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Abstract: Plastic film-bottomed treatment (FBT) is a critical agricultural practice in arid
regions, aimed at enhancing crop productivity by improving soil moisture retention and
nutrient availability. However, the effects of different depths of film-bottomed treatment
(DFBT) on nitrogen (N) absorption and translocation in spring wheat remain inadequately
understood. We conducted a field experiment on sandy soil to investigate the effects
of different DFBT depths (60, 70, 80, 90, and 100 cm) and on total N absorption amount
(TNAA), total N translocation amount (TNTA) in all nutritive organs, grain nitrogen content
(GN), and grain yield (GY). Morphological measurements included GY, GN, TNAA, and
TNTA in the stem, sheath, leaf, spike axis, kernel husk (SAKH), and culm. The results
showed that FBT significantly reduced soil moisture loss, with the 100 cm depth reducing
soil leakage by 59.6% (p < 0.001). At the flowering stage, nitrogen derived from fertilizer
(NDF) and soil nitrogen (NDS) were significantly higher at the 80 cm depth (p < 0.001). At
maturity, the total nitrogen absorption amount (TNAA) and translocation amount (TNTA)
in the main stem and across nutrient organs were significantly higher under the 80 cm
DFBT (p < 0.001), leading to improved nitrogen use efficiency. The correlation between
TNTA and GN was strongest at 80 cm (p < 0.001). Grain yield (GY) and GN were optimized
at intermediate depths, particularly at 80 cm, suggesting this depth provides an optimal
balance between water retention and drainage efficiency. These findings underscore the
importance of optimizing DFBT depth, particularly at 80 cm, to achieve enhanced water
retention, efficient nitrogen utilization, and improved crop productivity in arid agricultural
systems. This research provides critical insights into sustainable agricultural practices
under water-limited conditions, offering practical guidance for improving food security in
arid regions.

Keywords: optimal film-bottomed depth (FBT); nitrogen uptake efficiency; nitrogen translocation
pathways; spring wheat productivity; arid region soil management

1. Introduction

Spring wheat (Triticum aestivum L.) is a crucial cash crop in the arid northwestern
regions of China, where agricultural production is significantly limited by water scarcity
and nitrogen (N) deficiency. The coarse-textured sandy soils common in these areas have
poor water and nutrient retention capacities, which further exacerbate the challenges
faced by local farmers [1,2]. Therefore, improving soil fertility and water use efficiency is
essential for increasing crop yields and ensuring food security in these areas [3]. Recent
advancements in soil management strategies, such as the development of superabsorbent
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polymers and soil conditioners, have shown promise in enhancing soil water retention and
nutrient availability in arid environments [4,5].

Nitrogen is a key nutrient for plant growth and directly impacts wheat yield and
quality. It promotes leaf area expansion, increases photosynthetic rates, and extends the
functional period of leaves, enhancing the accumulation of photosynthetic products [6].
Efficient N uptake and remobilization during critical growth stages, such as post-anthesis,
are essential for improving grain protein content and overall yield [7,8]. Recent research has
emphasized the role of nitrogen remobilization and advanced techniques, such as stable
isotope labeling and high-throughput phenotyping, in improving nitrogen use efficiency
(NUE) [9,10]. These approaches highlight the importance of enhancing N uptake during
later growth stages to optimize grain quality [11].

Drought is a primary constraint on wheat production in arid and semi-arid regions.
Soil moisture deficits reduce dry matter accumulation and disrupt nutrient redistribution
within the plant, negatively impacting plant health and yield [12]. In response to the chal-
lenges faced by agriculture in arid regions, extensive research efforts have been directed to-
ward breeding techniques and cultivation practices to optimize water utilization efficiency,
such as dryland farming and nutrient management [13]. Film-Bottomed Treatment (FBT)
has shown promise in mitigating soil drought by reducing soil compaction and preventing
water loss through surface evaporation, thus enhancing crop growth conditions [2,14].
Advanced simulations using soil-water-crop models have also demonstrated the potential
of FBT in maintaining higher soil moisture levels under water-limited conditions [15].

Since 2016, FBT has been applied to approximately 6000 hectares in the Hexi Corridor.
This has significantly improved wheat plant height, leaf area index, and dry weight [16,17].
While many studies have explored the effects of factors such as film-bottomed depth,
nitrogen application, and irrigation on spring wheat growth and yield [2,18,19], research
specifically focusing on their impacts on total nitrogen absorbability amount (TNAA) and
total nitrogen translocation amount (TNTA) remains limited. Addressing this research
gap is crucial for optimizing nitrogen management and increasing wheat productivity in
drought-prone areas. Existing studies have assessed how FBT affects water retention and
soil nutrient dynamics [20]. However, its role in nitrogen translocation mechanisms has not
been fully explored.

Research on the depth of film-bottomed treatment (DFBT) and its effects on TNAA
and TNTA in spring wheat is critical for improving nitrogen management in arid re-
gions [21,22]. DFBT helps retain soil moisture and influences root distribution, both of
which are important for nitrogen uptake and translocation [23]. By creating a favorable
microenvironment, DFBT enhances root access to nitrogen reserves, especially under fluc-
tuating water conditions. This reduces the negative effects of water stress on nitrogen
uptake and efficiency. Advanced root imaging techniques show that DFBT improves root
morphology and root-soil interactions, leading to better nutrient absorption in arid environ-
ments [24]. Understanding how DFBT affects TNAA and TNTA provides valuable insights
into nitrogen metabolism in wheat. This knowledge can support breeding programs to
develop wheat varieties with improved nitrogen use efficiency (NUE), a critical trait for
sustainable and productive agricultural systems [25].

This study evaluates the effects of different DFBT (60, 70, 80, 90, and 100 cm) on TNAA
and TNTA in spring wheat. We analyzed nitrogen dynamics in nutrient organs such as
stems, sheaths, leaves, spike axes, kernel husks (SAKH), and main culms. Additionally,
we examined the relationship between grain nitrogen (GN), grain yield (GY), and the
nutritional status of these organs under varying DFBT. We hypothesize that an intermedi-
ate DFBT depth (approximately 80 cm) will optimize nitrogen uptake and translocation
efficiency by improving soil moisture retention and creating a favorable root environment.
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This is expected to enhance nitrogen use efficiency, grain yield, and grain quality, offering a
sustainable solution for nitrogen and water management in arid agricultural systems. This
research aims to fill a critical gap in understanding how DFBT affects nitrogen dynamics in
spring wheat, contributing to the development of optimal nitrogen and water management
strategies to improve productivity and sustainability in arid environments.

2. Materials and Methods
2.1. Experimental Site

The study was carried out in a field of the Provincial Laboratory of Arid Agroforestry,
Gansu Agricultural University (37°26' N, 103°45’ E, 1665 m height above sea level), located
on the southern margin of the Tengger desert, a transitional zone between desert and oasis.
The physicochemical properties of the soil at the test site were analyzed using standard-
ized methods. Soil pH was measured in a 1:2.5 soil-to-water suspension with a pH meter
(Orion 710A, Thermo Fisher Scientific, Waltham, MA, USA). Organic matter content was
determined via the Walkley-Black method (Merck KGaA, Darmstadt, Germany). Total
nitrogen and total phosphorus were quantified using the Kjeldahl digestion (FOSS Kjel-
tec 8400, FOSS, Hilleroed, Denmark) and perchloric acid digestion methods, respectively
(Sigma-Aldrich, St. Louis, MO, USA). Available phosphorus was measured using the Olsen
method (Sigma-Aldrich, St. Louis, MO, USA), and available potassium was assessed via
flame photometry after ammonium acetate extraction (FP-640, Horiba Scientific, Kyoto,
Japan). Water-soluble chloride was determined through silver nitrate titration following
water extraction (reagents from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China).
The physicochemical properties of the soil at the test site were gray desert soil with pH 7.8,
organic matter content of 2.6 g kg™, total nitrogen content of 0.27 g kg™!, total phosphorus
content of 0.62 g kg™!, available phosphorus content of 3.08 mg kg, available potassium
content of 4.62 mg kg‘l, and water-soluble Cl1 0.21%, with low levels of organic matter,
total N and phosphorus (P), available P and K (Tables S1 and S2). The meteorological
data from the TPDC (https://data.tpdc.ac.cn, accessed on 14 August 2024) showed that
the average temperatures during the growing period of spring wheat in 2014-2016 were
18.6, 19.2, and 20.7 °C, and the annual rainfall was 209.2, 194.5, and 217.2 mm, respec-
tively. There is little variability compared to the 2000-2016 long-term average temperature
(18.9 °C) and average rainfall (202.9 mm) (Figure S1). The climate is arid, with an average
daily evaporation during this time of 3038.5 mm, mean annual temperature of 8.2 °C,
>10 °C active accumulated temperature of 2988.7 °C, and mean annual wind velocity of
3.5ms 1 [24].

2.2. Field Layout and Experimental Details

A field experiment was conducted during the 2014, 2015, and 2016 growing seasons
using spring wheat cultivar "Yongliang-2’, selected for its high disease resistance and
superior yield performance in the region [26]. Sowing was carried out annually on March
17th at a sowing rate of 144 kg ha~!. The experiment was conducted in irrigated farmland,
with treatment plots centrally located to ensure uniform conditions. Each treatment plot was
20 m x 20 m, which was established by digging a 20 m x 20 m pit. All residual plant roots
were removed, and the bottom and sidewalls were lined with 0.05 mm thick plastic film
before backfilling with the original sandy soil [24,26]. The experimental design included six
treatments: five DFBTs with buried depth levels of 60, 70, 80, 90, and 100 cm, and a control
treatment (no DFBT). Each treatment served as a main plot and was replicated four times.
The treatment plots were randomly distributed within the study area to minimize spatial
variability and ensure unbiased results. A total of 24 treatment plots were established, with
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a combined experimental area of 0.96 ha. To further enhance the design, a buffer zone of
5 m was maintained between adjacent plots to prevent treatment interactions.

Before sowing, the field was plowed with a tooth harrow, and 10 kg P ha~! (Sierte
Fertlizer Industry Co., Ltd., Ningguo, China), 25 kg K ha~! (Asia-Potash International
Investment Co., Ltd., Guangzhou, China), and 160 kg N ha~! were applied manually in
all plots. The nitrogen source was >N-labeled urea (10% enrichment and 46% nitrogen
content) (Guangzheng Chemical Co., Ltd., Dongying, China), broadcast manually and
incorporated into the soil through plowing to ensure uniform distribution and minimize
volatilization. Fungicides (Propiconazole, Sinochem International, Beijing, China) and
insecticides (Imidacloprid, China National Chemical Co., Beijing, China) were applied for
disease and insect control, and weeds were manually removed throughout the growing
season. The irrigation method used in this study was flood irrigation, a common practice
in the Hexi Corridor region of China. The irrigation water was sourced from a local canal
network fed by melted snow and rainfall, typical of arid regions near the Tengger desert.
Water quality was monitored, with salinity levels below 0.4 dS m~!, meeting the standard
for agricultural irrigation, and nitrogen concentrations were negligible (<0.2 mg L™1),
ensuring minimal contribution to plant nitrogen uptake. In this study, irrigation water was
uniformly applied across the treatment plots using channels designed to direct water flow
evenly. Irrigation was carried out at critical growth stages of spring wheat—emergence,
tillering, stem elongation, and milking. A total irrigation volume of 300 mm was applied
over the growing season, aligning with the average evapotranspiration for spring wheat in
the region, which is approximately 220.3 mm [27,28]. The yield of crops is closely related
to the sensitivity of plants to water stress at different growth stages (Figure 1) [24,29,30].
High soil available water typically promotes tillering in spring wheat, which is particularly
sensitive from tillering to the milking and maturity stages [31]. The total cost of plastic
mulch placement varied according to the depth of burial (DFBT). Information on the cost of
installing the film, the effect of depth on the cost, and detailed information on the increased
production required to balance these costs is in Supplementary Materials Table S4.

Irrigation Irrigation

60 mm 60 mm 80 mm

»»

I i

Milking @@ Heading @@ Stem.
ﬁ elongation

Irrigation
60 mm

Irrigation
40 mm

Figure 1. Crop water irrigation at given growth stages for spring wheat.

2.3. Assay Item and Methods

Spring wheat at anthesis and maturity were harvested by hand from the entire above-
ground portion of the wheat plant in each sample plot each year. To ensure consistency,
each plot was harvested on the same day. After harvesting, above-ground plants were
divided into Stem, Sheath, Leaf, SAKH, Main culm, and Seed according to the different
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physiological stages, and then the collected samples were washed separately with distilled
water to remove impurities and dried in an oven at 70 °C to a constant weight, and weighed
to determine the dry matter mass of the individual samples. Next, all samples were ground
into powder for further analysis.

Soil moisture was monitored on a weekly basis using the neutron probe access tubes
(Frequency Domain Reflectometry (FDR) ATS1 PR1/4, Delta-T Devices Ltd., Hatfield, UK)
with a diameter of 4 cm were installed in the center of each plot [32]. Neutron probe access
tubes were located at the center of each of the different DFBT plots. The N content of
various plant organ materials was determined using the micro-Kjeldahl method [33]. The
method consisted of two main steps: acid digestion of plant material and the colorimetrical
measurement of N as ammonia in the digested plant samples after converting it into
indophenol dye [34].

The use of °N isotope labeling in plant nutrition research is pivotal for examining
nitrogen sources, uptake, translocation, and utilization efficiency. By analyzing >N content
in plants, researchers can distinguish between nitrogen absorbed from fertilizers and soil,
facilitating the optimization of nitrogen fertilizer application [35,36]. This technique also
allows for the assessment of nitrogen use efficiency (NUE), providing insights into the
effectiveness of fertilization practices and reducing nitrogen losses [37].

The steps in the calculation are as follows:

Using ZHT-O,, analyze '°N abundance.

TNAA = dry weight of plant x N content of plant (%).

The rate of N derived from fertilizer (RNDF) (%) = 1°N per centum of plant sample
under fertilizer (%)/'°N per centum of fertilizer (%) x 100.

Plant absorbed N derived from fertilizer (NDF) = amount of plant absorbed total N x
RNDF (%).

Plant absorbed N derived from soil (NDS) = TNAA—plant absorbed N derived from
fertilizer.

The rate of NDS = NDS/TNAA x 100 [38].

TNTA = TNAA at anthesis—TNAA at maturity.

2.4. Statistical Analyses

A two-way analysis of variance (ANOVA) was conducted to test whether the N
absorbability and translocation in all nutritive organs, as well as GN and GY of spring
wheat at the anthesis and maturity stages, differed between treatments across different
years. If the ANOVA indicated significant differences, Tukey’s multiple comparison test
was used to determine pairwise differences between treatments. Linear regression analysis
was performed to examine the relationship between GN, GY, and TNTA of all nutritive
organs. Regression analysis was conducted across treatments at anthesis and maturity
stages using plot values. Principal Component Analysis (PCA) was utilized to identify key
factors driving the observed variations. All data transformations and analyses were carried
out using SAS 9.4 [39] and Origin 2022 software.

3. Results
3.1. Soil Moisture as Affected by Different DFBT

Soil moisture declined during the spring wheat growing season across all treatments,
including different DFBT depths and the control. However, the application of DFBT
significantly reduced soil moisture loss through leakage compared to the control. Among
the DFBTs, deeper burial depths (e.g., 90 cm and 100 cm) were particularly effective in
conserving soil moisture, with reductions in leakage of up to 56.8% and 59.6%, respectively
(Figure 2, Table S3). Statistical analyses confirmed significant differences in soil moisture
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content among all treatments at various growth stages, including before sowing, emergence,
tillering, stem elongation, heading, milking, and maturity (p < 0.001 for all stages). There
was a positive correlation between DFBT depth and soil moisture content under the same
irrigation regime, indicating that deeper FBT installations consistently maintained higher
soil moisture levels (Figure 2). In general, the order of soil moisture content (0—40 cm depth)
of different treatments was 60 cm < 70 cm < 80 cm < 90 cm < 100 cm DFBT.

251 DFBT-100cm DFBT-90cm DFBT-80cm DFBT-70cm DFBT-60cm  Control

B ] el ] O e

20

15

*kkk
% % %k %

Soil moisture contents
of 040 cm depth(mm)

Stage of growth

Figure 2. Soil moisture contents of 040 cm depth in different stages of spring wheat growth season.
1: From before sowing to sowing; 2: from sowing to emergence; 3: from emergence to tillering; 4:
from tillering to stem elongation; 5: from stem elongation to heading; 6: from heading to milking; 7:
from milking to maturity. The colors of different lines represent five DFBTs at different depths (60, 70,
80, 90, and 100 cm) and one control treatment (no DFBT). **, *** and **** represent p < 0.01, p < 0.001,
and p < 0.0001, respectively.

3.2. Effect of DFBT on TNAA

Absorbed NDF in each spring wheat organ was significantly different among all
treatments at anthesis (p < 0.001 for stem; p < 0.001 for sheath; p < 0.001 for leaf; p < 0.001
for SAKH; p < 0.001 for main culm). Compared to the control treatment, DFBT significantly
increased the NDF, and the significantly largest NDF always occurred at 90 cm DFBT at
anthesis stage (Table 1).

Table 1. Effects of different DFBT on NDF in all nutritive organs of spring wheat from N sources
at anthesis.

NDF/Depth (cm)

Control

Treatments 60 70 80 90 100 F-Value
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Stem (mg g~!) 0.94C 1.34 132A 0.77 1.18B 0.85 1.27 AB 047 1.32A 0.03 097C 1.03 63.84 ***

Sheath (mg g 1) 0.66 B 0.43 0.99 A 1.19 1.09A 0.64 1.04A 0.36 0.99 A 0.76 0.72B 1.41 66.53 ***

Leaf (mgg™1) 1.26 D 0.13 1.05F 0.41 222C 0.04 249B 1.13 2.83A 0.82 1.76 E 1.34 706.90 ***

SAKH (mgg™!) 1.62B 1.25 1.73 A 0.84 1.65B 0.86 1.58 C 0.65 1.28E 1.08 143D 0.86 610.08 ***

Main culm (mg g~1) 498C 0.95 6.23B 0.17 6.45B 1.26 6.73 A 0.94 424D 0.95 4.80C 0.52 586.34 ***

Capital letters indicate 0.01 extremely significant level. *** Significance at p < 0.001.

Absorbed NDS in each spring wheat organ was significantly different among all
treatments at anthesis (p < 0.001 for stem; p < 0.001 for sheath; p < 0.001 for leaf; p < 0.001
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for SAKH; p < 0.001 for main culm). Comparing the control treatment, DFBT significantly
increased the NDS, and the significantly largest NDS always occurred at 80 cm DFBT at
anthesis (Table 2).

Table 2. Effects of different DFBT on NDS in all nutritive organs of spring wheat from N sources
at anthesis.

NDS/Depth (cm)
Control
Treatments 60 70 80 90 100 F-Value
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Stem (mg g ') 5.13B 054 493C 020 5.62A 1.43 520B 0.24 391E 0.29 4.05D 141  2085.98 ***

Sheath (mg g~) 399C 050 445A 071 419B 108  416B 085 28D 126 280D 021 1530.41**
Leaf (mg g~ ') 401F .09 797B 051 894A 112 771C 084 649D 083  605E 119 5783.21**
SAKH (mgg ) 653C 112 68B 013 721A 064  663C 033  526E 140 540D 109 2065.33***
Main culm (mg g ') 1967D 132 2419B 059 2596A 054  2370C 085  1848E 077  1829E 059  6003.15**
Capital letters indicate 0.01 extremely significant level. *** Significance at p < 0.001.
TNAA in each spring wheat organ was significantly different among all treatments
at anthesis (p < 0.001 for stem; p <0.001 for sheath; p < 0.001 for leaf; p < 0.001 for SAKH;
p < 0.001 for main culm). DFBT significantly increased the TNAA except for the control,
and the significantly largest TNAA always occurred at 80 cm DFBT at anthesis (Table 3).
Table 3. Effects of different DFBT on TNAA in all nutritive organs of spring wheat from N sources
at anthesis.
Treatments TNAA/Depth (cm)
60 70 80 90 100 Control F-Value
Mean SD  Mean SD  Mean SD Mean SD Mean SD Mean SD
Stem (mg) 645B 031 611C 037 689A 085  652B 104 488D 043 498D 031 982.56*
Sheath (mg) 498C 032 555A 113 524B 042  516BC 11 354D 049 346D 111 827.04*%
Leaf (mg) 506E 034 1019C 094 1142A 062  1055B 044 775D 027 781D 044 4154.85*
SAKH (mg) 815C 038 857B 044 886A 084  821C 045  654E 015 683D 098 268157**
Main culm (mg) 2465C 048 3042B 080 3241A 043  3043B 034  2271D 004  2308D 045 4107.79*
Capital letters indicate 0.01 extremely significant level. *** Significance at p < 0.001.
The TNAA, NDF, and NDS in each spring wheat organ at maturity were similar with
one at anthesis, and the significantly largest TNAA, NDF, and NDS always occurred at
80 cm DFBT.
3.3. Effect of DFBT on TNTA in Nutritive Organs
There were significant differences in TNTA of stem, sheath, leaf, and SAKH among
the six treatments. The largest value of TNTA occurred in 80 cm DFBT, while the smallest
value of TNTA in four nutritive organs was observed in the control (Table 4). Compared to
the control, the effects of FBT on TNTA were significant, and TNTA in all nutritive organs
exhibited positive responses to FBT (Table 4).
Table 4. Effects of different DFBT on TNTA in nutritive organs at maturity.
Treatments 60 cm 70 cm 80 cm 90 cm 100 cm Control F-Value
Mean SD  Mean SD  Mean SD Mean SD Mean SD Mean SD
Stem (mg g~") 489A 073 378B 096 372B 045  355C 115 188D 088  359C 101 904.21%%
Sheath (mg g ) 361B 083 377AB 051 395A 098  249C 015  104E 1.02 220D 072 54209
Leaf (mgg ') 1.87F 106 7.52B 065 814A 106  547C 031  288E 059 480D 043 3103.33**
SAKH (mgg™) 388C 116 667A 111 661A 057  607B 085 365D 058  3.86C  0.67 2465.84*
Total (mg g~) 1425D 026 2174B 072 2243A 093  1758C 104  944E 013  1445D 059 343429

For each component, the mean values with the same letters among organs are not significantly different at 0.0001
level of probability. *** Significance at p < 0.001.
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3.4. Relationships Between TNTA in All Nutritive Organs, and GN and GY

The data analysis revealed that the patterns of trait association between GN and
TNTA across all nutritive organs were consistent under different treatments. Consequently,
the Pearson correlation coefficients between TNTA of all nutritive organs and GN were
calculated for the data set during the maturity stage (Table 4).

GN was positively correlated with leaf TNTA across all plant organs, with the strongest
correlation observed under the 80 cm DFBT (p < 0.001). Significant positive correlations
were also found for the 70 cm (p < 0.01), 60 cm (p < 0.05), and 90 cm (p < 0.05) treatments.
The weakest positive correlation was observed under the control (p < 0.05).

The strongest correlation between GN and sheath TNTA occurred under the 80 cm
DFBT (p < 0.001). Significant correlations were also observed under the 70 cm (p < 0.05),
90 cm (p < 0.05), and 100 cm (p < 0.05) treatments. Additionally, GN showed positive
correlations with stem TNTA under the 70 cm (p < 0.05) and 90 cm (p < 0.05) treatments, as
well as with SAKH TNTA under the 70 cm DFBT (p < 0.05).

For the 60 cm treatment, significant correlations were observed between the sheath
and leaf (p < 0.05) and between the stem and SAKH (p < 0.01). In the 70 cm depth treatment,
the stem was positively correlated with the leaf (p < 0.05). Under the 80 cm depth treatment,
the leaf was positively correlated with the sheath (p < 0.01) but negatively correlated with
SAKH (p < 0.05). There was a significant negative correlation between the sheath and
SAKH (p < 0.05).

For the 90 cm depth treatment, the stem was positively correlated with the sheath
(p < 0.05) but negatively correlated with the leaf (p < 0.05). There was a significant positive
correlation between the sheath and the leaf (p < 0.05) and a significant negative correlation
between the sheath and SAKH (p < 0.01).

In the 100 cm depth treatment, SAKH was negatively correlated with the sheath
(p < 0.05) and the leaf (p < 0.05). The sheath was negatively correlated with the stem
(p < 0.05) but positively correlated with the leaf (p < 0.05). Under the control condition, the
stem was negatively correlated with the sheath (p < 0.05) but positively correlated with
SAKH (p < 0.05).

The relationships among all nutritive organs and GY showed a similar pattern.

3.5. Relationship of Different DFBT with NDF, NDS, TNAA and TNTA

The PCA results (Figure 3) show that PC1 and PC2 account for 98.8% and 0.9% of the
variance in the data, respectively, with a cumulative contribution rate of 99.6%. This indicates
that these two principal components are the main factors influencing the nitrogen content
in different forms. The distribution of groups along the PC1 and PC2 axes exhibits clear
differentiation, particularly for TNTA, which is significantly separated from NDF, NDS, and
TNAA in the principal component space. This separation is attributed to TNTA representing
the total nitrogen translocation amount in the nutritional organs of spring wheat at maturity,
demonstrating distinct characteristics compared to NDE, NDS, and TNAA, which represent the
nutrient organs at anthesis. Furthermore, the concentrated data distribution of NDF reflects its
low internal variability. The overlap of NDF and NDS with TNAA in the principal component
space suggests similarities or overlapping data characteristics among these variables. In
contrast, the relatively large confidence ellipse of TNAA indicates higher internal variability
within this group. An analysis of the principal component loadings reveals that the high
variance explained by PC1 underscores its significant role in capturing the overall variability
in the data. Specifically, the absolute value of the loading vector for the 80 cm DFBT depth
in PC1 is the largest, exceeding 0.5. This further highlights that the 80 cm DFBT depth
achieves an optimal balance in nitrogen management, thereby significantly enhancing both
the productivity and nutrient use efficiency of spring wheat.
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Figure 3. PCA of different DFBTs with NDF, NDS, TNAA, and TNTA. NDF, NDS, TNAA, and
TNTA represent fertilizer nitrogen, soil nitrogen, total nitrogen absorption amount, and total nitrogen
translocation amount, respectively. 60, 70, 80, 90, 100, and control represent five DFBTs at different
depths (60, 70, 80, 90, and 100 cm) and a control treatment (no DFBT), respectively.

3.6. Absolute GY—GN Relationships

Absolute GY and GN were illustrated in Figures 3 and 4. The mean value ranged from
1863 = 64.47 to 5701.55 4 115.85 kg ha~! (p < 0.001) and 17.97 & 0.64 to 31.23 & 0.28 mg kg !
(p < 0.001) for GY and GN, respectively. The differences in GN and GY under the same DFBT
across different years were not statistically significant (p > 0.05). It was obvious that poor grain
yield responses to DFBT were observed in control and 60 cm and, 100 cm DFBT due to soil
moisture stress in the former and waterlogged conditions in the latter (Figures 4 and 5).

he,

Year

B 2014

Control 60cm 70cm 80cm 90cm 100cm

Film-bottomed treatment (FBT)

Figure 4. Effects of different FBT treatments on GN of spring wheat at the maturity stage across
different years. Lowercase letters on the bars indicate comparative results at a significant level of 0.01
under different DFBTs (Tukey’s multiple comparisons test).
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Figure 5. Effects of different FBT treatments on GY of spring wheat at the maturity stage across
different years. Lowercase letters on the bars indicate comparative results at a significant level of 0.01
under different DFBTs (Tukey’s multiple comparisons test).

4. Discussion
4.1. Effectiveness of Film-Bottomed Treatment (FBT) in Soil Moisture Conservation

The application of different DFBTs demonstrated significant impacts on soil moisture
retention during the growth of spring wheat. The findings indicate a notable reduction in
soil moisture loss due to leakage, particularly when DFBT was implemented compared
to the control. This suggests that the use of FBT is an effective strategy to conserve soil
moisture, which is crucial for optimizing water use efficiency in agricultural practices.

The data showed that soil moisture content increased with the depth of the FBT, reach-
ing its highest under the 100 cm DFBT. This trend can be attributed to the greater barrier
effect provided by deeper treatments, which likely minimizes water percolation losses and
maintains higher soil moisture levels. The significant positive correlation between DFBT
depth and soil moisture content under the same irrigation regime further supports the
effectiveness of deeper FBT in conserving water. These results are consistent with previous
studies that have highlighted the benefits of soil moisture conservation through various
mulching and barrier techniques [40,41].

The two-way ANOVA results indicated significant differences in soil moisture content
among the treatments across all seven observation periods. Notably, during critical growth
stages, such as stem elongation and heading, the soil moisture content in the control plots
was close to or below the wilting point for spring wheat. This moisture deficit likely
contributed to suboptimal plant growth and yield, underscoring the importance of effective
soil moisture management [42]. In contrast, the higher soil moisture levels maintained
under FBT treatments suggest that these methods could mitigate drought stress, particularly
during sensitive developmental stages.

The findings also highlight the potential limitations of the control treatment, where
soil moisture levels were significantly lower, often dropping below critical thresholds for
plant survival and productivity. The consistent order of soil moisture content (60 cm <
70 cm < 80 cm < 90 ecm < 100 cm DFBT) observed in this study reinforces the necessity
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of considering appropriate DFBT depths to optimize water retention and enhance crop
performance [43].

Similar studies also support these findings. Saglam et al. (2015) [44] investigated the
effects of different tillage depths on soil moisture and crop yield, revealing that deep tillage
significantly improved soil moisture content and crop productivity. Additionally, Lu et al.
(2020) [45] highlighted that increasing soil covering thickness could enhance soil tempera-
ture and moisture conditions, thereby promoting root development and nutrient uptake.
However, it is worth noting that excessively deep DFBT may raise agronomic management
costs and labor intensity and could even negatively impact soil structure. Therefore, iden-
tifying an optimal DFBT depth to balance water retention and resource inputs remains
a critical direction for future research [11]. Future research should focus on optimizing
DFBT depths for different crops and soil types, integrating water and nutrient management
to improve efficiency, leveraging technological innovations for precision agriculture, and
assessing long-term ecological impacts to ensure sustainable agricultural production.

4.2. Enhanced Nitrogen Uptake and Utilization Through DFBT

The impact of different DFBT on nitrogen absorption in spring wheat organs at anthesis
and maturity stages reveals significant trends that underscore the importance of optimizing
DFBT depths for nutrient management. The findings indicate that DFBT significantly
enhances nitrogen absorption, NDF and NDS, across various wheat organs compared to
the control. Notably, the optimal depth for maximizing TNAA appears to be at the 80 cm
and 90 cm DFBTs, depending on the nitrogen source.

The two-way ANOVA results indicate substantial differences in NDF among all
treatments, with the highest values consistently observed at the 90 cm DFBT depth at
the anthesis stage. This suggests that deeper DFBTs may create favorable conditions for
nitrogen uptake from fertilizer, possibly due to improved soil moisture retention and
reduced nitrogen leaching [46]. The increased NDF could also be attributed to enhanced
root growth and activity in deeper soil layers, allowing more effective utilization of applied
nitrogen [47].

Similarly, the significantly higher NDS observed at the 80 cm DFBT indicates that
this depth is particularly effective in facilitating nitrogen uptake from soil. The consistent
pattern of increased NDS with deeper DFBTs suggests that these methods not only enhance
soil moisture retention but also improve nitrogen mineralization and availability in the
soil profile [43]. This enhancement in nitrogen availability could be due to the reduced
soil temperature fluctuations and improved microbial activity associated with greater soil
moisture content under deeper DFBT [48].

The observed trends in TNAA at both anthesis and maturity stages further emphasize
the benefits of optimal DFBT depths. The significantly largest TNAA at the 80 cm DFBT
highlights its effectiveness in maximizing nitrogen assimilation and accumulation in wheat
organs. This is consistent with the patterns seen for both NDF and NDS, suggesting that
the 80 cm DFBT provides a balanced environment that optimizes both nitrogen sources [49].
The fact that TNAA, NDEF, and NDS patterns are similar at both anthesis and maturity stages
indicates that these benefits are sustained throughout the crop growth cycle, potentially
leading to improved grain yield and quality.

These findings have practical implications for agricultural management, particularly
in regions where nitrogen use efficiency and soil moisture conservation are critical concerns.
The application of DFBT at optimal depths can significantly enhance nitrogen uptake and
utilization, thereby reducing the need for excessive fertilizer application and minimizing
environmental impacts.
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4.3. Optimized Nitrogen Translocation and Utilization in Wheat Organs

The application of different DFBTs has demonstrated significant effects on the TNTA
in the nutritive organs of spring wheat, specifically the stem, sheath, leaf, and SAKH.
The observed differences in TNTA across the six treatments underscore the importance
of DFBT in enhancing nutrient translocation within the plant, a crucial factor for optimal
growth and yield. The results show that the 80 cm DFBT consistently resulted in the highest
TNTA values across all nutritive organs, while the control treatment exhibited the lowest
TNTA. This suggests that the application of DFBT at 80 cm depth creates a more favorable
microenvironment for nitrogen uptake and translocation. The significant increase in TNTA
under DFBTs compared to the control indicates that DFBT not only enhances nitrogen
absorption but also improves the efficiency of nitrogen utilization within the plant. This
can be attributed to several factors, including improved soil moisture retention, reduced
soil temperature fluctuations, and enhanced root growth [50].

The positive response of TNTA to DFBT across all nutritive organs highlights the role of
optimized soil moisture and temperature conditions in promoting the efficient translocation
of nitrogen from vegetative tissues to reproductive organs. This is particularly critical
during the grain-filling period, where efficient nutrient translocation can significantly
impact final grain yield and quality [42]. The enhanced TNTA under DFBTs may also be
associated with better plant physiological conditions, such as increased leaf area index and
photosynthetic efficiency, which contribute to greater biomass production and nutrient
accumulation [15]. The differential response of TNTA among the various organs also
indicates that nitrogen partitioning within the plant can be influenced by the depth of
DEFBT. For instance, the significant increase in TNTA in the stem and sheath under deeper
DFBTs suggests that these organs play a crucial role in nitrogen storage and translocation,
potentially serving as temporary sinks for nitrogen before it is remobilized to the grains [51].
This efficient internal nitrogen cycling within the plant may help to sustain growth and
development under varying environmental conditions.

Opverall, the findings underscore the importance of optimizing DFBT depths for maxi-
mizing nitrogen use efficiency and improving crop performance. The consistent enhance-
ment of TNTA across different nutritive organs at the 80 cm DFBT indicates that this
depth provides an optimal balance of soil moisture and temperature conditions, leading to
improved nitrogen translocation.

4.4. Correlation Between Nitrogen Dynamics and Grain Production

The data analysis reveals distinct patterns in the relationships between TNTA in differ-
ent nutritive organs and GN, as well as GY, under various DFBTs. The consistent positive
correlation between TNTA and GN across different organs and treatments indicates that
enhanced nitrogen translocation correlates strongly with increased reproductive success,
highlighting the critical role of nitrogen management in optimizing crop yield potential.

The strongest correlation was observed between the sheath of TNTA and GN, partic-
ularly under the 80 cm DFBT (p < 0.001), suggesting that efficient nitrogen allocation to
the sheath at this depth significantly contributes to grain number. This finding aligns with
previous research emphasizing the importance of nitrogen partitioning to reproductive
structures for maximizing yield components [52]. The positive correlations observed for
leaf TNTA and GN under all DFBTs further underscore the role of the leaf as a major source
of nitrogen for grain filling, supporting the hypothesis that leaf nitrogen content is a critical
determinant of grain yield [53].

At the molecular and cellular levels, the role of DFBT in influencing nitrogen dynamics
can be linked to changes in the activity of nitrogen transporters, such as nitrate transporters
(NRTs) and ammonium transporters (AMTs), which are critical in the uptake and translo-
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cation of nitrogen. Under DFBT, the modified soil moisture profile may upregulate the
expression of NRT1 and NRT2 gene families in roots, leading to increased nitrate uptake
and subsequent allocation to reproductive organs [54]. Similarly, the upregulation of AMT
genes under DFBT conditions may facilitate ammonium assimilation, ensuring a steady
supply of nitrogen for critical metabolic pathways in the sheath and leaves. This molecular
adaptation supports the observation that DFBT at 80 cm optimizes nitrogen use efficiency
and contributes to higher GN.

Interestingly, the correlations among TNTA in different organs varied with DFBT
depth, indicating differential nitrogen dynamics within the plant. For instance, the negative
correlation between the sheath and SAKH TNTA at 80 cm (p < 0.05) and 90 cm (p < 0.01)
depths suggests competitive nitrogen allocation, where increased translocation to the
sheath might limit nitrogen availability to the SAKH. This competitive relationship could
be a key factor in determining the efficiency of nitrogen use for grain production, as
seen in other studies on nutrient partitioning [55]. At the cellular level, this competition
could be mediated by the differential activity of nitrogen remobilization enzymes such as
glutamine synthetase (GS) and glutamate dehydrogenase (GDH). Enhanced GS activity in
the sheath at greater DFBT depths may prioritize nitrogen remobilization to this organ at
the expense of SAKH nitrogen translocation, reflecting a trade-off in nitrogen allocation
that may influence overall grain production efficiency [56].

The negative correlation between TNTA in the stem and sheath under the control
treatment (p < 0.05) indicates that in the absence of DFBT, the allocation of nitrogen may
be less efficient, potentially leading to suboptimal nitrogen use efficiency. In contrast to
the patterns observed under DFBT, a positive correlation was found between the stem
TNTA and SAKH TNTA under control conditions (p < 0.05), suggesting that nitrogen
translocation dynamics are significantly influenced by soil moisture and microenvironmen-
tal conditions provided by DFBT [57]. At the molecular level, this differential response
could be attributed to hormonal regulation involving cytokinins and abscisic acid (ABA),
which are known to mediate nitrogen partitioning in response to environmental stimuli.
For example, DFBT may enhance cytokinin synthesis in root tissues, promoting nitrogen
mobilization to reproductive organs, while increased ABA levels under drought conditions
could inhibit nitrogen allocation to non-essential tissues [58]. These hormonal interactions
provide a mechanistic basis for the observed variation in nitrogen translocation under
different DFBTs.

The results underscore the importance of DFBT in modulating nitrogen translocation
and highlight the complexity of nutrient dynamics within the plant. The differential re-
sponses of TNTA in various organs across DFBT depths suggest that optimizing nitrogen
use efficiency requires a nuanced understanding of how different soil management prac-
tices affect internal nutrient allocation. Future research should prioritize deciphering the
molecular mechanisms and signaling pathways, such as the role of nitrogen transporters,
remobilization enzymes, and hormone-regulated nitrogen partitioning, that underpin the
observed nitrogen dynamics under DFBT. Additionally, integrating advanced omics tech-
nologies, such as transcriptomics and metabolomics, could provide deeper insights into the
cellular-level adaptations driving nitrogen efficiency and reproductive success in response
to varying soil moisture conditions.

4.5. Impact of DFBT on Grain Yield and Nitrogen Content

The observed variations in GY and GN among the different DFBTs highlight the
significant influence of soil moisture management on crop performance. The reduced
GY under the control and 60 cm DFBTs can be attributed to soil moisture stress, as these
conditions likely resulted in inadequate water availability for optimal plant growth. This
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finding is consistent with previous research indicating that water stress during critical
growth periods can severely limit photosynthesis and nutrient uptake, thereby reducing
yield [59]. The low GN under these treatments further underscores the negative impact of
soil moisture deficits on nitrogen assimilation and grain quality.

Placing FBT at deeper soil layers, such as 100 cm, maximizes water retention but can
also lead to waterlogging (Figure 2). This creates anaerobic soil conditions that hinder
root respiration and nutrient uptake, ultimately reducing grain yield [60]. Therefore, it
is critical to balance adequate soil moisture with effective drainage to maintain optimal
crop productivity. Studies suggest that positioning FBT at an intermediate depth, such
as 80 cm, achieves this balance, providing sufficient water availability while avoiding
excessive retention that causes waterlogging [61,62]. At this depth, the root zone aligns with
areas of higher nitrogen availability due to active microbial processes and organic matter
decomposition, ensuring adequate oxygen supply and preventing anaerobic conditions [51].

The optimal GY and GN observed at intermediate depths, particularly around 80 cm,
further demonstrate the importance of this balance (Figures 2, 4 and 5). This depth promotes
favorable root zone conditions, supporting effective water and nutrient uptake, optimal
root development, and improved physiological processes critical for grain filling [63].
Additionally, the increased GN at 80 cm highlights enhanced nitrogen use efficiency, a
key factor for achieving high yield and superior grain quality. These findings emphasize
the need for precise water management strategies tailored to crop water and nutrient
requirements at different growth stages [64], optimizing resource utilization for improved
productivity and grain quality.

Although this study highlights the significant effects of DFBT on soil moisture retention
and nitrogen use efficiency, it lacks an investigation into the dynamic changes in ammonium
and nitrate nitrogen within the soil profile. Future research should incorporate soil nitrogen
profile monitoring and model simulations to further explore the long-term impacts of
different DFBT depths on nitrogen cycling and crop productivity.

5. Conclusions

This 3-year study demonstrates that varying DFBT significantly influences several
critical aspects of wheat growth in arid northwest China, including soil moisture retention,
TNAA and TNTA, GN, and GY. The results consistently show that an 80 cm DFBT depth
provides optimal soil moisture levels, leading to the highest values of TNAA, TNTA,
GN, and GY. This specific depth effectively prevents both water stress and waterlogging,
which are detrimental to wheat development and productivity, thus highlighting the
critical importance of selecting the appropriate DFBT depth to optimize water and nitrogen
use efficiency. Consequently, this optimization enhances grain quality and yield. The
study also underscores the significant role of nitrogen translocation from nutritive organs,
especially leaves, to grains, as a major contributor to final grain nitrogen content. The
positive correlations observed between GN, GY, and TNTA in leaves across different DFBTs
emphasize the importance of effective nitrogen management in achieving high yields.

In conclusion, this study advocates for the adoption of an 80 cm DFBT depth in wheat
cultivation to maximize soil moisture retention, nitrogen utilization, and crop productivity.
This study holds significant importance in advancing the understanding of the effects of
DFBT on nitrogen dynamics. It demonstrates that DFBT not only improves water retention
and nutrient availability but also influences nitrogen metabolism at both physiological
and biochemical levels. The findings provide critical insights for developing optimal
nitrogen and water management strategies, offering a valuable foundation for achieving
higher productivity and sustainability in wheat cultivation under resource-constrained arid
environments while addressing the productivity and environmental challenges of modern
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agriculture. Future research should explore the integration of DFBT with complementary
agronomic practices, such as improved irrigation techniques and nutrient management, to
enhance overall agricultural sustainability and resilience. This holistic approach is essential
for optimizing wheat production in various environmental conditions and ensuring long-
term agricultural success.
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