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A B S T R A C T   

Context: Traditional cultivation pattern (TC) of winter wheat has shortages of insufficient land utilization and low 
water and nitrogen use efficiency, which restrict the sustainability of wheat production in the North China Plain 
(NCP). 
Research question: A new planting pattern of high-low seedbed cultivation (HLSC) was developed to increase land 
utilization rate and wheat productivity. However, the mechanisms of grain yield and water-nitrogen use effi
ciency increase under the HLSC pattern are not well understood. 
Methods: Therefore, we conducted a three-year (2017–2020) field experiment to explore the effects of cultivation 
patterns on the distribution of soil water and nitrite, plant growth, grain yield, and water-nitrogen use efficiency 
under different irrigation levels by employing TC and HLSC patterns. 
Results: Results showed that the HLSC pattern significantly promoted grain yield, water use efficiency of grain 
(WUEG), and nitrogen use efficiency (NUE) of winter wheat under different irrigation levels. Across three irri
gation levels, HLSC significantly increased grain yield by 22.63%, 10.30%, and 9.96% in the three seasons, 
respectively, compared to TC. The higher grain yield under HLSC was ascribed mainly to the increases in 
effective spike number, which produced more LAI and aboveground biomass. Although wheat under HLSC 
consumed more water, the WUEG across irrigation levels under HLSC was 6.77%, 2.38%, and 4.28% higher than 
those under TC for the three seasons, due to the reduction of ineffective soil surface evaporation under HLSC. 
Moreover, HLSC stimulated roots to uptake more water stored in the subsoil layer, which was conducive to 
developing a larger soil reservoir capacity for storing rainwater in summer. Wheat plants under HLSC absorbed 
21.76% more nitrogen and finally achieved an average 14.29% increase of NUE over the irrigation levels and 
seasons. Principal component analysis (PCA) revealed that HLSC is recommended as the best cultivation in wheat 
production. 
Conclusions: The results suggest that HLSC is a promising cultivation pattern for improving grain yield and water- 
nitrogen use efficiency in winter wheat production in the NCP. 
Significance: Our study provides a practical reference to explore sustainable cultivation patterns of winter wheat 
in areas with similar climate conditions to the NCP.   

1. Introduction 

Food security is a major challenge facing mankind in the 21st century 
(Pergner and Lippert, 2023), and this challenge is likely to increase in 
the context of climate change and growing competition for natural re
sources (Cassman and Grassini, 2020). Studies show that by 2050, food 

production must increase by 60–110% (from 2005) to meet growing 
demand (van Dijk et al., 2021; Guarin et al., 2022). Increasing produc
tion by expanding agricultural land requires high human and environ
mental costs (Qi et al., 2018), so high-yield and efficient agriculture 
must be developed to achieve the necessary production benefits on 
existing farmland. The North China Plain (NCP) is an important grain 
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production base in China (Du et al., 2014), in which the wheat output 
accounts for about 70% of the total national output (Liu et al., 2023b). 
Therefore, improving winter wheat production in this region is of great 
significance to China’s food security. 

In the NCP, due to the low rainfall during the winter wheat growing 
season, high and stable yields are highly dependent on irrigation (Jha 
et al., 2019; Zhang et al., 2022). At present, surface irrigation is still the 
dominant irrigation pattern for winter wheat in North China, accounting 
for more than 85% of the total irrigated area (Ministry of Water 
Conservancy, 2017). Although the main irrigation system has been 
greatly improved through water-saving reconstruction in large-scale and 
medium-scale irrigated areas in the last decades, the improvement of the 
field water distribution system is still very limited. Traditionally, 
farmers built borders in the fields, dividing them into many narrow beds 
and irrigating them with flood irrigation within the boundary basins 

(Wang et al., 2004; Liu et al., 2020). Because some spaces are reserved 
necessarily for building the borders, the traditional cultivation pattern 
(TC) leads to insufficient land utilization and some loss of effective light 
interception, resulting in a decrease of wheat grain yield (Wu et al., 
2021). In addition, the TC pattern tends to lead to poor ventilation and 
light transmission in the middle and lower part of the plant population, 
which is not conducive to the improvement of population photosyn
thesis and wheat stress resistance (Wang et al., 2004; Du et al., 2021b). 

To address this challenge, high-low seed bed cultivation (HLSC) was 
developed and have been widely used in crop production on the Shan
dong province, China (Wu et al., 2021). In HLSC, the high bed (HLSC-H) 
effectively eliminates the border of TC and forms a wavy canopy 
structure, which may be beneficial to the growth and development of 
wheat (Du et al., 2021a). A relevant study has reported that HLSC offers 
multiple advantages, including forming an ideal canopy structure, 

Fig. 1. Daily rainfall (RAIN), maximum temperature (TMAX), minimum temperature (TMIN), and accumulation irrigation amount of different treatments during the 
three winter wheat seasons. Note: H, M, and L mean full irrigation, mild deficit irrigation, and deficit irrigation, respectively. 
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enhancing grain yield, and improving lodging resistance (Wu et al., 
2021). However, the characteristics of resource use, particularly water 
and nitrogen use, in HLSC cultivation have not been well studied. The 
lack of knowledge may restrict the further improvement and wider 
application of the HLSC pattern. In addition, in agricultural production 
practice, winter wheat growth often goes through various soil water 
situations, and soil moisture is an important factor affecting root water 
and nitrogen uptake and crop growth. Therefore, the influence of 
different soil water conditions should be considered when studying the 
regulatory effects of different cultivation patterns in the future. 

The objectives of this study were to (i) investigate the characteristics 
of soil water and nitrite distribution, wheat growth, crop water con
sumption, and plant N absorption of different cultivation patterns under 
different irrigation levels and (ii) analyze the mechanisms influencing 
grain yield, water and nitrogen use efficiency of different cultivation 
methods. (iii) determine the appropriate cultivation pattern in the study 
area. The results will be helpful to explore high-yield and high-efficiency 
cultivation patterns in the NCP. 

2. Materials and methods 

2.1. Experimental site 

The experiments were conducted during the 2017–2018, 
2018–2019, and 2019–2020 wheat growing seasons at the field exper
imental station of Binzhou Academy of Agricultural located in Dianzi 
Town, Boxing County, Shandong Province (118.29◦E, 37.06◦N). The 
station belongs to the Yellow River Alluvial Plain, a very important 
winter wheat production area in China, and a temperate continental 
monsoon climate area with average annual precipitation of 589 ± 146.4 
mm, a mean temperature of 13.4 ± 0.5 ℃. The daily precipitation, 
maximum temperature, and minimum temperature during the three 
seasons are shown in Fig. 1. The rainfall amount during the growth 
period of winter wheat during 2017–2018, 2018–2019, and 2019–2020 
are 253.5, 95.5, and 162.7 mm, respectively. The soil type in the field is 
silty loam with a bulk density of 1.50 g cm− 3. Detailed soil physical 
parameters in the 0–100 cm soil layer and chemical properties in the 
0–40 cm layer are shown in Table S1 and Table S2, respectively. 

2.2. Experimental design 

The field experiment was designed in a split-plot arrangement con
sisting of two experimental factors. The main plot was arranged for two 
cultivation patterns: (1) traditional cultivation (TC): consisted of all 
plane seedbeds of 120 cm wide, separated by ridges of 30 cm wide; four 
rows of wheat were sown on the seedbeds at an average spacing of 
30 cm, and irrigation water and topdressing fertilizers were applied 
uniformly in the entire seedbed (Fig. 2a). (2) High-low seedbed culti
vation (HLSC): consisted of low seedbeds of 90 cm wide, separated by 
raised seedbeds of 60 cm wide; four rows of wheat were sown on the low 

bed and two rows on the raised bed (Fig. 2b). The irrigation and 
topdressing fertilizer were performed in the low bed of HLSC (HLSC-L) 
(Fig. 2). 

The subplot was arranged with three irrigation quotas of 90, 72, and 
54 mm, respecting full irrigation treatment (H), mild deficit irrigation 
treatment (M), and severe deficit irrigation treatment (L), respectively. 
In the 2017–2018 season, only full irrigation treatment was set in TC. 
When the average SWC of 0–100 cm soil layer in full irrigation treat
ment decreased to 55%− 60% of the field water capacity, irrigation was 
carried out in all three irrigation treatments with arranged water quota. 
Fig. 1 shows the irrigation time and total irrigation amount under the 
three irrigation treatment levels. The two cultivation patterns and the 
three irrigation quotas interacted as 6 experimental treatments (4 
treatments in the 2017–2018 season). Three plots of 180 m2 

(9 m × 20 m) were arranged to implement the 3 replications. 
Wheat variety Jimai-22 was used in the 2017–2018 season, and 

Jimai-23 in the 2018–2019 and 2019–2020 seasons due to local large- 
scale wheat variety alternatives. Previous study and large-scale appli
cation found that Jimai-23 improved quality and resistance to powdery 
mildew, and other characteristics were similar to Jimai-22 (Jia et al., 
2020). This ensures that the findings in this paper will not be affected by 
variety choice. The wheat was sown on October 5, and harvested on 
June 8, in the 2017–2018 and 2018–2019 seasons. In the 2019–2020 
season, the wheat was sown on October 15 and harvested on June 8. The 
seed amounts sowed for the two cultivation patterns was the same as 
120 kg ha− 1 to ensure the same initial number of seedlings per area. The 
basal fertilizers consisting of 120 kg ha− 1 N (Urea), 120 kg ha− 1 P 
(P2O5), and 120 kg ha− 1 K (in K2O) were applied justly before sowing. 
The topdressing N of 120 kg ha− 1 was applied on April 2, 2018, March 
28, 2019, and March 19, 2020, respectively. 

2.3. Sampling and measurements 

2.3.1. Soil sampling 
Justly before sowing and after harvesting, soil samples were taken at 

0–10, 10–20, 20–30, 30–40, 40–60, 60–80, 80–100, 100–120, and 
120–150 cm soil depth increment using an auger. For HLSC, the soil was 
sampled in both high beds (HLSC-H) and low beds (HLSC-L). Each fresh 
soil sample was divided into two parts. One part was placed in aluminum 
cans and dried at 105 ◦C to a constant weight and used to determine 
SWC. Another part was quickly pocketed in plastic bags and then stored 
in a 4 ℃ refrigerator for further analysis. NO3-N was extracted using 
2 mol L–1 KCl solution and measured using an AA3 flow analyzer (Seal 
Analytical Inc. AA3-HR USA). Soil water storage (SWS, mm) in the soil at 
harvest was calculated according to Eq. (1): 

SWS =
∑n

1
hi × ρi × bi × 10 (1)  

where, hi is the thickness of the ith soil layer, cm; ρi is the soil bulk 
density of the ith soil layer, (g cm− 3). bi is the SWC of the ith soil layer; n 
is the number of soil layers divided for sampling. 

Fig. 2. Traditional cultivation (TC) and high-low seedbed cultivation (HLSC). The irrigation and topdressing fertilizer were performed in the seedbed of TC and the 
low bed of HLSC (HLSC-L). 
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Crop evapotranspiration (ETa, mm) was calculated using the soil 
water balance equation as follows (Si et al., 2020): 

ETa = ΔS+P+ I+U − R − DW (2)  

where ΔS (mm) is the change of soil water storage, P (mm) is precipi
tation, I (mm) is irrigation amount, U(mm) is upward capillary flow into 
the 0–150 cm zone, R (mm) is the surface runoff, DW (mm) is the 
downward drainage out the 0–150 cm zone. U was negligible due to the 
deep groundwater level, and the measured values of R and DW were zero 
during the three growing seasons. 

2.3.2. Plant sampling 
Plants number per meter was measured from the labeled 1 m length 

of sampling section before tillering (about 30 days after sowing), and 
every 10–15 days during the re-green stage to harvest, and then con
verted to plant density according to the previous study (Jha et al., 2019). 

Leaf area index (LAI) and aboveground biomass were manually 
measured by taking randomly plants as samples. For the TC, samples 
were taken from both the side row and the inside row, then mixed. Leaf 
length and themaximum width of each leaf on 10 sampled plants were 
measured with a ruler, and the LAI was calculated using the method 
described in the previous study (Jha et al., 2019). The 40 sampled plants 
were then dried in an oven at 75 ℃ until reaching a constant weight and 
weighed for calculating the aboveground biomass following Jha et al. 
(2019). For the HLSC, plant samples were taken from high and low beds, 
respectively. LAI and biomass per area were calculated using a weighted 
average (2:4 based on high: low rows). 

2.3.3. Total nitrogen content in plants 
The main organs (stem, leaf, and ear) of sample plants were sepa

rated, dried, and weighed respectively, and then used to measure total 
nitrogen content. The measuring method may be described as follows: 
the dried organ was ground and crushed, sifted with a 0.5 mm screen, 
boiled with H2SO4-H2O2, and then determined total nitrogen content 
was by AA3 flow analyzer (Seal Analytical Inc. AA3-HR USA). Nitrogen 
uptake of an organ was calculated by multiplying the dry weight of the 
organ and its total nitrogen content. Nitrogen uptake of a single plant 
was considered as the total nitrogen uptakes of all organs, and nitrogen 
accumulation of the population was obtained by multiplying the average 
nutrient uptake of the single plant by population density. 

2.3.4. Grain yield and its compositions 
Grain yield was determined from a 1.5 m2 undisturbed area in the 

middle of each plot. All grains were air-dried naturally with 13% water 
content, weighed, and the values are converted to the final yield. In each 
plot, the one meter row was counted for measuring the spike number. 
For the HLSC, the plants in the raised and low beds were counted 
respectively, and the spike number per area was calculated by weighted 
average. Forty plants of each plot were randomly collected for 
measuring kernels per spike. The 1000-grain weight (with 13% water 
content) was calculated by weighing 1000 seeds taken randomly from 
the yield measurement sample. 

2.3.5. Water and nitrogen use efficiencies 
Water use efficiency of grain (WUEG, kg m− 3), water use efficiency of 

aboveground biomass (WUEAB, kg m− 3), nitrogen use efficiency (NUE, 
kg kg− 1), nitrogen uptake efficiency (NupE, kg kg− 1), and nitrogen 
utilization efficiency (NutE, kg kg− 1) were calculated with Eqs. (3), (4), 
(5), (6), and (7). 

WUEG = 0.1
Y

ETa
(3)  

WUEAB = 0.1
Aboveground Biomass

ETa
(4)  

NUE =
Y
Ns

× 100% (5)  

NupE =
Nt

Ns
× 100% (6)  

NutE =
Y
Nt

× 100% (7)  

where, Y (kg ha− 1) is grain yield, ETa (mm) is actual evapotranspiration, 
Ns (kg ha− 1) is nitrogen application rate, and Nt (kg ha− 1) is the total 
nitrogen uptake at maturity. 

2.4. Statistical analysis 

The effects of cultivation pattern and irrigation level on wheat 
growth, grain yield, WUEG, WUEAB, and NUE were assessed by two- 
factor analysis of variance (ANOVA) using SPSS 24.0. Significant dif
ferences among treatments were assessed using Duncan’s multiple range 
test at the 5% level. The plant number measured repeatedly was tested 
by repeated measurement variance analysis and Mauchly’s Test of 
Sphericity. The correlation relationships between grain yield and 
growth traits were analyzed using Pearson’s correlation coefficients. 
PCA was used to analyze grain yield, aboveground biomass, 1000-grain 
weight, kernels per spike, spike number, ET, Nt, WUEG and NupE as 
influenced by the cultivation pattern and irrigation level. 

3. Results 

3.1. Distribution of water and NO3-N in soil profiles 

SWC in the 0–150 cm soil profiles varied with soil depths, cultivation 
patterns, and irrigation amount levels on the fifth day after irrigation 
and fertilization at the jointing stage in three seasons (Fig. 3). SWC of the 
topsoil (0–10 cm) in the high bed (HLSC-H) was significantly lower than 
that in the low bed (HLSC-L) under three irrigation levels. For example, 
the averaged SWC in 0–10 cm of HLSC-L in the 2018–2019 season was 
19.22%, across all irrigation levels, while that of HLSC-H was 15.34% 
(Fig. 3). Fig. S1 showed the actual SWC distribution under HLSC patterns 
after irrigation. It was found that the surface soil of HLSC-H is still in a 
relatively dry state after irrigation. At the same time, it also was found 
that underneath the topsoil, SWC values are nearly the same in the same 
depth soil layers for HLSC-H and HLSC-L under three irrigation levels 
(Fig. 3). This indicated that although the irrigation mode of HLSC be
longs to local irrigation, soil water distribution modes in the middle and 
deep soil layers beneath different seedbeds are consistent after irrigation 
water infiltration and redistribution. Under the same cultivation pattern, 
the average SWC in 0–150 cm soil profile increased with the increase in 
irrigation amount. 

Fig. 4 shows the distribution of soil NO3-N on the fifth day after 
irrigation and nitrogen application. Soil NO3-N was mainly concentrated 
in the 0–60 cm soil layer under the two cultivation patterns. Soil NO3-N 
was the largest in the 10–20 cm soil layer, and then gradually decreased 
with the increase of depth. There was no significant difference in soil 
NO3-N in different soil layers below 60 cm, which was at a low level. 
Under the HLSC pattern, the soil NO3-N of HLSC-H was significantly 
lower than that of HLSC-L in the same soil layer for three irrigation 
levels. For example, soil NO3-N of HLSC-H and HLSC-L in the 0–60 cm 
soil layer were 7.09 and 13.77 mg kg− 1, respectively, across irrigation 
levels in the 2018–2019 season. This may be contributed to that 
topdressing nitrogen was only applied to the low beds under the HLSC, 
resulting in a higher NO3-N in the low-bed soil. Irrigation level seemed 
to have no significant effect on the distribution of soil NO3-N. The dis
tribution of soil NO3-N under different irrigation levels was the same 
under the same cultivation mode. 
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Fig. 3. Soil water content (%) distribution in 0–150 cm soil profile on the fifth day after irrigation and fertilization under different treatments in the 2017–2018, 
2018–2019, and 2019–2020 seasons. Note: Data are presented as the means of three replicates ± SE (n = 3). HLSC-H and HLSC-L mean the high bed and low bed of 
the HLSC method, respectively. H, M, and L mean full irrigation, mild deficit irrigation, and deficit irrigation, respectively. 
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3.2. Plant density, LAI, and aboveground biomass 

Table S3 showed that the wheat number data in 2017–2018 met the 
spherical hypothesis test (P = 0.603), while the data in 2018–2019 and 
2019–2020 did not meet the spherical hypothesis test (P = 0.01 and 
P = 0.009), so within-subjects effect tests and multivariate tests were 
used, respectively. Sampling time and cultivation pattern had significant 
influence on wheat plant number, while irrigation method had signifi
cant influence on wheat plant number only in 2018–2019 season 
(Table S3). Due to the same sowing amount of the two cultivation pat
terns, there were no significant differences in the number of wheat 
plants before tillering (about 30 days after sowing) between the two 
cultivation patterns. The wheat plant density in 2018–2019 and 
2019–2020 was about 1.9 and 1.8 million plants/ha before tillering, 
respectively (Fig. 5). Wheat number reached the maximum when the 
accumulated growing degree day (AGDD) reaches about 427–555 ℃‧d, 
and then decreased with part tillers withering away. Wheat numbers 
were notably different under two cultivation patterns after the AGDD 
exceed 400 ℃‧d, and the number of HLSC was significantly higher than 
that of TC under different irrigation levels. Across irrigation levels, the 

plant number at maturity under the HLSC method was 33.11%, 15.19%, 
and 47.50% higher than those under TC in the 2017–2018, 2018–2019, 
and 2019–2020 seasons, respectively. The plant number increased 
gradually with the increase of irrigation amount after the re-green stage, 
and the maximum values are investigated at full irrigation treatment. 

As shown in Table 1, both the cultivation pattern and irrigation level 
significantly affected the LAI and aboveground biomass of winter wheat 
at the anthesis stage, where their interaction effects were not significant 
difference, except for individual years. Under the same irrigation level, 
LAI and aboveground biomass of HLSC were significantly higher than 
those of TC (Table S4). Across irrigation levels, the LAI of HLSC 
increased by 27.37%, 12.95%, and 48.84% in three seasons, respec
tively, compared with TC. The aboveground biomass under HLSC was 
35.58%, 24.38%, and 46.78% higher than those under the TC pattern, 
respectively. Similarly, under the same cultivation pattern, LAI and 
aboveground biomass increased gradually with the increase of irrigation 
quota and reached the maximum value under full irrigation treatment. It 
was recorded that winter wheat was affected by late spring cold in 
2017–2018, resulting in significantly lower LAI and aboveground 
biomass than those in 2018–2019 and 2019–2020. The greatest LAI and 

Fig. 4. The soil NO3-N content (mg kg− 1) distribution in 0–150 cm soil profile on the fifth day after irrigation and fertilization under various treatments in the 
2018–2019 and 2019–2020 seasons. Note: Data are presented as the means of three replicates ± SE (n = 3). HLSC-H and HLSC-L mean the high bed and low bed of 
the HLSC method, respectively. H, M, and L mean full irrigation, mild deficit irrigation, and deficit irrigation, respectively. 
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Fig. 5. The winter wheat plant number under different cultivation patterns and irrigation levels in the 2017–2018, 2018–2019, and 2019–2020 seasons.Note: H, M, 
and L mean full irrigation, mild deficit irrigation, and deficit irrigation, respectively. AGDD respects accumulated growing degree day. * * indicates significant 
differences within a cultivation pattern at P < 0.01. * indicates significant differences within a planting pattern at P < 0.05. 

Table 1 
Analysis of variance showing the effects of the cultivation pattern, irrigation level and their interaction on the leaf area index (LAI) and aboveground biomass of winter 
wheat at anthesis stage in the 2017–2018 – 2019–2020 growing seasons.  

ANOVA LAI Aboveground biomass 

2017–2018 2018–2019 2019–2020 2017–2018 2018–2019 2019–2020 

C ** ** ** ** ** ** 
I NS ** * * ** NS 
C×I - NS NS - ** NS 

Note: C means cultivation methods, I means irrigation levels, and C×I means the interaction effect of two factors. * * Significant differences at P < 0.01; *Significant 
differences at P < 0.05; NS means no significant difference. 
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aboveground biomass values occurred under full irrigation treatment of 
HLSC and were 5.09, 6.22, and 6.28 for LAI and 10,832, 12,668, and 
15,026 kg ha− 1 for aboveground biomass in 2017–2018, 2018–2019, 
and 2019–2020 growing seasons, respectively. 

3.3. Grain yield and composition 

The grain yield of HLSC was significantly higher than those of TC 
under three irrigation levels and recorded as increasing 22.63%, 
10.30%, and 9.96% in the 2017–2018, 2018–2019, and 2019–2020 
seasons, respectively, across irrigation levels (Table 2). The effects of 
irrigation level on yield reached a significant level (P < 0.05) only in 
2018–2019 (Table 3). The grain yield declined with the decrease in 
irrigation quota under the two cultivation patterns. The interaction 
between cultivation mode and irrigation level had no significant effects 
on yield (Table 3). The spike density, kernels per spike, and 1000-grain 
weight are the three main factors constituting wheat yield. The spike 
density of HLSC was significantly higher than that of TC under three 
irrigation levels, with maximum spike densities of HLSC recorded as 
7.78, 7.53, and 8.52 million per hectare in the three seasons, across 
irrigation levels. With the decrease in irrigation quota, the spike den
sities decreased under the same cultivation pattern, and a significant 
difference was investigated among the three irrigation treatments only 
in 2018–2019. The significant effects of cultivation patterns on grain 
number per spike and 1000-grain weight were not recorded. The spike 
number, grain number per spike, 1000-grain weight, and grain yield of 
winter wheat in the 2017–2018 seasons were significantly lower than 
those in the 2018–2019 and 2019–2020 seasons, which may be attrib
uted to the late spring cold in 2017–2018. The climatic event affected 
wheat vegetable development, grain formation, and the final grain yield. 

3.4. Water consumption and water use efficiency 

As shown in Table 4, both the cultivation pattern and irrigation level 
significantly affected the ETa and soil water depletion, where their 
interaction effects were no significant difference, except in 2018–2019. 
The ETa ranged from 464.2 to 575.7 mm, 445.7 to 571.2 mm, and 461.8 
to 526.3 mm for different treatments in 2017–2018, 2018–2019, and 
2019–2020, respectively. It can be found that more irrigation water is 
required, and more soil water storage is consumed in growing seasons 

with less rainfall. Across irrigation levels, the average ETa of HLSC was 
551.5, 529.7, and 509.6 mm, and 14.16%, 7.71%, and 5.45% higher 
than those of TC pattern in 2017–2018, 2018–2019, and 2019–2020 
seasons, respectively. Similarly, the soil water depletion in the wheat 
field under HLSC is greater than those under TC. Soil water depletion 
under the HLSC pattern was 79.88%, 19.93%, and 25.16% higher than 
those under the TC pattern in the three seasons, respectively. Under the 
same cultivation mode, ETa increased with the increase of irrigation 
amount, and the maximum ETa was measured in full irrigation 
treatment. 

Across irrigation levels, the WUEAB of HLSC was 22.03%, 22.65%, 
and 23.47% higher than those of TC, respectively (Table S5). Similar to 
WUEAB, the WUEG of HLSC was also higher than that of TC in all irri
gation levels, but only the difference between the two patterns in the 
2017–2018 season reached a significant level (Table 4). These results 
indicated that winter wheat under HLSC can produce more biomass and 
grain yield per unit of water consumption. Under the same cultivation 
pattern, WUEG and WUEAB tended to decrease with the increase of 
irrigation amount and reached peak values in medium water and low 
water treatment. Under all treatments, the WUEG and WUEAB in 
2017–2018 were lower than those in 2018–2019 and 2019–2020, 
because a severe freezing injury resulted in notable grain yield and 
biomass losses in the 2017–2018 season. 

3.5. Total nitrogen uptake (Nt), nitrogen use efficiency (NUE), nitrogen 
uptake efficiency (NupE), and nitrogen utilization efficiency (NutE) 

The Nt of HLSC was significantly higher than those of TC under three 
irrigation levels (Table S6). Increasing irrigation amount had to promote 
effects on Nt, but only the results in the 2018–2019 season reached a 
significant level (Table 5). Similarly, NUE and NupE were significantly 
affected by cultivation patterns, but no significant difference was 
observed in irrigation levels, except in 2018–2019. The average NUE 
(NupE) cross-irrigation levels under HLSC increased by 22.62% (34.9%), 
10.30% (17.8%), and 9.96% (23.3%) in the three seasons, compared 
with those under TC. Cultivation method had significant influence on 
NutE (except 2017–2018 season). The average NutE across three irri
gation levels under HLSC was 1.81%, 6.80%, and 11.01% lower than 
those under TC in the three seasons, respectively. 

Table 2 
Grain yield and yield components of winter wheat under different cultivation pattern and irrigation level.  

Seasons Cultivation pattern Irrigation level Spike number Kernels per spike 1000-grain weight Grain yield 
(104 ha− 1) (g) (kg ha− 1) 

2017–2018 TC H 557 b 33.30 ab 43.16 a 6686c 
HLSC H 778 a 32.01 b 43.39 a 8199 a 

M 729 a 32.66 ab 42.34 a 8059 ab 
L 702 a 34.38 a 42.55 a 7909 b  
AVG 736 33.01 42.76 8056 

2018–2019 TC H 660 b 40.17 a 47.93 a 8656 bc 
M 630 b 37.92 ab 47.27 b 8332 cd 
L 555c 35.83 b 47.20 b 7815 d  
AVG 615 37.97 47.47 8268 

HLSC H 753 a 36.46 b 48.07 a 9480 a 
M 741 a 35.91 b 48.28 a 9048 ab 
L 674 b 37.26 b 46.67 d 8831 bc  
AVG 723 36.54 47.67 9120 

2019–2020 TC H 687 b 25.94 a 49.96c 9283 bc   
M 683 b 24.57 b 50.65 ab 9091 bc   
L 659 b 23.62c 50.91 a 8754c   
AVG 676 24.71 50.51 9043  

HLSC H 852 a 24.88 b 50.28 bc 10147 a 
M 848 a 24.46 b 50.77 ab 9856 ab 
L 825 a 24.74 b 51.08 a 9827 ab  
AVG 842 24.69 50.71 9944 

Note: AVG means the average of three irrigation levels. The different lowercase letters in the same column indicate significant differences among different treatments at 
P < 0.05 level. 
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3.6. Correlation analysis and PCA 

As shown in Fig. 6, grain yield was closely related to LAI, shoot 
biomass, and spike biomass in all three seasons. The correlation between 
grain yield and LAI, grain yield and shoot biomass was strong, with all 
R2 values greater than 0.83. Grain yield increased with the increase of 
LAI and shoot biomass, which indicated that increasing LAI and biomass 
was the key to obtaining high yield in winter wheat production. 

For yield compositions, the R2 between grain yield and spike number 
at harvest was significant (Fig. 6). There was no significant correlation 
between grain yield and kernels per spike or 1000-grain weight. 
Therefore, for the three factors of grain composition, more attention 
should be paid to improving the spike number at harvest for a higher 
yield. This result also indicated that the higher grain yield under HLSC, 
compared with those under TC might attribute mainly to the significant 
improvement in tillering and the remarkable increase of spike number at 
harvest under HLSC. 

Then, PCA was performed on all indexes of winter wheat in the three 
growing seasons. In this study, three principal components (PC1, PC2 
and PC3) were extracted from data in 2017–2018, 2018–2019 and 
2019–2020 (λ > 1) and the eigenvalues (λ) of principal components 1 
and 2 (PC1 +PC2) of three seasons were 7.74, 7.28, 7.05, respectively, 
which explained 85.6%, 80.9% and 78.5%, respectively (Fig. 7). The 
rankings of comprehensive scores based on the PCA are presented in  
Table 6. The full irrigation treatment of HLSC ranked first in 2018–2019 
and 2019–2020 season, while mild deficit irrigation treatment of HLSC 

ranked first in 2017–2018 season. 

4. Discussion 

4.1. Distribution of soil water and NO3-N under different cultivation 
patterns 

Water and nitrogen are two important necessary elements for crop 
growth. Crops mainly uptake water and nitrogen from the soil, so the 
spatial distribution of water and nitrogen in the soil profile has a sig
nificant impact on crop population development. This study showed that 
the water content of topsoil in the high bed of HLSC was relatively low 
even just after irrigation (Fig. 3), compared with that in the low bed of 
HLSC. Previous studies have shown that soil evaporation is closely 
related to SWC. The smaller the SWC is, the smaller the soil evaporation 
(Liao et al., 2021). A previous study indicated that evapotranspiration 
firstly was supplied by water stored in the top 10 cm of soil, while the 
process of deep soil moisture passing through the capillary is slower 
(Berg et al., 2016). Therefore, the lower water content in topsoil in the 
high bed of HLSC reduced ineffective soil surface evaporation and 
contributed to the improvement of WUE (Table S5). Except for the 
topsoil, the SWC in the same depth of soil layer beneath HLSC-H and 
HLSC-L were nearly the same (Fig. 3). These results indicated that 
although watering under the HLSC pattern may be considered as local 
irrigation, the soil water status at same soil layer beneath different 
seedbeds is not remarkably different by subsequent water infiltration 

Table 3 
Analysis of variance showing the effects of the cultivation pattern, irrigation level and their interaction on the grain yield and yield components of winter wheat in the 
2017–2018 – 2019–2020 growing seasons.  

ANOVA 2017–2018 2018–2019 2019–2020 

Spike 
number 

Kernels 
per 
spike 

1000-grain 
weight 

Grain 
yield 

Spike 
number 

Kernels 
per 
spike 

1000-grain 
weight 

Grain 
yield 

Spike 
number 

Kernels 
per 
spike 

1000-grain 
weight 

Grain 
yield 

(104 ha− 1) (g) (kg 
ha− 1) 

(104 ha− 1) (g) (kg 
ha− 1) 

(104 ha− 1) (g) (kg 
ha− 1) 

C ** NS NS ** ** NS NS ** ** NS NS ** 
I NS * NS NS ** NS ** ** NS ** * * NS 
C×I - - - - NS * ** NS NS ** NS NS 

Note: C means cultivation methods, I means irrigation levels, and C×I means the interaction effect of two factors. ** Significant differences at P < 0.01; *Significant 
differences at P < 0.05; NS means no significant difference. 

Table 4 
Analysis of variance showing the effects of the cultivation pattern, irrigation level and their interaction on the evapotranspiration (ETa, mm), soil water depletion (mm) 
and water use efficiency (WUE, kg m− 3) of winter wheat in the 2017–2018 – 2019–2020 growing seasons.  

Analysis of 
variance 

2017–2018 2018–2019 2019–2020 

ETa Soil water depletion WUEG WUEAB ETa Soil water depletion WUEG WUEAB ETa Soil water depletion WUEG WUEAB 

C ** ** ** ** ** ** NS ** ** ** NS ** 
I * ** * NS ** ** NS ** ** ** NS NS 
C×I - - - - ** * NS ** NS NS NS NS 

Note: C means cultivation methods, I means irrigation levels, and C×I means the interaction effect of two factors. ** Significant differences at P < 0.01; *Significant 
differences at P < 0.05; NS means no significant difference. 

Table 5 
Analysis of variance showing the effects of the cultivation pattern, irrigation level and their interaction on the total nitrogen uptake at maturity (Nt, kg ha− 1), nitrogen 
use efficiency (NUE, kg kg− 1), nitrogen uptake efficiency (NupE, kg kg− 1) and nitrogen utilization efficiency (NutE, kg kg− 1) of winter wheat in the 2017–2018 – 
2019–2020 growing seasons.  

ANOVA 2017–2018  2018–2019  2019–2020  

Nt NUE NupE NutE Nt NUE NupE NutE Nt NUE NupE NutE 

C ** ** ** NS ** ** ** ** ** ** ** ** 
I NS NS NS NS ** ** ** NS NS NS NS NS 
C×I - - - - NS NS NS NS NS NS NS NS 

Note: C means cultivation methods, I means irrigation levels, and C×I means the interaction effect of two factors. ** Significant differences at P < 0.01; *Significant 
differences at P < 0.05; NS means no significant difference. 
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and redistribution. Therefore, this local irrigation mode has little effect 
on the water supply for plants requirement on the high bed of the HLSC 
pattern. However, soil NO3-N beneath the HLSC-H was significantly 
lower than those in the same soil layer beneath the HLSC-L (Fig. 4) after 
topdressing nitrogen fertilizer, and these differences continued until the 
harvest stage. Several studies have shown that roots have plasticity and 
obvious growth toward fertility (Grossman and Rice, 2012; Jiang et al., 
2017). However, due to the large width of HLSC, wheat roots in raised 
bed seem to be difficult to extend into the area beneath the low bed and 
gain enough nitrogen, which may affect the nitrogen uptake and growth 
of wheat on the raised bed. 

4.2. Winter wheat growth and yield under different cultivation patterns 

Shoot biomass and LAI is two key characteristics of crop growth and 
development. Studies have shown that wheat grain yield is closely 
related to LAI and shoot biomass (Shi et al., 2016; Wang et al., 2016). 
Larger LAI will help produce higher biomass (Man et al., 2017), thus 
contributing to the increase in winter wheat yield (Xue et al., 2006; Xu 
et al., 2018). In this study, the LAI and shoot biomass under HLSC were 
significantly higher than those under TC for different irrigation levels. 
Due to the higher LAI and aboveground biomass, the grain yield of HLSC 
was significantly higher than that of TC. HLSC increased the averaged 
grain yield across irrigation levels by 22.63%, 10.30%, and 9.96%, 
compared with TC, in the three seasons, respectively. In addition, suit
able soil moisture condition is the key to obtaining a high yield of crops. 

Fig. 6. The correlation between grain yield and growth indices, or yield components of winter wheat in the three wheat seasons.  
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Previous studies showed that the wheat growth and yield components of 
winter wheat increased with the increase in irrigation amount (Si et al., 
2020; You et al., 2022). Consistent results were obtained in this study, 
showing that LAI, shoot biomass, and grain yield increased with the 
increase in irrigation amount. Under both cultivation patterns, LAI and 
aboveground biomass reached their maximum under full irrigation 
treatment, and finally, the yield reached its maximum under full irri
gation treatment. 

The analysis results of yield components and correlation analysis 
indicated that the increase of wheat grain yield under HLSC was mainly 
the result of an obvious increase in the number of spikes m− 2 (Table 3; 

Fig. 6), which was consistent with the results of previous studies (Xu 
et al., 2018; Si et al., 2020). In this study, because the seeding amount 
under both cultivation patterns was 120 kg ha− 1, there were no signif
icant differences between the basic seedlings under HLSC and TC at the 
early tillering stage (Fig. 5). After that, the plant population density of 
HLSC was significantly higher than that of TC under three irrigation 
levels. By improving the population density of winter wheat, the HLSC 
pattern showed finally the potential of improving grain yield. However, 
a new concern may be that increased plant density may lead to more 
lodging risk in the late season of wheat (Khan et al., 2020; Wang et al., 
2015). Fortunately, a previous study experimented with two wheat 
cultivars, and their results showed that the lodging resistance of wheat 
plants under HLSC was improved compared with that under TC by 
reducing the plant height and the center of gravity height (Wu et al., 
2021). 

Previous studies argued that light is the major resource limiting grain 
yield, and plant numbers and distribution need to be no more than that 
necessary to intercept all the radiation, or at least 95% of it, before flag 
leaf emergence (Fischer et al., 2019; Pelech et al., 2023; Pergner and 
Lippert, 2023). Experiments conducted in Mexico have shown that the 
maximum wheat spacing without yield reduction is 44 cm for most 
dwarf wheat. Based on more than 30 years of research on row spacing, 
Fischer et al. (2019) concluded that the erect dwarf cultivars lost yield at 
spacing 30 cm and greater, while some taller vigorous semidwarf cul
tivars tolerated spacing up to at least 50 cm without yield loss (Fischer 

Fig. 7. Principal component analysis of wheat yield, spike number, kernels per spike, 1000-grain weight, aboveground biomass, ET, total nitrogen uptake (TN), 
water use efficiency (WUE), and nitrogen uptake efficiency (NupE). 

Table 6 
Comprehensive scores of principal component analysis.  

Cultivation 
pattern 

Irrigation 
level 

2017–2018 2018–2019 2019–2020 

Score Rank Score Rank Score Rank 

TC H -3.17 4 -0.88 4 -1.38 4  
M   -1.23 5 -1.62 5  
L   -2.48 6 -2.07 6 

HLSC H 1.07 2 2.39 1 2.06 1  
M 1.44 1 2.05 2 1.64 2  
L 0.65 3 0.16 3 1.38 3 

Note: H, M, and L mean full irrigation, mild deficit irrigation, and deficit irri
gation, respectively. 
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et al., 2019). The TC pattern generally requires wider ridges to restrict 
irrigation water flowing along the long basin, which will undoubtedly 
lead to a part of the land that cannot be planted with wheat. In this 
study, the distance between the two plant rows on both sides of the ridge 
was 60 cm. The wheat canopy could not fully cover the entire soil sur
face at late growth stages, which resulted in a loss of light energy at the 
stage of flag leaf emergence (Fischer et al., 2019). This is considered as a 
very important reason why the yield of TC is lower than that of HLSC. In 
addition, the alternative high-beds and low-beds under HLSC formed a 
"micro-terrace" structure, which is benefitable for improving light 
interception, ventilation, and photosynthetic rate (Wang et al., 2009; Du 
et al., 2021b). 

4.3. Water and nitrogen use efficiency of wheat under different 
cultivation patterns 

In North China, only about 30% of the annual rainfall occurs during 
the winter wheat growing season (October–May), which is far less than 
the water requirements for normal wheat production (Jha et al., 2019; 
Liu et al., 2023b). However, rainfall is generally abundant in the 
non-wheat growing period (concentrated from June to September), and 
a notable part of rainfall is lost as surface runoff or deep leakage, 
especially after heavy rain. Therefore, it is important to induce wheat 
roots to uptake more soil water storage, especially more water storage of 
deep soil layers (Lynch and Wojciechowski, 2015; Fang et al., 2017). In 
this study, soil water storage in 0–150 cm soil profile under HLSC was 
significantly lower than that under TC at harvest time, and the difference 
was mainly manifested in the middle and deep soil layers (Fig. S2). Their 
results indicated that HLSC induced wheat to uptake more soil water 
storage, especially in deep soil layers. On the one hand, improving the 
utilization of soil water storage during the winter wheat season may 
effectively reduce irrigation demand. On the other hand, the consump
tion of soil water storage in deep soil layers may empty the water storage 
space before the summer rainy season and then stores up more rain
water, which benefits able for reducing deep leakage and improving the 
utilization efficiency of rainfall (Li et al., 2005; Xu et al., 2016). 

The total water consumption during the entire wheat growth period 
under HLSC was significantly higher than that under TC for three irri
gation levels (Table S5), which was mainly attributed to greater popu
lation density, larger LAI, and significantly higher transpiration of plants 
under HLSC. Because LAI is an important index to characterize crop 
canopy and is closely related to crop evapotranspiration (Netzer et al., 
2009; Bian et al., 2018). However, the WUEG and WUEAB of HLSC were 
significantly higher than those of TC for three irrigation levels 
(Table S5), indicating that although the HLSC mode consumed more 
water, it produced higher grain yield and shoot biomass per unit of 
water consumption. The reasons may be that both raised and low beds 
under HLSC were planted wheat, and that soil surfaces were fully 
covered earlier than that under TC. Moreover, the topsoil of the high bed 
was generally with lower SWC (Fig. 4), which reduced effectively soil 
surface evaporation and improved the final WUE. 

HLSC significantly improved NUE, which inferred that the HLSC 
pattern result in a higher grain yield per unit input of nitrogen fertilizer 
(Table 5; Table S6). Previous study revealed that NupE and NutE are two 
primary components of NUE, respectively representing the efficiency of 
absorption and the efficiency with which the N absorbed is utilized to 
produced grain (Moll et al., 1982). In this study, results showed that 
HLSC pattern was efficient in N uptake in different irrigation level in 
three seasons, but it was inefficient in utilizing the N taken up in grain 
production, compared with TC. Therefore, it may be concluded that 
higher yield and NUE of HLSC derived from higher N uptake efficiency. 
Increasing irrigation amount had promoted effects on Nt and NUE for 
both TC and HLSC patterns, indicating the importance of ensuring 
suitable soil moisture for nitrogen uptake and utilization of winter wheat 
(Si et al., 2020). 

4.4. Evaluate and select the appropriate cultivation pattern 

High yield is the ultimate goal for agricultural producers. Mean
while, high resource use efficiency (i.e., WUE and NUE) are the core 
components of agricultural sustainable development. In crop produc
tion, these indicators are mainly related to crop cultivars (Postma et al., 
2021; Liu et al., 2023a), management practices (cultivation, irrigation, 
fertilization, and plant density) (Jha et al., 2019; Si et al., 2020; Zou 
et al., 2020; Lai et al., 2022), soil quality (Bünemann et al., 2018; Di 
Mauro et al., 2018) and climate environment (van Ittersum et al., 2013). 
Among them, developing the appropriate cultivation pattern is helpful 
to maximize yield, WUE and NUE (or NupE) at the same time. In the 
present study, we used the PCA tool to evaluate the yield, WUE and 
NupE of the six treatments. Previous studies indicated that the PCA tool 
can provide a comprehensive evaluation of target populations (Li et al., 
2021; Abubakar et al., 2022; Huang et al., 2022). PCA revealed the best 
water and fertilizer schemes in sandy loam soils in Northwest China 
(Xing et al., 2022). 

PCA of this study indicated that full irrigation of HLSC ranked first, 
and mild irrigation of HLSC ranked second in 2018–2019 and 
2019–2020 season (Table 6). In 2017–2018, mild irrigation of HLSC 
ranked first, full irrigation of HLSC ranked second. HLSC had the highest 
grain yield, aboveground biomass, NupE and WUE compared to TC. 
Furthermore, the comprehensive scores of HLSC were higher than those 
of TC across three irrigation levels. Taken together, HLSC is a promising 
cultivation pattern for improving grain yield and water-nitrogen use 
efficiency in winter wheat production in the NCP. 

5. Conclusion 

The grain yield of winter wheat under HLSC was significantly higher 
than that under TC for all three irrigation levels. The most important 
reason was considered that the bare ridge areas under TC were trans
formed into high beds for wheat planting under HLSC, which improved 
the land utilization rate and resulted in a significant increase in popu
lation density, LAI, and biomass. More soil water storage in subsoil 
layers could be absorbed and utilized under HLSC, which is helpful to 
enlarge soil reservoir capacity for storing rainwater in the coming rainy 
season. The increases of WUE and NUE of wheat under HLSC contrib
uted mainly to the decrease of ineffective soil surface evaporation and 
the improvement of plants’ nitrogen uptake efficiency, respectively. The 
PCA results revealed that the HLSC are recommended as the best culti
vation for improving productivity, and water-nitrogen use efficiency in 
NCP. 
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