and N-fertiliser 
recovery of rainfed wheat growing in the Mediterranean region. Field Crops 
Research 71, 113–122.

Kirda C, Kanber R, Tulucu K, Gungor H. 1999. Yield response of 
cotton, maize, soybean, sugar beet, sunflower and wheat to deficit 
irrigation. In: Kirda C, Moutonnet P, Hera C, Nielsen DR, eds. Crop yield 
response to deficit irrigation . Dordrecht/Boston/London: Kluwer Academic 
Publishers, 21–38.

Kirda C, Topcu S, Kaman H, Ulger AC, Yazici A, Cetin M, Derici MR. 
2005. Grain yield response and N-fertiliser recovery of maize under deficit 
irrigation. Field Crops Research 93, 132–141.

Lambers H, Chapin IIIF, Pons T. 1998. Plant physiological ecology . 
Berlin/Heidelberg/New York: Springer.

Li D, Zhang J. 1994. Effect of upper soil drying on water use efficiency of 
maize plants (Zea mays). Acta Phytobiologica Sinica 4, 19–25 (in Chinese 
with English abstract).

Li GY, Wang XW, Huang XF, Zhang XM. 2001. Study on water use 
of drip irrigated peach tree under the conditions of fully irrigated and 
regulated deficit irrigation. Journal of Hydraulic Engineering 9, 55–58, 63 
(in Chinese with English abstract).

Li R, Niu XL, Zhou ZJ, Wang XD, Hu TT. 2013. Effects of water and 
fertilizers on tomato soluble sugar contents under alternate partial root 
zone irrigation. Journal of Northwest A&F University 41, 124–132 (in 
Chinese with English abstract).

Li Y, Zhang W, Ma L, Wu L, Shen J, Davies WJ, Oenema O, Zhang F 
and Dou Z. 2014. An analysis of China’s grain production: looking back 
and looking forward. Food and Energy Security 3, 19–32.

Lian CY. 2006. Study on alternative furrow irrigation of spring wheat 
on raised bed. Gansu Agricultural Science and Technology 8, 21–22 (in 
Chinese with English abstract)..

Liang ZS, Kang SZ, Hu W, Zhang J. 1997. Water-saving effects of the 
controlled alternate partial rootzone irrigation. Transactions of the CSAE 
13, 58–63 (in Chinese with English abstract).

Liu HG, He XL, Wang YQ, Yang HH. 2010a. Effects of regulated 
deficit irrigation on growing and yield of drip irrigated grape. Journal of 
Shihezi University (Natural Science) 28, 610–613 (in Chinese with English 
abstract).

Liu SZ, Wei QP, Wang XW, Zhang Q, Liu J, Ding SJ. 2010b. Effects 
of partial root -zone alternative irrigation with different water volume on 
growth and water use efficiency in apple trees. Journal of Fruit Science 27, 
163–167 (in Chinese with English abstract)..

Liu XG, Zhang Y, Zhang FC, Cai HJ, Li ZJ, Yang QL, Yang JR. 2013. 
Effect of water and nitrogen supply on tomato yield and quality under 
alternative irrigation. Journal of Soil and Water Conservation 27, 283–287 
(in Chinese with English abstract).

Liu XZ, Su Q, Sun HY. 2010c. Effects of different alternate cycling on the 
growth, yield and quality of apple trees under conditions of alternate partial 
root-zone irrigation. Acta Ecologica Sinica 30, 4881–4888 (in Chinese with 
English abstract).

Martinez JP, Silva H, Ledent JF, Pinto M. 2007. Effect of drought 
stress on the osmotic adjustment, cell wall elasticity and cell volume of six 

cultivars of common beans (Phaseolus vulgaris L.). European Journal of 
Agronomy 26, 30–38.

Martin-Vertedor AI, Dodd IC. 2011. Root-to-shoot signalling when soil 
moisture is heterogeneous: increasing the proportion of root biomass 
in drying soil inhibits leaf growth and increases leaf abscisic acid 
concentration. Plant, Cell & Environment 34, 1164–1175.

McLaughlin JE, Boyer JS. 2004. Sugar-responsive gene expression, 
invertase activity and senescence in aborting maize ovaries at low water 
potentials. Annals of Botany 94, 675–689.

Mingo DM, Theobald JC, Bacon MA, Davies WJ, Dodd IC. 2004. 
Biomass allocation in tomato (Lycopersicon esculentum) plants grown 
under partial rootzone drying: enhancement of root growth. Functional 
Plant Biology 31, 971–978.

Molden D. 2007. Water for food, water for life: a comprehensive 
assessment of water management in agriculture . London: Earthscan, and 
Colombo: International Water Management Institute.

Nasr Z, Ben Mechlia N. 2002. Deficit irrigation to reduce salinization in 
an appleorchard. Acta Horticulturae 573, 283–287.

Neales TF, Masia A, Zhang JH, Davies WJ. 1989. The effects of 
partially drying part of the root system of Helianthus annuus on the 
abscisic acid content of the roots, xylem sap and leaves. Journal of 
Experimental Botany 40, 1113–1120.

Nong ML, Wei GY, Li FS. 2012. Effect of partial root-zone irrigation at 
different growth stages on dry mass accumulation and water and nitrogen 
use of maize. Journal of Maize Science 20, 115–120 (in Chinese with 
English abstract).

Raine SR, Meyer WS, Rassam DW, Hutson JL, Cook FJ. 2007. Soil-
water and solute movement under precision irrigation: knowledge gaps for 
managing sustainable root zones. Irrigation Science 26, 91–100.

Sauter A, Davis WJ, Hartung W. 2001. The long-distance abscisic acid 
signal in the droughted plant, the fate of the hormone on its way from root 
to shoot. Journal of Experimental Botany 52, 1991–1997.

Schoups G, Hopmans JW, Young CA, Vrugt JA,Wallender WW, 
Tanji KK, Panday S. 2005. Sustainability of irrigated agriculture in the 
San Joaquin Valley, California. Proceedings of the National Academy of 
Sciences, USA 102, 15352–15356.

Song L, Yue YL, Di FK, Wei QP, Gao ZQ, Zhang JX. 2008. Effects of 
alternative partial root zone irrigation on peach growth, productivity, and 
water use efficiency. Chinese Journal of Applied Ecology 19, 1631–1636 
(in Chinese with English abstract).

Songsri P, Jogloy S, Junjittakarn J, Kesmala T, Vorasoot 
N, Holbrook CC, Patanothai A. 2013. Association of stomatal 
conductance and root distribution with water use efficiency of peanut 
under different soil water regimes. Australian Journal of Crop Science 7, 
948–955.

Stewart DA, Nielsen DR (eds). 1990. Irrigation of agricultural crops. 
Agronomical Monograph 30 . Madison, WI: American Society of 
Agronomy.

Tardieu F, Zhang JH, Katerji N, Bethenod O, Palmer S, Davies WJ. 
1992. Xylem ABA controls the stomatal conductance of field-grown maize 
subjected to soil compaction or soil drying. Plant, Cell & Environment 15, 
193–197.

Toor RK, Savage GP, Heeb A. 2006. Influence of different types of 
fertilizers on the major antioxidant components of tomatoes. Journal of 
Food Composition and Analysis 19, 20–27.

UNIS. 2000. Secretary General address to Developing Countries ‘South 
Summit’, UN Information Service Press Release, 12 April 2000. http://
www.un.org/press/en/2000/20000412.sgsm7358.doc.html.

Wang CH, Zhu PF, Shu LZ, Zhu JR, Yu HM, Zhan YS, Yuan M. 2014. 
Effects of alternate partial root-zone irrigation and nitrogen forms on 
utilization and movement of nitrate in soil. Transactions of the CSCE 30, 
92–101 (in Chinese with English abstract).

Wang CL, Sun XP, Song GK, Di FK, Zeng F, Wang LX, Zhang JX. 
2009. Influence of limited irrigation on yield and water use efficiency of 
strawberry in greenhouse. Journal of Soil and Water Conservation 23, 
133–137, 151 (in Chinese with English abstract).

Wang Y, Chen X, Xiang CB. 2007. Stomatal density and bio-water 
saving. Journal of Integrative Plant Biology 49, 1435–1444.

Wang YC, Liu H, Sun JS, Guo FT, Wang CC. 2012. Effects of regulated 
deficit irrigation on quality and water consumption of solar greenhouse 

2268 | Du et al.

http://www.un.org/press/en/2000/20000412.sgsm7358.doc.html%20
http://www.un.org/press/en/2000/20000412.sgsm7358.doc.html%20


green eggplant. Journal of Irrigation and Drainage 31, 75–79 (in Chinese 
with English abstract).

Wilkinson S, Davies WJ. 2010. Drought, ozone, ABA and ethylene: new 
insights from cell to plant to community. Plant, Cell & Environment 33, 
510–525.

Wu Y, Liang YL, Zhu JJ, Chen C, Peng Q. 2009. Effect of irrigation 
methods on yield and quality of cherry tomato. Journal of Northwest A &F 
University (Natural Science Edition) 37, 177–181 (in Chinese with English 
abstract).

Wu Y, Wang W, Lei TW, Huang XF, Zhao Z, Ma YJ. 2012. Impact of 
regulated deficit irrigation on growth and fruit yield of mature fragrant pear 
trees under trickle irrigation. Transactions of the CSAE 28, 118–124 (in 
Chinese with English abstract).

Xia GM, Tao Y, Zheng LL, Chu FY. 2013. Effects of alternate irrigation 
on the water infiltration and utilization efficiency of the peanut. Journal 
of Irrigation and Drainage 33, 113–115, 137 (in Chinese with English 
abstract).

Xie KY, Wang XX, Zhang RF, Gong XF, Zhang SB, Mares R, Gavilan 
C, Posadas A, Quiroz R. 2012. Effect of partial root-zone drying on 
potato water utilization on semi-arid conditions in China. Chinese Potato 
Journal 26, 5–10 (in Chinese with English abstract).

Xu LL, He MR, Huang CH, Qiu M, Men HW, Cao Q, Wang CY. 2009. 
Effects of irrigation methods on water use efficiency of winter wheat and 
NO3-N accumulation in soil. Shandong Agricultural Sciences 8, 30–33 (in 
Chinese with English abstract).

Xu ZF, Xia GM, Zheng LL, Tao Y. 2011. Effects of characters, yield and 
quality for soybean under different irrigation method. Journal of Irrigation 
and Drainage 30, 128–130 (in Chinese with English abstract).

Xu ZZ, Zhou GS. 2008. Responses of leaf stomatal density to water 
status and its relationship with photosynthesis in a grass. Journal of 
Experimental Botany 59, 3317–3325.

Xue L, Zhou CJ, Lei YL, Qiu LJ, Li ZJ, Wang LQ. 2008. Effect of 
water and nitrogen coupling under alternate furrow irrigation and fertilizer 
placement on summer maize. Transactions of the CSAE 24, 91–94 (in 
Chinese with English abstract).

Zhang JH. 2011. China’s success in increasing per capita food 
production. Journal of Experimental Botany 62, 3707–3711.

Zhang JH, Davies WJ. 1987. Increased synthesis of ABA in partially 
dehydrated root tips and ABA transport from roots to leaves. Journal of 
Experimental Botany 38, 2015–2023.

Zhang JH, Davies WJ. 1989. Abscisic acid produced in dehydrating 
roots may enable the plant to measure the water status of the soil. Plant, 
Cell & Environment 12, 73–81.

Zhang JH, Davies WJ. 1990. Changes in the concentration of ABA in 
the xylem sap as a function of changing soil water status can account for 
changes in leaf conductance and growth. Plant, Cell & Environment 13, 
277–285.

Zhang LH, Tan GB, Zhao HX, Yan WP, Meng XM, Fang XQ, Bian SF. 
2011. Effect of irrigation method on yield and quality of soybean. Soybean 
Science 30, 800–803 (in Chinese with English abstract).

Zhang XY, Chen SY, Liu MY, Pei D, Sun HY. 2005. Improved water use 
efficiency associated with cultivars and agronomic management in the 
North China Plain. Agronomy Journal 97, 783–790.

Zhang XY, Wang YZ, Sun HY, Chen SY, Shao LW. 2013. Optimizing the 
yield of winter wheat by regulating water consumption during vegetative 
and reproductive stages under limited water supply. Irrigation Science 31, 
1103–1112.

Zhang YP, Wang ZM, Wu YC, Zhang X. 2006. Stomatal characteristics 
of different green organs in wheat under different irrigation regimes. Acta 
Agronomica Sinica 32, 70–75.

Zhao ZH, Li JM, Zhang DL, Li J, Jia XR, Xu F, Song XX. 2013. 
Effects of water and fertilizer coupling on growth and yield of greenhouse 
cantaloup under alternate root partition drip irrigation. Northern Horticulture 
6, 35–40 (in Chinese with English abstract).

Zhao ZJ, Cheng FH, Gao YK, Tian CY, Song HY, Liang WL. 2007. 
Effects of different irrigation methods and quantity on yield and water use 
efficiency in pear. Journal of Fruit Science 24, 98–101 (in Chinese with 
English abstract).

Zhao ZJ, Cheng FH, Wang QJ, Gao YK. 2008. Effects of alternate 
partial root zone irrigation on growth, fruit set and quality on Huangguan 
pear. China Fruits 6, 13–16 (in Chinese with English abstract).

Zhou J. 2000. Effects of irrigation measures on leaves behavior and fruit 
quality of grape . Thesis for Masters degree, China Agricultural University, 
China.

Zhou KB, Fu FJ, Chen XL, Hong SY, Wu KM. 2008. The preliminary 
research on the effects of partial rootzone drying on Litchi. Journal of 
Mountain Agriculture and Biology 27, 498–502 (in Chinese with English 
abstract).

Zhou Q, Li FS, Huang WJ, Qin DM. 2007. Effect of alternate partial 
root zone irrigation on physiological change and quality of lily (Lilium 
spp.) cut flower. Northern Horticulture 3, 33–38 (in Chinese with English 
abstract).

Zhou S, Yu BF, Huang YF, Wang GQ. 2014. The effect of vapor pressure 
deficit on water use efficiency at the subdaily time scale. Geophysical 
Research Letters 41, 5005–5013.

Zhou ZJ, Niu XL, Chen S, Dai SD, Hu TT. 2013. Effect of water-
fertilizer supply on tomato lycopene content under alternate subarea 
root-zone irrigation. China Vegetables 2, 46–51 (in Chinese with English 
abstract).

Zhu PF, Wu S, Shu LZ, Liu F, Zhu KJ, Guo JX. 2013. Coupling 
effects of water and nitrogen application with partial root zone irrigation 
on growth of cucumber and nitrate nitrogen distribution in soil. Bulletin 
of Soil and water Conservation 33, 6–10, 16 (in Chinese with English 
abstract).

Deficit irrigation/sustainable water use for food security | 2269




