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Abstract: Subsoiling tillage breaks up the shallow plow layer and thickened plow pan resulting from
prolonged crop rotation, thus enhancing the soil tillage layer environment and fostering crop growth.
However, these changes in tillage practices are not accompanied by corresponding advancements
in irrigation technology. Therefore, this study compared drip irrigation (DI) and micro-sprinkler
irrigation (MS) with three watering levels (H, M, L) based on soil water content (70%, 60%, 50% of
field capacity) against traditional surface irrigation (CK, 70%FC) to find the most suitable irrigation
approach for subsoiling wheat fields. This study found that adjusting irrigation methods and regimes
significantly impacted wheat growth and yield. Drip irrigation boosts winter wheat grain yield,
harvest index, biomass transfer amount, biomass transfer rate, nitrogen accumulation, nitrogen use
efficiency, and nitrogen harvest index significantly compared to surface and micro-sprinkler methods.
Drip irrigation, notably the DI-M treatment, significantly enhances winter wheat grain yield by 28.7%
compared to CK. Drip irrigation produced optimal results when soil water levels decreased to 60% of
the field capacity. This suggests adopting a combination of DI, with irrigation initiated at 60% of field
capacity, for enhanced wheat production and resource efficiency.

Keywords: winter wheat; drip /micro-sprinkler irrigation; irrigation regime; biomass transfer amount;

nitrogen accumulation

1. Introduction

The Huang-Huai-Hai Plain plays a crucial role in China’s grain production as the
nation’s primary winter wheat-producing region. However, with the development of the
agricultural economy, agricultural mechanization has been widely adopted, and the weight
of agricultural machinery continues to increase, leading to soil compaction in crops [1].
Additionally, frequent continuous tillage practices in most parts of the Huaihe-Huai Plain
have resulted in deep soil compaction, thickening of the plow pan layer, and shallower
plow layer formation. In the Huang-Huai-Hai Plain’s northern region, the plow layer
soil averages only 14.7 cm thick. The 15-35 cm layer is predominantly the plow pan layer,
with a bulk density of 1.6 g-cm~3, notably exceeding the optimal range for crop growth
(1.1-1.3 g-cm~3) [2,3]. Additionally, the poor plow layer structure weakens the functions
of coordinating soil water, fertilizer, air, and heat, resulting in a shallow distribution of
crop roots and significant limitations on water and nutrient absorption [4]. Constructing
a reasonable plow layer structure through appropriate tillage practices is an important
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approach to improving crop water and nutrient utilization efficiency and enhancing soil
productivity [5].

Studies suggest that subsoiling effectively disrupts the plow pan layer, leading to
improved soil permeability, increased water retention capacity, and enhanced resilience
to adverse conditions. These benefits create a conducive soil plow layer environment for
crop growth, fostering crop development and ultimately increasing yield [6]. Subsoiling
accomplishes this by decreasing soil bulk density, enhancing soil porosity, and promoting
the infiltration of irrigation and rainfall, thereby reducing surface runoff and minimizing
inefficient evaporation. Consequently, it enhances soil water and rainfall storage and forti-
fies soil buffering capacity against drought, with more pronounced effects observed during
drier periods [7]. However, it is noteworthy that some studies have found that subsoiling,
by disrupting the plow pan layer, may increase leaching, thereby potentially reducing soil
water storage capacity and the availability of soil nutrients [8]. This phenomenon could be
attributed to the plow pan layer’s role in minimizing water percolation loss and nutrient
leaching loss, thereby providing a certain level of water and nutrient retention effect.

Irrigation stands as a pivotal agronomic management practice crucial for ensuring
high and consistent yields of winter wheat, directly influencing soil structure and the dy-
namics of water and nutrient movement, thereby impacting aboveground plant growth [9].
Traditional surface irrigation methods often contribute to detrimental effects on soil aggre-
gates, resulting in surface sealing. Conversely, micro-irrigation, particularly drip irrigation,
demonstrates the capacity to improve the stability of soil micro-aggregates and preserve soil
structure [10]. Drip irrigation, being a prominent water-saving irrigation technology, offers
the advantage of conserving water and fertilizer resources [11]. Drip irrigation enhances
water use efficiency and changes the distribution of water, nutrients, and roots in the soil
by delivering precise amounts of nutrients and water directly to the crop root zone [11-13].
Research indicates that drip irrigation leads to increased root density in wheat plants,
facilitating enhanced root water and nutrient absorption, and consequently improving crop
productivity [12,13]. Moreover, drip irrigation contributes to bolstering crop photosynthe-
sis, promoting dry matter accumulation, and ultimately boosting crop productivity [14-16].
Micro-sprinkler irrigation, another water-saving micro-irrigation method, has been shown
to elevate the chlorophyll content of winter wheat, retard leaf aging, enhance net pho-
tosynthetic rate and electron transfer in photosynthesis, and diminish intercellular CO,
concentration, transpiration rate, and leaf stomatal conductance, thereby furnishing ample
dry matter for grain formation [17]. Comparative analyses indicate that micro-sprinkler
irrigation, in contrast to surface irrigation, conserves water by 9-11%, augments yield by
6-11%, and enhances crop water productivity [18,19]. Furthermore, irrigation methods can
be integrated with fertilization, yielding benefits such as increased wheat yield, enhanced
fertilizer utilization, augmented soil carbon storage, and reduced greenhouse gas emissions
from farmland [20,21]. Fertilization in conjunction with drip irrigation has been found to
enhance water and nutrient absorption, elevate nitrogen fertilizer utilization efficiency, and
effectively curtail nitrogen leaching losses, reducing deep leaching losses of nitrate nitrogen
by 90% [20,22-24].

In the Huang-Huai-Hai region, while surface irrigation remains prevalent, water-
saving irrigation technologies, like drip irrigation and micro-sprinklers, are swiftly gaining
traction, gradually supplanting traditional flood irrigation methods. Given the evolving
farming practices, traditional irrigation approaches no longer align with subsoiling tillage
techniques. Will water-saving irrigation methods improve the accumulation of dry matter
and post-flowering dry matter transfer in winter wheat? Can they enhance winter wheat’s
nitrogen utilization efficiency? These questions deserve widespread attention. This study
aims to explore the effects of various irrigation methods and regimes on the post-anthesis
biomass accumulation and transfer processes of winter wheat under subsoiling tillage
conditions. Its primary aims encompass elucidating the nitrogen utilization efficiency of
winter wheat and identifying the optimal irrigation method and regime for its cultivation
under subsoiling tillage. The insights gleaned from this study are poised to furnish a crucial
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theoretical foundation and empirical evidence for devising appropriate irrigation and fertil-
ization management systems tailored to winter wheat cultivation under subsoiling tillage.
Such advancements hold significant theoretical and practical implications in facilitating the
attainment of environmentally sustainable and efficiently augmented winter wheat yields
under subsoiling tillage practices.

2. Materials and Methods
2.1. Experimental Site

The experiment took place at the Xinxiang Comprehensive Experimental Base of the
Chinese Academy of Agricultural Sciences, situated in Qiliying, Xinxiang, Henan Province.
This study spanned from October 2020 to June 2022 (35.15° N, 113.80° E, altitude 81 m).
The area falls within a temperate semi-humid climate zone, is prone to drought, and serves
as a significant production hub for winter wheat within the Huang-Huai-Hai Plain. The
cropping system is primarily based on a rotation of winter wheat and summer maize. The
region receives an average annual precipitation of 582 mm and experiences an average annual
temperature of 14 °C. The groundwater depth is greater than 5 m, with a frost-free period
of 210 days. The soil at the experimental site originates from the alluvial sediments of the
Yellow River and is categorized as Aquic Ustochrept, a type of paddy soil, under the USDA
soil taxonomy [25]. It exhibits a sandy loam texture, comprising 57.3% sand, 4.05% clay, and
38.6% silt. Soil physicochemical properties of the 0—40 c¢m soil layer are shown in Table 1.

Table 1. The fundamental soil parameters within the 0-40 cm soil layer of the experimental field for
winter wheat.

Soil Dry Bulk Soil Field Organic . Available Available
. . Total Nitrogen .
Location Soil Texture Density Capacity Matter Phosphorus Potassium
/g-em—3 Jem3.cm—3 /g-kg1 /g-kg1 /mg-kg—1 /mg-kg~1
Xinxiang Silt loam soil 1.51 0.31 16.1 1.05 23.4 229.5

Near the experimental site, a weather station (YM-H]J03, Handan Chuangmeng Elec-
tronic Technology Company Limited, Handan, China) was installed. It recorded cumulative
rainfall of 172 mm and 60 mm during the winter wheat growing seasons, respectively. Daily
average temperatures and daily precipitation are shown in Table 2.

Table 2. Meteorological parameters for each month of two winter wheat growing seasons.

Air Humidity Total Radiation  Precipitation Tmax Tmin
Year Month
1% /W-m~—2 /mm /°C /°C
October 76.44 1914.19 20.70 20.32 9.33
November 79.16 2389.85 70.50 14.36 6.03
December 22.90 2439.16 4.00 2.60 0.00
January 55.74 2999.73 0.00 7.88 —2.90
2020-2021 February 68.44 3398.56 54.10 13.69 1.87
March 80.24 4014.15 14.40 15.45 7.22
April 74.35 5542.67 29.60 20.27 10.11
May 66.12 7463.01 12.10 28.09 15.44
June 66.66 591.73 0.00 31.68 20.35
October 78.49 220.55 0.00 22.90 10.40
November 66.70 3700.98 18.90 16.00 5.02
December 4251 3486.86 3.70 2.49 0.00
January 88.30 1894.89 12.60 4.81 —1.51
2021-2022 February 69.81 3353.59 0.00 8.25 -1.71
March 75.55 412446 10.80 15.94 6.25
April 71.40 5677.78 9.10 23.04 10.91
May 64.59 7508.74 35.40 27.31 14.85
June 29.41 290.61 0.00 0.07 34.68

Note: Trmax represents the average monthly maximum temperature, while Tpyin represents the average monthly
minimum temperature.
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2.2. Experimental Design

This study uses Zhoumai 22 as the experimental variety, with a seeding rate of
210 kg-ha~! and a row spacing of 20 cm for winter wheat, and the previous crop of wheat
is summer maize. Planting was conducted on 13 October 2020 and 30 October 2021, with
harvests on 4 June 2021 and 6 June 2022. The parameters of the wheat seeder and harvester
are shown in Tables S1 and S2. The experimental design involved two factors: irrigation
method and irrigation regime. The experimental setup included two variables: irriga-
tion method (drip irrigation—DI, micro-sprinkler irrigation—MS) and irrigation regimen
(well watered—H, mild water deficit—M, and moderate water deficit—L), with irriga-
tion thresholds set at 70%, 60%, and 50% of field capacity, respectively. Border irrigation
at 70% of field capacity, representing the local conventional irrigation regime, serves as
the control (CK). In total, there are 7 treatments, with each treatment plot measuring
50 x 13 m?, subdivided into 3 subplots of 50 x 4.3 m? each, and these serve as 3 replicates.
The specific experimental design is detailed in Table 3. The irrigation quotas for bor-
der irrigation, micro-sprinkler irrigation, and drip irrigation are 90 mm, 45 mm, and
30 mm, respectively.

Table 3. Irrigation experiment design of winter wheat.

Lower Limit of Soil Irrigating Quota

Irrigation Method Treatment Moisture Control

[%FC /mm

Border irrigation CK 70 90

DI-H 70 30

Drip irrigation DI-M 60 30

DI-L 50 30

MS-H 70 45

Micro-sprinkler irrigation MS-M 60 45

MS-L 50 45

Note: The values in the table are the lower limit index of soil moisture control, which is the percentage of soil
water in field capacity.

Tillage involved deep plowing to a depth of 35 cm once every two years on the day
of winter wheat sowing. The parameters of the soil deep loosening machine are shown
in Table S3. Subsoiling was conducted before sowing in 2020 and 2022. The spacing
between drip irrigation emitters was 0.6 m, while the spacing between micro-sprinkler
tape and between micro-sprinkler heads was 2 m. Each furrow plot measured 50 m in
length and 3.4 m in width. Irrigation amounts were 30 mm for drip irrigation, 45 mm for
micro-sprinkler irrigation, and 90 mm for surface irrigation when the lower limits were
reached. The irrigation amount of each treatment during the whole growth period is shown
in Table 4. Basic fertilization is carried out using urea (46.7% N), calcium superphosphate
(16% P»05), and potassium sulfate (50% K,O) for nitrogen, phosphorus, and potassium,
respectively. Prior to sowing, the fertilizers are spread on the surface and incorporated
into the soil using a rotary tillage machine. A standard fertilization rate of 120 kg-ha !
was utilized for phosphorus and potassium application. Nitrogen fertilizer was applied at
a rate of 240 kg-ha!, with 40% applied as basic fertilizer and 60% as topdressing using
fertigation during the regreening stage of wheat. Other field management measures are
consistent with local agricultural practices.
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Table 4. Irrigation amounts for two growing seasons of winter wheat under various irrigation
methods and regimes.

Irrigation Amount/mm

Year Irrigation Date
CK DI-H DI-M DI-L MS-H MS-M  MS-L
November 0 30 30 30 45 45 45
December 90 0 0 0 0 0 0
March 90 60 30 30 90 45 45
2020-2021 April 0 30 30 0 45 15 0
May 90 30 30 0 45 45 0
Total 270 150 120 60 225 180 90
December 90 30 30 30 45 45 45
February 90 30 30 30 0 0 0
March 90 30 0 0 90 45 45
2021-2022 April 0 60 30 30 45 45 45
May 90 30 30 0 45 45 0
Total 360 180 120 90 225 180 135

2.3. Data Collection
2.3.1. Leaf Area Index and SPAD Value

During the winter wheat'’s jointing, flowering, and filling stages, the SPAD value of
wheat flag leaves was measured using a portable SPAD-502 chlorophyll meter (Konica
Minolta Holdings, Inc., Tokyo, Japan), with 7 plants measured per subplot. The leaf area
index (LAI) was determined using the Sunscan Canopy Analysis System (Delta T Devices
Ltd., Cambridge, UK).

2.3.2. Measurements of Gas Exchange

After the flowering stage, gas exchange parameters of winter wheat leaves were
measured approximately every 7 days. Measurements were conducted using an Li-6400
portable photosynthesis system (LI-COR, Lincoln, NE, USA) between 9:00 and 11:00 a.m.
on sunny days. Gas exchange parameters assessed included net photosynthetic rate (P;),
stomatal conductance (G;), transpiration rate (T,), and intercellular CO, concentration (C;)
of the flag leaves of winter wheat. Three plants were measured for each treatment.

2.3.3. Shoot Biomass and Its Distribution

During the flowering and maturity stages of winter wheat, aboveground biomass
was measured for each treatment. Three replicates were taken for each treatment, with
each replicate consisting of thirty plants. Additionally, the spike density per unit area
was recorded. The biomass was determined by dividing the aboveground plant parts
into leaves, stems, glumes, and grains. Subsequently, all samples were dried in an oven
at 105 °C for 30 min, followed by drying at 75 °C until a constant weight was achieved.
The aboveground biomass was then weighed to determine the distribution percentages of
leaves, stems, glumes, and grains relative to the entire aboveground biomass. Referring to
the study by Fan et al. [26], we calculated the biomass accumulation after flowering (BAF,
kg-ha~1), biomass transfer amount (BTA, kg-ha—!) and its transfer rate (BTR, %), and the
contribution rate of BTA from vegetative organs to grain (GCR, %) using Equations (1)-(4)
as follows:

BAF = Biomass at the maturity stage — Biomass at the flowering stage (1)

BTA = Biomass at the flowering stage — (Biomass at the maturity stage — grain yield) (2)
BTA

BIR = x 100% 3)

Biomass at the flowering stage
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BTA

CCR = Grain yield

x 100% (4)

2.3.4. Nitrogen Uptake and Its Utilization and Grain Yield

Nitrogen content in the leaves, stems, glumes, and grains of mature winter wheat
was determined using the Kjeldahl method [27]. Referring to Qi et al. [28], nitrogen
accumulation (NA, kg-ha™!) in the aboveground parts was calculated using the biomass of
each organ (Equation (5)), and nitrogen use efficiency (NUE, %; Equation (6)) and nitrogen
harvest index (NHI, %; Equation (7)) were calculated using grain yield.

NA = Wieat X Nieaf + Wstem X Nstem + ngume X Nglume +GY x Ngrain ®)
GY
NUE = o+ (6)
GY x Ngpaj
o grain
NHI = —— == )

where Wi, is the leaf biomass (kg-ha_l), Nieaf is the leaf nitrogen content (%), Wstem is
the stem biomass (kg-ha™1!), Ngtem is the stem nitrogen content (%), Wolume is the glume
biomass (kg-hafl ), Nglume 1s the glume nitrogen content (%), GY is the grain yield (kg-ha’l),
and Ngrain is the grain nitrogen content (%).

2.3.5. Root Sampling

In the 2021-2022 growing seasons, at the maturity stage of winter wheat, root samples
were collected across various soil depths (0-10 cm to 70-100 cm) using a root auger. Then,
the root samples underwent scanning with an Epson V850 Pro root scanner (Epson, Nagano,
Japan), followed by an analysis of the scanned images using WinRHIZO 2007 software
(Regent Instruments, Québec City, QC, Canada). The analyzed root parameters included
root length (cm), average diameter (mm), and volume (mm?3). Place the wheat roots in an
oven at 105 °C to halt growth and dry them at 75 °C until a constant weight is achieved,
and then measure the root dry weight (mg). Calculate the root length density, root volume
density, and root dry weight density per cubic centimeter of depth unit.

2.3.6. TOPSIS Comprehensive Evaluation

The TOPSIS method was used to comprehensively evaluate the leaf area index (LAI),
SPAD value, total biomass, harvest index (HI, %), grain yield (GY, kg~ha’1), biomass
accumulation after flowering, biomass transfer amount (BTA, kg-ha_l), biomass transfer
rate (BTR), contribution rate of transferred biomass to grain yield (GCR, %), nitrogen
accumulation (NA, kg-ha’l), nitrogen harvest index (NHI), and nitrogen use efficiency
(NUE) of winter wheat at the maturity stage across seven treatments in two growing
seasons [29].

2.4. Statistical Analysis

Excel 2019 (Microsoft Corporation, Redmond, WA, USA) was used to record data.
Data were analyzed using one-way analysis of variance (ANOVA) in SPSS 19.0 (IBM Inc.,
Chicago, IL, USA), and the least significant difference (LSD) test was conducted to compare
the means of different treatments at a 0.05 significance level. The TOPSIS method was
used to comprehensively evaluate the experimental treatment. Origin 2016 (OriginLab
Corporation, Northampton, MA, USA) was used to create the figures.

3. Results
3.1. The Response of Plant Growth of Winter Wheat Leaves to Irrigation Methods and Regimes
3.1.1. LAl and SPAD Value

The change patterns of the leaf area index (LAI) and SPAD value of winter wheat
remain consistent over two growing seasons (Figure 1), both peaking during the flowering
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stage. Under the same irrigation regime, winter wheat LAl under well-watered (H) and
mild water deficit (M) treatments at the jointing stage, flowering stage, and maturity
stage were significantly higher than those under moderate water deficit (L) treatment,
demonstrating a trend of H > M > L. Within the same irrigation method, during the
flowering and maturity stages, the LAI and SPAD values of winter wheat followed the
order of DI > MS > CK. Specifically, during the flowering stage, the LAI and SPAD values
of the DI-H treatment increased by 11.2% and 7.7%, respectively, compared to the CK
(p < 0.05), while during the maturity stage, the LAI and SPAD values of the DI-H treatment
increased by 13.0% and 7.4%, respectively, compared to the CK (p < 0.05).
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Figure 1. LAI (A) and SPAD (B) value of winter wheat during 2020-2022. (Note: different letters
represent significant differences at the 0.05 level within the same growth stage. Error bars based on
standard error (SE) were added to the data. Each data point was extended vertically by one standard
error above and below the mean value).

3.1.2. Root Growth and Density

Under different irrigation methods and irrigation regimes, the root of winter wheat
primarily concentrates in the 0-10 cm soil layer (Figure 2). Within the same irrigation
method, drip irrigation (DI) shows an increase in root length density in the 0-10 cm soil
layer with decreasing irrigation volume (Figure 2A), while the root length density in the
0-10 cm soil layer for micro-sprinkler irrigation (MS) is ranked as H > L > M. Under the
same irrigation regime, the root length density in the 0-10 cm soil layer for the well-watered
(H) treatment is ranked as MS-H > DI-H > CK. The root diameter of winter wheat did not
exhibit significant differences across various soil layers under different irrigation methods
and regimes (Figure 2B). However, the root volume density in the 0-10 cm soil layer for
both DI and MS under different irrigation regimes showed no difference and was lower
than the CK (p < 0.05; Figure 2C). Within the same irrigation method, the maximum root
dry weight in the 0-10 cm soil layer was observed in the well-watered (H) treatment for DI
(Figure 2D), while for MS, the moderate water deficit (L) treatment showed the maximum
root dry weight. Under the same irrigation regime, the ranking of root dry weight in
the 0-10 c¢m soil layer is CK > MS > DI. In conclusion, both root growth and dry matter
accumulation under DI were slightly weaker compared to the CK and MS.
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Figure 2. Root length density (A), root diameter (B), root volume density (C), and root dry weight
density (D) of winter wheat during the 2021-2022 seasons. (Note: different letters indicate significant
differences at the 0.05 level between different treatments at the same soil depth. Error bars based on
standard error (SE) were added to the data. Each data point was extended vertically by one standard
error above and below the mean value).

3.2. The Response of Photosynthetic Characteristics of Winter Wheat Leaves to Irrigation Methods
and Regimes

The variation trends of stomatal conductance (G;), intercellular CO, concentration
(C)), net photosynthetic rate (P,), and stomatal conductance (T,) in the leaves of winter
wheat were generally consistent between the two growing seasons (Figure 3). Differences
in stomatal conductance (G;) among winter wheat leaves began to emerge after flowering
under various irrigation methods and regimes. Within the same irrigation method, G;
decreased as water deficit intensity increased, with a 59.5% reduction in G; for the DI-
L treatment compared to the CK in late May (p < 0.05). Meanwhile, within the same
irrigation regime, Gs during the mid-grain filling stage (mid-May) followed the pattern
DI > MS > CK (Figure 3A).
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Figure 3. Stomatal conductance (Gs, mol-m~2-s71) (A), intercellular CO, concentration (C;, umol-s~1) (B),
net photosynthetic rate (P, umol-m~2-s~1) (C), and transpiration rate (T,, mmol-m~2-s~1) (D) of
winter wheat during the 20202022 seasons. (Note: when different letters appear alongside data
points on the same date, it signifies notable variances at the 0.05 significance level. Error bars based
on standard error (SE) were added to the data. Each data point was extended vertically by one
standard error above and below the mean value).

Similarly, leaf intercellular CO; concentration (C;) exhibited an increasing trend with
water deficit intensity, while the photosynthetic rate (P,) showed a decreasing trend
(Figure 3B,C). In late May, the DI-M treatment showed the most significant reduction
in C; compared to the CK (decreased by 12.5%, p < 0.05), with the largest increase in P,
(increased by 28.7%, p < 0.05). Notably, C; showed differences during the late grain filling
stage (mid to late May) under the same irrigation regime, with the pattern CK > MS > DI,
while P, exhibited the pattern DI > MS > CK. Moreover, the transpiration rate (T;) of
winter wheat leaves changed consistently with Gs. Under the same irrigation method,
T decreased with increasing water deficit intensity after flowering, with reductions of
41.6% and 33.5% for the DI-L and MS-L treatments, respectively, compared to the CK in
late May (p < 0.05). However, under the same irrigation regime, there was no difference
in Tr between drip irrigation and micro-sprinkler irrigation, but both were significantly
higher than conventional surface irrigation (Figure 3D). In summary, water deficit restricted
the stomatal opening of winter wheat leaves during the grain filling stage, consequently
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reducing the leaf photosynthetic rate. Notably, both DI and MS demonstrated superior
photosynthetic characteristics compared to conventional surface irrigation.

3.3. The Response of Shoot Biomass of Winter Wheat to Irrigation Methods and Regimes

Consistency in the trends of the stem, leaf, glume, grain, and total biomass during the
flowering and maturity stages of winter wheat was observed across both the 2020-2021
and 2021-2022 growing seasons (Table 5). Regardless of the irrigation method, the biomass
of each organ and the total biomass of winter wheat decreased as water deficit intensity
increased. However, during the flowering stage under the same irrigation regimen, the
micro-sprinkler irrigation treatment displayed higher biomass in each organ compared to
drip irrigation and the control (CK), resulting in an 11.4% increase in total biomass for the
MS-H treatment compared to the CK (p < 0.05). In contrast, during the maturity stage, both
drip irrigation and micro-sprinkler irrigation treatments exhibited higher grain yield and
total biomass compared to CK. Grain yield increased by 27.0% and 15.8% for DI-H and
MS-H treatments, respectively, compared to the CK (p < 0.05), while total biomass increased
by 12.7% and 12.6% for DI-H and MS-H treatments, respectively (p < 0.05). Additionally,
drip irrigation treatments demonstrated higher grain yield compared to micro-sprinkler
irrigation treatments, indicating that drip irrigation facilitated the transfer of dry matter
to grains.

Table 5. Stem biomass (kg-ha!), leaf biomass (kg-ha™!), glume biomass (kg-ha™1), grain yield
(kg-ha™1), and total biomass (kg-ha™!) of winter wheat during the 2020-2022 seasons.

Flowering Stage Maturity Stage
Year Ti

Stem Leaf Glume Total Biomass Stem Leaf Glume Grain Total Biomass
CK 8352 +£192b 2349 +49b 2572 £59 a 13,273 £ 105 b 6267 £ 70 b 1208 + 14 ¢ 3972 +45a 9896 + 111 cd 21,344 £ 240 a
DI-H 8156 + 303 bc 2406 + 84 b 2623 £ 141a 13,185 + 187 b 6243 + 481 b 1325 4 102 be 3073 +237b 12,786 985 a 23,426 + 1805 a
DI-M 7523 £ 726 cd 2678 =157 a 2573 £205a 12,773 £ 508 b 5981 £ 173 be 1522 £ 45a 723 £21e 12,901 £ 374 a 21,127 =613 a
20202021 DI-L 6745 £ 65 e 2065 £ 212 cd 2219 +151b 11,029 £212¢ 4936 +£255d 1236 & 64 be 1279 = 66 d 9400 + 486 d 16,852 £ 871b
MS-H 10,456 £ 576 a 2356 = 82b 2495 £26a 15307 £479 a 8353 +751a 941 +85d 2518 + 226 ¢ 11,947 £ 1074 ab 23,759 £2135a
MS-M 8337 £283b 2193 £ 93 be 2547 £151a 13,078 + 251 b 6279 £ 183 b 1370 +40b 2623 £ 76 ¢ 11,008 £ 321 be 21,280 + 619 a
MS-L 6855 + 417 de 1885 +=82d 2128 + 164 b 10,869 =+ 555 ¢ 5393 + 666 cd 1006 + 124 d 1271 +£157d 8975 + 1109 d 16,645 & 2058 b
CK 6102 + 335 be 1525+ 85¢ 2766 + 384 bc 10,393 £ 785 be 5693 + 87 d 1026 + 16 cd 1906 £ 29 b 9735 + 148 d 18,360 + 279 ¢
DI-H 6981 + 803 ab 1569 + 161 be 2811 £ 270 be 11,361 £ 1198 ab 6456 + 320 ab 1159 +57b 1489 + 74 ¢ 12,140 £ 601 ab 21,243 + 1052 a
DI-M 7928 + 1195 a 1609 + 228 be 3475 £541a 13,012 £ 1962 a 6692 + 170 a 1066 =+ 27 ¢ 569 + 15 f 12,373 £315a 20,700 4 528 ab
2021-2022 DI-L 5255 £ 521 ¢ 1379 £ 79 ¢ 2292 + 391 ¢ 8926 + 948 ¢ 4482 + 97 f 894+ 19e 454+ 10¢g 8264 £179 e 14,094 + 306 d
MS-H 6439 + 523 b 1813 + 144 ab 2927 + 275 abe 11,179 + 915 ab 6188 + 258 be 1287 £ 54a 2651 £111a 10,788 £ 451 ¢ 20,915 + 874 ab
MS-M 7077 + 201 ab 1913 £ 125a 3031 £ 215 ab 12,021 + 493 ab 6069 £ 263 ¢ 1168 & 51 b 819 £35e 11,662 + 506 b 19,718 £ 855 b
MS-L 6253 + 399 be 1466 =79 ¢ 2578 + 230 be 10,296 + 705 be 5084 =132 e 959 4 25 de 1371 =36 d 9945 + 258 d 17,360 & 450 ¢

Note: different letters within the same column indicate significant differences at the 0.05 level among treatments
within the same year.

3.4. The Response of Shoot Biomass Distribution and Harvest Index Distribution in Winter Wheat
to Irrigation Methods and Regimes

During the flowering stage of winter wheat, the bulk of dry matter is primarily stored
in the stems, while during maturity, it predominantly accumulates in the grains. Dry matter
is primarily transferred from the stems to the grains during this stage (Table 6). With
consistent irrigation methods, the harvest index (HI) of drip irrigation treatments displays
an initial increase followed by a subsequent decrease as irrigation volume decreases,
whereas the harvest index of micro-sprinkler irrigation rises with reduced irrigation volume.
Comparatively, under the same irrigation regimen, the HI of drip irrigation treatments
surpasses that of micro-sprinkler irrigation and significantly exceeds the control (CK),
showing a remarkable 31.7% increase in the HI for the DI-M treatment in contrast to
the CK.
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Table 6. Stem (%), leaf (%), and glume (%) biomass distribution proportion and the harvest index (%)
of winter wheat during the 2020-2022 seasons.

Flowering Stage Maturity Stage
Year Treatment
Stem Leaf Glume Stem Leaf Glume Harvest Index

CK 629 +1.0b 177 £05b 194 +06a 294 +0.5b 574+02b 18.6 £ 09a 464 +0.7 f

DI-H 61.8 + 1.6 bc 1824+09b 199+11a 280+29b 59+03b 13.8 2.2 ab 573+ 0.1b

DI-M 58.8 +3.8 ¢ 21.0+17a 202 +22a 283 +1.6b 72+06a 34+04c 61.1 +34a

2020-2021 DI-L 61.2 1.4 bc 187 +1.7b 201+12a 293+ 1.0b 74+04a 7.6 £5.5bc 55.8 + 0.8 bc
MS-H 683+ 1.7a 154+ 1.0c 16.3+0.6b 351+21a 39+07c¢ 10.6 + 6.4 abc 503 +28e

MS-M 63.8+13b 16.8 + 0.4 bc 195+14a 295+1.6b 6.4+ 1.0 ab 123+ 3.1ab 51.7 = 0.4 de

MS-L 63.1+1.6b 17.4 + 0.8 bc 196 +t1.0a 324a+49b 6.0+ 0.6b 7.6 £7.8bc 539 +0.7cd

CK 588 +1.4b 14.7 + 0.4 bc 265+ 1.7a 31.8+1.2ab 56 +0.7a 104 +£04b 53.0 +0.8b

DI-H 614+09a 13.8+09c¢ 248+ 0.3a 326+24a 55+0.7a 70+17c 572+29a

DI-M 609 +04a 124 +02d 26.7 0.3 a 328+ 0.0a 52+1.0a 28+09d 59.8+15a

2021-2022 DI-L 589 +1.5b 15.5+ 0.8 ab 256 +20a 314+ 1.6ab 63+ 0.6a 32+0.2d 587+ 13a
MS-H 57.6 +0.8b 162+ 0.1a 262 +0.8a 279 +3.0b 6.1 +£0.6a 127 +0.7a 51.6 +22b

MS-M 589 +0.8b 159+ 06a 252 +09a 29.2 +2.7 ab 59+04a 41+13d 59.2+26a

MS-L 60.8 +0.5a 143+ 03¢ 2504+ 05a 302+ 14ab 554+09a 79+ 1.6¢c 573+ 15a

Note: different letters within the same column indicate significant differences at the 0.05 level among treatments
within the same year.

3.5. The Response of Shoot Biomass Transfer and Its Contribution Rate to Grain of Winter Wheat to
Irrigation Methods and Regimes

The patterns of biomass accumulation after flowering (BAF), biomass transfer amount
(BTA), biomass transfer rate (BTR), and contribution rate of transferred biomass to grain
(GCR) in winter wheat remain largely consistent across the two growing seasons, as
depicted in Table 7. Within the same irrigation method, both drip irrigation and micro-
sprinkler irrigation exhibit a decline in BAF with decreasing water application. In drip
irrigation treatment, the BTA, BTR, and GCR initially rise before declining with increasing
water deficit intensity, while in micro-sprinkler irrigation treatment, they demonstrate an
increasing trend. When comparing irrigation regimes, there was no significant difference in
BAF between drip irrigation and micro-sprinkler irrigation treatments. However, in mild
and moderate water-deficient treatments, the BTA, BTR, and GCR were all higher than the
CK (p < 0.05). Particularly, the DI-M treatment showed a significantly higher BTA, BTR,
and GCR compared to the CK, with increases of 157.0%, 135.3%, and 114.9%, respectively
(p <0.05). In conclusion, under water deficit conditions, drip irrigation promotes the transfer
of dry matter to grains, thereby enhancing its contribution to the grain formation process.

Table 7. Biomass translocation and its contribution rate of winter wheat during the 2020-2022 seasons.

BAF BTA BTR GCR
Year Treatment
/kg-ha—1 /kg-ha—1 1% 1%

CK 8069 + 149 a 1825 +£90d 13.8+0.8d 184+11e
DI-H 9052 +1016a 2538 £ 161 cd 193+ 14c 199 +1.5de
DI-M 8342 + 370 a 4542 + 441 a 356 t4.0a 352+ 3.9ab

2020-2021 DI-L 5793 £570b 3571 +110b 324 +19ab 38.1+23a
MS-H 8329 + 1375 a 3512 +£ 694 b 228 +3.1c 29.3 4.0 bc
MS-M 8190 + 381 a 2801 + 167 be 215+19c¢ 255 4+23cd

MS-L 6607 £+ 1105 b 3241 £ 898 be 294 +51b 35.6+62a

CK 7964 + 158 b 1771 £ 306 cd 170+ 27c¢c 152 +24d
DI-H 9847 + 563 a 2293 £ 1164 cd  19.9 9.4 bc 16.7 = 8.1 cd

DI-M 7679 + 332 bc 4694 + 647 a 36.0+4.0a 362+t45a
2021-2022 DI-L 5164 +194 d 3101 +£373b 347+ 34a 355+ 3.6 ab

MS-H 9712 £+ 467 a 1076 =918 d 94+77c¢ 79+ 65d
MS-M 7673 £ 521 bc 3989 4+ 1027 ab 330£70a 319 +73ab
MS-L 7056 4 267 ¢ 2890 £ 525 b 280+44ab 255+45bc

Note: different letters within the same column indicate significant differences at the 0.05 level among treatments

within the same year.
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3.6. The Response of Nitrogen Uptake and Its Utilization of Winter Wheat to Irrigation Methods
and Regimes

Drip irrigation shows a declining trend in plant nitrogen accumulation (NA) as irriga-
tion volume decreases (Figure 4A), whereas nitrogen use efficiency (NUE) and nitrogen
harvest index (NHI) initially rise and then fall with increasing water deficit intensity. Con-
versely, for micro-sprinkler irrigation, plant NA initially increases before decreasing with
water deficit intensity, while NUE and NHI decrease initially and then increase with greater
water deficit intensity (Figure 4B,C). Drip irrigation treatments generally exhibit higher
NA compared to micro-sprinkler irrigation and the control group (CK). Furthermore, drip
irrigation treatments with mild and moderate water deficit levels demonstrate higher NUE
and NHI compared to micro-sprinkler irrigation treatments. Compared to the CK, NA
increases by 32.9%, 15.6%, and 11.6% in the DI-H, DI-M, and MS-M treatments, respectively
(p < 0.05). Similarly, NUE increases by 12.7%, 5.0%, 20.5%, and 8.0% in the DI-M, DI-L,
MS-H, and MS-L treatments, respectively, compared to the CK (p < 0.05). Additionally, the
NHI under different irrigation methods and strategies surpasses that of the CK treatment
(p < 0.05; Figure 4C). It is evident that drip irrigation under well-watered conditions and
mild water deficit situations demonstrates advantages in terms of nitrogen accumulation
and utilization.

400 100
~ @ 60 [®
=350 S a & c
o0 a < = 80 d —
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o C 5t € 3
S250| d d 5 40 =60
2 200} : t5 g
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Figure 4. Nitrogen accumulation (NA, kg-hafl) (A), nitrogen use efficiency (NUE, %) (B), and
nitrogen harvest index (NHI, %) (C) of winter wheat under different irrigation methods and regime
treatments during the 20202021 seasons. (Note: different letters indicate significant differences at
the 0.05 level. Error bars based on standard error (SE) were added to the data. Each data point was
extended vertically by one standard error above and below the mean value).

3.7. Integrated Assessment of Irrigation Methods and Regime Strategies

Figure 5 presents the TOPSIS performance scores across different irrigation methods
and regimes. In the 20202021 winter wheat season (Figure 5A), the TOPSIS score ranked as
follows: DI-M > MS-H > DI-H > MS-M > DI-L > MS-L > CK, while in the 2021-2022 winter
wheat season (Figure 5B), the order was DI-M > MS-M > DI-H > MS-L > DI-L > MS-H > CK.
The normalized value radar chart further highlights that DI-M achieved the highest values
for grain yield (GY), harvest index (HI), biomass transfer ability (BTA), biomass transfer
rate (BTR), and grain-to-total biomass conversion rate (GCR) in both the 2020-2021 and
2021-2022 winter wheat seasons (Figure 5C,D). Overall, among all irrigation methods and
regimes, DI-M emerges as the preferred choice for wheat under subsoiling fields due to its
superior performance in grain yield, harvest index, and dry matter transfer rate.
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Figure 5. The TOPSIS scores for irrigation methods and regime treatments in the years 2020-2021
and 2021-2022 (A,B) along with the normalized values of all indicators for the same periods (C,D).

4. Discussion
4.1. Response of Plant Growth and Physiological Characteristics in Subsoiling Wheat Fields to
Irrigation Methods and Regimes

Roots are pivotal organs for plants, providing essential anchorage in soil and en-
abling the absorption and transportation of water and nutrients crucial for growth and
productivity. [30]. Research has consistently shown that as soil depth increases, the density
of roots, particularly in terms of length, tends to decline [31,32]. In the context of this
experiment, it was observed that roots predominantly occupied the upper 0-20 cm layer
of soil, with root density gradually decreasing with greater soil depth (Figure 2). Notably,
when comparing different irrigation methods, it was found that wheat roots exhibited a
more robust response to drip irrigation in contrast to surface irrigation [33]. Across various
soil layers, both drip and micro-sprinkler irrigation treatments demonstrated higher root
dry weight density and bulk density within the 0-20 cm soil layer, particularly evident
under conditions of water deficit in micro-sprinkler irrigation. Intriguingly, the application
of water deficit treatment via micro-sprinkler irrigation appeared to stimulate deeper root
growth in the 20-100 cm soil layer, indicating a positive effect on the deep root develop-
ment of winter wheat [12]. The growth and development of roots have direct implications
for the uptake of soil nutrients and water, thus exerting significant influence on above-
ground plant growth [24]. Despite the promotion of root growth by water deficit, it was
observed that such conditions tend to limit the growth of aboveground plant parts, leading
to lower leaf area index (LAI) and SPAD values in winter wheat subjected to both drip
and micro-sprinkler irrigation, consequently accelerating leaf senescence [34]. However,
under conditions of adequate water supply in drip and micro-sprinkler irrigation systems,
there was a reduction in root bulk density and dry weight density (Figure 2C,D), which, in
turn, promoted aboveground plant growth. The LAI values recorded under both irrigation
systems surpassed those of the control (CK) treatment (refer to Figure 1). Increasing the
amount of irrigation to alleviate crop water deficit was found to significantly enhance the
leaf area index of winter wheat, thereby preventing the decline in leaf photosynthetic rate
associated with premature plant aging [35].
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Photosynthesis, a fundamental physiological process for plants, is highly sensitive
to water deficit, which can lead to constraints in leaf porosity, reduced gas exchange, and
ultimately lower photosynthetic rates [36]. In line with the experiment’s results, it was noted
that leaf stomatal conductance, photosynthetic rate, and transpiration rate all declined as
water deficit intensity increased. (Figure 3). The reduction in leaf water potential under
conditions of water deficit prompted stomatal closure and decreased transpiration rates,
consequently leading to diminished photosynthetic rates [35,37-39]. Furthermore, water
deficit was found to suppress the downregulation of protein expression related to leaf
photosynthesis and reduce leaf photosynthetic enzyme activity, thereby contributing to
decreased photosynthetic rates due to non-stomatal leaf restrictions [40-43]. Consequently,
there was an increasing trend in intercellular CO, concentration with rising water deficit
intensity (refer to Figure 3B). Given the higher irrigation frequency and the suitability of
soil water conditions associated with drip and micro-sprinkler irrigation in comparison to
border irrigation [29,44], leaves under well-watered conditions in these systems exhibited
significantly higher stomatal conductance, photosynthetic rates, and transpiration rates
(see Figure 3).

4.2. Response of Dry Matter Transfer and Nitrogen Allocation to Irrigation Methods and Regimes
in Subsoiling Wheat Fields

Plant leaves represent the organs with the highest efficiency in photosynthesis, serving
as a crucial source of carbohydrates essential for grain development [45]. However, water
deficit conditions impose constraints on photosynthesis, resulting in a significant reduc-
tion in carbon absorption and utilization capacity, ultimately impacting crop dry matter
accumulation and leading to decreased grain yield [45,46]. The distribution and transport
of dry matter are pivotal for achieving high and stable wheat yields [47]. Particularly,
post-anthesis dry matter accumulation plays a critical role in grain yield, accounting for
60-90% of the final grain yield. However, when water deficit conditions occur, post-anthesis
dry matter accumulation typically diminishes, resulting in considerable yield losses [48-51].
In the context of this experiment, moderate water scarcity led to decreased dry matter mass
and grain yield during both flowering and maturation stages, along with a notable reduc-
tion in grain dry matter distribution and post-flowering dry matter transfer. Consequently,
there was a significant increase in the contribution rate of pre-flowering dry matter transfer
to grains. In comparison with adequately irrigated (H) treatment, moderate water scarcity
(L) irrigation led to a decrease in grain yield by 29.2% and 16.3% (p < 0.05). Hence, maintain-
ing appropriate soil moisture levels is beneficial for enhancing post-flowering dry matter
accumulation and, subsequently, increasing yield [52]. Different rates of soil evapotranspi-
ration under various irrigation methods result in discrepancies in soil water distribution,
further influencing the process of dry matter accumulation and transfer [47,53]. Research
has indicated that drip irrigation can enhance post-flowering dry matter accumulation in
wheat, significantly improving grain yield and water use efficiency [54]. Consistently, the
experiment revealed that the amount of dry matter transfer, grain yield, and harvest index
under drip and micro-sprinkler irrigation treatments were significantly higher compared
to border irrigation treatment, with particularly notable outcomes under slight deficit (M)
conditions (refer to Tables 6 and 7). The utilization efficiency of slight water deficit and
water scarcity in drip irrigation was notably superior to that of micro-sprinkler irriga-
tion [29], suggesting that drip irrigation is more conducive to enhancing crop grain yield
and water productivity [55]. Given the frequent irrigation associated with drip systems,
surface soil moisture tends to be more conducive, promoting nitrogen uptake by plants and
subsequently increasing crop yield [55-57]. Nitrogen accumulation in the DI-H treatment
increased by 32.9% and 32.7% compared with CK and MS-H (p < 0.05), while the nitrogen
use efficiency and nitrogen harvest index of the DI-M treatment were notably higher than
the CK treatment, increasing by 12.7% and 28.7%, respectively (p < 0.05). This indicates
that drip irrigation enhances total nitrogen accumulation in plants, thereby improving crop
nitrogen use efficiency and overall nitrogen utilization [12,58]. A comprehensive evaluation
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using TOPSIS methodology concluded that the overall scores of drip and micro-sprinkler
irrigation under mild water deficit (60%FC) were higher, which was consistent with the
findings of Mehmood et al. [59]. Drip irrigation under a 60%FC irrigation plan exhibited
the most significant impact on yield improvement and nitrogen utilization. Considering
various factors, such as grain yield, dry matter transfer, water and nitrogen utilization,
and economic benefits, the 60%FC drip irrigation method is deemed the optimal choice for
winter wheat in the Huang-Huai-Hai Plain [29].

5. Conclusions

This study highlights the importance of winter wheat cultivation in subsoiled fields,
particularly emphasizing the role of irrigation methods and regimes. Drip irrigation, es-
pecially with mild water deficit (60%FC), enhances root growth, nutrient uptake, and
post-flowering dry matter accumulation, resulting in higher grain yield and water pro-
ductivity compared to surface irrigation and micro-sprinkler irrigation. Efficient nitrogen
management alongside drip irrigation further boosts nitrogen utilization efficiency and
crop yields. Considering economic factors, adopting drip irrigation with mild water deficit
emerges as the optimal approach for maximizing winter wheat production in the North
China Plain, offering improved resource utilization and economic returns.
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index (%).
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