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Abstract 
 

The population horizontal structure of crop and soil water conditions affects the moisture physiological characteristics of 

leaves and yield of winter wheat. In a three-year study from 2011 to 2014, the osmotic potential, water potential, relative water 

content and abscisic acid (ABA) content of leaf, and regression of evapotranspiration versus the grain yield of wheat were 

determined. Field experiments were conducted in two-factor split-plot design with three replicates. We established three 

moisture levels (main plot), as follows: 0, 90 and 180 mm irrigation amounts; and three population horizontal structures (split 

plot), as follows: single, single-twin and twin rows. Results showed that irrigation improved the water physiological traits of 

winter wheat leaves. The order of leaf osmotic potential, water potential, and relative water content were 180 mm > 90 mm > 

0 mm and the order of ABA content was in the reverse order. However, we observed no significant differences between 90 

and 180 mm irrigation amounts in most cases. Under same irrigation amounts, the leaf osmotic potential, water potential, and 

relative water content of the twin row were 6.0, 1.4 and 1.6% higher, respectively, than those of single row; however, ABA 

content and leaf turgor potential were 16.7 and 50% lower than that of single row. The 180 mm irrigation level obviously 

increased leaf turgor potential. Moreover, a positive correlation was observed between evapotranspiration and yield. 

Considering the optimum allocation of water resources and water requirements of winter wheat, we recommend a twin row 

combined with 90 mm irrigation under precision sowing as a good agronomic option in North China. © 2019 Friends Science 

Publishers 
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Introduction 

 

Winter wheat (Triticum aestivum L.) is major cultivated 

crop in Northern China. However, water shortage is a 

crucial problem in this area. Tai’an, a semi-humid 

continental monsoon climate city, has a precipitation of only 

170–180 mm during the wheat growing season. This 

precipitation is low and limits the yield of wheat; thus 

irrigation is an indispensable agronomic practice (Zhang et 

al., 2016). Moreover, freshwater resource shortage in wheat-

producing regions is a global problem (Ramírez-Rodrigues 

et al., 2016). Agricultural production is faced with the 

challenge of global food security. Increased human food 

demands increasing crop yields and this requirement is 

made difficult by environmental problems (Foley et al., 

2011; Konzmann et al., 2013). On the other hand, 

groundwater resources are overexploited and the crop yields 

are not further increased (Wada et al., 2014). Increasing the 

wheat grain yield is expected to be difficult due to different 

biotic and abiotic stresses (Manickavelu et al., 2012). 

Moreover, over 70% of the water consumption in China 

goes to agricultural irrigation (Thomas, 2008). Irrigation 

plays a vital role in the alleviation of poverty and food 

security in China and the world (Lobell et al., 2008; Zhang 

et al., 2019). Therefore, valid water-saving practices must 

be applied in agricultural production. Limited irrigation, 

deficit irrigation, supplemental irrigation, sub-surface drip 

irrigation and sprinkler irrigation have been found to be 

effective irrigation patterns (Abd El-Wahed and Ali, 2013; 

Ali et al., 2019). 

Population horizontal structure mainly involves row 

spacing, in which narrow-spaced rows and width-narrow 

rows affect the moisture physiological characteristics of 

plants, evapotranspiration and yield (Hussain et al., 2014; 

Kadam et al., 2017). Moreover, ridge, furrow planting, no-

tillage and straw mulching significantly affect field 

environment and increase yields as well (Maqsood et al., 

2013; Yan et al., 2017). Appropriate population structure 

can improve the microclimate of winter wheat farmlands 

(Zhao et al., 2018). Suitable plant density is an important 

optimization strategy for reducing water use (Ren et al., 

2016). Water, light, relative humidity and soil temperature 
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are environmental factors that can affect crop growth and 

development (Mao et al., 2017). The turgor potential is an 

important parameter determining the survival of plants 

under stress conditions (Wahid, 2004; Ali et al., 2009; 

Sattar et al., 2017). Improving agricultural management 

strategies will support farmers, as they will be equipped 

with tools that can influence crop production (Phelan et al., 

2018). A good population horizontal structure can improve 

the microclimate of a winter wheat farmland. 

The purpose of this study was to improve population 

horizontal structure by changing planting pattern and 

optimizing the water status of winter wheat, thereby 

benefitting crop growth and increasing yields under deficit 

irrigation and precision sowing in Northern China. This 

three-year field experiment aimed to determine the effects 

of population horizontal structure, in combination with 

water conditions on (i) physiological moisture indicators of 

winter wheat, including leaf osmotic potential, water 

potential, turgor potential, relative water content and 

abscisic acid content and (ii) regression of 

evapotranspiration versus winter wheat grain yield in 

Northern China. 

 

Materials and Methods 
 

The experiment was conducted at the Agronomy 

Experimental Station of Shandong Agricultural University, 

Tai’an, China (36°09′ N, 117°09′ E) during 2011–2014. The 

precipitations in the experimental field in 2011/2012, 

2012/2013 and 2013/2014 growing seasons were 205.8, 

195.8 and 158.4 mm, respectively and the long-term (1971–

2011) precipitation average was 174.2 mm in the growing 

season (Table 1). 

A split-plot experimental design was used, and water 

condition was the main plot with three irrigation amounts: 0, 

90 and 180 mm. One-third (0, 30 and 60 mm) of the total 

irrigation amounts was supplied to the plots at GS34, GS48 

and GS70. Population horizontal structure was a split plot 

with three planting patterns: single, single-twin and twin 

rows (Fig. 1). Each plot was 3 m × 3 m in size and each 

experiment was performed with three replications. 

The planting density of winter wheat (Triticum 

aestivum L. var. Jimai 22) was 200 × 104/ha on October 9, 

2011, October 10, 2012 and October 9, 2013. The wheat 

was harvested on June 9, 2012, June 8, 2013 and June 5, 

2014. Fertilizers were applied as base, diammonium 

phosphate 261 kg/ha and potassium sulfate 210 kg/ha before 

sowing. Half of the total nitrogen (urea 383.7 kg/ha) as base 

fertilizer and topdressing during growth stage (GS) 30 

(Zadoks et al., 1974) were applied. All side concrete slabs 

were 15 cm wide and each plot was 200 cm deep. 

Four flag leaves undergoing each treatment were 

measured for the following physiological traits. The leaf 

osmotic potential and water potential were sampled at 

GS35, GS45, GS49, GS71 and GS80 and measured by 

using a 5520 Vapor Pressure Osmometer and Psypro Water 

Potential System (Wescor, Inc., Logan, USA), respectively. 

Before the test, the measured leaves were wiped cleaned and 

dried. Samples were obtained by using a 0.6 cm diameter 

round puncher and placed into the sample room, after 

waiting for approximately 20 min and reading. The relative 

water content of leaves was measured at GS32, GS35, 

GS44, GS49 and GS70. The values were computed using 

the following equations: 
 

Turgor potential = water potential – osmotic potential                (1) 
 

Leaf relative water content = (FW − DW)/(SFW − DW) × 100%   (2) 
 

Where FW is the fresh weight (g), DW is dry weight 

(g) and SFW is the saturated fresh weight (g). 

The leaf abscisic acid (ABA) was measured at GS32, 

GS35, GS40, GS45, GS47, GS50, GS68, GS73 and GS79. 

The leaf sample (1 g) was collected, cleaned and quickly 

frozen in liquid nitrogen canister for 10 min and stored at -

80℃ super cold refrigerator. Test plant tissue sample 

extracted in accordance with the method described by 

Guerfel et al. (2009). ABA contents (ng/g) were determined 

by using enzyme-linked immunosorbent assay (ELISA). 

The evapotranspiration values of GS01-24, GS24-35, 

GS35-49, GS49-71 and GS71-91 were computed using the 

following equation: 
 

Evapotranspiration (mm) = ΔW + I + P                   (3) 
 

Where ΔW is the soil water storage change (mm, Mao et al., 

2017), I is the irrigation amounts (mm) and P is the rainfall 

(mm). Based on observations, the surface run-off was 

negligible. 

The test data were analyzed by using SAS9.2. 

SigmaPlot12.5 (SPSS Inc., Chicago, IL) was used for 

drawing. Data were analyzed with an ANOVA to determine 

whether significant differences existed among the different 

treatments. 

 

Results 

 

Leaf Osmotic Potential 

 

The results of two growth seasons experiments are shown in 

Fig. 2. The leaf osmotic potential increased with increasing 

irrigation amounts; the values of 0, 90 and 180 mm 

treatments were caused leaf osmotic potentials to reach -

1.73, -1.58 and -1.52 MPa, respectively. Rainfed treatment 

was lower than those of irrigation treatments. Under 0 mm 

(rainfed), the leaf osmotic potential of the single row was 

significantly lower than those of single-twin and twin row at 

GS71 and GS80. Under 90 mm, there was no significant 

difference among the treatments (P > 0.05) while at 180 

mm, the single row was significantly lower than those of 

single-twin and twin rows at GS80 (P < 0.05). Under 

different irrigation levels, the average leaf osmotic 

potentials of the single, single-twin, and twin rows was -

1.65, -1.60 and -1.58 MPa, respectively. 
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Leaf Water Potential 

 

The results of the three growth season experiments are 

shown in Fig. 3. The change trend of leaf water potential 

was similar to that of leaf osmotic potential, and increased 

with increasing number of irrigations. Irrigation with 0, 90 

and 180 mm treatments caused leaf water potential to reach 

-1.60, -1.45 and -1.37 MPa, respectively. The leaf water 

potential at 0 mm level (rainfed condition) had a trend of 

decreasing during the whole growth stage and irrigation 

treatments had no change. Moreover, 180 mm irrigation 

increased the leaf water potential at GS80. Under different 

irrigation levels, the average leaf water potentials of single, 

single-twin and twin rows reached -1.45, -1.49 and -1.47 

MPa, respectively. No significant difference was seen 

among the treatments (P > 0.05). 

 

Leaf Turgor Potential 

 

Irrigation with 0, 90 and 180 mm treatments were caused 

leaf turgor potentials to reach 0.138, 0.132 and 0.151 MPa, 

respectively. The 180 mm irrigation level increased leaf 

turgor potential. The average leaf turgor potential of GS35, 

GS45, GS49, GS71 and GS80 were 0.095, 0.051, 0.027, 

0.087 and 0.441 MPa, respectively, there was a trend of 

increase at the later growth stages. There were differences 

among population horizontal structures. Under 0 mm 

(rainfed) and 180 mm, the leaf turgor potential of the single 

row was significantly higher than those of single-twin and 

twin row at GS71 and GS80 (P < 0.05). Under different 

irrigation levels, the average leaf turgor potential of the 

single, single-twin, and twin rows was 0.206, 0.103 and 

0.112 MPa, respectively (Fig. 4). 

 

Leaf Relative Water Content 

 

The effects of the three growth season experiments on leaf 

relative water content are shown in Fig. 5. The change trend 

of leaf relative water content was similar to that leaf osmotic 

potential, and increased with increasing of irrigation 

amounts: irrigation amounts of 0, 90 and 180 mm 

treatments caused leaf relative water content to reach 79.1, 

80.6 and 81.3%, respectively. The leaf relative water 

content of the twin row was significantly higher than that of 

the single row at GS70 (0 mm), GS32 (90 mm) and GS44 

(180 mm) (P < 0.05). The leaf relative water content of 

different treatments showed a decreasing trend with growth 

stage development. Under different irrigation amounts, the 

leaf relative water contents of the single, single-twin, and 

twin rows were 79.9, 79.9 and 81.2%, respectively. 

 

Leaf ABA Content 

 

The results of the two growth season experiments showed 

that ABA content decreased with increasing irrigation 

amounts: irrigation amounts of 0, 90 and 180 mm 

treatments caused leaf ABA content to decrease to 25.12, 

24.24 and 23.17 ng/g, respectively. Moreover, ABA content 

in 0 mm treatment (rainfed condition) was significantly 

higher than that of irrigation treatments (P < 0.05). During 

growth seasons, the leaf ABA content was significantly 

different between population horizontal structures under 90 

mm irrigation amounts (P < 0.05) and the order was single 

row (27.31 ng/g) > single-twin row (24.51 ng/g) > twin row 

(20.90 ng/g). Under different irrigation levels, the leaf ABA 

content of single, single-twin, and twin rows were 26.15, 

23.98 and 22.40 ng/g, respectively. ABA content in the 

Table 1: The monthly rainfall (mm) of winter wheat growth seasons during 2011–2014 and 1971–2011 

 
Growth seasons Oct Nov Dec Jan Feb Mar Apr May Total 

2011/2012 13.4 99.2 14.7 1.8 0.1 25.9 43.7 7.0 205.8 
2012/2013 15.7 18.4 19.0 5.1 13.2 13.6 12.8 98.0 195.8 

2013/2014 3.7 26.5 0.0 0.0 17.1 0.3 32.7 78.1 158.4 

1971–2011 36.0 17.4 8.2 5.6. 9.8 16.4 29.0 51.9 174.2 

 

 
 

Fig. 1: Population horizontal structure schematic diagram. a, 

single row; b, single–twin row; c, twin row 
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single row was significantly (P < 0.05) higher than those of 

the single-twin and twin rows (Fig. 6). A positive 

correlation was seen between ABA content (y: ng/g) to 

growth stage (x), as calculate by the linear equation y = 

Table 2: The evapotranspiration (mm) of winter wheat in different growth stages and regression of total evapotranspiration versus grain 

yield (2011–2014) 

 
Growth seasons Treatments GS01–24 GS24–35 GS35–49 GS49–71 GS71–91 Regression equation 

2011/2012        

Irrigation mounts 0 mm 128.6a 131.1b 95.1b 38.5c 20.5c y = -0.0011x2 + 2.0912x 
90 mm 128.6a 142.1a 107.1a 52.8b 51.0b R² = 0.6271 

180 mm 128.6a 141.3a 106.1a 66.8a 67.0a P <0.0001 

Horizontal structure Single 133.1a 137.6a 103.8a 49.7b 45.5b y: yield (g/m2) 
Single–twin  122.5b 138.6a 101.1a 55.8a 44.7b x: evapotranspiration (mm) 

Twin 130.3a 138.3a 103.4a 52.6ab 48.4a  

2012/2013        
Irrigation mounts 0 mm 69.3a 80.2c 43.9c 37.4c 22.5c y = -0.0023x2 + 2.9411x 

90 mm 69.3a 94.3a 77.1b 60.8b 44.8b R² = 0.8905 

180 mm 69.3a 88.5b 121.0a 87.8a 60.1a P <0.0001 
Horizontal structure Single 66.7a 75.7c 78.4b 59.6b 43.7a y: yield (g/m2) 

Single–twin  68.6a 95.9a 75.4c 61.2b 43.2a x: evapotranspiration (mm) 

Twin 72.4a 91.3b 88.3a 65.1a 40.5a  
2013/2014    

Irrigation mounts 0 mm 64.7a 80.9c 26.4c 25.8c 74.5c y = -0.0026x2 + 3.2227x 

90 mm 64.7a 90.2b 47.6b 62.5b 96.5b R² = 0.7725 
180 mm 64.7a 100.9a 72.8a 91.3a 126.2a P <0.0001 

Horizontal structure Single 70.3a 92.7a 54.7a 63.1a 103.0a y: yield (g/m2) 

Single–twin  64.5b 92.4a 47.2b 59.0b 100.2b x: evapotranspiration (mm) 
Twin 58.8c 87.0b 45.0b 57.1c 94.0c  

Values followed by the same letter in a column are not significantly different according to LSD0.05 

 

 
 

Fig. 2: Effects of population horizontal structure and water condition on the leaf osmotic potential. Mean of two growth seasons 

(2011/2012 and 2013/2014); 0 mm, 90 mm and 180 mm were irrigation amounts; the bars are the SE; asterisk was significantly difference 

at 0.05 level 

 

 
 

Fig. 3: Effects of population horizontal structure and water condition on the leaf water potential. Mean of three growth seasons 

(2011/2012, 2012/2013 and 2013/2014); 0 mm, 90 mm and 180 mm were irrigation amounts; the bars are the SE 
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0.7112x + 20.655, R² = 0.4186 (P = 0.0037). 

 

Regression of Evapotranspiration versus Grain Yield 

 

The results showed that irrigation increased the 

evapotranspiration in different treatments (Table 2). The 

evapotranspiration showed an increased trend as irrigation 

amount increased at different growth seasons. For 

population horizontal structure, the evapotranspiration of 

single row was relatively low at GS01-24; as a whole, 

single-twin row was average at GS35-49, GS49-71 and 

GS71-91. Regression equation of total evapotranspiration 

(x: mm) versus grain yield (y: g/m2) was y = -0.0134x2 + 

13.392x - 2575.4 (R² = 0.6794, P < 0.0001) in 2011/12, y = 

-0.0056x2 + 5.1754x - 367.37 (R² = 0.9051, P < 0.0001) in 

2012/13 and y = 0.0049x2 - 2.2177x + 946.05 (R² = 0.8651, 

P < 0.0001) in 2013/14. These results showed that 

evapotranspiration increased as grain yield increased. The 

 
 

Fig. 4: Effects of population horizontal structure and water condition on the turgor potential. Mean of three growth seasons (2011/12, 

2012/13 and 2013/14); 0 mm, 90 mm, and 180 mm were irrigation amounts; the bars are the SE; asterisk was significantly difference at 

0.05 level 

 

 
 

Fig. 5: Effects of population horizontal structure and water condition on the leaf relative water content. Mean of three growth seasons 

(2011/12, 2012/13 and 2013/14); 0 mm, 90 mm, and 180 mm were irrigation amounts; the bars are the SE; asterisk was significantly 

difference at 0.05 level 

 

 
 

Fig. 6: Effects of population horizontal structure and water condition on the leaf abscisic acid (ABA) content. Mean of two growth 

seasons (2012/13 and 2013/14); 0 mm, 90 mm, and 180 mm were irrigation amounts; the bars are the SE 
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total evapotranspiration and yield were 387 mm and 724 

g/m2 (single row), 389 mm and 767 g/m2 (single-twin row) 

and 393 mm and 781 g/m2 (twin row) in 2011–2014, 

respectively. 

 

Discussion 

 

The leaf-water relationship and physiological traits changed 

as the plants responded to the environment. The experiment 

results showed that the population horizontal structure and 

water condition affected the moisture physiological 

characteristic of the plants. The irrigation treatments 

increased the leaf osmotic potential, water potential, and 

relative water content, and the order of water treatments was 

180 mm > 90 mm > 0 mm. Moreover, the irrigation 

alleviated the drought stress in winter wheat (Alghory and 

Yazar, 2019). Under different irrigation levels, the order of 

average water potential was single row < single-twin row ≈ 

twin row; the order of average leaf turgor potential was 

single row > single-twin row ≈ twin row; however, the order 

of average leaf relative water content was single row = 

single-twin row < twin row. This result showed enhanced 

plant potential for sustaining high nitrogen-metabolizing 

enzyme activities to supplement osmotic adjustments under 

soil drought conditions (Zahoor et al., 2017). Higher 

irrigation could improve soil water condition and increased 

leaf turgor potential, as a result, affected the stomatal 

opening, biochemical activities and promoted crop growth 

(Huilian et al., 2004). In single row there was relative higher 

leaf turgor potential, which may be due to a reduced stem 

elongation after GS35 (Zhang et al., 2016). Low leaf water 

led to stomatal closure and reduced photosynthesis, and 

these changes could limit plant growth and yield formation 

(Puri and Swamy, 2001). Chaves and Oliveira (2004) 

reported that water stress negatively affects agricultural 

productivity. Therefore, improved water physiological traits 

would benefit and increase yield. 

The ABA content has been linked to drought tolerance 

(Duque and Setter, 2013). Moreover, the accumulation of 

ABA in leaf reduces stomatal opening and induces leaf 

abscission (Adjebeng-Danquah et al., 2016). The 

experimental results showed that leaf ABA content 

decreased after irrigation, and the order of different 

population horizontal structures was single row > single-

twin row > twin row under same irrigation amounts. 

Additionally, the ABA content was higher under stress 

conditions than in irrigation, and was negatively correlated 

with above-ground biomass (Adjebeng-Danquah et al., 

2016). The results showed that there were linear 

relationships between leaf turgor potential and leaf water 

potential, osmotic potential, relative water content, ABA 

during GS35-GS80 and correlation coefficients (r) were 

0.2894, -0.8577, -0.9687, 0.3848, respectively. The leaf 

turgor potential had a positive correlation with the leaf water 

potential and ABA, but had negative correlation with the 

leaf osmotic potential and relative water content. These 

results are similar with some of earlier studies for maize 

(Naeem et al., 2018). Concurrently, the water traits of plant 

showed a deteriorating trend with growth stage 

development. The results showed that the total 

evapotranspiration of the single, single-twin and twin rows 

were similar. Moreover, yield of single row was the lowest 

and that of the twin row was the highest during 2011–2014. 

This result showed that optimum population horizontal 

structure is crucial for higher grain yield. 

 

Conclusion 

 

This three-year study demonstrated that population 

horizontal structure and water conditions can highly affect 

osmotic potential, water potential, turgor potential, relative 

water content and ABA content of leaf and 

evapotranspiration; optimize agricultural measures could 

increase the yield of winter wheat. Considering the optimal 

allocation of water resources and water requirements of 

winter wheat in North China, the twin row combined with 

90 mm irrigation amounts is a good agronomic option to 

improve winter wheat performance in semi-arid regions. 
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