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Abstract: Shallow groundwater plays a vital role in water use and the yield of winter wheat. 

Nitrogen (N) application significantly affects crop uptake and utilization of water from irrigation, 

but little is known about groundwater use. More importantly, excessive N application will also 

bring a series of environmental problems. An experiment was carried out in micro-lysimeters at 0, 

150, 240, and 300 kg/ha N fertilization rates based on 0.6 m groundwater depth with relatively strong 

alkaline soil in the winter wheat growing season. The results showed that increasing the N 

application rate significantly increased the sensitivity of the daily groundwater evaporation velocity 

of winter wheat to environmental meteorological factors (soil surface moisture, humidity, 

atmospheric pressure and atmospheric temperature), and promoted crop water use, crop growth 

and yield under the 0.6 m groundwater depth. From 150 kg/ha to 300 kg/ha N fertilization, LAI and 

yield increased by 26.95–82.02%, and evapotranspiration (ET) and groundwater use efficiency 

(GUE) increased by 11.17–14.38%. However, a high N application rate would sharply induce surface 

soil drought, leading to a rapid increase in nitrate accumulation in the vadose zone and a significant 

decrease in partial factor productivity of applied N (PFPN). With the N application of 150–300 

kg/ha, the accumulation of nitrate in the vadose zone increased by 8.12 times, and soil moisture in 

0–20 cm and PFPN significantly decreased by 19.16–57.53%. N fertilization had a significant effect 

on water transfer and could promote the consumption and utilization of groundwater at 0.6 m 

depth. Considering yield, water use, the accumulation of nitrate, and PFPN, the optimal N 

application was 219.42–289.53 kg/ha at 0.6 m depth. 

Keywords: daily groundwater evaporation velocity; evapotranspiration; meteorological factors; 

soil moisture; winter wheat; water use efficiency; yield 

 

1. Introduction 

Groundwater is an important water source for human consumption and agricultural 

production [1,2]. In particular, shallow groundwater can rise through the soil capillary 

gap to supply crops, and can be absorbed and utilized by crop roots directly after being 

converted into soil water [3]. Shallow groundwater exists in many parts of the world [4]. 

Wheat is an important grain crop worldwide with sowing area accounting for about 20% 

in China [5]. Nitrogen (N) application significantly increased wheat yield and affected the 

water use of wheat [6,7]. However, an excessive amount of N application is not conducive 

to crop water use and yield formation, but will produce a series of environmental 

problems [8–10]. Therefore, the appropriate N application rate plays an important role in 

winter wheat growth, yield, and water use, especially shallow groundwater use. 
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Generally, the daily groundwater evaporation velocity (Gv), groundwater 

evapotranspiration (ETgw), evapotranspiration (ET), groundwater utilization rate (Gr), 

and water use efficiency (WUE) are important water indexes reflecting groundwater 

utilization (Gv, ET, Gr, and WUE mean the daily groundwater evapotranspiration of crop, 

crop evapotranspiration, the contribution proportion of ETgw in crop ET, the yield that 

can be produced per unit of water consumed, respectively). Liu et al. [11] found that 

winter wheat Gv decreased with the increase of groundwater depth at 0.5–2.5 m depth, 

with Gv exceeding 1.49 mm·d−1. Babajimopoulos et al. [4] showed groundwater 

contribution to the root zone of maize to be about 3.6 mm·d−1 at 0.58 m depth. Yang et al. 

[12] found that Gr was the highest from the jointing to heading stage of winter wheat, 

which was 23.5% at the depth of 1.6–2.4 m. From Kahlown et al. [13] and Fidantemiz et 

al.’s [14] research, the ETgw of soybean, winter wheat and sunflower accounted for 72–

90% of ET at the depth of 0.3–0.9 m, while sugarcane, berseem, and sorghum could not 

survive in these conditions. Gao et al. [15] showed that the Gr of summer maize was 65% 

under the condition of 1.0–1.5 m depth, and WUE was 2.02 kg/m3 at 2.5–3.0 m depth. 

Deficit irrigation would increase Gv and WUE under a constant water table, and Gv was 

about 2.5 mm·d−1 from the jointing to maturity stage under severe deficit irrigation 

according to Huo et al.’s [16] report. It is clear that crop groundwater use is affected by 

several factors. However, it is interesting to note that as an important agricultural 

production measure, the effects of N fertilization on shallow groundwater use in winter 

wheat are rarely reported. 

N application affects crop growth and water use, effectively improving crop yield. 

However, more N fertilization is not always better. Excessive N fertilization is not 

conducive to harmonizing soil nutrient composition [17,18], reducing soil texture and 

greatly increasing residual nitrogen, and decreasing N use efficiency in farmland [17,19–

22], and ultimately limiting water use and yield [23]. The effects of proper N application 

on crop water use and yield have attracted much attention. For example, Zhou et al. [24] 

found that winter wheat yield and dry matter accumulation were under border irrigation 

with 240 kg N ha−1 higher than that under border irrigation with 300 kg N ha−1. Si et al. [9] 

showed that drip irrigation with N application of more than 240 kg N ha−1 was not 

conducive to winter wheat growth and water use. Kumar et al. [25] reported that cotton 

N application of 225 kg N ha−1 with 600 mm irrigation resulted in better crop growth and 

yield in hot and arid areas; 210~270 kg N ha−1 with 140~215 mm irrigation was an efficient 

management mode, which could significantly increase yield, according to Ji et al. [26] and 

Sun et al.’s [27] findings. Cossani et al. [7] found that in contrast to the unfertilized 

conditions, in most cases the grain yield and WUE of crops increased with the increase of 

N supply. Naghdyzadegan Jahromi et al. [28] and Harries et al. [29] showed that the WUE 

of crops increased with the increase of N application rates under arid climate conditions. 

From these studies, it is not difficult to find that they mainly focused on the influence of 

N application on crop water use and yield under surface irrigation conditions. However, 

under shallow groundwater depth, the effect of N application on winter wheat growth 

attributes, WUE, yield, groundwater use of winter wheat, and nitrate content in the 

vadose zone remained unclear. Therefore, we used the lysimeter to plant winter wheat 

and control groundwater depth, and the objectives of our study were: (1) to explore the 

effects of N application on water use of winter wheat under the shallow groundwater 

depth, especially the use of groundwater; (2) to analyze the change of growth attributes, 

grain yield and nitrate accumulation under different N fertilization; and (3) to explore 

whether there is an appropriate N application rate under the condition of shallow 

groundwater depth. 

  



Agronomy 2022, 12, 3048 3 of 16 
 

 

2. Materials and Methods 

2.1. Experimental Site 

The experiment was carried out at the Agricultural Water and Soil Environment Field 

Scientific Observation and Experimental Station (latitude 35°27′ N, longitude 113°53′ E, 

elevation 73.2 m above sea level) of the Chinese Academy of Agricultural Sciences in 

Xinxiang, Henan Province. The local climate is continental and monsoonal, with an 

average rainfall of 588.8 mm. The mean annual temperature and potential evaporation 

were reported as 14.1 °C and 2000 mm, respectively. The meteorological data was 

obtained from a standard automatic weather station located in the experimental station. 

Meteorological factors during the test are shown in Figure 1. 

 

Figure 1. Meteorological factors during the test. 

2.2. Experimental Design 

2.2.1. Testing Apparatus 

In this experiment, the self-developed lysimeters for planting winter wheat was used. 

The lysimeter was cylindrical with an outer diameter d = 40 cm and a wall thickness of 0.5 

cm. The side wall of the lysimeter was slightly higher than the soil surface, 5–10 cm. The 

groundwater level control system adopted Mariotte bottles to supply water and maintain 

water levels. The bottom of the lysimeter was equipped with a back seepage filter layer to 

prevent leaking. The soil moisture probe (RS-WS-I20-TR, Shandong Rintech Measurement 

and Control Technology Co., LTD., data collection frequency was 1 h) was buried at 10 

cm, 30 cm, and 50 cm depth from the soil surface, respectively. The Mariotte bottle was 

made of transparent plexiglass, with a height of 60 cm, an outer diameter of 11 cm, and a 

wall thickness of 0.4 cm. A 0–60 cm scale bar was pasted vertically with a precision of 1.0 

mm to measure groundwater consumption (Figure 2). 
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Figure 2. Schematic diagram of an experimental set-up; 1. Outfall; 2. Lysimeter; 3. TDR (Time 

Domain Reflectometry) probe; 4. Soil-solution extractor; 5. Inlet water pipe; 6. Water-table position 

and balancer; 7. Percolation bucket; and 8. Mariotte bottle. 

2.2.2. Pre-Treatment of Experimental Soil 

The test soil was taken from the local farmland, and the soil depth was divided into 

four parts: 0–20, 20–40, 40–60, and below 60 cm. After the back filter material was filled in 

the bottom of the lysimeter, the naturally air-dried soil was passed through a 5 mm sieve 

and backfilled in the order below 60, 40–60, 20–40, and 0–20 cm. During the backfilling 

process, the soil moisture probe was buried following the above method. The backfill bulk 

density was 1.40 g·cm−3, compacted and filled in layers every 2 cm. Irrigation was 

performed from the top to form a complete soil structure after soil filling was completed. 

The soil was silty sandy loam, and the specific physical and chemical properties are shown 

in Table 1. The soil pH was determined in distilled water at a soil-to-solution mass ratio 

of 1:5 by the Thermo Scientific pH meter. The electrical conductivity (EC) of the soil 

extracts at a soil and water ratio of 1:5 (EC 1:5) was measured by a Leici-Shanghai DDB-

303A conductivity meter. The soil organic matter (OM) was determined by the oxidation 

volumetric method for the determination of potassium dichromate, the available 

potassium (AK) of soil was measured by flame photometer, the alkaline nitrogen (AN) of 

soil was measured the alkalysis diffusion method, and the soil TN and TP were 

determined by a flow analyzer. 

Table 1. Physical properties of the experimental soil. 

Soil Layer 

(cm) 
pH 

EC 

(us·cm−1) 

OM 

(g·kg−1) 

AN 

(mg·kg−1) 

AK 

(mg·kg−1) 

TN 

(g·kg−1) 

TP 

(g·kg−1) 

Soil Texture 

Clay (%) Silt (%) Sand (%) 

0–20 9.34 270.00 12.29 17.27 128.33 0.85 0.63 18.26 47.43 34.31 

20–40 9.62 313.33 9.87 13.30 81.33 1.25 0.59 18.09 45.93 35.97 

40–60 9.58 364.00 8.78 7.93 81.67 1.52 0.53 17.84 44.04 38.78 

>60 9.39 421.67 8.77 6.18 76.33 1.47 0.48 15.88 43.87 40.00 

2.2.3. Description of Experiment 

Based on the main root distribution of winter wheat in 0–60 cm [11], the groundwater 

depth was controlled at 0.6 m. Nitrogen (N) application treatments were set as no N 

fertilization treatment (NF0), Nitrogen application of 300 kg/hm2 (the traditional N 

application rate [9,30,31]), reducing the nitrogen rate by 20% and 50% on the basis of the 

traditional nitrogen rate, respectively. The N application level was 0 kg/ha (NF 0), 300 

kg/ha (3.77 g/lysimeter) (NF300), 240 kg/ha (3.01 g/lysimeter) (NF240), 150 kg/ha (1.88 

g/lysimeter) (NF150), and each treatment was repeated three times. The experiment was 

a completely randomized block design. 
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Winter wheat (Triticum aestivum L.) was sown on 25 October 2020, with about 2.83 

g/lysimeter, the cultivar was “Bainong 4199”, and the budding was on 11 November 2020. 

Harvesting was performed on 22 May 2021, thus the whole growth period was 209 days. 

In the experiment, common urea (46% N), calcium magnesium phosphate (12% P2O5), and 

potassium sulfate (50% K2O) were used as sources of N, P, and K fertilizers to supply 150 

kg/ha P (1.88 g/lysimeter), 120 kg/ha K (1.51 g/lysimeter), and N according to N treatment 

rates. N fertilizer was applied in the form of base fertilizer and topdressing at a ratio of 

6:4, with a mixture of 60% N, 100% P, and 100% K fertilizer applied at sowing stage, and 

40% N fertilizer of topdressing applied at the jointing stage. During the whole experiment, 

a rain shelter was used to avoid precipitation interference. The irrigation date and 

amounts were based on the soil moisture from 0–40 cm and the crop growth process. The 

date and irrigation amounts were shown in Table 2. 

Table 2. Winter wheat irrigation amount and irrigation date. 

Irrigating Date 

(yy/mm/dd) 

Irrigating Amount 

(mm) 

Irrigating Date 

(yy/mm/dd) 

Irrigating Amount 

(mm) 

2021/1/13 17.64 2021/4/21 17.64 

2021/3/17 30.88 2021/5/2 8.82 

2021/3/31 17.64 2021/5/8 17.64 

2021/4/11 17.64  

2.2.4. Monitoring Items and Analytical Methods 

(1) Meteorological data 

Solar radiation, humidity, atmospheric pressure, atmospheric temperature, and wind 

speed were obtained from the meteorological station of the test station (Figure 1). 

(2) Crop height and leaf area index (LAI) 

Three representative winter wheat plants were randomly selected in each lysimeter 

to measure crop height and leaf area (n = 3). 

(1) Plant height: Before the booting stage, a ruler was used to measure the distance 

between the base of wheat and the highest point of leaf growth as the plant 

height, and the distance between the base of winter wheat and the top of spike 

(excluding awn length) was used as crop height in the booting stage and later. 

The measured growth stages were the regreening, jointing, booting, anthesis, 

filling, mid-filling and the maturity stage. 

(2) LAI: The maximum leaf length and maximum leaf width were measured with a 

ruler. The leaf area index (LAI) was calculated by using the ruler method and 

the length-width coefficient method. The measured growth stages were the 

jointing, anthesis, filling and middle of filling stage. 

(3) Nitrate-accumulation in the vadose zone 

The soil sampling depth was 60 cm, and three soil samples were collected, 

corresponding to 0–20 cm, 20–40 cm and the 40–60 cm layer, respectively (n = 3/lysimeter). 

10.0 g fresh soil samples were extracted with 0.01 mol/L CaCl2 after wheat harvest and 

were analyzed for nitrate content using continuous flow analysis (Auto Analyzer-III from 

the bran-luebbeLuebbe, Germany) in the laboratory. Soil nitrate accumulation in the 

vadose zone was calculated using the method of Yang et al. [32]. 

(4) Soil moisture 

The soil moisture of different soil layers in the lysimeter was derived from Shandong 

Renke Environmental monitoring platform V3.5.0 (Shandong Renke Measurement and 

Control Technology Co., LTD. Shandong, China). 

(5) Daily groundwater evaporation velocity 
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The water level in the Mariotte bottle was recorded in the morning and evening. The 

groundwater evaporation of each growth stage and the whole growth period were 

calculated by daily groundwater consumption. The daily groundwater evaporation 

velocity (Gv, mm·d−1) was calculated by the change in the number of Mariotte bottles Δh 

every day. 

(6) Crop water requirements 

Generally, irrigation should be needed when soil moisture (θ) is 60% of field water 

capacity (θf). Crop water requirements (Wr) can be obtained if soil moisture is capped at 

75% of field water capacity. Based on the 0–20 cm soil moisture, the Wr of 0–20 cm was 

calculated by the equation: 

Wr = (75% θf − θ) × 20 × 10 (1)

(7) Evapotranspiration (ET) 

The water consumption of winter wheat during the growing period was calculated 

by the water balance method [14,33]. 

ET = P + I + ETgw − (D + ΔW) (2)

where the ΔW is the change of soil water storage, mm. I, irrigation amount, mm; P, 

precipitation, mm; ETgw, groundwater evaporation, mm; ET, evapotranspiration of 

crops, mm; D, the loss of deep leakage, irrigation was controlled during the experiment, 

and no deep leakage was caused during the whole growth period, mm. 

(8) Crop water use efficiency (WUE), partial factor productivity of applied N (PFPN), 

groundwater use efficiency (GUE), and groundwater utilization rate (Gr) 

Crop water use efficiency (WUE, g·m−3) is the ratio of winter wheat grain yield (Y, 

kg/ha) to crop water evapotranspiration per unit area (ET, mm): 

WUE = 100 × Y/ET (3)

Groundwater use efficiency (GUE, g·m−3) is the ratio of winter wheat yield Y to 

groundwater evaporation (ETgw, mm): 

GUE = 100 × Y/ETgw (4)

Groundwater utilization rate (Gr, %) is the contribution proportion of ETgw in crop 

ET, which is used to quantitatively evaluate the influence degree of groundwater depth 

on crop water requirements under specific soil and crops [34]. 

Gr = 100 × ETgw/ET (5)

Partial factor productivity of applied N (PFPN, kg·kg−1) is an important index 

reflecting the comprehensive effects of soil’s basic nutrient level and N application rate 

(N, kg/ha) [35,36]. 

PFPN = Y/N (6)

2.3. Statistical Analysis 

SPSS 23.0 (SPSS Inc. Chicago, IL, USA) was used for data analysis and we used 

ANOVA to test the difference in the grain growth attributes, yield, Gv, WUE, soil 

moisture, ET, GUE, and nitrate accumulation. Correlation analysis was conducted to 

relate the Gv with the meteorological factors, and grain yield with growth attributes, 

nitrate accumulation, water use and PFPN. All figures were created using Origin 2021 

(OriginLab Corp., Northampton, MA, USA). 
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3. Results 

3.1. Crop Height and Leaf Area Index (LAI) 

Crop height and LAI of winter wheat increased with the increases of N application 

rate, which were significantly higher under N application than without N application. The 

crop height of NF300 treatment was significantly higher than that of NF150-NF240 

treatment at the regreening stage, which was 17.98% and 12.82% higher, respectively 

(Figure 3a). Compared with NF150 treatment, the LAI of NF240 and NF300 treatment 

significantly increased by 35.45–107.23% and 58.75–169.98% at the anthesis stage and the 

mid-filling stage, respectively (Figure 3b). 

 

Figure 3. Crop height (a) and LAI (b) of winter wheat under different N application at 0.6 m 

groundwater depth. Re: the Regreening stage; Jo: the Jointing stage; Bo: the Booting stage; He: the 

Heading stage; An: the Anthesis stage; Fi: the Filling stage; M-Fi: the middle of filling stage; Ma: the 

maturity stage. NF0: N fertilization rate of 0 kg/ha; NF150: N fertilization rate of 150 kg/ha; NF240: 

N fertilization rate of 240 kg/ha; NF300: N fertilization rate of 300 kg/ha. Different letters represent 

significant difference at p < 0.01 level.  

3.2. Yield and Nitrate Accumulation in the Vadose Zone 

The yield and nitrate accumulation in the vadose zone increased significantly with 

increasing N application rate, but with the addition of N fertilization, the yield increase 

rate was obviously different from the nitrate accumulation rate in the vadose zone (Figure 

4). With the N fertilization of 0–150 kg/ha, the yield and nitrate accumulation of NF150 

treatment increased by 2.78 times and 24.19% of those of the NF0 treatment. From the N 

fertilization of 150–300 kg/ha, compared with NF150 treatment, the yield of the NF300 

treatment increased by 26.95%, with a lower increase rate, while nitrate accumulation of 

the NF300 increased by 8.12 times, with a sharp increase rate. 

 

Figure 4. Winter wheat yield and nitrate accumulation in the vadose zone. 
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3.3. Daily Groundwater Evaporation Velocity (Gv), Maximum Gv and Average Gv in Each 

Growth Period 

The Gv increased slightly in the greening stage, then started to increase at the jointing 

stage, reached the maximum from the jointing to the filling stage, and decreased at the 

end of the filling to the maturity stage. The Gv fluctuated more greatly in the regreening 

to the maturity stage from NF150-NF300 treatment than that from NF0 treatment (Figure 

5a, b). Irrigation obviously decreased the subsequent Gv (Figure 5a). The Gv of N 

application treatment was significantly higher than that of NF0 treatment in each growth 

stage. With the advance of the growth process, the Gv increased with the N application 

rate added. From the anthesis to the filling stage, NF300 treatment was significantly 

higher than NF150-NF240 treatment, which was 4.82–14.65% higher on average. During 

the whole growth period, the Gv was as follows: NF300 > NF150-NF240 > NF0, and NF300 

treatments were 14.75%, 13.22%, and 116.81%, which are significantly higher than that of 

NF240, NF150, and NF0, respectively. The law of the maximum Gv was similar to average 

Gv in each stage under N application (Figure 5c). 

 

 

Figure 5. Daily groundwater evaporation velocity (a), Gv of every growth period (b), and the 

maximum Gv of every growth period (c) of winter wheat. Re: the Regreening stage; Jo: the Jointing 

stage; Bo: the Booting stage; He: the Heading stage; An: the Anthesis stage; Fi: the Filling stage; Ma: 

the maturity stage; Wg: the whole growth period; Gv: Daily groundwater evaporation velocity. 

From the onset of regreening stage, the various growth stages of winter wheat were indicated 

between the dashed lines in (a). The line in (b) represented the average value under the treatments. 

NF0: N fertilization rate of 0 kg/ha; NF150: N fertilization rate of 150 kg/ha; NF240: N fertilization 

rate of 240 kg/ha; NF300: N fertilization rate of 300 kg/ha. Different letters represent significant 

difference at p < 0.01 level. 
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3.4. Soil Moisture and Crop Water Requirements of 0–20 cm Soil Layer in Each Stage 

Under NF150-NF300 treatment, the soil moisture in the 0–20 cm soil layer reached 

the maximum at the jointing stage, then gradually decreased and fluctuated greatly 

during the growth period at the booting to the maturity stage; NF150 treatment was 

significantly higher than NF240-NF300 treatment, which increased by 14.89–22.49% and 

13.28–29.16%, respectively. Under NF150-NF300 treatment, the average soil moisture of 

fluctuation in the 40–60 cm soil layer was small, and the 20–40 cm soil layer was the 

smallest from the regreening to the maturity stage (Figure 6a–c). Water requirement (Wr) 

was the largest at the filling stage, while the rest of the growth stages were small. Wr of 

NF240-NF300 treatments was significantly higher than NF150 treatments, with an average 

increase of 153.16% and 163.03% (Figure 6d). 

 

Figure 6. Soil moisture in 0–20 cm (a), 20–40 (b), and 40–60 cm (c) and water requirement of 0–20 

cm soil layer (d) at different growth stages. SWC: soil moisture; Re: the Regreening stage; Jo: the 

Jointing stage; Bo: the Booting stage; He: the Heading stage; An: the Anthesis stage; Fi: the Filling 

stage; Ma: the maturity stage; Wr: water requirement. NF150: N fertilization rate of 150 kg/ha; 

NF240: N fertilization rate of 240 kg/ha; NF300: N fertilization rate of 300 kg/ha. Different letters 

represent significant difference at p < 0.01 level. 

3.5. Evapotranspiration (ET), Groundwater Evaporation (ETgw), and Groundwater Utilization 

Rate (Gr) 

The accumulative groundwater replenishment in the growth period was the highest 

in the filling stage, followed by the jointing stage and the regreening stage (Figure 7a). N 

application was significantly higher than that of NF0 treatment, which increased by 45.44–

134.82%, 27.56–147.70%, and 46.35–166.17% under NF150-NF300 treatments, respectively. 

NF300 treatments were significantly higher than NF150-NF240 treatments in the anthesis 

to the filling stage, which increased by 13.35–26.98% and 7.46–19.92%. ETgw and ET under 

N application treatment were significantly higher than those under NF0 treatment (Figure 

7b), which increased by 86.15–106.60% and 48.50–67.08%. NF300 treatment was 

significantly higher than NF150-NF240 treatment, in which ETgw and ET increased by 

10.99–11.17% and 8.16–12.51%. Gr was 66.57–69.36% and was not significantly different 

under NF150-NF300 treatment but significantly higher than that under NF0 treatment, 

increased by 20.29–23.78% under NF150-NF300 treatment (Figure 7b). 
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Figure 7. ETgw of each growth stage of winter wheat (a); ET, ETgw, and Gr of winter wheat (b). 

ETgw: groundwater evapotranspiration; ET: evapotranspiration; Gr: groundwater utilization rate; 

Re: the Regreening stage; Jo: the Jointing stage; Bo: the Booting stage; He: the Heading stage; An: 

the Anthesis stage; Fi: the Filling stage; Ma: the maturity stage. NF0: N fertilization rate of 0 kg/ha; 

NF150: N fertilization rate of 150 kg/ha; NF240: N fertilization rate of 240 kg/ha; NF300: N 

fertilization rate of 300 kg/ha. Different letters represent significant difference at p < 0.01 level. 

3.6. Groundwater Use Efficiency (GUE), Water Use Efficiency (WUE), and Partial Factor 

Productivity of Applied N (PFPN) 

GUE and WUE increased with the increase of N application, and N application was 

significantly higher than that of the NF0 treatment (Figure 8a). The GUE and WUE of 

NF150-NF300 treatments were 103.25–132.47% and 154.71–187.55% higher than the NF0 

treatment. The NF300 treatment was significantly higher than the NF150-NF240 

treatment; the GUE and WUE under NF300 treatment were 4.33–14.38%, 7.36–12.89% 

higher than those of NF150-NF240 treatment, respectively. PFPN decreased with the 

increase in N application rate (Figure 8b), and NF150 was significantly higher than NF240-

NF300, which increased by 46.36% and 57.53%. 
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(PFPN). NF0: N fertilization rate of 0 kg/ha; NF150: N fertilization rate of 150 kg/ha; NF240: N 

fertilization rate of 240 kg/ha; NF300: N fertilization rate of 300 kg/ha. 
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(Table 3). Grain yield, Gv, ETgw, ET, WUE, crop height, LAI, and nitrate accumulation 

were significantly positively correlated, while PFPN was significantly negatively 

correlated with yield, WUE, crop height, LAI, and nitrate accumulation (Figure 9a). These 

results indicated that N application increased winter wheat yield by increasing 

groundwater use and crop growth attributes. 

GUE, WUE, and Gr showed a significant quadratic relationship with the N 

application rate, R2 = 0.82–0.98 (Figure 9b). When the N application rate was 219.42–289.53 

kg/ha, Gr, GUE, and WUE reached the maximum, which were 69.15%, 2863.91 g·m−3, and 

1942.78 g·m−3, respectively. 

Table 3. Correlation between daily groundwater evaporation velocity and environmental factors at 

different N application rates. 

NF 

Soil Surface 

Moisture 

(cm3·cm−3) 

Current 

Solar 

Radiation 

(W·m−2) 

Cumulative 

Solar 

Radiation 

(MJ·m−2) 

Humidity 

(%) 

Dew Point 

Temperature 

(°C) 

Atmos 

Pressure 

(hPa) 

Tempera

ture (°C) 

Highest Wind 

Velocity 

(m·s−1) 

Wind 

Velocity 

(m·s−1) 

NF0 −0.284 * −0.033 −0.016 −0.263 * −0.382 ** 0.130 −0.167 0.004 0.025 

NF150 −0.236 * 0.044 0.055 −0.339 ** −0.062 −0.178 0.157 0.095 0.134 

NF240 −0.357 * 0.120 0.134 −0.435 ** −0.126 −0.225 * 0.218 * 0.130 0.160 

NF300 −0.278 * 0.133 0.147 −0.487 ** −0.120 −0.296 ** 0.281 ** 0.151 0.170 

Note: The change of soil surface moisture was denoted at 10 cm below the soil surface under N 

application and 20 cm below the soil surface under no N application. NF0: N fertilization rate of 0 

kg/ha; NF150: N fertilization rate of 150 kg/ha; NF240: N fertilization rate of 240 kg/ha; NF300: N 

fertilization rate of 300 kg/ha. * represents significant difference at p < 0.05 level. ** represents 

significant difference at p < 0.01 level. 

 

Figure 9. Correlation analysis of winter wheat grain yield, crop growth attributes, water use, PFPN, 

and nitrate accumulation in the vadose zone (a); Fitting relationship between GUE, WUE, and 

Grand N application rate (b). PFPN: Partial factor productivity of applied N, Ch.: crop height of 

winter wheat. 
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that in the no N application treatment during the whole growth period (Figure 5a,b). 

Irrigation and precipitation would interfere with Gv, and Gv significantly decreased after 

irrigation under all N application treatments (Figure 5a). This is mainly due to irrigation 

increasing the upper soil moisture, the water potential gradient with the lower soil being 

decreased, and the short-term groundwater evaporation intensity being decreased. 

However, the degree of interference was limited by the amount of irrigation or 

precipitation and external meteorological conditions [39]. 

In terms of Gv intensity, Babajimopoulos et al. [4] found that that the Gv of summer 

maize was 3.6 mm·d−1 when the groundwater depth was about 0.6 m; Liu et al. [40] 

showed that Gv of winter wheat was 3.71–3.79 mm·d−1 under 0.7 m depth, and the 

maximum Gv was nearly 8 mm·d−1. In our study, the Gv of winter wheat was 1.57–3.40 

mm·d−1 under N application, slightly lower than Babajimopoulos et al. [4] and Liu et al. 

[40]. This is mainly because the temperature can promote groundwater evaporation (Table 

3), and the temperature during the growth period of winter wheat was lower than that of 

summer maize, and the irrigation amount in our study was relatively higher, which 

reduced the Gv (Figure 5a). In addition, the Gv, ETgw, and ET of winter wheat increased 

with the increase of N application, in particular, these parameters were significantly 

higher under N treatments than these under the no N treatment (Figures 5 and 7), and the 

maximum Gv was 7.14 mm·d−1 under 300 kg/ha application (Figure 5), indicating that the 

increase of the N application had a significant promoting effect on groundwater 

evaporation. The ETgw, ET, WUE, and grain yield were subsequently increased (Figure 

9). The N application’s addition may increase the solute potential gradient in the vadose 

zone and the water potential gradient in the upper and lower layers (Figure 4), increasing 

groundwater consumption [41]; on the other hand, shallow groundwater may have 

negative effects on the growth of winter wheat (Figure 3), such as waterlogging damage, 

and the high groundwater table may easily form a reducing environment, leading to 

nitrogen loss [42–44]. Increased N application can alleviate the adverse effects of a high 

groundwater table such as waterlogging to a certain extent, increasing the water use, crop 

growth attributes and grain yield (Figure 9a) [45,46]. This may be the main reason that 

adding the N application promoted the groundwater consumption and winter wheat 

yield (Figures 4 and 7). 

Under the N application, the Gv of winter wheat showed a significant negative 

correlation with surface soil moisture, air relative humidity, and atmospheric pressure, 

especially at the heading to the maturity stage, Gv continued to strengthen (Table 3, Figure 

5a), and surface soil moisture significantly decreased (Figure 6a); Gv was positive with 

atmospheric temperature significantly, similar to previous research [47–49]. Moreover, 

the correlation between Gv and meteorological factors gradually strengthened with the 

increase in N application rate in our study (Table 3), which may be due to the fact that 

increased N application under a high water table promoted crop growth and increased 

the water carrying capacity of soil interspaces [37], and shallow groundwater was more 

sensitive to environmental and meteorological conditions. 

Shallow groundwater is an important source of crop water consumption and a major 

component of crop water demand, significantly affecting crop water productivity. 

Previous studies have shown that the ET of crops was 499.33–660 mm under a 

groundwater depth of 0.5–1.5 m with 100–500 mm irrigation, WUE was 0.85–1.87 kg·m−3, 

and crop (winter wheat) groundwater utilization rate (Gr) was 29–90% [13–16,34,47,50,51]. 

In our study, these indices were similar to those obtained in previous studies [13–

16,34,47,50,51]. In addition, these indices were significantly affected by N application. 

Grain yield, crop growth attributes, ET, GUE, and WUE without N application were lower 

and they increased with the increasing N application rate (Figures 3, 4, 7 and 8); grain 

yield was positive with Gv, ETgw, ET, growth attributes, WUE, and GUE significantly 

(Figure 9a). These results indicated that N application at the shallow groundwater depth 

could promote the absorption and utilization of groundwater by crops and the improving 

of crop growth attributes, then increasing yield and WUE [7,52]. This may be similar to 
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Harries et al.’s [29] research that N application can promote crop water use and increase 

the yield under surface irrigation. Furthermore, Soylu et al. [53] showed that the 0.8–1.0 

m depth was the critical depth for groundwater to produce anaerobic stress, so the growth 

of winter wheat may be inhibited [54,55]. In our study, under 0.6 m depth, the yield, WUE, 

and GUE of winter wheat with 0–150 kg/ha N application were low, but the yield and 

water use were significantly improved when the N application rate exceeded 150 kg/ha, 

indicating that adding N application could boost the resistance of winter wheat to the 

adverse environment of the high water table and increase water use and yield. This may 

be due to the balance of water and nitrogen in a crop-soil system under a high N 

application rate and high water table, which promoted crop growth, and the high N 

fertilization could provide more nitrogen to compensate for the N lost by denitrification 

under the high water table [44]. But the higher N application rate was not the better one; 

the higher N application rate will increase the nitrate content in the vadose zone [31,56]. 

In our study, from the N fertilization of 150–300 kg/ha, the nitrate accumulation in the 

vadose zone increased by 8.12 times sharply while the yield increased by 24.19%. The 

accumulation rate of nitrate was obviously higher than the yield increase rate when N was 

more than 150 kg/ha (Figure 4), which indicated that 150 kg/ha N application was a key 

N application rate at 0.6 m depth. There would be potential risks such as groundwater 

nitrate pollution and increased greenhouse gas emissions in the atmosphere, and this 

would also significantly reduce the partial factor productivity of the applied N under high 

N application [8,30,57]. Therefore, through a fitting analysis of GUE, WUE, and Gr with 

N application rate (Figure 9b), it can be found that 219.42–289.53 kg/ha was an optimal N 

application rate under 0.6 m groundwater depth with the condition of relatively strong 

alkaline soil. Moreover, in order to obtain the optimal N application rate and the optimal 

groundwater depth, the combined effects of different groundwater depths and different 

N application rates on crop yield, groundwater, and nitrogen use need to be studied 

further. 

5. Conclusions 

Under shallow groundwater depth, the increasing N application rate significantly 

increased the sensitivity of the daily groundwater evaporation velocity of winter wheat 

to environmental meteorological factors and promoted crop water use, crop growth and 

yield. From 150 kg/ha to 300 kg/ha N fertilization, LAI and yield increased by 26.95–

82.02%, and water use increased by 11.17–14.38%. 

N application had a significant effect on water transfer and could promote the 

consumption and utilization of groundwater at 0.6 m depth. But a high N application rate 

would induce surface soil drought, leading to a rapid increase in nitrate accumulation in 

the vadose zone and a significant decrease in partial factor productivity of applied N. 

With the N application of 150–300 kg/ha, the accumulation of nitrate in the vadose zone 

increased by 8.12 times, and soil moisture in 0–20 cm and partial factor productivity of 

applied N significantly decreased by 19.16–57.53%. Considering the groundwater 

utilization rate, groundwater and water use efficiency of crops, and nitrate accumulation 

in the vadose zone, the optimal N application rate was 219.42–289.53 kg/ha under the 

groundwater depth of 0.6 m. Nitrogen application at shallow groundwater depths 

significantly affected winter wheat growth, yield, water and nitrogen use, but the 

combined effects of different groundwater depths and different nitrogen application rates 

on yield, water and nitrogen use and the microbial mechanism of winter wheat yield 

affected by nitrogen application and groundwater depth need to be studied further. 
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