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Abstract: Currently, there is a limited supply of freshwater on a worldwide scale, and finding effective
ways to use agricultural freshwater resources has become a widely discussed subject. To investigate
the most suitable crops and the efficient use of water resources in dry regions, we performed a
comparison study of water consumption between two common crops, maize and sunflowers, in the
irrigation area located on the south bank of the Yellow River in Northwest China. Both sunflowers
and maize have diverse water sources at various reproductive phases. We discovered that sunflower
predominantly consumes 0–50 cm soil water throughout the reproductive cycle, whereas maize
mostly utilizes 0–50 cm soil water in the early reproductive phase and 50–90 cm soil water in the
late reproductive period. The comparison of yield sustainability between sunflowers and maize
demonstrated that sunflowers exhibited more resilience than maize when subjected to the same
level of water decrease. Sunflowers’ yield sustainability score stayed consistently over 0.95, while
maize had a lowest score of 0.84. We observed via correlation analysis that it was the fraction of
subsurface water contribution and the water contribution of the 50~70 cm soil layer that impacted the
yield of sunflowers and maize, with coefficients of 0.88 or higher. Ultimately, sunflowers exhibited a
lower level of responsiveness to water scarcity compared to maize. Sunflowers have greater drought
tolerance compared to maize since they rely less on soil layers replenished by a limited water supply.
Based on our findings, sunflowers are well suited to arid conditions and limited spaces that do not
have access to irrigation, while maize is better suited to well-watered conditions and expansive
cultivation areas.

Keywords: maize; sunflower; planting options; hydroxide isotopes; moisture sources

1. Introduction

The alteration of global precipitation patterns is progressively occurring as a result of
the combined influence of human activities and climate change, resulting in a rise in the
occurrence of droughts. This phenomenon presents a dual challenge to both the natural
environment and human civilization [1,2]. The limited availability of water caused by
droughts and water scarcity greatly hinders agricultural growth and ecosystem stability.
This presents a significant problem in preserving biodiversity and maintaining ecological
balance [3,4]. Within China, agricultural water use constitutes about 62% of the nation’s
overall water usage, with agricultural water consumption accounting for over 75% of the
total water consumption [5]. Water loss in agriculture in regions with shallow groundwater
levels is often caused by the irrational use of groundwater [6]. To successfully mitigate
water shortages in agriculture in arid and semi-arid regions, it is essential to implement
strategies that enhance water use efficiency and minimize unnecessary and inefficient
water use. This approach aids in the preservation of precious water resources and fosters
sustainable agricultural advancement [7,8].
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Isotope analysis is a crucial method for examining how plant roots absorb water in
many ecosystems, including forests, grasslands, and farmlands. This approach provides
a more precise understanding of water dynamics in different soil layers [9,10]. Isotope
fractionation effects are often absent when vegetable roots absorb water [11,12]. Never-
theless, the isotopic fingerprints of water sources may change considerably as a result of
physical phenomena such as evaporation and infiltration. Understanding this phenomenon
is crucial for comprehending the water cycle and the usage of water by plants [13]. There-
fore, using stable hydroxide isotope techniques enables the identification of the individual
water sources that contribute to the crop. Recently, the isotopes D and 18O have been
used to ascertain the distribution of water usage among farmed crops and to establish an
efficient irrigation system. The primary techniques for tracking plant water using D and
18O isotopes consist of the direct comparison approach, two- and three-terminal element
linear mixed models, IsoSource mixed models, and MixSIR, SIAR, and MixSIAR mixed
models, which are all based on Bayesian theory [14–18]. The direct comparison technique,
the IsoSource hybrid model, and the MixSIAR hybrid model, which are based on the R
language, are the most often used approaches. Asbiornsen et al. [19] measured the impact
of soil moisture on the depth of water absorption by maize roots under level-tillage settings
using a multi-source mass balance technique called the IsoSource model. Mahindawansha
et al. [20] detected disparities in root water absorption between dry and wet rice cultivated
under plane tillage settings using IsoSource modeling. This study revealed that wet rice
mostly relied on surface water, while dry rice primarily extracted water within the 0–50 cm
soil layer. Wu et al. [21] measured the depth at which maize roots absorb water at various
phases of fertility and recommended that the depth of irrigation should correspond to the
depth of the roots. In their work, Ding et al. [22] used a mixed model to investigate the
water availability of juniper in central and southern Texas throughout various seasons. The
findings indicated that juniper mostly relies on subterranean water during the dry season
and soil water during the rainy season. Furthermore, δ18O values were used to distinguish
sagebrush in the southern Sierra Nevada as mostly accessing water from deeper layers
compared to most herbaceous plants, but also acquiring 10–30% of its soil water from
shallower levels (<30 cm) [23].

The South Bank of the Yellow River Irrigation District in Dalat Banner, Ordos City,
Inner Mongolia Autonomous Region, is a significant irrigation district in China, known
for its extensive size. It serves as a crucial region for maize and sunflower cultivation
in the country. The optimal management of water resources in this region is crucial for
guaranteeing food security and promoting sustainable development. The irrigation region
consistently employs border irrigation, leading to a shallow groundwater table. While a
few researchers have recently undertaken studies on agricultural water in this region, the
majority of these studies have mostly examined variations in water use between various
planting techniques for certain crops and different film cover experiments. There is a signif-
icant lack of knowledge on the usage of soil water and underground water by sunflowers
and maize when both crops are subjected to the same irrigation water recharge. Hence, we
examined the disparities in root water absorption between sunflowers and maize under
identical irrigation water replenishment in the irrigation region located on the southern
bank of the Yellow River in Dalate Banner, Ordos City, Inner Mongolia Autonomous Region.
This research provides valuable insights into the cultivation of sunflowers and maize under
varied hydrological conditions. Additionally, it offers significant guidance for making
informed decisions on the particular planting choices for these two crops.

The research was conducted in the irrigation zone located on the southern side of the
Yellow River in Dalate Banner, Ordos City, Inner Mongolia Autonomous Region, China.
We used the hydroxide isotope tracer approach to investigate the depth of root water
absorption and the relative water contribution from various soil layers in sunflower and
maize plants at different fertility stages under varying levels of irrigation water gradients.
The primary objective of this research was to measure the extent of water absorption and
the relative contribution of various water sources in the root systems of sunflowers and
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maize. This was achieved by analyzing the isotope ratios of δD and δ18O in soil water,
subterranean water, and plant water. The secondary objective was to analyze and contrast
the productivity and water utilization effectiveness of sunflowers and maize across various
irrigation levels, while also examining the relationship between the impact of diverse water
sources on the production and water utilization efficiency of both crops. The findings of
this study are valuable for guiding the usage of subsurface water for crop cultivation and
the efficient allocation of irrigation water resources in the irrigation region located on the
southern bank of the Yellow River in Dalat Banner, Inner Mongolia.

2. Materials and Methods
2.1. Overview of the Experimental Area

The experimental site is situated in the Irrigation Experimental Base in Dalate Banner,
Ordos City, Inner Mongolia Autonomous Region (Figure 1). The coordinates of the location
are 40◦29′32′′ N, 109◦53′10′′ E. The location experiences a cold temperate continental
monsoon climate, with an average temperature of 6.2 ◦C over the course of the year. The
highest recorded temperature is 40.2 ◦C, while the lowest recorded temperature is−34.5 ◦C.
The frost-free period lasts for 130 to 140 days. The average annual precipitation is 348.3 mm,
with the majority falling between July and September, accounting for approximately 70%
of the total annual precipitation. The average evaporation is 2506.3 mm, which is roughly
seven times the amount of precipitation received. The soils in the designated region mostly
consist of loam, with their physical and chemical characteristics outlined in Table 1.
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Table 1. Physical and chemical properties of different soil layers.

Soil Layer/(cm) Soil Type Bulk
Density/(g·cm−3)

Saturated Water
Content/(cm3·cm−3) Nitrate/(mg·kg−1) Ammonium

Nitrogen/(mg·kg−1)

Electricity
Content

/(µs·cm−1)

0~20 Loam 1.44 0.38 6.2 3.5 337
20~40 Loam 1.45 0.38 6.8 3.6 399
40~60 Loam 1.43 0.46 7.4 3.1 466
60~80 Loam 1.42 0.48 6.6 2.8 469
80~100 Clay loam 1.43 0.48 5.3 3.0 527

2.2. Meteorological Data and Groundwater Level Data

Hourly meteorological data, such as air temperature, rainfall, air humidity, solar
radiation, atmospheric pressure, and wind speed, were gathered in the experimental
region using automated weather stations. The Penman–Monteith formula was used to
determine crop evapotranspiration (ET0). Figure 2 displays the precipitation and reference
crop evapotranspiration data throughout the crop fertility period. The HOBO U20-001-04
automated water level meter was used to monitor the subterranean water level. Figure 3
shows variations in the groundwater level during the crop fertility season.
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2.3. Test Material and Planting Method

The two crop varieties for testing were the “Jinyu 63” hybrid for sunflowers and
the “Crop Farmer 3168” hybrid for maize. We use an under-membrane drip irrigation
system consisting of a single film and a single tube, which is implemented in two rows.
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The sunflower crop was planted on 29 May 2022 and harvested on 1 October, with a
planting density of 30,000 plants per hectare. The maize crop was planted on 5 May 2022
and harvested on 15 October, with a planting density of 50,000 plants per hectare. The
sunflower irrigation was conducted at three different levels: S1, which was 1.4 times the
local level (157.5 mm), S2, which was 1.2 times the local level (135.0 mm), and S3, which
was 0.8 times the local level (90.0 mm). Three levels were established for the total irrigation
of maize: 1.4 times the local level W1 (157.5 mm), 1.2 times the local level W2 (135.0 mm),
and 0.8 times the local level W3 (90.0 mm). Local farmers and herders do not use irrigation
or consume the same quantity of water as maize for sunflower cultivation. Consequently,
this investigation used ordinary irrigation water for sunflowers and maize, with both crops
receiving the local irrigation quota of 112.5 mm as the control treatment (CK). Both crops,
under identical irrigation conditions, reached the same soil moisture equilibrium point.
This means that the amount of water absorbed by the crops was in balance with the amount
of water replenished in the soil. As a result, any ambiguities caused by variances in water
quantity were eliminated. A comparative investigation of the depths at which sunflowers
and maize absorb water from the roots revealed distinct water use methods for each crop,
although receiving the same quantity of irrigation water.

The irrigation technique used in the experiment was drip irrigation under a membrane.
There were 4 treatments set up, each with 5 replications, resulting in a total of 20 plots.
Each plot was 10 m in length and 6 m in width. To mitigate the potential interference from
neighboring plots, protective zones measuring 1 m in width were established on the east
and west sides of the experimental plots, while 0.5 m protection zones were implemented on
the north and south sides. Additionally, wider protection zones measuring 2.5 m were set
up on both sides of the experimental area. The tillage and fertilizer application treatments
remained consistent with the other measures. The fertilizer used was urea with a nitrogen
content of 46%. It was administered throughout the primary growth stages of sunflowers
and maize, namely the elongation phase and filling period, respectively. The fertilizer was
transported to the field in the irrigation water. Figure 4 displays the planting scheme. The
irrigation and fertilization schedules throughout the reproductive stage of sunflower and
maize are shown in Tables 2 and 3, correspondingly.
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Table 2. Sunflower irrigation and fertilization program.

Treatment

Seedling Period Elongation Period Grouting Period Maturity Period

Total
Irrigation

Total
Amount of
Fertilizer
Applied

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

Number
of

Fertilizer
Applica-

tions

Rate of
Fertilizer
Applica-

tion

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

Number
of

Fertilizer
Applica-

tions

Rate of
Fertilizer
Applica-

tion

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

S1 1 31.5 1 31.5 1 187.5 2 63.0 1 187.5 1 31.5 157.5 375
S2 1 27.0 1 27.0 1 187.5 2 54.0 1 187.5 1 27.0 135.0 375
S3 1 18.0 1 18.0 1 187.5 2 36.0 1 187.5 1 18.0 90.0 375
CK 1 22.5 1 22.5 1 187.5 2 45.0 1 187.5 1 22.5 112.5 375

Table 3. Irrigation fertilization program for maize.

Treatment

Seedling Period Elongation Period Grouting Period Maturity Period

Total
Irrigation

Total
Amount of
Fertilizer
Applied

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

Number
of

Fertilizer
Applica-

tions

Rate of
Fertilizer
Applica-

tion

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

Number
of

Fertilizer
Applica-

tions

Rate of
Fertilizer
Applica-

tion

Number
of

Instances
of

Irrigation

Quantity
of

Irrigation
Water

W1 1 31.5 1 31.5 1 187.5 2 63.0 1 187.5 1 31.5 157.5 375
W2 1 27.0 1 27.0 1 187.5 2 54.0 1 187.5 1 27.0 135.0 375
W3 1 18.0 1 18.0 1 187.5 2 36.0 1 187.5 1 18.0 90.0 375
CK 1 22.5 1 22.5 1 187.5 2 45.0 1 187.5 1 22.5 112.5 375



Water 2024, 16, 198 7 of 19

2.4. Sample Collection and Analysis

The soil water sampling procedure involved extracting soil samples from depths
ranging from 0 to 90 cm using a 3 cm diameter earth auger. The samples were collected in
five layers: 0 to 10 cm, 10 to 30 cm, 30 to 50 cm, 50 to 70 cm, and 70 to 90 cm. Each sample
was promptly transferred into brown glass bottles and stored in a refrigerated cabinet.
Concurrently with the soil water sample, groundwater sampling wells were positioned
in both the sunflower and maize test plots. Xylem water samples were collected from the
non-chlorophyll portion of the sunflower’s rhizome, where there was no transpiration and
hence no isotopic fractionation. The sample sites were specifically targeted at the rhizome
section of the sunflower, located 3 to 5 cm under the soil surface. Specimens were gathered
between 11:00 and 14:00 h on clear days during the reproductive phase and then stored
in brown glass containers inside a cooling device. Both irrigation water and groundwater
were gathered in glass bottles. Sampling occurred weekly. The sample determination was
conducted at the Hydrogen and Oxygen Isotope Laboratory of the Institute of Pastoral
Water Resources Science, Ministry of Water Resources, located in Hohhot, China. Soil
moisture and wood moisture vacuum extraction equipment (LI-2100, LICA United Technol-
ogy Limited, Beijing, China) was used to measure soil moisture and wood moisture using
vacuum low-temperature distillation. The stable isotopic compositions of hydrogen and
oxygen in the water samples were analyzed using a liquid isotope analyzer (LGR-DRT-100)
according to the following formula [24]:

δ18O(δD) =

( Rsample

Rstandard
− 1

)
× 1000‰ (1)

where Rsample is the isotope ratio of the sample, Rstandard is the isotope ratio of the standard,
and the precision of δ18O is ±0.2‰ and that of δD is ±0.6‰.

2.5. Identification of Root Water Sources

This article used measured D and 18O double stable isotope data of soil water and
stalk water to first ascertain the depth of root water absorption in sunflowers and maize
at various reproductive stages using the direct comparison approach. By analyzing the D
and 18O isotope profiles of soil water and the corresponding dual stable isotope values of
crop water, we determined the major root water uptake depth for sunflowers and maize.
This is achieved by identifying the depth at which there was a distinct intersection of the
D values of soil and stalk water or the 18O values of the two water sources. When several
crossings occurred, it was challenging to detect the primary absorption depths of the crops.
Conversely, in the absence of intersections, finding the main absorption depths of the two
crops became much more difficult. The depths of water absorption in sunflowers and
maize, as well as the quantity of water removed from each soil layer, were determined
using a Bayesian mixture model known as the MixSIAR model. This model was used to
assess the contribution of each soil layer to the overall water content. The R language was
used to develop the Bayesian mixture model, which incorporated uncertainty from various
moisture sources, isotopic characterization, and isotopic fractionation [25,26].

The sunflower and maize plants primarily obtained their water from a combination
of soil water at various depths, atmospheric precipitation, irrigation water, and initial
soil water. Before using the MixSIAR model, it was essential to make modifications to
the following files: mix-data.txt (file containing information on plant xylem water) and
mean-source.txt (file containing isotopic data of prospective water sources), SD-source.txt
(file containing standard deviation values of potential water sources), and mean-frac.txt
(file containing fractionation coefficients, typically set to 0). To optimize the model’s
performance, it was advisable to execute the model for a minimum of 10,000 iterations.
Upon executing the model, we examined the diagnostics window to see whether the
density was below 0.01. If the density exceeded 0.01, we incremented the number of



Water 2024, 16, 198 8 of 19

iterations until the density fell below 0.01. At this juncture, we executed the model to obtain
optimal outcomes.

2.6. Measurement of Crop Yield and Irrigation Water Use Efficiency

During the maturity stage of sunflowers and maize, 10 robust and growing tasseled
plants were chosen for each treatment, with 5 replicates. These plants were then taken to
the laboratory to measure and determine the yield. After threshing, the remaining parts of
the plant samples were placed in an oven at 85 ◦C until they reached a constant mass, and
then weighed. The measure of yield stability, known as the coefficient of variance (CV),
quantifies the extent of variability across treatments. Smaller values of CV indicate more
yield stability. The coefficient of variation (CV) was calculated by dividing the standard
deviation of yield (s) by the mean yield (Ym).

The Sustainability Yield Index (SYI) is a metric that quantifies the sustainable output
of an ecosystem. A higher value signifies better sustainability and was determined using
the following equation [27].

SSYI =
(Ym − s)

Ymax
(2)

where SSYI is the yield sustainability index; Ym is the mean yield (kg·ha−2); and Ymax is the
maximum yield (kg·ha−2).

Irrigation water use efficiency (IWE) was calculated using the following equation [28].

IWE =
Q
Y

(3)

where Q is the amount of irrigation water (m3·hm−2).

2.7. Data Processing

We used Origin 2021Pro for data visualization and Excel 2016 for statistical data
analysis. An analysis of variance (ANOVA) was conducted using SPSS 27.0 to assess
the percentage contribution of root water uptake and to determine the significance of
differences between treatments at a significance level of p = 0.05, using Duncan’s technique.

3. Results
3.1. Root Water Uptake Depth at Different Fertility Stages under Different Treatments

According to the direct comparison approach (Figures 5 and 6), the primary depths
at which sunflowers absorb water throughout the seedling, elongation, irrigating, and
maturity periods are 0–30 cm, 0–40 cm, 0–60 cm, and 40–80 cm, respectively, in the soil
layer. The primary depths at which maize absorbs water at different growth stages are as
follows: during the seedling period, water absorption occurs at depths ranging from 0 to
40 cm; during the elongation period, water absorption occurs at depths ranging from 0 to
80 cm; during the staminate period, water absorption occurs at depths ranging from 40 to
80 cm; during the grouting phase, water absorption occurs at depths ranging from 0 to
60 cm; and during the maturity period, water absorption occurs at depths ranging from
20 to 100 cm. The variations in the depth of root water absorption differed considerably
across the treatments. During the sunflower seedling period, the S1 and S2 treatments
absorbed water at a depth of 0 to 20 cm, while the S3 and CK treatments absorbed water at
a depth of 0 to 40 cm. In the elongation period, all treatments absorbed water at similar
depths. In the grouting period, the S1 and CK treatments absorbed water at a depth of
80 to 100 cm, while the S2 and S3 treatments absorbed water at depths of 0 to 20 cm and
80 to 100 cm. In the maturation period, the S1 and S3 treatments primarily absorbed water
at depths of 0 to 20 cm and 60 to 80 cm, while the S2 and CK treatments primarily absorbed
water at depths of 0 to 40 cm and 60 to 80 cm.
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Throughout the maize seedling stage, all four treatments exhibited water absorption
throughout the 0~40 cm range. Figure 6 demonstrates that there was no overlap or closeness
between the isotopic composition of soil water (δD and δ18O) and stalk water throughout
the elongation phase of maize. Therefore, it was not feasible to directly ascertain the specific
soil layer from which the water came. The water sources for the W3 and CK treatments
were located at a depth of 0–20 cm and 40–60 cm in the soil, whereas the water source for
the W2 treatment was located at a depth of 60–80 cm. Throughout the staminate period, the
primary water sources for the four treatments were mostly located at a depth of 40~80 cm
in the soil. During the grouting phase, the W1 treatment primarily focused on the water-
absorbing layer at depths of 20~40 cm and 80~100 cm. On the other hand, the W2, W3, and
CK treatments predominantly targeted the water-absorbing layer at depths of 0~60 cm and
80~100 cm. During the maturity stage, the position of the major water absorption could
not be directly detected for the W1 and W2 treatments. The W3 treatment absorbed water
from depths of 0 to 100 cm, while the CK treatment mostly sourced water from the layer
between 60 and 100 cm.

3.2. Sources of Water Absorption and Percentage Contribution under Different Treatments

This study utilized a MixSIAR Bayesian isotope mixing model to accurately measure
the proportions of soil water and underground water contributions to the crop under
different treatments and at various depths during different fertility stages of sunflower
and maize. Additionally, the model was used to identify the primary depths at which
the two crops absorbed water from the roots during each fertility stage (Figures 7 and 8).
The findings indicated that the mean proportion of soil water and subterranean water in
sunflower plants at depths ranging from 0 to10 cm to 70 to 90 cm was 22.17%, 17.99%,
18.74%, 14.68%, 15.97%, and 10.45%, respectively. The mean contribution of each soil layer
and subterranean water to maize cultivation was 19.43%, 18.89%, 18.41%, 17.06%, 17.29%,
and 8.92%, respectively. Water consumption in the uppermost layer of soil (0–10 cm)
exhibited a declining pattern in sunflowers throughout the seedling, elongation, maturity,
and filling stages. Conversely, in maize, water use in the top layer steadily declined as the
reproductive phase advanced.
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The two crops exhibited parallel variations in the moisture content of the major soil
layers as fertility improved, as shown in Figure 9 to Figure 10. During the period when
the sunflower seedlings were growing, the primary layer of soil that provided water for
the four treatments was between 0 and 30 cm, making up more than 45.9% of the total. In
the elongation period, the main layers of soil that provided water for treatments S1, S2,
and S3 were between 0 and 10 cm and 30 and 50 cm. However, for the CK treatment, the
main layer of soil that provided water was between 0 and 70 cm. Throughout the filling
period, the water supply percentage in the top layer (0–10 cm) of the soil decreased in
the S1 treatment, leading to an increase in water uptake in the deeper layer (30–90 cm).
Additionally, the water uptake in the S2, S3, and CK treatments in the 0–30 cm layer was
9.88–38.31% higher compared to that of the S1 treatment. Upon reaching maturity, the
amount of water absorbed in the 0–10 cm soil layer varied significantly between S1, S2, and
S3. However, in the CK treatment, water absorption in the 0–10 cm soil layer dropped by
34.65% compared to the filling stage.
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During the seedling stage of maize, the treatments mostly used soil water from a
depth of 0–50 cm, which accounted for over 58.5% of the total water absorption. The next
highest percentage of water absorption occurred in the 70–90 cm soil layer, contributing
between 13.66% and 20.18%. Throughout the elongation period, the S1 treatment exhibited
a consistently high level of water absorption in the 0–50 cm soil layer, amounting to 67.3%.
In contrast, the S2, S3, and CK treatments had a relatively moderate level of water uptake
in the 0–90 cm soil layer. During the male flowering period, the S1 treatment showed a
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decrease of 10.51% in water usage between depths of 0 and 50 cm. The pattern of water
usage was similar to that of the S2, W3, and CK treatments. During the period of injecting
water, the W1 and CK treatments showed an increase of 84.04% and 148.7%, respectively,
in their utilization of underground water. The S2 and S3 treatments mainly relied on soil
water from depths of 0 to 10 cm, 30 to 50 cm, and 70 to 90 cm. When fully grown, W1
mostly relied on subterranean water at depths of 50–90 cm, while W2 primarily relied on
soil water at depths of 10–90 cm. On the other hand, W3 and CK primarily relied on soil
water at depths of 10–50 cm and 70–90 cm, respectively.

Refer to Tables 4 and 5 for the results of the significance analysis. The findings
indicated that both crops had varying impacts on water utilization in different soil layers
of the root system across the four moisture gradients. Additionally, the water uptake by
sunflowers in the 0~50 cm root system was essentially comparable under the S2 and S3
treatments, with no statistically significant disparities (p ≤ 0.05). The water contribution of
maize was statistically indistinguishable (p ≤ 0.05) in the 50~90 cm soil layer under both
W1 and W2 treatments.

Table 4. Differences in moisture contribution of different treatments across soil layers for sunflowers
over the whole life span (different letters indicate significant differences (p ≤ 0.05) between the
moisture contributions of different soil layers).

Treatment 0–10 cm 10–30 cm 30–50 cm 50–70 cm 70–90 cm Underground
Water

S1 b b b b a a
S2 a ab ab b b c
S3 a a a c a bc
CK c c c a a b

Table 5. Differences in moisture contribution of different treatments across soil layers for maize over
the whole lifespan.

Treatment 0–10 cm 10–30 cm 30–50 cm 50–70 cm 70–90 cm Underground
Water

W1 b c b a c a
W2 a b c a c c
W3 a c a c a c
CK c a bc b b b

3.3. Yield and Water Use Efficiency under Different Treatments

Figure 11 shows the yields of sunflower and maize crops, as well as the irrigation
water usage efficiency, for various irrigation treatments. Treatment S1 had the greatest yield
in comparison to the other treatments. Sunflower S1 had a yield that was 12.21% more than
the yield of CK, 15.22% greater than the yield of S3, and 14.58% greater than the yield of
S2. The yields of S2 and CK were comparable, with S2 exhibiting a marginal decrease of
just 1.59% compared to CK. The yield of S3 was comparable to that of CK; however, it was
2.34% lower than CK. S1 had superior water usage efficiency, surpassing CK by 62.67%, S3
by 41.31%, and S2 by 6.71%. CK had a yield comparable to that of S2 and S3, although it
demonstrated the lowest water usage efficiency. The water use efficiency of S3 was 15.11%
greater than CK, but significantly lower than S1 and S2. The irrigation method used in S3
demonstrated efficacy in enhancing water efficiency but to a lesser extent compared to S1
and S2.
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Figure 11. Effect of different treatments on yield and irrigation water use efficiency of sunflowers
and maize.

Among the several treatments, maize W1 had the greatest yield, surpassing CK by
3.72%, W3 by 8.85%, and W2 by 2.87%. The yield of W2 exceeded CK by a marginal 0.82%,
while W3 exhibited the lowest yield, which was 4.69% lower than that of CK. This suggests
that the irrigation treatment of W3 was inferior to that of CK. W1 had superior water usage
efficiency, surpassing CK by 81.4%, W3 by 53.0%, and W2 by 21.88%. CK exhibited the
lowest water use efficiency, similar to that of W3, indicating that the irrigation treatments
of W3 did not lead to a substantial improvement in water use efficiency. The water use
efficiency of W2 was 48.84% more than that of CK, and 25.35% greater than that of W3.
This suggests that W2’s irrigation treatment outperformed both CK and W3 in terms of
water use efficiency.

3.4. Effect of Different Treatments on Yield Sustainability Characteristics of Both Crops

The sustainability features and coefficients of variation for sunflowers and maize
can be seen in Figure 12. The stability and reliability of each treatment were assessed
by assessing the yield sustainability index and the coefficient of variation of yield. The
sustainability indices for sunflower treatments S1, S2, S3, and CK were 0.97, 0.96, 0.96,
and 0.97, respectively. These values suggest that all four treatment yields demonstrated
a significant level of stability and sustainability throughout the trial. The coefficient of
variation for S1 was 0.011, the smallest value compared to all other treatments, therefore
showing that S1 exhibited the least amount of volatility and the best level of consistency
in yield. The yield sustainability index of CK was 0.97, with a coefficient of variation of
0.0134. While lower than S2 and S3, it was higher than S1, showing that CK had good yield
stability but still exhibited more volatility compared to the S1 treatment.
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The maize W1 treatment had the greatest level of yield sustainability, as shown by a
YSI value of 0.984, which is near the ideal sustainable state (YSI = 1). The sustainability
of the four treatments followed the order of W1 being the most sustainable, followed by
W2, CK, and W3. The coefficient of variance showed that W3 had the most variability,
followed by CK, W2, and W1. The coefficient of variation for W1 was 0.007, the lowest
among all treatment groups, suggesting that the crop yields exhibited little volatility and
good stability under this treatment.

3.5. Correlation Analysis of Water Contribution of Different Soil Layers of Two Crops with Their
Yield and Irrigation Water Use Efficiency

Figures 13 and 14 depict the impact of sunflowers and maize on their respective crop
yields and the efficiency of water use for irrigation across five distinct soil layers and
subsurface water sources. The correlation analysis revealed that sunflower yield exhibited
a highly significant correlation with underground water contribution, as indicated by a
correlation coefficient of 0.895. On the other hand, maize yield showed a stronger correlation
with the 50 to 70 cm soil layer and the underground water contribution, with correlation
coefficients of 0.882 and 0.787, respectively. The correlation coefficient between sunflowers
and the 30 to 50 cm soil layer for irrigation water usage efficiency was 0.534, indicating a
strong positive relationship. Conversely, maize had the highest correlation of 0.757 with the
moisture contribution originating from the soil layer between 50 and 70 cm. These statistics
indicate variations in the level of reliance on water sources and the effectiveness of using
various crops, serving as a crucial reference for agricultural water management.
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4. Discussion
4.1. Differences in Water Sources between Maize and Sunflowers

These findings indicate that sunflowers and maize exhibited distinct traits in terms of
water usage efficiency, yield, and soil moisture contribution when subjected to identical
irrigation circumstances. The sunflowers exhibited greater water usage efficiency due to
their root system’s improved ability to absorb water in deeper soil layers compared to maize.
The findings, obtained via the use of the MixSIAR model and correlation analysis, indicated
a favorable association between the improvement in sunflower yield and the involvement
of soil layers at depths of 50 to 70 cm, 70 to 90 cm, as well as the presence of subterranean
water. Sunflowers mostly extracted water from the upper (0~10 cm) and middle (30~50 cm)
soil layers across four distinct irrigation regimes. In their study, Dou et al. [29] discovered
that sunflower roots exhibited a "rugby ball" distribution pattern in water uptake under
various drainage conditions. This distribution was primarily concentrated in the soil
layer between 30 and 60 cm deep, accounting for 60% of the total water uptake. The
findings of previous research align with the current study. Furthermore, this discovery
was corroborated by Angadi et al. [28]. This is in line with the conclusions obtained from
this research and is also supported by the findings of Angadi et al. [30]. The experiments
conducted by Liu et al. [31] showed that maize mostly absorbs water at a depth range of 0
to 60 cm during the initial and intermediate stages of development. However, throughout
the intermediate and late stages of growth, the root system of maize may extend to a depth
exceeding 130 cm, resulting in a more diverse water supply. The findings of the current
investigation exhibited some variation, likely attributable to the shallow groundwater level
in the research region. Maize, being reliant on a consistent supply of soil moisture, showed
a greater dependence on the deeper groundwater in this study.

Prior research has shown [32–34] that both sunflowers and maize exhibit superior
adaptation to water scarcity using their root systems in dry environments. Our results align
with previous findings [35–38], verifying that both crops are more suited and capable of
surviving in dry regions. The root system of sunflower has more resilience in dry regions,
but maize is more vulnerable to water stress under drought circumstances. Additionally, it
was discovered [39,40] that maize has a maximum root length of 150 cm, but sunflowers
exhibit a root depth of 240 cm. Hence, sunflower farming exhibits greater water usage
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efficiency in regions where the subterranean water is shallowly buried, ranging from
1.3 to 2.0 m. The implementation of the “rain-fed + underground water recharge” irrigation
model may effectively manage the agricultural cultivation structure in the area, given the
scarcity of freshwater irrigation supplies. This approach offers notable benefits.

4.2. Yield and Water Use Efficiency in Sunflowers and Maize

The research examined the yield and water usage efficiency of both crops, revealing
that sunflowers had a superior coefficient of variation and sustainability index compared to
maize. These findings suggest that sunflowers, when grown under irrigated circumstances,
consistently produced greater and more sustainable yields compared to maize. Additionally,
sunflowers demonstrated a considerably superior water usage efficiency, as evidenced
by statistical analysis (p ≤ 0.05). This might be attributed to the fact that maize exhibits
a higher reliance on a consistent water supply, particularly during its first development
phases when it is less inclined to use lower and medium-depth water sources. Consistent
with prior research [41–44], it has been shown that maize is more susceptible to the effects of
irrigation water when it is abundant, but the sunflower’s root system has more adaptability
in locating water when irrigation water is scarce. The sunflower has a more robust root
system compared to maize, enabling it to effectively locate water sources and hence sustain
its output throughout development. Thus, in shallow subterranean water regions that are
not well irrigated, it is advisable to cultivate sunflowers in small plots or when irrigation is
not possible. On the other hand, if canal irrigation is accessible and there is a broad expanse
of land, it is more favorable to grow maize [45,46]. These results are crucial for informing
agricultural water management and determining the optimal crop cropping arrangement
in dry zones.

5. Conclusions

Using the direct comparison approach and the MixSIAR model, we analyzed the
disparities in water use between two common crops, sunflower, and maize, in the Yellow
River region. Our findings are as follows:

(1) Sunflowers mostly absorb water in the middle and higher layers of soil, namely
at a depth of 0 to 50 cm. The water usage efficiency of sunflowers is measured at
58.9%. The water supply for maize is widely distributed and heavily influenced by
the quantity of irrigation water. The seedling, elongation, and staminate stages mostly
rely on the water present in the soil layer ranging from 0 to 50 cm. Conversely, the
grouting and maturity stages primarily depend on the water found in the soil layer
below 50 cm.

(2) Sunflower has superior yield stability and a lower coefficient of variability compared
to maize when subjected to the same decrease in irrigation. Therefore, expanding the
planting area of sunflowers is beneficial for optimizing the effective use of limited
irrigation water when it is inadequate.

(3) The correlation analysis showed that the soil layers primarily influencing sunflower
yield and water use efficiency, specifically in terms of water uptake, are the soil layer
between 30 and 70 cm deep and the underground water soil layer. On the other hand,
the soil layers impacting maize are the soil layer between 50 and 70 cm deep and the
underground water soil layer.
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