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Highlights

* The new technology of “deep storage irrigation” was proposed to utilize flood resources.

¢ Deep soil moisture recharge occurred when effective rainfall and irrigation exceeded 390 mm.

* Maize grain yield demonstrated a quadratic relationship with deep soil moisture recharge.

¢ Deep storage irrigation effectively recharged deep soil moisture and maintained maize production.

¢ Deep storage irrigation showed potential for widespread implementation in irrigation districts of northern China.

Abstract

The irrigation districts of northern China face issues such as water scarcity, inability to effectively utilize flood resources, and
groundwater overexploitation. In view of these challenges, this study proposes a new concept of deep storage irrigation
through flood resources utilization. However, whether deep storage irrigation can recharge deep soil moisture and sustain
crop production still requires further study. A two-year field experiment was conducted on summer maize in the Guanzhong
Plain with five soil wetting layer depths (T1: 60 cm; T2: 90 cm; T3: 120 cm; T4: 150 cm; T5: 180 cm) and soil saturation
moisture content as the irrigation upper limit. The results presented that the ranges of deep soil moisture recharge in the
100—200 cm soil profile (SMS,yq_500) Was 73.34—267.42 and 0—150.03 mm in 2021 (wet season) and 2022 (normal season).
When the effective precipitation and irrigation exceeded 390 mm, the SMS,y,_,0, began to linearly increase. The highest
grain yield (GY) were observed at T2 and T3 treatments in 2021 (11.44 t ha™') and 2022 (11.25 t ha™'), respectively. The
maize GY of T4 in 2021 and T5 in 2022 were only 3.9 and 5.7% lower than the maximize GY, respectively. However, the
SMS, 5000 for T4 and T5 were 2.4 and 5.0 times that of T2 and T3 treatments in 2021 and 2022, respectively. Overall, the
further increase in irrigation amounts induced only a slight decrease in grain yield, but it significantly increased deep soil
moisture recharge. Therefore, the deep storage irrigation breaks through the traditional idea of water-saving irrigation with
limited water resources, which can be utilized as an effective alternative to address the issues of water scarcity, low flood
resources utilization, and groundwater level declines in the irrigation districts of northern China.
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1. Introduction

The irrigation districts of northern China have long faced
the severe challenge of the insufficient precipitation, which
has seriously constrained agricultural production, especially
the high and stable yield of grain crops (Yang J et al. 2023;
Liu Z J et al. 2024; Wang H et al. 2024). To effectively

address the issue of climate-induced resources scarcity and
ensure national food security, the relevant departments have
planned and implemented large-scale construction projects
of diversion irrigation districts (Sun et al. 2017; Zagaria et al.
2021). Nonetheless, the swift expansion of irrigated farmland
in northern China poses the significant challenge to regional

Received 22 January 2025; Received in revised form 4 May 2025; Accepted 13 June 2025; Available online 14 July 2025
Xiaodong Fan, Mobile: +86-18832016863, E-mail: fanxiaodong9527@163.com; #Correspondence Xiaotao Hu, Mobile: +86-13892816133, E-mail:

huxiaotao11@nwsuaf.edu.cn

© 2026 CAAS. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). Peer review under responsibility of Editorial Board of Journal of Integrative Agriculture.

doi: 10.1016/j.jia.2025.07.013



1244 Xiaodong Fan et al. | Journal of Integrative Agriculture 2026, 25(3): 1243-1262

water shortages (Yuan et al. 2023). Taking the Guanzhong
Plain in northern China as an example, to overcome the
difficulty that natural rainfall fails to meet the water demands
of summer maize, over 70% of irrigation water is usually
supplemented by groundwater (Niu et al. 2019). Currently,
more than 2.5 billion m® of groundwater is pumped annually,
50% of which is used for farmland irrigation (Wang H L et al.
2018). The excessive exploitation of groundwater resources
from shallow and deep aquifers for irrigation has resulted in
a persistent decline in water table. This decline has induced
severe groundwater depletion and the other environmental
problems in aquifers, and thereby threatens the sustainability
of groundwater systems, regional food security, and
ecological security (Tan et al. 2023; Zhang Q S ef al. 2024).

In the background of global warming, rising temperatures
lead to a future increase in the occurrence of extreme
weather events on global to regional scales through
intensifying the hydrological cycle and changing the large-
scale atmospheric circulation (Ayat et al. 2022; Kendon et al.
2023; Hidalgo et al. 2024). One of the most remarkable
manifestations of extreme weather is extreme precipitation
events (Luo et al. 2024). The IPCC Sixth Assessment Report
has proposed that the frequency, intensity, duration, and
spatial extent of extreme precipitation are projected to further
enhance due to the current global climate fluctuations (IPCC
2023). Extreme precipitation will influence terrestrial water
cycle, thereby altering surface runoff patterns and increasing
flood risk (Davenport et al. 2021), where the future flood risks
in mainland China will gradually increase by approximately
10-30% (Yin et al. 2021). Observations indicate that the
increase in precipitation in northern China is primarily driven
by extreme precipitation events and intense convective
rainfall (Ji and Tian 2024). The region is characterized by a
concentrated rainy season and a high contribution to annual
precipitation (Yang J et al. 2023; Su et al. 2024), which may
lead to an abundance of flood resources during the flood
season. Therefore, both continuous heavy rainfall and
flash extreme precipitation may lead to flood disasters, and
thus result in the seasonal flooding overflow in the irrigation
districts (Wang et al. 2022; Fu et al. 2023). However, the
total reservoir capacity of regulating reservoirs in diversion
irrigation districts is generally small, resulting in ineffective
utilization of flood resources in the irrigation areas, such
as in the Baojixia Irrigation District and Jinghuiqu Irrigation
District in the Guanzhong Plain (Gao et al. 2021), where exist
problems of water scarcity, groundwater overexploitation,
and flood resources waste. Therefore, it is imperative to
investigate more sustainable irrigation strategy to alleviate
the ongoing decline of groundwater table and ensure food
production by maximizing utilization of available flood
resources in existing farm infrastructure in semi-arid areas
with limited water resources.

Overall, a new strategy of deep storage irrigation is
proposed in answer to the problems large amounts of water
abandonment over the flood seasons and continuous decline
in groundwater levels caused by insufficient regulation
capacity of reservoir. The concentrated precipitation time
in the irrigation districts is forecasted based on a specific
probability distribution followed by the long-term hydrological

sequence, and reservoir capacity is vacated through flood
discharge before the flood seasons. The farmlands in this
study are regarded as groundwater recharge surfaces
with the saturated moisture content set as the irrigation
upper limit. The large-quota and long-duration irrigation is
conducted by utilizing water conveyance systems in irrigation
districts without significantly decreasing crop yields. On one
hand, deep storage irrigation would enable maximizing the
excess moisture storage in the deep soil layers, and thus
delay the adverse effect of drought conditions progression
on maize production and conserve conventional irrigation
water consumption. From a functional viewpoint, the soil
aquifers serve as natural underground reservoirs that
store incoming water from precipitation or irrigation events
(Morris et al. 2003). Due to the enormous storage capacity
of aquifers, they can provide a continuous water source
for crops, even during dry seasons when rainfall is almost
absent and surface water is quickly exhausted (Camp et al.
2010). On the other hand, deep storage irrigation recharges
the groundwater resources over dry seasons and regulates
the spatial distribution of moisture, which has the potential
function to recharge groundwater, and thereby delays the
continuous decline of groundwater tables and maintains
the normal ecological service of the ecosystem. However,
the prolonged duration of large-quota irrigation, especially
when combines with precipitation, may increase the risks of
flooding or waterlogging damage to crops, and thus lead to
crop yield reduction.

The summer maize (Zea mays L.) is one of the predominant
crops planted in northern China, with the covered area
accounting for more than 60% of the cultivated land (Shan
et al. 2020; Cao et al. 2022; Peng et al. 2023). The region
is preponderant by a semi-humid and semi-arid climate,
and unique geographical location and meteorological
conditions result in the significant total amount of precipitation
resources, while the spatial and temporal distribution of
precipitation is highly unstable (Liu Y Z et al. 2024; Peng
et al. 2023). Taking Guanzhong Plain as an example, the
annual precipitation has differed widely from 288 to 959 mm
over the past 50 years, and 65% of precipitation occurs
as storms between July and September (summer maize
growing seasons) (Fang et al. 2021; Yan S C et al. 2022).
Although the precipitation capacity seems to basically meet
the water demand of summer maize (423 mm reported
by Liu et al. 2002), the uneven distribution of precipitation
over maize growth period results in the maize production
constrained by water storage (Zhang et al. 2022; Yang B
et al. 2023). In addition, the mean temperature is high over
the maize growing seasons, resulting in a large amount of
potential evapotranspiration, and thereby the prominent
imbalance between precipitation and evapotranspiration
greatly aggravates the soil water deficit in this area (Wang Z
P et al. 2018; Yuan et al. 2018). The frequency of extreme
precipitation on consecutive days during the maize grain
filling stage follows a significant increasing trend compared to
the 46-year mean (1966-2012) in semi-arid areas of northern
China, and the occurrence probability of seasonal floods is
expected to increase further in the future (Sun et al. 2023).
Overall, it is reasonable to select summer maize as the
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research subject to determine the feasibility of deep storage
irrigation in this study.

Notably, the majority of existing research have increasingly
used deficit irrigation aimed at water conservation as
means to adapt agriculture to water resources shortage,
which have primarily concentrated on physiological and
agronomic performance of crop plants in response to the
water-saving irrigation techniques (Fan et al. 2024; Wu et al.
2024; Xu et al. 2024). Likewise, extensive research has
been conducted on the deficit irrigation combined with other
measures, such as fertilization strategies, tillage patterns, and
biochar amendment, for efficient utilization of water, fertilizer,
and heat to achieve sustainable crop production (Zhao et al.
2023; Zhang P Y et al. 2024). However, there only remains
a scarcity of knowledge concerning on the applications of
flood resources for agricultural production, and even the few
existing studies mostly center on the muddy water irrigation
(Guo 2009), which aims to fully utilize sediment particles,
dead branches and leaves, and surface mature soil carried
by flood to improve soil structure, restore saline-alkali soils
and increase soil nutrients, while there are clear regional
limitations in practical application. This study proposes to
use reservoir water withdrawal or flood resources for deep
storage irrigation before flood seasons, which breaks through
the traditional patterns of water-saving irrigation with limited
water resources in irrigation districts, thereby realizing spatial
moisture storage in exchange for extended irrigation time
and recharging deep soil moisture. We hypothesize deep
storage irrigation can recharge farmland deep soil moisture
and sustain crop productivity. To validate this hypothesis,
the Guanzhong Plain was taken as the typical study area,
and the Baojixia Irrigation District was chosen as the most
representative site. Hence, this study aimed to: (1) analyze
the feasibility and characteristics of deep soil moisture
recharge in farmland under deep storage irrigation; (2)
evaluate the influences of deep storage irrigation on maize
yield and determine whether it could lead to a significant
yield reduction. Deep storage irrigation recommended in this
research would provide a sustainable practice in the face of
water resources shortage and flood resources waste in semi-
arid area, which contributes to the coordinated development
of environmental sustainability and food security.

2. Materials and methods
2.1. Experimental site description

The summer maize field experiment was implemented
at Caoxinzhuang Experimental Farm located in Baojixia
Irrigation District in the Guanzhong Plain, China (34°30°N,
108°09°E; 530 m a.s.l.) (Fig. 1). The Baojixia Irrigation District
typically characterizes the northern irrigation districts, thus
this irrigation district was selected as a representative district.
This region is situated in a semi-humid and drought-prone
region, where the average annual temperature, precipitation
(1984-2023), and the mean annual pan evaporation are
12.9°C, 558.7 mm, and 1,500 mm, respectively. During the
summer maize growing period, the mean temperature and
rainfall were 24.1°C and 442.4 mm in 2021, and 24.6°C and
321.9 mm in 2022, respectively (Fig. 2). The experimental

site is characterized by a silty clay loam soil texture according
to the US Department of Agriculture’s Soil Taxonomy, with a
field capacity of 25.0% (soil mass moisture content, the same
below), a saturated moisture of 31.3%, and soil bulk density
of 1.47 g cm™ in the top 200 cm of the soil. The depth of
groundwater table in the study area exceeds 60 m, and the
vadose zone aquifer has a large thickness with massive
accumulation of detrital filling, providing favorable conditions
for water storage.

2.2, Experimental design

The maize variety Zhengdan 958 was sown for this
experiment because of its universal growth in this area (Lu J
S et al. 2021). On June18, 2021 and June 20, 2022, summer
maize was sown at 70,000 plants ha™ in rows spaced 70 cm
and plants spaced 20 cm apart, which was harvested on
October 10 in 2021 and September 30 in 2022. This density
ensured sufficient space for individual plant development,
while preserved field representative conditions for phenotypic
measurements. The fertilization rates were 180 kg ha™
nitrogen fertilizer (urea, 46% N; Shaanxi Weihe Heavy
Chemical Co., Ltd., China), 80 kg P,0Os ha™' diammonium
hydrogen phosphate (42% P,O;; Shaanxi Baoji Fenghe
Chemical Co., Ltd., China), and 60 kg K,O ha™ potassium
sulfate (52% K,O; Russia Import Trading Company, Russia),
which were all spread as basal fertilizers prior to sowing.
Maize plants were protected from weeds, nutrient deficits,
and insect pests. Five consecutive phenological stages
throughout the maize growing season were determined to
examine the effects of different irrigation amounts. These
stages were planting—V10 (10-leaf), V10-VT (tasseling),
VT-R2 (blister), R2-R4 (dough), and R4-R6 (black layer,
physiological maturity).

The maize field experiment set up five soil wetting layer
depths used for deep storage irrigation, designated as 60,
90, 120, 150, and 180 cm, and 60 cm was regarded as
the control treatment (CK). The irrigation amounts were
calculated based on the soil moisture content on the day
before deep storage irrigation and different soil wetting
layer depths, and the irrigation upper limit was set as the
soil saturated moisture content. Innovatively, the traditional
scientific irrigation methods typically take field capacity as
the irrigation upper limit, whereas deep storage irrigation
proposed in this study takes the soil saturated moisture
content as the irrigation upper limit. The irrigation treatment
nomenclatures, irrigation amount calculations, and the
calculations of additional irrigation amount compared to the
traditional scientific irrigation are detailed in Section 2.3.
The five irrigation treatments represented five soil water
conditions, and the design scheme along with irrigation
amounts are presented in Table 1. The plots were randomly
allocated to the five irrigation treatments. In total, 15 plots
were divided because each treatment was performed in
triplicate. Each plot measured 3 mx6 m, and a 1.2 m buffer
zone was set to reduce mutual interferences between
adjacent plots. The plot was ridged around the ground, and
the plastic baffles with a depth of 2 m relative to the soil
surface were buried on all sides of the field bund (Fig. 3).
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Fig. 1 Geographic location of Yangling in the Guanzhong Plain of Shaanxi Province, China.

Based on the precipitation frequency analysis in the study
site over the past decade, surface water was utilized for deep
storage irrigation during the jointing stage of summer maize
(peak water demand stage, August 4—-6) due to more than
50% probability of rainstorms and floods occurring at the
jointing stage of maize plants in the Guanzhong Plain. The
low-pressure tube water transportation system was fixed for
deep storage irrigation, and irrigation water was uniformly
poured into each plot. To track the water amount poured into

each plot, a flow meter was installed at the hydrant of the
system. Supplementary irrigation was applied exclusively
between sowing and emergence over the maize growing
seasons. The designed moistening layer of the soils was
set as 40 cm. Supplementary irrigation started when the soil
moisture content in the designed moistening layer reached
60% field capacity, and the irrigation upper limit was equal to
90% field capacity. No supplementary irrigation was applied
after maize emergence.
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Fig. 2 Daily precipitation, maximum temperature (T __ ), minimum temperature (T_; ), and mean temperature (T__ ) during the

maize growing seasons in 2021 (A) and 2022 (B) in Yangling, China.

Table 1 Irrigation amounts for five irrigation treatments during
the maize growing seasons in 2021 and 2022 in Yangling, China

Soil wetting layer depths and Total irrigation

Year abbreviation amounts (mm)
2021 60 cm (T1) 110.91
90 cm (T2) 195.42
120 cm (T3) 250.44
150 cm (T4) 297.18
180 cm (T5) 350.22
2022 60 cm (T1) 65.67
90 cm (T2) 133.32
120 cm (T3) 176.64
150 cm (T4) 220.47
180 cm (T5) 305.61

2.3. Calculation of deep storage irrigation amount

The deep storage irrigation amount (M, mm) is calculated
based on the soil moisture content on the day before deep
storage irrigation (8,, %) and different soil wetting layer
depths (H, mm), and the upper limit of irrigation was set as
the soil saturated moisture content (8., %). Compared with
the traditional irrigation scheduling, the additional irrigation
amount of deep storage irrigation (AM, mm) is calculated
based on the difference between soil saturated moisture
content and soil field capacity (8:¢c, %), as well as different
soil wetting layer depths (H, mm).

Mz(esat_eo)szxH (1 )

AM=(84,—8c)xVs*H 2)
where v, denotes soil bulk density (g cm™). As mentioned
before, B,,, B¢, and y, of this experimental farmland are

& Field ridge
{71 Plastic baffle

Plant-plant

Fig. 3 Schematic diagram of experimental design. A, division map of the test area. B, layout of the deep storage irrigation experimental
zone. C, schematic illustration of summer maize planting arrangement in experimental plot. D, diagram of plant spacing in the profile.
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31.3%, 25.0%, and 1.47 g cm™, respectively. This maize field
experiment set up five soil wetting layer depths used for deep
storage irrigation, which were 60, 90, 120, 150, and 180 cm,
respectively. Thus, the AM corresponding to different soil
wetting layer depths are 55.57, 83.35, 111.13, 138.92, and
166.70 mm, which were named T1, T2, T3, T4, and T5
treatment, respectively, in the same order.

2.4. Division of precipitation type years

Precipitation during each maize growing season was
categorized as wet, normal or dry to analyze soil moisture
dynamics and maize yields responses to different irrigation
treatments in different precipitation type years.

Wet season: P>P+0.330

Normal season: P-0.330<P<P+0.330 (3)

Dry season: Pi<P-0.330
where P; denotes the precipitation of i maize season (mm), P
denotes mean precipitation for the maize seasons from 1984
to 2022 (mm), and o denotes the standard deviation of P (mm).
For summer maize, the average seasonal precipitation from
1984 to 2022 was 337.8+141.2 mm; that is, P>384.4 mm for
wet season, P<291.2 mm for dry season, and 291.2<P,<384 .4
mm for normal season. The precipitation in maize seasons
were 442.4 and 321.9 mm in 2021 and 2022, respectively.
Thus, the maize seasons during the experimental period were
wet and normal season, respectively.

2.5. Sampling and measurements

Measurement of soil moisture content Manual sampling
and measurements of gravimetric soil moisture content
(SMC) were performed for each plot using the oven-drying
method (Yan Z J et al. 2022). Soil samples were taken from
the topsoil (upper 0-2 m) using a hand auger at the center
of each plot as the measuring point, with depth of 0-1 m
measured in 10 cm increment and depths of 1-2 m measured
in 20 cm increment. The samples were then packed into
zip-lock bags, sealed immediately to prevent water loss and
coded. The soil samples were subsequently transferred
to the laboratory on the same day. The soil samples were
weighed and dried for 24 h at 105°C, and then weighed
again to determine SMC. The SMC was measured on the
day before deep storage irrigation to calculate the irrigation
amount, then every 10-15 d after the end of treatment
according to the weather conditions. Moreover, the additional
measurements were carried out after irrigation and heavy
rainfall. The SMC of each treatment was measured by
averaging SMC of triplicate experiments. After taking soil
samples with a hand auger, the boreholes were promptly
and meticulously backfilled to ensure the restoration of soil
structure to the greatest extent possible. The backfilling
process was conducted in layers, with the soil gently
compacted to minimize disruption to the soil profiles.
Calculations of soil moisture storage The calculation
formulas for the soil moisture storage (SMS, mm) and
effective soil moisture storage (SMS;, mm) are as follows
(Yang et al. 2021):

SMS=SMCxyxSD 4)

SMS=(SMC-Bpyp)*YsxSD (5)

where y, denotes soil bulk density (g cm™), SD represents
soil depth (mm), and 6, denotes the permanent wilting point
(w/w, %), respectively. Bpyp Of our experimental farmland is
6.0 (Wiw, %).

Calculations of actual evapotranspiration The actual
evapotranspiration (ET,, mm) was determined by using the
water balance approach (James 1988).

ET,=P +I1+G—~(W~W,)-R-D (6)
where P, is the effective precipitation calculated by actual
precipitation collected from the automatic weather station
close to the study site (mm); | is the irrigation amount (mm);
and G represents the groundwater capillary rise (mm), which
was negligible as the groundwater table was lower than
60.0 m over the growing period. W, and W, represent SMS
in the 0—2 m soil profile at sowing along with maturity (mm),
respectively. R is surface runoff (mm), which was considered
negligible because it was blocked by the boundary dikes
around each plot. D is the amount lost to deep percolation
(mm). Notably, D in eq. (6) only refers to the loss by deep
percolation resulting from deep storage irrigation. If available
water in the root zone (0—1 m) and total applied water by
deep storage irrigation were above the field capacity, it would
be assumed that the water amount above field capacity
leaked into the deeper soil zones and was called deep
soil moisture recharge (D: available total water at 0—1 m
soil depth before irrigation+applied irrigation water—field
capacity) (Kanber et al. 1993). Approximately 95% of the
maize roots are on the top 60 cm soil depth, less than 2% of
root dry weight is in the soil layer below 80 cm, and far fewer
roots extended to deeper soil layer below 120 cm (Zhou
et al. 2008). Therefore, the water absorption by maize root
systems largely led to soil water consumption in the 0-100 cm
soil layer. In this study, the SMS in the 0—1 m soil layer
is considered shallow SMS, whereas that below 1 m and
groundwater reserve are considered deep SMS.

Effective precipitation (P,) is defined as the part of
total precipitation, which is available to satisfy crop water
requirements (Hershfield 1964). The most detailed definition
by FAO describes the P, as the amount of annual or seasonal
precipitation used for crop production in direct and/or indirect
ways including the evapotranspiration losses during the
growing seasons, evaporated water from the soil surface, water
intercepted vegetation cover and certain fractions contributing
leaching and percolation losses related with the crop growth
(Dastane 1978). Hence, surface runoff, deep percolation losses,
and excess moisture in the soil are classified as ineffective
(Dastane 1978). Effective precipitation is a parameter of climatic
factors, soil cover, site management, topography, etc.

In this study, the fixed percentage of precipitation (FP)
is used to calculate the effective precipitation. FP is the
most primitive version of effective precipitation calculation
methods. In this method, the P, is modeled as a certain
fraction of the average precipitation (eq. (7)). This fraction
(a) is usually specified to be between 70 and 100% of total
precipitation in which the surface runoff and deep percolation
losses are assumed to be around 0-30% (Smith et al. 1992;
Pongpinyopap and Mungcharoen 2012). The method has
been applied for a values of 0.7-0.8, 0.8-1.0, and 1.0, and
the formula is as follows:
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P.=axP (7)

where P denotes the precipitation amount (mm), and
a represents the effective utilization coefficient. When
P>50 mm, a is 0.7-0.8; 5 mm<P<50 mm, a is 0.8-1.0;
P<5 mm, ais 1.0 (Kang and Cai 1996).
Calculations of average soil moisture content in different
soil layers The soil profile was divided into two layers (0—
100 and 100-200 cm) to analyze the average soil moisture
content (ASMC) in the shallow and deep soil layers under
different irrigation treatments. The fluctuation range of
ASMC for different irrigation treatments within the same soil
layer (0-100, 100-200, and 0—-200 cm) was defined as the
range between the minimum and maximum values of ASMC
calculated for those irrigation treatments in that soil layer.
The calculation formula for ASMC (%) in the 0—100, 100-200,
or 0—200 cm soil profile is as follows:

ASMC=SMS/y,/10 (8)

where SMS denotes the soil moisture storage in the 0-100,
100-200, or 0—200 cm soil profile (mm), and y, denotes soil
bulk density (g cm™).
Measurement of grain yield and yield components At the
physiological maturity of summer maize (over 75% of maize
kernels had black layers), 20 maize plants growing uniformly
were manually harvested in an area of 0.7 m-width and
6.0 m-length (the two unsampled rows in the middle) from
each plot, and the grains were manually separated from the
cobs. The grain yield (GY) was measured when the grains
were air dried and reached the standard moisture content of
14% (Mansouri-Far et al. 2010). In addition to the two border
rows in each plot, the harvested samples were obtained in
each sampled row at least 1 m from the field ridges to prevent
edge effects. Ten randomly chosen maize ears were selected
for the measurements of phenotypic features from each plot in
the central row, and the average was recorded. Specifically,
a vernier caliper was used to measure the bald tip length
(BL), grain length (GL), grain width (GW), ear diameter (ED),
corncob diameter (CD). A ruler was utilized to measure the ear
length (EL), and an electronic scale with an accuracy of 0.01 g
was used to measure the 100-kernel weight (HKW).

2.6. Statistical analysis

Statistical analyses were conducted using one-way analysis
of variance to investigate the effects of deep storage irrigation
on soil moisture content of different irrigation treatments and
soil layers, actual evapotranspiration, soil moisture storage
variations in the shallow and deep soil profiles, grain yield and
yield components of summer maize using the General Linear
Model Full Factorial Mode, followed by Duncan’s multiple
range test (P<0.05) by using SPSS v. 26.0 software (IBM,
Chicago, IL, USA). The least significant difference test was
utilized to identify significant variations between treatment
groups (Razaq et al. 2017). Adobe lllustrator 2020 (Adobe
Systems., San Jose, CA, USA) and Origin 2023 (OriginLab
Inc., USA) were employed for the creation of the figures.

3. Results

3.1. Average soil moisture content in different soil layers
The soil profile was divided into two layers (0-100 and

100-200 cm) to analyze the ASMC of summer maize in
the shallow and deep soil layers under different irrigation
amounts (Figs. 4 and 5). The fluctuations of the ASMC were
observed in the 0—100, 100-200, and 0-200 cm soil profiles
as summer maize development stages progressed during the
two growing seasons. The ASMC in the 0—100 cm soil profile
(ASMC,_q) significantly increased with increasing irrigation
amounts after deep storage irrigation in 2021 (P<0.05), and
the fluctuation range of ASMC,_,,, Wwas 21-22% at the end of
the growth period (P>0.05; Fig. 4-A—C). Notably, once the
irrigation amounts reached a certain extent, ASMC,_o, NO
longer increased sharply as irrigation application amounts
increased (Fig. 4), as seen in 2021 as an example. After 10 d
of irrigation applications, ASMC,_,,, changed to 16.34, 19.12,
and 20.50% for T1, T2, and T3 treatments, respectively, and
thus improved by 17.0 and 25.5% for T2 and T3 treatments,
respectively, in comparison to that under T1 treatment
(P<0.05). Meanwhile, ASMC,_,o, was 20.67 and 20.99%
for T4 and T5 treatments, respectively, which were 26.5
and 28.5% higher than that under T1 treatment (P<0.05;
Fig. 4-A-C). The ASMC in the 100-200 and 0-200 cm soil
profiles (ASMCy_o00 @and ASMC,_,q,) gradually increased as
irrigation amounts increased, and the soil maintained this
variation trend over time in the later growth stages (Fig. 4).
Overall, both ASMC, 500 and ASMC,_,,, for each treatment
were in the order of T5>T4>T3>T2>T1 at the end of the
maize growing period. It can be observed that ASMC,_,q,
ASMC, 200 and ASMC,_,y reached the highest values in the
late growth period, mainly due to the continuous rainfall as
the growing seasons progressed in 2021 (Fig. 5-A-E). In
contrast, the precipitation frequency and amount decreased
in 2022, and ASMC in the different soil layers reached peak
values after deep storage irrigation (Fig. 5-F—J).

3.2. Soil moisture storage variations in the shallow
and deep soil layers

Dynamic changes in SMS in the different soil layers differed
with deep storage irrigation amounts and maize growth
stages (Table 2). The water consumption of summer maize
was reflected in the variations of SMS. During the planting—
V10 stage, the soil water supplement was less than the
soil water consumption in the 0-100 cm soil layer under
different irrigation amounts, and thus the variations of SMS
in the 0—100 cm soil profile (SMS,_,,,) was negative during
this stage. In contrast, the variations of SMS,_,,, was
positive in 2022, mainly due to the significant increase in
water supplement compared to water consumption over the
planting-V10 (Fig. 6). Notably, deep storage irrigation was
not applied on summer maize over planting—\V10, and the soil
water supplement was solely provided by rainfall. Therefore,
there was no difference in the variations of SMS,_,,, between
different irrigation treatments (P>0.05). During the V10-VT,
the increments of SMS,_,,, showed significant differences
under different irrigation treatments due to different irrigation
amounts for plants (P<0.05). The increments of SMS,_;q
gradually increased with an increase in irrigation amounts
for all irrigation treatments and reached the highest values
under T5 treatment. The difference is that the variations of
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Fig. 4 Average soil moisture contents in the 0—100, 100-200 and 0—-200 cm soil profiles under different irrigation treatments during
the summer maize growing seasons in 2021 (A—C) and 2022 (D-F) in Yangling, China. Error bars indicate the standard deviation of
the mean values (n=3). The different lowercase letters denote significant differences between different irrigation treatments in the same
soil layers at the P<0.05 significance level. ns indicates no significant differences at the P<0.05 significance level. T1, T2, T3, T4, and T5
treatments correspond to five soil wetting layer depths of 60, 90, 120, 150, and 180 cm utilized for deep storage irrigation, respectively.

SMS,_,q, for different irrigation treatments was positive in
2021 and negative in 2022, mainly due to the larger irrigation
amounts (Table 1) and supplementary rainfall (Fig. 6) in 2021.
Moreover, the deep soil moisture recharge in the 100-200 cm
soil profile (SMS;4,_,00) Was produced under different irrigation

treatments during the V10-VT stage, and significantly
increased with irrigation amounts increasing (P<0.05). The
peak SMS, .00 Was achieved under T5 treatment in 2021
(207.94 mm) and 2022 (150.03 mm). During the VT-R6, the
fluctuations of SMS,_,y, in different irrigation treatments were
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induced through rainfall and evapotranspiration. Moreover,
the deep soil moisture recharge was induced by the heavy
rainfall over R4—R6 in 2021, but there was no difference
in the variations of SMS,_,,, among the different irrigation
treatments (Table 2; Fig. 6).

The proportions of variations of SMS to the effective
rainfall and irrigation amounts differed in the 0-100 and
100-200 cm soil layers among different irrigation treatments
during the summer maize growing seasons (Table 3). The
variations of SMS,_,o, fluctuated from 58.35 to 88.18 mm,
which accounted for 8.86-20.13% of the sum of effective
precipitation and irrigation for different irrigation treatments in
2021, and the values were 2.90-35.37 mm and 0.79-6.57%
in 2022. The amounts and proportions of deep soil moisture
recharge significantly increased with increasing irrigation

Date (mon/d)

L 0 0
8/27 9/13 9/3% 6/20 7 724 8/10 8/27 9/13 9/30
Date (mon/d)

Fig. 5 Average soil moisture contents in the 0-100, 100-200 and 0—-200 cm soil
profiles during the summer maize growing seasons in 2021 (A-E) and 2022 (F-J)
in Yangling, China. Error bars indicate the standard deviation of the mean (n=3). The
different lowercase letters denote significant differences between different soil layers in

the same irrigation treatment at the P<0.05 significance level. ns indicates no significant
l differences at the P<0.05 significance level. 0—-100, 100-200, and 0—-200 cm denote
the average soil moisture content in the respective soil profiles.

amounts (P<0.05). The respective spans of SMS,;,_,0, Were
73.34-267.42 mm in 2021 and 0-150.03 mm in 2022, and
the respective proportions were 16.74-37.59 and 0-27.86%
in 2021 and 2022.

3.3. Summer maize yields characteristics

The maize GY and yield components of different irrigation
treatments in 2021 and 2022 growing seasons are shown
in Table 4. Deep storage irrigation significantly affected
maize GY (P<0.05), whereas only had limited effects on
yield components in 2021 (P>0.05). The GY increased
with an increase in the irrigation amounts, until reaching the
maximum GY at T2 treatment (11.44 t ha™') and then slowly
decreased. The averaged GY were 11.32 and 10.99 t ha™
for T3 and T4 treatments, respectively, which were only 1.05
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Table 2 The variations of soil moisture storage (SMS) in the 0-100 and 100-200 cm soil profiles under different irrigation treatments during different maize growing stages in

2021 and 2022 in Yangling, China

Deep soil moisture storage increments in 100-200 cm (mm)

Shallow soil moisture storage variations in 0—100 cm (mm)?

Soil layer

V10-VT VT-R2 R2-R4 R4-R6

V10-VT VT-R2 R2-R4 R4-R6 Planting-V10

Planting—\V10

treatments"

2021

73.34+13.33 a

0
0
0
0
0

0t0e
41.78+9.03d
105.6646.50 ¢

0
0
0
0
0

4.46+18.28 a
21.45+7.25a

63.76+14.93 a

—0.18+5.77 a

46.03£10.19 b

—25.89+9.69 a
-39.75¢5.84 a

™

50.0645.69 b

1.08+2.11a 16.73+9.17 b

-12.31+0.60 b

76.48+8.28 a

T2

62.61+3.06 ab
60.70+4.25 ab
59.48+3.23 b

15.57+4.57 a

21.54£10.93 b
5.47+9.43 b
11.91£3.79b

88.7419.97 a

—29.66+11.72 a
-36.68+3.19 a

T3

161.92+4.37 b
207.9414.07 a

8.47+2.09 a
15.1443.35a

0.161+3.72 a
-11.09+5.33 b

80.93+8.18 a

T4

91.54+8.00 a

—39.18+6.68 a

T5
2022

0d
0d

30.59+5.99 ¢

25.06+3.52 a

—35.58+8.93 bc
—45.88+9.12 ¢

-53.28+8.92 ¢ 28.89+9.43 a
—22.69+6.48 a
-35.62+8.90 b

—13.30+5.52 a
—11.56+2.01 a

37.83+1.42a

™

19.05+8.56 ab 27.1520.62 a

31.70+8.56 a

25.27+6.54 a

T2

0
0

0
0
0

—28.11+£3.82 ab 16.10+2.41b
—37.10+7.86 bc
—16.16£2.51 a

25.1446.85 a

T3

77.36£10.09 b
150.03+1.46 a

13.7745.69 b

7.53+13.90 b

29.67+3.94 a
T1, T2, T3, T4, and T5 treatments denote five soil wetting layer depths of 60, 90, 120, 150, and 180 cm utilized for deep storage irrigation, respectively.

2V10, 10-leaf stage; VT, tasseling; R2, blister; R4, dough; R6, physiological maturity.

34411111 a

T4

3.844+3.84 c

29.58+6.09 a

T5

3). The different lowercase letters indicate significant differences among different irrigation treatments at the P<0.05 significance level.

Values represent mean+SD (n

and 3.93% lower than the highest GY produced by T2 treatment,
respectively (P>0.05). However, the GY was significantly
decreased by 13.81% under T5 treatment compared with that
under T2 treatment (P<0.05). Also, the ear rows (ER), GL, ED,
CD, and EL of the T5 treatment were less than those under the
other irrigation treatments. However, there was no significant
difference in the yield components among the different irrigation
treatments (P>0.05), which collectively resulted in a smaller GY
for T5 treatment in relative to the other treatments. As for the GY
in 2022, there was no significant difference among the different
irrigation treatments (P>0.05), but the GY of T1 treatment was
lower (by 9.68, 11.29, 11.21, and 5.94%, respectively) than the
other treatments. The GY first increased and subsequently
declined with the irrigation amounts increasing, which achieved a
peak value in T3 treatment (11.25 t ha™"). Notably, the T4 and T5
treatments achieved near maximum GY, which was 0.1 and 5.7%
lower than the highest GY generated by T3 treatment (P>0.05).
The ER, CD, and HKW of T4 treatment were higher than those of
the other irrigation treatments, and the BL was smaller than those
for the other irrigation treatments, which collectively resulted in
the greater GY of T4 treatment compared with T1, T2, and T5
treatments.

3.4. Relationship between deep soil moisture recharge
and effective precipitation and irrigation

The Fig. 7 presented the relationship between deep soil moisture
recharge and the sum of effective precipitation and irrigation
during the whole growth period of summer maize. When the
effective precipitation and irrigation did not exceed 390 mm,
the deep soil moisture recharge in the 100-200 cm soil layer
(SMS,y_000) did not produce. This phenomenon indicated that
soil moisture was mainly distributed in the shallow soil layer of
0—100 cm under the low total water input, and failed to effectively
penetrate into the deep soil layer of 100—200 cm, and thereby
SMS,40_200 Was not produced. When the effective precipitation
and irrigation exceeded 390 mm, the SMS,_,y initiated a linear
increase, which suggested that soil moisture gradually infiltrated
from shallow layers to deep layers, thus beginning to produce
SMS,20- FOr example, when the effective precipitation and
irrigation amount reached 430 mm in 2021, the SMS,y_5, Was
about 30 mm. Moreover, when the effective precipitation and
irrigation was about 470 mm, the SMS,y,_,,, reached around
75 mm in both 2021 and 2022. This result further indicated that
the SMS,y0_o00 €xhibited a continuous upward trend with the sum
of effective precipitation and irrigation continued to increase.

3.5. Relationships between grain yield and irrigation
amounts as well as deep soil moisture recharge

The relationships between GY and irrigation amount as well
as deep soil moisture recharge were analyzed (Fig. 8). The
significant quadratic function relationships were observed between
GY and irrigation amounts during maize growing seasons (Fig. 8-A
and B). The GY first improved almost linearly as the irrigation
amounts increased until T2 and T3 treatments in 2021 and 2022,
respectively, after which GY exhibited a downward trend. Due to
the limited grain filling period for summer maize in the Guanzhong
Plain, the sufficient water supply postponed anthesis stage,
thus shortening the grain filling duration, ultimately resulting in
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Fig. 6 Schematic representation of effective precipitation (P ), irrigation amounts (1), total actual evapotranspiration (ET,), and the
variations of soil moisture storage (SMS) at different soil layers during different maize growth stages under different irrigation
treatments from 2021 (A) to 2022 (B) in Yangling, China. V10, 10-leaf stage; VT, tasseling; R2, blister; R4, dough; R6, physiological
maturity. ET_, actual crop evapotranspiration; P_, effective precipitation; I, irrigation amounts; SMS, soil moisture storage.
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Table 3 Shallow soil moisture storage variations in 0-100 cm, deep soil moisture storage increments in 100-200 cm and total
actual growing season evapotranspiration (ET,) as well as the proportions to total water supply during the summer maize growing

seasons in 2021 and 2022 in Yangling, China

Proportion of

Proportion of Proportion of

Shallow soil . Deep soil moisture . ) o -
. ; shallow soil ; deep soil moisture  Maize field actual maize field actual
Soil layer moisture storage ; storage increments ; A A
o . moisture storage . storage increments evapotranspiration  evapotranspiration
treatment? variations in o in 100—200 cm
0-100 cm (mm) variation to total (mm) to total water supply (mm) of farmland to total
water supply (%) (%) water supply (%)
2021
T1 88.184+4.68 a 20.13+0.77 a 73.34£3.33 e 16.74+0.74 d 276.49+5.21d 63.12+2.54 b
T2 75.9943.52 b 13.69+0.54 b 91.84+4.80 d 16.54+0.69 d 387.75+4.02 a 69.77+3.22 a
T3 83.8844.52 a 13.71£0.59 b 168.27+8.30 ¢ 27.51+0.85 ¢ 359.55+4.12 ¢ 58.7842.04 c
T4 58.35+2.02 d 8.86+0.35 ¢ 222.62+8.55b 33.81£1.15b 377.43+3.54 b 57.32+1.56 ¢
T5 68.32+3.19 ¢ 9.60+0.41 ¢ 267.42+8.65 a 37.59+1.19 a 375.75+3.78 b 52.81+1.44d
2022
T1 2.92+2.85b 0.98+0.96 b 0+0d 0+0d 295.63+2.85 ¢ 99.02+0.96 a
T2 2.90+1.56 b 0.79+£0.42 b 0+0d 0+0d 363.38+1.56 ab 99.21+0.43 a
T3 9.21#4.16 b 2.25¢1.02b 30.59+5.99 ¢ 747+1.46 ¢ 369.80+6.99 a 90.28+1.71b
T4 5.31£3.81b 1.17+20.84 b 77.36£10.09 b 17.06£2.23 b 370.76+7.63 a 81.77+1.68 c
T5 35.37+2.11a 6.57+0.39 a 150.03+1.46 a 27.86+0.27 a 353.17+2.35b 65.58+0.44 d

Y71, T2, T3, T4, and T5 treatments denote five soil wetting layer depths of 60, 90, 120, 150, and 180 cm utilized for deep storage irrigation,

respectively.

Values represent mean+SD (n=3). The different lowercase letters indicate significant differences among different irrigation treatments at the

P<0.05 significance level.

a decreased HKW. Likewise, the response of maize GY
to deep soil moisture recharge also followed a quadratic
curve (Fig. 8-C and D). Specifically, GY first increased and
then decreased as deep soil moisture recharge increased.
Notably, the T3 and T4 treatments achieved near the highest
GY produced by T2 treatment in 2021. However, SMS4y_200
of T3 and T4 treatments were 1.8 and 2.4 times that of T2
treatment, respectively. The GY for T4 and T5 treatments
were only 0.1 and 5.7% lower compared to the highest GY
produced by T3 treatment in 2022, respectively, while the
SMS, 40200 Was about 2.5 and 5.0 times that of T3 treatment,
respectively. This suggested that deep storage irrigation
achieved deep soil moisture recharge and sustained crop
production.

4. Discussion
4.1. Spatial patterns analysis of the soil moisture for
summer maize

The distribution characteristics of ASMC in the soil profile
depend on the water balance among the irrigation amounts,
water consumption, and precipitation. Due to the different
irrigation and precipitation amounts over maize growing
season, the water distribution in the soil layers differed in
our experiment (Figs. 4 and 5). To maximize the utilization
of available soil water, it is vital to determine reasonable
irrigation schemes to achieve appropriate water distribution
in the soil profile (Yost et al. 2019; Zhao et al. 2024). As
previously discovered by Allen et al. (1998), the soil moisture
storage capacity in the root zone of plants refers to the
maximum amount of soil moisture that can be stored in the
soil profile to support optimal crop growth and yield. It is
calculated as the thickness of the root zone multiplied by the
difference between the SMC at the field capacity and the
permanent wilting point. In this study, the lower deep storage

irrigation amounts coupled with rainfall mainly concentrated in
the 0—100 cm shallow soil layer. Therefore, the ASMC,_,, for
the different irrigation treatments significantly increased with
an increase in irrigation amounts. Notably, the ASMC,_y, N0
longer sharply increased with increasing irrigation amounts
when the irrigation amounts reached a certain extent. It
can be inferred that the wetting front advanced downward
from the topsoil as irrigation amounts increased, and the
thickness of saturated soil layers increased continuously
in the 0—100 cm soil layer. The soil moisture recharge
exceeding the field capacity migrated to the deeper soil
layers due to the gravity and matrix suction, which in turn
resulted in an increase in ASMC in the deep soil layers.
Hence, ASMCy_500 and ASMC,_,,, gradually increased with
increasing irrigation amounts. Because it is not influenced
by climate change, agricultural management, or insufficient
water absorption by root systems, the spatial patterns of the
ASMC in the 100—200 cm soil layer may persist over time. In
addition, the fluctuation ranges of the variations of SMS,_,4,
and the proportions to the sum of effective precipitation and
irrigation showed significant variations between 2021 and
2022. The larger variations of SMS,_,,, in 2021 (58.35—
88.18 mm) constituted 8.86—-20.13% of the sum of effective
precipitation and irrigation, whereas the smaller variations in
2022 (2.90-35.37 mm) represented 0.79-6.57% of the sum
of effective precipitation and irrigation, which indicates the
increments of SMS_,o, and its proportions exhibited greater
values in 2021 compared to 2022. This phenomenon could
be owing to the following two possible reasons. Firstly, the
total precipitation and its distribution over the maize growing
seasons experienced notable differences between 2021
and 2022, which significantly impacted shallow soil moisture
dynamics. As mentioned before, the maize seasons during
the experimental period were wet and normal seasons,
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Table 4 Summer maize yield and yield components in 2021 and 2022 growing seasons in Yangling, China

Rows no. Bald tip length Grain length Grain width Ear diameter  Corncob diameter Ear length 100-kernel weight Grain yield

Columns no.

Soil layer

per ear per ear (mm) (mm) (mm) (mm) (mm) (cm) (9) (tha™)

treatments”

2021

37.18+0.83 a 10.18+0.56 a 11.83+0.31 a 10.18+0.56 a 47.98+0.61 a 16.49+0.25 a 16.49+0.24 a 27.89+1.35a 10.71£0.31 abc
11.44+0.37 a

14.35+0.43 a

T1

37.2+1.47 a 9.90+0.72 a 11.99+0.11 a 9.940.72 a 48.25+0.55 a 17.00+0.09 a 16.99+0.08 a 29.55+0.63 a
37.48+1.25a 9.96+1.26 a

14.10£0.26 a

T2

17.08+0.67 a 29.08+0.24 a 11.324£0.47 ab
10.9940.33 ab

17.09+0.67 a

45.89+2.61 a

11.79+0.05 a

9.96+1.26 a

14.7740.26 a

T3

38.1£1.66 a 8.00+0.75 a 12.19+0.31 a 8.00+0.75 a 48.13+0.82 a 16.84+0.63 a 16.83+0.62 a 29.46+0.33 a
36.75+1.11 a

14.00£0.17 a

T4

11.74£0.17 a 8.68+0.99 a 47.00+0.64 a 15.99+0.3 ab 15.98+0.29 a 28.60£0.48 a 9.86x0.18 bc

8.68+0.99 a

14.00+£0.29 a

o respectively. As a result, the higher and more frequent rainfall events
@ © © © © . . . . .
2QeN 93 in 2021 caused greater water infiltration and even greater increases in
22232 shallow soil moisture storage. Secondly, the actual evapotranspiration
58343 o of maize field under the same irrigation treatment showed little variation
=== 2 between 2021 and 2022 (Table 3). Therefore, the higher and more
frequent rainfall events in 2021 resulted in more water remaining in the
T® oo o shallow soil layer of 0-100 c¢m, which led to the greater increments of
= g g g - shallow soil moisture storage in 2021.
-y~ e~ Generally, the rainfall effect was considered as the main reason
§ g § E 5 ) for the differences of SMC spatial distribution in the shallow soil layer
% as shallow soils were more sensitive to rainfall events (Gao et al.
a 922 (Z,) 2024). Similarly, irrigation probably was the main factor leading to
S T893 ¢ S the difference between the shallow and deeper layers in this study,
SIS %’ especially with such large amount of water for one event.
o8& D %% previous studies on spatial-temporal distribution of SMC have been
B O DD B2 . . . .
T T T T |83 conducted for shallow soils. Limited studies on deeper soils have
%E’j exhibited that the spatial distribution of soil moisture generally
g g > g g ;—f:’ stabilizes with increasing soil depth, largely because shallow soils have
® S g = g %% highly variable inherent properties, and are susceptible to external
§ § &4 8 § 28 impacts such as meteorological conditions, soil biology, compaction,
NS S g,):é;’ and other physical disturbances (Choi and Jacobs 2007; Korres et al.
g g 2015). Other studies reported opposite results that shallow soils had
6 o a2 2 ‘g‘é larger stability than the deeper soils (Gao and Shao 2012). Famiglietti
NSy el oE et al. (2008) reasoned that different controlling factors for soil moisture
299 % W g%’ dynamics determined the SMC spatial distribution. In their case, spatial
O O M v |« . e . .
S ot < variability of soil texture was the dominant factor. In the current study,
¥ 0w N EtS it was expected that spatial variability in soil properties, particularly
ég soil texture, would control SMC spatial distribution. Gao et al. (2024)
eSS S é reported that the SMC spatial variability would depend largely upon
ao2s 339w soil texture. While for shallow soils in agricultural field, heterogeneity
§ § ‘é'_>' O%' % g § in root distribution (root water uptake) likely increased the overall
oSS oo S ® magnitude of SMC spatial variability. Therefore, the spatial variability
“_% along the vertical profile might impact SMC spatial distribution
S © © © © 8‘5 randomly. Unfortunately, the extent to which the SMC spatial variability
I8 88 8 s could not be quantified, as SMC spatial variability was not measured in
o O O O O . H
I ¥ " H| oD this study.
© N~ © O ©O|dH
N ® S 9 g
N «~ «~ N — OE . . i .
A A g 2 4.2. Analysis of deep soil moisture recharge in farmland
PR-R- §§ The different physical processes involved in soil water balance include
© | o £ . LT . P
NS0 x ool rainfall or irrigation infiltration (Sun et al. 2018), soil water redistribution
AR IR v ‘—;% (Lopes et al. 2021), root water uptake (Hu et al. 2021), groundwater
SEYESRRIER: recharge (Yifru et al. 2021), and seepage from soil reservoirs (McCabe
e er |2 g and Wolock 2020). In this study, the soil reservoirs were divided into
S f—f shallow and deep soil moisture storage; the former referred to SMS
:‘: ® E S 26 in the 0—100 cm soil layer, and the latter identified as SMS in the
Iz e 9% 100-200 cm soil layer. Soil water balance in the shallow soil layers
§ g g g %‘ %_ac: is affected by rainfall, runoff, irrigation, actual evapotranspiration,
IS Z" and soil water infiltrating into the deeper soil layer. The soil water
éf balance in the deep soil layers is influenced by seepage from the
5 o © o © *g § upper soil layers and the deeper seepage that percolates out of the
BRIILY i @ soil layer (Panigrahi and Panda 2003). Deep drainage is defined as
22% 3% %ES the downward movement of soil water from the bottom of the root zone
N O NOSS[T8 Q2 . L . . :
g g S S f.oo 5 E to the less active transmission zone, which is an essential component
AR § of water balance (McCabe and Wolock 2020). Deep drainage occurs
|cf g in situations where SMC of the root zone is high, such as in the
.‘f g case of heavy precipitation and/or irrigation, which can recharge the
N - oo =3 groundwater aquifers (Liu et al. 2022). The data presents that the soll
-rrEFEFIES profiles experience dryness in June and early July annually due to
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the limited rainfall and soil water consumption for summer
maize, thereby resulting in the depletion of most of the
water stored in the soil layers (Schomberg et al. 2023). The
negative variations of SMS,_,o, was mainly caused by the
combined effects of excessive evapotranspiration and low
rainfall during the planting—V10 in 2021 (Fig. 6). The higher
rainfall encourages plants development and compensates
soil moisture loss induced by evapotranspiration, according
to an earlier study (Wang et al. 2019). The precipitation
distribution during planting—V10 in 2022 was more uniform
than that in 2021, which alleviated water consumption in the
shallow soil layers. The irrigation water increases available
water amount for evapotranspiration, encourages soil
moisture storage, and results in deep percolation and surface
or lateral runoff (Jagermeyr et al. 2015). During the V10-VT
period, the variations of SMS;_;o; and SMS,,_q for different
irrigation treatments significantly increased with an increase
in irrigation amounts, and reached peak values under
T5 treatment. Due to the higher concentrated irrigation
(Table 1) and supplementary precipitation (Fig. 6) in 2021,
the variations of SMS_,,, was positive in 2021 and negative
in 2022. A portion of the soil water flows out of the soil or
percolates into deeper soil layers after rainfall stops, thereby
recharging river networks or groundwater, which illustrates
soil infiltration ability and rainfall regulation capacity (Yu
et al. 2018). Moreover, a large amount of rainfall is more
likely to recharge deep soil moisture through the root zone
due to the shallow root zone of summer maize (Li et al.
2022). Thus, the heavy rainfall induced deep soil moisture
storage during the R4-R6 in 2021. During the plant growth
period, deep soil moisture was stable due to the heat
insulation of the upper soil layer (Nakhforoosh et al. 2021).
Although the irrigation upper limit and soil wetting layer
depth was maintained consistently for the same irrigation
treatment, the irrigation amounts showed significant
differences between the two years. Specifically, the
concentrated irrigation amounts in 2021 were significantly
higher than those in 2022 under the same irrigation
treatment. Thus, the deep soil moisture recharge induced
by deep storage irrigation in 2021 was substantially higher
than that in 2022. Overall, the total deep soil moisture
recharge in 2021 attributed to heavy rainfall over the R4-R6
and higher concentrated irrigation amounts during V10-VT
was significantly larger than in 2022.

In the double cropping system of summer maize and
winter wheat, the irrigation management over one season
impacts soil water balance for the other, particularly for crops
cultivated in the rainy seasons (Lu Y et al. 2021). Winter
wheat is supplied by soil water source accumulated during
the maize growing seasons, particularly in the deep soil
profile (Zhang et al. 2008). Therefore, deep soil moisture
recharge over the summer maize seasons helps delay crop
water shortage in the long absence of rainfall over the winter
wheat seasons. Overall, the surface water can be fully used
for irrigation in wet seasons, and even irrigation quotas can
be appropriately increased to increase the deep soil moisture
recharge, thereby reserving moisture sources for drought
resistance, and the deep soil moisture storage can be utilized
on site for irrigation applications in dry seasons (Dillon

et al. 2019). These results are consistent with the theories
previously demonstrated by Taylor et al. (2013) and Séraphin
et al. (2016) that irrigation return flow is the fundamental
source of groundwater recharge.

4.3. Effects of deep storage irrigation on maize grain
yield

The relationships between GY and its responses to irrigation
traits have been extensively documented (Ward 2022; Zhu
et al. 2023; Zhang P A et al. 2024). The irrigation application
is one of the most important elements influencing crop
yields, and water is essential for improving crop productivity
(Deb et al. 2022). It is conceivable for the volume of big
pores, which are responsible for the drainage and aeration,
to be reduced during irrigation stage (Drewry et al. 2021).
The greater moisture availability are contributed to these
processes under the conditions of enhanced irrigation
amounts. Irrigation has been proven to increase maize
yield (Chen et al. 2020). In this study, there was a quadratic
curvilinear relationship between GY and irrigation amounts,
which was also described by Payero et al. (2008), Irmak
(2015a), and Irmak et al. (2020). Overall maize GY response
to deep storage irrigation presented that the GY improved
with applied irrigation increasing until T2 in 2021 and T3
in 2022, and then the curvilinear shape achieved the peak
GY, which demonstrated that the excessive irrigation did not
contribute to maize yield increase with further increase in
irrigation amount and suggested diminishing returns (Irmak
2015b). Therefore, the appropriate irrigation increased
accumulation and translocation of dry matter from tasseling
to maturity stage, while the excessive irrigation resulted
in a slight increase or even a decrease in maize yields.
However, not much research has been reported on the
practical threshold for excessive irrigation, and exceeding
this threshold has no beneficial influences on the grain yield
(Dixon 2015; Zhang et al. 2023). As previously noted, the T3
and T4 treatments showed decreases in GY of 1.0 and 3.9%
in 2021, respectively, when compared to T2 treatment. In
relative to T3 treatment, the GY for T5 treatment displayed
a decrease of 5.7% in 2022. This is consistent with that
excessive precipitation induced a loss of maize yields (Hu
et al. 2023). These findings can be explained as short-term
waterlogging induced by excessive irrigation decreased the
available soil oxygen, reduced the aerobic microorganisms
activity, and thereby gradually advanced the oxygen-
depleted soil circumstances development (Wang et al.
2015). According to soil hypoxia and toxicity, the short-term
waterlogging stress restricted maize yield formation whether
directly by modifying roots metabolism or indirectly by limiting
nutrient uptake (Bailey-Serres et al. 2012). Specifically, the
adverse effects of short-term waterlogging stress on oxygen
absorption in the root zone weakened the potential of the
root system for nitrogen absorption and restricted nitrogen
utilization efficiency, and ultimately resulted in a decline in
the GY of maize (Zhang et al. 2023). Furthermore, the short-
term waterlogging stress resulted in N loss, which hindered N
uptake and transportation, and interrupted N cycle, and thus
reduced GY of summer maize (Li et al. 2020; Yu et al. 2021).
This may be the reason for the reduction in GY production
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due to the further increase in irrigation amounts. Compared
with the traditional deficit irrigation, plastic film mulching and
no-till seeding and other measures, deep storage irrigation
not only did not induce a reduction in maize yields, but
showed the potential for yield improvement in some cases
(Sithole and Magwaza 2019; Li and Wu 2022; Ning et al.
2024). Specifically, the maximum GY achieved under deep
storage irrigation in this study (11.44 t ha™') was 4.95, 8.95,
and 7.92% higher than the highest GY of the deficit irrigation
(10.9 t ha™), ridge-furrow with plastic film mulching (10.5 t
ha™), as well as no-till seeding (10.6 t ha™) reported by Ning
et al. (2024), Li and Wu (2022), and Sithole and Magwaza
(2019), respectively.

4.4. Limitations and recommendations

Despite this study has made some progress in deep storage
irrigation, there are still several limitations that may potentially
affect the accuracy and practical application value of the
research results. Firstly, the definition of flood season is
influenced by various factors, including climatic conditions,
topography, and hydrological characteristics, which makes
accurate and comprehensive determination quite challenging
(Xu et al. 2023; Liu Y Z et al. 2024). This limitation may
interfere with the determination of time for deep storage
irrigation during the experimental process, and thereby
affect the accuracy and reliability of these study results.
The second limitation is nutrient leaching (i.e., N, P, and K)
due to deep soil moisture recharge, and thereby decreases
nutrient utilization efficiency and increases groundwater
pollution risk, although deep drainage induced deep storage
irrigation can recharge deep soil moisture and potentially
recharge groundwater (Reading et al. 2019; Zhou and Zhao
2019). This limitation is particularly pronounced in coarse-
textured soils, where the risks of nutrient leaching and
subsequent groundwater contamination are higher owing
to the combination of rapid water infiltration and diminished
water retention capacity (Jilkova and Angst 2022; Nepal
et al. 2024). Thus, the applicability of these results may vary
depending on the soil texture and structure. For example,
the nutrient leaching losses are more significant in coarse-
textured soils, while the enhanced water retention and nutrient
immobilization can mitigate this risk in clay loam soil texture
(Nano et al. 2016; Yuan et al. 2025). Therefore, the results
of this study are applicable to clay loam soil texture and
caution must be exercised when extrapolating these findings
to coarser soils, finer soils, layered soils, or other agricultural
soil environments characterized by distinct hydrological and
nutrient dynamics. In addition, the further research should
consider split nitrogen application to investigate the optimal
proportion of base and topdressing applications of nitrogen
fertilizer under deep storage irrigation conditions.

5. Conclusion

Results obtained in this study showed that the deep soil
moisture recharge amounts and proportions to the sum of
effective precipitation and irrigation significantly increased
with irrigation amounts increasing, although induced only a
slight decrease in grain yield. It can be concluded that this

new technology of deep storage irrigation proposed in this
study achieved deep soil moisture recharge, and ensured the
maize grain yield was not significantly decreased. Overall,
deep storage irrigation can recharge farmland deep soil
moisture and sustain production of summer maize through
flood resources utilization and can be popularized and
applied in irrigation districts of northern China.
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