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Abstract. Water deficit is one of the main environmental constraints affecting the yield of winter wheat.
We quantified the effect of water stress on the grain yield of winter wheat in northern China, by using
meta-analysis method. Database was obtained through 1921 experimental observations derived from 53
research articles of the 2000 to 2017 period. The results showed that the grain yield was significantly
affected by the water and latitude. Grain yield and number of spikes (ha) increased with the total water
from 1001 m® ha to 4000 m® ha. However, grain yield and number of spikes did not increase further at
higher rates (>4000 m? ha?). The grain yield, number of spikes and thousand grain weight were higher at
a total water of 1-1000 m® ha, than those at 1001-2000 m® ha. Water stress had no significant effect on
grain number per ear. The grain yield first increased with the latitude to a maximum of 36-37° and then
decreased with increasing latitude (>37°). In conclusion, the maximum yield of winter wheat was attained
at 36-37° latitude and 3001-4000 m? ha'! total water.

Keywords: crop, drought stress, yield components, latitude, integrated analysis

Introduction

Water is essential for ensuring agricultural productivity. As a result of global
warming, water shortages are becoming a major problem affecting the sustainable
production of global crops (Sauer et al., 2010; Cai et al., 2011). Studies have shown that
the frequency and intensity of droughts will be increased in future, which may lead to
severe declines in future crop yield (Dai, 2012; Daryanto et al., 2016). The wheat
(Triticum aestivum L.) which is the second largest cereal crop in the world is very
susceptible to water stress (Reyer et al., 2013). Under water stress, plants tend to close
leaf stomata to reduce transpiration loss, which adversely affects its physiological
processes and nutrient uptake finally leading to the decreased yield (Rossini et al., 2013;
Zhang et al., 2017a). The yield components (spike number, grain number, and grain
weight) directly affect the formation of wheat yield. Moderate drought can affect grain
weight, and severe water shortage will lead to an obvious decrease in the spikelets and
grain numbers (Giunta et al., 1993). Moderate water stress occurred at a certain stage of
wheat, after re-watering could make a positive effect on the growth and developments
of wheat and its yield compensation. Therefore, it is not always necessary to maintain
sufficient water throughout the growing period of wheat, which may cause excessive
vegetative growth and lower the economic coefficient. Moreover, due to the uneven
distribution of water resources in region and time in China, and the traditional irrigation
rate is always excessive which is 1~1.5 times than the demand of crops, the problem of
low water efficiency seriously restricts China's agricultural development (Du et al.,
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2010; Wei et al., 2018). Therefore, how to scientifically use water, how to improve
water use efficiency, and how to formulate effective water-saving agricultural practices
are major issues that needs to be urgently solved in current years.

The degree of water stress of wheat in different regions is different, and the influence
of temperature on it can’t be ignored. Temperature is critical for controlling winter
wheat growth and yield (Asseng et al., 2011; Farhangfar et al., 2015). Water stress is
expected to increase in the future, and water stress may reduce crop yields in many parts
of the world (Qin et al., 2018). Increased temperature shortens the duration of the wheat
growing season, resulting in a decline in yield, and Temperature differences in different
regions also indicate differences in latitude. Latitude is an important geographic factor
that significantly affects temperature, sunshine hours and crop growth (Liu et al.,
2013b). However, under different degrees of water stress, the variation of wheat yield
with latitude remains to be studied. Therefore, this paper studied the variation of wheat
yield under different degrees of water stress, and hoped that the results could improve
our quantitative understanding of the impact of water stress on wheat yield in China.

Meta-analysis can quantitatively synthesize existing test data, systematically analyze
the combined effects and influencing factors of specific measures, and determine the
general trends in many independent experiments (Hedges et al., 1999). At present, most
of the experiments on wheat water stress focus on the scale of individual test sites, and
the results are not consistent due to differences in factors such as climate, soil and
planting system. Therefore, present study was designed to study the effect of water
stress and latitude on the yield and yield components of winter wheat in northern China
based on the meta-analysis method.

Materials and methods
Data collection and classification

Various English (Web of Science, Google Scholar, Science Direct, Wiley online
library, Springer) and Chinese (CNKI) databases were searched by using keywords:
wheat, yield, water stress, water deficiency, China and their combinations. The articles
related with water stress on winter wheat in China from 2000-2017 were collected and
screened on the basis of the following criteria: (1) area was located in northern China
and year and latitude and longitude of the test site was clearly mentioned; (2) the test
plot was a field whereas pot experiments were not included; (3) the experimental study
had a water stress treatment and also a well-watered control; (4) only the water stress as
treatment along with control, and yield data were collected in the multi-factor study,
whereas, other treatments were routinely processed in the local field. As a result of
screening, 53 research articles containing 486 sets of data and 1921 test observations
were obtained (Fig. 1). The distribution of study site was shown in (Fig. 2).

The sum of the irrigation rate and rainfall during the growth period of wheat (if test
areas have no canopy to protect from rainfall) was taken as the total water, in order to
investigate the effect of different the total water on winter wheat yield the collected data
were classified into 5 irrigation ranges (Table 1). The treatment with no external
irrigation and rainfall was taken as the control in study (total water is 0). Latitude of
each test site was divided into four categories as: 34-35°, 35-36°, 36-37°, >37°, and 34-
35° was taken as the control. Moreover, as only one experimental site having latitude
<34° was obtained, which is not enough for meta-analysis, so this latitude was excluded
(Red sites in Fig. 2).
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Study site

The study site is located at 34°-39° north latitude and 103°-121° east longitude, in
the Loess Plateau and the North China Plain (Fig. 2). It is dry in winter and has four
distinct seasons and the coldest is in January, the precipitation is 400-800 mm and is
concentrated in July and August and it belongs to monsoon climate of medium latitudes
and temperate continental climate. The soil is mainly cinnamon soil and loessial soil.
The cinnamon soil has a neutral to slightly alkaline reaction, the middle and lower parts
have the accumulation of clay particle and calcium. The loessial soil is soft soil and
organic matter content is low, has strong calcareous reaction and good water
permeability and cultivability.

n= 2173 Articles were identified
through database searching

Find duplicates articles, n= 295 were removed

n = 1878 articles were identified

Screened these articles based on title, abstract
and keywords, n= 1458 were excluded

n = 420 articles were downloaded

Read full-text articles, n = 367 were excluded

n =53 articles used in meta-analysis

i

Data extraction, building a database, data analysis

Figure 1. Flowchart of the process of building the database and meta-analysis

Data processing

Data analysis was performed using the integrated analysis method described by
Hedges and Olkin (Hedges and Olkin, 1985). The effect size of water stress on GY, SN,
GN and GW was evaluated by standardized mean difference (SMD), which is the
relative value of the overlap between the two sets of data, and reflects the difference and
representativeness between each other:

_ (XE - Xc) 3
~ Swithin B 4(N¢ + Ng —2) — 1) (Eq.1)
Ng — D(Sg)? + (N¢c — 1)(S¢)?
Swithin = (N )(NZ)+ NC( _Cz )(S¢) (Eq.2)
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V= ( )? (Eq.3)

where Xg and X are the average values of the treatment and the control group, g is
standardized mean difference; Ng and N¢ are the number of samples for the treatment
and control groups; V; is the variance of the independence study; Se and Sc were the
standard deviations of all comparisons between treatment and control, respectively, and
Swithin Was the composite standard deviation within each study group. When studies do
not report standard deviation, the missing standard deviation values were estimated by
calculating the average coefficient of variation between each data set.
The combined effects and confidence intervals were calculated as follows:

1
W= v, (Eq.4)
K Wg;
M = &=l 151 Eg.5
S W, (Eq.5)
Vy = —— (Eq.6)
ST a
SEy = [Vm (Eq.7)
LLy =M —1.96 * SEy, ULy = M + 1.96  SEy, (Eq.8)

In the equation, W is the weight of each independent study; M is the weighted mean;
VM is the variance of the combined effect; SEwm is the standard error of the combined
effect; LLm and ULwm are the upper and lower limits of the 95% confidence interval.

The relevant indicators in study were continuous variables, and the standardized
mean difference after the integrated analysis represented the effect of different total
water on wheat yield under water stress. Variables GY, SN, TGW and GN under
different total water were calculated by the fixed- or random-effects model using
software Revman (version 5.3, The Cochrane Collaboration, 2014). In this study, the
inverse variance and the standardized mean difference were used as the effect size of the
statistical measures and the meta-analysis, respectively. Random-effect model was used
for moderate to high heterogeneity (X*> > 50% and a chi-square P-value < 0.05)
(Smithers et al., 2008). The heterogeneity test of the data in this paper reached a
significant level (Pq<0.05), so a random effects model was used. The difference
between total water and the control was measured by the number of samples and the
standard deviation. Confidence interval was finally generated by the effect size. If the
95% confidence interval size for a variable didn’t cover 0, it indicated that irrigation
treatment had a significant effect on yield compared to control. Engauge digitizer was
used to extract data such as histograms in paper.
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Figure 2. Distribution of selected experimental sites studied in this meta-analysis in northern

China

Tablel. Variables included in the meta-analysis

Category \Variables IAbbreviations
Grain yield GY
. Spike number SN
Yield GF;ain number GN
Thousand grain weight TGW
1-1000 W1
1001-2000 W2
Total water (m? ha?) 2001-3000 W3
3001-4000 W4
>4000 W5

Results

Heterogeneity test analysis

The obtained data was analyzed by heterogeneity test and the results are shown in
(Table 2). Results showed that the P-values of the meta-analysis of GY, SN and TGW
were all less than 0.05, which indicated the data were statistically significant and can be
used for further meta-analysis. However, the meta-analysis P-value for GN was greater
than 0.05, which mean it was not statistically significant. All P-value of heterogeneity
test were greater than 0.05 and 1% was less than 50%, indicating that there was no
significant heterogeneity in each group of data.
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Table 2. Heterogeneity analysis of yield and yield components of winter wheat under
different total water

. Meta-analysis Heterogeneity
Variables No. of samples (P-value) 12 (%) Chi-square test
(P-value)
W1 51 <<0.0005 4 0.21
W2 117 <<0.00001 0 0.33
GY (kg ha?) W3 189 <<0.00001 17 0.46
W4 103 <<0.00001 21 0.27
W5 72 <<0.0001 18 0.32
W1 33 0.03 0 0.83
W2 89 0.005 0 0.70
SN (10%x hat) W3 125 <<0.0001 1 0.66
W4 73 <<0.0001 12 0.40
W5 56 0.008 4 0.44
W1 32 0.01 8 0.13
W2 101 <<0.0001 5 0.18
TGW(g) W3 138 <<0.00001 33 0.06
W4 71 0.002 23 0.09
W5 49 0.03 12 0.20
W1 45 0.12 0 0.84
W2 103 0.08 0 0.91
GN W3 135 0.06 0 0.81
W4 39 0.06 0 0.77
W5 70 0.1 0 0.88

GY: grain yield; SN: spike number per hectare; TGW: thousand grain weight; GN: grain number per ear;
W1, W2, W3, W4 and W5 were total water

Response of wheat yield to water stress

A meta-analysis of winter wheat yield in northern China showed that GY was
affected by different total water (Fig. 3). The 95% confidence interval of GY effect size
did not overlap with 0 indicating that the total water had a significant positive effect on
GY. GY increased gradually with increasing the total water from W2 to W4. The GY
reached the maximum at W4 and was decreased at W5. The GY at W1 was slightly
higher than W2. The average increase of GY at W4 was 148% relative to control.

Response of wheat yield components to water stress

The results indicated the SN and TGW were significantly affected by total water
(Fig. 4). The SN and TGW at W1 were higher than W2, and SN was increased by
increasing total water from W2 to W4. The SN at W4 was 39.7% higher than control.
The TGW was highest at W3, which was 79.7% higher than control. The 95%
confidence interval of GN effect size contains 0, which indicate that different total water
have no significant effect on GN.

Effect of latitude on winter wheat yield

It can be seen that winter wheat yield under different total water responded
differently at different latitudes (Fig. 5). The GY at total water of WO, W2, W3 and W4
was significantly positive effect by increasing the latitudes (35-36°, 36-37°, and >37) as
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compared to 34-35° (control). At WO, W2, W3 and W4, the grain yield was first
increased with increasing the latitude and then decreased with the highest GY was
recorded at 36-37° latitude. However, at latitudes of 35-36° and > 37°, the GY of W5
(total water >4000 m? ha'!) has a negative impact, as compared to 34-35° (control). The
effect of latitude 36-37° was non-significant on GY at W5.
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Figure 3. The relative effect size of grain yield of winter wheat under different total water, error
bars represent 95% confidence interval, and n values represent the corresponding number of
observations. SMD: standardized mean difference; GY: grain yield
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Figure 4. The relative effect size of SN, TGW and GN of winter wheat at different total water,
error bars represent 95% confidence interval, n values represent the corresponding number of
observations. SMD: standardized mean difference; SN: spike number per hectare; TGW:
thousand grain weight; GN: grain number per ear

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(1):433-446.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ¢ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1801_433446
© 2020, ALOKI Kft., Budapest, Hungary



Jing et al.: Yield response of winter wheat (Triticum aestivum L.) to water stress in northern China: a meta-analysis

- 440 -
GY(kg ha') GY(kgha') GY(kg ha)
wo w2 W3
=37 ———&—— n=13 ——e—— n=32 ——8——i =50
36-37 e et 1= 10 e =21 i U R
35-36 @ ——n=24 @& n=51 ——&——in=71
. . L L I L
-1 0 1 2 3 4 -1 0 1 2 34 1] 1
Wa ws Effect size(SMD)
=37 ———in=27 ——&— in=24
36-37 —— 20 —e——in=11
35-36 —e—i =44 @ =28
L 1 1 L L 1
-1 ) 1 2 3 -4 -3 -2 -1 0 1 2
Effect size(SMD) Effect size(SMD)

Figure 5. The effect of different latitudes on the grain yield of wheat under different total water,

error bars represent 95% confidence interval, and n values represent the corresponding number
of observations. WO: total water 0-1000 m? ha*; W2: total water 1001-2000 m*® ha*; W3: totall
water 2001-3000 m® ha; W4: total water 3001-4000 m® ha*; W5: total water >4000 m® ha

Discussion

Water plays a pivotal role in nutrient availability and other physiological processes,
and a major determinant of crop yield (Adu et al., 2018). It is well known that
differences in water stress can lead to differences in yield. In this study, the grain yield,
spikelet numbers and thousand grains weight of winter wheat were decreased with the
decrease of the total water. Previous reports have shown that wheat yield decreased with
increasing the degree of water stress (Zhang et al., 2016; Jin et al., 2018). Plants
responds to water stress by closing the stomatal pores in order to reduce transpiration
losses, resulting in insufficient photosynthesis, reduction in crop growth, biomass
accumulation and yield (Guerfel et al., 2009; Mékinen et al., 2018). Studies have shown
that spikelet numbers, grain number and thousand grains weight were directly related to
wheat yield and reduced under drought stress (Shamsuddin, 1987; Kili¢ and
Yagbasanlar, 2010). Moderate drought affects post-anthesis biomass production and
transport of photosynthetic products to kernels, thereby affecting grain weight and
reducing grain yield (Liu et al., 2016). Therefore, the yield was decreased with
decreasing the total water from W4 (3001-4000 m? ha) to W2 (1001-2000 m? ha).
However, the effect values of grain yield, spikelet numbers and thousand grains weight
at W1 (1-1000 m® ha', severe water stress) were greater than W2 (1001-2000 m? ha?).
It may be due to the reason that drought triggers the antioxidant activity in plants and
up-regulated the function of photosynthesis organs, improve leaf chlorophyll and
Rubisco content through improved leaf water potential and improved photoprotection
(Crafts-Brandner and Law, 2000; Abid et al., 2016). The increase in yield under W1 as
compared to W2 may be related to the amount of nitrogen applied and the efficiency of
nitrogen use. Proper nitrogen supply can increase cell number and volume, increase leaf
photosynthetic rate and WUE, and mitigate the effects of drought stress. At low tissue
water potential, nitrogen reduced the effects of drought stress on grain yield by
maintaining metabolic activity, increasing leaf water potential, membrane stability
index, and antioxidant activity (Zhang et al., 2007; Abid et al., 2016). Nitrogen use
efficiency is generally increased in crops under water stress and higher nitrogen

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(1):433-446.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ¢ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1801_433446
© 2020, ALOKI Kft., Budapest, Hungary



Jing et al.: Yield response of winter wheat (Triticum aestivum L.) to water stress in northern China: a meta-analysis
- 441 -

application rates increases crop drought resistance (Zhang et al., 2017b). Therefore,
suitable application of water and nitrogen could enhance material accumulation,
improve photosynthetic capacity, and promote grain formation. Although the data of
normal nitrogen application in each experiment were extracted from this study, however,
it is still impossible to rule out the effect of different nitrogen application rates on the
results.

In addition, root distribution (> 0.8 m) of wheat in deep soils is critical for nutrient
and water uptake, affecting wheat growth and grain yield (Dai et al., 2014; Xu et al.,
2016). On the one hand, the response of wheat root system to water shortage is reduced
redundancy of top root growth and increased growth of deeper roots (Song et al., 2009;
White and Kirkegaard, 2010), thereby enhancing the ability of roots to absorb nutrients
and water (Kaisermann et al., 2017). Some microbial groups can increase plant drought
tolerance by increasing root biomass and depth to absorb water and nitrogen from deep
soils to maintain growth and maintain yield (Azarbad et al., 2018; Liu et al., 2018).
Under the condition of water shortage, the water evapotranspiration was decreased in
the aboveground part, and more photosynthetic products were stored in the root system
to improve water use efficiency. Under drought stress, nitrogen deficiency leads to
increased vertical root permeability, reduced top root length density, and increased roots
in deeper soil, thereby affecting grain yield (Wang et al., 2014; Xu et al., 2016).
Therefore, when the total water is W1, the wheat yield will increase slightly, which may
be the result of the wheat itself coping with stress, enhancing photosynthesis, increasing
water and nitrogen use efficiency, and increasing the growth of deep roots.

It is well known that wheat production increased with increasing irrigation rate
within a certain range, but as irrigation reached a certain level, WUE and yield were
decreased (Trout and Dejonge, 2017; Jin et al., 2018). This study showed that the grain
yield, spikelet numbers and grain weight of winter wheat were decreased by increasing
total water from W4 to W5. Studies have shown that excessive irrigation reduced wheat
yield mainly because of leaching of root nitrate due to excessive irrigation, resulting in
insufficient nitrogen supply, causing premature root senescence and inhibiting
photosynthesis, thereby reducing water and nitrogen use efficiency (Agami et al., 2018).
Similarly, in loamy silty soil, excessive water tends to cause hypoxia in the root zone of
the crop, thereby damaging the roots and reducing yield (Makinen et al., 2018). In
addition, excessive irrigation of wheat can easily lead to lodging, leaf rust or mildew,
affecting normal wheat growth (Bennett, 1984; Roelfs et al., 1992).

Previous studies showed that drought stress significantly reduced spikelet numbers,
grain numbers and grain weight of wheat, and reduction in grain numbers had the
greatest direct impact on grain yield (Simane et al., 1993). However, in the present
study, water stress had no significant effect on grain numbers. Wheat grain yield
formation and grain number are genetically controlled but also affected by the
environment (Wang et al., 2014). The drought resistance and yield potential of different
varieties were different in the 53 collected studies. For example, water stress was
applied during wheat microspore stage, and drought resistant wheat variety SYN604
was having more number of grains than Sundor which is drought resistant variety (Ji et
al., 2010). In addition, the stage of differentiation of young spikes before flowering is
the key period for the formation of GN, this period determines the number of fertile
flowers in wheat spikelets, which determines GN. Studies have shown that during
meiosis of pollen development in wheat, water stress blocks the relationship between
pollen grains and tapetal layer during microspore stage, degenerates the filaments, and
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the pollen grains cannot accumulate starch, resulting in nutrient deficiency and affecting
pollen development, leads to a decrease in GN (Saini et al., 1984; Cattivelli et al., 2008).
Moreover, under severe water stress, the use of male sterile materials to study the
effects of wheat microspores stage on GN found that GN were decreased by 16.4% (Ji
et al., 2010), even under mild water stress, starch accumulation and sucrose transport in
the ovary are also severely affected. It indicated that the development of ovary under
water stress had a certain effect on GN. Some studies have shown that under water
stress, the cell wall invertase viability of sucrose transport in wheat anthers is related to
pollen sterility, which is characterized by decreased cell wall invertase viability,
blocked sucrose transport, and a large accumulation of sucrose in anthers, causes
changes in the metabolism of other soluble sugars leading to infertility (Dorion et al.,
1996; Koonjul et al., 2005; Ji et al., 2010). It can be seen that the reason that the water
stress has no significant effect on GN may be due to the combined effects of variety and
water in this study.

Latitude is an important geographic factor which affects temperature and solar
radiation, thus affecting the duration of crop growth and yield (Liu et al., 2010, 2013b).
This study showed that under different irrigation rate (except >4000 m® ha), with the
increase of latitude, the yield was first increased and then decreased. The maximum
yield was attained at 36-37°. Similarly, Li (2010) indicated that with the increase of
latitude in Henan Province, the yield of different wheat varieties was increased first and
then decreased. Due to the large latitude span of China's wheat growing areas, the
temperature difference is large, and the effect of temperature changes on wheat yield is
not negligible (Asseng et al., 2011). In this study, the yield at latitude 35-36° (except
for >4000 m® ha') was lower than 36-37°, which might be due attributed to the high
temperature at low latitude and increasing temperature resulting in decrease of yield.
There are significant changes in climatic variables at different altitudes, which in turn
affect the development and yield of winter wheat (Xiao et al., 2008). Dryland wheat
yield is highest at medium elevations with sufficient precipitation and mild temperatures.
At high elevations, temperatures are too low to allow the crops to mature with fewer
yields.

Higher temperatures shorten the wheat growing season, which leads to a shortening
of the grain filling period and a decrease in wheat yield (Dias and Lidon, 2010; Xiao et
al., 2010; Asseng et al., 2011). The decline in wheat yield with increasing temperature is
mainly due to less spikelet numbers (Asseng et al., 2015). Elevated temperatures also
increase evapotranspiration (Trnka et al., 2012; Liu et al., 2013a), reducing soil water
content, increasing water stress, and thereby reducing wheat yield (Qin et al., 2018; Li
et al.,, 2019). At high altitude, the wheat yield might be affected by various other
interacting factors such as region, climate, variety, soil texture (Tapley et al., 2013;
Daryanto et al., 2016; Zhang et al., 2017b).

Conclusion

The results from meta-analysis method showed that the grain yield, spikelet number
and grain weight of winter wheat were significantly affected by the total water, whereas,
effect of total water was not significant on grain number. Yield and yield components
were not increased by increasing total water from W1 (1-1000 m® hal) to W2
(1001-2000 m® hal). Grain yield and spike numbers were increased by further
increasing total water with maximum at W4 (3001-4000 m? hal). At W4, grain yield
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and spike numbers were 148.5% and 39.7% higher as compared to control, indicating
that W4 was optimal total water. Thousand grain weight was highest at W3 (2001-3000
m3 ha) with 79.7% increase as compared to control (total water is 0). Under different
total water, grain yield was increased with increasing latitude from 35-36° to 36-37° and
then decreases at latitude > 37°, and the specific reasons for decline in yield at high
latitude remain to be further studied.
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