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As one of the most important agricultural regions in China, the North 
China Plain (NCP) is threatened by a serious water-resource crisis due to 
excessive exploitation of groundwater reserves. The situation urges the 
region to meet the challenge of conserving groundwater while maintaining 
high crop production. In this review, firstly, water saving by means of 
cultivar improvement and reasonable cultivar adoption was discussed. Based 
on studies around key factors affecting cultivar water use and yield 
formation, some target traits to be genetically improved were indicated, 
including stomatal conductance, stomatal drought sensitivity, the traits

restricting non-stomatal transpiration and nocturnal transpiration, 
early vigor, carboxylation efficiency, and harvest index. Also, the strategies 
were tentatively proposed for appropriately matching cultivars with 
specific stomatal traits to water availability of local areas. Secondly, 
irrigation scheduling in the NCP need to be further optimized to 
markedly conserve groundwater without causing larger yield loss. Irrigation 
frequencies of four times currently used in wheat could be reduced at least 
once, depending on soil water status at sowing, jointing, and grain 
filling stages. Finally, mulching soil surface with maize straw at 
appropriate amount after trifoliate stage of wheat is expected to bring 
about evaporation reduction and yield improvement.
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INTRODUCTION

The North China Plain is one of the most important agricultural regions

in China, supporting a population of over 300 million people. The rich soil 
and favorable climate are suitable for growing winter wheat (Triticum 
aestivum L.) and summer maize (Zea mays L.) as the most common double-
cropping system. The NCP now supplies about 70% of China’s wheat and 
30% of its maize [1], with people in this densely-populated region relying on 
winter wheat as their major food supply and using the maize as animal feed. 
The annually average precipitation ranges from 470-910 mm [2], while the 
annual water consumed through evapotranspiration in a wheat-maize 
rotation averages over 800 mm [3,4]. The large difference between 
precipitation and evapotranspiration indicates that irrigation is essential for 
a high level of food production through this multiple-cropping system. With 
the typical continental monsoon climate prevailing in the region, the 
temporal distribution of annual rainfall is extremely variable. More than 
70% of annual precipitation falls from July to September, the maize growing 
season, and less than 30% of the rainfall occurs in the wheat growing 
season. This meets only about 25-40% of the water requirements of wheat. 
As a result, more than 70% of the irrigation water used is for winter wheat. 
Due to the excessive exploitation of groundwater for irrigation from both 
shallow and deep aquifers, water resources in the region are now at crisis 
point, threatening the sustainability of the current agricultural production 
systems. Worse still, an increase in water demand for rapid development 
from other sectors is projected to aggravate the current deficit in the NCP 
over the next two decades [5].

Crop yield depends on both the amount of water available for growth and 
the efficiency with which the water is used in this water-limited environment 
[6,7]. The deepening water-resource crisis and the increasing yield 
requirement to meet the future food needs of a rising human population 
require synchronous realization of conserving the groundwater for ensuring 
sustainable crop production and maintaining the current higher yield. Since

water in the field is consumed mainly through crop transpiration and
evaporation from soil surface, the target could be achieved by genetic
improvement of the cultivars, better matching cultivars to locations with
particular water-resource availabilities, reductions of crop evapotranspiration
through irrigation management and other practices preventing soil
evaporation. To develop practicable and effective technologies for gaining
higher yield and saving water is one of today’s greatest challenges in the
NCP. This review focuses on three themes:

1. Strategies of cultivar improvement for conserving water and
maintaining high crop production, with special attention to winter
wheat, the largest consumer of irrigation water in the NCP;

2. Optimizing irrigation scheduling to save water during the wheat-
growing season, without markedly reducing yield; and

3. Straw mulching practice that have potential to save water by
decreasing evaporation from the soil surface.

LITERATURE REVIEW

Improving the water use relating traits of wheat cultivars
and reasonably matching cultivars to local water
availability

Cultivar improvement of water use traits along with appropriate cultivar
adoption has been considered as an efficient and economic pathway for
conserving water. To reduce water use at the prerequisite of maintaining the
current high level of crop productivity in the NCP, targets of cultivar
breeding program and cultivar adoption strategies need to be proposed,
based on the crop biomass-transpiration relation, the effect of water
condition on accumulate distribution in late season, matching of crop
cultivars to local areas with specific water availability.

REVIEW ARTICLE

Correspondence: Enke Liu, Forestry and Grassland Bureau of Aohan Banner, Chifeng 024300, China E-mail:  liuenke@caas.cn

Received: 28-Jan-2023, Manuscript No. AGBIR-23-88084; Editor assigned: 01-Feb-2023, Pre QC No. AGBIR-23-88084 (PQ); Reviewed: 22-Feb-2023, QC 
No. AGBIR-23-88084; Revised: 08-Mar-2023, Manuscript No. AGBIR-23-88084 (R); Published: 15-Mar-2023, DOI:10.35248/0970-1907.23.39.523-527

This open-access article is distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC) (http://
creativecommons.org/licenses/by-nc/4.0/), which permits reuse, distribution and reproduction of the article, provided that the original work is 
properly cited and the reuse is restricted to noncommercial purposes. For commercial reuse, contact reprints@pulsus.com

AGBIR Vol.39 No.3 2023 523

1Key Laboratory for Dryland Agriculture of Ministry of Agriculture and Rural Affairs, Institute of Environment and Sustainable Development in Agriculture,

Chinese Academy of Agricultural Sciences, Beijing 100081, China;2Forestry and Grassland Bureau of Aohan Banner, Chifeng 024300, China

LENOVO
高亮



Where Y is grain yield

B is crop biomass, and

HI is harvest index.

HI is influenced enormously by the water availability in the reproduction 
phase, though water requirement amount is not as large as vegetative phase. 
A severe restriction for grain filling by water deficit occurring in the 
terminal stage is likely to spoil an affluent biomass accumulation, leading to 
a large yield loss consequently. Conversely, a relatively smaller transpiration 
may result in a smaller biomass, but helps to conserve enough water for 
grain filling, and in turn gain a higher grain production. In the case of 
water-limited conditions, especially terminal drought occurs frequently, 
there is need to balance crop water use against the limited and known soil 
moisture reserve. This was strongly proved by the successful and widely 
cited case for dry land wheat grain yield improvement with selection for 
high WUE, which is derived from a lower stomatal conductance, under 
water limited conditions in NSW Australia [7]. Yield improvement was 
obtained by controlling water use during the earlier part of the growing 
season in order to avoid lack of soil moisture during reproduction.

Though crop biomass is determined by transpiration, the association of 
grain yield with transpiration depends on the water conditions of the whole 
growing period of the crops in the local areas. In the NCP, water resources 
unevenly distributes across different areas, from larger natural precipitation 
along with good irrigation system to drought rain-fed conditions. Therefore, 
there is great potential to gain water saving and higher yield by better 
matching cultivars with particular water use traits to locations with 
particular water-resource availabilities.

Stomatal trait improvement and cultivar matching to water availability of 
local area: Stomata, the main switch simultaneously controlling both 
transpiration and photosynthesis of crops; adjust its aperture constantly in 
response to environmental changes, as well known. High stomatal 
conductance confers both higher photosynthetic rate and higher 
transpiration rate, while low stomatal conductance restricts both water loss 
and photosynthetic assimilation [8-13]. Among different genotypes, 
stomatal conductance shows significant variability [14]. Furthermore, 
genotypes differ in the sensitivity of stomata to soil and air moisture 
alteration [13-17]. Sensitive genotypes strongly reduce stomatal conductance 

under relatively mild levels of drought, while less sensitive genotypes merely 
adjust stomatal conductance slightly under more severe drought [18,19]. 
Stomatal conductance has been considered as a crucial cultivar trait to be 
improved for realizing the duel goals of higher yield and water saving.

Although stomatal conductance determines the extent of water extraction, 
which further affects crop biomass, neither low stomatal conductance 
necessarily link to lower yield, nor water saving must be conflicting with 
higher yield. Virtually, in water-limited conditions, especially late-season 
water deficit occurs frequently, low stomatal conductance cultivar has the 
possibility of conserve soil water in earlier stages for grain filling to generate 
a greater yield [13,20-23]. In the NCP, due to the large variability in water 
resource conditions over the whole region, groundwater for irrigation can 
be conserved without markedly damaging yield through cultivar 
improvement and appropriate cultivar adoption. For the areas with larger 
natural precipitation and good supplemental irrigation, low stomatal 
conductance would be disadvantageous in terms of yield [7], instead, 
maximization of soil moisture use is crucial for higher yield. Also, after rain 
or irrigation, to increase transpiration is to reduce evaporation and to save 
water. Thus the trait of higher stomatal conductance as well as less 
sensitivity to drought is recommended for such areas. For the areas with 
medium precipitation and excessive exploitation of groundwater, where a 
compromise between higher yield and water saving are necessary, medium 
stomotal conductance along with medium drought sensitivity should be 
first preference. For areas where long term or serious drought seldom 
occurs, cultivars with low stomata sensitivity to soil drying and larger 
stomatal conductance when released from water stress after irrigation or 
rain may maximize water use and gain higher yield. For dry rain-fed areas, 
where terminal drought occurs frequently, lower stomatal conductance 
under no water stress and higher stomata sensitivity to soil drying may 
result in a relatively higher yield.

Other important traits of cultivar improvement for reducing water use or 
enhancing assimilate accumulation: Due to the close association of 
biomass formation with transpiration discussed above, to minimize the 
moiety of water that does not participate in photosynthesis undoubtedly 
helps to reduce water use without damaging yield anymore. Transpiration 
through cuticle is right a kind of non-stomatal transpiration without an
associated benefit in CO2 fixation. The trait of higher epicuticular wax 
deposition benefits eliminating this kind of water leak and increasing 
stomatal transpiration. Stomata leakiness at night, namely nocturnal
transpiration, can also add to water loss without any advantage in CO2
assimilation. The trait of complete stomatal closure in dark may prevent this 
kind of water loss. Therefore, to genetically improve these traits for 
restricting nocturnal and non-stomotal transpiration may minimize this 
moiety of water loss without any damage to biomass accumulation. 
Similarly, genetically improving biochemistry of photosynthesis, especially 
carboxylation efficiency, and harvest index can absolutely improve yield 
without consuming extra water.

In addition, evaporation from soil surface, which constitutes the majority of 
the non-productive water use, occurs mainly in the early stages of vegetative 
growth of both winter wheat and maize, when the crops have low leaf-area 
index. Soil surface shading by the crop canopy is crucial for reducing this 
water loss. Therefore, cultivars showing early-vigor may efficiently mitigate 
evaporation and ultimately, lead to increases in crop. However, early-vigor 
was also suggested to raise the risk of early exhausting soil water reserves in 
low-rainfall areas or when rainfall is less than normal in higher-rainfall areas 
[24]. The previous study reported that under terminal drought, constitutive 
traits controlling leaf water loss under well-watered conditions may lead to 
more water available for grain filling [13,18]. In the areas where crop 
depends on stored soil moisture, saving water at early growth stages is of 
great necessity, thus the use of early-vigor cultivars is not recommended to 
avoid early depletion of the stored soil water by their elevated transpiration 
rates. While for most areas in the NCP, water for crop growth is supplied by 
current-season rainfall or irrigation, cultivars having early-vigor are usually 
recommended and so commencement of a breeding program for early vigor 
is strongly advised.

Liu, et al.

Crop biomass accumulation depends on stomotal transpiration: De Wit 
[8] proposed the famous function of crop biomass with transpiration, which
is very solid and have stood the test of time up to now, namely:

B=mT/E0

Where B is crop biomass

m is a crop constant

T is crop transpiration and

E0 is free water evaporation.

Here E0 is common in genotypic comparisons. m constant was also showed 
consistency among different species by comparison experiments, but 
substantial difference between C3 and C4 species, indicating the crucial 
effect of photosynthetic pathway. Therefore, for genotypic comparison, both 
m and E0 can be removed from the function, and then B is the function of
T. This function stipulated the determinant role of transpiration plays in
crop biomass production, implying that any attempts to save water through
reducing crucially important transpiration will unavoidably lead to biomass
loss. Blum once stressed that breeding for maximized soil moisture capture
for transpiration is the most important target for yield improvement under
drought stress [9].

Accumulate distribution associates with late-season water conditions: 
Grain yield formation, however, not only depends on biomass 
accumulation, but also enormously influenced by accumulate distribution, 
Harvest Index (HI), as indicated by another famous yield function proposed 
by Donald and Hamblin, namely:

Y=B × HI
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Reasonably utilizing maize straw to mulch soil surface
for preventing water loss through evaporation

Due to the closer association between yield and transpiration, to reduce
evaporation from the soil surface is to increase the fraction of available
water for transpiration by plants, and in turn, is to save water and to
improve yield [41]. Measuring evapotranspiration and soil evaporation by
means of lysimeters, Bowen ratio and micro lysimeters, Wang et al., [3]
found that of the average annual 850 mm crop usage in the NCP farmland,
about 30% was from direct evaporation from the soil. The adoption of
practices that reduce soil surface evaporation should contribute significantly
to water saving in the region.

DISCUSSION

Straw mulching was proposed to have good potential in reducing
evaporation [26,42,43]. Experiments conducted for the wheat-maize double
cropping system in the NCP demonstrated that mulching reduced soil
evaporation loss by 40 mm in winter wheat season and by 43 mm in
summer maize season [26]. Li et al., [44] found that straw mulching could
increase the contents of soil organic carbon and its components including
microbial biomass carbon，potential mineralized carbon，and particulate
organic carbon. However，Chen et al., [45] reported that mulching the soil
surface with summer maize straw created unfavourable growth conditions
for winter wheat, resulting in yield reduction．Thereafter, Yan et al., found
that mulching soon after winter wheat sowing and mulching at trifoliate
stage brought about a yield reduction by 8.6% and 2.0%, respectively. They
thus suggested that straw mulching need to be applied not earlier than
trifoliate stage of winter wheat to avoid negative effect on grain production.
Thus mulching time should be taken into account when apply straw
mulching. In the north eastern China, Zhang et al., [46] reported that straw
mulching caused harvest index reduction by 20% in comparison with the
conventional management．They attributed the decrease in harvest index
to overuse of soil water before anthesis，which resulted in severe water
stress during grain filling stage. Inconsistently, Chang et al., [47] found that
straw mulching increased grain yield and water use efficiency of winter
wheat by increasing whole water use amount, and tilting the water use ratio
in favour of late season growth. Thus the effect of straw mulching also
depends on the water conditions of local areas. It could be compromised in
some areas of north western region where terminal drought being apt to
occur. Differing from north western region, winter wheat in the NCP
seldom suffers from severe terminal drought. Mulching soil surface with
maize straw after trifoliate stage at appropriate amount is hoped to bring
about yield improvement and evaporation reduction [48-57].

CONCLUSION AND PROSPECTIONS

National food security and regional water crisis urgently requires the NCP
to conserve irrigation groundwater while ensuring the current higher crop
productivity. Cultivar improvement, reasonable cultivar adoption, as well as
diverse agricultural practices may contribute greatly to realizing the dual
goals of water saving and higher yield.

Stomatal adjustment, simultaneously regulating photosynthesis and
transpiration, closely associates with water use and assimilate accumulation.
Stomatal conductance and stomatal sensitivity to drought stress, which
show significant genotypic variability, are considered primary traits to be
improved genetically for synchronously saving water and maintaining the
higher yield production level. Through adopting cultivars with specific
stomatal traits, it is expected to maximize transpiration and minimize
evaporation in the meanwhile, or to inhibit transpiration for compromising
higher yield and water saving in serious water crisis areas. Over the whole
NCP, irrigation groundwater might be significantly conserved without
causing markedly yield reduction by appropriately matching cultivar
stomatal traits to local water availability. In addition, genetically select some
traits for restricting nocturnal and non-stomotal transpiration may
minimize this moiety of water loss without any damage to biomass
accumulation. And genetically improving biochemistry of photosynthesis,
especially carboxylation efficiency, and harvest index can gain higher yield

Multiple strategies for efficiently reducing water use while sustaining the current higher 
productivity of winter wheat in the North China plain

Improving irrigation scheduling to conserve groundwater
without markedly reducing yield

Reasonable supplemental irrigation can increase crop yield significantly, 
without excessive consumption of water [25]. Optimizing irrigation 
scheduling for winter wheat is thus an important practice for improving 
yield and saving water in the NCP. In recent decades, a number of studies 
have been carried out to clarify relationships between seasonal amounts of 
irrigation water with yield, water use efficiency and evapotranspiration so as 
to establish best irrigation scheduling [25-27]. A field experiment conducted 
by Zhang et al., [26] showed that in the NCP, of the four irrigation 
frequency treatments (from irrigation once up to four times during the 
season), the most frequent irrigation did not produce the maximum yield 
and WUE regardless of the year. Also, crop water usage under the treatment 
with maximum yield was significantly below the potential 
evapotranspiration value [26,28]. This implies that deficit irrigation is able 
to produce the relatively high grain yield and high WUE in the NCP. Other 
researchers have also shown that crops such as maize and wheat are well 
suited to deficit irrigation [29,30].

Wheat crop is not equally sensitive to water stress at its different growth 
stages [31], which has practical implications for irrigation scheduling 
[32,33]. In the Mediterranean region, wheat crops were most sensitive to 
soil-water deficit from stem elongation to booting, followed by anthesis, and 
milking. While in the US Great Plains, the critical growing stage for water 
response of winter wheat was from heading to the soft-dough stage [34]. In 
the NCP, it is reported that the greatest yield reduction took place when 
encountering drought stress at jointing-heading stage, two folds to that at 
filling stage [35]. Correspondingly, irrigation at jointing stage obtained the 
highest compensation effect, with the yield retrieval ability being 
16.3-18.6% [36]. Similarly, Li et al., [37] found that irrigating at jointing or 
booting stage improved soil water status before anthesis and resulted in 
both higher grain yield and higher WUE, while irrigating at anthesis or 
milking stages brought about higher grain yield but not higher WUE. 
Appropriate timing of irrigation and water deficit creates a tool for 
scheduling irrigation for minimal yield reduction where a limited supply of 
water is available [38]. The majority of relevant studies support that 
supplemental irrigation at jointing stage is crucial to ensure a higher yield 
in the NCP.

The frequency of irrigation is another closely-related parameter affecting 
yield and water use of crops. In the NCP, winter wheat is usually irrigated 
about four times each season at a rate of 60-70 mm/application nowadays, 
at prewintering, jointing, booting and milking stages. The field experiment 
results of Zhang et al., [26] showed that three irrigations in a dry year, or 
one irrigation in a wet year, produced the highest grain productions and 
highest WUE. It has been suggested by several studies that pre-winter 
irrigation can be omitted [37,39,40]. For winter wheat, soil water stored 
before sowing is very important for high production [30]. Li et al., [37] 
reported that pre-sowing irrigation is important for saving water and 
ensuring high yields and WUE, and recommended a schedule of irrigation 
at pre-sowing, jointing and flowering. Sun et al., also stressed the 
indispensible role of pre-sowing irrigation, based on a field experiment with 
five different irrigation times, 75 mm of water amount each. They proposed 
that in the case of sufficient stored soil moisture at wheat sowing, irrigating 
once at jointing stage was appropriate to obtain the highest yield, grain 
quality, as well as water and nitrogen use efficiency. Yang et al., [27] used the 
DSSAT-wheat model to simulate water use by winter wheat in a 12-year 
period. The simulation showed that such a schedule of irrigation in mid-
November achieved good growth of leaf area index and in mid-April 
prevented water deficit during ear growth and grain filling. In this way, 76 
mm of evapotranspiration and 99.5 mm irrigation water can be saved 
without significant reduction in winter wheat yield. To conclude, irrigation 
frequency in the NCP can be at least reduced by one time (i.e, from four 
times to three times per season), depending on soil water status at sowing, 
jointing, and grain filling stages. In the areas with serious groundwater 
crisis, where water saving turns to be first priority, it is necessary to apply 
irrigation only once at jointing stage to save water and ensure the least yield 
reduction.
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without consuming extra water. Also, early-vigor is a target trait to 
efficiently prevent evaporation in early development stage.

Irrigation scheduling in the NCP need to be further optimized (better 
timing and better amount) through field experiments combined with model 
simulations in order to markedly conserve groundwater without causing 
larger yield loss. Irrigation frequencies of four times per winter wheat season 
currently used in the NCP could be reduced at least once, depending on 
soil water status at sowing, jointing, and grain filling stages. In the areas 
with serious groundwater crisis, it is necessary to apply irrigation only at 
jointing stage to save water and to minimize yield reduction.

Soil evaporation accounts for about one third of the total water consumed 
in the winter wheat-summer maize double cropping system of the NCP. 
Practices such as straw mulching could benefit reducing water wastage by 
evaporation, though the effect depends on mulching time and water 
conditions of local areas. In the NCP, mulching soil surface with maize 
straw at appropriate amount after trifoliate stage of wheat is expected to 
bring about evaporation reduction and yield improvement.

ACKNOWLEDGEMENTS

This work was supported by the grant from the National Key R & D 
Program (2021YFE0101300) and Central Public-interest Scientific 
Institution Basal Research Fund (BSRF202002).

REFERENCES

526 AGBIR Vol.39 No.3 2023

https://link.springer.com/article/10.1007/s00271-012-0391-8
https://link.springer.com/article/10.1007/s00271-012-0391-8
https://link.springer.com/article/10.1007/s00271-012-0391-8
https://www.sciencedirect.com/science/article/abs/pii/S0378377410003112
https://www.sciencedirect.com/science/article/abs/pii/S0378377410003112
https://www.sciencedirect.com/science/article/abs/pii/S0378377410003112
https://www.sciencedirect.com/science/article/abs/pii/S0378377400001189
https://www.sciencedirect.com/science/article/abs/pii/S0378377400001189
https://www.sciencedirect.com/science/article/abs/pii/S0378377400001189
https://www.sciencedirect.com/science/article/abs/pii/S0168192302000151
https://www.sciencedirect.com/science/article/abs/pii/S0168192302000151
https://www.sciencedirect.com/science/article/abs/pii/S0168192302000151
https://journals.sagepub.com/doi/abs/10.1068/a3352?journalCode=epna
https://journals.sagepub.com/doi/abs/10.1068/a3352?journalCode=epna
https://acsess.onlinelibrary.wiley.com/doi/book/10.2134/1983.limitationstoefficientwateruse
https://acsess.onlinelibrary.wiley.com/doi/book/10.2134/1983.limitationstoefficientwateruse
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci2002.1220
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci2002.1220
https://library.wur.nl/WebQuery/wurpubs/412958
https://www.sciencedirect.com/science/article/abs/pii/S0378429009000860
https://www.sciencedirect.com/science/article/abs/pii/S0378429009000860
https://www.publish.csiro.au/FP/FP02185
https://www.publish.csiro.au/FP/FP02185
https://www.publish.csiro.au/FP/FP02185
http://bp.ueb.cas.cz/pdfs/bpl/2005/04/23.pdf
http://bp.ueb.cas.cz/pdfs/bpl/2005/04/23.pdf
https://link.springer.com/article/10.1007/s00299-007-0406-8
https://link.springer.com/article/10.1007/s00299-007-0406-8
https://link.springer.com/article/10.1007/s00299-007-0406-8
https://academic.oup.com/jxb/article/61/2/369/616935
https://academic.oup.com/jxb/article/61/2/369/616935
https://academic.oup.com/jxb/article/61/2/369/616935
https://onlinelibrary.wiley.com/doi/abs/10.1111/jac.12375
https://onlinelibrary.wiley.com/doi/abs/10.1111/jac.12375
https://onlinelibrary.wiley.com/doi/abs/10.1111/jac.12375
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1744-7348.2001.tb00120.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1744-7348.2001.tb00120.x
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci2009.04.0220
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci2009.04.0220
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1439-037X.2011.00464.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1439-037X.2011.00464.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1439-037X.2011.00464.x
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/1994.physiologyanddetermination.c23
https://www.sciencedirect.com/science/article/abs/pii/S0378429009002196
https://www.sciencedirect.com/science/article/abs/pii/S0378429009002196
https://www.sciencedirect.com/science/article/abs/pii/S0378429009002196
https://academic.oup.com/jxb/article/61/5/1431/443660
https://academic.oup.com/jxb/article/61/5/1431/443660
https://academic.oup.com/jxb/article/61/5/1431/443660
https://academic.oup.com/jxb/article/62/12/4239/486065?login=false
https://academic.oup.com/jxb/article/62/12/4239/486065?login=false
https://academic.oup.com/jxb/article/62/12/4239/486065?login=false
https://www.publish.csiro.au/fp/fp10244
https://www.publish.csiro.au/fp/fp10244
https://www.publish.csiro.au/fp/fp10244
https://www.publish.csiro.au/fp/FP11282
https://www.publish.csiro.au/fp/FP11282
https://www.publish.csiro.au/fp/FP11282
https://www.publish.csiro.au/fp/FP11282
https://www.sciencedirect.com/science/article/abs/pii/S0378377405002982
https://www.sciencedirect.com/science/article/abs/pii/S0378377405002982
https://www.sciencedirect.com/science/article/abs/pii/S0378377406001284
https://www.sciencedirect.com/science/article/abs/pii/S0378377406001284
https://link.springer.com/article/10.1007/s00271-002-0059-x
https://link.springer.com/article/10.1007/s00271-002-0059-x
https://www.sciencedirect.com/science/article/abs/pii/S0378377405003070
https://www.sciencedirect.com/science/article/abs/pii/S0378377405003070
https://www.sciencedirect.com/science/article/abs/pii/S0378377405003070
https://www.sciencedirect.com/science/article/abs/pii/S0378377499000396
https://www.sciencedirect.com/science/article/abs/pii/S0378377499000396
https://www.fao.org/3/y3655e/y3655e03.htm
https://www.fao.org/3/y3655e/y3655e03.htm
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronj2004.0194
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronj2004.0194
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronj2004.0194
https://www.sciencedirect.com/science/article/abs/pii/037837749190021A
https://www.sciencedirect.com/science/article/abs/pii/037837749190021A
https://link.springer.com/article/10.1007/s002710050039
https://link.springer.com/article/10.1007/s002710050039
https://d1wqtxts1xzle7.cloudfront.net/79425234/s00271005006920220123-3965-tl7zwq-libre.pdf?1642985502=&response-content-disposition=inline%3B+filename%3DWater_yield_relations_and_water_use_effi.pdf&Expires=1675676248&Signature=HOC8zs0Z0CZQtkVmKepFjmtI-K5uQMnb2R7whEL5rClTkIJB4lilnBBJanReTxDRaSbuha7VhwU4Iq-dfowxVsioTD7OYVKqQ2vLJ4BnAwh4mntIg8J4WfSBSFvbATSMaFJsMBCcZmiBAb2JTNqn0VBrqXll4Om298avB2kU-mG92pVtxRR58ApIeSdFduvGiuuO5zQSXSppyyDZn3X9nqIqePLphfmsfoupZR1kN6wiKaSjRvkP2ZII02yyt-mZ~PIZVJ1PLLbjLwNuZT~GiEyQObRLDT-IoBXG8ZWuH0XP2E~K-TzmIgIkaoSrBytiwzGfYerUSocb08HPI83JYg__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://d1wqtxts1xzle7.cloudfront.net/79425234/s00271005006920220123-3965-tl7zwq-libre.pdf?1642985502=&response-content-disposition=inline%3B+filename%3DWater_yield_relations_and_water_use_effi.pdf&Expires=1675676248&Signature=HOC8zs0Z0CZQtkVmKepFjmtI-K5uQMnb2R7whEL5rClTkIJB4lilnBBJanReTxDRaSbuha7VhwU4Iq-dfowxVsioTD7OYVKqQ2vLJ4BnAwh4mntIg8J4WfSBSFvbATSMaFJsMBCcZmiBAb2JTNqn0VBrqXll4Om298avB2kU-mG92pVtxRR58ApIeSdFduvGiuuO5zQSXSppyyDZn3X9nqIqePLphfmsfoupZR1kN6wiKaSjRvkP2ZII02yyt-mZ~PIZVJ1PLLbjLwNuZT~GiEyQObRLDT-IoBXG8ZWuH0XP2E~K-TzmIgIkaoSrBytiwzGfYerUSocb08HPI83JYg__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://www.sciencedirect.com/science/article/abs/pii/S0065211308603259
https://www.sciencedirect.com/science/article/abs/pii/S0065211308603259
https://www.cabdirect.org/cabdirect/abstract/20143317067
https://www.cabdirect.org/cabdirect/abstract/20143317067
https://www.cabdirect.org/cabdirect/abstract/20143317067


36. Xiao-chen QI, Guang-sheng ZH, Hui JU, et al. Simulation of different
irrigation strategy on wheat yield in Huang-Huai-Hai plain under the
RCP8. 5 scenario. Chin J Agrometeorol. 2018;39(04):220.

37. Li J, Inanaga S, Li Z, et al. Optimizing irrigation scheduling for winter
wheat in the North China Plain. Agric Water Manag. 2005;76(1):8-23.

38. Moutonnet P. Yield response factors of field crops to deficit irrigation.
InDeficit irrigation practices 2002.

39. Yuan X, Wang H, Zhang X, et al. The relationship between winter
wheat yield and water consumption. The study of relationship
between crop and water’. 1992:10-18.

40. Zhang H, Oweis T. Water–yield relations and optimal irrigation
scheduling of wheat in the Mediterranean region. Agric Water Manag.
1999;38(3):195-211.

41. Jaleel CA, Manivannan P, Sankar B, et al. Pseudomonas  fluorescens 
enhances biomass yield and ajmalicine production in Catharanthus 
roseus under water deficit stress. Colloids Surf B. 2007;60(1):7-11.

42. Fen H. Effect of Malching with Straw on Water Regulation in Dryland
of Maize. Chin J Agrometeorol. 2001;22(01).

43. Fang Q, Chen Y, Yu Q, et al. Much improved irrigation use efficiency
in an intensive wheat‐maize double cropping system in the North
China Plain. J Integr Plant Biol. 2007;49(10):1517-1526.

44. Li RR, Wang J, Mao HL, et al. Effects of straw mulching on soil
organic carbon and fractions of soil carbon in a winter wheat field. J
Soil Water Conserv. 2017;31(3):187-192.

45. Chen S, Zhang X, Sun H, et al. Cause and mechanism of winter wheat
yield reduction under straw mulch in the North China Plain. Chin J
Eco-Agric. 2013;21(5):519-525.

46. Liu JM, Li QH. Analysis of the causes of wheat harvest index
reduction under straw mulching on dryland. Agric Res Arid Areas.
2014;32(1):47-50.

47. Chang L, Han FX, Chai YW, et al. Effects of bundled straw mulching
on water consumption characteristics and grain yield of winter wheat
in rain-fed semiarid region. J Appl Ecol. 2019;30(12):4150-4158.

48. Chaves MM, Maroco JP, Pereira JS. Understanding plant responses to
drought—from genes to the whole plant. Funct Plant Biol. 2003;30(3):
239-264.

49. Gilbert ME, Zwieniecki MA, Holbrook NM. Independent variation in
photosynthetic capacity and stomatal conductance leads to differences
in intrinsic water use efficiency in 11 soybean genotypes before and
during mild drought. J Exp Bot. 2011;62(8):2875-2887.

50. Khazaei H, Monneveux P, Hongbo S, et al. Variation for stomatal
characteristics and water use efficiency among diploid, tetraploid and
hexaploid Iranian wheat landraces. Genet Resour Crop Evol.
2010;57:307-314.

51. Krishnamurthy L, Vadez V, Devi MJ, et al. Variation in transpiration
efficiency and its related traits in a groundnut (Arachis hypogaea L.)
mapping population. Field Crops Res. 2007;103(3):189-197.

52. Manschadi AM, Christopher J, deVoil P, et al. The role of root
architectural traits in adaptation of wheat to water-limited
environments. Funct Plant Biol. 2006;33(9):823-837.

53. Ratnakumar P, Vadez V, Nigam SN, et al. Assessment of transpiration
efficiency in peanut (Arachis hypogaea L.) under drought using a
lysimetric system. Plant Biol. 2009;11:124-130.

54. Schultz HR. Water relations and photosynthetic responses of two
grapevine cultivars of different geographical origin during water stress.
Strategies to Optimize Wine Grape Quality 427. 1995:251-266.

55. Shan L. Physiological and ecological base of water saving agriculture. J
Appl Ecol. 1991;1:70-76.

56. Turner NC. Water use efficiency of crop plants: potential for
improvement. International crop science I. 1993:75-82.

57. Wallace JS, Batchelor CH. Managing water resources for crop
production. Philos Trans R Soc Lond., B, Biol Sci Philos T R Soc B.
1997;352(1356):937-947.

AGBIR Vol.39 No.3 2023 527

Multiple strategies for efficiently reducing water use while sustaining the current higher 
productivity of winter wheat in the North China plain

https://zgnyqx.ieda.org.cn/EN/abstract/abstract3626.shtml
https://zgnyqx.ieda.org.cn/EN/abstract/abstract3626.shtml
https://zgnyqx.ieda.org.cn/EN/abstract/abstract3626.shtml
https://www.sciencedirect.com/science/article/abs/pii/S0378377405000363
https://www.sciencedirect.com/science/article/abs/pii/S0378377405000363
https://inis.iaea.org/search/search.aspx?orig_q=RN:34014734
https://www.sciencedirect.com/science/article/abs/pii/S0378377498000699
https://www.sciencedirect.com/science/article/abs/pii/S0378377498000699
https://www.sciencedirect.com/science/article/abs/pii/S0927776507002093
https://www.sciencedirect.com/science/article/abs/pii/S0927776507002093
https://www.sciencedirect.com/science/article/abs/pii/S0927776507002093
https://zgnyqx.ieda.org.cn/EN/abstract/abstract1131.shtml
https://zgnyqx.ieda.org.cn/EN/abstract/abstract1131.shtml
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1672-9072.2007.00559.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1672-9072.2007.00559.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1672-9072.2007.00559.x
https://www.cabdirect.org/cabdirect/abstract/20133236693
https://www.cabdirect.org/cabdirect/abstract/20133236693
https://kns.cnki.net/kcms/detail/detail.aspx?doi=10.13287/j.1001-9332.201912.026
https://kns.cnki.net/kcms/detail/detail.aspx?doi=10.13287/j.1001-9332.201912.026
https://kns.cnki.net/kcms/detail/detail.aspx?doi=10.13287/j.1001-9332.201912.026
https://www.publish.csiro.au/fp/fp02076
https://www.publish.csiro.au/fp/fp02076
https://academic.oup.com/jxb/article/62/8/2875/477642
https://academic.oup.com/jxb/article/62/8/2875/477642
https://academic.oup.com/jxb/article/62/8/2875/477642
https://academic.oup.com/jxb/article/62/8/2875/477642
https://link.springer.com/article/10.1007/s10722-009-9471-x
https://link.springer.com/article/10.1007/s10722-009-9471-x
https://link.springer.com/article/10.1007/s10722-009-9471-x
https://www.sciencedirect.com/science/article/abs/pii/S0378429007000986
https://www.sciencedirect.com/science/article/abs/pii/S0378429007000986
https://www.sciencedirect.com/science/article/abs/pii/S0378429007000986
https://www.publish.csiro.au/fp/FP06055
https://www.publish.csiro.au/fp/FP06055
https://www.publish.csiro.au/fp/FP06055
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1438-8677.2009.00260.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1438-8677.2009.00260.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1438-8677.2009.00260.x
https://www.actahort.org/books/427/427_30.htm
https://www.actahort.org/books/427/427_30.htm
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/1993.internationalcropscience.c13
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/1993.internationalcropscience.c13
https://royalsocietypublishing.org/doi/abs/10.1098/rstb.1997.0073
https://royalsocietypublishing.org/doi/abs/10.1098/rstb.1997.0073

	Contents
	Multiple strategies for efficiently reducing water use while sustaining the current higher productivity of winter wheat in the North China plain
	ABSTRACT
	INTRODUCTION
	LITERATURE REVIEW
	Improving the water use relating traits of wheat cultivars and reasonably matching cultivars to local water availability
	Improving irrigation scheduling to conserve groundwater without markedly reducing yield
	Reasonably utilizing maize straw to mulch soil surface for preventing water loss through evaporation

	DISCUSSION
	CONCLUSION AND PROSPECTIONS
	ACKNOWLEDGEMENTS
	REFERENCES




