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Abstract: The majority of crop-growing areas in China have low or medium fertility levels, which
limits the yield of crops grown in those areas. Fertilizer application can improve soil quality, but the
effects of such treatments vary depending on the base soil fertility. However, the specific differences
associated with the application of different fertilizer types to soils of varying fertility levels have
yet to be clearly delineated. Here, the influences of several fertilizer types on physical, chemical,
and biological soil indicators were assessed in rice fields in the red soil area of Hunan Province
with varying base fertility levels: Hehua (low fertility), Dahu (medium fertility), and Longfu (high
fertility). Four treatments were applied to these fields: no fertilizer, standard fertilizer, 60% chemical
fertilizer + 40% organic fertilizer, and 100% chemical fertilizer. Across the three sites and treatment
groups, the largest increases in total nitrogen and phosphorus contents were in Hehua and Longfu,
respectively. Soil organic matter content increased most significantly in Hehua. Application of any
type of fertilizer increased the total and fast-acting nutrient content in the low-yielding fields, whereas
organic fertilizers increased the nutrient content and soil biological indicators more than chemical
fertilizer alone did; the effect of organic fertilizer application on the combined enzyme activity of
the soil was also higher than that of chemical fertilizers alone. Overall, these experiments provide a
theoretical basis and technical support for rational fertilizer application and improvement of Hunan’s
red soil quality based on the natural soil fertility levels.

Keywords: base fertility; soil nutrients; enzyme activity; fertilizer application patterns

1. Introduction

Soil fertility is a fundamental parameter that determines the reproductive growth
capacity, yield, and nutritional value of crop plants. In China, low- and medium-yielding
fields account for ~67% of the total arable land area [1]. Improving soil quality in such
fields to increase grain crop yields is an effective method of increasing food security and
promoting the strategy of promoting the Chinese strategic national initiative of agricultural
land and technique development [2]. Soil productivity, fertilizer application techniques,
and soil improvement technology vary among areas with different base soil fertility rates [3].
Developing standard protocols for reasonable fertilizer application and soil improvement
technology based on local soil fertility is, therefore, of great significance in rice produc-
tion [4].

Rice-growing soils are influenced by the anthropogenic management practices associ-
ated with rice-based cropping systems [5]. These management practices affect parameters

Land 2023, 12, 1026. https://doi.org/10.3390/land12051026 https://www.mdpi.com/journal/land1
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including soil capacitance, which affects the water-holding capacity and solute migration
of a soil [6]. Soils with low capacitance and high porosity are conducive to root growth,
aboveground tissue growth and development, and biomass accumulation, all of which
can somewhat improve yield [7]. Li et al. [8] concluded that medium-, high-, and ultra-
high-yielding fields generally have lower capacity than low-yielding fields and that soil
porosity is highest in ultra-high-yielding fields, lower in high-yielding fields, and lowest in
low-yielding fields. Soil management practices can also affect soil aggregate abundance.
The number of aggregates reflects the ability of soil to supply and store nutrients [9]. The
rate of soil aggregate destruction is correlated with organic matter content (i.e., high organic
matter content is associated with low rates of aggregate destruction) [10,11]. High-yield,
fertile soils generally have high organic matter content and low aggregate destruction
rates [12]. In general, the responses of medium- and low-fertility soils to nitrogen fertilizers
are more pronounced, whereas high-fertility soils have weaker responses. This is primarily
due to differences in the chemical stability of agglomerates, which arise from the combined
effects of salt solution concentrations and fertility levels [13].

Nitrogen (N) is a key nutrient required for crop growth and development. Soluble N is
generally higher in high- and medium-fertility soils than in low-fertility soils. Tao et al. [14]
showed that high-yield soils have relatively high levels of organic matter and alkaline
nitrogen. Soil organic matter can be increased to promote soil total nitrogen and alkaline
nitrogen fixation [15]. Shengxian et al. [5] concluded that soil organic matter, total N,
available phosphorus content, and nutrients are highest in high-yielding rice soils, lower
in medium-yielding rice soils, and lowest in low-yielding rice soils. However, Rui [16]
determined that the main differences in soil performance are associated with variations
in total N, organic matter, and fast-acting potassium content but not soil pH or available
phosphorus content. Rui concluded that the discrepancies between their results and those
of Shengxian et al. occurred because the two studies used soils with different textures
and physical properties. Overall, low-fertility soils tend to have significantly lower cation
exchange capacity, organic matter contents, and clay particle contents than high-fertility
soils [17].

Previous studies have addressed the biological properties of soils with different fertility
levels. For example, soil microbial carbon (C) is an important indicator of soil microbiologi-
cal properties [18]. As soil fertility levels increase, soil microbial C and N levels increase
accordingly [19]. One of the most important indicators of soil fertility is enzyme activity,
which reflects the level of biological activity and the capacity for nutrient transformation,
transport, and metabolism [20]. Soil enzymes are secreted by microorganisms, living plants,
and animals, and they are released in the decomposition of plant and animal residues [21].
In high-fertility soil, increased N application is associated with an initial decrease, then an
increase in peroxidase activity, whereas the opposite pattern is observed in medium-fertility
soil. The level of N supply can indirectly reflect the level of urease activity, which is highly
correlated with alkaline N levels [22]. Compared to medium-N conditions, under high-N
conditions, increases in alkaline N content are associated with consistent or decreased ure-
ase activity, indicating that N fertilizer application affects urease [23]. Ye Xie Feng et al. [24]
showed that tilling green manure significantly increased the enzymatic activity and fertility
level of soil, and the highest enzymatic activity and fertility level was achieved when
the tilling volume was 22,500–30,000 kg/hm2. In low-fertility soils, the number and ac-
tivity of microorganisms in the soil sink significantly increased with organic–inorganic
application, which had a significant effect on improving soil fertility [25]. Liu et al. [26]
showed that the long-term combined application of chemical fertilizers and pig manure
could improve phosphatase activity in the soil, and the application of organic fertilizers
could improve the soil structure and fertility. Similarly, when the straw application rate
was 11,250 kg/hm2, the number of fungi, bacteria, and actinomycetes and the activities of
invertase and cellulase in the soil increased the most, and when the straw application rate
was 7500 kg/hm2, soil alkaline urease, phosphatase activity, and alkaline nitrogen content
increased significantly [27].
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At present, the responses of rice soils with different base fertility levels to varied
fertilizer treatments are unknown. As discussed above, prior results suggest that the
effects of fertilization are highly dependent on soil properties at the physical, chemical, and
biological levels. Thus, appropriate measures for soil quality improvement will depend on
local soil conditions. Here, we examined these phenomena by using rice fields in the red
soil areas of Hunan with variations in soil fertility. After assessing the base fertility levels
and physicochemical and biological properties of three fields, we tested four fertilization
treatments to clarify their effects on soil quality. Overall, the results of this study provide
valuable new information regarding the efficiency of fertilizer application in soils with
varying fertility levels and lay the foundation for improved rice cultivation technologies in
eastern Hunan.

2. Materials and Methods

2.1. Test Materials and Sites

The rice variety ‘Shenliangyou 5814’ was obtained from Hunan Yahwa Seed Co.
No. 11, Yangao Road, Lugu Hi-Tech Development Zone, Changsha City, Hunan Province,
China and used in all experiments in this study. The first trial site was located in Bai-
tang Village, Longfu Town, Liuyang City, in the eastern hilly region of Hunan Province
(28◦25′38.2” N, 113◦24′26.2” E). The second was located in Niu Shi Ling Village, Hehua Of-
fice (28◦034823.1” N, 113◦41′08.8” E), and the third was located in Shuxiang Village, Dahu
Town (28◦52′35.1” N, 113◦54′09.5” E). Each location contained a long-term soil fertility
monitoring site established in 2013. The soil sampling time for this test was 2018. The soil
at each site was red loam, and the tillage system was mono-annual.

2.2. Experimental Design

Four fertilizer treatments were tested at each site: no fertilizer (T1); standard fertilizer,
which comprised 95% chemical fertilizer and 5% pig manure (T2); 60% chemical fertilizer
+ 40% organic fertilizer (T3); 100% chemical fertilizer (T4) (Table 1). Each treatment plot
was 24 m2 (6 × 4 m), arranged with a fully randomized design, and there were three
biological replicates per treatment. Each experimental plot was constructed with field
ridges (20 cm wide and 30 cm high) and wrapped with plastic film to prevent fertilizer and
water infiltration between the plots, and each plot was single-rowed and single-irrigated.
Other field management practices were consistent with those of the local one-season rice
cropping system, including weed, pest, and disease control. The water management of
the whole reproductive period was based on shallow water transplanting, inch water
rejuvenation, shallow water tillering, sufficient seedlings for sunning, inch water for spike,
and wet and strong seeds. The tested inorganic fertilizers were urea (46% N), calcium
superphosphate (12% P2O5), and potassium chloride (60% K2O); the organic fertilizers
were pig manure (0.6% N, 0.4% P2O5, and 0.44% K2O), zoysia (0.4% N, 0.1% P2O5, and
0.3% K2O), and rice straw (0.6% N, 0.3% P2O5, and 1.1% K2O) (Table 1). Organic fertilizers
and inorganic phosphorus fertilizer were applied as base fertilizers. The inorganic N and K
fertilizers were applied in stages: 50% base fertilizer, 30% at the tillering stage, and 20% at
the spike stage.

Table 1. Fertilizer treatments that were applied at each test site. All measurements are in kg/hm2.

Treatment
Group Name

Treatment Group
Description

Inorganic Fertilizer Organic Fertilizer Total

N P2O5 K2O
Pig

Manure
Zoysia

Rice
Straw

N P2O5 K2O

T1 No fertilizer - - - - - - - - -
T2 Standard fertilizer 171.0 69.0 113.4 1500 - - 180 75 120
T3 40% organic fertilizer 108.0 51.6 42.6 - 12,600 3600 180 75 120
T4 100% chemical fertilizer 180.0 75.0 120.0 - - - 180 75 120

3
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2.3. Soil Property Measurements

Soil samples were collected at a depth of 0 to 20 cm at the tiller bloom stages, preg-
nancy spike stages, tassel stages, waxing stages, and maturity stages of rice. A five-point
sampling method was used to extract the whole soil layer at each collection timepoint.
All samples were dried at room temperature and then passed through 20- and 60-mesh
sieves. Soil capacity was determined by using the ring knife method [28]. Basic soil nutrient
indicators (total N, total phosphorus, organic matter content, available phosphorus, alkaline
decomposition N, and pH) were determined with conventional analytical methods, as
described in the Soil Agrochemical Analysis Methods [29] (Table 2). Urease activity was
determined with the indophenol blue colorimetric method [30] and expressed in mg of
ammoniacal N (NH3-N) per g of soil after 24 h of incubation at 37 ◦C (mg·g−1·d−1). Phos-
phatase activity was determined by using the colorimetric method with sodium phenyl
phosphate and expressed in mg of p-aminophenol per g of soil after 1 h of incubation at
37 ◦C (mg·g−1·h−1) [30]. Sucrose activity was determined with the 3,5 dinitro salicylic
acid method and expressed in mg of glucose per g of soil after 24 h incubation at 37 ◦C
(mg·g−1·d−1) [30].

Table 2. Basic rice soil chemical properties.

Sample
Site

pH
Organic
Matter
(g/kg)

Total
Nitrogen

(g/kg)

Total
Phosphorus

(g/kg)

Total
Potassium

(g/kg)

Available
Nitrogen
(mg/kg)

Available
Phosphorus

(mg/kg)

Available
Potassium

(mg/kg)

Hehua 6.45 11.55 0.75 0.60 13.55 84.82 4.12 68.21
Dahu 5.65 25.45 1.35 0.84 8.03 155.38 3.63 72.34

Longfu 5.92 28.21 1.82 0.35 8.60 150.04 12.85 60.31

2.4. Combined Soil Fertility Values

Soil fertility was calculated by using the Nemero index method. The first step was the
calculation of the partition fertility factor IFIi:

IFIi =

⎧⎪⎪⎨
⎪⎪⎩

X/Xa X ≤ Xa
1 + (X − Xa)/(Xc − Xa) Xa < X ≤ Xc
2 + (X − Xc)/(XP − Xc) XCC < X ≤ XP

3 X > XP

where IFIi is the fertility factor; X is the measured value of a given property; Xa and XP are
the lower and upper grading criteria, respectively (Table 3); Xc is between the lower and
upper ends of the attribute value grading scale such that Xa < Xc < XP.

Table 3. Grading standards for soil properties. The criteria were consistent with those set forth in the
Second National Soil Census.

Grade
Organic Matter

(g/kg)

Nitrogen Alkali
Digestion
(mg/kg)

Fast-Acting
Potassium

(mg/kg)

Effective
Phosphorus

(mg/kg)

Xa 10 60 40 3
Xc 20 120 100 10
XP 30 180 150 20

The second step was the calculation of the combined soil fertility by using the Nemero
formula as follows:

IFI =

√√√√
(

IFIi Average)2 +
(

Minimum)2

2
×

(
n − 1

n

)

4
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where IFI is the combined soil fertility; IFIi average and IFIi minimum are the mean
and minimum fertility values for a given soil attribute, respectively; n is the number of
evaluation indicators.

2.5. Soil Enzyme Activity Composite Index

A combined soil enzyme activity index, GMea, was used:

GMea = 3
√

Inv × Ure × Acp

where Inv is the sucrase activity, Ure is the urease activity, and Acp is the acid phos-
phatase activity.

2.6. Statistical Analysis

Statistical analyses were conducted in SPSS v23. Differences between treatment groups
were assessed with analysis of variance (ANOVA) and considered statistically significant at
p < 0.05. Graphs were generated in Excel 2016.

3. Results

3.1. Effects of Fertilizer Treatments on Rice Soil Physical Properties

We first assessed the effects of fertilizer application on the physical soil properties at
the three sample sites. In the four treatments, the application of chemical fertilizers and
organic fertilizers could reduce soil bulk density and increase soil porosity (Table 4). There
were no significant differences in soil bulk density or soil porosity between the treatment
groups at any of the sites. However, there were site-specific differences between these
parameters; the soil at Longfu was denser and had higher porosity than the soil from Dahu,
which, in turn, had higher density and porosity than the soil from Hehua. Soil with a
bulk density of <0.9 g/cm3 was considered to be too loose, whereas soil with a capacity of
1.0–1.2 g/cm3 was considered to have a suitable texture for crop growth [31]. Therefore,
Hehua soils from all treatment groups were too loose; all Dahu samples were suitable,
except for the T1 samples; all Longfu samples were suitable.

Table 4. Effects of fertilizer treatment on rice soil bulk density and porosity.

Treatment
Group

Soil Capacity (g/cm3) Soil Porosity (%)

Hehua Dahu Longfu Hehua Dahu Longfu

T1 0.99 ± 0.090 a 0.79 ± 0.075 a 1.19 ± 0.069 a 62.56 ± 0.090 a 58.83 ± 0.075 a 58.84 ± 0.069 a
T2 1.02 ± 0.044 a 1.09 ± 0.121 a 1.09 ± 0.045 a 61.55 ± 0.044 a 57.95 ± 0.121 a 60.25 ± 0.045 a
T3 1.05 ± 0.080 a 1.11 ± 0.069 a 1.05 ± 0.053 a 60.50 ± 0.080 a 57.14 ± 0.069 a 59.64 ± 0.053 a
T4 0.93 ± 0.065 a 1.14 ± 0.088 a 1.07 ± 0.066 a 64.74 ± 0.065 a 54.94 ± 0.088 a 57.39 ± 0.066 a

Lowercase letters within a column indicate statistically significant groups at p < 0.05 (analysis of variance
(ANOVA)).

3.2. Effects of Fertilizer Treatments on Rice Soil Nutrients

We next analyzed the effects of each fertilizer treatment on the chemical properties of
each site. Across all treatments, Longfu generally had the highest total N and organic matter
contents, whereas Dahu had the highest total phosphorus content (Table 5). The differences
in total N and organic matter content were not significant between Hehua and Longfu.
In the Hehua samples, the total N and organic matter contents were 10.13–14.47% and
11.54–19.07% higher, respectively, in the T4 treatment compared to the other treatments, and
the total phosphorus content was 12.66–30.88% higher in the T3 treatment than in the other
treatments. In Dahu samples, the total N, total phosphorus, and organic matter contents
were significantly higher in the T3 treatment than in the control. In the Longfu samples, the
total N, total phosphorus, and organic matter contents were 10.38–10.99%, 11.54–38.10%,
and 0.33–7.59% higher, respectively, in the T2 treatment than in the other treatments.
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Table 5. Effects of fertilizer treatment on total nutrients in rice soil at the three sites.

Sample Site
Treatment

Group
Total Nitrogen

(g/kg)
Total Phosphorus

(g/kg)
Organic Matter

(g/kg)

Hehua

T1 0.76 ± 0.085 a 0.68 ± 0.005 c 11.85 ± 1.075 a
T2 0.79 ± 0.034 a 0.79 ± 0.020 b 12.35 ± 1.553 a
T3 0.77 ± 0.046 a 0.89 ± 0.050 a 12.62 ± 2.775 a
T4 0.87 ± 0.040 a 0.75 ± 0.015 b 14.11 ± 2.259 a

Dahu

T1 1.00 ± 0.097 b 0.92 ± 0.005 c 24.90 ± 3.030 b
T2 1.36 ± 0.119 a 0.95 ± 0.011 b 27.03 ± 1.235 ab
T3 1.37 ± 0.149 a 0.98 ± 0.016 a 28.96 ± 0.325 a
T4 1.36 ± 0.048 a 0.94 ± 0.007 b 26.21 ± 0.729 ab

Longfu

T1 1.82 ± 0.048 a 0.42 ± 0.005 d 28.47 ± 0.620 a
T2 2.02 ± 0.188 a 0.58 ± 0.002 a 30.63 ± 1.156 a
T3 1.83 ± 0.511 a 0.52 ± 0.005 b 30.53 ± 1.590 a
T4 1.83 ± 0.118 a 0.46 ± 0.005 c 30.37 ± 4.468 a

Lowercase letters within a column indicate statistically significant groups at p < 0.05 (ANOVA).

The alkaline N content was highest in the Longfu samples and lowest in the Hehua
samples, with those from Dahu falling in the middle (Table 6). The maximum alkaline N
content in the Hehua samples occurred at the tiller bloom stage, then gradually decreased
as the fertile period progressed. The available phosphorus content was highest in Dahu and
lowest in the Longfu samples; Hehua and Dahu reached the maximum available phosphorus
levels at the tiller bloom and pregnancy spike stages, respectively. At maturity, both the
Longfu and Dahu samples had significantly higher alkaline N content in all treatment groups
than the Hehua samples did (by 73.6–142.8 mg/kg and 45.47–64.63 mg/kg, respectively).

Table 6. Effects of fertilizer treatment on fast-acting nutrient content in rice soil.

Sample
Site

Nutrient
Indicator (mg/kg)

Treatment
Group

Tiller Bloom
Pregnancy

Spike
Tassel Waxing Maturity

Hehua

Alkaline nitrogen content

T1 94.03 ± 0.404 c 83.07 ± 0.808 c 97.98 ± 3.453 b 77.70 ± 0.926 b 83.90 ± 3.245 b
T2 114.33 ± 1.070 b 100.57 ± 8.697 a 98.58 ± 4.041 b 91.00 ± 8.231 a 104.53 ± 4.351 a
T3 117.37 ± 0.404 a 95.55 ± 1.750 ab 106.87 ± 1.125 a 86.30 ± 1.424 ab 90.77 ± 1.762 ab
T4 116.43 ± 1.070 a 90.53 ± 0.808 bc 102.62 ± 2.671 ab 82.48 ± 4.829 ab 90.07 ± 5.300 ab

Effective phosphorus

T1 2.33 ± 0.858 d 6.49 ± 3.250 b 7.95 ± 1.032 c 7.68 ± 2.575 d 5.87 ± 2.730 c
T2 4.97 ± 1.741 c 9.47 ± 1.487 a 12.17 ± 4.763 b 12.04 ± 0.991 b 12.18 ± 2.951 a
T3 7.97 ± 1.983 b 9.73 ± 2.988 a 14.09 ± 6.157 a 13.86 ± 4.814 a 11.81 ± 1.247 a
T4 8.52 ± 0.744 a 9.10 ± 3.481 a 15.25 ± 2.543 a 10.42 ± 2.730 c 9.37 ± 0.991 b

Dahu

Alkaline nitrogen content

T1 133.01 ± 7.000 c 104.07 ± 8.640 c 149.92 ± 14.534 c 125.07 ± 4.554 c 157.50 ± 2.425 c
T2 175.11 ± 7.000 b 162.40 ± 1.852 b 173.25 ± 3.654 b 212.68 ± 4.057 a 205.10 ± 0.700 b
T3 189.23 ± 0.001 b 196.00 ± 3.051 a 204.35 ± 13.376 a 204.98 ± 3.909 a 233.57 ± 8.015 a
T4 217.63 ± 13.301 a 191.33 ± 2.650 a 221.78 ± 2.627 a 161.82 ± 1.654 b 218.40 ± 4.850 ab

Effective phosphorus

T1 1.44 ± 2.623 c 2.66 ± 1.593 d 4.18 ± 1.741 d 2.86 ± 2.064 d 3.22 ± 0.496 d
T2 3.39 ± 1.032 a 11.71 ± 4.157 a 9.66 ± 3.574 a 12.01 ± 2.818 a 13.56 ± 3.516 a
T3 4.21 ± 3.469 a 9.50 ± 0.572 b 7.52 ± 1.247 b 7.45 ± 1.032 b 8.08 ± 1.311 b
T4 2.33 ± 1.487 b 5.70 ± 2.760 c 4.64 ± 1.359 c 4.11 ± 2.160 c 5.63 ± 1.593 c

Longfu

Alkaline nitrogen content

T1 143.80 ± 2.211 c 142.63 ± 1.779 b 151.67 ± 9.812 b 132.07 ± 5.658 a 142.57 ± 6.274 b
T2 150.73 ± 3.523 b 146.07 ± 10.200 b 163.10 ± 2.145 ab 143.97 ± 2.458 a 150.97 ± 4.102 ab
T3 157.97 ± 5.064 a 148.63 ± 0.809 ab 187.017 ± 4.700 a 145.83 ± 2.977 a 155.40 ± 0.700 a
T4 146.17 ± 1.070 c 157.03 ± 2.139 a 151.73 ± 2.357 b 148.17 ± 2.6501 a 152.83 ± 6.870 a

Effective phosphorus

T1 10.39 ± 1.741 b 20.11 ± 8.058 b 19.08 ± 2.271 c 18.29 ± 7.027 b 17.36 ± 3.300 c
T2 11.78 ± 4.965 b 20.93 ± 0.572 b 19.61 ± 4.989 bc 18.78 ± 3.095 b 18.78 ± 3.469 b
T3 14.32 ± 1.787 a 25.33 ± 1.314 a 22.16 ± 1.983 a 17.36 ± 2.904 b 21.66 ± 0.858 a
T4 11.32 ± 5.253 b 20.64 ± 2.904 b 20.24 ± 0.572 b 21.85 ± 2.976 a 18.42 ± 3.753 bc

Lowercase letters within a column indicate statistically significant groups at p < 0.05 (ANOVA).

3.3. Effects of Fertilizer Treatment on Combined Soil Fertility Values

We next analyzed site-specific and treatment-induced differences in soil fertility. Con-
sistently, the IFI values were higher for Longfu and Dahu than for the Hehua samples.
Furthermore, as expected, the IFI values were higher in all fertilized treatment groups
(T2–T4) than in the control (T1) at each site (Figure 1). Overall, the Longfu T2 samples had
the highest IFI (1.85), followed by Dahu T3 (1.80). In the Hehua samples, the highest IFI
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value was in T4, followed by T2, then T3; Longfu had the highest IFI value in T2, followed
by T3, then T4; Dahu had the highest IFI value in T3, followed by T4, then T2.

Figure 1. Combined soil fertility values in samples collected from the Hehua, Longfu, and Dahu sites.
T1, no fertilizer; T2, standard fertilizer; T3, 40% organic fertilizer; T4, 100% chemical fertilizer.

3.4. Effects of Fertilizer Treatment on Enzyme Activity in Rice Soil

To establish the effects of different types of fertilizer treatment on rice soil enzymes,
we quantified the activities of three key nutrient cycling enzymes: urease, acid phosphatase,
and sucrase.

3.4.1. Urease

At the maturity stage, the urease activity was highest in Longfu and lowest in the
Hehua samples overall (Figure 2). In the soil collected from Hehua, the T4 samples had
the highest urease activity in the early stages of fertility; at the tiller bloom stage, the
urease activity was 9.43%, 1.52%, and 1.80% higher in T4 compared to the T1–T3 samples,
respectively, and at the pregnancy spike stage, the urease activity was 25.4%, 12.5%, and
1.82% higher in T4 than in the T1–T3 samples, respectively. At later growth stages, the T2
and T3 treatments had higher urease activity. Specifically, at the tassel and waxing stages,
the highest urease activities were found in the T3 samples (0.62 mg·g−1·d−1) and in the T2
samples (0.72 mg·g−1·d−1), respectively. At the maturity stage, the T3 treatment had the
highest activity at 0.57 mg·g−1·d−1; this was higher than in the T1, T2, and T4 samples by
31.18%, 10.26%, and 22.35%, respectively.
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Figure 2. At each reproductive stage of rice development (a) is Urease activity in soil samples collected
from Hehua; (b) is Urease activity in soil samples collected from Dahu; (c) is Urease activity in soil
samples collected from Longfu. T1, no fertilizer; T2, standard fertilizer; T3, 40% organic fertilizer; T4,
100% chemical fertilizer. Lowercase letters above each bar indicate statistically significant groups at
p < 0.05 (analysis of variance (ANOVA)).

In the soil collected from Dahu, the urease activity was highest in the T3 samples.
At the tillering stage, the urease activity was 25.84% higher in the T3 than the T1 samples;
at the pregnancy spike stage, it was 19.40% higher in the T3 samples than in the T1 samples.
At the tassel stage, the urease activity was highest in the T4 treatment (0.56 mg·g−1·d−1).
At the waxing stage, the urease activity was highest in the T2 samples (0.68 mg·g−1·d−1,
which was a maximum of 22.10% higher than in the other treatment groups). At the
maturity stage, the T4 samples had the highest urease activity, which was 12.78%, 2.99%,
and 7.82% higher than in the T1, T2, and T3 samples, respectively.

In the soil collected from Longfu, the overall urease activity in the T3 samples remained
high across the developmental stages. The urease activity was highest in the T3 samples at
the tiller bloom and pregnancy spike stages, then highest in the T4 samples at the tassel
and waxing stages. At the maturity stage, the T3 samples again had the highest urease
activity (0.78 mg·g−1·d−1); this was 7.20%, 1.13%, and 2.07% higher than in the T1, T2, and
T4 samples, respectively.

3.4.2. Acid Phosphatase

Consistently with the urease activity, the acid phosphatase activity at the maturity
stage was highest in the soil collected from Longfu and lowest in the Hehua samples
(Figure 3). In the soil collected from Hehua, the acid phosphatase activity was significantly
higher in T4 than in the other samples at the early stages of fertility (the tillering, pregnancy
spike, and tasseling stages). At the waxing stage, the T2 samples had 15.42%, 10.83%,
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and 12.62% higher activity than the T1, T3, and T4 samples, but the differences were not
significant. At the maturity stage, the acid phosphatase activity was highest in the T3
samples (0.56 mg·g−1·h−1).

Figure 3. At each reproductive stage of rice development (a) is acid phosphatase activity in soil
samples collected from Hehua; (b) is acid phosphatase activity in soil samples collected from Dahu;
(c) is acid phosphatase activity in soil samples collected from Longfu. T1, no fertilizer; T2, standard
fertilizer; T3, 40% organic fertilizer; T4, 100% chemical fertilizer. Lowercase letters above each bar
indicate statistically significant groups at p < 0.05 (ANOVA).

In the soil collected from Dahu, the acid phosphatase activity remained high in the T2
and T3 samples across the growth stages, but the differences between treatment groups
at maturity were not significant. At the tillering stage, the acid phosphatase activity was
highest in the T2 group. At the pregnancy spike, waxing, and maturity stages, the T3
samples had the highest activity. In particular, the T3 samples were up to 47.63%, 6.13%,
42.21% higher than the T1, T2, and T4 samples at the waxing stage. At the tasseling stage,
the acid phosphatase activity was highest in the T2 samples (0.98 mg·g−1·h−1), which was
19.34%, 9.28%, and 15.53% higher than in the T1, T3, and T4 samples, respectively.

In the soil collected from Longfu, the acid phosphatase activity was significantly higher
in the T3 and T4 groups than in the T1 and T2 treatments at the early stages of fertility. For
example, the acid phosphatase activity was 37.41% and 40.95% higher in the T4 sample than
in the T1 sample at the tiller bloom and pregnancy spike stages, respectively. At the tassel
stage, the T3 samples had the highest acid phosphatase activity at 1.29 mg·g−1·h−1, which
was 55.63%, 42.62%, and 0.44% higher than those of the T1, T2, and T4 samples, respectively.
At the waxing stage, the acid phosphatase activity was higher in the T3 samples by 112.97%,
4.29%, and 69.92% than in the T1, T2, and T4 samples, respectively. At the maturity stage,
the T2 samples had the highest activity at 1.02 mg·g−1·h−1; this was 45.11%,8.14%, and
5.32% higher than in the T1, T3, and T4 samples.
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3.4.3. Sucrase

Overall, the sucrase activity at the maturity stage was highest in Longfu, lower in
Dahu, and lowest in Hehua. All three fertilizer application regimens significantly improved
the soil sucrase activity compared to the corresponding controls (Figure 4). In the samples
collected from Hehua, the sucrase activity remained high in the early stages, then signifi-
cantly decreased in the later stages. This was likely due to adequate nutrition in the early
stages provided by the basal application of fertilizer, followed by nutrient depletion in the
later stages due to the poor base soil quality. The sucrase activity generally peaked at the
pregnancy spike stage. However, in the T2 treatment group, the sucrase activity was higher
at the tiller bloom, tassel, and maturity stages. At the pregnancy spike stage, the sucrase
activity was 41.93%, 5.88%, and 24.80% higher in the T4 treatment (30.38 mg·g−1·d−1) than
in the T1, T2, and T4 samples. At the waxing stage, the T3 samples had the highest sucrase
activity at 14.31 mg·g−1·d−1, which was 35.34%, 23.34%, and 25.36% higher than in the T1,
T2, and T4 samples, respectively.

Figure 4. At each reproductive stage of rice development (a) is sucrase activity in soil samples
collected from Hehua; (b) is sucrase activity in soil samples collected from Dahu; (c) is sucrase
activity in soil samples collected from Longfu. T1, no fertilizer; T2, standard fertilizer; T3, 40%
organic fertilizer; T4, 100% chemical fertilizer. Lowercase letters above each bar indicate statistically
significant groups at p < 0.05 (ANOVA).

In soil collected from Dahu, the sucrase activity was highest in the T4 samples at the
tillering and milking stages. During the pregnancy spike and waxing stages, the T2 samples
had the highest sucrase activity. At the maturity stage, the highest sucrase activity was
found in the T3 samples (17.45 mg·g−1·d−1); this was 16.80%, 7.25%, and 4.87% higher
than in the T1, T2, and T4 samples, respectively.

In soil collected from Longfu, there were no significant differences in sucrase activity
between treatments in the early growth stages. In the later stages, the differences between
the T2, T3, and T4 treatments were significant, although the differences between the T2
and T3 treatments were only significant at the waxing stage. Across all treatment groups,
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the sucrase activity was highest at the pregnancy spike stage, but the differences between
treatments were not significant at that timepoint.

3.4.4. Combined Soil Enzyme Activity Index

A combined soil enzyme activity index (GMea) was used to assess the overall key
enzyme activity in each soil sample. The GMea was higher in the Longfu and Dahu samples
than in the Hehua samples; furthermore, it was higher for all three fertilizer treatment
groups compared to the control (Figure 5). The GMea values for the Longfu and Dahu
samples were 0.67–0.77 and 0.87–1.15 higher, respectively, than for the Hehua samples.
Among the Hehua samples, the GMea was highest in T2, followed by T3 and then T4, and
it was lowest in the T1 samples; for Longfu and Dahu, the GMea was higher in T3 than in
T2, but it remained the lowest in T1 and second-lowest in T4.

Figure 5. Comprehensive enzyme activity index values in soil samples collected from Hehua, Longfu,
and Dahu at each reproductive stage of rice development. T1, no fertilizer; T2, standard fertilizer; T3,
40% organic fertilizer; T4, 100% chemical fertilizer.

3.4.5. Analysis of Simple Interactions between Location and Treatment with Indicators

In Figure 6, one can see that the T2, T3, and T4 treatments had interactive benefits in
Hehua, Dahu, and Longfu.
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Figure 6. Analysis of the mutual benefits among the treatment sites of Hehua, Dahu, and Longfu.
T1, no fertilizer; T2, standard fertilizer; T3, 40% organic fertilizer; T4, 100% chemical fertilizer. The
indicators were total N, total P, organic matter, alkaline nitrogen at maturity, active phosphorus at
maturity, phosphatase at maturity, urease at maturity, and sucrase at maturity.

Analysis of Simple Interactions between Location and Metrics

As can be seen in Figure 7, the relevant indicators had significant differences in the
interaction benefits for Hehua, Dahu, and Longfu, with Dahu being the highest and Hehua
being the lowest.

Figure 7. Analysis of the interaction benefits of each indicator on Hehua, Dahu, and Longfu. The
indicators were total N, total P, organic matter, alkaline nitrogen at maturity, active phosphorus at
maturity, phosphatase at maturity, urease at maturity, and sucrase at maturity. Lowercase letters
above each bar indicate statistically significant groups at p < 0.05 (ANOVA).

Analysis of Simple Interactions between Treatments and Metrics

As can be learned from Figure 8, there were also large differences in the mutual
benefits between the treatments and the indicators, with treatments T2 and T3 with organic
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fertilizer being significantly higher than treatment T1 without fertilizer and treatment T4
with chemical fertilizer only.

Figure 8. Analysis of the benefits of interactions between treatments and metrics. T1, no fertilizer; T2,
standard fertilizer; T3, 40% organic fertilizer; T4, 100% chemical fertilizer. The indicators were total
N, total P, organic matter, alkaline nitrogen at maturity, active phosphorus at maturity, phosphatase
at maturity, urease at maturity, and sucrase at maturity. Lowercase letters above each bar indicate
statistically significant groups at p < 0.05 (ANOVA).

4. Discussion

Long-term application of organic fertilizer significantly increases soil organic matter,
total N, and total phosphorus compared with untreated soil [32]. Similarly, organic matter,
total N, and available phosphorus levels are increased in soil treated with purely chemical
fertilizer treatment or a non-organic fertilizer combination compared to untreated soil [33].
In the present study, we found varying degrees of increases in soil organic matter, total N,
and total phosphorus content in three soil collection sites treated with different fertilizer
types compared to untreated soil (Table 5). The largest increases in total N and organic
matter content occurred at the Hehua site in the sample treated with 100% chemical fertilizer
(Table 5). However, all three soil nutrient indicators (total N, available phosphorus, and
organic matter content) were also increased in the Hehua and Longfu plots that were
treated with 40% organic fertilizer or standard fertilizer, the latter of which included 5%
pig manure (Table 5). In low-fertility fields, chemical fertilizers were shown to directly and
effectively improve soil fertility. However, the inorganic N contained in chemical fertilizers
decomposes quickly and is easily lost, whereas the N contained in organic fertilizers
decomposes slowly and is more easily retained in the soil [34]. Therefore, in the long term,
combined organic and inorganic fertilization is an effective measure in fields with varying
fertility levels.

One of the key parameters assessed in this study was the decomposed alkaline N
content in each soil sample. At the maturity stage, in the Hehua samples, the 40% organic
(T3), standard (T2), and chemical (T4) fertilizer treatments were associated with 23.24%,
7.01%, and 6.19% increases in decomposed alkaline N compared to untreated soil; in Dahu,
the T3, T2, and T4 treatments were associated with decomposed alkaline N increases
of 32.00%, 50.32%, and 40.56%, respectively, and in Longfu, the same treatments were
associated with increases of 0.62%, 3.57%, and 1.86%, respectively (Table 6). In Hehua, the
standard treatment containing 5% pig manure (T2) significantly increased the decomposed
alkaline N content compared to the 40% organic fertilizer (T3) treatment. In contrast, the
highest alkaline N increases were obtained in Dahu and Longfu soil treated with 40%
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organic fertilizer (Table 6). Organic fertilizers, particularly pig manure, reduce organic N
mineralization [35,36]. Soil alkaline N content is also closely related to water content and
heat conditions. For example, a previous study showed that soil alkaline N content was
decreased by 17.84% after flooding [37]. The increases in alkaline N as a result of fertilizer
addition were lower in Longfu than in Hehua, which was likely because the Longfu rice
field was flooded during the rice maturity phase.

Overall, the organic matter content was lower in the standard fertilizer than in the 40%
organic fertilizer treatment, the latter of which included zoysia and rice straw. However, the
rate and total amount of organic matter decomposition in the 40% organic treatment was
low in the short term. This was in contrast to the high rate of manure decomposition, which
facilitates rapid uptake of nutrients by low-fertility rice fields. The slower decomposition
of the T3 treatment could result in organic matter accumulation in low-yielding fields
(Table 5). In contrast, in medium- and high-fertility fields, the base soil contains a higher
abundance of microorganisms with increased species diversity, which promotes the fast
decomposition of organic matter. Thus, the application of 40% organic fertilizer would
be the most appropriate for fields with higher base fertility levels, and standard fertilizer
treatment would be a better option for low-yielding fields.

The available phosphorus content was higher in all fertilized samples than in the
control samples, and the organic and standard fertilizer treatments were associated with
higher phosphorus content than the 100% chemical fertilizer treatment (Table 6). Generally,
fertilizer application increases the total soil phosphorus content, although phosphorus is
easily fixed by soil sorption [38]. Compared with chemical fertilizers, organic fertilizers
increase levels of highly mobile organic phosphorus, which, in turn, increases the accu-
mulation of active-state phosphorus and, thus, of effective soil phosphorus [39]. This may
be because organic fertilizer decomposition produces substances that occupy some of the
adsorption sites on the surfaces of iron and aluminum oxides, thus reducing soil adsorption
of phosphorus and increasing the amount of active phosphorus in the soil [40]. Organic
manure and pig manure mixed with inorganic fertilizer were shown here to improve soil
nutrient utilization and enzyme activity, consistently with the findings of Zhao et al. [41].

Soil enzymes are closely related to soil microorganisms and play an important role in
catalytic reactions for organic matter decomposition and nutrient cycling [42]. Fertilizer
application affects the abundance, species diversity, and metabolic processes of soil mi-
croorganisms, which, in turn, alter the levels of soil enzyme activity [43]. Here, the Dahu
and Longfu sites were found to have higher urease activity than the Hehua samples did,
which may have been due to the base N content of the soils (Figure 2). Across all three
sites, urease activity was higher in the soils treated with 40% organic fertilizer or standard
fertilizer than in those treated with 100% chemical fertilizer or no fertilizer (Figure 2). This
was similar to the results of Deng et al. [44]. On the one hand, exogenous enzymes may be
contained in organic fertilizers, which create a good living environment for soil microorgan-
isms and are conducive to the improvement of soil enzyme activities. On the other hand,
the application of organic matter increases organic nitrogen, provides abundant energy
substances, and enhances the metabolic activities of animals, plants, and microorganisms
in the soil, thereby increasing enzyme activities [45–47]. Obviously, the response of the
urease activity to organic fertilizers was greater than that to chemical fertilizers, and the
soil acid phosphatase activity (Figure 3), sucrase activity (Figure 4), and urease activity
(Figure 2) in the three lands were similar.

Soil phosphatase accelerates the rate at which organic phosphorus is dephosphory-
lated; its activity directly affects the decomposition, conversion, and biological effectiveness
of soil organic phosphorus [48]. Long-term application of chemical fertilizers in combina-
tion with pig manure may increase soil phosphatase activity [26]. Soil sucrase is associated
with carbon cycling in the soil and can be used as a marker of a soil’s ability to decompose
and utilize organic carbon [49]. Numerous studies have shown that organic and inorganic
fertilizer application can effectively increase soil sucrase activity [48]. In addition to directly
measuring urease, phosphatase, and sucrase activity, we also assessed soil enzyme activity
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by using a comprehensive indicator of soil biological quality, GMea [20]. Overall, GMea
was significantly higher in the fertilized samples than in the control samples, as expected.
Furthermore, GMea was higher in samples treated with 40% organic fertilizer or 5% pig
manure than in those treated with 100% chemical fertilizer (Figure 5). As discussed above,
this may have been because organic matter input promoted soil microbe growth and repro-
duction, increasing the activity of key enzymes in the soil. However, few types of organic
fertilizers were tested in the present study; future research should include additional types
of organic fertilizers to determine their effects on soil enzymatic activity.

5. Conclusions

Experiments testing three types of organic and inorganic fertilizer treatments revealed
varying effects on soil parameters in rice fields with different base fertility levels. In Hehua,
100% chemical fertilizer application significantly increased the soil nutrient contents. Plant
matter was determined to be a suboptimal fertilizer for low-fertility soils due to the slow rate
of decomposition; in such conditions, a relatively high volume of fertilizer should be applied
to compensate for the poor soil quality, and the proportion of inorganic fertilizer should be
high. In Dahu and Longfu, where organic fertilizer cultivation was more effective due to
the higher base soil fertility, the proportion of organic fertilizer could be increased, although
the optimal materials and rates require further testing and optimization. Furthermore,
the total amount of fertilizer applied to high-fertility fields should be reduced to decrease
investment costs, improve fertilizer utilization, and minimize environmental pollution.
Overall, the results of this study support the application of organic fertilizer in combination
with inorganic fertilizer as an effective measure for the improvement of soil quality in
low- and medium-yielding fields. Our findings serve as a valuable guide for rational and
economical improvement of soil conditions in fields with a range of yield levels, ultimately
promoting increased crop yield and food security.
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Abstract: Effective nitrogen management practices by using two cultivation techniques can improve
corn productivity and soil carbon components such as soil carbon storage, microbial biomass carbon
(MBC), carbon management index (CMI), and water-soluble carbon (WSC). It is essential to ensure
the long-term protection of dry-land agricultural systems. However, excessive application of nitrogen
fertilizer reduces the efficiency of nitrogen use and also leads to increased greenhouse gas emissions
from farming soil and several other ecological problems. Therefore, we conducted field trials under
two planting methods during 2019–2020: P: plastic mulching ridges; F: traditional flat planting with
nitrogen management practices, i.e., 0: no nitrogen fertilizer; FN: a common nitrogen fertilizer rate for
farmers of 290 kg ha−1; ON: optimal nitrogen application rate of 230 kg ha−1; ON75%+DCD: 25% reduc-
tion in optimal nitrogen fertilizer rate + dicyandiamide; ON75%+NC: 25% reduction in optimal nitrogen
rate + nano-carbon. The results showed that compared to other treatments, the PON75%+DCD treatment
significantly increased soil water storage, water use efficiency (WUE), and nitrogen use efficiency
(NUE) because total evapotranspiration (ET) and GHG were reduced. Under the PON75%+DCD or
PON75%+NC, the soil carbon storage significantly (50% or 47%) increased. The PON75%+DCD treatment
is more effective in improving MBC, CMI, and WSC, although it increases gaseous carbon emissions
more than all other treatments. Compared with FFN, under the PON75%+DCD treatment, the overall
CH4, N2O, and CO2 emissions are all reduced. Under the PON75%+DCD treatment, the area scale
GWP (52.7%), yield scale GWP (90.3%), biomass yield (22.7%), WUE (42.6%), NUE (80.0%), and grain
yield (32.1%) significantly increased compared with FFN, which might offset the negative ecological
impacts connected with climate change. The PON75%+DCD treatment can have obvious benefits in
terms of increasing yield and reducing emissions. It can be recommended to ensure future food
security and optimal planting and nitrogen management practices in response to climate change.

Keywords: nitrogen management; global warming potential; soil carbon fractions; nitrogen use
efficiency; farming techniques; maize production

1. Introduction

Plastic mulching under the ridge furrow rainfall harvesting method (P) is expanding
rapidly to increase rain-fed maize production in semi-arid regions [1]. From 2013 to 2019,
the global demand for plastic film mulching is expected to increase by 7.6% [2]. The soil
and root respiration contribute approximately 20%, 12%, and 60% of CO2, CH4, and N2O
emissions [3]. The global carbon cycle is affected by global warming, which distorts the
function and structure of ecosystems [4]. It is estimated that 65% of total N2O emissions
come from soil [5], and nitrogen application accounts for 36% of direct N2O emissions from
global agricultural soils [6]. In China, by 2020, reducing nitrogen input and improving
water management may reduce 17% of the total greenhouse gas emissions, mainly from
wheat, corn, and rice [7].
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Plastic film mulching (PFM) is usually used to improve soil water storage, decrease
nitrogen loss caused by leaching, provide favorable conditions for soil biological activities,
and control weeds [8,9]. However, the excessive use of inorganic fertilizers in China has
increased ecological problems [10], which have little influence on crop yields but have
caused major nitrogen losses into the atmosphere [11]. Northwest China is an irrigated
area, and numerous growers use more irrigation with unnecessary nitrogen supplies in
order to raise crop production [12]. These approaches have caused severe water and
nutrient deficiencies [13], decreased crop production and NUE [14], and improved the
risk of GHGI [15,16]. Reducing agricultural carbon dioxide emissions can be attained
by improving soil carbon sequestration [17]. Smart fertilizer management practices are
essential for SOC storage [18]. Sufficient nutrients in the soil can increase biomass yield
and SOC [12]. Thus, it is vital to launch more effective fertilizer management practices to
use less fertilizer to increase crop yields and reduce environmental pollution.

Among various greenhouse-gas reduction strategies, fertilizers that improve NUE,
such as slow-release fertilizers, can effectively reduce nitrogen loss [19]. The use of slow-
release fertilizers can suspend the exchange of ammonium (NH4

+) to nitrate (NO3
−) by

preventing nitrifying bacteria activity [20], thereby increasing the efficiency of N use,
reducing N2O emissions, and maintaining or improving crop Production [21,22]. As
global warming intensifies, reducing N2O emissions from agricultural soils has attracted
great attention [23]. Dicyandiamide (DCD) is a highly effective nitrification inhibitor [24].
Nie et al. [25] report that the addition of DCD combined with an optimized nitrogen
fertilizer rate significantly reduced N2O flux emissions by 67.3–83.8%. Nanocarbon (NC) is
a new type of fertilizer synergist. Compared with urea alone, nanocarbon (NC) added to
urea can increase crop production, increase nitrogen use efficiency, and reduce nitrogen
loss [26]. Nanocarbon is a modified carbon with non-conductive properties and low ignition
points. NC can screen poisonous gases and is currently widely used in new fertilizer
research fields aimed at increasing crop yields and fertilizer utilization [10]. However,
it is not clear whether nanocarbons can also provide greenhouse gas emission reduction
potential, especially when compared to DCD.

Numerous researchers have focused on the effects of the separate application of NI
and irrigation on greenhouse gas intensity and maize yields [27,28]. The current study aims
at: (a) Estimating greenhouse gas emissions in the form of CH4, CO2, N2O, and GWP under
different fertilizer management practices; (b) Estimating SOC and microbial activities in
relation to GHG emissions. (c) determine the most adaptable N management practices that
provide high and stable SOC, nitrogen use efficiency, and rain-fed maize production while
decreasing greenhouse gas emissions.

2. Materials and Methods

2.1. Site Location

The field trial was carried out in the 2019 and 2020 years at the Gansu Academy of
Agricultural Sciences. The experimental sites are located at 103◦41′17.49′′ E, 36◦06′3.31′′ N,
and 467 m asl. The rainfall from July to September exceeds 60%. The rainfall in the growing
season from 2019 to 2020 was between 279 and 265 mm (Figure 1). Table 1 indicates the
soil chemical properties at a depth of 20 cm. The top 0–15 cm of soil on the research site is
Eum-Orthrosols (Chinese Soil Taxonomy).

Table 1. The chemical properties of experimental site’s soil layer (0–15 cm).

Year pH
SOM

(g kg−1)
TP

(g kg−1)
TK

(g kg−1)
AP

(mg kg−1)
AK

(mg kg−1)

2019 8.24 13.67 1.07 18.21 21.05 159.22
2020 8.08 15.33 1.03 16.34 18.89 164.65
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Figure 1. Monthly rainfall distribution during the maize-growing seasons.

2.2. Experimental Design

A randomized completely block design were used having three replications. The area
of each plot is 60 m2 (20 × 3 m2). The following ten treatments and two cultivation prac-
tices P: plastic film mulching on ridges; F: traditional flat planting with five different nitro-
gen management practices 0: no N fertilizer; FN: farmers common N rate is 290 kg ha−1;
ON: optimal N rate is 230 kg ha−1; ON75%+DCD: 25% reduction in optimal N rate + dicyandi-
amide (DCD) is applied at a rate of 5% of the total applied N (w/w); ON75%+NC: 25% reduction
in optimal N rate + nano-carbon (NC) is applied at 0.3% (w/w) of the total applied fertil-
izer. The furrow is 60 cm wide and 15 cm high. Plant population of 75,000 ha−1 of Dafeng
30 maize cultivar; planting time is 10 May 2019, and 9 May 2020. The corn was harvested on
10 September 2019 and 8 September 2020. In 2019–2020, weeds will be controlled by hand. The
recommended doses of P and K at 90 and 60 kg ha−1 apply one day before sowing. During
both growing seasons, irrigation was not supplied, conventional tillage practices were used
for soil flow, and weeds were controlled manually.

2.3. Sampling and Measurements
2.3.1. Soil Water Storage (mm)

Soil water storage (SWS) was determined by the following formula.

SWS = C × ρ × H × 10 (1)

C is the soil gravimetric moisture content (%); ρ is the bulk density (g cm−3); and H is
the soil depth (0–120 cm).

2.3.2. Analysis of Gas Sampling

A cylindrical opaque chamber (inner diameter 25 cm × 20 cm height) was used. Each
plot was repeated three times, and the bottom chamber was buried in the inner soil 20 cm
deep. An electric fan is fixed to mix the gas. From 0 to 30 min after closing the chamber, use
a 30 mL air-tight syringe to collect the gas sample with the help of a gas chromatograph
equipped. A gas chromatograph equipped with an HP-PLOT Q capillary column was
used to quantify the concentration of three gases (N2O, CH4, and CO2). A flame ionization
detector (FID) with a methanizer was used to analyze CH4 and CO2 concentrations, while
the concentration of N2O was analyzed by the Ni electron capture detector.
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As emission rates were determined by the equation below:

Gas emission rate (mgm−2h−1) = Δc/Δt × V/A × ρ × 273/T (2)

where Δc/Δt is the difference of gas concentration between 0 and 30 min, V is the volume,
A is the area, ρ is the density, and T is the absolute temperature.

The seasonal gas fluxes were determined by the equation below:

Seasonal flux (kgha−1) =
n

∑
i
(Ri × Di) (3)

where R is the daily gas emission rate and D is the number of days between the ith
sampling interval.

The net GWP was determined by the equation below:

Net GWP (kgCO2-eq ha−1) = CH4 flux 28
+ N2O flux 265 − ΔSOC44/12

(4)

The greenhouse gas intensity (GHGI) was determined using the net GWP per maize
grain yield [3]:

CHGI(kgCO2-eq kg−1 grain) = NetCWP/grain yield (5)

2.3.3. Global Warming Potential

The GWP for area and yield scale of income is determined by [29]:

Area − scaled GWP = 28 × CH4(kgha−1yr−1)

+265 × N2O(kghal−1yr−1)
(6)

The yield-scaled GWP was then calculated as the ratio between the area-scaled GWP
and grain yield [29].

2.3.4. Soil Carbon Fraction Analysis

Soil MBC is determined by using a modified chloroform fumigation extraction
method [30]. The mineralizable carbon (RMC) content was determined after extraction
with 0.5 M K2SO4 [31], and then the soil extract was wet digested with dichromate [32]. The
acid hydrolyzed carbohydrate carbon (AHC) is determined by taking the equivalent weight
of 2 g of soil extracted with 20 mL of 1.5 M sulfuric acid (H2SO4) for 24 h with regular
shaking and filtering through a glass fiber filter according to the procedure of [33]. The
water-soluble carbohydrate carbon (WSC) content is determined by [34]. The ninhydrin
reactive nitrogen (NRN) in 20-g soil samples was extracted with 0.5 M potassium sulfate
(K2SO4) and estimated colorimetrically after mixing the soil extracts with ninhydrin [35].

2.3.5. Soil Carbon Storage, Carbon Management Index

The carbon management index (CMI) was calculated by using a reference sample value
according to the procedure of Blair et al. [36]. Based on changes in between the reference
and sample sites of the total carbon content, a carbon pool index (CPI) was determined by
Liu et al. [37]. CPI = [sample TC/TC of reference soil].

Based on the changes in the C lability (L) = KMnO4-C/TC-KMnO4-C, the lability index
was determined.

LI = [sample L/reference L]

CMI = CPI × LI × 100.
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Carbon equivalent emissions (CEE) and carbon efficiency ratios (CER) were calculated
using the following equations:

CEE = GWP × 12/44

CER = grain yield (in terms of carbon) of the maize/CEE

The 43% carbon concentration in the grain was found.

2.3.6. Biomass and Maize Production

Biomass and grain yield of maize were measured at 6 m2 area and hand harvested
from each plot.

WUE = Y/ET (7)

where WUE (kg ha−1 mm−1) is the water use efficiency, Y is the grain yield, and ET is the
evapotranspiration.

Nitrogen use efficiency (NUE kg kg−1) was calculated by Wang et al. [38].

NUE = GY/N uptake × 100% (8)

2.3.7. Statistical Analysis

Data and interactions were analyzed using an analysis of variance (ANOVA) and Ana-
lytical Software (statistic 8.1/2008/statsoft/Tulsa, OK, USA). To calculate the probability
levels of P (0.05), the LSD (least significant difference) test was used.

3. Results

3.1. SWS and ET

Changes in rainfall, maize water utilization, and soil evaporation have led to reduced
soil water storage (SWS) at different maize growth stages (Figure 2). In our research work,
SWS showed non-significant differences among all treatments at 30 days after planting
(DAP). The water consumption of maize improves the growth of plants. PON75%+DCD treat-
ment can reduce drought and ensure the successful growth of plants. In the PON75%+DCD
treatment, the SWS of maize was considerably higher than in the FON75%+DCD treatment.
Start with 60–80 DAP; compared to 30 DAP, the trend of SWS for each treatment is signifi-
cantly enhanced. At 100 DAP, the average data of two years shows that, compared with
FON75%+DCD and FON75%+NC, the SWS under the PON75%+DCD treatment is significantly
the largest. The different cultivations of ON75%+DCD and ON75%+NC nitrogen application
treatments had the largest SWS, but compared with all other treatments, the difference
was considerable at various corn stages. The change in SWS was not significant between
PON75%+NC and FON75%+DCD treatments at 120–140 DAP.

The corn ET is positively correlated with rainfall and nitrogen management prac-
tices. Compared with FFN and PFN treatments, PON75%+DCD and PON75%+NC treatments
with different nitrogen management measures resulted in lower total ET due to high soil
evaporation. The results indicated that ET at PON75%+NC treatment is considerably lower
than at FON75%+DCD and FON75%+NC treatment, respectively. Regardless of the cultivation
method, the ON75%+DCD treatment significantly reduced 10.1% compared to the FN treat-
ment. Compared with FON75%+DCD treatment, PON75%+DCD treatment significantly reduced
ET by 7.0%, and PON75%+NC treatment significantly reduced ET by 22.8% compared with
FFN treatment.
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Figure 2. Effects of farming and nitrogen management practices on soil water storage at the depth of
0–120 cm soil layers at different growth stages of maize during 2019 and 2020. Vertical bars represent
the LSD at p = 0.05 (n = 3).

3.2. Soil Carbon Fractions

The MBC ranges from 113.7 to 414.6 mg kg−1 (Table 2). Under the PON75%+DCD
treatment, the MBC was significantly higher (400.3 mg kg−1) compared to the rest of
all treatments. The application of PON75%+DCD treatment showed a significant increase
of 67% in MBC (Table 2). Compared with other treatments, the PON75%+DCD treatment
considerably improved the TC content (5.08 g kg−1) (Table 3). The content of easily
mineralizable carbon (RMC) was the highest in the plots treated with PON75%+DCD and
PON75%+NC (177.7–137.9 mg kg−1) and the lowest under the F0 treatment (25.5 mg kg−1).
The WSC and AHC vary considerably under different cultivation and nitrogen management
practices, ranging from 6.8 to 45.4 mg C kg−1 and 320.9 to 583.2 mg C kg−1. The CMI
was considerably improved by 31.2%, 10.2%, 11.4%, 10.8%, 10.8%, and 13.4% under the
treatments of P0, PFN, PON, PON75%+DCD, and PON75%+NC, which was higher than that of
F0 and FFN, FON, FON75%+DCD, and FON75%+NC treatments. Under different cultivation and
nitrogen management measures, the total N, C:N ratio, NH4

+-N, NO3
−-N, and NRN have

a significant impact (Tables 2 and 3). It was found that the total N under the PON75%+DCD
and PON75%+NC treatments was significantly higher (0.61–0.57 g kg−1) than that of all other
treatments. Compared with the FON75%+DCD and FON75%+NC treatments, the C:N ratio was
significantly higher (8.55–8.37) under the PON75%+DCD and PON75%+NC treatments. There
were three peaks of NH4

+-N and NO3
−-N in at various growth stages during the two-year

field study. The NO3
−-N under F0 treatment was considerably lower compared to the

rest of all treatments (Figure 3). Under the treatments of PON75%+DCD and PON75%+NC,
(NO3

−-N) significantly increased compared with PFN and FFN treatments. Compared with
F0, the NH4

+-N of all other treatments was considerably improved, whereas the NH4
+-N

of the PON75%+DCD and PON75%+NC treatments did not change significantly under the two
cultivation methods (Figure 4). Different cultivation and nitrogen management measures
at each growth stage have a significant impact on the NH4

+-N content.
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Table 2. Soil carbon fractions and carbon management index at 0–15 cm soil depth under different
cultivation and nitrogen management practices during 2019–2020 maize growing seasons.

Treatments
MBC

(mg kg−1)
RMC

(mg kg−1)
WSC

(mg kg−1)
AHC

(mg kg−1)
CMI

2019
P0 171.0 g 32.2 f 8.1 f 369.8 e 88.9 e

PFN 289.5 c 102.3 c 27.5 d 474.2 c 119.2 c
PON 285.1 c 77.3 d 26.3 d 456.5 c 109.5 c

PON75%+DCD 386.1 a 168.9 a 44.7 a 564.7 a 142.3 a
PON75%+NC 311.7 b 130.8 b 31.0 c 506.0 b 128.6 b

F0 113.0 h 22.2 g 6.2 g 296.4 f 62.3 f
FFN 213.8 e 70.7 d 24.5 e 381.5 e 105.7 d
FON 199.2 f 55.9 e 23.7 e 370.9 e 95.8 e

FON75%+DCD 300.6 b 116.3 b 40.8 b 453.8 c 125.3 b
FON75%+NC 240.2 d 88.6 27.2 d 404.9 d 109.9 c

2020
P0 190.4 g 35.5 f 8.8 f 394.2 f 97.8 e

PFN 314.7 d 112.9 c 28.6 d 505.2 c 123.7 c
PON 313.8 d 84.5 d 27.2 d 485.0 d 114.1 c

PON75%+DCD 414.6 a 186.5 a 46.0 a 601.7 a 147.9 a
PON75%+NC 335.5 c 144.9 b 32.2 c 539.7 b 134.8 b

F0 151.7 h 28.8 f 7.5 f 345.3 g 80.1 f
FFN 264.2 f 91.8 d 26.5 d 443.3 e 114.7 c
FON 256.5 f 70.2 e 25.4 e 428.0 e 105.0 d

FON75%+DCD 357.6 b 151.4 b 43.4 b 527.8 b 136.6 b
FON75%+NC 287.9 e 116.7 c 29.7 c 472.3 d 122.4 c

Values are given as means, and different lowercase letters indicate significant differences at p ≤ 0.05 levels.

Table 3. Soil nitrogen fractions and total carbon to total nitrogen ratio at 0–15 cm soil depth under
different cultivation and nitrogen management practices during 2019–2020 maize growing seasons.

Treatments
TC

(g kg−1)
TN

(g kg−1)
TC:TN

NRN
(μg g−1 Soil)

CEE
(kg C ha−1)

CER

2019
P0 2.42 c 0.47 b 5.1 f 3.3 e 1846 e 0.82 c

PFN 3.85 b 0.54 a 7.1 b 7.4 b 2395 b 0.94 b
PON 3.29 b 0.51 a 6.4 c 6.9 c 2149 d 0.90 b

PON75%+DCD 4.97 a 0.62 a 8.0 a 10.5 a 2614 a 1.01 a
PON75%+NC 4.74 a 0.57 a 8.3 a 8.8 b 2334 b 0.95 b

F0 1.74 d 0.43 b 4.1 g 3.1 e 1584 f 0.73 d
FFN 3.18 b 0.46 b 6.9 d 4.9 d 2171 d 0.82 c
FON 2.61 c 0.45 b 5.9 e 4.8 d 2144 d 0.81 c

FON75%+DCD 4.29 a 0.52 a 8.3 a 7.4 b 2376 b 0.92 b
FON75%+NC 4.06 a 0.49 b 8.4 a 6.4 c 2258 b 0.84 c

2020
P0 2.64 d 0.51 a 5.2 d 5.4 d 1502 f 0.80 b

PFN 4.08 b 0.54 a 7.6 b 7.2 c 2190 d 0.91 a
PON 3.51 c 0.53 a 6.7 c 7.1 c 2108 d 0.88 b

PON75%+DCD 5.19 a 0.60 a 8.7 a 9.7 a 2682 a 0.97 a
PON75%+NC 4.96 b 0.57 a 8.8 a 8.7 b 2471 b 0.93 a

F0 2.19 d 0.47 b 4.7 d 3.9 e 1404 g 0.69 c
FFN 3.63 c 0.51 a 7.1 b 6.5 c 2093 e 0.80 b
FON 3.06 c 0.49 b 6.2 c 6.3 c 2010 e 0.77 c

FON75%+DCD 4.74 b 0.58 a 8.2 a 9.2 a 2284 c 0.87 b
FON75%+NC 4.51 b 0.54 a 8.4 a 8.0 b 2173 d 0.82 b
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Figure 3. Effects of farming and nitrogen management practices on NO3
−-N contents. The vertical

bars represent the standard error of the mean (n = 3).

Figure 4. Effects of farming and nitrogen management practices on NH4
+-N contents.

3.3. Greenhouse Gas Emissions

Field research found that CO2 emissions were positive and experienced three fluctua-
tions (Figure 5). Regardless of the different planting and nitrogen management methods,
CO2 is at its minimum during the sowing period, increases significantly during the flower-
ing period, and reaches its highest during the grain filling period. Compared with FFN
treatment, PON75%+DCD and PON75%+NC considerably changed CO2, while the emissions
of FON75%+DCD treatments were considerably higher than FON75%+NC. Compared with P0,
CH4 was considerably lower compared with the rest of the treatments, while the CH4 of
ON75%+DCD and ON75%+NC did not change considerably under the two cultivation methods
(Figure 6). Different cultivation and nitrogen management practices apply to all growth
stages. There were two peaks of N2O during the jointing and flowering periods. The N2O
at F0 is significantly lower than the rest of all treatments (Figure 7). Under PON75%+DCD
and PON75%+NC treatments, N2O emissions are significantly higher than those of PFN and
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FFN treatments. Under different cultivation and nitrogen management measures, N2O
emissions at different growth stages have a significant impact.

Figure 5. Effects of farming and nitrogen management practices on CO2 emissions.

Figure 6. Effects of farming and nitrogen management practices on CH4 emissions.

26



Land 2023, 12, 1306

Figure 7. Effects of farming and nitrogen management practices on N2O emissions.

3.4. GWP, GHGI, and CEE

Under different cultivation and nitrogen management practices, the effects of PON75%+DCD
treatments on GHGI are different, which shows the net GWP per grain yield (Table 4).
Under PON75%+DCD and PON75%+NC, GHGI was significantly reduced because of the sub-
stantial increase in corn production. This enhancement in GHGI is regularly influenced
by soil carbon pool depletion rather than improved greenhouse gas emissions. Net GWP
is determined by considering the GWP of N2O and CH4 and changes in SOC. The net
GWP largely depends on the depletion of the soil carbon pool and different cultivation and
nitrogen management practices. Under the PON75%+DCD, the net GWP is 19.1–19.0 Mg CO2
eq. ha−1, adding 17.2–17.5 and 1.7–1.6 Mg CO2-eq. ha−1) for soil carbon depletion and
N2O (Table 4). Compared with the PFN and FFN treatments, the PON75%+DCD considerably
improved the net GWP, which was mostly due to the significant increase in soil carbon pool
consumption. The lowest CEE was measured in F0 treatment (1494 kg C ha−1). Under dif-
ferent cultivation and nitrogen management measures, the maximum CEE (2648 kg C ha−1)
was measured under the PON75%+DCD treatment.

3.5. Area and Yield-Scaled GWP

GWP shows that there are considerable differences between different cultivation and
nitrogen application measures (Table 5). Under the PON75%+DCD and PON75%+NC treatments,
the regional scale GWP in 2019–2020 is significantly higher than all other treatments. The
mean value of the area scale GWP of P0, PFN, PON, PON75%+DCD, PON75%+NC, FFN, FON,
FON75%+DCD, and FON75%+NC has increased by 33.5% and 55.7%, 50.5%, 65.5%, 62.6%, 27.1%,
18.9%, 54.0%, and 49.3%, compared with F0 treatment. The GWP indicated significant
variation between various cultivation and nitrogen application measures (Table 5). During
the two-year study, PON75%+DCD produced considerable maximum-scale GWP production
compared to all other processes. The average value of the data indicated that the output
scale GWP of PFN, PON, PON75%+DCD, PON75%+NC, FFN, FON, FON75%+DCD, and FON75%+NC
treatments increased by 26.7%, 86.9%, 73.8%, 94.4%, 82.5%, 8.3%, 47.6%, 79.2%, and 74.9%
when compared with F0 treatment.
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Table 4. Characteristics of seasonal greenhouse gas fluxes, GWP, and GHGI in maize cropping fields
under different treatments a during 2019–2020 growing seasons.

Treatments GHG Flux (kg ha−1) GWP (kg CO2-eq ha−1) GHGI

CH4 N2O NECB CH4 N20 NECB Net
(kg CO2-eq kg−1

Grain)

2019
P0 1.0 d 4.5 b −2482 i 21.3 f 1334 e −8998 f 10,591 g 0.9 d

PFN 1.8 c 5.2 a −3833 e 37.3 e 1471 d −13,955 d 15,604 e 1.9 c
PON 1.2 c 4.7 b −3605 f 26.3 f 1431 d −12,915 e 15,057 e 1.6 c

PON75%+DCD 2.7 a 5.7 a −4743 a 63.3 c 1707 a −17,290 a 19,165 a 2.0 b
PON75%+NC 2.2 b 5.5 a −4665 b 48.3 d 1633 b −17,003 a 18,750 b 1.8

F0 1.6 c 4.3 b −1129 j 42.3 d 1289 f −4040 g 5944 h 1.2 c
FFN 2.4 b 4.8 b −3550 g 61.6 c 1409 d −13,117 d 14,673 f 2.b
FON 2.1 b 4.5 b −3324 h 45.9 d 1349 e −12,086 e 13,787 g 1.6 c

FON75%+DCD 3.3 a 5.1 a −4135 c 84.1 a 1558 c −15,060 b 17,054 c 3.3 a
FON75%+NC 2.9 a 4.9 b −4034 d 72.9 b 1528 c −14,688 c 16,476 d 2.4 b

2020
P0 1.1 c 3.8 c −2431 i 21.9 1158 e −8821 h 10,270 f 1.0 e

PFN 1.5 c 4.5 b −3700 e 32.0 1349 c −13,477 e 15,036 c 1.9 d
PON 1.3 c 4.1 b −3497 g 31.2 1230 d −12,728 f 14,993 d 1.5 d

PON75%+DCD 2.4 b 5.8 a −4822 a 64.5 1695 a −17,578 a 19,279 a 2.4 c
PON75%+NC 2.1 b 5.4 a −4658 b 51.3 1621 a −16,988 b 19,029 a 2.0 c

F0 1.4 c 3.7 c −1161 j 33.6 1111 e −4165 i 5913 g 1.7 d
FFN 3.3 a 4.2 b −3598 f 83.0 1278 d −13,102 e 14,400 d 3.0 b
FON 1.7 c 4.0 b −3043 h 43.4 1218 d −11,056 g 12,517 e 2.4 c

FON75%+DCD 3.9 a 4.9 b −4128 c 98.0 1546 b −15,045 c 17,033 b 4.5 a
FON75%+NC 3.6 a 4.5 b −3933 d 90.5 1356 c −14,317 d 15,898 c 3.1 b

Table 5. Effects of different treatments a on area and yield-scaled GWP, biomass yield, grain yield,
evapotranspiration (ET), water use efficiency (WUE), and nitrogen use efficiency (NUE) of maize
during 2019–2020 growing seasons.

Treatments
Area-Sealed

GWP
(kg CO2-eq ha−1)

Yield-Sealed
GWP

(kg CO2-eq kg−1)

Biomass
Yield

(t ha−1)

Grain
Yield

(t ha−1)

ET
(mm)

WUE
(kg ha−1

mm−1)

NUE
(kg kg−1)

2019
P0 170.9 f 0.05 e 14.5 e 6.8 e 274.5 e 24.8 b --

PFN 242.7 d 0.13 d 16.7 c 9.2 b 409.0 a 22.5 c 8.28 e
PON 221.4 e 0.17 d 16.0 c 7.8 d 339.6 d 23.0 c 4.35 f

PON75%+DCD 308.9 a 0.76 a 19.9 a 11.1 a 382.3 b 29.0 a 24.93 a
PON75%+NC 294.4 b 0.28 c 18.3 b 9.9 b 373.7 b 26.5 b 17.97 c

F0 129.4 h 0.03 e 12.7 g 6.1 f 328.4 d 18.6 d --
FFN 150.2 g 0.04 e 14.4 e 7.3 d 436.9 a 16.7 e 4.14 f
FON 148.4 g 0.06 e 13.5 f 6.9 e 361.3 c 19.1 d 3.48 f

FON75%+DCD 275.8 c 0.44 b 16.7 c 9.8 b 378.6 b 25.9 b 21.45 b
FON75%+NC 231.4 d 0.21 c 15.3 d 8.3 c 364.9 c 22.7 c 12.75 d

2020
P0 160.3 f 0.10 d 15.1 f 6.4 f 251.5 e 25.4 b --

PFN 262.4 c 0.71 b 17.6 c 9.3 c 452.6 a 20.5 c 10.00 e
PON 230.3 d 0.25 c 15.8 e 7.7 e 342.2 c 22.5 c 5.65 g

PON75%+DCD 339.8 a 1.19 a 20.7 a 11.3 a 405.7 b 27.9 a 28.41 a
PON75%+NC 303.8 b 0.35 c 19.0 b 10.7 b 386.0 b 27.7 a 24.93 b

F0 94.3 h 0.08 d 14.4 g 6.0 g 292.2 d 20.5 c --
FFN 156.8 f 0.15 d 17.0 c 7.9 e 495.9 a 15.9 e 6.55 g
FON 127.3 g 0.09 d 16.3 d 6.9 f 388.1 b 17.8 d 3.91 h

FON75%+DCD 211.0 e 0.23 c 17.4 c 9.8 c 464.4 a 21.1 c 22.03 c
FON75%+NC 209.6 e 0.35 c 16.5 d 8.4 d 448.6 a 18.8 d 14.17 d
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3.6. Resources Use Efficiencies, Carbon Efficiency Ratio (CER), and Maize Production

During 2019–2020, different cultivation and nitrogen management practices have
considerably enhanced biomass and grain yield, as well as CER and resource use efficien-
cies (Table 5). Compared with the F0 treatment, the PON75%+DCD treatment significantly
enhanced (41.0%) the biomass yield. The mean biomass yield was significantly enhanced in
the P0, PFN, PON, PON75%+DCD, PON75%+NC, FFN, FON, FON75%+DCD, and FON75%+NC treat-
ments by 2.8%, 19.1%, 10.4%, 41.0%, 29.5%, 5.9%, 14.7%, 13.5%, and 14.6% compared to
that of the F0 treatment. The CER was the maximum (0.99) in the PON75%+DCD treatment,
followed by the PON75%+NC treatment (0.94), and then under the PFN treatment (0.93). The
lowest (0.71) CER was recorded in the F0 treatment. Compared with the F0, the mean grain
yield with P0, PFN, PON, PON75%+DCD, PON75%+NC, FFN, FON, FON75%+DCD, and FON75%+NC
treatments was significantly increased by 0.8%, 39.1%, 16.5%, 68.4%, 54.9%, 11.3%, 25.6%,
36.1%, and 27.0%, respectively (Table 5). The data showed that WUE with P0, PFN, PON,
PON75%+DCD, PON75%+NC, FFN, FON, FON75%+DCD, and FON75%+NC treatments were consid-
erably improved by 34.8%, 15.6%, 22.1%, 52.7%, 45.6%, 5.9%, 17.2%, 17.7%, and 1.1%,
compared with F0 treatment. While the NUE with PFN, PON, PON75%+DCD, and PON75%+NC
treatments were significantly enhanced by 41.5%, 26.1%, 18.5%, and 37.2%, respectively,
compared with FFN, FON, FON75%+DCD, and FON75%+NC.

4. Discussion

4.1. Effects of N management Practices on ET and SWS

Mulching with different nitrogen management practices is usually used as a useful culti-
vation technique to enhance rain-fed maize yields by increasing soil moisture conditions [10].
In contrast, mulching with different nitrogen management measures significantly increased
greenhouse gas emissions [24] and consumed soil carbon pools [39,40]. The use of plastic
mulching and different nitrogen management measures to enhance crop production is still
under debate. PON75%+DCD treatment can decrease drought. In the PON75%+DCD treatment,
the SWS of maize was considerably higher than in the FON75%+DCD treatment. A number
of studies have shown that nitrogen application can increase soil absorption of water and
nitrogen content [41]. Unnecessary fertilizer use may lead to high water efficiency [11]. There
is a positive correlation between crop yield and field evapotranspiration [5]. Ma et al. [42]
revealed a considerable improvement in the ET due to low N supply and high soil wa-
ter availability. In our research, we found that compared with FFN and PFN treatments,
PON75%+DCD and PON75%+NC treatments with different nitrogen management measures
resulted in lower total ET due to maximum soil evaporation. Oenema et al. [43] reported
that, compared to the control plot, the plastic film with a low N level maintained maximum
water conditions with a low total ET.

4.2. Effects of N management Practices on Greenhouse Gas Emissions

Changes in soil water storage and humidity conditions caused by mulching affected
soil microbial populations and activities [44], the mineralization process [27], and soil
absorption of CH4 [45]. Regarding the CH4 emission under the cover of plastic film,
Tan et al. [46] all believe that plastic film covering reduces CH4 absorption or increases
CH4 emissions. However, in our research, corn fields are used as sinks for CH4 emissions.
Soil carbon has a greater role in regulating the CO2 flux from the soil and other climatic
factors that favor microbial processes [47]. The increase in temperature under the film cover
can stimulate microbial activity, thereby accelerating organic matter decomposition [48,49],
which explains the increase in CO2 flux. Compared with the FFN treatment, the CO2
emissions of the FON75%+DCD and FON75%+NC treatments were significantly greater. The
N2O emission is significantly lower under the F0 treatment. Under the PON75%+DCD and
PON75%+NC treatments, the N2O emissions are significantly increased compared to the PFN
and FFN treatments, which is consistent with the findings of Ma et al. [18]. Li et al. [50] also
pointed out that DCD is more effective in suppressing early N2O emissions from paddy

29



Land 2023, 12, 1306

fields. Other studies report that adding DCD to nitrogen fertilizer cannot only reduce soil
N2O emissions by 39% [51] but also significantly reduce N2O emissions from rice fields [50].

4.3. Effects of N management Practices on GWP, GHGI, and CMI

The MBC ranges from 113.7 to 414.6 mg kg−1. Under the PON75%+DCD treatment,
the accumulation of MBC was significantly higher (400.3 mg kg−1) compared to other
treatments. Compared with F0 treatment, the application of PON75%+DCD treatment showed
a significant increase of 67% in MBC, respectively. Compared to other treatments, the
PON75%+DCD treatment considerably improved the TC content (5.08 g kg−1). The content of
easily mineralizable carbon (RMC) was the highest in the plots treated with PON75%+DCD
and PON75%+NC (177.7–137.9 mg kg−1) and the lowest under the F0 treatment (25.5 mg kg−1).
The microbial biomass in the soil is often dynamic when nutrient utilization is limited [52].
In this case, with the enhancement of SOC mineralization, the net soil carbon loss increases.
Due to the limited availability of nitrogen and net immobilization, straw with a high C:N
ratio tends to slowly decompose [53]. It was found that the total N under the PON75%+DCD
and PON75%+NC treatments was significantly higher (0.61–0.57 g kg−1) than that of all other
treatments. Compared with the FON75%+DCD and FON75%+NC treatments, the C:N ratio
was significantly higher (8.55–8.37) under the PON75%+DCD and PON75%+NC treatments. A
single or combined application of inorganic fertilizers may produce more unstable carbon,
which can be used as a source of nutrients [29]. The CMI was considerably improved
by 31.2%, 10.2%, 11.4%, 10.8%, 10.8%, and 13.4% under the treatments of P0, PFN, PON,
PON75%+DCD, and PON75%+NC, which was higher than that of F0, FFN, FON, FON75%+DCD,
and FON75%+NC treatments. These planting method data are similar to those reported by
Whitbread et al. [54].

4.4. Effects of N management Practices on Resource Use Efficiency and Maize Production

The (NO3
−-N) under F0 treatment was significantly lower than all other treatments.

Under the treatments of PON75%+DCD and PON75%+NC, (NO3
−-N) significantly increased

compared with PFN and FFN treatments. Compared with F0, the NH4
+-N of all other treat-

ments was significantly increased, while the NH4
+-N of the PON75%+DCD and PON75%+NC

treatments had no significant changes under the two cultivation methods. This may be
due to the inhibitory effect of DCD on ammonia-oxidizing bacteria and related enzymes,
effectively delaying the oxidation process of NH4

+-N to NO3
−-N [37,55]. By adjusting

the rapid conversion of soil nitrogen and maintaining a high soil NH4
+-N, the accumula-

tion and leaching loss of NO3
−-N can be effectively reduced, and N2O emissions can be

reduced [56]. Considering that nitrogen management practices and mulching films are
widely used in arid regions [57]. The GWP data on the agricultural system can provide
information on the impact of agricultural practices on climate change [3]. In our research,
the treatments of PON75%+DCD and PON75%+NC with mulching film significantly reduced
GHGI compared to traditional flat-land cultivation because the yield of corn was greatly
increased. GHGI is a potential barometer to compare the impact of global warming on
agricultural management and crop yields [48]. This increase in GHGI is mainly due to
the massive consumption of soil carbon storage rather than an improvement in GHGI.
Current research has indicated that improving crop yields can effectively reduce GHGI [58].
Compared with the PFN and FFN treatments, the PON75%+DCD treatment improved the net
GWP, which was mainly due to the significant increase in soil carbon pool consumption.
Current research has shown that increasing corn yield can decrease GHGI [49].

Compared with the F0 treatment, the PON75%+DCD treatment significantly increased
(41.0%) biomass yield. Plastic mulching with reasonable nitrogen application effectively
utilizes rainfall; therefore, compared with flat planting, it increases grain yield with a
higher WUE [59]. Compared with F0 treatment, the average grain yield of P0, PFN, PON,
PON75%+DCD, PON75%+NC, FFN, FON, FON75%+DCD, and FON75%+NC treatments was signifi-
cantly increased by 0.8%, 39.1%, 16.5%, 68.4%, 54.9%, 11.3%, 25.6%, 36.1%, and 27.0%. WUE
shows the link between water use and crop productivity. Liu et al. [37] also investigated
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that the optimum fertilizers under plastic mulching increased grain yield and reduced the
ET; therefore, the rainwater with high WUE and NUE was effectively used. Soil fertility
status considerably affects resource utilization efficiencies. Low N levels result in higher
NUE, while high N levels result in lower NUE [60]. Taking into account the impact on
greenhouse gas emission reduction, corn yield response, and greenhouse gas emission
factors, PON75%+DCD treatment can be suggested as the preferred cultivation and nitrogen
management practice for increasing yield and coping with climate change.

5. Conclusions

In a semi-arid agricultural ecosystem, the application of plastic mulch under the
ridge cropping system reduces the optimal N + dicyandiamide by 25%, resulting in soil
carbon buildup and increased corn yield. The results showed that compared to other
treatments, PON75%+DCD significantly increased SWS, WUE, and NUE because the total
ET and GHG emissions were reduced. Under PON75%+DCD or PON75%+NC, the soil carbon
storage significantly increased. The PON75%+DCD treatment is more effective in improving
MBC, CMI, and WSC, although it increases gaseous carbon emissions more than all other
treatments. Compared with FFN, under the PON75%+DCD treatment, the overall CH4, N2O,
and CO2 emissions are all reduced. Under the PON75%+DCD treatment, the area scale GWP
(52.7%), yield scale GWP (90.3%), biomass yield (22.7%), WUE (42.6%), NUE (80.0%), and
grain yield (32.1%) are improved instead of FFN, which might offset the negative ecological
impacts. The PON75%+DCD treatment can bring obvious benefits in terms of increasing yield,
reducing global warming, and maintaining soil health.
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Abstract: Soybean is a widespread crop in semi-arid regions of China, where soil salinity often
increases and has a significant harmful impact on production, which will be a huge challenge in
the coming years. Salicylic acid (SA) and pyraclostrobin are strobilurin-based bactericides (PBF).
Under rainfall-harvesting conditions in covered ridges, the exogenous application of SA and PBF can
improve the growth performance of soybeans, thereby reducing the adverse effects of soil salinity.
The objectives of this research are to evaluate the potential effects of SA and PBF on soybean growth
in two different regions, Harbin and Daqing. A two-year study was performed with the following
four treatments: HCK: Harbin location with control; SA1+PBF1: salicylic acid (5 mL L−1) with
pyraclostrobin (3 mL L−1); SA2+PBF2: salicylic acid (10 mL L−1) with pyraclostrobin (6 mL L−1);
DCK: Daqing location with control. The results showed that in the Harbin region, SA2+PBF2
treatment reduced the evapotranspiration (ET) rate, increased soil water storage (SWS) during
branching and flowering stages, and achieved a maximum photosynthesis rate. Moreover, this
improvement is due to the reduction of MDA and oxidative damage in soybean at various growth
stages. At different growth stages, the treatment of Harbin soybean with SA2+PBF2 significantly
increased the activity of CAT, POD, SOD, and SP, while the content of MDA, H2O2, and O2

− also
decreased significantly. In the treatment of SA2+PBF2 in Harbin, the scavenging ability of free
H2O2 and O2

− was higher, and the activity of antioxidant enzymes was better. This was due to
a worse level of lipid-peroxidation which successfully protected the photosynthesis mechanism
and considerably increased water use efficiency (WUE) (46.3%) and grain yield (57.5%). Therefore,
using plastic mulch with SA2+PBF2 treatment can be an effective water-saving management strategy,
improving anti-oxidant enzyme activities, photosynthesis, and soybean production.

Keywords: soil salinity; salicylic acid; anti-oxidant metabolism; photosynthesis; reactive oxygen
species; soybean production

1. Introduction

High salinity is one of the key non-biotic stresses that leads to the decline of agricultural
production [1]. Given the cultivation of soybeans in the dry-land farming systems, this issue
is particularly important [2]. By 2050, 50% of farming land may be affected by salinity [3].
Especially, the threat of salinization has an impact on the soil in coastal agricultural areas [4].
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However, the increase in the salinity of arable land may affect the sustainable food supply of
the world population [5]. Soybean is the world’s most essential oilseed crop and a significant
component of worldwide food security [6]. The shortage of water resources, high soil salinity,
evaporation rate, and low soil fertility status has severely restricted the improvement of the
dryland farming systems [7]. A ridge and furrow rainfall-harvesting system with plastic
mulching can effectively raise SWS and reduce salt content and is widely used to promote
soybean production and WUE [8,9]. Plastic mulching is also appropriate for improving the
photosynthesis and yield of soybean in the saline–alkali regions [10].

Salinity is harmful to soybean because it causes negative physiological, biochemical,
and morphological effects and can lead to a decrease in crop production [3]. The plant
growth reduction caused by salinity is mostly determined by the following aspects: (i) the
increase of osmotic pressure of the culture medium reduces the ability of plants to absorb
water [11]; (ii) the toxicity level of excessive ions on plant cells [12]; and (iii) ionic imbalances
that affect plant nutritional status and affect biochemical and metabolic components linked
to planting development [13]. Plants have developed an inherent defense mechanism,
including limitations on the absorption of toxic ions, stomatal regulation to sustain water
status under salt stress, and enzymatic and non-enzymatic antioxidants [14]. Salt stress
and other environmental stresses can raise the production of ROS, leading to oxidative
stress in plant cells [15]. ROS has high cytotoxicity and can react with different biological
molecules, leading to DNA mutations, lipid peroxidation, protein denaturation, and death
of cell [16]. ROS elimination can be attained by activating the antioxidant mechanism [17].
Although defense mechanisms may be compromised by severe salinity stress, plants may
be adversely affected by salinity-induced damage.

We use some strategies for using biostimulants that can improve the biochemical pro-
cesses of plants under stress [18]. Due to the relationship in many aspects of plant physiological
responses to salt and water stress, it is assumed that pyraclostrobin-based fungicides (PBF) can
reduce the destructive effects of salinity [19]. These natural molecules are produced by a group
of fungi belonging to the phylum basidiomycota, which is a pathogen of wood decay in certain
tree species [20]. The bactericidal effect is achieved by blocking the outer electron transport
to inhibit the mitochondrial respiration of some agricultural crop pathogenic fungi [21]. In
recent years, several studies have proven that crop protection products based on astragalus
have complementary biological stimulator properties, which can reduce water demand and
alleviate non-biotic stress [22]. In fact, after the application of these pyraclostrobin-based
fungicides (PBF), changes in plant metabolism have been observed, including an increase
in ABA production and the activation of oxidative stress enzymes [23], which may increase
WUE and photosynthesis under salt stress [24,25].

Many growth regulators, including hormones that have been used to activate plants,
seem to be promising technologies for reducing salt toxicity and improving plant yield [16,26].
SA is an important phenolic compound and a growth regulator that plays a unique role
in plants’ various biochemical processes [27,28]. SA can also reduce lipid peroxidation and
improve plant resistance to salt stress [29]. Drought and salt stress can promote the production
of ROS, such as H2O2 and O2

−, leading to chlorophyll damage [30]. Due to the increased
accumulation of ROS, plant water and leaf stresses are typically linked with improved
activation of oxidative stress enzymes [31]. Oxidative damage can have a negative impact
on Pn and chlorophyll content [32,33]. Therefore, an approach to protect soybean from
oxidative damage and delay the aging process is crucially important for its anti-oxidant
metabolism [34,35].

Due to the commercial significance of soybean crops, the spread of salinity issues in
several regions covered by these crops, and economic losses, there is increasing interest in
finding new solutions that can alleviate the negative impact of salinity. We assume that
PBF may not only have bactericidal effects but also biologically stimulating effects, which
can decrease the harmful effects of salt stress on soybean. Our research objectives are as
follows: (i) to examine the interaction between PBF and SA strategies in the antioxidant
defense system of soybean leaves and the improvement of water use efficiency; (ii) to
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determine the changes in the photosynthetic capacity and ROS detoxification system of
soybean leaves under plastic film mulching.

2. Materials and Methods

2.1. Site Description

This study was conducted in Daqing, located at (125◦19′16.59′′ E, 46◦62′5.31′′ N) and
147.5 m asl, and the second site was in Harbin, located at (126◦51′41.91′′ E, 45◦50′37.82′′ N)
and 174 m asl, China. The total sunshine hours were 2345.2 h yr−1. Over 60% of the rainfall
occurred from June to September. Rainfall during the soybean-growing season in Harbin from
2020 to 2021 was 398 mm and 351 mm, while Daqing had 510 mm and 470 mm (Figure 1). The
initial physicochemical properties of the soil were determined; the soil samples were collected
at a depth of 20 cm at the two experimental sites, which is shown in Table 1.

 

Figure 1. Precipitation distribution during 2020 and 2021 soybean-growing seasons.

Table 1. The chemical properties of experimental site of the soil layers (0–20 cm).

Location
SOM

(g kg−1)
TN

(g kg−1)
TP

(g kg−1)
TK

(g kg−1)
AN

(mg kg−1)
AP

(mg kg−1)
AK

(mg kg−1)

Harbin 32.20 0.17 1.07 2.71 167.05 24.81 162.22
Daqing 29.89 0.18 1.05 2.48 135.81 23.95 116.70

2.2. Research Design

The field research was conducted in a randomized complete block design with three
replications. In 2020 and 2021, we conducted field research under two experimental loca-
tions in Harbin and Daqing to study the effects of four different treatments: HCK: Harbin
location with control; SA1+PBF1: salicylic acid (5 mL L−1) with pyraclostrobin (3 mL L−1);
and SA2+PBF2: salicylic acid (10 mL L−1) with pyraclostrobin (6 mL L−1). Meanwhile,
the Daqing location had DCK: Daqing location with control; SA1+PBF1: salicylic acid
(5 mL L−1) with pyraclostrobin (3 mL L−1); and SA2+PBF2: salicylic acid (10 mL L−1)
with pyraclostrobin (6 mL L−1).. Each ridge and furrow was 65 cm wide and 15 cm high.
Soybeans were planted along ridges and furrows. A 1-meter wide isolation strip was set
up between each plot to prevent water leakage. Heinong-531 soybean variety was planted
on 17 May 2020 and harvested on 10 October 2020; the corresponding dates are 12 May and
15 October 2021. During the entire growing season, field management was carried out in
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accordance with local practices. The amount of fertilizer applied during soil preparation
each year was 60, 90, and 75 kg N, P2O5, K2O, ha−1.

2.3. Soil Water Storage (SWS)

The soil water content was calculated at the seedling, branching, flowering, grain-filling,
and maturity stages during 2020 and 2021. Moisture contents of the 0–200 cm soil layers at
20 cm intervals were recorded using a TDR meter (Time-Domain Reflectometry, Germany).

The SWS was calculated by the following formula [36]:

SWS = C × ρ × H × 10 (1)

where C is the soil water, ρ is the bulk density, and H is the soil depth.
The ET rate was calculated by the following formula [36]:

ET = R + ΔSWS (2)

where R is the rainfall and ΔSWS is the SWS at a depth of (0–200 cm) between sowing
and harvesting.

WUE = Y/ET (3)

where WUE is the water use efficiency and Y is the grain yield.

2.4. Net Photosynthetic Rate (Pn)

Pn was measured using the LI Cor LI-6400XT portable photosynthesis system (LI-
6400XT, LI Cor, Lincoln, NE, USA). Fully inflated leaves were measured on sunny days from
9:00 to 11:00 a.m. The CO2 concentration in the leaf chamber was set to 380 μ mol mol−1,
and the photosynthetic active radiation was set to 1100 μ mol m−2 s−1. Nine leaves of five
individual plants were analyzed during the flowering, filling, and maturity stages of each
treatment, with three replicates.

2.5. Antioxidant Enzyme Activities

An amount of 0.5 g of soybean leaf homogenate with midrib was removed, with 5 mL
50 mmol L−1 phosphate buffer (pH 7.8), 0.1mM EDTA-Na2, and 1% insoluble PVP. The
homogenate was centrifuged at 15,000× g for 10 min at 40 ◦C. After centrifugation, the
upper supernatant was taken and used for enzyme determination. The SOD activity was
analyzed at 560 nm according to the technology of [37]. According to Amalo et al. [38], the
POD activity was calculated using guaiacol at 470 nm. The determination of CAT activity
was based on the method proposed by Tan et al. [39]. The MDA content was analyzed based
on the technique proposed by Zhang [40]. The Coomassie Brilliant Blue (G250) method
described by Read and Northcote [41] was used to measure the soluble protein contents.
The H2O2 and O2

− contents were determined by the modification of the method of Elstner
and Heupel [42] described by Jiang and Zhang [43]. The O2

− content was analyzed at
530 nm, while H2O2 content was analyzed at 415 nm [44].

2.6. Statistical Analysis

The data were analyzed using SPSS 18.0 software. Multiple comparisons were tested
using Duncan’s new multiple-range test. If the F-test was significant, the mean value was
evaluated by a multiple comparison test (LSD 0.05).

3. Results

3.1. Soil Water Storage (SWS) and ET Rate

Typically, significant changes in soil temperature, ET, and rainwater utilization can
lead to significant differences in SWS (0–200 cm) at various growth stages (Table 2). During
the two years of the seedling stage, the SWS was roughly the same without significant
differences. In a two-year study, SWS varied with precipitation and different growth stages.
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From the SS to BS stages in Harbin and Daqing, the average SWS (0–2 m) of SA1+PBF1 and
SA2+PBF2 treatments significantly increased by 14.8%, 20.4%, 8.4%, and 5.6% compared to
HCK and DCK treatments, respectively. From FS to the GFS stage, SWS gradually increases.
From the GFS stage to the MS stage, the SWS trend of each treatment improved compared
to the FS stage. During the GFS to MS periods, the average SWS (0–200 cm) of SA1+PBF1
and SA2+PBF2 treatments in the Harbin region significantly increased by 22.2% and 34.3%
compared to HCK treatment, while the MS SWS of SA1+PBS1 and SA2+PBS2 treatments in
the Daqing region considerably improved by 1.8% and 6.4% compared with DCK.

Table 2. Soil water storage (mm) at 0–200 cm soil profile at various growth stages of soybean as
affected by various treatments. a during 2020 and 2021.

Locations Treatments

Soil Water Storage (mm)

2020 2021

SS BS FS GFS MS SS BS FS GFS MS

Harbin HCK 118.5 a 123.6 b 97.7 c 101.1 d 92.0 d 114.4 a 129.7 b 89.9 c 84.9 e 122.7 c
SA1+PBF1 119.4 a 126.1 a 104.0 b 113.4 b 116.8 b 115.5 a 132.1 a 99.8 b 101.2 b 129.7 b
SA2+PBF2 119.9 a 127.3 a 115.3 a 125.7 a 129.7 a 116.1 a 133.2 a 110.7 a 111.7 a 141.2 a

Daqing DCK 118.7 a 124.3 b 102.2 b 107.2 c 107.2 c 114.6 a 130.4 a 80.5 d 73.5 f 110.1 d
SA1+PBF1 119.5 a 126.5 a 101.6 b 107.8 c 110.5 c 115.8 a 132.1 a 96.0 b 92.0 d 123.0 c
SA2+PBF2 120.7 a 126.0 a 103.2 b 112.7 b 115.6 b 117.1 a 132.1 a 99.4 b 99.9 c 128.4 b

Analysis
of

variance

L * * * * * * * * * *
SA * * * * * * * * * *
PBF * * * * * * * * * *

L × SA ns ns ns ns ns ns ns ns ns ns
L × PBF ns ns ns ns ns ns ns ns ns ns

SA × PBF * * * * * * * * * *
L × SA × PBF ns ns ns ns ns ns ns ns ns ns

a HCK: Harbin location with control; SA1+PBF1: salicylic acid (5 mL L−1) with pyraclostrobin (3 mL L−1); SA2+PBF2: sal-
icylic acid (10 mL L−1) with pyraclostrobin (6 mL L−1); DCK: Daqing location with control. Abbreviations are
SS: seedling stage, BS: branching stage, FS: flowering stage, GFS: grain-filling stage, MS: maturity stage.

During the soybean growing season, there were significant variations in ET between
different treatments. The soybean growth in the Daqing location had a high ET rate as
compared with the Harbin location under different salicylic acid and pyraclostrobin levels.
In 2020, the ET rate was significantly decreased at the location of Harbin with SA1+PBF1
and SA2+PBF2 treatments by 23.8% and 11.1% compared with HCK treatment, while at
the Daqing location, SA1+PBF1 and SA2+PBF2 treatments had significantly decreased
the ET rate by 22.4% and 9.0% compared with DCK treatment. In 2021, the ET rate was
significantly decreased at the Harbin location with SA1+PBF1 and SA2+PBF2 treatments by
15.3% and 3.6% compared with HCK treatment, while at the Daqing location, SA1+PBF1
and SA2+PBF2 treatments had significantly decreased the ET rate by 16.4% and 11.3%
compared with DCK treatment.

3.2. Pn Rate and SP Content

At various growth stages, the Pn and SP content of soybean leaves considerably
improved with the increase of salicylic acid and pyraclostrobin levels. SP content is closely
related to the Pn rate, significantly increasing the Pn rate of leaves. Due to the improvement
of SWS, the SP content in soybean leaves was higher, which can maintain a higher net
Pn rate (Table 3; Figure 2). During the two years of the same treatment, the Pn and SP
contents of soybean leaves were considerably higher from the BS to FS stages, while they
decreased considerably from the FS to GFS stages (Table 3; Figure 2). The average Pn was
significantly improved at the Harbin location with SA1+PBF1 and SA2+PBF2 treatments by
36.9% and 47.9% compared with HCK treatment, while at the Daqing location, SA1+PBF1
and SA2+PBF2 treatments had 46.4% and 54.4% higher Pn compared with DCK. In a two-
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year study, the Pn and SP content of SA1+PBF1 and SA2+PBF2 was considerably higher
than those of HCK and DCK in the BS, FS, and GFS stages. However, with the treatment
of SA1+PBF1, there was no considerable difference in Pn and SP content between the two
study sites at various growth stages. In the later stage of soybean growth, both Pn and SP
content was significantly affected by the levels of salicylic acid and pyraclostrobin, unlike
in HCK and DCK treatments.

Table 3. The net photosynthesis rate of soybean as affected by various treatments during 2020 and 2021.

Locations Treatments

Net Photosynthesis Rate (Pn μmol. m−2 s−1)

2020 2021

BS FS GFS BS FS GFS

Harbin CK 16.9 d 17.8 c 7.2 d 13.9 d 19.6 c 8.9 d
SA1+PBF1 23.2 b 28.3 b 13.2 b 19.9 b 25.8 b 11.6 c
SA2+PBF2 26.2 a 32.0 a 17.0 a 25.0 a 28.6 a 19.0 a

Daqing CK 11.9 e 15.1 d 5.7 e 12.3 d 14.6 d 6.5 e
SA1+PBF1 21.6 c 27.0 b 9.1 c 16.8 c 24.4 b 9.6 d
SA2+PBF2 24.2 b 28.6 b 12.9 b 20.8 b 25.6 b 15.8 b

Analysis of
variance

L * * * * * *
SA * * * * * *
PBF * * * * * *

L × SA ns ns ns ns ns ns
L × PBF ns ns ns ns ns ns

SA × PBF * * * * * *
L × SA × PBF ns ns ns ns ns ns

Figure 2. Effects of different treatments on soluble protein content (SP) of soybean during 2020–2021
growing seasons. Note: HCK: Harbin location with control; SA1+PBF1: salicylic acid (5 mL L−1) with
pyraclostrobin (3 mL L−1); SA2+PBF2: salicylic acid (10 mL L−1) with pyraclostrobin (6 mL L−1);
DCK: Daqing location with control.

3.3. Anti-Oxidative Enzyme Activities

Tables 4 and 5 and Figure 3 show that the POD, CAT, and SOD activities of soybean
leaves considerably improved with increasing levels of salicylic acid and pyraclostrobin
during the BS, FS, GFS, and MS stages at the research sites in Harbin and Daqing. The
SA2+PBF2 treatment had the highest POD, CAT, and SOD activities in soybean leaves
during the FS stage, but there was no significant difference compared to the GFS stage.
Afterward, the SOD, POD, and CAT activities in soybean leaves rapidly decreased during
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the MS stage. Furthermore, there were no considerable variations between the SA1+PBF1
treatments at all growth stages of soybeans at the research sites in Harbin and Daqing.

Table 4. Peroxidase (POD) activity of soybean as affected by various treatments during 2020 and 2021.

Locations Treatments

POD Activity (U g−1 FW min−1)

2020 2021

BS FS GFS MS BS FS GFS MS

Harbin CK 93.8 e 191.2 d 135.1 e 110.1 e 96.8 e 197.2 d 141.1 e 113.0 e
SA1+PBF1 116.0 c 314.0 b 312.8 b 159.4 c 120.0 b 326.0 b 319.4 b 166.3 c
SA2+PBF2 140.5 a 359.7 a 330.1 a 240.0 a 144.5 a 349.7 a 336.7 a 246.9 a

Daqing CK 93.9 e 135.5 e 127.0 f 117.1 d 99.9 d 145.5 e 133.9 f 123.3 d
SA1+PBF1 96.9 d 191.7 d 194.1 d 157.1 c 100.9 c 203.7 d 200.7 d 164.0 c
SA2+PBF2 136.3 b 237.1 c 228.6 c 222.6 b 140.3 a 271.1 c 235.2 c 229.5 b

Analysis
of

variance

L * * * * * * * *
SA * * * * * * * *
PBF * * * * * * * *

L × SA ns ns ns ns ns ns ns ns
L × PBF ns ns ns ns ns ns ns ns

SA × PBF * * * * * * * *
L × SA × PBF ns ns ns ns ns ns ns ns

Table 5. Catalase (CAT) activity of soybean as affected by various treatments during 2020 and 2021.

Locations Treatments

CAT Activity (U g−1 FW min−1)

2020 2021

BS FS GFS MS BS FS GFS MS

Harbin CK 101.1 e 136.2 c 125.2 c 57.5 c 105.6 e 141.2 c 126.6 e 61.5 c
SA1+PBF1 140.4 b 154.7 b 153.5 b 69.2 b 145.9 b 161.7 b 158.5 b 75.0 b
SA2+PBF2 158.5 a 177.5 a 165.4 a 75.8 a 164.0 a 184.5 a 170.4 a 81.6 a

Daqing CK 105.8 d 133.5 d 108.5 d 53.6 d 109.8 d 138.5 d 110.5 e 58.6 d
SA1+PBF1 107.3 d 140.8 c 129.2 c 58.5 c 112.3 d 146.8 c 132.5 c 64.3 c
SA2+PBF2 123.7 c 159.9 b 153.8 b 67.2 b 128.7 c 165.9 b 157.1 b 73.0 b

Analysis
of

variance

L * * * * * * * *
SA * * * * * * * *
PBF * * * * * * * *

L × SA ns ns ns ns ns ns ns ns
L × PBF ns ns ns ns ns ns ns ns

SA × PBF * * * * * * * *
L × SA × PBF ns ns ns ns ns ns ns ns

At the research sites in Harbin and Daqing, the POD, CAT, and SOD activities of
soybean leaves considerably improved from the BS to FS stages while sharply decreasing
from the GFS to MS stages at levels of salicylic acid and pyraclostrobin. At various growth
stages, the effects of SA1+PBF1 and SA2+PBF2 treatments on POD, CAT, and SOD in
soybean leaves were significantly greater compared with HCK and DCK treatments. At the
BS, FS, GFS, and MS stages of the research sites in Harbin and Daqing, SA1+PBF1 treatment
did not significantly affect the POD, CAT, and SOD of soybean leaves.

Unlike the trend of changes in POD, CAT, and SOD activities, the MDA content in
soybean leaves gradually improved from the BS stage to the MS stage (Figure 4). The MDA
content decreased with the increase of salicylic acid and pyraclostrobin content. Under
CK treatment, the MDA content in the MS phase of DCK treatment peaked. Under the
control treatment, the MDA content in the study sites of Harbin and Daqing increased
sharply, respectively. The maximum antioxidant enzyme activity was recorded throughout
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the soybean growth season at the research sites in Harbin and Daqing, with the lowest
MDA concentration observed in the SA1+PBF1 and SA2+PBF2 treatments.

Figure 3. Effects of various treatments on superoxide dismutase activity of soybean during 2020–2021
growing seasons.

Figure 4. Effects of various treatments on malondialdehyde content of soybean during 2020–2021
growing seasons.

3.4. H2O2 and O2
− Contents

Under the HCK and DCK treatments, the H2O2 and O2
− of the soybean were signifi-

cantly higher than that of SA1+PBF1 and SA2+PBF2 treatments throughout the soybean-
growing season in both the Harbin and Daqing study locations (Figures 5 and 6). The
H2O2 and O2

− of soybean slowly increased from the FS to the GFS and GFS to MS stages.
Furthermore, under various salicylic acid and pyraclostrobin levels, the content of H2O2
and O2

− increased considerably from the GFS to MS stages. However, the average of
two-year data at various growth stages of soybean indicated that in the location of Harbin,
SA1+PBF1 and SA2+PBF2 treatments significantly decreased H2O2 by 47.3% and 28.8%
compared with HCK treatment, while at the location of Daqing, SA1+PBF1 and SA2+PBF2
treatments significantly decreased H2O2 by 50.4% and 23.0% compared with DCK treat-
ment. Meanwhile, the mean of O2

− content at various growth stages of soybean showed
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that in the location of Harbin, SA1+PBF1 and SA2+PBF2 treatments significantly decreased
O2

− by 53.2% and 35.6% compared with HCK treatment, while at the location of Daqing,
SA1+PBF1 and SA2+PBF2 treatments significantly decreased O2

− by 57.3% and 30.8%
compared with DCK treatment. At the BS, FS, GFS, and MS stages, the soybean leaves
under the HCK and DCK were considerably higher in H2O2 and O2

− than in the SA1+PBF1
and SA2+PBF2 treatments. The H2O2 and O2

− of the SA1+PBF1 treatment were higher
compared with SA2+PBF2 in both the Harbin and Daqing study locations.

 

Figure 5. Effects of various treatments on hydrogen peroxide of soybean leaves during 2020–2021
growing seasons.

 

Figure 6. Effects of various treatments on superoxide radicals (O2
−) of soybean during 2020–2021

growing seasons.

3.5. Yield and Yield Components

In both the Harbin and Daqing study locations, various salicylic acid and pyra-
clostrobin levels had considerable effects on grain plant−1, 100-grain weight, WUE, and
grain production (Table 6). In a two-year study, the results showed that compared with
HCK and DCK treatments, SA2+PBF2 treatment improved SWS, Pn, and SP and reduced
ET, thereby significantly improving the soybean yield under saline soil. Compared with
HCK and DCK, the mean grain yield under the SA1+PBF1 and SA2+PBF2 treatments at
both the Harbin and Daqing study locations improved by 29.2%, 32.1%, 28.9%, and 30.0%,
while the average WUE of soybean was significantly increased by 37.1%, 43.2%, 35.5%, and
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41.4%, respectively. The WUE indicated the relationship between water utilization and soy-
bean production. Compared with all other treatments, SA2+PBF2 treatment considerably
increased WUE at the Harbin study location.

Table 6. Soybean yield and yield components as affected by various treatments during 2020 and 2021.

Locations Treatments

Soybean Yield and Yield Components

ET (mm) Grains Plant−1 100 Grain Weight (g)
WUE

(kg mm−1 ha−1)
Grain Yield

(t ha−1)

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

Harbin CK 366.5 b 373.4 b 128 c 139 b 21.60 b 21.72 b 6.68 c 6.72 c 2.45 e 2.51 d
SA1+PBF1 329.8 d 360.4 c 134 b 140 b 22.30 a 22.70 b 10.49 b 9.85 b 3.46 b 3.55 b
SA2+PBF2 296.0 f 323.8 e 142 a 155 a 23.30 a 25.20 a 12.16 a 11.44 a 3.60 a 3.70 a

Daqing CK 378.2 a 404.3 a 83 g 89 e 18.20 c 18.44 c 5.15 d 4.89 d 1.95 f 1.98 e
SA1+PBF1 346.9 c 363.1 c 115 e 117 d 18.56 c 21.18 b 7.90 c 7.66 c 2.74 d 2.78 c
SA2+PBF2 308.9 e 347.2 d 122 d 134 c 20.90 b 22.40 b 9.03 b 8.11 b 2.79 c 2.82 c

Analysis
of

variance

L * * * * * * * * * *
SA * * * * * * * * * *
PBF * * * * * * * * * *

L × SA ns ns ns ns ns ns ns ns ns ns
L × PBF ns ns ns ns ns ns ns ns ns ns

SA × PBF * * * * * * * * * *
L × SA × PBF ns ns ns ns ns ns ns ns ns ns

4. Discussion

4.1. Photosynthesis Rate Responses to Different Salicylic Acid and Pyraclostrobin

With the increase of salinity treatment levels, the degree of growth reduction was
higher. Several researchers reported on the growth and biomass decline of diverse plant
species under soil salinity [45,46]. Ge and Zhang [47] proposed that growth delay was an
important aspect of assessing the degree of damage caused by salinity, regardless of the type
of plant species. In two study years, SWS varied with precipitation and different growth
stages. From the SS to BS stages, the average SWS (0–2 m) of SA1+PBF1 and SA2+PBF2
treatments was significantly increased compared to HCK and DCK treatments in Harbin
and Daqing. From the FS to GFS stages, SWS gradually increased. From the GFS stage to
the MS stage, the SWS trend of each treatment improved compared to the FS stage. During
the GFS to MS stages, the average SWS (0–200 cm) of SA2+PBF2 treatment in the Harbin
region was significantly improved compared to the HCK treatment. Plastic film mulching
can considerably increase SWS capacity and WUE [48,49]. Due to the higher SWS of the
soil and the acceleration of soybean development, the soybean produces the maximum
production [50]. Zhang et al. [51] also studied that after the application of SA, growth
increased, and the ET rate decreased under salt stress. In the presented study, the soybean
growth in the Daqing location had a high ET rate compared with the Harbin location under
different salicylic acid and pyraclostrobin levels. The ET rate was significantly (p < 0.05)
decreased at the location of Harbin with SA1+PBF1 and SA2+PBF2 treatments by 23.8%
and 11.1% compared with HCK treatment, while at the location of Daqing, SA1+PBF1 and
SA2+PBF2 treatments had significantly decreased the ET rate by 22.4% and 9.0% compared
with DCK treatment. In addition, the effect of PBF on WUE confirms that the application of
PBF can considerably increase WUE [52,53].

The toxic stress indicator can affect the content of Pn and SP in leaves [54]. The
decrease in Pn can be attributed to the inhibition of Pn biosynthesis induced by saline [54].
The Pn and SP content of soybean was considerably improved with the increase of salicylic
acid and pyraclostrobin levels. SP content is closely related to the photosynthetic rate,
significantly increasing the photosynthetic rate of leaves. Due to the improvement of SWS,
the SP content in soybean leaves was higher, which can maintain a higher net Pn rate.
Under salt stress, PBF can improve the Pn rate [55]. Chlorophyll contents show a vital role
in energy assimilation in plants, and their levels undergo significant changes under salt
stress. During two years of the same treatment, the Pn and SP content in soybean leaves
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was considerably higher from the BS to FS stages, while they decreased considerably from
the FS to GFS stages. Many reports indicate that PGPB and SA are effective photosynthetic
regulators as they have a positive impact on the structure of leaves and chloroplasts, as
well as chlorophyll content [56]. Our research results also indicate that in the late growth
stage of soybeans, Pn and SP content was significantly affected at each level by salicylic
acid and pyraclostrobin, unlike in HCK and DCK treatments. In many studies, it has been
observed that a salt-induced complete loss of some proteins increases the synthesis of
new proteins, and it is believed that newly synthesized proteins play a crucial role in salt
stress tolerance [57,58]. The surge in total soluble sugar content and the increase in salinity
treatment levels may be due to the accumulation of starch and sugar under salt stress [59].

4.2. Antioxidative Enzyme Activities Responses to Different Salicylic Acid and Pyraclostrobin

In order to eliminate excessive ROS production in cells, plants have developed anti-
oxidant enzymes such as CAT, POD, SOD, and ascorbic acid [54]. The SA2+PBF2 treatment
had the highest POD, CAT, and SOD activities in soybean leaves during the FS stage, but
there was no significant difference compared to the GFS stage. Afterward, the SOD, POD,
and CAT in soybean leaves rapidly decreased during the MS stage. The H2O2 produced
in cells under stress is removed through the action of POD, CAT, and SOD enzymes [60].
The increase in ascorbic acid levels is consistent with the higher levels of POD activity after
the application of PBF and SA under salt stress. The slowing down of aging is also related
to the decrease in lipid peroxidation caused by reduced oxidative stress [61,62]. In our
experiment, it was observed that due to the application of PBF, the activity of antioxidant
enzymes increased, which will confirm the latter hypothesis. Aging is considered a process
related to reactive oxygen species [63]. Furthermore, there were no significant variances
between the SA1+PBF1 treatments at all growth stages of soybeans at the research sites
in Harbin and Daqing. At the research sites in Harbin and Daqing, the POD, CAT, and
SOD activities of soybean considerably improved from the BS to FS stages, while sharply
decreasing from the GFS to MS stages at levels of salicylic acid and pyraclostrobin. Water
scarcity is associated with oxidative stress caused by increased ROS accumulation [64].
The oxidative damage can have a negative impact on Pn value [65]. However, crops have
developed an anti-oxidant mechanism to decrease H2O2 and O2

− content [66]. The MDA
decreases with the rise of salicylic acid and pyraclostrobin. The CAT and SOD increased,
and reducing MDA, H2O2, and O2

− production may be a vital approach under salt stress
for soybean to increase chlorophyll content [64].

Under the treatment of HCK and DCK, compared with the SA1+PBF1 and SA2+PBF2
treatments in the Harbin and Daqing research sites, the H2O2 and O2

− of soybean were
considerably higher. The content of H2O2 and O2

− in soybean gradually increases from the
FS to GFS and the GFS to MS stages. The accumulation of H2O2 and MDA under salt stress
is the result of increased ROS production [67]. SOD, POD, and CAT are key enzymes in the
reactive oxygen species scavenging system that can inhibit ROS accumulation. In fact, SOD
catalyzes the dismutation of H2O2 and O2

−, while the other three enzymes eliminate H2O2
and prevent its toxicity [66]. In addition, under different levels of salicylic acid and PBF,
the H2O2 and O2

− significantly improved from the GFS to MS stages. At the research sites
in Harbin and Daqing, compared to the SA2+PBF2 treatment, the SA1+PBF1 treatment had
the highest levels of H2O2 and O2

−. The salinity stress in this study resulted in a rise in
H2O2 and MDA content. Various researchers have reported an increase in ROS production
under salt stress [58,68]. The levels of MDA and H2O2 in plants treated with pyraclostrobin
were lower than those affected by salt, indicating that PBF and SA significantly decreased
lipid damage and prevented oxidative damage caused by salt stress [56].

4.3. Cultivation Systems Effect on Soil Water Storage and Soybean Production

The plastic film mulching considerably increased soybean yield, reduced ET, and
effectively increased WUE [69]. Our results confirm that compared to HCK and DCK
treatments, SA2+PBF2 treatment improved SWS, Pn, and SP and reduced ET, significantly
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increasing soybean yield in saline–alkali soil. Compared with the HCK and DCK treatments,
the grain yield of SA1+PBF1 and SA2+PBF2 treatments increased by 29.2%, 32.1%, 28.9%,
and 30.0%, respectively, at the research sites in Harbin and Daqing, while the WUE of
soybeans significantly improved by 37.1%, 43.2%, 35.5%, and 41.4%, respectively. However,
the impact of RF systems on grain production is controversial. Previous research reported
that RF systems considerably increase soybean production [63,70,71], while other studies
have found that RF decreases the ET rate [72]. Our research results confirm that plastic film
mulching can significantly improve water use efficiency, indicating a connection between
water use and soybean production.

5. Conclusions

Salinity has become a potential risk to global agricultural productivity and food
security. The research results indicate that in the Harbin region, SA2+PBF2 treatment
reduced the ET rate, improved SWS during branching and grouting stages, and achieved
a higher net photosynthesis rate. Moreover, this improvement is due to the reduction of
oxidative damage and MDA in soybean at various growth stages. At different growth
stages, the treatment of the Harbin soybean with SA2+PBF2 significantly increased the
activity of SOD, POD, CAT, and SP, while the content of MDA, H2O2, and O2

− also
decreased considerably. Under the SA2+PBF2 in Harbin, the scavenging ability of free
H2O2 and O2

− was higher, and the activity of antioxidant enzymes was better. This was
due to the lower level of lipid peroxidation, which efficiently secures the photosynthesis
mechanism, considerably increasing WUE (46.3%) and grain yield (57.5%). These results
indicate that the plastic mulch with SA2+PBF2 treatment significantly manages salt stress
by improving SWS, anti-oxidant enzyme activities, photosynthesis, WUE, and soybean
production to promote sustainable farming.
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Abstract: The potential interactions of rhizobium bacteria in enhancing nodulation, nitrogen (N) fixation
for boosting N availability, and the yield of black gram under a temperate environment continue to
remain unexplored. Therefore, this study aimed to evaluate the agronomic performance of black gram
cultivars, their yield comparisons, and shoot–grain–soil N dynamics in a prevalently rainfed farming
system. Two black gram cultivars, NARC Mash-I and NARC Mash-II, were subjected to rhizobia
inoculation combined with different N doses (0, 25, 50, 75, 100 kg ha−1). The response variables included
root nodulation, agronomic yield attributes, grain yield, shoot–grain and soil N dynamics, and biological
productivity. Black gram cultivar NARC Mash-II showed the maximum nodule formation (41 per plant),
while each nodule obtained 0.69 g weight in response to RI combined with 25 kg N ha−1. Additionally,
this combination showed the highest pods per plant and thousand grain weight, which maximized the
grain yield (1777 kg ha−1) and biological productivity (3007 kg ha−1). In contrast, NARC Mash-I under
50 kg N recorded the highest shoot N content, while the same cultivar under 100 kg N exhibited the
maximum soil N content. The correlation analyses indicated a significantly robust association among the
nodule numbers, grain weight, and N contents in different plant organs. These results give mechanistic
insights into plant–microbe interactions based on the eco-friendly, sustainable, and smart agricultural
practice of black gram production in a temperate environment.

Keywords: pulses; phenotypic divergence; root nodulation; temperate climate; nitrogen dynamics

1. Introduction

Declining soil fertility due to agricultural practices, unpredictable climate changes,
and shortages of water and minerals is challenging for an eco-friendly modern agricultural
system [1]. A gradual decrease in soil fertility has reduced the production of food crops,
leading to food and nutritional insecurity for an increasing number of the population,
especially in the Indo-Pak subcontinent [2]. Among the strategically crucial plant nutrients
required to achieve potential crop yields, N ranks at the top as it is required by crop plants
in larger quantities to attain potential vegetative growth, promote chlorophyll develop-
ment, and trigger the biosynthesis of amino acids, proteins, and nucleotides [3]. However,
resource-poor growers with small land holdings can ill-afford the skyrocketing cost of inor-
ganic fertilizers to compensate for N deficiency in agricultural soils. Furthermore, a variety
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of processes, especially sub-optimized N doses, cause losses of over 50% of soil-applied N
fertilizers, making it a prime source of environmental pollution [4]. Interestingly, numerous
studies have reported contrasting findings on N fertilization regimes for black gram under
tropical and subtropical environments, including Reddy et al. [5], Rathore et al. [6], and
Prasad et al. [7] who suggested 20 kg N ha−1, while Marimuthu and Surendran [8] recom-
mended 25 kg N ha−1. However, Chandrasekar and Bangarusamy [9] and Ahmed et al. [10]
suggested even higher quantities of N (30–55 kg ha−1). Research findings are scant for
temperate conditions; thus, increasing prices of N fertilizers and emerging agro-ecological
pollution have renewed research interest in scouting for optimal N doses and finding
biologically viable strategies to boost the crop yield and soil fertility status.

Several strategies have been applied for boosting mineral nutrition, abiotic stress
tolerance, and plant impartments in soils [11–15]. In place of mineral N fertilizers, legume–
rhizobium symbiosis might serve as a potent source of N and may reduce plants’ N
requirements and maintain crop yields as per varietal potential [16,17]. In addition, N fixed
through the biological N fixation (BNF) process has the advantage of being a renewable
source and there is scant probability of loss through leaching and volatilization [18]. The
other associated advantage offered by rhizobia symbiosis is its potential for building up
soil fertility and enhancing crop productivity in a sustainable and eco-friendly manner [4].
Previous studies have reported the positive effects of rhizobia inoculation for boosting the
crop productivity of Rhizobium trifolii in clover, Bradyrhizobium japonicum in common beans,
soybean, etc., Azorhizobium caulinodans in sesbania, sinorhizobium/Ensifer meliloti comb in
alfalfa, and Mesorhizobium mediterraneum in chickpeas [4,19–21].

For sustainable legume–rhizobium symbiosis, seed inoculation must bolster root
nodulation, which significantly improves N uptake and crop production [22,23]. Rhizobia
participate in the BNF process in the root nodules of legumes [16], leading to the conversion
of molecular N into ammonia [24]. Interestingly, non-inoculated plants are exposed to multi-
ple rhizobia, which significantly vary in their capacity to promote nodulation and N fixation.
Despite the wide abundance and effectiveness of natural rhizobia populations, maximized
N fixation by legume crops has rarely been achieved. Sánchez–Navarro et al. [18] inferred
that a wide array of microbiomes exist in the rhizosphere; however, rhizobium inoculation
could be useful even for soils where legumes have been cultivated for many years, owing
to the absence of crop-specific rhizobia [25]. It was also inferred that inoculation increased
the rhizobia population in the rhizosphere, which led to enhanced N fixation by legumes in
soil where there was a scarcity of crop-specific rhizobia. Additionally, it has been suggested
that rhizobia must survive in soil and utilize ecological niches created by plant roots for
fixing atmospheric N [26]. However, poorly fixed naturally occurring rhizobia strains
may become dominant and gain an advantage over inoculated strains [27]. Therefore,
Safronova et al. [28] suggested that the choice of rhizobia strains for seed inoculation must
be made keeping in mind their host specificity and the microbial genera present in the
rhizosphere. In order to maximize BNF, the inoculant strain must be efficient and match the
desired legume variety in a growing agro-ecological zone. The adaptation of host-specific
rhizobia strains to the local environment and soil conditions increases the chance of effective
nodulation [26]. However, research and knowledge gaps exist pertaining to the impact of
inoculation on N dynamics in the shoots and grains of legumes under temperate conditions,
which necessitate conducting fresh studies.

Black gram (Vigna mungo (L.) Hepper) is a mash bean that is widely cultivated in the
Indo-Pak sub-continent and Bangladesh [29] and ranks as the third major pulse crop of
Pakistan [30]. Black gram is an excellent source of protein for human and animal nutrition.
It comprises over 24% protein, 60% carbohydrates, and 1.5% fat, and finds use as whole
seed and dehusked splits (cotyledons), as well as in a variety of fermented products,
like dosa. Interestingly, it is subjected to fermentation with rice blends for preparing
fermented steamed products and different types of roasted pancakes [31]. In black gram,
the assimilated translocation to the constantly growing vegetative sinks even after the
initiation of the reproductive phase considerably reduces the grain yield, owing to N
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supply limitations [26]. This might be rectified by optimizing N doses and performing seed
inoculation with appropriate rhizobia strains. Another serious constraint in black gram
production is flower and fruit drop caused by N deficiency, which requisites conducting
fresh studies on optimizing N fertilization regimes.

Thus, under a changing climate, it is of strategic pertinence to bridge the research
and knowledge gaps pertaining to N dose optimization to enhance biological N fixation
through the inoculation of rhizobia strains under a temperate environment. Additionally,
the field testing of black gram cultivars for assessing the grain yield potential offers a
bright perspective to enhance productivity and profitability. Thus, this field research tested
the hypothesis that the optimization of N fertilization regimes and seed inoculation of
rhizobia might increase the black gram grain yield, N dynamics, and soil fertility. Thus, the
objectives of this study were to explore the genetic potential of black gram cultivars under
a temperate environment through the optimization of N doses and rhizobia inoculation to
enhance the nodulation properties, agronomic yield traits, and productivity, along with
plant and soil N dynamics.

2. Materials and Methods

2.1. Experimental Site’s Meteorological Features

The field trial was conducted during the crop growth seasons of 2019 and 2020 in the farm
area of the Faculty of Agriculture, University of Poonch Rawalakot, Azad Jammu and Kashmir,
Pakistan. The geographical coordinates of the study locality are depicted in Figure 1. The
study site has a sub-mountainous topography of valleys, temperate climatic characteristics,
and an altitude of 1633 m. The average temperature and the mean annual precipitation of the
region are 15 ◦C and 360 mm, respectively [32]. The texture of the experimental block was silty
clay loam. Pre-sowing soil sampling was performed in order to estimate the physico-chemical
properties of experimental sites which exhibited a pH and electrical conductivity of 7.4 and
0.37, respectively. Additionally, the available phosphorous and N content were 2.56 mg kg−1

and 0.41%, respectively, while organic matter was 1.21%. Moreover, soil organic carbon, bulk
density, and soil porosity were 6.38 g ka−1, 1.34%, and 43%, respectively.

Figure 1. The trial’s location (Rawalakot, Azad Kashmir, Pakistan) map prepared with the help of
QGIS software (version 3.24.3, Bern, Switzerland), whereby the black point highlights the trial’s
location while the half-arrow is pointed toward the north direction.
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2.2. Experimental Design, Rhizobia Inoculum, and Nitrogen Supplementation

The experiment was comprised of a control treatment (without inoculation and fertil-
ization), two cultivars of black gram (V1 = NARC Mash-I and V2 = NARC Mash-II), and
four N fertilization regimes (25, 50, 75, and 100 kg N ha−1). The details of the employed
treatments are presented in Table 1. The trial was conducted using a randomized complete
block design (RCBD) with split plot arrangement and there were three replications. The
trial was comprised of 36 experimental plots in total, while the net size of each plot was
9 m2 (after excluding the walking paths and plot boundaries). Black gram varieties (NARC
Mash-I and NARC Mash-II) were used as planting materials and their seeds were acquired
from the National Agriculture Research Center (NARC), Islamabad, Pakistan. Both cul-
tivars were bold-seeded, high-yielding, and resistant to yellow mosaic virus (YMV) and
urdbean leaf crinkle virus (ULCV). These cultivars are being grown on a wide scale in the
irrigated and rainfed areas of the Punjab and Sindh provinces of Pakistan [33]; however,
no research-based findings are available regarding their performance under the temperate
environment of the Azad Jammu and Kashmir region of Pakistan. A low soil temperature
delays germination, and thus seed hydro-priming was performed by dipping the seeds into
water for 12 h followed by shade drying for 5 h, as recommended by Golezani et al. [34]. The
sowing was conducted on 27 and 29 April of 2019 and 2020, respectively, and harvesting
was manually performed on 23 and 24 August using sickles.

Table 1. Details of treatments regarding Rhizobia inoculation and N fertilization regimes for black
gram cultivars tested during the course of this study.

Treatments Description Abbreviation

Control (T1) Control [V1 and V2] (no inoculation, no N fertilization) T1V1 and T1V2
N0RI (T2) Inoculation [V1 and V2] (inoculum, no N fertilization) T2V1 and T2V2
N25RI (T3) 25 kg N ha−1 + RI [V1 and V2] T3V1 and T3V2
N50RI (T4) 50 kg N ha−1 + RI [V1 and V2] T4V1 and T4V2
N75RI (T5) 75 kg N ha−1 + RI [V1 and V2] T5V1 and T5V2
N100RI (T6) 100 kg N ha−1 + RI [V1 and V2] T6V1 and T6V2

V1 = NARC Mash-I, V2 = NARC Mash-II, RI = rhizobia inoculation.

The crop was sown using 30 cm R × R and 10 cm P × P spacing (30 rows per plot). The
sowing was conducted using a hand drill. The phosphorous (P = 60 kg ha−1) fertilizer was
applied as a basal dose in a slightly higher quantity than suggested by Qayyum et al. [30]
(50 kg ha−1 in order to compensate for the significantly lower available P of 2.56 mg kg−1 of
soil in all experimental plots). All agronomic management practices (e.g., land preparation,
priming duration, seed rate, plot size sowing time and technique, plant–plant and row–row
spacings, weeding frequency, etc.) except those employed as treatments (N dose, cultivars,
and rhizobium inoculation) were kept uniform to inhibit the influence of any external factor
which could have altered the treatment effects on the response variables under investigation.
The seeds of black gram cultivars were inoculated with 10% brown sugar (to attain the dual
purposes of thickening the solution for enhancing adherence to the grain surface and to
provide an instant source of energy for microbes) solution containing the Bradyrhizobium
strain of TAL-169 (2 weeks old rhizobia culture acquired from NARC, Islamabad, Pakistan). It
was prepared by following the protocol of Saleem et al. [2] in such a way that the inoculum
was completely stuck on the grains of the black gram [14,15]. The solution was prepared by
adding sugar to water, while black gram grains were placed in a large open-top tub. The grains
were mixed with the inoculant using an inoculant/grain weight ratio of 1:100, as suggested
by Temprano et al. [35]. The continuous stirring of grains in the solution was performed
by mixing a cup of the sugar solution at continuous intervals. The stirring was continued
until the seeds were damp but not saturated by ensuring that there was no standing liquid.
Once the grains were thoroughly mixed with the thick solution, the inoculant powder was
gradually added. This procedure was performed using small batches of grains because a
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mechanical mixer was not available for this purpose. After inoculation, grains were sown
within eight hours to ensure the viability of the rhizobia.

2.3. Collection of Root Nodules and Plant Samples

In the grain filling stage, ten plants were randomly selected from the middle rows of
each experimental plot and uprooted with the help of a spade. For the purpose of loosening
the sticky soil from roots, plants were placed into the plastic buckets filled with water.
Thereafter, soil adhering to the roots was manually removed. Subsequently, plants’ roots
were separated and nodules were picked from roots for data recording. In the maturity
stage, plant samples from an area of one square meter were randomly harvested from all
experimental plots for the estimation of different agronomical traits, including the number
of pods per plant, thousand grain weight, biological and grain yields, etc.

2.4. Estimation of Physio-Chemical Parameters of the Soils

After crop harvesting, soil sampling was conducted from 0 to 15 cm and 15 to 30 cm
depths, while the soil sampling points included the four corners and middle of the ex-
perimental block. Thereafter, the soil samples were thoroughly mixed and preserved
in zip-lockable bags for N estimation, following the Kjeldahl method [36]. The soil or-
ganic carbon (SOC) and organic matter (SOM) were analyzed by following the standard
methods [37].

2.5. Determination of Shoot and Grain N

For the estimation of the N content of the shoot and grains, 1 g of crushed matter
(using mortar and pestle) was mixed with 50 mL of H2SO4 and 10 g of Kjeldahl Catalyst
(Cu-Se) that was subsequently placed in the digestion flasks for two hrs. Thereafter, 100 mL
of water was added in the flasks of each sample, which was shaken using a shaker for
10 min. Finally, all samples were put in the analyzer (Kjeltec Auto 1030 Analyzer) for N
estimation [38].

2.6. Statistical Analysis

The collected data were subjected to Bartlett’s test which exhibited a non-significant effect of
the year, and thus data were transformed into mean values. Subsequently, the transformed data
were analyzed using SPSS statistics computer software (version 17.0) by employing the analysis
of variance (ANOVA) technique to measure the significant difference at p ≤ 0.05. Additionally,
two-way factor interaction (treatments × cultivars) was conducted and comparisons of means
were performed using Tukey’s honest significant difference (HSD) test at a 5 percent probability
level [39]. Moreover, to determine the relationship among response variables, the Pearson
correlation coefficient was found using the same statistical package. Furthermore, for the
exploration of the multivariate variability caused by employed treatments for the grain, shoot,
and soil N accumulation in the plant–soil system, principal component analysis (PCA) was
employed using PAST-Paleontological Statistics [40].

3. Results

3.1. Rhizobia Inoculation Combined with N Supplementation Enhanced Root Nodulation

The nodulation potential of the black gram cultivars was evaluated in terms of number
and dry weight of nodules under rhizobia inoculation (RI) and varying N fertilization regimes,
while the results exhibited noticeable diversity in these traits (Table 2). Overall, the mean
values of the nodulation characteristics under N doses with RI were considerably higher than
for the unamended control treatment. It was revealed that the highest number of nodules
per plant (41 ± 2.5) was recorded for the N25RI treatment (NARC Mash-I cultivar), which
remained statistically at par with N0RI for NARC Mash-II; however, it was 32% higher than
for the unamended control treatment. It was followed by N25RI, which performed at par
with N50RI for NARC Mash-II. Likewise, the maximum nodule dry weight was recorded for
NARC Mash-II in response to the treatment of N25RI (0.69 ± 0.02), which was 37% higher
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than for the control treatment. The minimum nodule number (27 ± 2.0) was recorded in
the control treatment with the lowest nodule dry weight (0.41 ± 0.03) for NARC Mash-I,
which was statistically at par with the N100RI treatment. Moreover, N100RI could not match
the nodulation recorded by N75RI, which in turn remained inferior to N50RI. Furthermore,
N50RI exhibited significantly lower nodule numbers and dry weight than N25RI. To sum up, a
significant genotypic difference was recorded, because NARC Mash-I depicted the maximum
number of nodules, while NARC Mash-II remained superior for nodule dry weight when
inoculated with rhizobia under limited N supply.

Table 2. The variations in the root nodules of black gram cultivars under rhizobia inoculation and N
fertilization regimes in a temperate climate.

No. of Nodules per Plant Nodule Dry Weight (g)

Treatments Genotypes Mean Genotypes Mean

NARC
Mash-I (V1)

NARC
Mash-II (V2)

NARC
Mash-I (V1)

NARC
Mash-II (V2)

Control (T1) 27 ± 2.0 d 29 ± 3.0 cd 28 ± 2.6 C 0.41 ± 0.03 g 0.49 ± 0.06 efg 0.44 ± 0.05 E

N0RI (T2) 36 ± 4.5 abc 40 ± 7.2 a 38 ± 5.5 AB 0.58 ± 0.02 bcd 0.66 ± 0.03 ab 0.62 ± 0.05 AB

N25RI (T3) 41 ± 2.5 a 39 ± 5.1 ab 40 ± 3.7 A 0.63 ± 0.03 abc 0.69 ± 0.02 a 0.66 ± 0.04 A

N50RI (T4) 35 ± 4.5 abcd 38 ± 2.5 ab 37 ± 4.5 AB 0.54 ± 0.02 cde 0.60 ± 0.03 abcd 0.57 ± 0.04 BC

N75RI (T5) 31 ± 3.0 bcd 34 ± 3.4 abcd 33 ± 3.5 BC 0.48 ± 0.03 efg 0.55 ± 0.03 cde 0.52 ± 0.04 CD

N100RI (T6) 30 ± 2.0 bcd 32 ± 3.1 abcd 32 ± 2.5 C 0.44 ± 0.06 fg 0.52 ± 0.04 def 0.48 ± 0.05 DE

Mean 33 ± 5.55 B 36 ± 5.67 A 35 ± 5.6 0.51 ± 0.08 B 0.58 ± 0.09 A 0.55 ± 0.09

CV (%) 8.247 12.430 10.043 11.874 14.513 10.058

Small and capital letters depict significant difference among treatment effects and their mean values, respec-
tively. T1 = control, no inoculation and fertilization, T2 = inoculation but no fertilization, T3 = 25 kg N ha−1,
T4 = 50 kg N ha−1, T5 = 75 kg N ha−1, T6 = 100 kg N ha−1, V1 = NARC Mash-I, V2 = NARC Mash-II, RI = rhizobia
inoculation, CV = coefficient of variation.

3.2. Yield Attributes under Rhizobia Inoculation and N Fertilization Regimes

The effect of cultivars and employed treatments (rhizobia inoculation and N fertiliza-
tion regimes) was significant, as depicted in Table 3. The maximum pod numbers per plant
(46 ± 3.1) and thousand grain weight (62 ± 5.5) were exhibited by N25RI for NARC Mash-II
and were 33% and 19%, respectively, higher than for the unamended control treatment. In
addition, the N0RI and N50RI treatments recorded statistically similar results in terms of
pod numbers and thousand grain weight. In contrast, the minimum number of pods per
plant and thousand grain weight were recorded for NARC Mash-I in the control treatment,
while the N50RI and N75RI treatments remained statistically at par with each other (60 ± 4.5
and 59 ± 2.1, respectively) for thousand grain weight in NARC Mash-II. Likewise, NARC
Mash-II in response to the N25RI treatment showed the highest pod numbers and thousand
grain weight; however, it remained at par with NARC Mash-I under the same treatment. In
terms of the pod numbers per plant, the N25RI and N50RI treatments exhibited unmatched
results for NARC Mash-II, while both cultivars under the control treatment recorded the
minimum pod numbers and thousand grain weight.

Table 3. The grain yield attributes of black gram cultivars under rhizobia inoculation and N fertiliza-
tion regimes in a temperate climate.

No. of Pods per Plant Thousand Grain Weight (g)

Treatments Genotypes Mean Genotypes Mean

NARC
Mash-I (V1)

NARC
Mash-II (V2)

NARC
Mash-I (V1)

NARC
Mash-II (V2)

Control (T1) 29 ± 4.1 b 33 ± 6.0 b 31 ± 5.0 C 47 ± 3.0 c 52 ± 2.6 bc 49 ± 3.2 C

N0RI (T2) 36 ± 4.5 ab 41 ± 4.7 ab 38 ± 5.1 AB 57 ± 3.5 ab 58 ± 2.0 ab 57 ± 2.6 AB

54



Land 2023, 12, 1434

Table 3. Cont.

No. of Pods per Plant Thousand Grain Weight (g)

Treatments Genotypes Mean Genotypes Mean

NARC
Mash-I (V1)

NARC
Mash-II (V2)

NARC
Mash-I (V1)

NARC
Mash-II (V2)

N25RI (T3) 40 ± 4.2 ab 46 ± 3.1 a 43 ± 4.7 A 61 ± 3.6 a 62 ± 5.5 a 61 ± 4.2 A

N50RI (T4) 35 ± 5.0 ab 45 ± 4.0 a 42 ± 7.1 AB 54 ± 4.5 abc 60 ± 4.5 a 58 ± 5.1 AB

N75RI (T5) 32 ± 3.6 b 42 ± 4.1 ab 36 ± 5.8 ABC 55 ± 1.5 abc 59 ± 2.1 a 59 ± 3.3 A

N100RI (T6) 30 ± 3.7 b 37 ± 5.0 ab 34 ± 4.7 BC 51 ± 3.2 bc 53 ± 5.0 abc 52 ± 4.1 BC

Mean 33 ± 5.17 B 41 ± 6.42 A 37 ± 6.68 54 ± 5.28 B 57 ± 5.32 A 56 ± 5.4

CV (%) 10.241 14.257 8.054 15.348 12.042 13.255

Small and capital letters depict significant difference among treatment effects and their mean values, respec-
tively. T1 = control, no inoculation and fertilization, T2 = inoculation but no fertilization, T3 = 25 kg N ha−1,
T4 = 50 kg N ha−1, T5 = 75 kg N ha−1, T6 = 100 kg N ha−1, V1 = NARC Mash-I, V2 = NARC Mash-II, RI = rhizobia
inoculation, CV = coefficient of variation.

3.3. Grain and Biological Yields under Rhizobia Inoculation and N Fertilization

Black gram cultivars depicted significant diversity in terms of grains and biological
yields under the influence of RI and N fertilization regimes (Table 4). All of the fertilization
regimes performed superiorly over the unfertilized control treatment, especially for the
NARC Mash-II cultivar. The results revealed that the maximum grain yield (1777 ± 118)
and biological yield (3007 ± 105) were recorded for NARC Mash-II in response to N25RI,
and were 58% and 37% higher compared to the unfertilized control treatment. Interestingly,
NARC Mash-II remained statistically at par with N25RI, N0RI, and N75RI in terms of grain
yield. In contrast, NARC Mash-II under N25RI exhibited a statistically similar biological
yield (3007 ± 105) as that of N50RI (2893 ± 110). Among the fertilizer regimes, N100RI could
not perform at par to the rest of the treatments; however, it remained statistically equal to
the control treatment in terms of both grain yield and biological productivity. Following
the trend, the Mash-II cultivar surpassed the Mash-I cultivar under N25RI by recording
significantly higher grains and biological yields.

Table 4. Grain yield and biomass productivity of black gram cultivars under rhizobia inoculation
and N fertilization regimes in a temperate climate.

Grain Yield (kg ha−1) Biomass Yield (kg ha−1)

Treatments Genotypes Mean Genotypes Mean

NARC
Mash-I (V1)

NARC
Mash-II (V2)

NARC
Mash-I (V1)

NARC
Mash-II (V2)

Control (T1) 1124 ± 72 f 1272 ± 80 def 1208 ± 114 C 1951 ± 83 d 2182 ± 193 cd 2066 ± 183 D

N0RI (T2) 1547 ± 112 abcd 1738 ± 56 a 1643 ± 131 AB 2504 ± 165 abc 2688 ± 200 abc 2596 ± 193 B

N25RI (T3) 1630 ± 128 ab 1777 ± 118 a 1703 ± 136 A 2812 ± 160 ab 3007 ± 105 a 2910 ± 162 A

N50RI (T4) 1430 ± 133 bcd 1557 ± 52 abc 1493 ± 115 B 2358 ± 190 bcd 2893 ± 110 a 2625 ± 325 AB

N75RI (T5) 1334 ± 66 cdef 1754 ± 80 a 1544 ± 239 AB 2205 ± 157 cd 2556 ± 256 abc 2381 ± 270 BC

N100RI (T6) 1166 ± 80 ef 1419 ± 160 bcde 1292 ± 180 C 2225 ± 300 cd 2322 ± 322 bcd 2273 ± 284 CD

Mean 1372 ± 210 B 1589 ± 206 A 1480 ± 232 2342 ± 320 B 2608 ± 350 A 2475 ± 356

CV (%) 8.235 10.249 12.346 7.438 10.025 12.342

Small and capital letters depict significant difference among treatment effects and their mean values, respec-
tively. T1 = control, no inoculation and fertilization, T2 = inoculation but no fertilization, T3 = 25 kg N ha−1,
T4 = 50 kg N ha−1, T5 = 75 kg N ha−1, T6 = 100 kg N ha−1, V1 = NARC Mash-I, V2 = NARC Mash-II, RI = rhizobia
inoculation, LSD = least significant difference, CV = coefficient of variation.

3.4. Nitrogen Accumulation Grains and Shoots

The findings regarding grain and shoot N content displayed significant variation
among black gram cultivars and fertilization regimes (Figure 2). NARC Mash-II outper-
formed NARC Mash-I, especially under the fertilization regime of N25RI, by recording a
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47% higher grain N content than the unfertilized control treatment, while this treatment
combination performed statistically at par to N0RI (Figure 2A). In contrast, NARC Mash-I
under the fertilization regime of N25RI gave maximum grain N content that was 33% higher
compared to the control treatment and thus, in this way, NARC Mash-II accumulated 14%
higher grain N content than NARC Mash-I under N25RI. Overall, all of the fertilization
regimes recorded comparatively higher N content of grain compared to the unfertilized
control treatment. As far as shoot N content of black gram was concerned, NARC Mash-I
in response to N25RI exhibited the maximum shoot N value, which was 112% higher than
the control treatment (Figure 2B). Moreover, this treatment combination remained statisti-
cally non-significant compared to the same cultivar under the N75RI fertilization regime.
Moreover, the minimum N content of the shoot was recorded for NARC Mash-I under the
unfertilized control treatment that performed statistically similarly to NARC Mash-II under
no fertilization, as well as the N100RI fertilization regime.

Figure 2. Content of grain nitrogen (A) and shoot nitrogen (B) of black gram cultivars supplemented
with rhizobia inoculation and N fertilization in a temperate climate. Different letters on the bar column
indicate significant differences at p ≤ 0.05. All of the results are presented as mean ± SE of at least three
independent replications. Here, T1 = control, no inoculation and fertilization, T2 = inoculation but no
fertilization, T3 = 25 kg N ha−1, T4 = 50 kg N ha−1, T5 = 75 kg N ha−1, T6 = 100 kg N ha−1, V1 = NARC
Mash-I, V2 = NARC Mash-II, RI = rhizobia inoculation.

3.5. Analysis of Soil N Dynamics

The results revealed that all of the N fertilization regimes outperformed the unfertil-
ized control treatment in terms of soil N content (Figure 3). The maximum soil N buildup
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(40% higher N compared to the unfertilized control treatment) was noted for experimental
plots where NARC Mash-I was sown under the fertilization regime of N100RI. It per-
formed statistically at par with NARC Mash-II under the same fertilization regime that
recorded 38% higher soil N compared to the unfertilized control treatment. Interestingly,
NARC Mash-II sown in unfertilized plots remained statistically at par with the inoculated
but unfertilized treatment, while NARC Mash-I and NARC Mash-II cultivars under the
fertilization regimes of N25RI, N50RI, and N75RI remained at par in terms of soil N content.

 

Figure 3. Accumulation of total nitrogen in soil under black gram cultivars supplemented with
rhizobia inoculation and N fertilization in a temperate climate. Different letters of the bar column
indicate significant differences at p ≤ 0.05. All of the results are presented as mean ± SE of at least
three independent replications. Here, T1 = control, no inoculation and fertilization, T2 = inoculation
but no fertilization, T3 = 25 kg N ha−1, T4 = 50 kg N ha−1, T5 = 75 kg N ha−1, T6 = 100 kg N ha−1,
V1 = NARC Mash-I, V2 = NARC Mash-II, RI = rhizobia inoculation.

3.6. Principal Component Analysis and Correlation of Different Yield Attributes

The correlation analysis indicated a highly significant association among yield at-
tributes (number of pods per plant, thousand grain weight, etc.) with the grain yield as
well as the biological yield of black gram (Table 5). Moreover, in accordance with principal
component analysis (PCA), the observation point made by a combination of PC1/PC2
and PC1/PC3 depicts the general variance described by the five major components. The
maximum loading was noted for the PC1 component, while the minimum loading was
observed in the PC3 component for the N content of the grain, shoot, and soil. Furthermore,
PC4 and PC5 were not plotted as they do not furnish any further information. Obviously,
the PCA showed that the control treatments of both genotypes were less affected by the
grain, shoot, and soil N accumulation in the plant–soil system in comparison with RI alone
or in association with the N fertilization treatments (Figure 4A,B). Actually, the points of
the control treatments found were closer compared with the other amended treatments
regarding both genotypes, and also nearer to the central point of the PCA components.
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Table 5. Correlation analyses of different agricultural attributes of black gram (mean values
of both cultivars and years) tested under rhizobia inoculation and N fertilization regimes in a
temperate climate.

No. of
Nodules per

Plant

Nodule Dry
Weight (g)

No. of Pods
per Plant

Thousand
Grain Weight

(kg ha−1)

Grain Yield
(kg ha−1)

Bio-Yield
(kg ha−1)

Grain
Nitrogen (%)

Shoot
Nitrogen (%)

Nodule dry weight 0.768 **
0.000

No. of pods per plant 0.630 ** 0.714 **
0.000 0.000

Thousand grain weight 0.793 ** 0.724 ** 0.652 **
0.001 0.000 0.000

Grain yield 0.743 ** 0.838 ** 0.758 ** 0.773 **
0.000 0.000 0.001 0.000

Bio-yield 0.752 ** 0.848 ** 0.800 ** 0.750 ** 0.747 **
0.000 0.000 0.001 0.000 0.000

Grain nitrogen 0.636 ** 0.696 ** 0.589 ** 0.494 ** 0.753 ** 0.574 **
0.000 0.000 0.001 0.000 0.002 0.000

Shoot nitrogen 0.651 ** 0.682 ** 0.515 ** 0.672 ** 0.670 ** 0.627 ** 0.582 **
0.000 0.002 0.001 0.000 0.000 0.000 0.000

Soil nitrogen 0.054 −0.062 −0.011 −0.119 −0.076 0.037 −0.167 0.048
0.756 0.719 0.949 0.488 0.659 0.831 0.329 0.778

** indicates highly significant association, while–sign depicts negative association.

 

Figure 4. The principal component analysis (PCA) of black gram cultivars subjected to rhi-
zobia inoculation (A) and varying N fertilization regimes (B) in a temperate climate. Here,
T1 = control, no inoculation and fertilization, T2 = inoculation but no fertilization, T3 = 25 kg N ha−1,
T4 = 50 kg N ha−1, T5 = 75 kg N ha−1, T6 = 100 kg N ha−1, V1 = NARC Mash-I, V2 = NARC Mash-II,
RI = rhizobia inoculation.
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4. Discussion

Increasing crop yields through microbial inoculation and N fertilizer supplementation
is a biologically viable way to move toward modern agricultural production systems.
The RI of leguminous crops, especially on virgin soils, constitutes a sustainable approach
toward boosting crop productivity [17,20]. In this study, the RI and N fertilization regimes
significantly boosted the nodulation of black gram cultivars. The RI tends to promote the
grain yield of leguminous crops by boosting root nodulation, which results in the higher
fixation of atmospheric N through the BNF process [41]. Similar to our findings (sole RI
and N fertilization in association with RI significantly promoted black gram nodulation), it
was reported that RI proved to be an eco-friendly and cost-effective technique for boosting
root nodulation in mung bean, peas, and red clover [42,43]. However, a previous study
suggested that RI reduces the requirement of N fertilizer due to increased N fixation in
many crops [44]. Additionally, it helped to activate the response of ineffective rhizobium
strains present in the soils which later on became involved in the N fixation process [45].

Interestingly, RI along with low N supply improved N fixation by producing a greater
number of functional nodules [46]. In this present study, the better response of RI even
without N supplementation opened a new avenue for sustainable, eco-friendly, and smart
agriculture by utilizing rhizobia for promoting N fixation. In contrast, the suppression of
nodulation in response to a high N dose indicates the inhibitory effects of high N content
on nitrogenase activity in the root nodules. A negative correlation was found between
the supplementation of N and the number of formed root nodules [47]. Robust vegetative
growth was recorded as seen through higher N doses in legumes and grain crops [48]; how-
ever, nodule formation was governed by soil rhizobia population and soil N content [49].
In this study, the nodulation was influenced by RI combined with N supplementation in
black gram. A number of studies reported that RI considerably improved plant growth,
nutritional accumulation, and plant fitness to changing environments [9,13,50,51]. More-
over, varying genotypic potential existed among soybean cultivars, along with RI which
significantly increased the nodule dry weight [52,53]. However, the nodule number could
vary due to genetic potential, and agronomic management practices might impart signifi-
cant influence on the nodule development of leguminous crops [54]. Likewise, it has also
been inferred that genotypic divergence in black gram cultivars existed, which resulted in
varying levels of nodulation in terms of the number of functional nodules along with fresh
and dry weight of nodules per plant [54–57].

Legumes are the most effective crops which contribute N to soils through N fixation
and ultimately improve soil fertility. Our study also reports the benefit of exogenous N
supplementation and RI, which significantly enhanced the pod number per plant, thousand
grain weight, grain yield, and biological biomass production in black gram cultivars. Thus,
effective plant–microbe interactions, the enhancement of root nodulation, and increase in
N fixation tend to improve the growth and yield attributes of black gram [58]. In contrast,
the mismatching of RI with higher N doses might reduce root development and water
and nutrient uptake in soils. Furthermore, RI under limited N supply tends to trigger
various vital processes such as N fixation, nitrate reductase activity, the biosynthesis of
crucial plant hormones such as auxins, gibberellins, and cytokinins, and the boosting of
phosphate solubilization, which enhanced the legume yield [59]. In this study, shoot N
status showed that the least N supply with RI significantly improved the black gram grain
yield and shoot N content compared to the control treatment. It might be concluded that
RI in association with reduced N doses remained effective in boosting the BNF fixation
process, and ultimately, a greater concentration of N accumulated in the grains and shoots.
A previous study has suggested that RI with N supplementation enhanced nitrogenase
activity, which improved the total N content in plants [40]. In addition, it was also inferred
that a limited supply of inorganic N fulfilled the immediate N needs of crop plants, while a
slow and steady provision of N produced through the BNF process resulted in greater N
content of grains. Moreover, meager N supply triggered rhizobia activity and ultimately
better N accumulation was recorded in the leaves, shoots, and grains of the crops [1].
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However, RI with a limited N supply increased the N content of the plant–soil system,
owing to improved N absorption and higher N use efficiency [60].

Soil N content is a vital factor that determines rhizobia’s ability to fix N through
the BNF process. The higher doses of inorganic N with RI improved the soil N status
in comparison to lower N doses, indicating that higher N doses were over and above
the crop plants’ requirements and remained unutilized, which led to N buildup in the
soil. These results might be linked to the black gram tendency to uptake lower amounts
of supplemented N, which ultimately resulted in the accumulation of higher N in the
rhizosphere [53]. However, RI combined with a moderate N supply improved the total
soil N contents compared to limited N doses [61,62]. Interestingly, a lower N dose with
RI has been reported to increase shoot and soil N contents [60]. The Pearson correlation
analysis amongst black gram nodulation, yield attributes such as number of pods per
plant and their dry weight, and grain and biological yields, along with plant and soil N,
indicated a stronger linear relationship, which highlights the role of these yield components
in boosting the grain yield of black gram. These traits have been reported to be of great
pertinence for the selection and establishment of breeding criteria to increase the grain
yield of legumes. These findings are in accordance with a previous study, where it was
reported that the determination of pod numbers per plant and thousand grain weight
were the most crucial strategies for projecting the grain yield, because these were linearly
associated with the grain yield of legumes [63,64]. Contrastingly, a greater number of
pods per plant contained a lower number of grains per pod, and thus this was negatively
associated with the thousand grain weight of black gram. However, our findings were
supported by previous studies where the yield attributes including the pod numbers and
grain weight were linearly associated with the grain yield and N content of the shoots and
grains in black gram [65–68]. Moreover, shoot N increased in the presence of greater soil
N content. However, the legumes’ grain yield increment was directly associated with the
robustness of the nodulation and amount of N fixed through the BNF process [41].

PC analysis can identify the traits that account for variation in crop yields [64–69], and
thus, it may be employed for confirming the most influential response variables [70–72].
According to the PC1/PC2 combination analysis in this study, the unamended control
treatment remained the least affected compared with the amended treatments for both
cultivars of black gram. Furthermore, higher N doses applied with RI recorded significantly
less N content in the shoots and grains of black gram. However, yield traits had a negative
correlation with soil total N contents. Similarly to our findings, El-Sorady et al. [40] inferred
that two PCs accounted for over 92% of the total variation among employed treatments.
Likewise, our findings also remained in concurrence with the results of a previous study
whereby PC analysis highlighted the major variability among the treatments [73,74]. These
research findings can be of great assistance to black gram growers for boosting productivity
and soil fertility in a sustainable and eco-friendly way.

5. Conclusions

The research findings provide a mechanistic insight into plant–microbe interactions
and N-fertilization-based improvement in the yield attributes and grain yield of black gram.
This study found that considerable yield potential variation existed among black gram
cultivars which was significantly influenced by RI and different doses of N fertilization
under a temperate environment. The NARC Mash-II cultivar remained superior under the
N25RI fertilization regime by recording significantly higher root nodulation, pod numbers
per plant, and thousand grain weight than the unfertilized control treatment did. The
same treatment combination outmatched the control treatment in terms of grain yield
and biological yield, along with the N content of the grain, while NARC Mash-I resulted
in higher N accumulation in the shoot and soil. This study further suggests that a high
level of N supply (>25 kg N ha−1) reduced the nodule formation and pod setting, while
25 kg N ha−1 combined with RI improved all of the response variables except for shoot and
soil N content. This combination of cultivar (NARC Mash-II) and 25 kg N ha−1 combined
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with RI might be recommended to growers for boosting the nodulation, N dynamics,
agronomic yield attributes, and productivity of black gram. However, future research
needs to focus on determining the influence of higher N doses on nodulation and soil–plant
N dynamics to assess the possible negative effects of nitrate on nodule formation and root
N levels.
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Abstract: Soil pore structure and soil water content are critical regulators of microbial activity and
associated carbon dioxide (CO2) emissions. This study evaluated the impacts of soil bulk density
and matric potential on carbon dioxide (CO2) emissions through modifications of total porosity,
air-filled porosity, water retention, and gas diffusivity. Soil samples were manipulated into four bulk
densities (1.0, 1.1, 1.2, and 1.3 Mg m−3) and ten matric potential levels (−1, −2, −3, −4, −5, −6,
−7, −8, −9, and −10 kPa) in controlled soil cores. The results showed that lower bulk densities
enhanced while higher densities suppressed CO2 emissions. Similarly, wetter matric potentials
decreased fluxes, but emission increased with drying. Correlation and regression analyses revealed
that total porosity (r = 0.28), and gravimetric water content (r = 0.29) were strongly positively related
to CO2 emissions. In contrast, soil bulk density (r= −0.22) and matric potential (r= −0.30) were
negatively correlated with emissions. The results highlight that compaction and excessive water
content restrict microbial respiration and gas diffusion, reducing CO2 emissions. Proper management
of soil structure and water content is therefore essential to support soil ecological functions and
associated ecosystem services.

Keywords: soil bulk density; matric potential; CO2 emissions; pore characteristics; soil moisture content

1. Introduction

Soil respiration, characterized by the emissions of carbon dioxide (CO2) from the
soil surface, encapsulates both plant root and microbial respiration, making it a valuable
indicator of soil carbon (C) cycling [1]. Elevated atmospheric CO2 levels, regarded as a
principal greenhouse gas, not only aggravate global climate change but also manipulate
the carbon stores and soil water content in terrestrial ecosystems, potentially causing
escalated CO2 emissions. This cycle suggests a positive feedback loop, thereby heightening
the urgency for CO2 emission mitigation, especially considering the growing rates of
atmospheric CO2 concentrations [2].

The emission of soil CO2, chiefly driven by production and transportation processes,
relates to the interchange of oxygen and CO2 between soil and atmosphere. Soil respiration
includes both oxygen depletion and CO2 production [3]. Here, soil diffusivity emerges as a
vital factor influencing oxygen availability and CO2 transport from soil to the surrounding
environment [4]. It is important to note that soil diffusivity is associated with both soil
porosity and water content [4,5]. Various studies have proposed equations linking CO2 and
soil water content; however, these fail to express the physical force of water held in soil or
soil pore connectivity and tortuosity [3,6].

Matric potential serves as a robust indicator of water availability to plant roots and
microbes [3,7,8], yet many studies have overlooked soil bulk density when investigating the
matric potential effect on CO2 [9–11]. A more effective predictor of soil gas emissions like
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nitrous oxide or nitrogen is relative gas diffusivity (Dp/Do), which adjusts for variations
in soil water content and soil bulk density [12–15]. However, research on this aspect in
relation to soil CO2 emission remains scant [16].

A majority of studies have calculated Dp/Do through measuring soil porosity or water
content or through model assessments due to the challenges in directly measuring soil gas
diffusivity [4,5,14,17,18]. The relationship between Dp/Do and soil porosity can vary with
changes in total porosity or the continuity of soil pores due to differences in soil bulk density
or water content [5,17]. Soil bulk density affects the available pore space for gas diffusion,
with higher densities leading to compaction and reduced porosity [19]. Similarly, variations in
water content can either fill or empty pore spaces, affecting the continuity of the pores and
subsequently the gas diffusion process [15,20,21]. These changes in physical properties are
essential as they govern microbial activity, nutrient cycling, and plant growth, collectively
impacting the overall functionality and health of the soil ecosystem [3]. Consequently, directly
measuring Dp/Do rather than relying on empirical equations or models provides a more
accurate understanding of these critical soil processes. Understanding the effects of variations
in bulk density and matric potential on soil diffusivity will enhance our understanding of the
control mechanisms governing soil sources and sinks of atmospheric gases.

This study aims to examine the interaction between soil bulk density and matric
potential on Dp/Do and CO2 emissions, focusing on uncovering the underlying mechanisms
in specific soil types (Ali-Perudic Argosols). By directly measuring these parameters and
exploring their intricate relationships across different levels of bulk density and matric
potential, the study intends to provide new insights that may have broader implications
for soil management practices and climate-change-mitigation strategies. Specifically, the
objective was to quantify how soil Dp/Do and CO2 emissions respond across a range of
bulk densities and matric potentials in controlled soil cores. We hypothesized that Dp/Do
will serve as an effective indicator of soil CO2 emissions under diverse bulk density and
matric potential conditions.

2. Materials and Methods

2.1. Soil Collection, Experimental Design, and Setup

Soil was randomly sampled (0–15 cm) from Dafang County (27◦23′ N, 105◦52′ E;
Altitude 1760 m), Bijie City, Guizhou Province (Figure 1) in June 2023 and then was air-
dried. The soil carbon, nitrogen, and soil pH were measured before experimenting (Table 1).
The composition of soil aggregates and particles within a depth of 0–10 cm was measured
before the experiment (Table 2).

Table 1. Mean soil organic carbon (SOC, g kg−1), total (TN, g kg−1) and available nitrogen, total and
available phosphorus (TP, AP, g kg−1), and total potassium (TK, g kg−1) at 0–5 and 5–10 cm in the
study region.

Soil Layer
(cm)

SOC
(g·kg−1)

TN
(g·kg−1)

Nitrate N
(mg·kg−1)

Ammonium N
(mg·kg−1)

TP
(g·kg−1)

AP
(mg·kg−1)

TK
(g·kg−1)

0–5 27.05 2.82 23.14 4.95 0.80 24.08 27.75
5–10 24.46 2.59 16.83 5.06 0.66 14.99 28.79

Table 2. Basic soil aggregates and particle composition of soil depth (0–10 cm) before experiment.

Index Soil Aggregates Composition (%)
Soil Particle Composition (%)

Clay Silt Sand

Layer (cm) 5–2 mm 2–0.25 mm 0.25–0.053 mm <0.053 mm <0.002 mm 0.002–0.02 mm 0.02–2 mm

0–5 0.34 0.43 0.09 0.11 24.35 61.09 14.56
5–10 0.38 0.41 0.09 0.08 26.58 60.50 12.92
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Figure 1. Study location in southeast China.

The main soil type is Ali-Perudic Argosols (APA) according to the International Society
of Soil Sciences standards. After the soil was sieved (≤2 mm), soil cores were made by
compacting soil into stainless-steel cylinders (7.3 cm internal diameter, 7.4 cm deep) to
obtain four levels of bulk density (1.0, 1.1, 1.2, and 1.3 Mg m−3). Bulk density was measured
using the core method, where the dry weight of a known volume of soil was determined.
Each bulk density level had ten levels of matric potential (−1, −2, −3, −4, −5, −6, −7, −8,
−9, and −10 kPa) measured using tensiometers at varying depths, and the entire process
was replicated four times. The soil cores were preincubated for 7 days to stabilize the
microbial activity [12,13].

2.2. Soil CO2 Emissions and Relative Gas Diffusivity Measurements

To measure the soil CO2 emissions, the soil cores were taken off the tension tables and
placed into 1 L stainless-steel tins equipped with gas-tight lids pre-fitted with rubber septa.
Soil CO2 emissions were measured on days 4, 5, and 6.

According to the method of Rolston and Moldrup [20], we measured soil Dp/Do after
measuring CO2 flux: a chamber containing a calibrated oxygen sensor was purged with
a gas mixture (90% Ar and 10% N2), while the base of the soil core was isolated from the
chamber. Once the chamber oxygen concentration equaled 0%, the base of the soil core was
exposed to the oxygen-free chamber atmosphere. As oxygen diffused through the soil core
into the chamber, the change in oxygen concentration was recorded as a function of time
over a period of 120 to 180 min. It was assumed that any error in the measured value of
Dp due to oxygen consumption was negligible [20]. Regression analysis of the log-plot of
relative oxygen concentration vs. time enabled Dp (oxygen diffusion coefficient in soil) to
be calculated [20]. All diffusivity calculations were performed at 25 ◦C, and the value of Do
(oxygen diffusion coefficient in air) at 25 ◦C was calculated to be 0.074 m2 h−1 [22].

2.3. Soil Analyses and Calculations

Soil gravimetric water content (θg) was measured by drying 10 g wet soil subsamples
at 105 ◦C for 24 h. Soil air-filled porosity (ε), total porosity (ϕ), volumetric water content
(θv), and water-filled pore space (WFPS) were calculated by using values of soil bulk density
(ρd) (Equations (1)–(4)) while assuming a particle density (ρb) of 2.65 Mg m−3 [3].
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θv = ρb × θg (1)

Φ = 1 − ρb
ρd

(2)

ε = Φ − θv (3)

WFPS =
θV
Φ

(4)

2.4. Data Analyses

The effects of bulk density and matric potential on soil pore characteristics and soil
CO2 emissions were tested using analysis of variance (ANOVA) in the “agricolae” package
of R version 1.3.1 [23]. Principal component analysis (PCA) was conducted to examine
multivariate relationships and clustering by bulk density and observation days. Pearson’s
correlation analysis quantified correlation coefficients between all measured variables.
Statistically significant effects were declared at p < 0.05. All analyses were performed in
R statistical software (version 1.3.1). Prior to analysis, data normality and homogeneity
of variance were confirmed using the Shapiro–Wilk test and Levene’s test, respectively.
Figures were constructed with the ggplot2 package in R.

3. Results

3.1. Impact of Changes in Soil Bulk Density and Matric Potential on Soil Pore Characteristics

As bulk density increased from 1.0 to 1.3 Mg m−3, total porosity decreased from
0.63 to 0.52 m3 m−3 (overall mean, p < 0.01; Figure 2). A similar decline was observed
in air-filled porosity (from 0.26 to 0.07 m3 m−3) with increasing bulk density (p < 0.01).
Conversely, volumetric water content and water-filled pore space showed an opposite trend,
increasing from 0.37 to 0.46 m3 m−3 and from 0.58 to 0.89 m3 m−3, respectively, as bulk
density increased (p < 0.01). Gravimetric water content was relatively stable across the bulk
densities, and the highest values (0.39 g g−1) appeared with bulk density of 1.1 Mg m−3

(p < 0.01). Nonetheless, relative gas diffusivity exhibited a sharp decrease from 0.029 to
0.001 with higher bulk density (p < 0.01).

 
Figure 2. Soil air-filled porosity, gravimetric water content, relative gas diffusivity, total porosity,
volumetric water content, and water-filled pore space in response to changes in soil bulk density.
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Treatments include four levels of bulk density (1.0, 1.1, 1.2, and 1.3 Mg m−3), and each bulk density
has ten levels of matric potential (−1, −2, −3, −4, −5, −6, −7, −8, −9, and −10 kPa). Notes:
The significance indicates the differences with *** p < 0.001 and **** p < 0.0001. Red dot indicates
mean values.

Changes in the matric potential affected soil pore characteristics (Figure 3). As matric
potential increased from −10 to −1 kPa, volumetric water content decreased from 0.52 to
0.38 m3 m−3 (p < 0.01). Similarly, gravimetric water content and water-filled pore space
significantly declined from 0.45 to 0.33 g g−1 and from 0.88 to 0.63 m3 m−3, respectively,
with decreasing matric potential. In contrast, air-filled porosity increased from 0.06 to
0.19 m3 m−3 with lower matric potential (p < 0.01), while relative gas diffusivity increased
from 0.001 to 0.018 as matric potential decreased (p < 0.01).

Figure 3. Soil air-filled porosity, gravimetric water content, relative gas diffusivity, total porosity,
volumetric water content, and water-filled pore space in response to changes in soil matric potentials.
Treatments include four levels of bulk density (1.0, 1.1, 1.2, and 1.3 Mg m−3), and each bulk density
has ten levels of matric potential (−1, −2, −3, −4, −5, −6, −7, −8, −9, and −10 kPa). Notes: The
significance indicates the differences with ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Red dot
indicates mean values.

3.2. Soil CO2 Emissions in Response to Changes in Soil Bulk Density and Matric Potential

Soil CO2 emissions across varying soil bulk densities were monitored over 3 days
(Figure 4). On day 4, soil CO2 emissions ranged from 4.2 to 7.1 mol m−2 s−1 (overall mean)
across the bulk densities. Soil CO2 emissions were lowest in the bulk density treatment
of 1.3 Mg m−3 and highest in the low-density treatment (1.0 Mg m−3, p < 0.01). A similar
trend was observed on day 5. By day 6, soil CO2 emissions declined.
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Figure 4. Soil carbon dioxide (CO2) emissions with four levels of soil bulk density over three days. Notes:
The significance indicates the differences with * p < 0.05 and *** p < 0.001. Red dot indicates mean values.

The effects of matric potential on soil CO2 emissions were also evaluated over three days
(Figure 5). On day 4, soil CO2 emissions were lowest at −10 kPa matric potential around
4.9 mol m−2 s−1 and increased to 6.4 mol m−2 s−1 at −5 kPa matric potential. A similar trend
was observed on day 5, and soil CO2 emissions peaked at −5 kPa matric potential, with a
value of 9.1 mol m−2 s−1. By day 6, fluxes declined slightly across all matric potentials, with
the decline more pronounced at low potentials (−7 to −10 kPa); however, soil CO2 emissions
peaked at −5 kPa matric potential again, with value of 10.3 mol m−2 s−1.

Figure 5. Soil carbon dioxide (CO2) emissions with ten levels of soil matric potentials over three days. Notes:
The significance indicates the differences with ** p < 0.01 and **** p < 0.0001. Red dot indicates mean values.
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The PCA showed a slight separation of the four bulk density levels along the first
principal component (44.2% variance explained; Figure 6). However, it did not present
distinct clustering of the three measurement days along PC1 (43.2% variance explained).

Figure 6. Principal component analysis (PCA) for soil carbon dioxide (CO2) emissions at different
bulk densities or measuring time (day). The different shapes indicate different bulk densities or
measuring times, and the ellipse is the confidence interval of the distribution of variables under
different treatments.

3.3. Factors Affecting Soil CO2 Emissions in Various Bulk Densities and Matric Potentials

Distribution of soil CO2 emissions under various soil pore characteristics was illus-
trated (Figure 7), and the relationships between soil CO2 emissions and gravimetric water
content and volumetric water content were significant (Table 3). Soil gravimetric water
content and volumetric water content explained 43% and 36% of the variations of soil CO2
emissions (p < 0.01).

Figure 7. The desaturations of soil carbon dioxide (CO2) emissions with air-filled porosity, gravimetric
water content, relative gas diffusivity, total porosity, volumetric water content, and water-filled pore space
over three days. Treatments include four levels of bulk density (1.0, 1.1, 1.2, and 1.3 Mg m−3), and each
bulk density has ten levels of matric potential (−1, −2, −3, −4, −5, −6, −7, −8, −9, and −10 kPa).
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Table 3. The regression of soil carbon dioxide (CO2) emissions with gravimetric water content and
volumetric water content over three days.

Soil Property Equation R2 p

Gravimetric water content y = 0.0009x2 − 0.16x + 10.41 0.43 <0.01
Volumetric water content y = 0.0009x2 − 0.15x + 9.96 0.36 <0.01

A Pearson’s correlation analysis was conducted to assess relationships between the soil
pore characteristics and soil CO2 emissions (Figure 8). Significant positive correlations were
observed between soil CO2 emissions and total porosity (r = 0.28) and between soil CO2
emissions and gravimetric water content (r = 0.29), while significant negative correlations
were observed between soil CO2 emissions and matric potential (r = −0.30) and bulk
density (r = −0.22).

Figure 8. Correlation analysis of factors affecting soil carbon dioxide (CO2) emissions in response to
air-filled porosity (AFP), gravimetric water content (WG), relative gas diffusivity (Dp), total porosity
(TP), volumetric water content (TP), and water-filled pore space (WFPS) over three days. Notes: The
significance indicates the differences with ** p < 0.01 and *** p < 0.001.

4. Discussion

The observed reduction in total porosity and air-filled porosity with a rise in bulk
density aligns with previous research, suggesting that greater soil compaction leaves less
pore space [24–27]. This compaction is accompanied by reductions in volumetric water
content and water-filled pore space, echoing the decreased overall porosity. Meanwhile,
the minimal change in gravimetric water content indicates a roughly consistent total water
mass, albeit one that occupies a smaller volume due to compaction. In contrast, relative gas
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diffusivity sharply declines, reflecting a significant decrease in gas diffusion and transport
capacity due to the reduced air-filled porosity at higher bulk densities [22,25]. These
observations reinforce the significant influence of bulk density on soil pore characteristics
and associated properties, underscoring the need for careful soil bulk density management
to maintain optimal conditions for water availability [28], aeration, and gas diffusion.

Increased volumetric water content and water-filled pore space with decreasing matric
potential can be attributed to greater water retention and the displacement of air by water
as pores become more saturated at increasingly negative water potentials [29]. Similarly,
the rise in gravimetric water content suggests a higher absolute water mass within the soil
pores due to the greater water retention potential. Concurrently, the pronounced reduc-
tion in relative gas diffusivity reflects the decrease in air-filled porosity given that lower
diffusivity corresponds to severely hampered gas diffusion through saturated pores [30].
These trends illustrate how matric potential can fundamentally alter pore water retention
dynamics, aeration, and gas transport, underscoring the importance of proper irrigation
management to maintain optimal matric potential for plant growth, soil ecological function,
and greenhouse gas transport.

Lower soil CO2 emissions at higher bulk densities likely reflect significantly reduced
microbial activity and gas diffusion due to compaction [31,32]. The highest fluxes occur
in less-compacted, low-density soils, which provide more ideal conditions for microbial
processes and gas diffusion. Soil CO2 emissions increasing over time in high-density soil
suggests a chronic constraint on microbial activity and gas diffusion [24,33], with diffusion
pathways gradually opening over time to release previously trapped soil CO2. These data
emphasize that soil compaction can severely reduce soil CO2 emissions, impacting microbial
respiration, carbon cycling, and climate regulation ecosystem services negatively [34–36].
Hence, maintaining sufficient soil porosity is crucial for preserving microbial function and
soil health [2].

Lower fluxes under wet conditions reflect constrained diffusion and decreased oxygen
availability for aerobic respiration. As soil progressively dries, diffusion pathways open,
alleviating oxygen limitation and enabling higher microbial activity and soil CO2 produc-
tion [10]. The fluxes’ general decline by day 6 might be due to the depletion of labile carbon
substrates under the constant wetting and drying cycles, emphasizing the sensitivity of soil
CO2 emissions to soil water content and the need to balance adequate water content for
microbial activity without oversaturation [10,37].

The PCA suggests that bulk density and measurement day were key factors influenc-
ing soil CO2 emissions. The non-overlapping clusters of bulk density treatments indicate
that changes in pore structure from soil compaction significantly impact gas fluxes, includ-
ing reduced microbial activity and constrained diffusion [24,38]. The temporal shifts in
fluxes over the days reflect the dynamic nature of microbial activity and water contents, em-
phasizing the critical consideration of bulk density management and monitoring timeframe
in experiments and data interpretation on soil CO2 emissions.

Positive correlations between soil CO2 emissions and total porosity, air-filled porosity,
and gas diffusivity highlight the importance of diffusion pathways and oxygen availability
for aerobic microbial metabolism and gas transport [3,20,26,38]. As pores become satu-
rated, oxygen limitation restricts soil CO2 production and diffusion, hence the negative
correlations with volumetric water content and water-filled pore space. While gravimetric
water content affects respiration substrate availability, its weaker correlation indicates that
physical factors enabling gas transport predominantly control it. Although the results
did not fully support our hypothesis that relative gas diffusivity would correspond as an
indicator of how compaction and water retention influence soil CO2 emissions, the data
suggest a threshold effect where soil CO2 emissions changed dramatically at certain levels
of compaction and matric potential (Figure 7). In our analysis, we noted that the regression
coefficients (R2) were relatively low in some instances. There are several factors that could
contribute to these lower R2 values: (1) Complex interactions: Soil properties such as bulk
density and matric potential interact with each other and with other unmeasured variables
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in intricate ways. This complexity may not be fully captured by the models used, leading
to a lower R2. (2) It is worth noting that a low R2 does not necessarily mean that the
model is inadequate. R2 only explains the proportion of variance captured by the model,
and in complex ecological systems, it might not be realistic to expect a very high R2. In
future studies, more sophisticated modeling techniques that can account for non-linearities,
interactions, and spatial patterns might be employed to possibly increase the R2 values.
Additionally, expanding the study to include more variables or more extensive sampling
might help in understanding the underlying mechanisms more accurately.

From a broader perspective, this research contributes compelling evidence that the
effective management of physical structure and moisture characteristics is integral to
regulating soil CO2 emissions. The insights gained from these findings have significant
implications for enhancing soil functionality and may guide agricultural practices that
align with climate regulation ecosystem services. Extending this research to include studies
involving different types of soils and various management practices could further enrich
our understanding, as soil bulk density and matric potential effects may vary across diverse
soil ecosystems. Future investigations could delve into the interactive impacts of soil
biological communities, organic matter, and mineralogy on soil CO2 emissions, as seen
in conjunction with soil structure. Additionally, field monitoring of emissions across
diverse management gradients, including different soil types and cultivation methods, can
offer further insights into the dynamic nature of soil CO2 emissions. This research acts
as a stepping stone to a deeper understanding of the intricate relationships between soil
characteristics and greenhouse gas emissions, with direct implications for climate-change-
mitigation strategies. The inclusion of different soil types and management practices in
future studies will provide a more comprehensive picture, enhancing our ability to develop
effective strategies for various agricultural contexts.

5. Conclusions

The findings of this study, conducted on Ali-Perudic Argosols (APA), highlight the
pivotal role of physical structure and soil water characteristics in the regulation of soil
CO2 emissions. Within this specific soil type, total porosity, air-filled pore space, and
gas diffusivity are seen as key contributors that facilitate microbial activity and CO2
diffusion when conditions are optimal. Nevertheless, emissions are severely limited by
pore saturation and compaction, which underline the criticality of maintaining suitable soil
structure and soil water content for optimal soil health and functionality. These conclusions
are directed explicitly at the soil type studied, and additional research on various soil types
may further generalize these findings.
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Abstract: A field experiment was conducted to evaluate the effect of different tillage structures
on soil physical properties, soil chemical properties, maize root morphological and physiological
characteristics, and yield. Four tillage structures were designed. Soil tillage plays a prominent role
in agricultural sustainability. The different tillage layer structures affected soil physical properties.
An enhancement in the optimal tillage layer structure improved soil structure. The MJ tillage layer
structure created an improved soil structure by regulating the soil physical properties so that the soil
compaction and soil bulk density would be beneficial for crop growth, increase soil water content, and
adjust the soil phrase R value and GSSI. Soil nutrients are significantly affected by soil depth, with
the exception of available potassium. However, soil nutrients are influenced by different tillage layer
structures with soil depth. Soil nutrient responses with depth are different for MJ layer treatment
compared with other tillage layer structures. Soil organic matter (SOM) is affected with an increase in
depth and is significantly influenced by different tillage layer structures, except at 20–30 cm soil depth.
MJ treatment increased by 10–20% compared with other tillage layer structures. In addition, QS
treatment enhanced the increased pH value in soil profile compared to others. The root morphology
characteristics, including root length, root ProjArea, root SurfArea, root AvgDiam, and root volume,
were affected by years, depth, and the tillage layer structures. The MJ tillage layer structure enhanced
root growth by improving tillage soil structure and increasing soil air and water compared with other
tillage layer treatments. Specifically, the MJ layer structure significantly increased root length and root
volume via deep tillage. However, the differences in root physiological properties were not significant
among treatments. The root dry weight decreased with an increase in soil depth. Most of the roots
were mainly distributed in a 0–40 cm soil layer. The MJ treatment enhanced the increase in root dry
weight compared with others by breaking the tillage pan layer. Among the different tillage layer
structures, the difference in root dry weight was smaller with an increase in soil depth. Moreover, the
MJ treatment significantly improved maize yield compared with others. The yield was increased by
14.2% compared to others under MJ treatment via improvements in the soil environment. In addition,
the correlation relationship was different among yield and root morphology traits, root physiology
traits, soil nutrients, and soil physical traits. So, our results showed that the MJ tillage layer structure
is the best tillage structure for increasing maize yield by enhancing soil nutrients, improving the soil
environment and root qualities.

Keywords: tillage structures; soil physical; chemical properties; root morphology; root physiology;
yield
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1. Introduction

Agriculture is important to societal development and human survival [1]. With
worldwide population growth, the sustainable production of food must overcome serious
challenges to guarantee the growing global food demand in the future [2]. However, China
faces significant challenges in agricultural development, as its population accounts for
22% of the global population, but its arable land accounts for less than 7% of global arable
land [3,4]. It is worth noting that the dry land area in Northeast China is large, accounting
for approximately 21% of the country’s arable land area and over 30% of the country’s total
grain production [3,4]. However, crop production faces many significant challenges, such as
soil degradation, water and nutrient loss, low organic matter content, and fragile physical
structures [5,6]. The black soil area in Northeast China is known as the “cornerstone” of
maintaining crop yield and national food security in China [7].

It is necessary to take reasonable soil management measures to increase crop yield
and protect or maintain soil quality [8]. The soil management system directly intervenes in
the production response of crops through changes in soil physicochemical properties and
root characteristics [9]. Farming is the process of physically treating soil to improve it with
the help of tools [10]. The cultivation system can alter soil moisture content, temperature,
aeration, and the degree of mixing of crop residues in the soil matrix, thereby affecting the
physical and chemical environment of the soil [11]. This is a key soil management practice
that has significant implications for seedbed preparation, root growth stimulation, weed
control, soil moisture control, soil temperature control, soil compaction mitigation, soil
structure improvement, soil nutrient enhancement, and the incorporation of crop residues
and fertilizers [12,13]. In addition, tillage treatment plays an important role in altering
soil structure and the distribution of crop residues, thereby affecting the ability of soil
microorganisms to degrade soil organic matter and release crop growth nutrients [14].
Therefore, by altering soil characteristics and affecting root growth, it is believed that tillage
methods are key factors in the sustainability of planting systems [15].

There are two farming methods available: conservation tillage and conventional
tillage [16–18]. Although traditional tillage can loosen the soil surface, promote crop root
growth, absorb soil nutrients, and increase crop yield [19], it reduces soil microbial biomass,
total carbon, active carbon, total nitrogen, aggregate stability, and sand-free organic matter
and increases carbon metabolism [20,21]. Protective tillage practices are divided into no
tillage (no tillage), minimal tillage (minimal tillage), cover tillage, ridge tillage, and contour
tillage [22]. Conservation tillage has been recognized as one of the most effective soil man-
agement measures for the sustainable development of global agriculture [23]. Conservative
tillage plays an important role in improving soil structure and maintaining surface soil struc-
ture and soil physical conditions [24]. Meanwhile, conservation tillage is recommended as
an effective method for maintaining soil moisture in dryland agriculture [25,26].

The purpose of soil cultivation is to prepare soil with sufficient physical conditions for
plant growth [27]. Therefore, soil characteristics play an important role in the selection of
tillage systems [28,29]. However, farming systems can also affect soil characteristics, includ-
ing soil structure, soil compaction, soil bulk density, and crust or erosion [30]. Dal et al. [31]
pointed out that the negative impact of some farming practices is that they often damage
soil structure. Meanwhile, traditional farming reduces the stability of aggregates and
increases their bulk density [32,33]. Compared to traditional tillage, the use of conservation
tillage may lead to different soil physical properties, as the soil matrix is less disturbed [30].
Logsdon et al. [34] pointed out that when using ridge tillage or switching from traditional
practices to no tillage on these or similar deep loess soils, producers do not need to worry
about increased compaction. However, the soil bulk density of the corn belt under no
tillage treatment was significantly higher, following the pattern of less tillage > no tillage
> conventional tillage [30]. The topsoil under NT is usually cooler and wetter and has a
higher bulk density (BD), thus exhibiting greater soil strength compared to CT [35]. Fab-
rizzi et al. [36–38] also reported that no-tillage soils typically have greater resistance and
higher packing density than traditional soils to hinder root infiltration.
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Soil tillage management has a significant impact on root morphology, root physiology,
and root growth and development [39–42]. In addition, root growth may also be indirectly
affected by changes in soil properties caused by farming systems [43–46]. By changing
soil characteristics and affecting root growth, the cultivation method is a key factor in the
sustainability of planting systems [47,48]. The effect of cultivation on the growth of maize
roots was previously found in early growth and continued until flowering [49]. Meanwhile,
the effects of soil temperature and bulk density changes caused by cultivation on plant
growth are mediated by the growth and function of the root system [50]. The aims of this
study were to evaluate the effect of different tillage structures on soil physical and chemical
properties, determine maize root’s morphological and physiological characteristics under
different tillage structures, study the yield changes in different tillage layer structures, and
classify the relationship yield and soil physical and chemical properties to identify the most
beneficial tillage systems.

2. Materials and Methods

2.1. Site Description

The experiment was conducted during the spring maize growth seasons of 2016 and
2017 at the Gongzhuling Experimental Station of Jilin Academy of Agricultural Sciences in
Jilin Province (43◦45′ N and 125◦01′ E). The local climate is sub-humid, with an average
rainfall of 567 mm and an annual average temperature of 6.91 ◦C. The soil is sandy loam
(36.0% sand, 24.5% silt, 39.5% clay). Jilin Province has a continental climate with a wide
range of temperatures. The average temperature in Gongzhuling in 2016 was 6.68 ◦C, and
the average temperature in 2017 was 7.05 ◦C. The annual precipitation values for these
years were moderate (with a total precipitation of 890.8 mm in 2016 and 694.3 mm in 2017).
The precipitation and temperature data are shown in Figure 1.

 

Figure 1. Precipitation and temperature at the research site in 2016 (a) and 2017 (b).
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2.2. Experimental Design

The experiment was completed in Gongzhuling city, and experimental material is
XY998. The experimental zone has a mid-temperate continental monsoon climate with
an annual temperature of 4.5 ◦C and 2800 h cumulative sunshine hours. Meanwhile,
the effective accumulated temperature ≥10 ◦C is 2860 ◦C d, and the frost-free period
is 140 days. The annual precipitation from June to August is 567 mm. The soil type is
typical medium black soil with loamy clay. The total nitrogen, total phosphorus, and
total potassium contents are 0.15%, 0.05%, and 2.26%, respectively. The available nitrogen,
available phosphorus, and available potassium contents are 146.36 mg/kg,13.50 mg/kg,
and 152.32 mg/kg. The pH value is 6.5 in 0–20 cm soil depth.

The experiment was conducted during the 2016 and 2017 growing seasons. The
experiment was conducted in Gongzhuling city and consisted of four treatments, including
compaction seeding soil bed with row soil deep tillage (MJ), softy seeding soil with row
soil compaction (MS), compaction seeding soil with row soil compaction (QJ), and softy
seeding soil with row soil deep tillage (QS). The treatments were distributed in a completely
randomized block design with four treatments and three replications. The experiment
device was designed with PVC pipes that were 20 cm in height and 30 cm in diameter. Five
PVC pipes that were 20 cm in length were connected by scotch tape and put into the soil
according to our experimental requirements. Every treatment involved the use of 64 PVC
pipe pillars. The three maize seeds were planted into the soil in a PVC soil pillar in spring.
After emerging with 3 leaves, a plant of corn was kept in the PVC soil pillar, and others
were cut using a knife. The plant density was 6000 plants per hectare, with 32 cm plant
distance and 52 cm row distance. A total of 243 kg/hm2 Controlled release urea was added;
92 kg/hm2 of P2O5 was added, and 80 kg/hm2 of K2O was added, and all fertilizers were
used as a base fertilizer (one-time application).

Compaction seeding soil bed with row soil deep tillage (MJ): the bulk density was
1.27–1.30 g/cm3, and the soil compaction was 1.00–1.50 Mpa, with 11.5 cm width in the seed-
ing zone; the bulk density was 1.00–1.10 g/cm3, and the soil compaction was 0.10–0.50 Mpa,
with 20 cm width in the subsoiling zone. Softy seeding soil with row soil compaction (MS):
the bulk density was 1.00–1.10 g/cm3, and the soil compaction was 0.10–0.50 Mpa, with
11.5 cm width in the seeding zone; the bulk density was 1.27–1.30 g/cm3, and the soil com-
paction was 1.00–1.50 Mpa, with 20 cm width in the compaction row zone. Softy seeding
soil with row soil compaction (MS), compaction seeding soil with row soil compaction (QJ):
the soil bulk density was 1.27–1.30 g/cm3, and the soil compaction was 1.00–1.50 Mpa,
with 53 cm row distance. Softy seeding soil with row soil deep tillage (QS): the soil bulk
density was 1.00–1.10 g/cm3, and the soil compaction was 0.10–0.50 Mpa, with 53 cm row
distance. The soil water content was calculated for the years 2016 and 2017. The moisture
contents of the 0–60 cm soil layers were recorded at 10 cm intervals using a TDR meter.

Deep gouges (4.2 m in length × 2.6 m width × 1 m depth) were made by using a
spade in order to put the PVC pipes into the soil. The soil was separated according to the
tillage layers. Then, the PVC pipes were put into the deep gouges according to the different
treatment types. Overall, 64 PVC soil pillars were used, along with 8 pipes that were
arranged horizontally and 8 pipes that were arranged vertically. Finally, soil was returned
into the PVC pipes according to the requirements of bulk density and soil compaction. The
planting and fertilizer management were same as the field after freeze–thaw in spring. The
experimental layout is presented in Figure 2.
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Figure 2. The experimental layout.

2.3. Root Sampling

The cultivated maize PVC pipes were removed from the soil during the tasseling
and silking stage (VT) of maize in 2016 and 2017, respectively. Firstly, the aboveground
part of the maize plants was cut off using a knife, and then the PVC pipes were cut off at
the joint of each PVC pipe using a knife. According to the height of the PVC pipe, each
layer was divided into five layers. Each layer of the PVC pipes in the soil and root were
collected together into a wool mesh bag over and over again and placed into a plastic
bucket. The mesh bag was washed repeatedly with tap water to remove most of the soil;
after rinsing, all of the dirt was cleaned from the mesh bag. Finally, the root of the mesh bag
was added into a tray, and some impurities (such as sand) in the root mix were removed so
that clean roots could be placed into a plastic bag. The processed names were noted with
markers and put into prepared liquid nitrogen tanks to determine the root morphology
and physiological indexes.

2.4. Soil Physical Parameters

Bulk density (g/cm3) = W/V, W = oven-dry soil weight in grams, V = volume of core
in cm3; Total porosity (%) = [1 − (bulk density/particle density)] × 100, particle density

= 2.65 g/cm3; R =

∣∣∣∣
√

0.4 × (X − 50)2 + (Y − 25)2 + (Z − 25)2
∣∣∣∣ X = 100 × (1 − total soil

porosity), Y = 100 × soil water content rate, Z = 100 × ( total soil porosity- soil water
content rate); GSSI = [(XS − 25)XLXG]

0.4769, XS, XL, and XG were the percentage of solid,
liquid, and gas phases. Soil compaction was measured by SC-900; Soil water content was
measured via the aluminum box weighing method; Soil three-phase was measured using a
Soil three-phrase meter (DIK1150).

2.5. Soil Nutrient Parameters

The soil samples from 0 to 10 cm, 10 to 20 cm, 20 to 30 cm, 30 to 40 cm, 40 to 50 cm,
and 50 to 60 cm depth were collected to separately measure the total nitrogen (TN), total
phosphorus (TP), total potassium (TK), available nitrogen (AN), phosphorus (AP), available
potassium (AK), organic matter, and pH contents using a soil sampler.

2.6. Root Morphology and Physiology

We identified five morphological root traits (Root Length, Root ProjArea, Root Sur-
fArea, Root AvgDiam, and Root Volume). All traits were measured by scanning the root
system at 800 dpi using a flatbed scanner. Images were analyzed using WinRhizo Pro 2016
software (2016a, Regent Instruments, Quebec, QC, Canada). The fresh roots were put into a
plastic bag and stored in liquid nitrogen tanks to maintain their activity and measure their
soluble sugar, soluble protein, POD, and SOD contents in the lab.
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2.7. Maize Grain Yield

On 2 October 2016 and 2017, corn was harvested manually. The corn ears of each
treatment were put into net bags and brought into the laboratory. The ears were put into
paper bags and placed in an oven before being dried at 80 ◦C to a constant weight. The
corn yield was determined by manually harvesting each plot over the past two years. Grain
and straw samples were air dried on the ground of the threshing field, and the yield was
reported at a moisture content of 14%.

2.8. Data Analysis

The data were examined via analysis of variance, which was carried using SPSS
statistical software (ver. 22.0; SPSS Inc., Chicago, IL, USA). The mean values were compared
using the Least Significant Difference (LSD) test.

3. Results

3.1. Effect of Different Tillage Layer Structures on Soil Physical Properties

The effect of different tillage treatments on soil bulk density was significant at 60 cm
soil depth but not at other soil layer depths in all treatments. The soil bulk density of all
treatments increased with an increase in soil depth between 0 and 60 cm. The trend of
change was significant from 0 to 30 cm, but was not as obvious from 30 cm to 60 cm. The
top soil bulk densities of all of the treatments were significantly lower than the other soil
layers in terms of soil profile depth. The soil bulk density of the QJ treatment ranged from
1.14 to 1.48 g cm−1, and the average mean was 1.38 g cm−1 from 0 to 60 cm soil profile
depth. The soil bulk density of the MS treatment ranged from 1.08 to 1.52 g cm−1, and the
average mean was 1.38 g cm−1 from 0 to 60 cm soil profile depth. The soil bulk density of
the QS treatment ranged from 1.09 to 1.46 g cm−1, and the average mean was 1.38 g cm−1

from 0 to 60 cm soil profile depth. The soil bulk density of the MJ treatment ranged from
1.16 to 1.51 g cm−1, and the average mean was 1.41 g cm−1 from 0 to 60 cm soil profile
depth (Figure 3).

The effect of different treatments on total soil porosity was significant at 0–10 cm,
10–20 cm, and 50–60 cm. However, that of other soil depths was not significant for all
treatments. The change trend of all treatments decreased with the increase in soil depth.
The soil porosity of the top 0–10 cm soil depth was significantly greater than the other soil
layers. The total soil porosity of the QJ treatment ranged from 43.94 to 53.31%, and the
average mean was 46.77% from 0 to 60 cm soil profile depth. The total soil porosity of the
MS treatment ranged from 42.40 to 59.05%, and the average mean was 47.66% from 0 to
60 cm soil profile depth. The total soil porosity of the QS treatment ranged from 43.59 to
58.52%, and the average mean was 47.11% from 0 to 60 cm soil profile depth. The total
soil porosity of the MJ treatment ranged from 42.91 to 55.96%, and the average mean was
46.12% from 0 to 60 cm soil profile depth (Figure 3).

The profile change of the three-phrase R value for all treatments was not obvious
with the increase in soil depth. However, the three-phrase R values of all treatments were
significant in the whole soil profile depth. The three-phrase R value of the QJ treatment
ranged from 6.09 to 15.43, and the average mean was 10.41 from 0 to 60 cm soil profile
depth. The three-phrase R value of the MS treatment ranged from 5.77 to 11.62, and the
average mean was 10.84 from 0 to 60 cm soil profile depth. The three-phrase R value of the
QS treatment ranged from 10.42 to 14.70, and the average mean was 12.56 from 0 to 60 cm
soil profile depth. The three-phrase R value of the MJ treatment ranged from 4.46 to 12.25,
and the average mean was 7.95 from 0 to 60 cm soil profile depth (Figure 3).
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Figure 3. Means of soil bulk density, total soil porosity, R value, and GSSI at 0–60 cm affected by
different tillage structures at the maize harvesting stage (data from 2016 to 2017). “*” was significantly
different at p < 0.05 by a LSD test and ”ns”was not significantly different at p < 0.05 by a LSD test.

The profile change of GSSI for all treatments was not obvious with the increase in soil
depth. However, the differences in soil profile for all treatments were significant, except
for the 10–20 cm soil layer. The GSSI value of the QJ treatment ranged from 85.43 to 95.99,
and the average mean was 92.14 from 0 to 60 cm soil profile depth. The GSSI value of
the MS treatment ranged from 83.58 to 98.00, and the average mean was 90.57 from 0 to
60 cm soil profile depth. The GSSI value of the QS treatment ranged from 83.11to 95.98,
and the average mean was 86.01 from 0 to 60 cm soil profile depth. The GSSI value of the
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MJ treatment ranged from 83.58 to 97.90, and the average mean was 92.52 from 0 to 60 cm
soil profile depth (Figure 3).

The soil water content profile change of all treatments decreased with increasing depth
(Figure 4). The difference in soil water content was significant in the whole profile depth.
The soil water content of the QS treatment was significantly higher than that of the other
treatments from between 0–20 cm and 50–60 cm, and the percentage increases in soil water
content were 0.44–1.59%, 0.81–1.78%, 0.61–1.48%, and 0.96–1.41%, respectively. However,
the MJ treatment was significantly greater than other treatments from 30 to 40 cm, and the
percentage increase in soil water content was 0.49–0.94%. Nevertheless, the QJ treatment
continued to have the lowest water content among all soil profiles.

 

Figure 4. The soil water content (a) and soil compaction (b) profile changes in all treatments at
changing depths. Horizontal bars represent ± SE in figure and * was significantly different at p < 0.05
by a LSD test.

Soil compaction is an important parameter of soil quality (Figure 4). Out of all of the
soil profiles, the soil compaction at 0–45 cm depth increased in all four treatments. The
largest increase was in the QJ treatment. Averaged across the depth of measurements, the
soil compaction of the QJ treatment (914 kPa) was similar to that of the MS, QS, and MJ
treatments, which had average soil compaction values of 472, 404, and 663 kPa, respectively.
All treatments have similar tread at 0–35 cm. The QJ treatment continued to have greater
soil compaction at 30–45 cm soil depth and increased by 27–109%, 82–170%, and 29–125%
compared to MJ, MS, and QS.

3.2. Tillage’s Effect on Soil Nutrients

The soil nutrient contents of the different treatments decreased with depth in all cases
except for the AK treatment. The differences in contents near the surface were higher
than at other soil depths, and the lowest soil nutrient concentrations were at the lower soil
layers. TN concentrations decreased with the increase in soil depth. It was not significant
at 0–30 cm, and it was obvious at 30 cm depth. The differences amongst treatments were
significant across all soil profiles. At 0–20 cm soil depth, the TN contents of QS were
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significantly higher than the other treatments. However, the lowest TN content for the
QS treatment was observed at 20–30 cm and 30–40 cm. At 40–50 cm, QJ and MS were
significantly higher QS and MJ, and MJ was lower than the other treatments at 50–60 cm.
The value scope of the MS treatment was 0.54 g kg−1 to 1.19 g kg−1, and the mean value was
0.95 g kg−1 in the whole soil profile. The value scope of the QJ treatment was 0.55 g kg−1 to
1.23 g kg−1, and the mean value was 0.96 g kg−1 in the whole soil profile. The value scope
of the QS treatment was 0.54 g kg−1 to 1.27 g kg−1, and the mean value was 0.91 g kg−1 in
the whole soil profile. The value scope of the MJ treatment was 0.52 g kg−1 to 1.23 g kg−1,
and the mean value was 0.95 g kg−1 in the whole soil profile. The results showed four
different tillage layer structures in the order of MS > QJ = MJ > QS.

TP concentrations decreased with the increase in soil depth, and significant differences
were detected in the soil profiles of the four tillage layer structures. At 0–20 cm soil depth,
QS was significantly higher than the other treatments. With the increase in soil depth, the
MJ was higher than the other treatments at 20–40 cm. However, the QJ was higher than
the other treatments at 40–60 cm soil depth, although this difference was not significant
amongst the four treatments. The value scope of the QJ treatment was 0.54 g kg−1 to
1.19 g kg−1, and the mean value was 0.95 g kg−1 in the whole soil profile. The value scope
of the MS treatment was 0.55 g kg−1 to 1.23 g kg−1, and mean value was 0.96 g kg−1 in
the whole soil profile. The value scope of the QS treatment was 0.54 g kg−1 to 1.27 g kg−1,
and the mean value was 0.91 g kg−1 in the whole soil profile. The value scope of the
MJ treatment was 0.52 g kg−1 to 1.23 g kg−1, and the mean value was 0.95 g kg−1 in the
whole soil profile. The results showed four different tillage layer structures in the order of
MS > QJ = MJ > QS (Figure 5).

TK concentrations decreased with the increase in soil depth, and the increasing trend
was significant with depth. The differences in the different tillage layer structures were
significant with depth across all soil profiles, except at 10–20 cm. At 0–10 cm soil depth,
QJ and MS were significantly higher than QS and MJ. At 30–60 cm soil depth, QJ was
significantly higher than the other treatments. The value scope of the QJ treatment was
0.34 g kg−1 to 0.48 g kg−1, and the mean value was 0.41 g kg−1 in the whole soil profile. The
value scope of the MS treatment was 0.32 g kg−1 to 0.50 g kg−1, and the mean value was
0.42 g kg−1 in the whole soil profile. The value scope of the QS treatment was 0.33 g kg−1 to
0.47 g kg−1, and the mean value was 0.41 g kg−1 in the whole soil profile. The value scope
of the MJ treatment was 0.33 g kg−1 to 0.46 g kg−1, and the mean value was 0.40 g kg−1 in
the whole soil profile. The results showed that the mean values for the four tillage layer
structures were similar(Figure 5).

AN concentrations decreased with the increase in soil depth. The increasing trend
was not obvious from 0 cm to 30 cm soil depth but was significant from 40 cm to 60 cm
(Figure 5). The difference between the four tillage layer structures was not significant at
0–20 cm. However, the difference was significant at other soil depths. At 20–30 cm soil
depth, MS was significantly higher than the other treatments, and QJ was significantly
higher than the other three treatments at 30–40 cm and 40–50 cm soil depth. However, MJ
was significantly higher than the others at 50–60 cm soil depth. The value scope of the QJ
treatment was 43.93 mg kg−1 to 116.75 mg kg−1, and the mean value was 91.07 mg kg−1

in the whole soil profile. The value scope of the MS treatment was 46.01 mg kg−1 to
115.53 mg kg−1, and the mean value was 89.99 mg kg−1 in the whole soil profile. The value
scope of the QS treatment was 45.28 mg kg−1 to 116.01 mg kg−1, and the mean value was
82.95 mg kg−1 in the whole soil profile. The results showed four different tillage layer
structures in the order of QJ > MS > MS > MJ.

AP concentrations decreased with the increase in soil depth. At 0–10 cm, QS was
significantly higher than the others. However, QJ was significantly higher than the others at
30–40 cm, 40–50 cm, and 50–60 cm. The value scope of the QJ treatment was 5.88 mg kg−1

to 16.30 mg kg−1, and the mean value was 11.56 mg kg−1 in the whole soil profile (Figure 5).
The value scope of the MS treatment was 6.17 mg kg−1 to 16.65 mg kg−1, and the mean
value was 11.16 mg kg−1 in the whole soil profile. The value scope of the QS treatment was
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4.96 mg kg−1 to 17.43 mg kg−1, and the mean value was 11.07 mg kg−1 in the whole soil
profile. The value scope of the MJ treatment was 5.60 mg kg−1 to 16.08 mg kg−1, and the
mean value was 10.91 g kg−1 in the whole soil profile. The results showed four different
tillage layer structures in the order of QJ = MS = MS > MJ.

 

Figure 5. Tillage’s effect on soil nutrient content in soil profile. Vertical bars represent ± SE and
Different lowercase letters indicate significant difference among different treatments at 0.05 levels.
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AK concentration was not significant with the increase in soil depth. However, the
differences in the different tillage layer structures were significant in the whole soil profile
except at 50–60 cm soil depth. MS was significantly higher than the other treatments at
0–10 cm, 10–20 cm, and 20–30 cm. QS was significantly higher than the other treatments
at 30–40 cm and 40–50 cm. The value scope of the QJ treatment was 148.25 mg kg−1 to
172.58 mg kg−1, and the mean value was 159.13 mg kg−1 in the whole soil profile. The
value scope of the MS treatment was 164.04 mg kg−1 to 175.11 mg kg−1, and the mean value
was 169.75 mg kg−1 in the whole soil profile. The value scope of the QS treatment was
163.73 mg kg−1 to 172.23 mg kg−1, and the mean value was 169.39 mg kg−1 in the whole
soil profile. The value scope of the MJ treatment was 161.86 mg kg−1 to 171.62 mg kg−1,
and the mean value was 167.15 g kg−1 in the whole soil profile. The results showed four
different tillage layer structures in the order of MS = QS> MJ> QJ (Figure 5).

The significant effects exerted by the different tillage layer structures are displayed in
Figure 6. The change trend was not significant from 0 to 30 cm soil depth, and the SOM
decreased significantly at 30–60 cm depth. At 10 cm soil depth, QS had a significantly
higher soil organic matter concentration value than the other treatments, and the increase
in SOM ranged between 3.81 and 7.20%. At 20 cm soil depth, QS had a significantly higher
soil organic matter concentration value than the other treatments, and the increase in SOM
ranged between 2.47 and 6.09%. At 40 cm soil depth, QJ had a significantly higher soil
organic matter concentration value than the other treatments, and the increase in SOM
ranged between 8.96 and 45.55%. At 50 cm soil depth, QJ had a significantly higher soil
organic matter concentration value than the other treatments, and the increase in SOM
ranged between 6.18 and 13.80%. At 60 cm soil depth, QS had a significantly higher soil
organic matter concentration value than the other treatments, and the increase in SOM
ranged between 0.78 and 8.98%.

 
(a) (b) 

Figure 6. Tillage’s effect on soil organic matter (a) and pH (b) content in soil profile. Horizontal
bars represent ± SE and different lowercase letters indicate significant difference among different
treatments at 0.05 levels.
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Soil pH value was affected by the different tillage layer structures, and the trend of
soil pH value is shown in Figure 6. The QS had a significantly higher soil pH value than
the other treatments in whole soil profile. The increase in soil pH value was not obvious
from 0 to 30 cm soil depth. However, the increase in soil pH value was observed to be
significant at 30–60 cm soil depth. Across all soil profiles, QS had a significantly higher soil
pH value than the other treatments, and the increase in soil pH value ranged between 3.75
and 14.90%.

3.3. Effect of Different Tillage Layer Structures on Root Morphology

From Table 1, it can be seen that root length, root ProjArea, root SurfArea, root
AvgDiam, and root volume are all significantly affected by the year, depth, and treatments
at the VT and R1 stage, respectively. In the VT stage, the root length in 2016 was significantly
higher than that in 2017. The root length decreased with depth, and there were significant
differences amongst the different depths. The root length of QJ and QS were significantly
higher than that of MJ and MS. The root length was significantly affected by year (Y), depth
(D), and treatments (T) Y×D, Y×T, D×T, and Y×D×T at 0.05 level. The root ProjArea in
2016 was significantly higher than that in 2017. The root ProjArea at 0–20 cm soil depth
was significantly higher than that at other depths. The root ProjArea values of QJ, MJ, and
MS were significantly higher than that of QS. The root ProjArea was significantly affected
by year (Y), depth (D), and treatments (T) Y×D and Y×T (except D×T and Y×D×T) at
0.05 level. The root SurfArea in 2016 was significantly higher than that in 2017. The root
SurfArea at 0–20 cm soil depth was significantly higher than that at other depths. The root
SurfArea values of QJ and MJ were significantly than that of QS and MS. The root SurfArea
was significantly affected by year (Y), depth (D), and treatments (T) Y×D and Y×T D×T
(except Y×D×T) at 0.05 level. The root AvgDiam in 2017 was significantly higher than
that in 2016. The root AvgDiam at 0–20 cm, 60–80 cm, and 80–100 cm were significantly
higher than at 20–40 cm and 40–60 cm soil depths. The root AvgDiam values of MJ and
MS were significantly higher than that of QJ and QS. The root AvgDiam was significantly
affected by year (Y), depth (D), and treatments (T) Y×D, Y×T, D×T, and Y×D×T at 0.05
level. The root Volume in 2017 was significantly higher than that in 2016. The root Volume
at 80–100 cm was significantly higher than that at other soil depths. The root Volume
of MJ was significantly higher than that of the other treatments. The root Volume was
significantly affected by year (Y), depth (D), and treatments (T) Y×D, Y×T, D×T, and
Y×D×T at 0.05 level.

In the R1 stage, the root length in 2016 was significantly higher than that in 2017. The
root length at 0–20 cm soil depth was significantly higher than that at 20–40 cm, 40–60 cm,
60–80 cm, and 80–100 cm soil depth. The root length of MS was significantly higher than
that of the other treatments. The root length was significantly affected by year (Y), depth
(D), and treatment (T) (except Y×D, Y×T, D×T, and Y×D×T) at 0.05 level. The root
ProjArea in 2016 was considerably higher than that in 2017. The root ProjArea at 0–20 soil
depth was significantly higher than that at other depths. The root ProjArea of MS was
significantly higher than that of the other treatments. The root ProjArea was significantly
affected by year (Y), depth (D), treatment (T), and Y×D, except Y×T, D×T, and Y×D×T at
0.05 level. The root SurfArea in 2016 was significantly higher than that in 2017. The root
SurfArea at 0–20 cm soil depth was significantly higher than that at 20–40 cm, 40–60 cm,
60–80 cm, and 80–100 cm soil depth. The root SurfArea of MS was significantly higher
than that of the other treatments. The root SurfArea was significantly affected by year (Y),
depth (D), and treatment (T) Y×D (but not Y×T, D×T, and Y×D×T) at 0.05 level. The root
AvgDiam in 2017 was significantly higher than that in 2016. The root AvgDiam at 0–20 cm
and 80–100 cm was significantly higher than that at 20–40 cm, 40–60 cm, and 60–80 cm soil
depth. There were no significant differences amongst the different treatments. The root
SurfArea was significantly affected by year (Y), depth (D), and Y×D (except treatments
(T), Y×T, D×T, and Y×D×T) at 0.05 level. The root Volume in 2016 was significantly
higher than that in 2017. The root Volume at 0–20 cm soil depth was significantly higher
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than that at 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm soil depth. The root Volume
values of QS and MJ were significantly higher than that of QJ and MS. The root Volume
was significantly affected by year (Y), depth (D), and treatments (T) Y×D, Y×T, D×T, and
Y×D×T at 0.05 level.

Table 1. Effect of tillage systems on maize roots.

VT R1

Root
Length

(cm)

Root
Proj.
Area
(cm2)

Root
Surf.
Area
(cm2)

Root
Avg.

Diam.
(mm)

Root
Volume

(cm3)

Root
Length

(cm)

Root
Proj.
Area
(cm2)

Root
Surf.
Area
(cm2)

Root
Avg.

Diam
(mm)

Root
Volume

(cm3)

Year (Y)
2016 1286.20 a 47.00 a 34.17 a 0.76 b 12.14 b 1385.8 a 47.51 a 35.02 a 0.75 b 44.76 a

2017 1051.14 b 38.09 b 27.59 b 1.44 a 62.91 a 1059.5 b 38.30 b 27.63 b 1.35 a 18.40 b

Depth
(D)

0–20 1512.00 a 58.47 a 42.51 a 1.27 a 42.72 b 1693.5 a 58.90 a 43.12 a 1.19 ab 43.11 a

20–40 1105.04 b 38.91 b 28.34 b 0.72 b 23.63 c 1118.7 b 39.06 b 28.58 b 0.71 d 19.90 e

40–60 1089.93 c 38.57 c 28.02 c 0.82 b 18.25 d 1111.0 b 39.02 b 28.51 b 0.97 c 29.89 c

60–80 1069.63 d 38.39 cd 27.83 cd 1.42 a 41.64 b 1100.0 c 38.87 bc 28.29 c 1.03 bc 37.14 b

80–100 1066.75 d 38.36 d 27.73 d 1.27 a 61.38 a 1089.6 d 38.69 c 28.12 d 1.36 a 27.87 d

Treatment
(T)

QJ 1209.67 a 42.65 a 31.24 a 0.97 b 38.82 b 1219.2 b 42.88 b 31.31 b 1.05 a 30.87 b

MJ 1195.24 b 42.61 a 31.04 b 1.30 a 40.63 a 1218.9 b 42.82 b 31.29 b 1.09 a 31.98 a

MS 1072.87 c 42.42 ab 30.59 c 1.15 ab 32.38 b 1232.8 a 43.08 a 31.46 a 1.03 a 30.85 b

QS 1196.90 b 42.49 b 30.66 c 0.99 b 38.26 c 1219.0 b 42.85 b 31.24 b 1.03 a 32.62 a

analysis
of

variance

Y * * * * * * * * * *

D * * * * * * * * * *

T * * * * * * * * ns *

Y×D * * * * * * * * * *

Y×T * * * * * ns * ns ns *

D×T * ns * * * ns ns ns ns *

Y×D×T * ns ns * * ns ns ns ns *

Numbers followed by the different letter were significantly different at p < 0.05 by a LSD test. “*” significance at
the 0.05 level of probability. “ns” was not significantly different at p < 0.05 by a LSD test.

3.4. Tillage’s Effect on Root Physiological Properties

The root physiological traits were almost affected by the stages. However, soluble
sugar, soluble protein, POD, and SOD were significantly affected by the different tillage
layer structures (Table 2). The soluble sugar content was significantly higher in QJ than
in the other treatments and only affected by the type of treatment (not other factors). The
soluble protein content was significantly higher in MS than in the other treatments and only
affected by the type of treatment (not other factors). The POD content was significantly
higher in MS than in the other treatments and only affected by the type of treatment (not
other factors). The SOD content was significantly affected by Y×S, S×T, and Y×S×T.
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Table 2. Effect of tillage on corn root physiological traits.

Soluble Sugar
%

Soluble Protein
mg·g−1

POD
u·g−1

SOD
u·g−1

Year (Y)
2016 0.003 a 7.323 a 330.14 a 223.62 a

2017 0.003 a 8.254 a 313.50 a 270.42 a

Stage (S)
VT 0.003 a 7.914 a 327.52 a 241.16 a

R1 0.003 a 7.663 a 316.12 a 252.88 a

Treatment (T)

QJ 0.005 a 7.634 bc 309.13 b 251.74 a

MJ 0.002 bc 8.503 bc 267.04 b 235.86 a

MS 0.003 bc 11.204 a 411.24 a 260.27 a

QS 0.001 c 3.815 c 299.86 b 240.22 a

analysis of
variance

Y ns ns ns ns

S ns ns ns ns

T * * * ns

Y×S ns ns ns *

Y×T ns ns ns ns

S×T ns ns ns *

Y×S×T ns ns ns *

Numbers followed by the different letter were significantly different at p < 0.05 by a LSD test.” *” Significance at
the 0.05 level of probability. ”ns”was not significantly different at p < 0.05 by a LSD test.

3.5. Tillage’s Effect on Root Dry Weight and Yield

The root dry weight of different tillage layer structures decreased with the increase in
soil depth in 2016 and 2017, respectively (Figure 7). The proportions of root dry weight
for all treatments were 78.27% and 61.70% in 2016 and 2017, respectively. However, the
differences in root dry weight were not significant among the different treatments at
10–20 cm, 20–30 cm, and 30–40 cm, respectively. The different tillage layer structures were
significantly different at 50–60 cm. In 2017, the different tillage layer structures were not
significant at 0–10 cm, 60–80 cm, and 80–100 cm. However, the differences were significant
at 20–40 cm and 40–60 cm. At 20–40 cm soil depth, MJ and QS were significantly higher
than QJ and MS. At 40–60 cm soil depth, MJ was significantly higher than other treatments.
The different tillage layer structures had significant effects on grain yield across both years.
The yield of the MJ treatment was significantly higher than the others in 2016 and 2017,
respectively. In 2016, the yield of MJ increased by 9.04%, 23.80%, and 26.06% compared
to QJ, MS, and QS, respectively (Figure 8). However, the yield of MJ increased by 11.50%,
10.10%, and 38.01% compared to QJ, MS, and QS, respectively (Figure 9).
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Figure 7. Tillage’s effect on root dry weight (g per plant) in 2016 (a) and 2017 (b). Different lowercase
letters indicate significant difference among different treatments at 0.05 levels. Horizontal bars
represent ± SE. “**” significance at the 0.01 level of probability.

 

Figure 8. Effects of tillage structures on grain yield (2016–2017). Different lowercase letters on the
vertical bars indicate significant difference among different treatments at 0.05 levels.
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Figure 9. Cont.
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Figure 9. Relationship analysis of yield and root morphology (a) traits, root physiology traits (b), soil
nutrients (c), and soil physical traits (d). “*” Significance at the 0.05 level of probability.

3.6. Correlation Analysis of Yield and Other Parameters

There was no significant correlation between the yield and morphology parameters;
however, there was a significant positive correlation between the SurfArea and Root
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length and ProjArea (Figure 9a). Yield was not significant with physiological parameters,
including soluble sugar, soluble protein, POD, and SOD (Figure 9b). There was a significant
negative correlation between the yield and TK, and yield was not correlated with other
parameters, and there were different correlations among other parameters (Figure 9c).
There was a positive correlation between yield and soil bulk density, and there was a
negative correlation between yield and R; however, there were different correlations among
the different parameters (Figure 9d).

4. Discussion

4.1. Soil Physical Properties

Improving soil physical properties is important for soil conservation and crop yield
enhancement [51]. Soil physical properties are especially positively influenced by different
crop rotations, cover cropping, conversation tillage systems, and chemical and organic
fertilizers [52–54]. Rotation can reduce stacking density, increase soil aggregate size, and
improve water retention by increasing crop residues in the soil and crop residues [10,55,56].
After tillage and harvesting operations, the soil permeability resistance, dry bulk density,
and moisture content at all depths are significantly affected by tillage [57]. Aikins et al. [58]
showed that after tillage and harvesting operations at a soil depth of 0–60 cm, the zero
tillage system produced the highest soil permeability resistance. In addition, the bulk
density (Db) of soil changes significantly with the application of different combinations of
chemical and organic fertilizers [59]. Our results also proved that soil physical properties
can be affected by many factors, such as different tillage layer structures. The MJ layer
structure is a better tillage structure that can decrease soil bulk density and soil compaction
and increase soil porosity by increasing deep tillage depth. Khurshid et al. [60] showed that
Db is an inferior organic fertilizer than inorganic fertilizer. With the continuous application
of inorganic and organic fertilizers, the soil particle density (Dp) of surface soil samples
remains basically unchanged [61]. Meanwhile, this tillage layer can improve soil water
content by enhancing the rainfall infiltration to manipulate the soil structure by improving
the three-phrase soil. Our results are consistent with those published by experts in this
regard. However, QJ did not significantly increase soil compaction and bulk density in our
study compared to the studies of others [62,63].

4.2. Soil Nutrient Characteristics

Rotation is the cheapest and most effective method to increase crop yield and soil
fertility [64]. The soil nutrient characteristics typically affected by tillage systems include
pH, CEC, exchangeable cations, and total soil nitrogen [65]. Conservation tillage, especially
MT, is superior to CT in soil chemical improvement [66–68]. Covering crops can protect
soil from erosion, reduce N and P losses, increase soil C, reduce runoff, inhibit pests,
and support animals that benefit from soil [69,70]. According to reports, the rotation of
legumes and covering crops can affect soil nutrient status [71]. Due to differences in crop
residues and soil organic matter mineralization rates, crop rotation and nitrogen fertilizer
can affect SOC sequestration in cultivated and non-cultivated soils [72]. However, our
results show that soil nutrients are significantly affected by soil depth (with the exception
of available potassium). However, soil nutrients are influenced by different tillage layer
structures with soil depth. Soil nutrient responses with depth are different for the MJ layer
treatment compared with other tillage layer structures. Soil organic matter (SOM) values
are affected with increasing depth and significantly influenced by different tillage layer
structures (except at 20–30 cm soil depth). The MJ treatment increases SOM by 10–20%
compared with other tillage layer structures. In addition, in our study, QS treatment more
effectively enhanced the increase in the pH value of the soil profile compared to the other
treatments. Covering crops is usually incorporated into the planting system as a nutritional
management tool [73]. The benefits of legume-covered crops in crop rotation have long
been recognized and are mainly attributed to the contribution of nitrogen to subsequent
crops [74].
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4.3. Root Morphological and Physiological Traits

The morphology of maize roots in the early stages of growth is influenced by tillage
intensity [75]. The root system is an important component of plants, regulating many
aspects of aboveground growth and development. Appropriate crop management can
significantly improve the ultrastructure of root tip cells and increase root length density,
and thereby increasing grain filling rate, yield, and water use efficiency [52,76]. The poor
growth of roots and buds in maize seedlings may be due to the lower surface temperature
of NT rather than mechanical impedance [77,78]. The increase in topsoil stacking density
during NT treatment may only limit root growth to a limited extent and is more pronounced
in fine-grained soil [79]. Our results show that root morphology characteristics such as root
length, root ProjArea, root SurfArea, root AvgDiam, and root volume are affected according
to the year, depth, and tillage layer structure. The MJ layer structure can enhance root
growth by improving tillage soil structure and increasing soil air and water more effectively
than other tillage layer treatments. Specifically, the MJ layer structure increased root length
and root volume significantly in deep soil. However, the difference in the root physiological
properties was not significant among treatments. The effect of cultivation on the growth
of maize roots was previously found in early growth and persisted until flowering in our
experiment [80].

The average root dry matter (RDM) of corn in the entire soil profile and growth
period is affected by tillage, and there are significant differences in RDM for each soil
layer under different tillage treatments [81]. Nitrogen fertilizer significantly reduced the
root/shoot weight ratio, but tillage did not significantly change the root/shoot weight
ratio [82]. DeFelice et al. [83] reported that tillage to 50 cm in subsoil significantly increased
the dry weight of spring maize roots at soil depths of 0–80 cm, especially in deep soil [60].
Our results showed that the root dry weight decreases with increasing soil depth. Most
of our roots were mainly distributed at 0–40 cm soil depth. The MJ treatment enhanced
the increase in root dry weight by breaking the tillage pan layer more effectively than the
others. The difference in root dry weight would have been smaller with increasing soil
depth among the different tillage layer structures. In the southern and western regions, the
yield of no-tillage is often higher than that of traditional tillage [63]. When maize is rotated,
minimum tillage can produce the same grain yield as traditional tillage [84,85]. The MJ
treatment improves maize yield significantly compared to other treatments. The yield is
increased by 14.2% compared to others under The MJ treatment via improving the soil
environment and soil function. So, our results show that the MJ tillage layer structure is the
best tillage structure for increasing maize yield by enhancing soil nutrients, improving soil
environment and root qualities. In addition, the correlation relationships were different
among yield and root morphology traits, root physiology traits, soil nutrients, and soil
physical traits (Figure 9).

5. Conclusions

Soil tillage plays a prominent role in agricultural sustainability. Different tillage layer
structures affect soil physical properties. An enhancement in the optimal tillage layer
structure improved soil structure. The MJ tillage layer structure could create better soil
structures by regulating the soil physical properties, which would be beneficial for crop
growth, increase soil water content, and adjust the soil phrase R value and GSSI. Soil
nutrients are significantly affected by soil depth (except available potassium). However,
soil nutrients are influenced by different tillage layer structures with soil depth. Soil nutrient
responses with depth are different for MJ tillage layer treatment compared with other tillage
layer structures. Soil organic matter (SOM) values are affected with increasing depth and
significantly influenced by different tillage layer structures (except at 20–30 cm soil depth).
The MJ tillage treatment increases SOM by 10–20% compared with other tillage layer
structures. In addition, QS treatment enhanced the increase in pH value in the soil profile
more effectively than the other treatments. Root morphology characteristics such as root
length, root ProjArea, root SurfArea, root AvgDiam, and root volume are affected according
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to the year, depth, and tillage layer structure. The MJ layer structure enhanced root growth
by improving tillage soil structure and increasing soil air and water compared with other
tillage layer treatments. Specifically, the MJ tillage layer structure significantly increased
root length and root volume in deep soil. However, the difference in root physiological
properties was not significant among the different treatments. Root dry weight decreases
with increasing soil depth. Most of the roots were mainly distributed at 0–40 cm soil depth.
MJ tillage treatment enhanced the increase in root dry weight by breaking the tillage pan
layer more effectively than the others. The difference in root dry weight became smaller
with increasing soil depth among the different tillage layer structures. Moreover, MJ
tillage treatment significantly improved maize yield compared with the other treatments.
The yield was increased by 14.2% compared to the other treatments under the MJ tillage
treatment via improvements in the soil environment and soil function. So, our results show
that the MJ tillage layer structure is the best tillage structure for increasing maize yield by
enhancing soil nutrients, improving the soil environment and root qualities.
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Abstract: The role of modified biochar in enhancing phosphorus (P) availability is gaining attention
as an environmentally friendly approach to address soil P deficiency, a global agricultural challenge.
Traditional phosphatic fertilizers, while essential for crop yield, are costly and environmentally
detrimental owing to P fixation and leaching. Modified biochar presents a promising alternative with
improved properties such as increased porosity, surface area, and cation exchange capacity. This
review delves into the variability of biochar properties based on source and production methods and
how these can be optimized for effective P adsorption. By adjusting properties such as pH levels and
functional groups to align with the phosphate’s zero point of charge, we enhance biochar’s ability to
adsorb and retain P, thereby increasing its bioavailability to plants. The integration of nanotechnology
and advanced characterization techniques aids in understanding the structural nuances of biochar
and its interactions with phosphorus. This approach offers multiple benefits: it enables farmers to
use phosphorus more efficiently, reducing the need for traditional fertilizers and thereby minimizing
environmental impacts, such as greenhouse gas emissions and P leaching. This review also identifies
existing research gaps and future opportunities for further biochar modifications. These findings
emphasize the significant potential of modified biochar in sustainable agriculture.

Keywords: nutrient management; agro-sustainability; engineered biochar; feedstock variability;
nanotechnology; characterization; artificial intelligence

1. Introduction

1.1. Background

Phosphorus (P) is universally recognized as an essential macronutrient vital for plant
growth and development. Its role in various plant physiological processes, such as energy
transfer, photosynthesis, and nucleic acid synthesis, is well documented [1]. It also plays
a pivotal role in plant food production, as it forms a fundamental component of plant
DNA, RNA, and ATP and participates in critical biochemical processes vital for plant
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development and reproduction [2,3]. The significance of P in agriculture can be traced
back to ancient farming practices. Animal bones, rich in P, were incorporated into the
soil to bolster crop yields, thereby highlighting the vital role of P in soil fertility and plant
growth. Over time, methods for enhancing soil with P have diversified. Before the late
19th century, P sources such as urine, animal manure, human excreta, bone ash, and guano
(seabird droppings) were extensively utilized. Today, wastewater treatment plants and
animal farms are major contributors to the production of nutrient-rich materials, including
sewage sludge, effluent, manure, and animal slaughter by-products like meat and bone
meal, all rich in P [4].

The global population is projected to reach 9.7 billion by 2050, placing significant
pressure on agriculture to enhance productivity while ensuring food security within the
constraints of limited arable land. Efficient fertilizer utilization is paramount in this context.
However, the economic efficiency of mineral fertilizers has declined owing to rising prices,
sometimes surpassing the cost of food production. Agriculture also faces challenges posed
by global climate change driven by greenhouse gas (GHG) emissions. Finite geological re-
sources for manufacturing fertilizers and market fluctuations in fertilizer minerals intensify
competition and jeopardize food security [5]. Notably, the finite geological reserves of phos-
phate rock, the primary source of P fertilizer, are not considered in agricultural practices
or global trade, presenting a short-sighted approach. However, phosphate rock mining
underpins modern agriculture, supporting the boom in human population prosperity [6].

In modern agriculture, the reliance on phosphate fertilizers sourced from depleting
non-renewable phosphate rock reserves is intensifying alongside the rapidly increasing
global food demand (Figure 1). This highlights the urgent need for sustainable phosphorus
(P) management strategies [6]. The direct application of P to soils often results in its fixation,
primarily through chemical interactions with soil minerals like iron and aluminum oxides
in acidic conditions or with calcium in alkaline soils, forming insoluble compounds that
limit its availability to plants [2,7]. Such fixation reduces the efficiency of fertilizers by
immobilizing a significant portion of P, making it inaccessible to plants [8] and contributing
to environmental degradation. Persistent use of P-enriched fertilizers and manure leads to
P accumulation in soils, which, through erosion and leaching, can affect aquatic ecosystems
by promoting eutrophication [9]. Moreover, the inefficiency in P use raises concerns about
the future scarcity of this finite resource [10]. Given these challenges, developing innova-
tive strategies to enhance P availability in soils is imperative, ensuring both agricultural
productivity and environmental sustainability.

1.2. P Dynamics in Soils

As illustrated in Figure 2, P dynamics in soils underscores its integral role in plant
nutrition and broader agricultural sustainability. The P cycle is a complex interplay of
biogeochemical processes that regulate the movement, transformation, and availability
of P in terrestrial ecosystems [7]. The cycle begins by weathering primary minerals, such
as apatite, releasing P into the soil system. Once present in soil, P can undergo various
transformations. It can be absorbed by plants primarily as orthophosphate ions, either as
H2PO−

4 in acidic soils or as HPO2−
4 in alkaline conditions [8]. This soil solution P serves

as the direct source for plant uptake, as its reverted or fixed forms are not as accessible.
However, P is not only statically held in the soil. It interacts dynamically with both organic
and inorganic matter. Soil microorganisms play a role in the mineralization of organic P,
converting it into inorganic forms that plants can utilize [11].
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Figure 1. P in agriculture: its role, challenges in soil fixation, management strategies, and the potential
of biochar.

Conversely, immobilization causes plants and microbes to take up inorganic P, con-
verting it into organic form. Additionally, various reactions such as adsorption, desorption,
dissolution, and precipitation determine the concentration of P ions in the soil solution. A
significant consideration in the P-cycle is the potential for loss. Soil erosion and runoff can
carry away both particulate and soluble forms of P, which can lead to aquatic eutrophication
if they enter water bodies [12]. Leaching is another pathway through which soluble P
might move to deeper soil layers or groundwater, rendering it unavailable to plants [13].
To counterbalance these losses and maintain soil P levels, external inputs such as compost,
manure, biosolids, phosphatic fertilizers, and biochar are often incorporated [10,14]. These
inputs undergo transformations, further contributing to the dynamic nature of the P cycle.
Hence, adequate P availability in the soil solution must be ensured to achieve economically
optimal crop yields.
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Figure 2. P dynamics in soils: a comprehensive depiction of sources, transformations, and losses that
govern the availability and movement of P in terrestrial ecosystems.

1.3. Overview of Biochar and Its Role in P Management

Biochar is derived from the pyrolysis of organic materials in oxygen-limited environ-
ments. During the last few years, research on biochar has gained significant momentum
in both environmental and agricultural research (Figure 1). This carbon-rich product is
distinguished by its high carbon content, abundant surface functional groups, and porous
structure, making it a versatile candidate for various applications [15,16]. Moreover, the
potential of biochar to revolutionize P management in agriculture has come to the forefront.
This versatile soil amendment possesses intrinsic properties that make it a unique solution
for addressing the challenges of soil P fixation. Its highly porous structure and significant
surface area, coupled with the presence of functional groups, enable biochar to effectively
adsorb P [10,17,18]. Although unmodified biochar generally has low phosphate sorption
capacity, mineral-rich biochar is an exception. Engineered biochar, modified with vari-
ous elements, features enhanced surface characteristics such as charge, surface area, pore
volume, and functionality. These modifications significantly boost its phosphate sorption
capacities, turning biochar into an effective reservoir for adsorbed phosphorus, thereby
ensuring prolonged availability to plants [13,17]. Additionally, certain biochars can be
tailored to achieve a slow-release pattern of P, providing a sustainable source of P for plant
growth [19]. The continued emphasis on research in this area underscores the potential of
biochar as a sustainable solution to contemporary environmental challenges.
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Furthermore, the influence of biochar on P dynamics extends beyond that of direct
adsorption. It indirectly affects soil ecosystems by improving soil structure, water retention,
and microbial communities (Figure 1). These enhancements foster plant nutrient uptake,
increase soil nutrient availability, and promote microbial activity that assists P solubi-
lization [20,21]. However, the efficacy of biochar as a P management tool is influenced
by factors such as feedstock, pyrolysis conditions, and post-production modifications,
which can significantly alter its characteristics and, consequently, its P adsorption capacity.
Biochar has emerged as a pivotal solution to counter P fixation challenges in agriculture.
Owing to its versatile attributes, including P adsorption, soil condition enhancement, and
facilitation of microbial interactions, biochar is a potent resource for optimizing P use and
reducing environmental implications. The purpose of this article is to comprehensively
review recent advancements in biochar modifications aimed at enhancing phosphorus
utilization in agriculture, identify the existing gaps in the research, and suggest directions
for future studies.

2. Phosphorus Fixation Challenges and Impacts

2.1. Significance of Phosphorus in Crop Nutrition

P is an essential macronutrient for plant growth and development. It plays pivotal
roles in various physiological processes, including photosynthesis, respiration, protein
synthesis, nucleic acid formation, and energy transfer [1,2]. It is also considered integral
to ATP production, which is the primary cellular energy source [22]. In addition, they
contribute to the formation of phospholipids, which are essential components of cell mem-
branes that serve as sensory interfaces and in metabolic processes [23]. The role of P in crop
nutrition extends to root development, flowering, and fruiting. Adequate P levels support
robust root systems, improving nutrient and water uptake [24]. Moreover, it is critical for
flower and seed production during the reproductive phase and ultimately influences crop
yield [25]. Despite its importance, P is often present in the soil in forms that are inaccessible
to plants owing to fixation processes [7]. This limitation can lead to P deficiency in crops,
resulting in stunted growth and reduced yield.

2.2. Detrimental Effects of P Fixation

P fixation in soil presents multifaceted challenges for sustainable agriculture, encom-
passing economic and environmental implications (Figure 1). Reduced crop productivity
due to P deficiency resulting from fixation leads to stunted growth, decreased flowering,
and yield decline, causing financial losses to farmers despite increased fertilizer use [26].
The economic repercussions are exacerbated by the necessity for increased fertilizer applica-
tion rates to counteract P fixation, culminating in heightened farming expenditures devoid
of guaranteed commensurate yield enhancements. These augmented agricultural costs
place a substantial burden on farmers, primarily stemming from the escalated expenses
incurred by intensified fertilizer utilization to combat P fixation. Consequently, these ele-
vated costs pose a significant threat to the sustainability of farming operations, a concern
that is particularly acute for smallholder farmers [27,28].

P fixation has profound environmental implications, notably leading to environmental
degradation. It gives rise to the runoff of P into freshwater bodies, ultimately resulting in
water pollution and eutrophication, thereby jeopardizing aquatic ecosystems. The excessive
use of P fertilizers in response to fixation can exacerbate nutrient runoff into freshwater
bodies, intensifying eutrophication, characterized by oxygen depletion, proliferation of
harmful algal blooms, and loss of aquatic life [9,29]. Moreover, the production and transport
of P fertilizers are associated with greenhouse gas emissions, intensifying the contribution
of agriculture to global warming [9,30]. Unsustainable resource use is another outcome
of P fixation. As the global reserves of rock phosphate, a primary P fertilizer source, are
depleted, optimizing P use in agriculture is imperative. P fixation reduces the efficiency of
applied P, necessitating more resource extraction to meet agricultural demands [10]. The
degradation of soil health is a significant concern associated with P fixation. Continuous
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P fertilizer application can disrupt soil microbial communities, reduce organic matter,
and create secondary nutrient imbalances, ultimately compromising both soil health and
productivity [29,31,32]. Addressing P fixation is imperative because these changes can
degrade soil health over time, affecting resilience and overall capacity to sustain crops and
ecosystems. It is essential not only to enhance crop productivity but also to mitigate its
far-reaching economic, environmental, and sustainability challenges.

3. Role of Biochar in P Adsorption

3.1. Basic Mechanism of P Adsorption by Biochar

Biochar, which originates from the pyrolysis of organic materials in an oxygen-limited
environment, has rapidly gained attention in the agricultural realm, particularly for its
capacity to enhance soil fertility and mitigate P fixation. Understanding the mechanisms
underpinning the ability of biochar to adsorb P provides insights into its multifaceted bene-
fits and the means to tailor its production for specific agricultural needs. The fundamental
mechanisms governing the capacity of biochar to adsorb P are based on its physicochemical
attributes. The porous structure, extensive surface area, abundant surface groups, and
mineral content of biochar play pivotal roles in its P adsorption capability [1]. The porous
structure of biochar, characterized by its intricate network of pores, provides numerous
sites for P adsorption, effectively capturing soluble P from soil solutions and preventing
its loss or fixation. Additionally, the surface chemistry of biochar, enriched with diverse
functional groups such as hydroxyl, carboxyl, and phenolic groups, actively interacts with P
to form complexes that facilitate P adhesion to the biochar surface. Electrostatic interactions
further enhance this process. Biochar surfaces often carry a negative charge, which attracts
positively charged P species, such as H2PO−

4 and HPO2−
4 [33]. This electrostatic attraction

facilitates the adsorption of P onto the biochar surface.
The ability of biochar to modulate soil pH, particularly in acidic soils, contributes to

P availability. By increasing the soil pH to an optimal range, biochar enhances P solubility
and reduces the risk of soils [34]. Ligand exchange is another significant mechanism of
P adsorption, especially for biochars that undergo post-pyrolysis modifications to introduce
or enhance specific surface functionalities [34]. This process involves the substitution of
other ions with P ions on the biochar surface, thereby contributing to P retention (Figure 3).
Furthermore, biochar has the potential to serve as a slow-release fertilizer, gradually
releasing adsorbed P over time [35]. This controlled release benefits plant growth while
minimizing P runoff into water bodies [33]. In addition to its role in P adsorption, biochar
can effectively address soil acidity issues and improve soil health and fertility. Various
types of biochar, enriched with minerals and produced at different temperatures, have
been found to increase soil pH and basic cation retention, thereby promoting plant growth
and yield [34]. Diverse biochar applications have been extended to the removal and
recovery of P from aquatic environments, thereby contributing to eutrophication control and
sustainable P reuse in agriculture. Modified biochars have demonstrated high P adsorption
capacities, effectively reducing total P concentrations in water bodies and inhibiting algal
growth [12]. Overall, biochar’s multifaceted properties and mechanisms make it a valuable
tool for managing P in agriculture, enhancing soil fertility, and mitigating the detrimental
effects of P fixation.
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Figure 3. A visual representation of the diverse feedstocks and their unique contributions to environ-
mentally beneficial and economically viable biochar sourcing.

3.2. Factors Influencing Adsorption and Desorption

Understanding biochar’s adsorption and desorption mechanisms is essential for pre-
dicting its behavior in soil environments and optimizing its use in P management. Var-
ious factors play a role in determining the efficiency and reversibility of P binding to
biochar surfaces [33,36].

Surface area and porosity: The micro-and mesoporosity of biochar significantly influ-
ence P adsorption. A higher surface area means more available sites for P to bind, with the
pores acting as reservoirs, trapping P, and thereby modulating its availability to plants [1].

Surface functional groups: The chemisorption of P onto biochar is influenced by its
functional groups, such as carboxylic (–COOH), hydroxyl (–OH), and phenolic (–ArOH)
groups. These functional groups play pivotal roles in interactions with P ions, primarily
through mechanisms such as ligand exchange and electrostatic attraction [1,37].

The pH of the system: The pH of the biochar and the surrounding environment
plays a crucial role in adsorption. Typically, biochars are alkaline, making their surfaces
negatively charged and thus facilitating the adsorption of positively charged ions such as
Ca2+, Mg2+, K+, and NH4+ [38]. Moreover, pH affects the dominant adsorption mechanism
by influencing the P species and surface characteristics [1,39].

The presence of competing ions: Ions such as Cl−, SO2−
4 , and HCO−

3 in contaminated
water and soil can affect phosphate adsorption [40,41]. Moreover, ions such as Ca, Mg,
and Al present in the soil can compete with P for available adsorption sites on biochar.
These competing ions, especially SO2−

4 and HCO−
3 , can hinder the formation of calcium

and magnesium phosphate, thereby affecting the adsorption efficiency [40].
Biochar mineral content: The mineral content of biochar, either inherent or introduced

during pyrolysis, can aid in P adsorption. Minerals such as Ca, La, Fe, and Al can bond
strongly with P, enhancing its retention capacity [42,43]. For example, biochar modified
with Ca from oyster shells or La showed enhanced P adsorption capabilities over a broad
pH range, demonstrating the significant influence of mineral content on the adsorption
mechanism [43]. Moreover, research by Yang et al. [44] and Cui et al. [42] has emphasized
that composite biochars impregnated with FeCl3 or MgCl2 can efficiently recover P from
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wastewater. Their findings highlight the importance of mineral matching in biochar to
optimize P recovery and reduce secondary pollution.

Temperature and contact time: Both the temperature of the system and the duration
of contact of the biochar with P-rich solutions influence the adsorption kinetics. Elevated
temperatures can accelerate adsorption, whereas extended contact times may saturate the
adsorption sites [45,46].

Biochar properties are also influenced by factors such as the pyrolysis temperature
and feedstock, which impact P adsorption. Utilizing biochar for P management offers eco-
logical and agricultural benefits; however, its adsorption capabilities vary. Understanding
these factors is crucial for tailoring applications to address the P challenges in agriculture
and the environment.

4. Advancements in Biochar Preparation

4.1. Feedstock Variability in Biochar Production and Its Implications

The ability of biochar to adsorb P varies significantly depending on several key
factors, including feedstock choice, pyrolysis conditions, and post-pyrolysis modifications.
Biochar, with its distinct properties determined by feedstock and production parameters,
is a multifunctional tool with the potential to reshape agricultural and environmental
landscapes. Its efficacy in P adsorption and the attributes it brings into applications are
deeply rooted in the type of feedstock utilized [1]. Historically rooted in a diverse array
of biomass sources, ranging from animal residues to plant materials, biochar production
has always been intertwined with the inherent characteristics of the chosen feedstock
(Figure 3). Elements such as lignin and cellulose from these feedstocks play a pivotal role
in determining the final attributes of biochar, such as surface properties and porosity [47].
For instance, hardwood-derived biochars, renowned for their high carbon content, offer
enhanced soil stability and present an increased potential for long-term P retention [48].

On the other hand, biochars sourced from agricultural residues are often enriched
with nutrients due to the nutrient-rich nature of the initial biomass, as indicated by Freitas
et al. [14]. Notably, due to their inherent inorganic mineral content, certain feedstocks,
such as rice husks and bones, pave the way for biochars with elevated P adsorption sites,
optimizing their capacity to retain P [49]. In the modern context, the versatility of biochar is
further demonstrated by studies such as that of Roberts et al. [50], which brought seaweed-
derived biochar into the spotlight. These biochars, characterized by their low carbon yet rich
essential trace element content, offer a pH spectrum from neutral to alkaline, showcasing
their adaptability across varied soil types. Given the complex interplay between feedstock
types and their resultant biochars, a comprehensive grasp of feedstock variability is crucial.
Such an understanding aids in tailoring biochar applications, optimizing benefits, and truly
harnessing its potential in both the agricultural and environmental domains.

4.2. Evolution of Pyrolysis Techniques and Their Influence on Biochar Production

Biochar, a carbon-rich product, is traditionally produced using various pyrolysis tech-
niques. The transformation of organic materials through pyrolysis has evolved significantly,
with the employed techniques profoundly affecting the properties of the resultant biochar
(Table 1). Historically, biochar production has primarily relied on traditional kilns, such
as simple earth mounds, pit kilns, and brick kilns, mainly used in rural areas [51]. While
these kilns proved cost-effective for small-scale production, they faced challenges in terms
of carbonization rate, quality, and yield and also had drawbacks related to pollution, labor
intensity, and land costs. Considering the limitations of traditional kilns, innovations have
led to the development of enhanced versions. These improved kilns retained the essential
features of their predecessors but incorporated modifications to augment biochar yield
and reduce environmental impacts, effectively bridging the gap between tradition and
efficiency [51,52]. The rising scale and demand for biochar have paved the way for the
advent of industrial production technologies. For large-scale operations, these systems
emphasize product consistency and higher throughput. The challenges and global em-
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phasis on sustainability have catalyzed the emergence of the newest pyrolysis systems,
prioritizing high yields with reduced emissions. These state-of-the-art systems integrate
the latest research and innovative methods, such as microwave pyrolysis, often leveraging
specialized reactors for precision control. Their overarching goal is to harmoniously pro-
duce high-quality biochar while minimizing the environmental footprint and setting new
standards in biochar production [53].

4.3. Advances in Pyrolysis Techniques

Pyrolysis, a notable thermochemical decomposition process, has been the focal point
of research owing to its capability to convert organic materials into valuable products,
primarily biochar [52]. The attributes of the resultant biochar, especially its P adsorption
and desorption properties, are heavily influenced by various factors, such as the pyrolysis
method employed, temperature, and residence time [54,55]. This transformation process
plays an essential role in sustainable agricultural practices, particularly in efficiently man-
aging P [56]. Among the various pyrolysis methodologies, slow pyrolysis has historically
been significant. The favored method was characterized by extended residence times and
temperatures ranging from 300 ◦C to 700 ◦C [57]. This method has traditionally been
associated with producing biochar using basic systems such as earth mounds, pit kilns, and
brick kilns, particularly in more rural settings [57]. Conversely, fast pyrolysis, characterized
by elevated temperatures and rapid heating rates, took center stage, primarily producing
bio-oil with biochar and syngas as secondary outputs [55].

Recent innovations have paved the way for developing more advanced pyrolysis
techniques. Microwave pyrolysis is one such method that has gained traction owing
to its energy efficiency and uniform heating. This approach has emerged as a favored
choice for modular systems designed for efficient solid waste management [52]. Moreover,
hydrothermal carbonization has been introduced to address the challenges of processing
wet biomass. This technique yields hydrochars that possess a pronounced degree of
carbonization compared to their counterparts derived from torrefaction, making them
uniquely suitable for specific agricultural contexts [54]. Furthermore, there have been
advancements beyond traditional pyrolysis. For instance, intermediate pyrolysis reactors,
also referred to as converters, are being explored for the large-scale balanced production
of char and bio-oil from forests and agricultural waste without the need for exhaustive
preprocessing [52]. Additionally, torrefaction, another thermal treatment, augments the
qualities of biomass and biochar, enhancing their fixed carbon content and energy density
rendering them valuable for energy pursuits [54]. To further advance the potential of
biochar, clay–biochar composites have been developed by integrating clay minerals during
pyrolysis, resulting in products with superior cation exchange capacities and P retention,
potentially elevating soil quality and nutrient management [58].

Elevated pyrolysis temperatures generally result in biochar with a greater surface
area, porosity, and carbon content, all of which augment its P adsorption capacity [36].
However, excessively high temperatures can lead to the volatilization of essential nutrients,
potentially limiting the nutrient supplementation capacity of biochar. However, they also
result in reduced CEC and volatile matter due to the extensive decomposition of organic
matter [47]. Such biochars, with larger surface areas, heightened porosities, and produced at
higher temperatures, have properties that can notably improve P adsorption [36]. Despite
high temperatures enhancing certain properties, they can also diminish the functional
groups essential for P binding [45]. Thus, the quest to determine an optimal temperature to
produce biochar tailored for specific applications remains at the forefront of many studies.

The residence time, categorized into slow and fast pyrolysis, is another decisive factor
in determining biochar quality and yield. Characterized by temperatures ranging from
300 to 700 ◦C and longer residence times, slow pyrolysis predominantly produces biochar.
These extended residence times can foster secondary reactions, refine the biochar structure,
and influence its P retention potential [59]. This method is favorable when producing higher
biochar outputs that excel in P adsorption, as demonstrated by Tenic et al. [55]. In contrast,
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fast pyrolysis, with its short residence times and elevated temperatures, is geared towards
maximizing bio-oil production, relegating biochar to a secondary product [53]. Biochars de-
rived from slow pyrolysis typically exhibit a high fixed carbon content, suggesting superior
stability and microbial decomposition resistance. Such biochars, especially those sourced
from lignin-rich feedstocks, have been highlighted for their enhanced P adsorption capaci-
ties, implying their suitability for long-term environmental applications [53,60]. Drawing
from research findings, it is evident that pyrolysis temperature and residence time, particu-
larly in slow pyrolysis, play a central role in determining the P adsorption and desorption
attributes of biochar. The choice of these production parameters significantly shapes the
physicochemical properties of biochar. Additionally, sourcing biochar from P-rich feed-
stocks accentuates its critical role in the ecological P cycle. Mastering these production
nuances ensures that biochar remains a pivotal tool for sustainable P management.

Table 1. Comparison of traditional and modified biochar characteristics.

Property/
Characteristic

Traditional
Biochar

Modified Biochar
Impact on P
Adsorption

P Adsorption by
Modified Biochar

Experimental
Conditions

References

Porosity
Low to

moderate

Enhanced, due to
specific

modification
techniques

Higher porosity can
increase the surface area

available for P
adsorption

620 mg g−1 Phosphate
solutions [61,62]

Surface Area
(m2/g)

Typically <300

Can exceed 1000,
depending on the

modification
technique

A larger surface area
provides more

adsorption sites,
increasing P retention

10.4 mg g−1 P-containing
wastewater [63,64]

pH
Generally

alkaline, but
variable (6–9)

Can be fine-tuned
to desired values

using specific
precursors or

post-treatment
methods

pH close to phosphate’s
zero point of charge

(pH_zpc) can enhance P
adsorption

95.2 mg g−1 River
sediment-water [12,61]

Cation Exchange
Capacity (CEC)

Moderate

Enhanced due to
the addition of

functional groups
or mineral phases

Higher CEC can lead to
better P retention by

promoting ion exchange
28–29 mg g−1 Phosphate

solutions [65]

Presence of
Functional

Groups

Limited
presence of
hydroxyl,

carboxyl, and
phenolic
groups

Enriched with
specific functional

groups
post-modification

Functional groups play
a crucial role in P

binding, especially
hydroxyl groups

24.7 mg g−1 Phosphate
solutions [35]

Stability in Soil Moderate

Enhanced,
especially if

cross-linked or
treated with

minerals

Stable biochars persist
longer in soil, providing

sustained P
management

Reduced P runoff
from soil;
greater

microaggregate
stability.

Temperate
Agricultural

Soil
[66]

Hydrophobicity
Often high due
to carbon-rich

nature

Can be adjusted
using

post-treatments

Lower hydrophobicity
may promote aqueous

interactions and P
adsorption

56.12 mg g−1 Phosphate
solution [67,68]

Metal Content
It depends on
the biomass

source

It can be enriched if
treated with metal

solutions

Metals can act as
bridges for P, enhancing

its adsorption onto
biochar through ligand

exchange and
electrostatic attraction

19.66 mg g−1 Phosphate
solution [64,69]

Comparison of the properties and characteristics of traditional and modified biochars and their implications for
P adsorption. The table provides an overview of how specific modifications in biochar can enhance its efficiency
in P management.
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5. Modification and Characterization

5.1. Biochar Modification Techniques

Post-pyrolysis modification of biochar can significantly boost its ability to adsorb P.
Utilizing activation agents such as steam or carbon dioxide augments the biochar’s surface
area and microporosity. The integration of nanoparticles, metalloids, and alterations in
functional groups further optimized P retention capabilities (Figure 4). Modern enhance-
ments in biochar modification techniques are paving the way for improved performance
of this carbon-rich material, particularly in agricultural and environmental contexts. By
tailoring the properties of biochar to fit specific needs, its efficacy in nutrient and water
retention and contaminant immobilization is greatly amplified.

Figure 4. A comprehensive overview of post-pyrolysis modifications for biochar: enhancing structure,
functionality, and P retention capabilities.

5.2. Functional Groups in Biochar

Biochar has garnered increasing attention for environmental applications, especially
because of its rich functional groups that play a vital role in adsorption and pollutant
remediation. Among these alkaline functional groups, predominantly hydroxyl (–OH) and
carboxylate (–COO−) groups are essential for their pronounced influence on P adsorption
and retention of other ions [70,71]. The abundance and density of these alkaline functional
groups on the biochar surfaces varied significantly depending on the feedstock and pyroly-
sis conditions. For example, a higher pyrolysis temperature often leads to the formation of
more aromatic structures, thereby reducing the density of these functional groups. How-
ever, moderate pyrolysis temperatures may enhance the concentration of alkaline functional
groups and optimize P adsorption [72]. The influence of different temperatures and carrier
gases on biochar yields and properties revealed that higher temperatures result in fewer
functional groups and a more significant surface area [72]. Modification of post-production
processes, such as chemical activation or functionalization, can further introduce or en-
hance alkaline functional groups (Figure 4). Chemical treatments using strong alkalis, such
as KOH or NaOH, can considerably increase the number of hydroxyl and carboxylate
groups [71,73]. Owing to its tailored functionalities, biochar has emerged as a promising
material for remedying soils laden with heavy metals, reducing phosphorous fixation,
and improving soil properties [74]. The application of novel biochar materials, such as
ball-milled P-loaded biochar (BPBCs) prepared by combined ball milling and P loading,
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has been observed to enhance soil properties and increase soil nutrient concentrations.
BPBCs also help reduce soil alkalization and promote plant growth in coastal saline-alkali
soils [70]. Moreover, these electrostatic interactions, driven by the negative charges of the
alkaline functional groups, ensure P retention on the biochar surface, thereby providing a
solution for reducing water pollution [75].

Chemical modifications, such as the introduction of Mg, Ca, K, Fe, Zn, or Al, can
also enhance the affinity of biochar for P (Figure 4). Moreover, modification of biochar
through processes such as Mg impregnation can further enhance its adsorption capacity
for P. For instance, hardwood biochar modified with Mg exhibited a 34% increase in
its adsorption capacity, making it a promising candidate for phosphate recovery and
subsequent slow-release fertilizer applications [76]. One notable breakthrough is chemical
activation, in which biochar is treated with activating agents such as potassium hydroxide
(KOH), phosphoric acid (H3PO4), or zinc chloride (ZnCl2). This treatment significantly
increases biochar’s surface area and porosity, thus improving its adsorption capabilities,
particularly for heavy metals, organic pollutants, and essential nutrients such as P [77].
Furthermore, iron oxides are recognized for their strong affinity to phosphate, making them
ideal candidates for biochar modification. A study conducted by Wu et al. [41] explored rice
straw-derived biochar modified with ferrous chloride (Fe(II)) and ferric chloride (Fe(III)).
Notably, the Fe(II) biochar displayed superior phosphate adsorption capabilities, attributed
to its amorphous state of FeOOH, which has high isoelectric points. The presence of Fe
enhances phosphate adsorption through mechanisms such as electrostatic attraction and
ligand exchange. Moreover, these field experiments highlighted that chemically modified
biochars boosted available P and remarkably decreased leaching in saline-alkaline soils.

Calcium, which is abundant in various waste materials, is another pivotal element in
P chemistry. Utilizing marble waste and calcium-rich sepiolite, Deng et al. [78] synthesized
Ca/Mg-biochar composites that demonstrated exceptional phosphate adsorption. The
mechanism is driven by reactions where Ca or Mg ions in the biochar react with phosphate
to form precipitates such as Ca5(PO4)3OH and Mg3(PO4)2, mitigating phosphate mobility.
In a recent study by Tu et al. [79], the research focused on the effectiveness of biochar
modified with MgO for P recovery. This study involved the co-pyrolysis of MgO with
various raw materials, resulting in different modified biochars: MgO–rice straw, MgO–corn
straw, MgO–Camellia oleifera shells, and MgO–garden waste. The results demonstrated a
significant improvement in the P adsorption capacities of these modified biochars, with
MgO–rice straw displaying the highest capacity. The mechanisms responsible for P ad-
sorption were identified as physical adsorption, precipitation, and surface inner-sphere
complexation, with electrostatic attraction playing a limited role.

Additionally, the study found that P adsorbed on these biochars could be released
under various pH conditions. MgO–rice straw exhibited modest desorption efficiency,
making it a potential candidate for slow-release fertilizers [35]. Extending the exploration
to lanthanum, Feng et al. [43] investigated a calcium-modified biochar incorporating
sheep manure and oyster shells, showing a limitation in its low-pH adaptability. To
counteract this, lanthanum was integrated into biochar, resulting in consistent phosphate
adsorption across a wide pH range. The distribution of calcium and lanthanum in the
biochar matrix, predominantly on the surface and internal pore structure, respectively,
is pivotal for its performance. Another promising avenue for biochar modification is co-
pyrolysis, which involves blending biomass with inorganic or organic additives during
pyrolysis. For example, combining livestock manure or algae with biomass during pyrolysis
allows for the customization of the nutrient profile of the resulting biochar, making it a
potent and tailored fertilizer for agricultural use [80]. Therefore, algal-derived biochar is
a valuable resource. Rich in nutrients and boasting strong ion-exchange capacity, algal
biochar has applications in agriculture, acting as a cost-effective and efficient fertilizer, and
in wastewater treatment owing to its porous structure and ion-exchange capabilities [81].
Recognizing the essential role of alkaline functional groups in biochar enables the tailored
creation of biochar primed for P adsorption. Modified biochars, enriched with metals such
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as Mg, Ca, K, Fe, Zn, Al, and La, present innovative solutions for soil contamination and P
sequestration, promoting sustainable agriculture while repurposing waste materials. This
amplifies biochar’s efficiency and addresses the pressing issue of P mobility in soils.

5.3. Nanotechnology and Its Role in Enhancing P Adsorption

The potential of nanotechnology in the field of environmental sustainability has
been captured by its application to biochar. Nanomaterials (NMs), which are central to
nanotechnology, exhibit unique attributes, such as large surface areas, superior cation
exchangeability, and heightened ion absorption capabilities [82]. Nanocomposite biochars
have gained attention by leveraging nanotechnology to introduce nanoparticles into the
biochar matrix, such as metal oxides or bio-based nano-compounds. These nanocomposites
exhibit targeted functionalities, rendering them effective for precise nutrient release and
pollutant remediation [83]. The nuanced differences between NMs and their bulk coun-
terparts can revolutionize how contaminants are addressed, particularly in P adsorption.
Yuan et al. [84] demonstrated that owing to their minuscule size and adaptable surface
chemistry, nanoscale materials can achieve a more intimate level of interaction with P.
When harnessed in biochar, this translates to augmented surface area testing with active
sites optimized for P adsorption, leading to enhanced adsorption rates. Research in this
domain is dynamic and diverse.

Researchers have made significant efforts to develop nanoscale biochar solutions. For
instance, Sun et al. [85] reported a project that resulted in a nano-biochar composite formu-
lated using nanoSiO2 doping. This composite shone in purifying P-rich waters and proved
its poor adsorption capacity, recyclability, and environmental compatibility when pitted
against more traditional straw biochar materials. Wu et al. [41] ventured into nanoparticle–
biochar integrations with a spotlight on iron oxide. Their rigorous experiments, which
utilized rice straw-derived biochar infused with ferrous chloride (Fe(II)) and ferric chloride
(Fe(III)), yielded compelling results. Fe(II) biochar has emerged as a frontrunner in phos-
phate adsorption and has displayed robust resilience against environmental challenges,
such as pH shifts and competing anions. This was not just a laboratory victory; the Fe(II)
biochar exhibited an 86.4% reduction in leaching, demonstrating its real-world application
in mitigating P losses, especially in saline-alkaline soils.

Delving deeper into the realm of P adsorption, Cui et al. [86] demonstrated the
advantages of FLO@CSL as a novel adsorbent. This brainchild, which is a FeLaO3-modified
sulfomethylated lignin (SL) biochar, hinges on the synergistic affinity of lanthanum (La)
and iron (Fe) (hydro) oxides for phosphate. Its standout features include remarkable
adsorption capacity and a streamlined magnetic separation process, making it a potential
game-changer in wastewater treatment. However, the innovation odyssey continues.
Yin et al. [87] investigated the challenge of water eutrophication, shedding light on the
crucial role that modified biochars can play. Their extensive experimentation led them to
pinpoint Mg–Al-modified biochars as a formidable solution, especially when confronted
with complex mixtures, such as the coexistence of NH+

4 , NO−
3 , and PO3−

4 . Peng et al. [88]
introduced new frontiers by focusing on the agricultural sector. Their work on metal oxide-
modified biochars, especially those bolstered by FeAl and MgAl, revealed multifaceted
benefits. These ranged from heightened soil P availability and promotion of inorganic
P-solubilizing bacteria to a marked reduction in P leaching. Advancements in biochar
research were also enriched by Zhang et al. [89] with their nano zero-valent zinc (nZVZ),
which aimed to enhance the active sites, thereby improving P adsorption capacity.

Furthermore, Ce3+-enriched ultrafine ceria nanoparticle-loaded biochar exhibited a
rapid and efficient phosphate adsorption capacity, which is particularly beneficial owing to
the unique characteristics of ceria nanoparticles [90]. In salt-affected soils, nano-biochar
amendments have shown the potential to enhance P adsorption due to oxygenated func-
tional groups [91]. Nano zero-valent iron-modified biochar has demonstrated heightened
phosphate adsorption capacities, proving especially effective in eutrophication control
and potential agricultural applications [12]. Lastly, nano-MgO biochar composites have
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been identified as potent adsorbents, with their efficacy amplified when the biochar is
co-pyrolyzed with magnesium citrate, showcasing impressive P immobilization [92]. Collec-
tively, these studies highlight nanotechnology’s transformative role in amplifying biochar’s
P adsorption capacity. This synergy promises environmental advancements and paves
the way for enhanced agricultural productivity. As we navigate these innovations, en-
suring a future where agriculture seamlessly blends productivity with environmental
mindfulness is paramount.

6. Biochar in Sustainable Agriculture

Biochar, a carbon-rich material produced from the pyrolysis of biomass, offers a holistic
and sustainable solution to various agricultural challenges in addition to traditional soil
amendment methods [55]. The conversion of crop residues into biochar can sequester large
amounts of CO2 with substantial potential in specific regions. One of its key advantages is
that, when incorporated into agricultural practices, it offers significant carbon sequestration
potential at the national level, contributing to climate change mitigation [93]. Studies
have demonstrated the capacity of biochar to sequester carbon from the atmosphere, with
potential variations based on soil pH levels. Notably, acidic soils tend to release more
CO2 after biochar application than neutral or alkaline soils, emphasizing the need to
consider soil pH when assessing carbon sequestration potential [94]. Additionally, the
use of biochar in agriculture can mitigate various environmental issues, including marine
aquatic biodiversity destruction, soil and water acidification, and eutrophication [95]. The
inherent minerals present in biomass significantly influence carbon conversion during
pyrolysis and, consequently, the properties of biochar. Removing these minerals before
pyrolysis has increased carbon retention in biochar and enhanced its stability. This removal
process produces biochar with a higher chemical and thermal oxidation decomposition
resistance, making it a more effective carbon sequestration tool [96].

In terms of soil benefits, the porous structure of biochar enhances soil porosity and ag-
gregate stability, leading to improved water dynamics. This enhances water infiltration and
retention, making it particularly valuable in arid regions [97]. Additionally, the cation ex-
change capacity of biochar helps retain essential nutrients, such as ammonium, nitrate, and
phosphate, thereby reducing nutrient runoff and its associated ecological impacts [37,87].
Biochar also provides a conducive habitat for beneficial soil microbes, thereby increasing
microbial diversity and metabolic activity. This microbial enhancement can further boost
soil health and agricultural productivity [37]. Furthermore, biochar is instrumental in
immobilizing contaminants, including heavy metals such as Cu2+, Cd2+, and Pb2+, as well
as organic pollutants. This action prevents these contaminants from entering the food chain
and enhances plant growth. Modified versions of biochar, such as those enhanced with
chitosan, demonstrate improved removal of heavy metals from solutions and diminished
metal toxicity in soils [98,99]. Economically, although the initial cost of biochar may be
higher than that of conventional fertilizers, its long-term impact on soil health and reduced
need for recurrent fertilizer applications make it a cost-effective choice. The sustained
benefits of a single biochar application on soil health outweigh the costs of routine fertilizer
applications. Additionally, the role of biochar in mitigating environmental issues such as
nutrient leaching and runoff can result in long-term economic and ecological benefits [100].
As global agriculture shifts towards sustainable practices, biochar’s multifaceted benefits
become increasingly evident, surpassing traditional soil amendment methods [93]. Biochar
is a versatile and sustainable solution that addresses numerous agricultural challenges,
from carbon sequestration to soil enhancement, nutrient preservation, bolstered microbial
activity, and contaminant immobilization.

6.1. Integration of Advanced Analytical Methods with Cutting-Edge Characterization Techniques
and Their Insights

Biochar, derived from the thermal decomposition of organic materials, is a promising
solution to various environmental challenges. Its adaptability depends primarily on its
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physicochemical properties, which can be modified through specific pyrolysis conditions
and feedstock selection. A profound understanding of both its surface attributes and inner
configuration is essential for harnessing the full potential of biochar and engineering it for
precise applications (Table 2). This calls for emerging advanced spectroscopy methods with
state-of-the-art characterization techniques [91]. The relationship between biochar and P,
especially their adsorption and desorption behaviors, is better understood because of the
development of intricate characterization methodologies. These contemporary analytical
instruments have enabled researchers to explore the molecular and microscopic interplay
between biochar and P in detail.

Density functional theory: Recent studies have focused on the adsorption of phos-
phate (H2PO−

4 ) in water by metal-modified biochar. Using density functional theory,
Yin et al. [101] demonstrated that metal-modified biochar exhibited a stronger molecular-
level effect on phosphate adsorption than unmodified variants. In particular, Ca-modified
biochar was superior to its Mg-modified counterparts. This study revealed that metal
adsorption, primarily through electrostatic attraction, outperforms edge adsorption, which
relies on covalent bonding.

Imaging techniques—SEM and EDX: The combined power of scanning electron mi-
croscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) has become indispensable.
Wang et al. [90] employed these techniques to obtain high-resolution images of biochar
surfaces and performed elemental mapping to locate adsorbed P and elucidate adsorp-
tion hotspots on the biochar. Furthermore, they prepared biochar-loaded Ce3+-enriched
ultrafine ceria nanoparticles (Ce-BC), which showed significant potential for phosphate
removal from water.

Surface chemistry analysis—XPS: X-ray photoelectron spectroscopy (XPS) is a formid-

able technique for discerning biochar surface chemistry. Identifying the types and concen-
trations of functional groups involved in P binding is particularly important, as shown by
Bolton et al. [102]. Their study elucidated the formation of iron phosphate and revealed
that P capture is associated with various mineral phases.

Functional group identification—FTIR: Fourier-transform infrared spectroscopy (FTIR)
has become essential for recognizing specific functional groups and chemical bonds on the
biochar surface that interact with P. Several studies, including those by Liu et al. [103], Shin
et al. [104], and Mahmoud et al. [91], demonstrated the capabilities of FTIR to highlight
fundamental adsorption mechanisms and interactions.

Speciation and interaction analysis—NMR: Nuclear magnetic resonance (NMR)
spectroscopy, particularly solid-state 31P NMR, offers crucial insights into the nature of
P within the biochar matrix. Amin et al. [105] and Sacko et al. [106] employed NMR and
other techniques such as ssNMR, XRD, and NEXAFS to elucidate how P binds to biochar
and the specifics of these interactions.

The arsenal of advanced characterization techniques has exponentially augmented
our understanding of the interplay between biochar and P. By unraveling the underlying
mechanisms. These tools can empower researchers to refine biochar properties and set the
stage for superior P management strategies in soils.
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Table 2. Overview of advanced analytical techniques in biochar research.

Analytical Technique Principle/Methodology
Benefits in Biochar

Research
Challenges/Limitations References

X-ray Photoelectron
Spectroscopy (XPS)

Measures the elemental
composition and
electronic state of

elements

Reveals surface chemistry
and potential functional

groups

Limited to surface analysis;
time-consuming [107]

Scanning Electron
Microscopy (SEM)

Provides detailed images
of biochar surfaces using

electron beams

Visualizes microstructure
and porosity; aids in

determining biochar’s
physical properties

Requires gold or carbon
sputter coating for some

samples, potentially
altering surface

[108]

Table 2. Cont.

Analytical Technique Principle/Methodology
Benefits in Biochar

Research
Challenges/Limitations References

Fourier-Transform
Infrared Spectroscopy

(FTIR)

Measures vibrational
frequencies to determine

chemical compounds

Identifies functional groups
and organic components

Limited sensitivity for very
low-concentration species [109]

Nuclear Magnetic
Resonance (NMR)

Utilizes nuclear spins in a
magnetic field

Offers insights into biochar’s
carbon types and

distribution

Requires high
concentrations of samples;

relatively expensive
[110]

Thermogravimetric
Analysis (TGA)

Monitors weight change
in a material as a function

of temperature or time

Assesses thermal stability
and organic content of

biochar

Does not provide specific
information on biochar’s

chemical structure
[111]

Brunauer–Emmett–
Teller (BET)

Method

Measures gas adsorption
on solid surfaces

Evaluates specific surface
area, aiding in

understanding adsorption
capacity

Limited to certain
gas–solid systems; does not

consider pore geometry
[112]

Overview of key analytical techniques employed in biochar research, detailing their principles, advantages,
limitations, and relevance in assessing and understanding biochar structure and properties.

6.2. Role of Artificial Intelligence in Data Analysis and Prediction

Biochar, a carbon-rich derivative obtained by the thermal decomposition of organic
materials, has gained significant attention in environmental research. This attention is
primarily owing to its potential to offer solutions to some of the pressing environmental
challenges. An essential facet of biochar research pertains to its intricate relationship with P,
particularly concerning its adsorption and desorption behavior [113]. Understanding the
nuances of this relationship requires advanced tools and methodologies. Although useful,
traditional analytical methods often grapple with the intricacies of biochar-related datasets.
Artificial intelligence (AI), with its sophisticated algorithms, machine learning (ML), and
deep learning (DL) capabilities, has revolutionized the domain of biochar research. Notably,
AI, when combined with rich historical data, can provide insights into biochar behavior,
even predicting the reactions of yet-to-be-produced biochar types with P [114].

Machine learning, a subfield of AI, employs past data to train computational models.
For instance, the utility of algorithms, such as neural networks, extreme gradient boosting,
and random forests, in predicting biochar behavior, specifically its adsorption patterns,
has been documented [113]. Furthermore, advancements in computational chemistry
combined with ML have paved the way for the development of biochar as a sustainable
alternative to traditional fertilizers. This is exemplified in studies aimed at creating biochar
formulations capable of slow and efficient nutrient release, with an emphasis on P [115].
The integration of AI into the optimization of biochar production is particularly noteworthy.
Through neural networks, it is now possible to predict the optimal feedstock and pyrolysis
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conditions tailored for specific outcomes, effectively transforming a traditional iterative
process into a targeted data-driven approach [114]. In wastewater remediation, another
realm where biochar holds promise, AI techniques such as ML and DL come into play. These
techniques can predict effluent P levels even when data are scarce, facilitating compliance
with regulatory standards while potentially reducing costs [116].

6.3. Highlighting More Nuanced AI Applications in Biochar Research

Engineered biochar design using AI: Liu et al. [117] utilized the power of the random
forest algorithm to delve into the realm of As adsorption in Fe-modified biochar. Such
applications underline the immense potential of AI in aiding the rational design of biochars,
specifically tailoring them for targeted contaminant removal, such as arsenic.

Modeling P adsorption: A significant aspect of biochar research is its interaction
with P. Tree-based AI algorithms, such as RF, DTs, and XGBoost, have made notable strides.
These algorithms, particularly RF, have emerged as pivotal tools for predicting phosphate
adsorption patterns and guiding researchers in their quest to design optimal biochar-based
adsorbents [118].

Innovative hybrid models: One of the strengths of AI is its adaptability and ability
to be integrated with various computational models. This flexibility was displayed in
the SVM-ANN ensemble model, which was designed to predict heavy metal sorption
efficiency. By considering a plethora of variables ranging from environmental conditions
and biochar physicochemical characteristics to contaminant types, AI-driven hybrid models
can enhance the accuracy and scope of predictions. Such models are particularly significant
for forecasting how biochar behaves under real-world conditions [114].

Optimizing biochar production: The potential of AI is not limited to post-production
analyses. Neural networks, another facet of AI, are instrumental in predicting the opti-
mal conditions and raw materials (feedstock) required for biochar production. Through
these predictions, the traditional trial-and-error method for biochar production can be
streamlined, ensuring that the desired properties of the end product can be achieved with
greater efficiency [114].

AI in wastewater treatment: Beyond solid contaminant interactions, biochar shows
promise for wastewater remediation. In this sector, ML and DL models are paramount.
For instance, scientists leveraging the power of AI have predicted effluent P levels, even
in incomplete datasets. Such applications of AI can revolutionize wastewater treatment
processes, ensuring that the treated water complies with environmental standards while
potentially minimizing treatment costs [116].

Advanced machine learning techniques for yield prediction: The seamless integra-
tion of AI with optimization techniques has led to the creation of predictive models, such
as the ensemble learning tree (ELT-PSO). Such models have shown exemplary prediction
accuracy for biochar yield, thereby minimizing the need for resource-intensive experi-
ments [119].

The potential of AI, particularly in engineered biochar production for efficient P adsorption
and desorption, augments its capability to address environmental challenges and ensure more
sustainable solutions [120]. Incorporating these advanced techniques and insights ensures
that biochar research is comprehensive and resource-efficient. Combining biochar technology
with AI provides an enhanced understanding that is vital for effectively addressing current
environmental challenges.

7. Practical Implications and Benefits

7.1. Addressing the Environmental and Health Impacts of P Leaching through Sustainable
Agricultural Practices

The widespread use of P fertilizers in modern agriculture has led to significant envi-
ronmental and health challenges. Notably, the leaching of excess P from agricultural terrain
into adjacent water systems has myriad adverse ecological consequences [24]. Compound-
ing this issue, intricate edaphic processes often result in the immobilization of P in the
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soil, thereby hindering its uptake by plants. Consequently, the efficiency of water-soluble
P fertilizers remains a challenge, culminating in profound environmental and public health
concerns [24]. Eutrophication of freshwater and marine ecosystems is one of the most
important ecological implications of P leaching. This process, exacerbated by agricultural,
urban, and industrial activities, results in an excessive influx of nutrients, primarily nitrogen
and P, facilitating the uncontrolled proliferation of algal populations. As these algal blooms
decay, they deplete dissolved oxygen levels, engendering hypoxic or anoxic conditions.
Such environments are calamitous for aquatic life, leading to widespread fish mortality
and biodiversity loss. The ramifications of eutrophication are not merely ecological; the
economic impact is also substantial, with estimates indicating annual losses of $1 billion for
European coastal waters and $2.4 billion for American lakes and streams [22]. Even more
disconcerting are certain algal blooms dominated by cyanobacteria and blue-green algae.
These blooms produce a spectrum of toxins, collectively termed cyanotoxins, which pose
considerable threats to aquatic life and human health. Cyanobacterial harmful algal blooms
(CyanoHABs) severely compromise water quality. Ingestion of water or aquatic organisms,
such as fish, contaminated with cyanotoxins can have deleterious health effects. Given the
global surge in CyanoHAB events primarily attributed to anthropogenic eutrophication and
climatic change, there is a pressing need for effective management strategies to safeguard
public health and aquatic ecosystem integrity [22,121].

Biochar has emerged as a potential source of sustainable solutions. Owing to its
adsorptive properties, biochar serves as an effective P sink and significantly reduces its
leaching potential (Figure 5). This assertion is corroborated by empirical studies that have
shown the potential of biochar to reduce P leaching by up to 60% [12,122,123]. Beyond
the immediate environmental benefits, incorporating biochar into agricultural landscapes
reduces the dependency on phosphate fertilizers, thus attenuating the carbon footprint
associated with their manufacture and deployment [124]. With strategic measures, includ-
ing the integration of biochar and a comprehensive grasp of plant physiological processes,
we can achieve a harmonious balance that ensures both agricultural productivity and the
protection of ecosystems and communities.
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Figure 5. An illustrative overview of the role of biochar in P adsorption and desorption: from
enhancing soil nutrient availability and microbial activity to reducing P leaching, leading to improved
crop yield, a healthier environment, and mitigated aquatic eutrophication.

7.2. Economic Advantages in Agriculture: The Promise of Biochar

In the ever-changing landscape of agriculture and horticulture, there is an urgent need
for solutions that strike a balance between economic feasibility, environmental conservation,
and efficiency. Introducing biochar in this milieu can provide significant economic benefits
to farmers, agronomists, and horticulturists. One primary advantage of farmers is their
potential to reduce costs. The incorporation of biochar can significantly reduce the need
for expensive P fertilizers. This is because of the ability of biochar to absorb and gradually
release P, thereby ensuring a consistent nutrient source for crops. This reduced reliance on
fertilizers could lead to substantial savings, especially for expansive agricultural ventures,
as underscored by studies by Sun et al. [81] and Luo et al. [1]. Moreover, the possibility
of enhanced crop yields presents a secondary yet paramount benefit. The positive link
between biochar use and improved crop outcomes has been well documented, with a
notable mention being made by Li et al. [125]. Greater yields inevitably result in heightened
revenue for farmers.

For agronomists and horticulturists, these implications extend beyond agricultural
output. The nuanced knowledge needed to perfect biochar application, from produc-
tion to utilization, could spawn specialized consulting services. Such services can guide
farmers to customize biochar applications according to specific crop and soil conditions,
thereby creating new employment opportunities and research directions, as highlighted by
Rogers et al. [126]. Research has also highlighted the potential of combining biochar with
other organic materials. For instance, Antonious et al. [127] emphasized the benefits of
amalgamating animal manure and other natural substances with biochar. Such synergies
can further enhance soil quality and crop yields and reduce costs, making them lucrative
for farmers with limited resources. The potential of biochar as a soil revitalizer is also
noteworthy, especially in areas with soil degradation. By rejuvenating soil health and its
overall structure, biochar ensures sustainable cultivation for prolonged durations, circum-
venting the requirement for pricey soil amendments or shifting to more fertile terrain. Bista
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et al. [128] and Wali et al. [129] highlighted the soil-enhancing capabilities of biochar and
its associated benefits for crops.

8. Gaps and Future Directions

8.1. Existing Research Gaps in Biochar Preparation and Modification

Despite the recognized potential of biochar as a sustainable soil amendment, sev-
eral research gaps persist, especially in its preparation and modification techniques. A
notable gap lies in the comprehensive understanding of the influence of diverse feed-
stocks on biochar physicochemical properties. Although investigations have been made
into common feedstocks such as wood and agricultural residues, knowledge of uncon-
ventional feedstocks, such as algal biomass and sewage sludge, is limited. In particu-
lar, algal biomass is distinct from lignocellulosic biomass because of its unique surface
functional groups and the presence of various cations, making it potentially effective for
environmental decontamination [130].

Another significant area of research is the optimization of pyrolysis conditions based on
specific feedstocks. The current literature often provides generalized pyrolysis conditions,
which may not be optimal for all feedstocks. For instance, biochars from animal litter and
solid waste show distinct properties compared to those derived from crop residues and
wood biomass, even under the same pyrolysis conditions, mainly because of variations in
lignin, cellulose, and moisture content in the biomass [47]. The post-production modification
of biochar is an emerging research domain with ample room for investigation. Although
some studies have investigated acid or alkali activation, the exploration of other potential
modification techniques has not been exhaustive. For example, innovative methods to amplify
the P adsorption capacity or longevity of biochar have yet to be thoroughly examined. One
promising strategy involves the use of zero-valent iron (ZVI) biochar composites modified
with CaCl2 to enhance their lifespan and P removal efficacy [131]. Finally, the scalability of
biochar preparation and modification techniques remains a challenge. Processes effective at the
laboratory scale may not be as efficient when scaled up, hindering the economic feasibility and
widespread adoption of biochar use. Although biochar holds immense promise, addressing
these research gaps can pave the way for innovative applications and widespread adoption in
sustainable agriculture and horticulture.

8.2. Opportunities for Further Innovation and Research

The utilization of biochar in agriculture is on the cusp of significant advancements, and
a wide spectrum of research opportunities needs to be explored. One of the most promising
research areas is the synergy between biochar application and sustainable agricultural
practices. As highlighted by Elkhlifi et al. [132], the interaction of biochar with practices
such as agroforestry, conservation tillage, and cover cropping can yield holistic strategies
that maximize soil health and environmental benefits. Variances in biochar properties,
which depend on factors such as feedstock, pyrolysis conditions, and residence time,
require further investigation to optimize their contribution to soil health, microbial activity,
nutrient retention, and carbon sequestration.

Another dimension of research, as pointed out by Gillingham et al. [133], is the mag-
netization of biochar. This novel approach offers a dual solution for waste management:
utilizing agricultural waste for magnetic biochar synthesis and facilitating nitrogen pollu-
tion management. The potential of magnetic biochar to mitigate nitrogen pollution in soils
and recycle it as a fertilizer is particularly compelling, especially considering the widespread
environmental and economic concerns surrounding nitrogen runoff. Tan et al. [134] high-
lighted the intricate relationships between biochar, soil, and microbial communities. The
physicochemical properties of biochar play a critical role in shaping microbial interac-
tions, influencing soil fertility and plant growth. Such interactions could be invaluable for
the remediation of pollutants, soil enhancement, and bolstering plant resistance against
pathogens. With rapid advancements in technology, there is an exciting intersection be-
tween biochar research and digital tools. Dehkordi et al. [135] proposed that integrating
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high-resolution imaging from UAVs with satellite data could offer deeper insights into the
impact of biochar on evapotranspiration across agricultural landscapes. Furthermore, as
discussed by Shaikh et al. [136], merging AI, IoT devices, and robotics with traditional agri-
cultural practices could revolutionize biochar applications, offering precise data analysis
and optimization opportunities.

Yang et al. [137] introduced the concept of the circular economy in biochar research.
It is vital to explore biochar’s role in broader systems, such as waste management and
energy production, particularly its potential for carbon capture and storage. This could
redefine the significance of biochar in both economic and environmental contexts. Finally,
given the escalating concerns regarding climate change, Kumar et al. [138] suggested the
potential of biochar to bolster soil resilience to extreme weather events. Understanding
how biochar can mitigate the impacts of droughts, floods, or heatwaves by enhancing soil
properties, such as moisture retention and aeration, could offer strategies to insulate food
systems from climatic adversities. For these research opportunities to bear fruit, fostering
multidisciplinary collaborations, amplifying funding avenues, and advocating for open-
source data sharing is paramount. However, although this quest is challenging, the vision
of a resilient and sustainable agricultural future underscores its importance.

8.3. Potential Challenges and Solutions in Biochar Research and Application

Heterogeneity in biochar properties: Biochars exhibit a vast range of physicochemi-
cal properties depending on their feedstock and pyrolysis conditions, making it difficult to
consistently predict their effects on soils. The intrinsic molecular composition of biochar-
derived dissolved black carbon and its interactions with metal ions, which can affect its
environmental impact, are not fully understood [139]. Das et al. [140] highlighted the
significant influence of pyrolysis temperature and feedstock type on biochar composition,
emphasizing the variability in its properties. Similar to soil taxonomy, standardized proto-
cols and classifications for biochar production can help categorize biochars based on their
intended use and predictable outcomes. Collaborative databases that incorporate global
research can also assist in understanding this variability.

Economic viability: Biochar’s high production and transportation costs outweigh
its uncertain agricultural benefits, making it a challenge, especially for farmers in devel-
oping nations [132,141]. Economies of scale, integrated biochar production within waste
management or energy generation systems, and government subsidies can make biochar
affordable. The development of low-tech, locally adapted production methods can also be
made more accessible to smallholder farmers.

Potential environmental risks: Improper production or application of biochar might
result in toxin leaching, alteration of soil pH in a detrimental way, or even harm to aquatic
ecosystems. This could be due to the release of harmful components or negative interac-
tions with the environment [142,143]. Rigorous quality checks, biochar production and
application guidelines, and continuous monitoring can mitigate these issues. Therefore,
educating farmers about the best practices for biochar application is essential.

Limited knowledge transfer: Often, there is a gap between the research findings and
their applications by end users. This can lead to suboptimal or misguided biochar use,
particularly among farmers with limited education or resources [126]. Bridging the gap
between researchers, extension services, and farmers through workshops, field days, and
accessible literature can ensure the widespread dissemination of the latest findings and
best practices.

Sociocultural acceptance: Introducing new agricultural practices, such as biochar
application, can sometimes lead to resistance due to traditional farming methods or a lack
of awareness about its benefits in some regions [126]. Participatory research involving
farmers in the research process can increase acceptance. Therefore, integrating cultural and
social considerations into biochar promotion strategies is crucial.
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Despite these challenges, the benefits of biochar and the dedication of the global
research community have shone through. As research continues, tailored solutions are
emerging, making the integration of biochar into global agriculture more feasible.

9. Conclusions

The potential of biochar for reshaping sustainable agriculture is extensively high-
lighted in this review. P, a crucial element in agriculture, faces the challenge of fixation
in soils with significant environmental and economic repercussions, such as increased
greenhouse gas emissions and mounting costs for farmers. Biochar is a promising remedy
because of its capacity to adsorb P and minimize its fixation in soils. However, the diver-
sity of biochar properties resulting from different feedstocks and production techniques
emphasizes the need for an intricate understanding of uniform results. Progress in biochar
modification methods has extended its possibilities, perfecting its attributes for P manage-
ment. Breakthroughs in analytical tools combining cutting-edge spectroscopy and artificial
intelligence have provided comprehensive insights into the interactions of biochar with soil
and P. These findings suggest the broad application of biochar derived from P management
to enhance soil health and carbon sequestration. By improving soil P availability, crop
yields can be increased, and excessive fertilization reduced. This economically benefits
farmers and safeguards aquatic ecosystems from P runoff. However, harnessing the full
potential of biochar is challenging because of its diverse production and acceptance in tradi-
tional agricultural settings. This emphasizes the need for continued research, especially in
customizing biochar properties and assessing their long-term implications in diverse soils.
The adaptability of modified biochar stands out during this process. Through modification,
its characteristics can be tailored to address specific agricultural challenges, making it a
potent tool for sustainable farming. However, as we have modified it, caution is necessary
to ensure that the environmental integrity of the biochar remains intact. Biochar, especially
its modified form, represents hope for a sustainable agricultural future. The insights from
this review reinforce the urgency of ongoing research and collaboration, paving the way
for a balanced and bountiful agricultural landscape.
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Abstract: The purpose of this study was to explore the carbon and nitrogen metabolism mechanisms
of sand-cultivated cucumbers under different deficit irrigation–nitrogen management strategies and
provide a theoretical basis for their greenhouse management. This study set up two factors, the deficit
irrigation level and the nitrogen application rate, and conducted an experiment on deficit irrigation–
nitrogen coupling of sand-cultivated cucumbers using a quadratic saturation D–optimal design.
Seven treatments were set up in the experiment, to measure the soluble sugar and protein contents,
as well as the activity of key enzymes for carbon and nitrogen metabolism at five different growth
stages. The results indicate that the 80% irrigation with 623 kg N hm−2 (IN4) treatment significantly
improved the soluble sugar, protein, and actual leaf nitrogen contents of cucumber at the five different
growth stages and, as a result, achieved higher sucrose synthase (SS) and sucrose phosphate synthase
(SPS) activities in the cucumber leaves. Furthermore, such improvements were due to the reduction
in oxidative damage of sand–cultivated cucumber at various growth stages. The IN4 and 89%
irrigation with 1250 kg N hm−2 (IN5) treatments significantly increased the activities of RuBisCO,
catalase (CAT), peroxidise (POD), and superoxide dismutase (SOD) at various growth stages of
sand-cultivated cucumber. The higher activities of glutamate dehydrogenase (GLDH), glutamate
synthase (GOGAT), nitrate reductase (NR), glutamine synthase (GS), acid invertase enzyme (AIE),
neutral invertase enzyme (NIE), and better antioxidative enzyme activities were recorded under the
IN4 treatments at various growth stages, which effectively improve (69.6%) cucumber yield. The soil
properties, carbon and nitrogen metabolism, and antioxidant metabolism were positively correlated
with sand-cultivated cucumber yield in a greenhouse. We concluded that the IN4 treatment was
the better deficit irrigation–nitrogen management strategy because it considerably improves carbon
and nitrogen metabolism, antioxidant enzyme activities, and sand–cultivated cucumber yield in
a greenhouse.

Keywords: water–nitrogen coupling; carbon and nitrogen metabolism; antioxidant metabolism; soil
properties; sand-cultivated cucumber yield; greenhouse

1. Introduction

For decades, world agriculture has been challenged by water shortages and nitrogen
pollution [1]. Blindly increasing the amounts of irrigation and chemical fertilizer applied
can improve vegetable yield, but this approach has caused several problems, such as a
decline in vegetable quality, secondary soil salinization, and energy waste [2,3]. Therefore,
it is an important task facing modern agriculture to reduce the emissions of agricultural
pollutants to the minimum while maintaining the production and quality of crops. Improve-
ments in irrigation systems and the optimization of the application of nitrogen fertilizer
are effective strategies to solve this problem [4–6]. Over the past decade, accurate and
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efficient irrigation and fertilization management has become a major issue in agricultural
production [7], particularly in drought and half-drought areas [8]. Ali et al. [9] estimated
that, by 2050, drought will seriously affect the growth of more than 50% of crops that can
be cultivated. There is rapid progress in the development of economical and efficient fertil-
ization in the greenhouse water-saving stage of fertilizer irrigation and irrigation [10,11].
Therefore, it is necessary to maintain the amount of production of crops and to control
the water-saving irrigation nitrogen management measures to increase the production of
cucumber under sandy conditions.

Drought stress adversely affects the content of soluble protein (SP) in cucumber leaves,
thereby affecting plant sucrose content [11]. Under drought conditions, irrigation promotes
plant tissue development and causes a significant increase in nitrogen and SPS content [12].
However, water stress adversely affects the biochemical and physiological processes of
plants [13]. The changes in these biochemical and physiological processes also affect plant
growth and eventually reduce the production of cucumbers [14]. These results suggest that
alternate irrigation strategies can improve the water use efficiency [15] of crops without
significantly reducing production and can improve the quality of fruit [16] at the same
time. In addition to moisture management, nitrogen nutrition is also an important plant
macronutrient, which is an important component of proteins and enzymes and is very
important for plant growth, production, and the quality of fruit. Many studies have
investigated the combination of irrigation and nitrogen supply [17,18]. Because of the
serious waste of resources caused by unreasonable irrigation fertilization, water utilization
efficiency is low; groundwater contamination is serious, and the base and production
efficiency of soil are low [19,20].

The irrigation nitrogen coupling strategy has a major beneficial effect on the plant–
soil system by improving soil structure and permeability to increase the salt leaching
rate [21,22], providing essential nutrients for plants [23], and rebuilding microbial activity
and populations [24]. Research has shown that, under insufficient irrigation conditions,
irrigation mainly improves the quality of cucumber fruits by increasing the content of
soluble solids and vitamin C as well as the sugar-to-acid ratio [25]. A lower N supply
reduces the quantity and yield of fruits, while it enhances some quality attributes of fruits,
manifested by greater hardness and a higher sugar concentration [26].

Thus, oxidative damage adversely affects plant performance [27]. However, crops
have developed an advanced antioxidant defense system using enzymes such as superoxide
dismutase (SOD), peroxide (POD), and catalase (CAT) [28]. Therefore, it is an important
strategy to increase the photosynthetic capacity of plants by raising the activity of SOD,
POD, Rubisco, and CAT in the leaves under dry conditions [29]. Water stress may cause a
significant decline in the production and quality of vegetable crops [30], which are highly
sensitive to water stress. The water–nitrogen binding strategy affects the nutrient absorption
of the root system of crops by changing mineral nutrients in the root environment and
can affect the overall growth of crops [31]. Within a certain range, improving the water–
nitrogen binding strategy can reduce the loss of mineral nutrients and avoid the waste of
fertilizer [32], thereby reducing production costs and groundwater pollution and raising
the production of crops [33]. Therefore, it is important to understand the response and
adaptation to the drought conditions of high-value vegetable crops, to establish effective
crop production strategies and to increase the productivity of vegetable crops [34].

Cucumber is one of the most economically relevant vegetable crops in China [35]. In
China, cucumber is a vegetable crop commonly seen in agricultural production systems
and is a protected vegetable production system. However, strategies for protecting cu-
cumber from oxidative damage and retarding the aging process are important to improve
antioxidant defense systems [36]. However, as far as we know, studies have not yet been
conducted to understand the response to oxidative stress by drought in a greenhouse of
cucumber, soil properties, leaf nitrogen content, and cucumber yield. Therefore, the coordi-
nated effects of irrigation–nitrogen coupling strategies on carbon and nitrogen metabolism
mechanisms, antioxidant systems, rubisco activity, nitrogen content, and sand-cultivated
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cucumber yields were investigated. The results are predicted to provide some expla-
nations for the increase in cucumber yield by irrigation–nitrogen coupling strategies in
a greenhouse.

2. Materials and Methods

2.1. Research Study Area

The experiment was conducted from March to July 2021 at the Horticultural Ex-
periment Station of Tarim University (81◦17′ E, 40◦32′ N, altitude 990 m) in an energy–
saving greenhouse. The cucumber variety “Yushengmei”, which was used by local
farmers, was planted. The soil physicochemical properties of the research site were
Eum–Orthrosols (Chinese Soil Taxonomy), with an organic matter = 6.53 g kg−1, total
nitrogen (TN) = 1.29 g kg−1, total phosphorus (TP) = 0.24 g kg−1, total potassium (TK) =
0.46 g kg−1, available nitrogen (AN) = 6.61 mg kg−1, available phosphorus (AP) = 8.01 mg kg−1,
available potassium (AK) = 38.34 mg kg−1, nitrate nitrogen = 0.12 mg kg−1, ammonium
nitrogen = 3.32 mg kg−1, pH value of 7.49, and EC value of 3.16 μS/cm, respectively. The
experiment adopts slot cultivation, with an area of 0.5 × 2.6 m = 1.3 m2 and a depth of
0.4 m for each cultivation slot. The plant spacing is set at 0.25 m, the large row spac-
ing is 0.6 m, and the small row spacing is 0.3 m. Double–row cultivation is carried out,
with 20 cucumbers planted in each plot and 50,000 seedlings preserved per hectare. A
total of 7 treatments were set up, each with 3 replicates, for a total of 21 treatments with
420 cucumber plants. We installed a row of protective cultivation tanks on both sides of the
greenhouse.

2.2. Experimental Design

The experiment was conducted with two factors: the irrigation level and nitrogen
application rate. A quadratic saturation D–optimal design (6–point design with p = 2) was
adopted, and a treatment IN7 with the highest code value was added. Temperature and
humidity are collected with a temperature and humidity RR-9100 logger (Beijing Yugen
technology co led., Beijing China) in Figure 1. This treatment was only used as a reference
and did not participate in regression analysis to maintain the superiority of the original
plan (Table 1).

 

Figure 1. Temperature and humidity at the experimental site.

The irrigation amount is calculated according to Formula (1), with the maximum
irrigation limit set at 100% of the field capacity and the minimum value set at 65% of the
field capacity; the lower limit of soil moisture is the actual substrate moisture content
of each treatment measured at 8:00 a.m. every day. The substrate moisture content is
measured in real-time using a DM–300 (Shenzhen Enzi Electronics Co., Shenzhen, China)
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soil moisture analyzer, and the soil is regularly collected and calibrated using the drying
method. When the soil moisture content approaches or decreases to 60% of the lower limit
of irrigation, irrigation is carried out, and fertilizer is applied together with the water.

Table 1. The specific experimental design scheme.

Treatments
Actual Value

Irrigation Level (%) N Application (kg hm−2)

IN1 65 150
IN2 100 150
IN3 65 1250
IN4 80 623
IN5 89 1250
IN6 100 917
IN7 100 1250

MIrrigation = r × p × h × θ f × (q1 − q2)

η
(1)

In the formula, r = soil bulk density, which is 1.61 g cm3; p = soil moisture ratio, taken
as 100%; h = wet layer of irrigation plan, taken as 0.35 m; θf = field water capacity, 14.02%;
q1 and q2 = represent the upper limit and lower limit of the soil moisture, respectively
(expressed as a percentage of relative field water capacity); η = the water use coefficient is
0.9 for drip irrigation.

The elemental fertilizers used in large amounts in the experiment were urea (con-
taining N 46%), potassium dihydrogen phosphate (containing P2O5 51%), and potassium
sulfate (containing K2O 50%). Based on the nutrient content in the substrate and the prin-
ciple of nutrient balance, the amount of phosphorus and potassium fertilizers was set to
290 kg hm2 and 800 kg hm2, respectively. Nitrogen, phosphorus, and potassium fertilizers
were topdressing with water and applied every 5 days, a total of 20 times. Nitrogen fertilizer
was applied in equal amounts each time in each treatment, with 49% phosphorus fertilizer
and 21% potassium fertilizer applied in the first 7 times. The remaining phosphorus and
potassium fertilizer were applied in equal amounts each time, and trace elements were
sprayed in an appropriate amount according to plant growth requirements.

2.3. Data Collection and Measurements

We extracted the fourth functional leaf from top to bottom from five cucumber plants
during the seedling stage (20 days after water and nitrogen treatment), flowering stage
(35 days after water and nitrogen treatment), initial melon stage (53 days after water and
nitrogen treatment), vigorous melon stage (78 days after water and nitrogen treatment),
and final melon stage (100 days after water and nitrogen treatment) for the determination
of carbon and nitrogen metabolism and related enzyme activities. We measured the total
soluble sugar content in leaves using the anthrone method; the soluble protein content
was stained using the Coomassie Brilliant Blue G–250 staining method. The activity of
key enzymes for carbon and nitrogen metabolism was measured using a plant ELISA kit
(Jiangsu Kete Biotechnology Co., Ltd., Yancheng, China), including sucrose phosphate
synthase (SPS), sucrose synthase (SS), nitrate reductase (NR), glutamate synthase (GOGAT),
glutamate dehydrogenase (GLDH), glutamine synthase (GS), acid invertase enzyme (AIE),
and neutral invertase enzyme (NIE). The dry sample of the leaves was crushed through
a 0.149 mm mesh sieve and digested using the H2SO4–H2O2 method. The digested so-
lution was used for the determination of total nitrogen content using a fully automatic
SmartChem200 intermittent chemical analyzer (AMS, Rome, Italy).
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2.4. Enzyme Extracts Preparation and Antioxidant Enzyme Activities

We took v phosphate buffer (pH 7.8), 0.1 mM EDTA Na2, and 1% insoluble PVP
from 0.5 g of leaf homogenate with the midrib removed. We centrifuged the homogenate
at 15,000× g for 10 min at 40 ◦C. After centrifugation, we took the upper supernatant
for enzyme determination. According to the technique used by Li [37], the total SOD
activity was analyzed at 560 nm. SOD activity is expressed as U g−1 FW h−1. According to
Amalo et al. [38], the POD activity was calculated using guaiacol at 470nm. POD activity
is expressed as U g−1 FW min−1. The determination of CAT activity was based on the
method proposed by Tan et al. [39]. CAT activity is expressed as U g−1 FW min−1.

From the early stage of cucumber fruiting to seedling pulling, the harvested cucum-
ber fruits are directly weighed using a one percent balance. We calculated the individual
fruit weight and yield of cucumbers harvested in each community and converted the
yield per hectare.

2.5. Statistical Analysis

We analyzed the data using SPSS 18.0 (IBM, San Jose, CA, USA) and analyzed the data
obtained from each sampling event separately. Multiple comparisons were tested using
Duncan’s new multiple-range test. If the F–test was significant, we evaluated the mean
using the (LSD 0.05) multiple comparison test.

3. Results

3.1. Soluble Sugar, Soluble Protein, and Actual Leaf Nitrogen Contents

The soluble sugar and protein contents of cucumber leaves significantly increased
with the increasing drip irrigation and nitrogen application rates at various growth stages
(Tables 2 and 3). The soluble sugar content was closely correlated to the protein content
and considerably improved the cucumber yield. The soluble sugar and protein contents
of leaves were considerably greater from 20 DAT to 78 DAT, whereas they significantly
declined from 78 DAT to 100 DAT during the same treatments for the 2021 study year. The
mean soluble sugar and protein contents under the IN4 and IN5 treatments considerably
increased by 24.6% and 19.7% and 26.1% and 30.1%, respectively, compared to those in the
IN1 treatment. During the 2021 study year, soluble sugar and protein contents under the
IN4 treatment were significantly higher than the rest of all other treatments at 20, 35, 53, 78,
and 100 DAT. However, with respect to the supply of maximum drip irrigation (100%) and
nitrogen fertilizer (1250 kg hm−2), there were no significant differences recorded in soluble
sugar and protein contents at various growth stages. The drip irrigation considerably
affected the soluble sugar and protein contents of leaves at each nitrogen application level
during the various growth stages of cucumber.

Table 2. Effects of different treatments on soluble sugar contents and soluble protein contents of
cucumber during the 2021 study year.

Treatments

Soluble Sugar Contents (mg g−1 FW) Soluble Protein Contents (mg g−1 FW)

Days after Treatment (DAT) Days after Treatment (DAT)

20
DAT

35
DAT

53
DAT

78
DAT

100
DAT

20
DAT

35
DAT

53
DAT

78
DAT

100
DAT

IN1 3.5 ± 0.19 b 4.3 ± 0.14 b 5.0 ± 0.11 b 7.7 ± 0.14 b 5.6 ± 0.12 c 17.8 ± 0.27 c 26.0 ± 0.31 d 30.5 ± 0.29 d 38.0 ± 0.35 c 39.6 ± 0.30 c
IN2 2.9 ± 0.15 b 4.2 ± 0.18 b 4.9 ± 0.19 b 7.3 ± 0.15 c 5.4 ± 0.15 c 16.7 ± 0.24 c 21.4 ± 0.33 e 24.9 ± 0.27 e 33.7 ± 0.33 d 31.7 ± 0.29 d
IN3 4.5 ± 0.21 a 5.0 ± 0.22 a 5.9 ± 0.18 b 9.1 ± 0.18 a 6.9 ± 0.19 a 19.3 ± 0.22 b 38.7 ± 0.29 b 41.4 ± 0.22 c 44.3 ± 0.37 b 46.7 ± 0.28 b
IN4 4.7 ± 0.22 a 5.5 ± 0.24 a 6.7 ± 0.23 a 10.3 ± 0.19 a 7.5 ± 0.16 a 20.0 ± 0.19 a 42.5 ± 0.25 a 43.5 ± 0.21 a 46.6 ± 0.38 ab 53.2 ± 0.33 a
IN5 4.9 ± 0.13 a 5.6 ± 0.21 a 6.1 ± 0.26 a 9.1 ± 0.22 a 7.0 ± 0.21 a 23.1 ± 0.28 a 44.7 ± 0.22 a 44.3 ± 0.26 a 50.1 ± 0.39 a 55.4 ± 0.36 a
IN6 4.3 ± 0.11 a 4.9 ± 0.17 b 6.2 ± 0.24 a 9.0 ± 0.21 a 6.6 ± 0.16 b 18.3 ± 0.30 b 33.7 ± 0.21 c 38.2 ± 0.24 b 45.6 ± 0.33 b 44.5 ± 0.39 b
IN7 4.1 ± 0.10 a 4.9 ± 0.19 b 6.1 ± 0.21 a 8.1 ± 0.22 b 6.3 ± 0.22 b 19.4 ± 0.25 b 39.6 ± 0.35 b 37.9 ± 0.28 b 44.9 ± 0.31 b 40.7 ± 0.34 c

Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3: 65% irrigation
with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irrigation with 1250 kg N hm−2;
IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with 1250 kg N hm−2. DAT: days after irrigation
water and nitrogen treatments. Values are given as means ± standard deviations, and different lowercase letters
indicate significant differences at p ≤ 0.05 levels in the same line (LSD; n = 3).

The IN4 and IN5 treatments had significantly (p < 0.05) greater leaf nitrogen contents
during various growth stages of cucumber than the rest of all other treatments (Table 3).
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There were non-significant differences in leaf nitrogen content at the IN4 and IN5 treatments
during various growth stages. Samples from the IN4 treatment had significantly higher
leaf nitrogen content than that of all of the other treatments at each growth stage (with the
exception of the IN5 treatment). During the 2021 study year, the IN4 and IN5 treatments
significantly increased leaf nitrogen content by 27.5% and 33.1% more than that of the IN1
treatment. The leaf nitrogen content significantly increased from 20 DAT to 53 DAT, while
the leaf nitrogen content revealed a considerably decreasing trend from 53 DAT to 100 DAT
among all the treatments. The leaf nitrogen content considerably improved by 5.5% more
in the IN5 treatment than in the IN4 treatment.

Table 3. Effects of different treatments on actual leaf nitrogen content of cucumber during the 2021
study year.

Treatments

Actual Leaf Nitrogen Content (mg g−1)

Days after Treatment (DAT)

20 DAT 35 DAT 53 DAT 78 DAT 100 DAT

IN1 27.2 ± 0.31 e 39.7 ± 0.34 e 37.0 ± 0.30 e 49.5 ± 0.35 c 48.1 ± 0.33 c
IN2 23.4 ± 0.36 f 40.5 ± 0.38 d 36.2 ± 0.31 e 52.9 ± 0.36 b 41.2 ± 0.31 e
IN3 36.7 ± 0.34 d 42.3 ± 0.35 d 48.8 ± 0.34 d 48.5 ± 0.33 c 50.2 ± 0.34 ab
IN4 52.9 ± 0.37 b 58.9 ± 0.32 ab 59.3 ± 0.32 ab 56.7 ± 0.32 a 51.6 ± 0.35 a
IN5 65.0 ± 0.39 a 61.6 ± 0.37 a 63.4 ± 0.35 a 59.9 ± 0.35 a 53.2 ± 0.36 a
IN6 39.4 ± 0.38 c 53.3 ± 0.39 c 54.0 ± 0.37 c 51.1 ± 0.40 b 50.3 ± 0.33 ab
IN7 42.1 ± 0.41 c 54.5 ± 0.40 c 48.3 ± 0.39 d 55.2 ± 0.41 b 44.3 ± 0.31 d

Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3: 65% irrigation
with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irrigation with 1250 kg N hm−2;
IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with 1250 kg N hm−2. DAT: days after irrigation
water and nitrogen treatments. Values are given as means ± standard deviations, and different lowercase letters
indicate significant differences at p ≤ 0.05 levels in the same line (LSD; n = 3).

3.2. Acid Invertase Enzyme (AIE), Neutral Invertase Enzyme (NIE), and Nitrate Reductase
(NR) Activities

Under the IN4 and IN5 treatments, the AIE, NIE, and NR contents of cucumber
leaves considerably increased at various growth stages (Table 4 and Figure 2). The AIE,
NIE, and NR contents of cucumber leaves improved gradually at 20 to 53 DAT and then
decreased from 53 to 100 DAT. Moreover, AIE, NIE, and NR contents rapidly increased from
35 to 53 DAT under both IN4 and IN5 treatments. However, during the 2021 study year,
the average of the five different growth stages of cucumber revealed that the IN4 and IN5
treatments had produced considerably more (15.9% and 18.1%) AIE (23.9% and 23.5%)
NIE, and (25.8% and 28.8%) NR in the cucumber leaves than that of the IN1 treatment.
The AIE, NIE, and NR contents of cucumber leaves were considerably greater in the IN5
treatment, compared with all other treatments at 20, 35, 53, 78, and 100 DAT. During 53
DAT, AIE, NIE, and NR contents of cucumber leaves reached the highest values under the
various treatments.

Table 4. Effects of different treatments on acid invertase enzyme activity and neutral invertase
enzyme of cucumber during the 2021 study year.

Treatments

Acid Invertase Enzyme (IU g−1) Neutral Invertase Enzyme (IU g−1)

Days after Treatment (DAT) Days after Treatment (DAT)

20
DAT

35
DAT

53
DAT

78
DAT

100
DAT

20
DAT

35
DAT

53
DAT

78
DAT

100 DAT

IN1 0.514 ± 0.81 d 0.603 ± 0.56 e 0.772 ± 0.53 c 0.769 ± 0.56 c 0.744 ± 0.66 b 0.161 ± 0.55 b 0.190 ± 0.57 c 0.223 ± 0.68 b 0.179 ± 0.62 c 0.284 ± 0.68 b
IN2 0.613 ± 0.69 c 0.721 ± 0.66 c 0.568 ± 0.56 e 0.611 ± 0.59 e 0.687 ± 0.72 c 0.222 ± 0.59 a 0.200 ± 0.59 c 0.146 ± 0.88 d 0.234 ± 0.66 b 0.213 ± 0.71 c
IN3 0.628 ± 0.51 c 0.672 ± 0.76 d 0.821 ± 0.65 b 0.748 ± 0.63 c 0.730 ± 0.63 b 0.147 ± 0.61 b 0.154 ± 0.66 d 0.210 ± 0.64 b 0.168 ± 0.63 c 0.165 ± 0.78 d
IN4 0.790 ± 0.71 a 0.786 ± 0.83 b 0.830 ± 0.44 b 0.810 ± 0.66 a 0.829 ± 0.60 a 0.224 ± 0.69 a 0.275 ± 0.88 a 0.289 ± 0.77 a 0.284 ± 0.69 a 0.290 ± 0.72 a
IN5 0.760 ± 0.49 a 0.862 ± 0.82 a 0.947 ± 0.67 a 0.837 ± 0.69 a 0.846 ± 0.55 a 0.222 ± 0.70 a 0.293 ± 0.56 a 0.252 ± 0.72 a 0.284 ± 0.73 a 0.304 ± 0.81 a
IN6 0.740 ± 0.61 b 0.600 ± 0.49 e 0.660 ± 0.82 d 0.790 ± 0.80 b 0.592 ± 0.58 d 0.153 ± 0.82 b 0.249 ± 0.54 bc 0.199 ± 0.78 c 0.213 ± 0.81 b 0.266 ± 0.91 b
IN7 0.474 ± 0.58 e 0.767 ± 0.58 c 0.677 ± 0.80 d 0.694 ± 0.71 d 0.638 ± 0.49 d 0.233 ± 0.84 a 0.268 ± 0.66 b 0.142 ± 0.80 d 0.216 ± 0.75 b 0.185 ± 0.95 d

Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3: 65% irrigation
with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irrigation with 1250 kg N hm−2;
IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with 1250 kg N hm−2. DAT: days after irrigation
water and nitrogen treatments. Values are given as means ± standard deviations, and different lowercase letters
indicate significant differences at p ≤ 0.05 levels in the same line (LSD; n = 3).
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Figure 2. Effects of irrigation water with nitrogen coupling of sand−cultivated cucumbers using a
quadratic saturation D−optimal design on nitrate reductase activity and glutamate synthase activity.
Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3:
65% irrigation with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irriga-
tion with 1250 kg N hm−2; IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with
1250 kg N hm−2. DAT: days after irrigation water and nitrogen treatments. The error bars represent
the value of the standard deviation (SD), and different lowercase letters indicate significant differences
at p < 0.05.

3.3. Glutamate Synthase (GOGAT), Glutamate Dehydrogenase (GLDH), and Glutamine Synthase
(GS) Activities

Under the IN4 and IN5 treatments, the GOGAT, GLDH, and GS activities at various
growth stages were considerably greater than that of all other treatments (Figures 2 and 3).
Under the IN4 and IN5 treatments, the GOGAT, GLDH, and GS activities significantly
increased with increasing irrigation (80%) and nitrogen fertilizer (623 kg hm−2) at 20, 35,
53, 78, and 100 DAT. The GOGAT contents, under the IN4 treatment at 20, 35, 53, 78,
and 100 DAT, were significantly greater by 53%, 27%, 39%, 6%, and 44%, respectively,
and the GLDH contents were significantly greater by 11%, 54%, 2%, 2%, and 50%, and
the GS contents were significantly greater by 22%, 3%, 16%, 38%, and 32% than those of
the IN1 treatment. The GOGAT contents under the IN5 treatment, at 20, 35, 53, 78, and
100 DAT, were significantly greater by 55%, 43%, 59%, 17%, and 46%, the GLDH contents
were significantly greater by 27%, 52%, 13%, 24%, and 51%, and the GS contents were
significantly greater by 30%, 1%, 20%, 42%, and 36% than those of the IN1 treatment.
During the 53 DAT, GOGAT, GLDH, and GS activities of cucumber leaves reached the
highest values under the various treatments.

3.4. Sucrose Phosphate Synthase (SPS) and Sucrose Synthase (SS) Activities

The interactive effect of irrigation with the nitrogen application strategy signifi-
cantly increased the SPS and SS activities of cucumber leaves (Figure 4). However, there
was no considerable variance recorded in the SPS and SS activities under the IN4 and
IN5 treatments. The IN4 treatment significantly increased the SPS and SS activities by
16.9% and 9.4% more than those of the IN1 treatment. Under the IN5 treatment, there were
significant increases in SPS and SS activities by 21.7% and 11.6% more than those of the
IN1 treatment. There were non-significant variances between the IN4 and IN5 treatments.
At each drip irrigation with nitrogen application levels, the SPS and SS activities were
significantly greater under the IN4 and IN5 treatments, respectively.
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Figure 3. Effects of irrigation water with nitrogen coupling of sand−cultivated cucumbers using a
quadratic saturation D−optimal design on glutamate dehydrogenase activity and glutamine synthase
activity. Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2;
IN3: 65% irrigation with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89%
irrigation with 1250 kg N hm−2; IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation
with 1250 kg N hm−2. DAT: days after irrigation water and nitrogen treatments. The error bars
represent the value of the standard deviation (SD), and different lowercase letters indicate significant
differences at p < 0.05.

 
Figure 4. Effects of irrigation water with nitrogen coupling of sand−cultivated cucumbers using a
quadratic saturation D−optimal design on sucrose phosphate synthase activity and sucrose synthase
activity. Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2;
IN3: 65% irrigation with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5:
89% irrigation with 1250 kg N hm−2; IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% ir-
rigation with 1250 kg N hm−2. DAT: days after irrigation water and nitrogen treatments. The error
bars represent the value of the standard deviation (SD), and different lowercase letters indicate
significant differences at p < 0.05.
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3.5. CAT, POD, RuBisCO, and SOD Activities

Figure 5 and Table 5 show that, under irrigation and nitrogen fertilizer application,
the activities of CAT, POD, RuBisCO, and SOD in cucumber leaves significantly increased
at 20, 35, 53, 78, and 100 DAT. Under IN4 and IN5 treatments, the CAT, POD, RuBisCO,
and SOD activities of cucumber leaves reached their maximum values at 78 DAT, but
there was a non–significant variance between 53 and 78 DAT. Subsequently, the CAT, POD,
Rubisco, and SOD activities of cucumber leaves rapidly decreased at 100 DAT, respectively.
Furthermore, the difference between IN4 and IN5 treatments was non−significant in all
growth stages of cucumber. The activities of CAT, POD, RuBisCO, and SOD in cucumber
leaves significantly increased from 20 to 78 DAT, and sharply decreased from 78 to 100 DAT.
The effects of IN5 treatment on CAT, POD, RuBisCO, and SOD activities in cucumber leaves
at different growth stages were considerably greater than those of the IN1 treatment. The
average values of CAT, POD, RuBisCO, and SOD activities in cucumber leaves treated with
IN4 and IN5 were significantly higher than those treated with IN1 (16.5%, 25.6%, 18.1%,
and 29.4% and 18.1%, 29.4%, 25.7%, and 35.8%, respectively) at five different growth stages.
Under conditions of 20, 35, 53, 78, and 100 DAT, the effects of IN4 and IN5 treatments on
CAT, POD, RuBisCO, and SOD activities in cucumber leaves were not significant.

  
Figure 5. Effects of irrigation water with nitrogen coupling of sand−cultivated cucumbers using
a quadratic saturation D−optimal design on catalase activity and peroxidase activity. Note: IN1:
65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3: 65% irrigation
with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irrigation with 1250 kg N hm−2;
IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with 1250 kg N hm−2. DAT: days
after irrigation water and nitrogen treatments. The error bars represent the value of the standard
deviation (SD), and different lowercase letters indicate significant differences at p < 0.05.

Table 5. Effects of different treatments on the RuBisCO activity and superoxide dismutase activity of
cucumber during the 2021 study year.

Treatments

RuBisCO (Ug−1 FW h−1) SOD Activity (Ug−1 FW h−1)

Days after Treatment (DAT) Days after Treatment (DAT)

20 DAT 35 DAT 53 DAT 78 DAT 100 DAT 20 DAT 35 DAT 53 DAT 78 DAT 100 DAT

IN1 0.877 ± 0.31 b 0.873 ± 0.33 b 0.831 ± 0.22 d 0.703 ± 0.26 e 0.723 ± 0.33 c 591 ± 0.95 d 457 ± 0.56 e 1171 ± 0.55 b 1032 ± 0.88 d 814 ± 0.61 c
IN2 0.900 ± 0.29 a 0.624 ± 0.31 d 0.896 ± 0.26 b 0.927 ± 0.32 b 0.785 ± 0.31 c 372 ± 0.87 f 726 ± 0.67 c 716 ± 0.63 d 1237 ± 0.91 c 507 ± 0.72 e
IN3 0.801 ± 0.23 c 0.868 ± 0.30 b 0.864 ± 0.30 c 0.756 ± 0.23 d 0.745 ± 0.29 c 814 ± 0.83 c 861 ± 0.63 b 973 ± 0.51 c 1029 ± 0.83 d 865 ± 0.59 c
IN4 0.933 ± 0.33 a 1.043 ± 0.28 a 1.017 ± 0.33 a 1.077 ± 0.22 a 0.823 ± 0.27 b 926 ± 0.75 b 918 ± 0.51 a 1347 ± 0.47 a 1336 ± 0.71 b 1224 ± 0.65 b
IN5 0.941 ± 0.27 a 1.138 ± 0.26 a 1.133 ± 0.28 a 1.146 ± 0.21 a 1.039 ± 0.24 a 1175 ± 0.61 a 941 ± 0.49 a 1351 ± 0.42 a 1415 ± 0.67 a 1445 ± 0.44 a
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Table 5. Cont.

Treatments

RuBisCO (Ug−1 FW h−1) SOD Activity (Ug−1 FW h−1)

Days after Treatment (DAT) Days after Treatment (DAT)

20 DAT 35 DAT 53 DAT 78 DAT 100 DAT 20 DAT 35 DAT 53 DAT 78 DAT 100 DAT

IN6 0.626 ± 0.29 d 0.832 ± 0.23 c 0.922 ± 0.26 b 0.768 ± 0.20 d 0.793 ± 0.23 c 519 ± 0.69 d 695 ± 0.66 d 632 ± 0.39 e 1291 ± 0.77 c 631 ± 0.55 d
IN7 0.916 ± 0.30 a 0.848 ± 0.21 b 1.006 ± 0.22 a 0.841 ± 0.19 c 0.677 ± 0.26 d 493 ± 0.59 e 786 ± 0.72 c 909 ± 0.41 c 745 ± 0.65 e 1202 ± 0.62 b

Note: IN1: 65% irrigation with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3: 65% irrigation
with 1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irrigation with 1250 kg N hm−2;
IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with 1250 kg N hm−2. DAT: days after irrigation
water and nitrogen treatments. Values are given as means ± standard deviations, and different lowercase letters
indicate significant differences at p ≤ 0.05 levels in the same line (LSD; n = 3).

3.6. Cucumber Yield (t hm-2) and Pearson’s Correlation Coefficients

The cucumber yield was significantly improved by the interactive effect of irrigation–
nitrogen coupling strategies during the 2021 study year (Figure 6). The cucumber yield
significantly enhanced with the supply of irrigation and nitrogen fertilizer application, but
differences were not significant under the IN4 and IN5 treatments. The cucumber yield was
greater under the IN4 and IN5 treatments than under all other treatments. The cucumber
yield revealed that, under IN4 and IN5, it produced maximum values of 69.7% and 72.2%,
as compared with the IN1 treatment. When compared to the IN2 treatment, the cucumber
yield under the IN1, IN3, IN4, IN5, IN6, and IN7 treatments were significantly improved
by 14.8%, 67.3%, 74.2%, 75.5%, 73.2%, and 70.9%, respectively. Table 6 displays Pearson’s
correlation coefficients by using the quadratic saturation D−optimal design of the irrigation
water with the nitrogen coupling of sand−cultivated cucumbers. A significant positive
correlation was observed between carbon and nitrogen metabolism, antioxidant enzyme
activities, and sand–cultivated cucumber yield in a greenhouse.

Figure 6. Effects of irrigation water with nitrogen coupling of sand−cultivated cucumbers using
a quadratic saturation D−optimal design on cucumber yield (t. hm−2). Note: IN1: 65% irriga-
tion with 150 kg N hm−2; IN2: 100% irrigation with 150 kg N hm−2; IN3: 65% irrigation with
1250 kg N hm−2; IN4: 80% irrigation with 623 kg N hm−2; IN5: 89% irrigation with 1250 kg N hm−2;
IN6: 100% irrigation with 917 kg N hm−2; IN7: 100% irrigation with 1250 kg N hm−2. DAT: days
after irrigation water and nitrogen treatments. The error bars represent the value of the standard
deviation (SD), and different lowercase letters indicate significant differences at p < 0.05.
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Table 6. Correlation coefficients of irrigation water with nitrogen coupling of sand−cultivated
cucumbers using a quadratic saturation D−optimal design.

AIE CAT GLDH GS GOGAT NIE NR POD RUB SOD SP SPS SSC SS TN

CAT 0.945 **
GLDH 0.921 ** 0.872 *

GS 0.891 ** 0.961 ** 0.859 *
GOGAT 0.917 ** 0.830 * 0.848 * 0.819 *

NIE 0.775 * 0.835 * 0.912 ** 0.859 * 0.643
NR 0.940 ** 0.950 ** 0.919 ** 0.926 ** 0.921 ** 0.852 *

POD 0.762 * 0.887 ** 0.824 * 0.899 ** 0.727 0.898 ** 0.919 **
RUB 0.890 ** 0.965 ** 0.888 ** 0.977 ** 0.812 * 0.868 * 0.928 ** 0.920 **
SOD 0.988 ** 0.972 ** 0.909 ** 0.917 ** 0.904 ** 0.779 * 0.948 ** 0.809 * 0.934 **
SP 0.851 * 0.764 * 0.769 * 0.690 0.947 ** 0.567 0.891 ** 0.699 0.697 0.835 *

SPS 0.894 ** 0.964 ** 0.909 ** 0.983 ** 0.826 ** 0.907 ** 0.954 ** 0.948 ** 0.992 ** 0.927 ** 0.727
SSC 0.799 ** 0.689 ** 0.697 0.628 0.877 ** 0.538 0.830 * 0.610 0.577 0.744 0.946 ** 0.635
SS 0.889 ** 0.895 ** 0.932 ** 0.806 * 0.716 0.880 ** 0.869 ** 0.815 * 0.873 * 0.904 ** 0.690 0.874 * 0.587
TN 0.852 * 0.824 * 0.885 * 0.825 * 0.932 ** 0.793 * 0.958 ** 0.871 * 0.827 * 0.846 * 0.924 ** 0.871 * 0.869 * 0.763 *
Y 0.647 0.556 0.575 0.529 0.850 * 0.405 0.754 * 0.582 0.496 0.614 0.932 ** 0.552 0.937 ** 0.422 0.863 *

Note: AIE: acid Invertase enzyme; CAT: catalase activity; GLDH: glutamate dehydrogenase activity; GS: glutamine
synthase activity; GOGAT: glutamate synthase activity; NIE: neutral invertase enzyme; NR: nitrate reductase
activity; POD: peroxidase activity; RUB: RuBisCO; SOD: superoxide dismutase activity; SP: soluble protein
content; SPS: sucrose phosphate synthase activity; SSC: soluble sugar content; SS: sucrose synthase activity;
TN: total nitrogen content; Y: cucumber yield. * Significant at the 0.05 probability level. ** Significant at the
0.01 probability level.

4. Discussion

The uneven distribution of precipitation causes soil drought and adversely affects
soluble sugars and the protein content and antioxidant enzyme activities in cucumber
leaves and causes drought-induced plant stress at an important growth stage [40,41].
Studies also show that soluble sugars, proteins, and nitrogen content are sensitive to dry
stress [42], and changes in parameters can indicate whether the alternate irrigation mode
impairs antioxidant enzyme activity. The higher content of soluble sugars and proteins
in cucumber leaves is a sustainable and high−yield result. In the same treatment of the
2021 study year, the soluble sugar and protein content of leaves significantly increased
from 20 DAT to 78 DAT, while it significantly decreased from 78 DAT to 100 DAT. Under
drought stress, the amount of SP content is low, and the content of sucrose decreases,
affecting the grain filling rate and crop yield [43]. Water stress facilitates stomatal closure,
thereby affecting the diffusion of CO2 from the air to the cell, which is the main cause
of decreased SP content [44]. The average soluble sugar and protein content of IN4 and
IN5 treatments were significantly increased (24.6% and 19.7%) and (26.1% and 30.1%)
compared to IN1 treatment, respectively. Thus, carbon and nitrogen metabolism are not
only interrelated but also have a certain degree of mutual inhibition [45]. Drip irrigation
has a significant impact on the soluble sugar and protein content of cucumber leaves at
different growth stages and nitrogen application levels. An earlier study also observed that,
compared to traditional planting without using plastic film, wheat flag leaves had higher
nitrogen SP contents due to the use of plastic film for drip irrigation [46]. In the 2021 study
year, IN4 and IN5 treatments significantly increased leaf nitrogen contents by 27.5% and
33.1% compared to the IN1 treatment. This is consistent with the results of Xu et al. [47];
the decrease in nitrogen application increased the sugar concentration of cucumber, and
the excessive application of nitrogen fertilizer was disadvantageous for the absorption of
cucumber. Under drought conditions, supplementary irrigation promotes the development
of plant tissues, significantly increasing the soluble sugar, protein, and nitrogen content of
cucumber leaves [48].

Under the ADI treatment, medium and high levels of nitrogen administration reduced
nitrite concentrations in cucumber fruits. Since nitrite reductase is insufficient in the
fruit, the nitrite is not able to be reduced to the ammonia nitrogen, and the nitrite that
is transported from the leaf accumulates, and it is a negative factor that finally affects
the quality [49]. Under the IN4 and IN5 treatments, the AIE, NIE, and NR contents of
cucumber leaves significantly increased at different growth stages. The AIE, NIE, and
NR contents of cucumber leaves gradually increased at 20–53 DAT and then decreased
from 53 to 100 DAT. In addition, under the treatments of IN4 and IN5, the contents of AIE,
NIE, and NR rapidly increased from 35 DAT to 53 DAT. However, nitrogen application
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treatment improved the photosynthetic performance of leaves, providing more electronic
and chemical energy to reduce nitrite in leaves, ultimately reducing the transfer of nitrite
from leaves to fruits [50]. However, in the data from the 2021 study year, the average
values of five different growth stages of cucumber showed that, compared to the IN1
treatment, the IN4 and IN5 treatments produced significantly more (15.9% and 18.1%)
AIE, (23.9% and 23.5%) NIE, and (25.8% and 28.8%) NR in cucumber leaves. During
the 53 DAT, the AIE, NIE, and NR contents of cucumber leaves reached their highest
values under different treatments. Many of the previous studies focused on the binding
of irrigation and fertilization [51] or the IA and irrigation frequency to determine optimal
management scheduling [52].

Under the water fertilizer binding action, the soil enzyme activity increases, and the
crop root system enhances the absorption of mineral nutrients in the soil [53]. Under the IN4
and IN5 treatments, the GOGAT, GLDH, and GS activities at various growth stages were
considerably greater than that of the rest of all other treatments. Under the IN4 and IN5
treatments, the GOGAT, GLDH, and GS activities significantly increased with increasing
irrigation (80%) and nitrogen fertilizer (623 kg hm−2) at 20, 35, 53, 78, and 100 DAT. The
GOGAT contents under the IN4 treatment at 20, 35, 53, 78, and 100 DAT were significantly
greater by 53%, 27%, 39%, 6%, and 44%, respectively, GLDH contents were significantly
greater by 11%, 54%, 2%, 2%, and 50%, and the GS contents were significantly greater by
22%, 3%, 16%, 38%, and 32%, respectively, than those of the IN1 treatment. Research shows
that the combination of temperature, water, and fertilizer promotes the respiration of soil
microbes and root systems [54], enriches soil microbial biomass [55], promotes microbial
reproduction and growth, and improves the root system and soil microenvironment [56,57].
The combination of temperature, water, and fertilizer enhances soil enzyme activity and
enhances the absorption of mineral nutrients in soil by crop root systems [14].

The interaction between irrigation and nitrogen application strategies significantly
improved the SPS and SS activities of cucumber leaves. However, there was no significant
difference in SPS and SS activities between IN4 and IN5 treatments. Previous studies
have also observed similar trends [34,36,39]. The IN4 treatment significantly increased
the SPS and SS activities by 16.9% and 9.4% more than those of the IN1 treatment. At
each drip irrigation with nitrogen application levels, the SPS and SS activities were signifi-
cantly greater under the IN4 and IN5 treatments. As is well known, SPS and SS activities
are the first responses of plants to water stress and play a sufficient role in plant stress
resistance [22,24]. SPS and SS activities can enhance plants’ damage repair abilities by
increasing antioxidant activity under drought conditions [28].

Water deficiency is always associated with increased oxidative stress caused by
increased ROS accumulation [18,19]. Under the IN4 and IN5 treatments, the CAT, POD,
RuBisCO, and SOD activities of cucumber leaves reached their maximum values at
78 DAT, but there was no significant difference between 53 and 78 DAT treatments. Subse-
quently, the CAT, POD, Rubisco, and SOD activities of cucumber leaves rapidly decreased at
100 DAT, respectively. The difference between the IN4 and IN5 treatments was not remark-
able at all growth stages of cucumber. The highest activity of antioxidant enzymes is the
response to the decrease in the soil’s water storage capacity [10]. Under severe drought
conditions, the formation of H2O2 and O2

− in crop leaves markedly increased [33]. In this
study, the CAT, POD, RuBisCO, and SOD activities of cucumber leaves significantly in-
creased from 20 to 78 DAT and sharply decreased from 78 to 100 DAT under each irrigation
and nitrogen fertilizer application level. The average values of five different growth stages
indicate that the average activities of CAT, POD, RuBisCO, and SOD in cucumber leaves
treated with IN4 and IN5 are significantly higher than those treated with IN1. Therefore,
oxidative damage adversely affects plant performance, PN value, and chlorophyll con-
tent [44]. Fotelli et al. [55] confirmed that the SP content and SOD, POD, and CAT activities
of wheat flag leaves decreased with the decrease in the irrigation rate and accelerated the
senescence rate of late–growing leaves. Irrigation and fertilization affect cucumber growth,
development, production, and quality [42,58]. Cucumber plants are highly sensitive to
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soil moisture conditions, especially in a greenhouse; therefore, the soil moisture supply
has a significant effect on the growth and yield of cucumber [9]. The cucumber yield was
highest in the IN4 and IN5 treatments. The results showed that, compared with the IN1
treatment, the IN4 and IN5 treatments had the highest cucumber yield, with 69.7% and
72.2%, respectively.

5. Conclusions

The sandy deficit irrigation with nitrogen management strategies significantly in-
creased the soluble sugar, protein, and actual leaf nitrogen contents and improved soil
chemical properties in the root zone of cucumber, thereby improving plant growth and
yield. The growth and yield of sand–cultivated cucumber were evaluated comprehen-
sively by using a quadratic saturation D–optimal design. Furthermore, such improvements
were due to the reduction in oxidative damage during different growth stages of sand–
cultivated cucumber. The IN4 and IN5 treatments significantly increased the activities
of RuBisCO, CAT, POD, and SOD during different growth stages of sand–cultivated cu-
cumber. Furthermore, the IN4 treatment attained the highest value at 53 DAT, while also
exhibiting significant declines at 100 DAT. The higher activities of NR, GOGAT, GLDH,
GS, AIE, NIE, and better antioxidative enzyme activities in the IN4 treatment at various
growth stages effectively improved (69.6%) cucumber yield. The soil properties, carbon
and nitrogen metabolism, and antioxidant enzyme activities were positively correlated
with sand-cultivated cucumber yield in a greenhouse. In conclusion, with respect to global
climate change, these results play an important role in guiding deficit irrigation–nitrogen
coupling strategies under sand-cultivated cucumber in a greenhouse. Further research is
required to test how deficit irrigation–nitrogen coupling strategies influence soil properties
and cucumber growth under long–term sand-cultivated conditions.
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Abstract: Accurately predicting changes in the potential distribution of crops resulting from climate
change has great significance for adapting to and mitigating the impacts of climate change and
ensuring food security. After understanding the spatial and temporal suitability of wheat (Triticum
aestivum), rice (Oryza sativa), and maize (Zea mays), as well as the main bioclimatic variables affecting
crop growth, we used the MaxEnt model. The accuracy of the MaxEnt was extremely significant,
with mean AUC (area under curve) values ranging from 0.876 to 0.916 for all models evaluated. The
results showed that for wheat, annual mean temperature (Bio-1) and mean temperature of the coldest
quarter (Bio-11) contributed 39.2% and 13.4%, respctively; for rice, precipitation of the warmest
quarter (Bio-18) and elevation contributed 34.9% and 19.9%, respectively; and for maize, Bio-1 and
precipitation of the driest quarter (Bio-17) contributed 36.3% and 14.3%, respectively. The map
drawn indicates that the suitability of wheat, rice, and corn in South Asia may change in the future.
Understanding the future distribution of crops can help develop transformative climate change
adaptation strategies that consider future crop suitability. The study showed an average significant
improvement in high-suitable areas of 8.7%, 30.9%, and 13.1%, for wheat, rice, and maize, respectively;
moderate-suitable area increases of 3.9% and 8.6% for wheat and rice, respectively; and a decrease of
−8.3% for maize as compared with the current values. The change in the unsuitable areas significantly
decreases by −2.5%, −13.5%, and −1.7% for wheat, rice, and maize, respectively, compared to current
land suitability. The results of this study are crucial for South Asia as they provide policy-makers
with an opportunity to develop appropriate adaptation and mitigation strategies to sustain wheat,
rice, and corn production in future climate scenarios.

Keywords: geographic suitability; land suitability dynamics; bioclimatic variables; big data; MaxEnt
model; South Asia

1. Introduction

Global climate change, rising global temperatures, uneven rainfall distribution, and ex-
treme weather, is considered one of the main factors that is affecting global socio-economic
development and nature conservation [1,2]. Several studies have revealed that global
warming will reduce the crop production of wheat and rice in South Asia, which is a
serious threat to food security and sustainable development [3,4]. Climate change is likely
to affect the crop distributions [5], which is likely to have a significant influence on global
food production. In rural agricultural communities, climate change will greatly affect food
and nutritional security [6]. Climate change will alter the existing suitability of regions
for specific crops and affect their development, growth, and production [7,8]. Predicting
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the potential land suitability of crops is a key issue for accurately assessing the impact
of climate change on crop distribution. However, there is relatively little research on the
impact of climate change on potential land suitability dynamics.

Land distribution is often seen as a combination of land characteristics and crop
demand [9]. The climate conditions, soil quality, water availability, and land characteristics
of a region are the most essential factors for a crop land suitability assessment [10]. To
assess the potential land suitability of wheat, rice, and corn, it is essential to establish a
function to analyze the relationship between land suitability and these factors. In recent
years, the latest advances in remote sensing and geographic information technology have
made it possible for multiple modeling programs to analyze crop land suitability under
climate change [11]. The species distribution model is considered an empirical tool in
ecology and natural resource management, and its use in predicting species existence
based on the correlation between ecological variables and geographically located species
data has been considered important [12]. MaxEnt is one of the most popular niche-based
methods for modeling geographical crop distribution [12]. Based on detailed occurrence
records and consideration of ecological variables that may affect the target species, the
relationship between them can be assessed by using the MaxEnt model [13]. Furthermore,
MaxEnt also predicts the spatial and temporal potential species distribution [14,15]. The
MaxEnt model has been used to categorize hotspots of potential hazards of invasive species,
assess threatened species, predict biodiversity, and identify potential regions for species
cultivation in response to climate change [16].

However, global climate change may have considerable influence on future wheat
and rice production. For example, it has been proven that rising temperatures can reduce
the grain yield of rice and wheat [17]. Furthermore, the intensification of meteorological
droughts caused by global warming has had a negative impact on the yield of corn and
many other crops [18,19]. In order to meet the global food demand, finding potential
suitable areas for wheat, rice, and corn cultivation in the future has become a problem
that needs to be addressed [20]. The MaxEnt model involves organizing crops occurrence
data, linking these occurrences to land and bioclimatic variables and creating maps that
forecast past, present, and future distributions of species [21,22]. They link environmental
variables with phylogenetic records to gain a deeper understanding of ecological drivers
and help to forecast large-scale agricultural and ecological suitability [23]. The MaxEnt
model can handle sparse, irregularly sampled data and small positional errors well. Zheng
et al. [24] successfully utilized the MaxEnt model to identify corn-suitable regions in
Kenya. Additionally, Bunn et al. [25] drew a land suitability map for rice. Akpoti et al.
(2020) [1] drew a recommendation area map to expand wheat crop under the climate change
adaptation strategies.

Wheat and rice are important food crops. From the perspective of South Asia, there
is an urgent need to narrow the supply–demand gap in order to maintain the supply of
wheat and rice in the South Asian market. So far, research on wheat and rice has mainly
focused on growth and development [26], production [27], physiological responses [28,29],
and farming and management [30]. Thus, it is essential to balance the suitability of wheat
and rice, as well as the current and future suitable distribution ranges. This study attempts
to address this issue using the MaxEnt model, which uses bioclimatic variables to predict
potential planting areas for different crops with occurrence data [31]. This model is the
most widely used for predicting land suitability, with a high accuracy [32]. The goal is to
optimize the planting layout of wheat, corn, and rice in areas with limited land resources,
in order to efficiently generate social, ecological, and economic profits.

Wheat, rice, and corn play important roles in maintaining global food security [33].
Although studies have revealed that the production of these crops can be affected by climate
change [34,35], the dynamic changes in the potential land suitability of wheat, rice, and
corn caused by climate change have not been studied in South Asia. The purpose of this
research is to study the following: (1) What are the main climatic factors that affect the
geographical range of wheat, rice, and corn? (2) Which regions are more appropriate for
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the growth of wheat, rice, and corn under the current climate conditions? (3) How will
the future climate (2020–2100) affect habitats, thereby affecting the potential distribution
of wheat, rice, and corn? (4) Determination of the spatial climate suitability changes for
wheat, rice, and corn production in South Asia. This research will help decision-makers
determine the magnitude of area expansion for wheat, rice, and corn to maintain future
regional food security.

2. Materials and Methods

2.1. Study Site and Species Occurrence Record

South Asia includes 8 countries (Figure 1), with a geographic range of 114◦09′–122◦43′
E and 34◦22′–38◦23′ N. Areas of study include eight countries such as Afghanistan, Pakistan,
India, Nepal, Sri-Lanka, Bangladesh, the Maldives, and Bhutan. This region has a variety of
geographic and climatic types, namely dry-land, desert, subtropical and tropical, mountain,
alpine, and humid climates. South Asia includes tropical and subtropical regions, with
various climate zones in the west, temperate zones in northern India and Nepal, and arid
regions in eastern India, Pakistan, and Afghanistan. In this study, we estimated distribution
models using public databases collecting current distribution data for wheat, rice, and
maize. Global distribution data for wheat, rice, and maize were collected from the GBIF
database (GBIF, 2021). In addition, we subsequently reviewed this data set critically from
records on the GBIF database and manually removed unreliable and ambiguous records
through the “Description of Occurrence” column for unconfirmed species identification.
Afterwards, we excluded duplicate records and records with imprecise geographical lo-
cation definitions (uncertainty greater than 104 m) for a more reliable evaluation. After
this screening, we obtained a total of 924 records of wheat existence, 1996 records of rice
existence, and 332 records of corn existence. Figure 1 shows the general distribution of
crop occurrence records. The occurrence records were used to produce present and future
distribution models for wheat, rice, and maize species.

 

Figure 1. Occurrence points of wheat, rice, and maize in South Asia region. Occurrence points Data
were accessed from GBIF.org (https://www.gbif.org/occurrence/search, accessed on 18 May 2024)
database. GBIF = Global Biodiversity Information Facility.
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2.2. Current Bioclimatic Variables

Climate data for the study area was downloaded from the Worldclim database (ver-
sion 2.1, www.worldclim.org, accessed on 18 May 2024), which comprises 19 bioclimatic
variables, including solar radiation, elevation, wind speed, and water vapor pressure,
with global coverage. These variables are derived from the monthly temperature and
precipitation values and are frequently used in numerous ecological and biogeographic
studies for modeling species distribution [36]. The layers were downloaded at a spatial
resolution of 30 s, an equivalence of 1 km2 (Table 1). With the help of ArcGIS 10.7.1 Esri,
all bioclim layers were trimmed to make maps of South Asia. The trimmed layers were
then set to the same resolution, extent, and projection and converted to ASCII (asc) to
meet the MaxEnt requirements. Additionally, a correlation test was carried out using the
SDM toolbox v 2.5 with the Pearson correlation coefficient. To identify highly correlated
variables and minimize the effects of multi-collinearity and model overfitting, the person
correlation coefficient method was used [36]. The flowchart and processing methodology
of the research are shown in Figure 2.

 

Figure 2. Flowchart summarizing the processing methodology used in this study.

Table 1. Bioclimatic environmental variables used in MaxEnt model.

Variable Code Description Unit Source

Bio1 Annual mean temperature ◦C
Bio2 Mean diurnal range ◦C
Bio3 Isothermality ◦C
Bio4 Temperature seasonality ◦C
Bio5 Maximum temperature of the warmest month ◦C
Bio6 Minimum temperature of the coldest month ◦C
Bio7 Temperature annual range ◦C
Bio8 Mean temperature of the wettest quarter ◦C
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Table 1. Cont.

Variable Code Description Unit Source

Bio9 Mean temperature of the driest quarter ◦C WorldClim a,b

Bio10 Mean temperature of the warmest quarter ◦C
Bio11 Mean temperature of the coldest quarter ◦C
Bio12 Annual precipitation mm
Bio13 Precipitation of the wettest month mm
Bio14 Precipitation of the driest month mm
Bio15 Precipitation seasonality mm
Bio16 Precipitation of the wettest quarter mm
Bio17 Precipitation of the driest quarter mm
Bio18 Precipitation of the warmest quarter mm
Bio19 Precipitation of the coldest quarter mm
Elev Elevation km
SR Solar radiation KJ m−2 day−1

WS Wind speed m s−1

WVP Water vapor pressure kPa
a Data for current climate conditions were accessed from WorldClim (https://www.worldclim.org/data/
worldclim21.html, accessed on 18 May 2024).b Data for future climate projections were accessed from WorldClim
(https://www.worldclim.org/data/cmip6/cmip6_clim30s.html, accessed on 18 May 2024).

2.3. Future Climate Change Scenarios

The climate layers for the current projection are representatives of averages for the
years 1970–2000. We modeled the future distributions of wheat, rice, and maize to examine
differences in their potential habitats under different climate scenarios. This data was
derived from the CMIP6. Two global general circulation models (GCMs) namely, HadCM3
and IPSL-CM6A-LR, were used. Global climate model projections portray the future
climatic conditions. Hence, making it is possible to understand whether crop suitability in
an area will remain the same or not. Each GCM was tested under the shared socioeconomic
pathways (SSPs) consisting of five main ACCESS-CM2-SPPs (SSP119, SSP126, SSP245,
SSP370, and SSP585). Among them, we use the intermediate shared SSP (SSP585) for four
steps: 2021–2040, 2041–2060, 2061–2080, and 2081–2100. The SSPs scenarios belong to the
“SSPs socioeconomic family”, which stands for “sustainability” [37].

2.4. MaxEnt Model Description

The MaxEnt model version 3.4.4 was used to make the current and future prediction
models. The MaxEnt model was selected because it is a widely used SDM that exhibits
greater accuracy than other models. The maximum entropy principle does not make
any assumptions about the unknown information; it only takes into consideration the
known data, and that is, it models species distribution from the information of present
species [38]. During the modeling, most of the settings were left at default. The random
test percentage was set at 30. This means that 30% of the data was withheld and used for
testing, while the remaining 70% was used for model training. It has also been defined
as a presence only model that uses predictive data sets to discriminate crop occurrence
records [39,40]. Although the underlying prediction of those areas has been systematically
sampled from most existing lands, the MaxEnt model is often constructed from spatially
based occurrence records [41]. MaxEnt is one of the most popular niche-based methods
for modeling geographical crop distributions [42]. This model also offers valuable tools
such as jackknife tests, species environment curves, and area under the AUC and ROC
curves [43].

2.5. MaxEnt Model Validation and Application

The ROC curve was used to validate the performance of the MaxEnt model. The ROC
curves are a standard way to evaluate the MaxEnt model’s predictive accuracy [44]. The
area of the ROC curve is a threshold independent measure of model performance, called
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(AUC) area under the ROC curve [45]. The closer the value is to 1, the greater the probability
of a species presence [46,47]. The AUC values greater than 0.9 show very high accuracy,
values 0.7–0.9 show high accuracy, and values less than 0.7 show low accuracy [48]. The
MaxEnt model predicts 2021–2040, 2041–2060, 2061–2080, and 2081–2100 land suitability for
maize, wheat, and rice distribution under different future bioclimatic conditions. During
the modeling, most of the settings were left at default, which include auto features, a
regularization multiplier of 1, and maximum number of background points of 10,000 [49].
10 replicates were simulated under the default cross validate run type and used to calculate
the mean relative suitability probabilities. The options for response curves and jackknife
were also selected. The output from the MaxEnt model is a continuous, unitless scale of
environmental suitability ranging from 0 to 1. In order to compare the suitable area, the
output models were reclassified using the natural breaks (Jenks) classification method
in ArcGIS 10.7.1 Esri. The classification was divided into four classes, which represent
areas of 0.0–0.05, not suitable; 0.05–0.33, low suitability; 0.33–0.66, moderate suitability;
and 0.66–1.00, high suitable, respectively [50]. The response curves were also used to
understand the relationship between crop land suitability and bioclimatic variables in
determining the land suitability for wheat, rice, and maize.

3. Results and Discussion

3.1. MaxEnt Model Performance and Jackknife Tests

This study developed a MaxEnt bioclimatic model to examine which bioclimatic
variables are more explanatory in the distribution of wheat, rice, and corn species. In this
study, the performance of the MaxEnt model was examined based on receiver operating
characteristic (ROC) curves and AUC values (Figure 3). The MaxEnt model is an excellent
tool for understanding the factors that influence the potential distribution of several crops
at different scales [51]. The average AUC values of wheat, rice, and corn after 10 repeated
runs were 0.876, 0.882, and 0.916, respectively, which were higher than the 0.70 of the
random models, verifying the good simulation results using the test and training datasets
of the repeated model. The representativeness of the training samples used in the MaxEnt
model may considerably affect the accuracy of land suitability prediction. Firstly, it was
selected as the training sample data source [52]. This discovery indicates that the climatic
variables selected for the current suitability characteristics of wheat, rice, and corn are
excellent. The ROC curve and AUC results indicate that the MaxEnt is highly consistent
and can reveal the distribution of wheat, rice, and corn in South Asia. The MaxEnt model
performs well in predicting the suitability of wheat, rice, and corn species. A previous
study suggested that comparing the performance between different training datasets is
appropriate [53].

The impact of each environmental variable on the geographical suitability of wheat,
rice, and corn species cultivation was analyzed in the jackknife AUC test. Using fifth
percentile proportional sampling [54] and custom interval grouping methods, the AUC
values were 0.750 and 0.747, respectively. The jackknife AUC test results showed that
the distribution of wheat species is largely controlled by Bio-1, Bio-10, and Bio-11, with
altitude and water vapor pressure providing the highest wheat AUC test results (Figure 4).
MaxEnt software predicts the potential range of species based on their distribution and
environmental variables [55,56]. The precipitation in the driest region (Bio-17) and the
warmest region (Bio-18) also contributes more to the wheat model. Based on the jackknife
AUC test results, it is worth noting that Bio-2, Bio-7, Bio-12, and altitude contributed to
the highest AUC test and provided the determination of rice cultivation (Figure 4). In
addition to the precipitation in the driest season (Bio-17) and the warmest season (Bio-18),
the contribution to the MaxEnt model of rice is also greater. The suitability of wheat and rice
is most important based on precipitation factors, which is consistent with other studies that
have identified precipitation as a key determinant of marginal production systems [57,58].
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Figure 3. Receiver operating characteristic (ROC) curve and AUC value under the current (1970–2000)
period (10 replicated runs).

These environmental bioclimatic variables, acting alone with altitude and water vapor
pressure, have a considerable impact on the potential land suitability dynamics of wheat,
rice, and corn and indicate that these aspects themselves contain more valuable information
than other environmental bioclimatic parameters. The MaxEnt model is an effective tool
for generating valuable information related to agricultural plantation management and
planting decisions in special areas [59,60]. Jackknife AUC testing showed that the suitability
of maize species is largely controlled by Bio-1, Bio-5, Bio-9, and Bio-10, with altitude
providing the highest maize AUC test results (Figure 4). The AUC and ROC curves in
MaxEnt generally measure the overall model performance at all threshold levels [61].
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Figure 4. Results of the jackknife AUC test of the MaxEnt model for evaluating the relative importance
of bioclimatic environmental variables for wheat, rice, and maize occurrence.

3.2. Contribution and Importance of the Bioclimatic Variables under Different Scenarios

The climate factors that affect the suitability of wheat, rice, and corn production
in the region come from six bioclimatic variables selected from each group of highly
correlated predictive factors. The jackknife test of this model shows that there are six
current (1970–2000) bioclimatic variables, Bio-1, Bio-10, Bio-11, and Bio-18, namely altitude
and water vapor pressure, which contribute 39.2%, 5.1%, 13.4%, 6.4%, 5.8%, and 6.3% to the
distribution of wheat species (Table 2). In the future, ACCESS-CM2-SPP SSP585 (2021–2040),
Bio-1, Bio-11, and Bio-18 contributed 48.5%, 13.8%, and 10.0%, respectively; during the
period of 2041–2060, the contribution rates of Bio-1, Bio-11, and Bio-18 were 46.1%, 15.1%,
and 8.7%, respectively; during the period of 2061–2080, the contributions of Bio-1, Bio-6,
and Bio-18 to the MaxEnt model were 24.2%, 11.7%, and 33.3%, respectively; and during
the period of 2081–2100, Bio-1, Bio-11, and Bio-18 were 9.9%, 48.2%, and 8.3%, respectively.
It is crucial to determine the main bioclimatic variables that have a considerable impact
on crop land distribution in order to predict land suitability [62]. The performance of the
MaxEnt model indicates that it is a good model, with an AUC of 0.80 [63].
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It is expected that surface temperatures will rise throughout the 21st century [64],
resulting in a negative impact on global wheat production [65,66]. Under current and
future bioclimatic variables, Bio-1, Bio-11, and Bio-18 have the highest ranking importance
percentage analysis. For rice, there are currently (1970–2000) six bioclimatic variables Bio-2,
Bio-6, Bio-12, Bio-14, Bio-18, and altitude contributing 4.3%, 3.0%, 4.2%, 8.7%, 34.9%, and
19.9% (Table 3). In the future, ACCESS-CM2-SPP SSP585 (2021–2040), Bio-2, Bio-12, and
Bio-18 contributed 8.3%, 12.3%, and 47.5%, respectively; during the period of 2041–2060,
the contribution rates of Bio-7, Bio-12, and Bio-18 were 7.4%, 10.6%, and 50.6%, respectively;
during the period of (2061–2080), the contributions of Bio-4, Bio-12, and Bio-18 to the Max-
Ent model were 7.8%, 12.0%, and 49.6%, respectively; and during the period of (2081–2100),
Bio-12, Bio-14, and Bio-18 were 22.3%, 6.5%, and 37.6%, respectively. In addition, the
temperature and altitude range for rice growth are 20–35 ◦C and below 1450 m [67], which
is consistent with our study results. Under current and future bioclimatic variables, the
importance percentage analysis of Bio-2, Bio-12, and Bio-18 rank highest.

We also need to know the influences of climate change to predict the potential suit-
ability of current and future invasive areas in order to develop better prevention strategies.
For corn, current bioclimatic variables such as Bio-1, Bio-14, and altitude contribute 36.3%,
14.3%, and 7.1%, respectively (Table 4). The highest percentile importance analysis of corn
under current and future bioclimatic variables is Bio-1, Bio-11, and Bio-17, respectively. This
result is consistent with previous research findings, which have shown that changes in tem-
perature and day–night range can lead to changes in the distribution of maize plants [68].
The distribution of maize habitats is significantly influenced by temperature [69].
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3.3. Potential Land Suitability under Current and Future Climate

There is little research on the suitability of crops in South Asia by using regional climate
models, but the MaxEnt model is an effective model for potential crop land distribution [70].
The potential geographically suitable habitat distribution of wheat, rice, and corn under
current and future conditions is shown in Figure 5. Habitat is divided into four levels
on the map. The green-marked areas in Figure 5 represent areas where wheat, rice, and
corn are highly suitable for cultivation, as well as areas where crops are currently being
grown. The yellow area is expected to be moderately suitable for planting, while the red
area is not suitable for planting crops. In addition, for wheat, high suitability land in
northern Afghanistan, northwestern Pakistan, northern India, Nepal, and Bhutan is on the
rise, while land suitability in Bangladesh, Sri Lanka, and the Maldives is on the decline.
A previous study revealed that the global wheat planting area will considerably improve
by 2035 [71]. Our findings suggest that environmental changes will considerably alter the
overall suitability of wheat planting land. For rice, the northeast of Pakistan and India are
highly suitable lands, while Nepal, Bhutan, Bangladesh, and Sri Lanka are highly suitable
areas, and rice cultivation is showing an increasing trend. The suitability of rice fields in
Afghanistan is decreasing. In addition, India, Thailand, Philippines and Pakistan domestic
rice production is insufficient to meet their needs [72]. For corn, the land suitability in
northwestern Pakistan, northeastern India, northern Nepal, and Bhutan is higher and
showing an increasing trend, while corn cultivation in Afghanistan, Bangladesh, Sri Lanka,
the Maldives, and eastern and western India is decreasing. The future climate scenario used
in this study has identified the potential changes in suitable habitats for wheat, rice, and
corn between current and future climate change (Table 2). Meanwhile, many studies claim
that with climate change, drought events will become more frequent and severe [71,73],
which may also extremely affect corn suitability [36]. There are significant variances in the
potential land suitability of highly and moderately habitats under diverse climate change.

We calculated the suitable habitat area and proportion for each climate scenario in four
different periods to further analyze the impact of climate change on the land suitability of
wheat, rice, and corn under different scenarios (Table 5). A prerequisite understanding of
species distribution is important for species utilization and restoration in ecosystems [38,41].
Under the SSP585 climate scenarios for the study area in 2040, 2060, 2080, and 2100, the
suitable high, medium, and low habitats for wheat will significantly increase, while the
unsuitable area will significantly decrease. Climate change will raise wheat production
in high latitudes, while warm regions may suffer greater [61,65]. It is expected that in
the future, the total unsuitable and low-suitable rice area will be significantly reduced
compared to the current situation. In the SSP5852040, 2060, 2080, and 2100 scenarios, the
high land suitability for rice is expected to significantly rise by 32.3%, 31.8%, 30.2%, and
29.4%, respectively, compared to the current situation. These habitats mainly include the
major corn and rice suitability areas in South Asia and provide important commercial food
bases [37,74]. For corn, it is expected that in the future, the total area that is not suitable and
moderately suitable will be significantly reduced compared to the current situation. In the
SSP585 2040, 2060, 2080, and 2100 scenarios, the area of high distribution corn is expected to
significantly improve by 12.5%, 11.8%, 15.3%, and 12.8% compared to the current situation,
respectively (Figure 6).
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Climate is one of the most significant factors affecting the geographical suitability,
vegetation pattern, and community structure of plant species [16]. There is a considerable
variance between the climate scenario and the predicted results for the next four periods,
which means that the suitable habitats for wheat, rice, and corn will undergo significant
changes during the climate scenario and prediction period. The impact of land use trans-
formation will increase the spatial range of unsuitable habitats beyond people’s predicted
range [23].

3.4. Dominant Environmental Variables

In order to predict land suitability, it is significant to identify the key bioclimatic
variables that have an important impact on farmland suitability [33]. The contribution
rate of these six bioclimatic variables is as high as 76.2%, indicating that these six factors
play an important role in the potential land suitability of wheat. From the response curve,
we obtained Bio-01 with the main bioclimatic variables of −20 to 20 ◦C; Bio-10, −5 to
35 ◦C; Bio-11, −30 to −5 ◦C; Bio-18, 0 to 500 mm; altitude, 100 to 2500 km; the water
vapor pressure ranges from 0 to 1 kPa (Figure 7). Annual rainfall is the most significant
climatic factor affecting plant development, as well as a significant factor affecting seedling
survival and growth [39]. In the future, annual rainfall is related to many climatic factors
that affect plant physiological and biochemical processes, such as soil moisture, which has
been proven to be the main factor affecting plant assimilation rate [44]. The rice curve
shows the correlation between bioclimatic variables and the probability of rice existence.
According to the response curve of rice, rice prefers Bio-01, 6 to 14 ◦C; Bio-06, −35 to −5 ◦C;
Bio 12100 to 1200 mm; Bio-14, 0 to 160 mm; Bio-18, 0 to 5000 mm; the altitude ranges from
400 to 7000 km (Figure 7). Temperature and rainfall have the most considerable ecological
impact on potential land distribution [30,31]. According to the obtained rice response
curve, rice prefers Bio-2 at 4–14 ◦C; Bio-9, −5 to 25 ◦C; Bio-12, 600 to 4200 mm; Bio-14,
20 to 220 mm; Bio-17, 80 to 700 mm; and Bio-18, 500 to 2100 mm (Figure 8). These six
bioclimatic variables contribute up to 77.5% to maize and play an important role in its
potential distribution. A study suggests that in summer, for every degree of warming in
the future, corn production may decrease by 16% [26]. From the response curve of corn, we
obtained Bio-01 with the main bioclimatic variables ranging from −20 to 20 ◦C; Bio-05, −5
to 37 ◦C; Bio-14, 0 to 42 mm; Bio-17, 0 to 200 mm; altitude, 0 to 3000 km; the wind speed
ranges from 1 to 1.5 m s−1 (Figure 9). Huang et al. [27] study that, compared with rainfall,
temperature may have a more considerable impact on species distribution.

3.5. Pearson Correlation Analysis

Bioclimatic variables are based on precipitation and temperature data [19]. Due to
these reasons, there is a high correlation between bioclimatic variables. Using highly
correlated environmental data for distribution modeling can affect the prediction and
distribution process [27,48]. Pearson correlation analyses for wheat, rice, and maize are
presented in Tables 6–8. In our study, we identify the highly correlated variables and
minimize the effects of model overfitting. For the 19 variables with correlation coefficient
values of p < 0.05, the Pearson correlation analysis of wheat, rice, and maize showed strong
correlations between paired variables. To define which variable has a weaker predictive
ability, we pre-ran the model for each variable and calculate the AUC value. In addition,
the jackknife tests constructed throughout the MaxEnt model indicate that these variables
have little impact on species land suitability.
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4. Conclusions

This research is the first step towards better understanding the current and future
potential land distribution of wheat, rice, and corn production in South Asia. The results
showed that for wheat, annual mean temperature (Bio-1) and mean temperature of the
coldest quarter (Bio-11) contributed 39.2% and 13.4%, for rice, precipitation of the warmest
quarter (Bio-18) and elevation contributed 34.9% and 19.9%, and for maize, Bio-1 and
precipitation of the driest quarter (Bio-17) contributed 36.3% and 14.3%, respectively. The
map drawn indicates that the suitability of wheat, rice, and corn in South Asia may change
in the future. The research revealed, on average, a significant improvement in high suitable
area of 8.7%, 30.9%, and 13.1%, for wheat, rice, and maize, respectively; a moderate suitable
area increase of 3.9% and 8.6% for wheat and rice, respectively; and a decrease by −8.3%
for maize as compared with current values. The change in the unsuitable areas significantly
decreased by −2.5%, −13.5%, and −1.7% for wheat, rice, and maize, respectively, compared
to the current land suitability. These results indicate that there is a huge potential to increase
the present potential planting areas of wheat, rice, and corn to increase crop production in
South Asia. In light of our findings, it is our recommendation that further analysis is needed
to identify land use changes and determine the effective area of suitable lands that can be
targeted for wheat, rice, and corn cultivation in order to ensure sustainable production and
mitigate food insecurity. This research can be used as evidence supporting the use of the
MaxEnt model for defining potential species distribution areas under current and future
climate change and establish policies specific to South Asia’s geography and climate.

Author Contributions: Conceptualization, S.A. and J.N.; methodology, S.A., T.A.M. and M.U.;
software, T.A.M. and S.A.H.; data curation and validation, S.A.; formal analysis, S.A. and S.S.; field
investigation, S.A. and J.N.; writing—original draft, S.A.; writing—review and editing, S.A., S.A.H.,
S.S., M.U. and J.N.; project administration, S.A. and J.N.; supervision, J.N.; funding acquisition, S.A.
and S.A.H. All authors contributed equally. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors extend their appreciation to the Researchers Supporting Project number
(RSP2024R371), King Saud University, Riyadh, Saudi Arabia; Zhejiang Normal University (ZC304022952),
and Shandong Natural Science Youth Project (ZR2020QF281), China.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors would like to acknowledge the funding support by the Researchers
Supporting Project number (RSP2024R371), King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Akpoti, K.; Kabo-bah, A.T.; Dossou-Yovo, E.R.; Groen, T.A.; Zwart, S.J. Mapping suitability for rice production in inland valley
landscapes in Benin and Togo using environmental niche modeling. Sci. Total Environ. 2020, 709, 136165. [CrossRef]

2. Angelieri, C.C.; Adams-Hosking, C.; Ferraz, K.M.; de Souza, M.P.; McAlpine, C.A. Using species distribution models to predict
potential landscape restoration effects on Puma conservation. PLoS ONE 2016, 11, e0145232. [CrossRef] [PubMed]

3. Ashoori, A.; Kafash, A.; Varasteh Moradi, H.; Yousefi, M.; Kamyab, H.; Behdarvand, N.; Mohammadi, S. Habitat modeling of
the common pheasant Phasianus colchicus (Galliformes: Phasianidae) in a highly modified landscape: Application of species
distribution models in the study of a poorly documented bird in Iran. Eur. Zool. J. 2018, 85, 372–380. [CrossRef]

4. Asseng, S.; Ewert, F.; Martre, P.; Rötter, R.P.; Lobell, D.B.; Cammarano, D.; Kimball, B.A.; Ottman, M.J.; Wall, G.W.; White, J.W.
Rising temperatures reduce global wheat production. Nat. Clim. Chang. 2014, 5, 143–147. [CrossRef]

5. Asseng, S.; Foster, I.A.N.; Turner, N.C. The impact of temperature variability on wheat yields. Glob. Chang. Biol. 2011, 17, 997–1012.
[CrossRef]

6. Booth, T.H.; Nix, H.A.; Busby, J.R.; Hutchinson, M.F. BIOCLIM: The first species distribution modelling package, its early
applications and relevance to most current MAXENT studies. Divers. Distrib. 2014, 20, 1–9. [CrossRef]

7. Brown, J.L.; Bennett, J.R.; French, C.M. SDMtoolbox 2.0: The next generation Python-based GIS toolkit for landscape genetic,
biogeographic and species distribution model analyses. PeerJ 2017, 5, e4095. [CrossRef]

8. Bu, K.; Wang, Z.; Zhang, S.; Yang, J. Evaluation of agricultural land suitability for soybean cultivation in the Sanjiang Plain. Chin.
J. Eco-Agric. 2017, 25, 419–428. [CrossRef]

165



Land 2024, 13, 1156

9. Carpenter, G.; Gillison, A.N.; Winter, J. DOMAIN: A flexible modelling procedure for mapping potential distributions of plants
and animals. Biodivers. Conserv. 1993, 2, 667–680. [CrossRef]

10. Chemura, A.; Mudereri, B.T.; Yalew, A.W.; Gornott, C. Climate change and specialty coffee potential in Ethiopia. Sci. Rep. 2021,
11, 8097. [CrossRef]

11. Chersich, M.F.; Wright, C.Y. Climate change adaptation in South Africa: A case study on the role of the health sector. Glob. Health
2019, 15, 22. [CrossRef] [PubMed]

12. Duan, J.Q.; Zhou, G.S. Climatic suitability of double rice planting region in China. Chin. Acad. Meteorol. Sci. 2012, 45, 218–227, (In
Chinese with English Abstract). [CrossRef]

13. Elith, J.; Phillips, S.J.; Hastie, T.; Dudík, M.; Chee, Y.E.; Yates, C.J. A statistical explanation of MaxEnt for ecologists. Divers. Distrib.
2011, 17, 43–57. [CrossRef]

14. Fischer, G.; Shah, M.; Tubiello, F.N.; van Velhuizen, H. Socio-economic and climate change impacts on agriculture: An integrated
assessment, 1990–2080. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2005, 360, 2067–2083. [CrossRef]

15. Fodor, N.; Challinor, A.; Droutsas, I.; Ramirez-Villegas, J.; Zabel, F.; Koehler, A.-K.; Foyer, C.H. Integrating plant science and crop
modeling: Assessment of the impact of climate change on soybean and maize production. Plant Cell Physiol. 2017, 58, 1833–1847.

16. Fourcade, Y.; Engler, J.O.; Rodder, D.; Secondi, J. Mapping species distributions with MAXENT using a geographically biased
sample of presence data: A performance assessment of methods for correcting sampling bias. PLoS ONE 2014, 9, e97122.
[CrossRef]

17. Franklin, J. Species distribution models in conservation biogeography: Developments and challenges. Divers. Distrib. 2013, 19,
1217–1223. [CrossRef]

18. Gao, Y.; Zhang, A.; Yue, Y.; Wang, J.; Su, P. Predicting shifts in land suitability for maize cultivation worldwide due to climate
change: A modeling approach. Land 2021, 10, 295. [CrossRef]

19. GBIF. 2021. Available online: https://doi.org/10.15468/dl.cjnj2p (accessed on 6 May 2021).
20. Gong, L.; Tian, B.; Li, Y.; Wu, S. Phenological changes of soybean in response to climate conditions in frigid region in China over

the past decades. Int. J. Plant Prod. 2021, 15, 363–375. [CrossRef]
21. Habtemariam, L.T.; Kassa, G.A.; Gandorfer, M. Impact of climate change on farms in smallholder farming systems: Yield impacts,

economic implications and distributional effects. Agric. Syst. 2017, 152, 58–66.
22. He, Q.; Zhou, G. Climatic suitability of potential spring maize cultivation distribution in China. Acta Ecol. Sin. 2012, 32, 3931–3939.

[CrossRef]
23. Hong, D.Y.; Zhou, S.L.; He, X.J.; Yuan, J.H.; Zhang, Y.L.; Cheng, F.Y.; Zeng, X.L.; Wang, Y.; Zhang, X.X. Current status of wild tree

peony species with special reference to conservation. Biodivers. Sci. 2017, 25, 781–793. [CrossRef]
24. Zheng, C.; Wang, Y.C.; Yuan, S.; Xiao, S.; Sun, Y.T.; Huang, J.L.; Peng, S.B. Heavy soil drying during mid-to-late grain filling

stage of the main crop to reduce yield loss of the ratoon crop in a mechanized rice ratooning system. Crop J. 2022, 10, 280–285.
[CrossRef]

25. Bunn, C.; Peter, L.; Quaye, A.; Muilerman, S.; Noponen, M.R.A.; Lundy, M. Recommendation domains to scale out climate change
adaptation in cocoa production in Ghana. Clim. Serv. 2019, 16, 100123. [CrossRef]

26. Hou, J.; Geng, T.; Chen, Q.; Chen, C. Impacts of climate warming on growht period and yield of rice in Northeast China during
recent two decades. Chin. J. Appl. Ecol. 2015, 26, 249–259.

27. Huang, C.; Zhang, M.; Zou, J.; Zhu, A.-X.; Chen, X.; Mi, Y.; Wang, Y.; Yang, H.; Li, Y. Changes in land use, climate and the
environment during a period of rapid economic development in Jiangsu Province. China Sci. Total Environ. 2015, 536, 173–181.
[PubMed]

28. Ihlow, F.; Dambach, J.; Engler, J.O.; Flecks, M.; Hartmann, T.; Nekum, S.; Rajaei, H.; Rödder, D. On the brink of extinction? How
climate change may affect global chelonian species richness and distribution. Glob. Chang. Biol. 2012, 18, 1520–1530. [CrossRef]

29. Intergovernmental Panel on Climate Change (IPCC). 2023: Sections. In Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Core Writing Team, Lee,
H., Romero, J., Eds.; Intergovernmental Panel on Climate Change (IPCC): Geneva, Switzerland, 2023; pp. 35–115. [CrossRef]

30. Kogo, B.K.; Kumar, L.; Koech, R.; Kariyawasam, C.S. Modelling climate suitability for rainfed maize cultivation in Kenya using a
maximum entropy (MAXENT) approach. Agronomy 2019, 9, 727. [CrossRef]

31. Kramer-Schadt, S.; Niedballa, J.; Pilgrim, J.D.; Schroder, B.; Lindenborn, J.; Reinfelder, V.; Stillfried, M.; Heckmann, I.; Scharf, A.K.;
Augeri, D.M.; et al. The importance of correcting for sampling bias in MaxEnt species distribution models. Divers. Distrib. 2013,
19, 1366–1379. [CrossRef]

32. Kulhanek, S.A.; Leung, B.; Ricciardi, A. Using ecological niche models to predict the abundance and impact of invasive species:
Application to the common carp. Ecol. Appl. 2011, 21, 203–213.

33. Li, Y.; Li, M.; Li, C.; Liu, Z. Optimized Maxent Model Predictions of Climate Change Impacts on the Suitable Distribution of
Cunninghamia lanceolata in China. Forests 2020, 11, 302. [CrossRef]

34. Liu, B.; Gao, X.; Zheng, K.; Ma, J.; Jiao, Z.; Xiao, J.; Wang, H. The potential distribution and dynamics of important vectors Culex
pipiens pallens and Culex pipiens quinquefasciatus in China under climate change scenarios: An ecological niche modelling approach.
Pest Manag. Sci. 2020, 76, 3096–3107. [PubMed]

166



Land 2024, 13, 1156

35. Liu, B.; Gao, X.; Ma, J.; Jiao, Z.; Xiao, J.; Hayat, M.A.; Wang, H. Modeling the present and future distribution of arbovirus vectors
Aedes aegypti and Aedes albopictus under climate change scenarios in Mainland China. Sci. Total Environ. 2019, 664, 203–214.
[CrossRef]

36. Liu, Z.; Yang, X.; Lv, S.; Wang, J.; Lin, X. Spatio-temporal variations of yield gaps of spring Maize in Northeast China. Sci. Agric.
Sin. 2017, 50, 1606–1616.

37. Lu, F.; Wang, H.; Ma, X.; Peng, H.; Shan, J. Modeling the current land suitability and future dynamics of global soybean cultivation
under climate change scenarios. Field Crops Res. 2021, 263, 108069. [CrossRef]

38. Luo, M.; Wang, H.; Lv, Z. Evaluating the performance of species distribution models Biomod2 and MaxEnt using the giant panda
distribution data. Chin. J. Appl. Ecol. 2017, 28, 4001–4006. [CrossRef]

39. Mabhaudhi, T.; Chimonyo, V.G.P.; Hlahla, S.; Massawe, F.; Mayes, S.; Nhamo, L.; Modi, A.T. Prospects of orphan crops in climate
change. Planta 2019, 250, 695–708. [CrossRef]

40. Mall, R.; Lal, M.; Bhatia, V.; Rathore, L.; Singh, R. Mitigating climate change impact on soybean productivity in India: A simulation
study. Agric. For. Meteorol. 2004, 121, 113–125. [CrossRef]

41. Marcer, A.; Saez, L.; Molowny-Horas, R.; Pons, X.; Pino, J. Using species distribution modelling to disentangle realised versus
potential distributions for rare species conservation. Biol. Conserv. 2013, 166, 221–230. [CrossRef]

42. Massimo, F.; Ma, P.M. Impact on human health of climate changes. Eur. J. Int. Med. 2015, 26, 1–5.
43. Fan, M.; Shibata, H.; Chen, L. Environmental and economic risks assessment under climate changes for three land uses scenarios

analysis across Teshio watershed, northernmost of Japan. Sci. Total Environ. 2017, 599–600, 451–463.
44. Mohammadi, S.; Ebrahimi, E.; Shahriari Moghadam, M.; Bosso, L. Modelling current and future potential distributions of two

desert jerboas under climate change in Iran. Ecol. Inform. 2019, 52, 7–13. [CrossRef]
45. Montoya, F.; García, C.; Pintos, F.; Otero, A. Effects of irrigation regime on the growth and yield of irrigated soybean in temperate

humid climatic conditions. Agric. Water Manag. 2017, 193, 30–45.
46. Motuma, M.; Suryabhagavan, K.V.; Balakrishnan, M. Land suitability analysis for wheat and sorghum crops in Wogdie District,

South Wollo, Ethiopia, using geospatial tools. Appl. Geomat. 2016, 8, 57–66. [CrossRef]
47. Mustafa, A.; Singh, M.; Sahoo, R.; Ahmed, N.; Khanna, M.; Sarangi, A.; Mishra, A. Land Suitability Analysis for Different Crops:

A Multi Criteria Decision Making Approach Using Remote Sensing and GIS. Researcher 2011, 3, 61–84.
48. Nam, J.; Cho, H.; Kim, J. Effect of plant life cycle on plant settlement in diverse water level. J. Wetl. Res. 2015, 17, 19–25. [CrossRef]
49. Ncube, B.; Shekede, M.D.; Gwitira, I.; Dube, T. Spatial modelling the effects of climate change on the distribution of Lantana

camara in Southern Zimbabwe. Appl. Geogr. 2020, 117, 102172.
50. Nyathi, M.K.; van Halsema, G.E.; Annandale, J.G.; Struik, P.C. Calibration and validation of the AquaCrop model for repeatedly

harvested leafy vegetables grown under different irrigation regimes. Agric. Water Manag. 2018, 208, 107–119. [CrossRef]
51. Ohta, S.; Kimura, A. Impacts of climate changes on the temperature of paddy waters and suitable land for rice cultivation in

Japan. Agric. For. Meteorol. 2007, 147, 186–198. [CrossRef]
52. Ortiz, R.; Sayre, K.D.; Govaerts, B.; Gupta, R.; Subbarao, G.V.; Ban, T.; Hodson, D.; Dixon, J.M.; Iván Ortiz-Monasterio, J.; Reynolds,

M. Climate change: Can wheat beat the heat? Agric. Ecosyst. Environ. 2008, 126, 46–58. [CrossRef]
53. Peterson, A.T.; Soberón, J.; Pearson, R.G.; Anderson, R.P.; Martínez-Meyer, E.; Nakamura, M.; Araújo, M.B. Ecological Niches and

Geographic Distributions (MPB-49); Princeton University Press: Princeton, NJ, USA, 2011.
54. Phillips, S.J.; Anderson, R.P.; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 2006,

190, 231–259. [CrossRef]
55. Phillips, S.; Anderson, R.; Dudík, M.; Schapire, R.; Blair, M. Opening the black box: An open-source release of Maxent. Ecography

2017, 40, 887–893. [CrossRef]
56. Phillips, S.; Dudìk, M. Modeling of species distributions with Maxent: New extensions and a comprehensive evaluation. Ecography

2008, 31, 161–175. [CrossRef]
57. Qin, A.; Jin, K.; Batsaikhan, M.-E.; Nyamjav, J.; Li, G.; Li, J.; Xue, Y.; Sun, G.; Wu, L.; Indree, T.; et al. Predicting the current and

future suitable habitats of the main dietary plants of the Gobi Bear using MaxEnt modeling. Glob. Ecol. Conserv. 2020, 22, e01032.
[CrossRef]

58. Shabani, F.; Kotey, B. Future distribution of cotton and wheat in Australia under potential climate change. J. Agric. Sci. 2015, 154,
175–185. [CrossRef]

59. Shabani, F.; Kumar, L.; Ahmadi, M. A comparison of absolute performance of different correlative and mechanistic species
distribution models in an independent area. Ecol. Evol. 2016, 6, 5973–5986. [PubMed]

60. Slater, H.; Michael, E. Predicting the current and future potential distributions of lymphatic filariasis in Africa using maximum
entropy ecological niche modelling. PLoS ONE 2012, 7, e32202. [CrossRef]

61. Su, P.; Zhang, A.; Wang, R.; Wang, J.; Gao, Y.; Liu, F. Prediction of future natural suitable areas for rice under representative
concentration pathways (Rcps). Sustainability 2021, 13, 1580. [CrossRef]

62. Swets, J.A. Measuring the accuracy of diagnostic systems. Science 1988, 240, 1285–1293. [CrossRef]
63. Teichmann, C.; Jacob, D.; Remedio, A.R.; Remke, T.; Buntemeyer, L.; Hoffmann, P.; Kriegsmann, A.; Lierhammer, L.; Bülow, K.;

Weber, T.; et al. Assessing mean climate change signals in the global CORDEX-CORE ensemble. Clim. Dyn. 2021, 57, 1269–1292.
[CrossRef]

167



Land 2024, 13, 1156

64. Trenberth, K.E.; Dai, A.; Van Der Schrier, G.; Jones, P.D.; Barichivich, J.; Briffa, K.R.; Sheffield, J. Global warming and changes in
drought. Nat. Clim. Chang. 2014, 4, 17–22. [CrossRef]

65. Walke, N.; Obi Reddy, G.P.; Maji, A.K.; Thayalan, S. GIS-based multicriteria overlay analysis in soil-suitability evaluation for
cotton (Gossypium spp.): A case study in the black soil region of Central India. Comput. Geosci. 2012, 41, 108–118. [CrossRef]

66. Wang, L.; Li, Y.; Wang, P.; Wang, X.; Luo, Y.; Wu, H. Assessment of ecological suitability of winter wheat in Jiangsu Province
based on the niche—Fitness theory and fuzzy mathematics. Acta Ecol. Sin. 2016, 36, 4465–4474. [CrossRef]

67. Wang, W.; He, A.; Jiang, G.; Sun, H.; Jiang, M.; Man, J.; Ling, X.; Cui, K.; Huang, J.; Peng, S.; et al. Chapter Four—Ratoon rice
technology: A green and resource-efficient way for rice production. Adv. Agron. 2020, 159, 135–167. [CrossRef]

68. Wisz, M.S.; Hijmans, R.; Li, J.; Peterson, A.T.; Graham, C.; Guisan, A.; NCEAS Predicting Species Distributions Working Group.
Effects of sample size on the performance of species distribution models. Divers. Distrib. 2008, 14, 763–773. [CrossRef]

69. Xu, L.L.; Ren, Z. Relationships between rice growth and climatic factors. Mod. Agric. Sci. Technol. 2017, 18, 183–185.
70. Yao, H.; Zuo, X.; Zuo, D.; Lin, H.; Huang, X.; Zang, C. Study on soybean potential productivity and food security assessment in

China under the influence of the COVID-19 outbreak. Geogr. Sustain. 2020, 1, 163–171. [CrossRef]
71. Yin, X.; Chen, F. Temporal and spatial changes of global soybean production in 1961–2017. World Agric. 2019, 11, 65–71.
72. Yue, Y.; Zhang, P.; Shang, Y. The potential global distribution and dynamics of wheat under multiple climate change scenarios.

Sci. Total Environ. 2019, 688, 1308–1318. [CrossRef]
73. Zhang, K.L.; Yao, L.J.; Meng, J.S.; Tao, J. Maxent modeling for predicting the potential geographical distribution of two peony

species under climate change. Sci. Total Environ. 2018, 634, 1326–1334. [CrossRef]
74. Zipper, S.C.; Qiu, J.; Kucharik, C.J. Drought effects on US maize and soybean production: Spatiotemporal patterns and historical

changes. Environ. Res. Lett. 2016, 11, 094021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

168



Citation: Hassan, M.u.; Shah, S.T.;

Basit, A.; Hikal, W.M.; Khan, M.A.;

Khan, W.; Tkachenko, K.G.; Brini, F.;

Said-Al Ahl, H.A.H. Improving

Wheat Yield with Zeolite and Tillage

Practices under Rain-Fed Conditions.

Land 2024, 13, 1248. https://

doi.org/10.3390/land13081248

Academic Editor: Nick B. Comerford

Received: 25 June 2024

Revised: 6 August 2024

Accepted: 8 August 2024

Published: 9 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Improving Wheat Yield with Zeolite and Tillage Practices under
Rain-Fed Conditions

Mehmood ul Hassan 1, Syed Tanveer Shah 1, Abdul Basit 2, Wafaa M. Hikal 3, Mushtaq Ahmad Khan 1,

Waleed Khan 4, Kirill G. Tkachenko 5,*, Faiçal Brini 6 and Hussein A. H. Said-Al Ahl 7,*

1 Department of Agriculture, Hazara University, Mansehra 21300, Pakistan;
mehmoodarid@gmail.com (M.u.H.); dr.syedtanveershah@hu.edu.pk (S.T.S.);
mushtaq@uoswabi.edu.pk (M.A.K.)

2 Department of Horticultural Science, Kyungpook National University, Daegu 41566, Republic of Korea;
abdulbasit97_lily@knu.ac.kr

3 Department of Biology, Faculty of Science, University of Tabuk, Tabuk 71491, Saudi Arabia;
wafaahikal@gmail.com

4 Laboratory of Crop Production, Department of Applied Biosciences, Kyungpook National University,
Daegu 41566, Republic of Korea

5 Peter the Great Botanical Garden of the V.L. Komarov Botanical Institute, Russian Academy of Sciences,
St. Petersburg 197376, Russia

6 Biotechnology and Plant Improvement Laboratory, Centre of Biotechnology of Sfax,
P.O. 1177, Sfax 3018, Tunisia; faical.brini@cbs.rnrt.tn

7 Medicinal and Aromatic Plants Research Department, Pharmaceutical and Drug Industries Research Institute,
National Research Centre (NRC), 33 El-Behouth St. Dokki, Giza 12622, Egypt

* Correspondence: kigatka@gmail.com (K.G.T.); shussein272@yahoo.com (H.A.H.S.-A.A.)

Abstract: Wheat is the most consumed crop worldwide. Zeolite application combined with good
tillage practices are good combinations that provide better soil conditions for wheat crops. Zeolite
also provides a good layer for carbon to be absorbed into the soil and can retain carbon for hundreds
of years. The current study aimed to investigate the effect of tillage practices and zeolite treatments
on soil carbon retention and wheat crop productivity. Arranging the treatments implemented
according to a factorial randomized block design which includes three replications. Tillage treatments
include three levels vis: T1= 6 tillage practices with the help of cultivator (farmer practice/control),
T2 (minimum tillage), and T3 (2 cultivation with cultivator + Mold-board plough). The zeolite
applications consist of four levels: Z1 = 0, Z2 = 5, Z3 = 10 and Z4 = 15 t ha−1. The effect of the
interaction between zeolite treatments and tillage practices on various factors related to soil and crops
such as emission of carbon dioxide (CO2), dissolved organic carbon, soil organic carbon, and the
productivity and components of wheat productivity. Zeolite applied at 10 t ha−1 in combination with
minimum tillage gave significant differences in terms of CO2 emission, dissolved organic carbon,
and on soil organic carbon. The experimental results showed that minimum CO2 emission (25.43
and 31.12 (kg CO2-C ha−1 h−1), dissolved organic carbon (4.80 and 4.90 g C kg−1), soil organic
carbon (7.88 and 7.97 g C kg−1), plant height (92.14 and 92.97 cm), spike length (11.88 ad 12.11 cm),
number of spikelets (20.11 and 20.98), number of tillers (278.65 and 283.93) per unit area, 1000 grain
weight (50.74 and 51.54 g), biological yield (8134.87 and 8187.38 kg ha−1) and grain yield (2984.28
and 3028.96 kg ha−1) and harvest index (36.69 and 37.04%) of wheat was observed in zeolite applied
at 10 t ha−1 with minimum tillage practice (T2 × Z3) compared to control and other treatments for
both the years, respectively. It is therefore concluded that minimum tillage should be practiced in
wheat crops with the application of zeolite at 10 t ha−1 to obtain better yield and soil carbon retention
under rain-fed conditions.

Keywords: dissolved organic carbon; soil organic carbon; tillage; zeolite; wheat

Land 2024, 13, 1248. https://doi.org/10.3390/land13081248 https://www.mdpi.com/journal/land169



Land 2024, 13, 1248

1. Introduction

In Pakistan during 2022–2023, wheat was cultivated on 9043 thousand hectares as
compared to last year’s area of 8977 thousand hectares recorded an increase of 0.7 percent [1].
Wheat contributes to 8.2% of value added in agriculture and 1.9% to GDP. The overall
production of wheat stood at 27.634 million tonnes in 2023 compared to 26.208 million
tonnes in 2022, which shows a growth of 5.4% in wheat production. Wheat is an annual
grass that can attain a height of 1

2 to 1 1
4 meters with the characteristic of long stalks and

spikes formed with many kernels [2]. Due to wheat’s high nutritional value and better
grain quality, it is grown all over the world, along with maize and rice. It is used in
the production of many items of food like bread, biscuits, feeds, and confectionery. This
crop is mainly grown under irrigated conditions with a water requirement ranging from
about 18 to 22 inches per acre. In human nutrition, wheat is one of the best sources of
carbohydrates. Pakistan ranked tenth among the top wheat-producing countries. However,
wheat production in Pakistan is limited to only 25–35% and has not exceeded. This
may be due to some adverse factors such as less availability of water, uncertain climates,
more emission of carbon from the soil, and availability of proper fertile land [3], which
badly affects wheat yield and productivity. Wheat production can be enhanced to a
great extent by the use of good inputs, advanced production techniques, and appropriate
tillage technologies. Because of these factors yield of wheat is affected, as they affect the
chemical and physical properties of the soil and water [4]. Tillage practices play a very
crucial role in crop production. It adds up to 20% among different production factors
of wheat [5]. Soil is deteriorating day by day due to the use of repetitive and unwanted
conventional tillage practices. Therefore, there is a need to promote proper utilization of
water in wheat cultivation, control the soil erosion process, and enhance crop productivity
with an emphasis on shifting to reduced and zero-tillage [6]. Because of the benefits
from zero tillage, i.e., more yield, cost-effectiveness, and significant savings in water, soil
quality, and inputs, nowadays research work on zero tillage technology has been under
serious consideration. It enables farmers to sow wheat at the proper time with good crop
establishment. Zero and minimum tillage practices can reduce the expenditure of water
and to buildup of seedbeds by about 30% [7]. Zero and minimum tillage practices can
give better results than other tillage operations as these are less costly compared to other
tillage systems [8]. Deep tillage has several disadvantages because it can break up the
tiller bed, increase surface run-off, and deep leaching of nutrients that become unavailable
to plants [9]. Recently, along with the use of less tillage practices zeolite is now mostly
used in agriculture practices as a source of inorganic soil amendment. It reduces nitrogen
leaching, enhances nitrogen use efficiency, and improves crop productivity. Zeolites have
many properties that can improve crop productivity, these include crystalline nature with
hydrated alumino-silicates, having the characteristics of high cation exchange capacity and
water holding capacity [10]. The other advantages of zeolite include that it has the ability
to provide plant nutrients especially NH4+ which has been used to enhance soil nitrogen
retention and nitrogen availability to plants [11]. Zeolites have been found to increase
nitrogen use efficiency and enhance the productivity of many crops such as spinach [12],
canola [13], corn, rice, and wheat [14]. There is now much research about the effects of
zeolite application on agronomic characteristics of wheat under irrigated conditions, but
few of these studies have examined its effect on wheat under rain-fed conditions. In
addition, zeolite could also increase water use efficiency by improving soil water retention
capacity and water availability to plants using it under water shortage conditions [15].
Natural zeolites have the ability to enhance crop water use efficiency and to also control
nutrient leaching [16]. Application of zeolite at a rate of 8 g/kg significantly enhanced the
water use efficiency (WUE) of cereal crops and obtained the highest value [17]. Zeolite
dosage at 90 t/hm2 and irrigation levels at 100% ET obtained the highest WUE of wheat,
maize, strawberry, and common bean [18]. Due to the ability of zeolite to retain water in
itself and thus, increase water availability to the plant under water stress conditions [19].
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Combining zeolite application with appropriate tillage combinations can reduce irrigation
water and nitrogen loss and enhance cereal grain yield [18].

The aim of this research was to investigate whether zeolite application and different
tillage practices affect the soil carbon content and wheat productivity. Therefore, the current
research hypothesis was to study the effect of zeolite concentrations and tillage practices
under field conditions to improve soil carbon content, yield, and yield-related attributes
of wheat.

2. Materials and Methods

A two-year field trial was conducted from June 2021 to May 2023 at the Agriculture
Research Farm, Hazara University Mansehra, Pakistan to study the effect of different tillage
practices and zeolite doses on wheat (Triticum aestivum L.) yield and soil carbon. Previously,
the field was fallow, i.e., no crop was sown on it. Moreover, no fertilizer and tillage were
applied in the field. The soil of the study area was clay loam with pH ranging from 7 to
8. A randomized factorial block design consisting of two factors with three replicates and
an area of 5 × 8 m2 was used. The first factor of the experiment was three levels of tillage
practices; T1: Control or farmer practice (6 cultivations with cultivator), T2: minimum
tillage (2 tillage practices) with cultivator, and T3: 1 Mold-board plough + 2 cultivations
with cultivator and the second factor was the provision of zeolite consist of four levels. The
zeolite dosages consist of four levels: Z1 = 0, Z2 = 05, Z3 = 10, and Z4 = 15 t ha−1. Wheat
was planted using seeds at a seed rate of 120 kg ha−1 leaving a distance of 12 cm between
rows. NPK fertilizer was applied at a rate of 35–40–20 kg ha−1 from sources of urea,
diammonium phosphate, and potassium sulphate, respectively. Sowing was performed
using a seed drill. All fertilizers were applied as a base dose at the time of planting and
no fertilizers were applied during the entire wheat growth period. Zeolite was applied
before the onset of monsoon rains so that proper mixing was possible, and no subsequent
doses of zeolite were applied during the wheat growing season. Tillage practices especially
minimum tillage and the use of mold-board plough during monsoon were chosen because,
in rain-fed areas, farmers use conventional techniques, which results in lower yields. Here,
the concept of minimum tillage practices was introduced in these areas so that farmers can
obtain maximum yield with smart use of water, which is lost using conventional tillage.
Zeolite doses were chosen on the basis of the soil condition of rain-fed areas due to their
role in improving soil physical and chemical structure. Moreover, these zeolite doses also
suit the soil of these areas. Tillage treatment T1 involves performing 6 cultivations using
a cultivator. A plank was used to level the ground after each ploughing. In the tillage
treatment, two tillage operations were carried out before the onset of monsoon whereas,
other four tillage practices were carried out before planting the crop. In T2 only two
cultivator-assisted tillage practices were used before planting. In tillage treatment, T3, one
tillage practice was carried out using a plow before the onset of monsoon and two more
tillage practices were carried out using a cultivator before wheat planting.

2.1. Soil Sampling

Three random soil samples were taken at a depth of 0–15 cm after each tillage practice
and before sowing the wheat during the two years of the study from each treatment in
three different locations and a composite sample was taken after that. After collecting
the samples, they were placed for 48 h at 105 ◦C to dry and then sieved through a 2 mm
stainless steel sieve and stored in glass jars. Soil samples were collected to calculate soil
organic carbon, dissolved organic carbon, and carbon emission.

2.2. Carbon Emission

Soil CO2 emission was measured using the static chamber method through CO2 meter
(Lutron GC-2028, Lutron manufacturer, Taipei, Taiwan). The fiber chamber rim was fixed
in a collar groove that was used in the field according to random determination of the gas
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flow. After 30 days, the gas percentage was measured. It was noted by transformation in
headspace concentration over a specific duration using the formula:

Flux =
(dGas/dt)× 10−6 × (Vchanmber × P × 100 × MW)

R × T × A × 10−6

dGas/dt refers to the change in concentration over time and measured in ppm h−1; Vchamber
is the volume of the chamber, P is atmospheric pressure, MW is the molecular weight, R is
a gas constant, 8314 J mol−1 K−1, T is the required temperature taken in Kelvin and A is
the chamber area. The flux of CO2 gas was taken by a hectare and converted into kg CO2-C
ha−1 h−1 [20].

2.3. Dissolved Organic Carbon

Dissolved Organic Carbon (DOC) was calculated by taking 2 g of soil material and
shaking it in 20 mL of distilled water for 24 h and dissolved C was analyzed on a total
organic carbon (TOC) analyzer [21].

2.4. Soil Organic Carbon

Soil organic carbon (SOC) was measured by taking 1 g of soil into a 500 mL beaker.
Then, ten mL of 1 N potassium dichromate solution and 20 mL of concentrate H2SO4 was
added into the beaker and stirred to mix the suspension. The suspension was then set for
30 min. Then, 200 mL of distilled water was added after adding 10 mL of H3PO3 to the
suspension. Then, 10 drops of diphenylamine indicator were added, and the solution was
titrated with 0.5 N solution of ferrous ammonium sulphate until the color changed from
blue to sharp green [22]. Percentage of total organic carbon (w/w) = 1.334 × oxidizable
organic Carbon.

2.5. Plant Data Collection and Analysis

Wheat plant height was measured by taking 10 plants randomly from each plot and
the average was determined. The length of the spike, the number of spikelets per spike, and
1000 grain weight were determined by randomly selecting 10 plants from each plot. The
Number of tillers per unit area was calculated by placing the quadrat of 1 m2 at different
places of each plot. Biological yield was taken by taking the weight of above-ground
biomass of all wheat plants from each plot and then taking the total biomass. Grain yield
was taken by removing grains from each spike in kg ha−1. The harvest index (HI) was
determined as a percentage by dividing the grain yield of the wheat crop by the biological
yield and then multiplying it by 100.

HI(%) =
Grain yield

Biological yield
∗ 100

The data was analyzed statistically to learn the difference between the treatments by
using SPSS software v. 1.7. The least significant difference within treatment was calculated
at p ≤ 0.05.

3. Results

Regarding the means for soil carbon emission, tillage practices and zeolite treat-
ments significantly (p ≤ 0.05) affected soil carbon emission. Tillage practice T1 (Control)
and zeolite treatment Z1 (0 t ha−1) during the first study year recorded a CO2 emis-
sion of 49.22 kg CO2-C ha−1 h−1 while 52.24 kg CO2-C ha−1 h−1 during the second year,
which was the maximum among all treatments (Figure 1A,D). The interaction between
T2 (minimum tillage) practice and Z3 zeolite treatment (10 t ha−1) revealed the low-
est CO2 emission which was about 26.47 kg CO2-C ha−1 h−1 during the first year and
32.67 kg CO2-C ha−1 h−1 during the second year (Figure 1A,D).
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Figure 1. Effect of tillage operations and zeolite levels on CO2 emission (A,D), dissolved organic
carbon (B,E), and Soil organic carbon (C,F).

Dissolved organic carbon was also significantly (p ≤ 0.05) affected by zeolite and
tillage practices interaction. The data regarding dissolved organic carbon (DOC) showed
that the lowest DOC found in T1 × Z1, i.e., no zeolite and zero tillage which was about
3.16 g C kg−1 during the first year and 3.79 g C kg−1 during the second year, whereas wheat
crops in minimum tillage practices supplied with 10 t ha−1 recorded the highest DOC
4.9 g C kg−1 during the first year and 5.1 g C kg−1 during the second year (Figure 1B,E).
The interaction between T2 × Z1 and T2 × Z2 gave the nominal values (Figure 1B,E).

Significant (p ≤ 0.05) differences were observed for soil organic carbon. Data on soil
organic carbon (SOC) revealed that T1 × Z1, i.e., control treatment gave SOC (2.63 g C kg−1)
during the first year and 3.87 g C kg−1 during the second year (Figure 1C,F). Interaction of
T2 × Z3 gave 7.97 g C kg−1 SOC during the first year and 8.34 g C kg−1 during the second
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year. Interaction of T2 × Z3 gave statistically (p ≤ 0.05) higher SOC (69.36%) than T1 × Z1
(Figure 1C,F).

Wheat productivity indicators were also analyzed to determine the effect of tillage
practices and different zeolite doses and showed significant (p ≤ 0.05) for the growth and
yield attributes of wheat. The data revealed that maximum plant height (92.14 and 92.97 cm)
was observed in wheat crops with minimum tillage practice and zeolite at 10 t ha−1 during
the 1st year and 2nd year growing season, respectively, which was statistically different
(p ≤ 0.05) from the rest of the treatments followed by T2 × Z3 interaction. The lowest
SOC (80.12 and 80.98 cm) was obtained in T1 × Z1 during the 1st and 2nd year of study,
respectively (Figure 2A,E). T1 × Z1 and T1 × Z4 interaction gave results that are statistically
at par (p ≤ 0.05) similar to each other. Interaction of T2 × B3 gave 12.45% more plant height
as compared to T1 × Z1 (Figure 2A,E). During both years, the maximum spike length (11.98
and 12.11 cm) was observed in T2 × Z3 while the minimum spike length (8.112 and 8.87 cm)
was observed in T1 × Z1, (Figure 2B,F). On a percentage basis, T2 × Z3 gave 42.43% greater
height length than T1 × Z1. The results for the number of tillers revealed that during both
study years, the minimum number of tillers (215.32 and 217.27) per unit area resulted from
the T1 × Z1 interaction while the interaction of minimum tillage with 10 t ha−1 zeolite
concentrations produced significantly (p ≤ 0.05) higher number of tillers (278.65 and 283.93)
per unit area for 1st and 2nd year of study, respectively, (Figure 2C,G). During both years,
T2 × Z3 showed an increase in tillering by 30.44% per unit area as compared to T1 × Z1.

The number of spikelets/spike was significantly (p ≤ 0.05) affected by tillage practices
and zeolite interaction. During both years of study, T2 × Z3 recorded the highest (20.11
and 20.98 spikelets/spike whereas minimum spikelets/spike (16.27 and 16.97) was ob-
tained from wheat plants in the control treatment, i.e., T1× Z1 (Figure 2D,H). The T2× Z3
interaction gave 23.98% more spikelets/spike than T1 × Z1. The combination of tillage
practices and zeolite concentration had a significant (p ≤ 0.05) effect on 1000-grain weight.
The maximum value of 1000 grain weight (50.74 and 51.54 g) was observed during both
years of the study when minimum tillage was practiced in wheat fields and 10 t ha−1

of zeolite concentrations. The minimum value is given by T1 × Z1, which was 41.62 g
(Figure 3A,E). The mean percentage difference between these two reactions was 26.02%.
Significant (p ≤ 0.05) variation was recorded for the biological yield of wheat crops with the
combined effect of tillage practices and zeolite concentrations. It is evident from Figure 3B,F
that during both the study years, the T2 × Z3 interaction gave the maximum biological
yield (8134.87 and 8178.31 kg ha−1) which was statistically (p ≤ 0.05) different from the
other treatments. Minimum biological yield (7398.35 and 7483.29 kg ha−1) was observed
in T1 × B1, i.e., control treatment (Figure 3B,F). The T2 × Z3 reaction gave a 9.52% greater
biological yield compared to the T1 × Z1.

The results for grain yield showed significant differences sown under different tillage
practices and zeolite concentrations. Wheat crop is grown under minimum tillage and
10 t ha−1 significantly (p ≤ 0.05) increased grain yield (2754.98 and 2863.39 kg ha−1) in
both years, respectively, whereas, minimum grain yield (2438.39 and 2576.22 kg ha−1)
was recorded in the control treatment, i.e., T1 × Z1 (Figure 3C,G). The values of T1 × Z2
and T1 × Z3 interactions were found to be statistically similar (p ≤ 0.05) to each other
(Figure 3C,G). The harvest index was significantly affected by tillage practice and zeolite
concentrations. The data revealed that the maximum harvest index (36.69 and 37.54%)
during the two years of the study was observed at T2 × Z3 while the minimum harvest
index (32.96 and 34.43%) was given by T1 × Z1 (Figure 3D,H). During both years of the
study, the harvest index recorded in T1 × Z1 was statistically (p ≤ 0.05) at par with T1 × Z4
interactions (Figure 3D,H).
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Figure 2. Effect of tillage operations and zeolite levels on plant height (A,E), spike length (B,F),
number of tillers (C,G), and number of spikelets/spike (D,H).
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Figure 3. Effect of tillage operations and zeolite levels on 1000 grain weight (A,E), biological yield
(B,F), grain yield (C,G), and harvest index (D,H).

3.1. Correlation Analysis

The heat map displays correlation coefficients between agricultural traits. Significant
positive correlations were observed between plant height (PH) and spike length (SL),
suggesting a potential link in growth traits. A similarly strong positive relationship exists
between biological yield (BY) and grain yield (GY), meaning that increases in total plant
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biomass are closely related to harvestable grain production. Conversely, harvest index
(HI), correlates poorly with both morphological and production traits, indicating that the
efficiency of biomass conversion to grain is governed by mechanisms that largely depend
on plant size and total production (Figure 4).

Figure 4. Heat map Correlation of Agronomic Traits in Plant Germplasm. The heatmap details the
Pearson correlation coefficients among selected traits with strong correlations shown in red and weak
correlations in blue ranging from −1 (perfect negative correlation, displayed in blue) to +1 (perfect
positive correlation, displayed in red).

3.2. Principal Component Analysis

The Principal Component Analysis (PCA) biplot depicts the relationship between
different agronomic traits and the first two principal components explain the cumulative
variance of 95.92%, with PC1 accounting for 91.58% and PC2 for 4.34%. Vectors represent
individual traits, and their direction and length indicate their contribution and association
with the respective principal components. The biplots show that plant height (PH) and
biological yield (BY) are closely related to PC1, indicating that they contribute significantly
to the variance along this principal component. Likewise, spike length (SL) and harvest
index (HI) display a positive correlation with PC1, although HI also extends to the PC2
axis, implying a multidimensional effect on the data structure. The 1000-grain weight
(HGW) vector is negatively correlated with PC1, indicating that as PH and BY increase,
HGW decreases, which may indicate a trade-off between these traits in the population
studied. The spike sphericity (SpS) aligns closely with the HGW, reinforcing a possible
inverse relationship with the PH and BY traits (Figure 5).
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Figure 5. Principal components PC1 (91.58%) and PC2 (4.34%) are plotted, with trait vectors such
as plant height, biological yield, and harvest index indicating their respective influences on the
explained variance. Data points represent individual samples positioned relative to the principal
components and trait vectors, highlighting the principal correlations within the dataset.

4. Discussion

Due to climate change, not only the air environment but also the soil environment
is being polluted, especially by cutting trees, using heavy tillage practices, and using
inappropriate inputs to enhance crop productivity. By doing all these practices the soil
structure is being demolished day by day and a large amount of carbon is emitted from
the soil which is very dangerous for the soil microorganisms as well as for the open
environment [23]. The same results were obtained in the present experiment where soil
carbon emission was higher in tillage practice T1 (Control), which was an agricultural
practice, and this may be due to soil disturbance through the use of a large number of
tillage practices causing degradation and carbon emission from the soil. The T2 Tillage
treatment combined with the Z3 zeolite treatment (10 t ha−1) gave more dissolved organic
carbon (DOC), i.e., (4.8 and 4.9 g C Kg−1), which may be due to fewer tillage practices
conserving soil carbon and the zeolite captured this carbon in a better way compared to the
control treatment. Peng et al. [24] also described that fewer tillage practices and the use
of an appropriate amount of zeolite cause less soil damage and prevent carbon emission.
Deep and intensive tillage practices and less or no use of zeolite can reduce soil-dissolved
organic carbon (DOC) [25]. This may be the reason why the interaction in the present study
(T1 × Z1), i.e., more tillage practices and no use of zeolite did not conserve soil carbon
as zeolite can retain moisture and nutrients in the soil. Higher soil organic carbon (SOC)
contents (7.88 and 7.97 g C Kg−1) were found in the T2 (minimum tillage) and Z3 (10 t ha−1)
reaction compared to other tillage practices and zeolite doses, which may be due to reduced
soil disturbance and use of appropriate material. Zeolite captures carbon due to its porous
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nature. Darko et al. [26] also described that soil carbon contents are higher where tillage
practices are lower and zeolite is frequent. Soils with extensive use of tillage practices have
poor structure and greater loss of soil organic carbon [27].

Yield and yield parameters also gave significant differences using tillage and zeolite
in our experiment. Wheat plant height was maximum (92.14 and 92.97 cm) in the T2 × Z3
interaction compared to the rest of the tillage practices and zeolite doses, and this may
be due to the minimum tillage practice, which conserves soil moisture contents that may
be lost due to heavy tillage practices. Zeolite dose (10 t ha−1) also provided the proper
amount of carbon and minerals to the plants, allowing them to gain maximum height. Qi
et al. [28] also reported that by using minimum tillage practices along with using proper
zeolite dosages can conserve soil moisture and enhance soil porosity, which helps in better
growth of plants. Gao [29] described that conventional tillage practices, poor application of
nutrients, and carbon capture sources such as zeolite led to land degradation and poor crop
stand. The spike length results showed that conventional tillage T1 and no application of
zeolite Z1 produced retarded spike length while the interaction T2 × Z3 showed better spike
length (11.88 and 12.11 cm) where minimum tillage practices were used and zeolite dosage
at 15 t ha−1 was applied as compared to the rest of tillage and zeolite interactions. Similar
results were also described by Aghaalikhani et al. [30] who reported that using less tillage
and material that enhances soil porosity can improve spike length as a parameter related
to good plant growth, which is possible when soil is porous to access air and nutrients.
The T2 × Z3 interaction gave the highest number of spikelets/spike (20.11 and 20.98) and
minimum found in T1 × Z1, this may be due to heavy tillage practices which lose soil
moisture and become unavailable to the plants. Chen et al. [31] also discussed that if heavy
tillage practices were used frequently and no use of zeolite and other materials that became
the soil porous then soil degradation may occur, which causes poor plant growth. The
number of tillers per unit area was calculated and found that T1 × Z1 gave the minimum
number of tillers per unit area as compared to the other interaction. Tillers depend on soil
fertility, nutrient availability, and healthy plant stand, which was poor in T1 × Z1.

Deep and frequent tillage practices and poor amounts of zeolite reduced soil moisture
and nutrient contents, which is the reason for poor plant establishment and ultimately
tiller number [32]. The T2 × Z3 interaction produced a maximum 1000-grain weight (50.74
and 51.54 g) compared to other interactions, which might be due to the zeolite enhancing
soil organic carbon and nutrients and the minimum number of tillage practices conserved
moisture, providing the crop with better stability and ultimately better grain yield. El-Porai
et al. [33] also described that less soil disturbance and a proper amount of zeolite can yield
better gains, but if excessive amounts of tillage and zeolite were applied soil nutrients may
escape, and the crop does not obtain benefit from them. The upper ground portion has
also been considered as a biological yield of wheat crops. This mainly depends on soil
health and better crop stand [34]. The proper amount of zeolite application is very essential
to achieve good yield because if an excessive amount is applied it may affect the roots of
the plant causing less biological production [35]. The results of the present experiment
also showed that the T2 × Z3 interaction gave maximum biological yield (8134.87 and
8178.38 kg ha−1) compared to the rest of the interactions, which might be due to improper
application of zeolite and tillage practices. The wheat grain yield was taken when the
plants were completely dried. The grain yield of the crop will be better if the crop plants are
healthy and this is only possible if the nutrients and moisture are at the required level [36].
Wheat grain yield (2984.28 and 3028.96 Kg ha−1) was higher in T2 × Z3, which may be
due to improved moisture level due to less soil disturbance and the effect of zeolite which
makes the soil porous for better crop growth. The T1 × Z1 reaction provides poor grain
yield, which might be due to poor soil moisture and inappropriate zeolite management.
The harvest index (HI) was also calculated by dividing the economic yield of wheat by
the biological yield and then multiplying it by 100 to obtain the values in percentage. The
results showed that the T2 × Z3 interaction gave the maximum values of HI, and this may
be due to the improvement of biological and grain yield. Improved moisture conservation
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and nutrient retention due to zeolite management during monsoon gave a better harvest
index as compared to the rest of the treatments, which caused loss of moisture and nutrients.
Poor HI may be obtained due to deep tillage practices that cause nutrient leakage and lead
to poor biological yield and grain production [37]. Kima et al. [38] also reported that zeolite
should be applied in appropriate amounts with a combination of best tillage practices, it
will not pose a risk to soil nutrients and can enhance crop productivity to a great extent.

5. Conclusions

The results of our current study, which was performed in rain-fed conditions showed
that the interaction of tillage with zeolite doses played a significant role in soil carbon con-
tent and wheat yield. Soil carbon contents play a crucial role in crop growth. Excess carbon
emission from the soil by using heavy tillage, i.e., mold-board plough not only creates
a hard pan in the soil but also pollutes the environment compared to minimum tillage
practices. Several tillage practices have been applied to reduce soil carbon emissions and
enhance wheat productivity. The results of our experiment indicate that if minimum tillage
(2 tillage with a cultivator) is used combined with the application of zeolite (10 t ha−1),
we can reduce carbon loss from the soil and enhance wheat productivity. By using these
tillage practices and zeolite doses in rain-fed areas farmers socio-economic conditions can
be improved. This is because these practices can enhance the productivity of wheat globally
to a large extent. Furthermore, there is a need for a more comprehensive study on the
long-term impacts of zeolite application and minimum tillage on different soil types of
rain-fed as well as on irrigated lands under different climatic conditions.
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Abstract: Background: Integrated water and fertilizer management is important for promoting
the sustainable development of agriculture. Climate-smart drip irrigation with fertilizer coupling
strategies plays an important role to mitigate greenhouse gas emissions, ensuring food production,
and alleviating water scarcity and excessive use of fertilizers. Methods: The greenhouse experiment
consists of three drip irrigation treatments which include D1: drip irrigation (100 mm); D2: drip
irrigation (200 mm); D3: drip irrigation (300 mm) under three different fertilizer management
practices N1: nitrogen level (150 kg N ha−1); N2: nitrogen level (300 kg N ha−1); N3: nitrogen level
(450 kg N ha−1). Results: The results showed that significantly improved soil moisture contents,
quality and tomato yield, while reduced (38.6%) greenhouse gas intensity (GHGI) under the D3N3
treatment. The D2 and D3 drip irrigation treatments with 450 kg nitrogen ha−1 considerably improved
NH4

+-N contents, and NO3
−-N contents at the fruit formation stage. The improve in net primary

productivity (NPP), net ecosystem productivity (NEP), evapotranspiration (ET), and ecosystem crop
water productivity (CWPeco) through D3N3 treatment is higher. The D3N3 treatment improved
(28.2%) the net global warming potential (GWP), but reduced GHGI, due to improved (18.4%) tomato
yield. The D3N3 treatment had significantly greater irrigation water productivity (IWP) (42.8%), total
soluble sugar (TSS) (32.9%), vitamin C content (VC) (39.2%), soluble sugar content (SSC) (44.2%),
lycopene content (41.3%) and nitrogen use efficiency (NUE) (52.4%), as compared to D1N1 treatment.
Conclusions: Therefore, in greenhouse experiments, the D3N3 may be an effective water-saving and
fertilizer management approach, which can improve WUE, tomato yield, and quality while reducing
the effect of global warming.

Keywords: coupling of drip irrigation and fertilizer; tomato production; greenhouse gas emissions;
nutrients update; irrigation water productivity; tomato quality

1. Introduction

Tomato (Solanum lycopersicum L.) is rich in carotene, vitamins C, and B, with great nu-
tritious values. Xinjiang is the most essential tomato-producing region in China, including
a planting area of more than 1 million hectare [1]. In recent years, the cultivation area of
greenhouse tomatoes in Xinjiang, China, has gradually expanded, but the development of
the greenhouse tomato industry has been considerably limited. Precise water and fertilizer
coupling technology may be able to overcome this urgent problem to improve the quality of
tomatoes while increasing their ability to withstand storage. Water and fertilizer coupling
technology [2] is based on varying water conditions, irrigation and fertilization durations,
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quantities, and modes of coordination, promoting soil water absorption range, using deeper
soil water, and enhancing crop transpiration and photosynthesis. Li [3] demonstrated that
the ratio of water and fertilizer had a significant influence on the quality and yield index of
tomatoes. Yao et al. [4] indicated that sugar, as an energy substance and signal molecule,
regulates fruit sweetness and physiological processes, such as ripening, senescence, and
responses to stress. Currently, there are few reports on the integration use of drip irrigation
and nitrogen coupling on tomato quality and yield. Nitrogen is an important element for
chlorophyll, enzymes, proteins, and vitamins; it plays a crucial role in keeping crop life
activities and improving yield and quality [5]. Insufficient nitrogen application can limit
plant growth, while excessive nitrogen application can delay ripening, deteriorate since
tomato quality, and increase nitrate leaching [6,7].

Many countries and regions around the world are facing a food shortage crisis due
to conflicts, extreme weather, and insufficient water resources. As a shallow-rooted crop,
tomatoes are sensitive to water and nutrient stress at all growth stages [8–10]. Water is
a key factor affecting crop nutrient absorption. Only when soil nutrients are dissolved
in water can crops absorb and utilize them [11–13]. Compared with traditional flood
irrigation and furrow irrigation, drip irrigation saves a large amount of irrigation water,
delivers irrigation water directly to the root zone of plants, and effectively improves
water productivity [14–16]. Drip irrigation combined with nutrient management approach
can significantly reduce the use of chemical fertilizers, inhibit the leaching of nutrients
and fertilizers below the root zone, improve nitrogen use efficiency (NUE), crop yield,
and minimize the effect of chemical fertilizers on the soil ecology [17,18]. However, the
response of tomato production and irrigation water productivity varies depending on the
climatic conditions of the research site and the characteristics of the drip irrigated soil [19].
Unfortunately, in recent years, the disadvantages of drip irrigation and fertilization have
gradually become apparent, particularly in low organic carbon content with poor soils,
which can lead to soil compaction [20]. The current drip irrigation fertigation model relies
heavily on the application of soluble inorganic fertilizers rather than the application of
organic fertilizers [14]. Some studies have reported that partial replacement of chemical
fertilizers with organic fertilizers under drip irrigation can raise the nutritional contents of
the soil and improve crop yields [13]. Hence, there is an urgent need to further optimize
the drip irrgation regime for a better greenhouse tomato production.

China leads the world in tomato cultivation area more than 1 million hectares and
tomato production of 56 million tons per year [21,22]. Tomatoes are generally grown in open
fields and greenhouse environments [23]. Over the past few decades, solar greenhouses
have become the mainstream of vegetable cultivation in China. This is because they not
only have the potential to produce high-quality vegetables and high profits during the
off-season but also can resist climate change [24,25]. Therefore, the development of a
sustainable greenhouse production system is essential for better crop growth and stable
high tomato yields. Water wastage is still a serious issue, and large amounts of soil are lost
to deep soil through evaporation, while the crop utilization rate is low [26]. In addition,
unnecessary nitrogen and drip irrigation water to reduce the risk of yield decline have led
to resource waste and ecological damage, such as leaching nutrients in groundwater [24,27].
Furthermore, nutrient management can improve fruit quality and crop yield [28,29]. Du
et al. [30] reported that irrigation in greenhouse systems had significantly improved crop
productivity. While, Zhu et al. [31] also reported that the sugar-acid ratio, lycopene, vitamin
C, and soluble sugar of tomato fruits under subsurface drip irrigation were higher. A study
by Chen et al. [28] also reported that the carbon footprint of integrated irrigation and
fertilization management was significantly higher than that of conventional irrigation.

Greenhouse cultivation has become the main method of vegetable production in
China, providing a stable supply in different seasons and meeting the growing demand for
vegetables [32,33]. The worsening of global water shortages has led to increased attention
to irrigation methods that maximize water-use efficiency [34,35]. Drip irrigation is the
most effective water-saving irrigation technology [36]. Excessive irrigation and fertilization
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reduce water and nutrient utilization, leading to a series of environmental problems and
nutrient leakage [37,38]. Because greenhouse vegetables have a short growth cycle and a
large demand for water and nutrients to increase yields, with little consideration of the
effect of water and nitrogen application on ecological pollution [39]. Irrigation volume
can have a significant impact on soil moisture and nitrogen distribution, thereby affecting
greenhouse gas emissions. Excessive nitrogen fertilizer application leads to increased CO2
and N2O emissions [27]. High temperature and humidity in greenhouses accelerate soil
nitrogen cycling, thereby increasing greenhouse gas emissions [40]. Therefore, scientific
management of water and nitrogen can ensure crop yield and reduce nitrogen leaching and
greenhouse gas emissions while avoiding excessive water and nitrogen application [41].
However, there is an obvious lack of research on how to coordinate and control irrigation
and nitrogen fertilizer application to achieve synergistic improvements in the tomato
growth cycle and production, quality, efficiency improvements, and emission reductions.
The results of this study are expected to extend our understanding of the integrated effects
of drip irrigation and nitrogen application on tomato yield, quality, water and nitrogen
use efficiency, and net greenhouse gas emissions, and have potential application value in
precision irrigation management for high yield, providing effective guidance for the water
and fertilizer management of local greenhouse tomato production.

2. Materials and Methods

2.1. Site Description

The research was performed in a multi-span greenhouse at the Horticultural Experi-
mental Station of Tarim University (81◦16′ E, 40◦33′ N) during the 2021 study year. The
tested tomato variety was ‘Qinshulingyue’. The experiment was conducted under trough
cultivation in the north-south direction, using an individual plant spacing of 0.35 m and
row spacing of 1.1 m, in an area of 7.5 m2. Drip irrigation was accomplished using a reliable
water source, water pump, water meter, fertilizer barrel (electric sprayer), water pipeline,
dripper, drip pipe, and other systems. The dripper exhibited a pressure-compensated flow
rate of 2 L per hour, with a dripper spacing of 35 cm. The chemical properties of greenhouse
soil are shown in Table 1.

Table 1. The soil properties of greenhouse of the soil layers (0–20 cm).

Year pH
SOM

(g kg−1)
TN

(g kg−1)
TP

(g kg−1)
TK

(g kg−1)
AP

(mg kg−1)
AK

(mg kg−1)

2021 8.11 15.29 1.04 1.06 16.28 18.91 163.59

2.2. Greenhouse Research Management

The randomize complete block design (RCBD) was used with four replications. Each
plot area has 7.5 m2. It includes nine treatments: D1N1: drip irrigation (100 mm) with
nitrogen level (150 kg ha−1); D1N2: drip irrigation (100 mm) with nitrogen level (300 kg
ha−1); D1N3: drip irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip
irrigation (200 mm) with nitrogen level (150 kg ha−1); D2N2: drip irrigation (200 mm)
with nitrogen level (300 kg ha−1); D2N3: drip irrigation (200 mm) with nitrogen level
(450 kg ha−1); D3N1: drip irrigation (300 mm) with nitrogen level (150 kg ha−1); D3N2:
drip irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3: drip irrigation (300 mm)
with nitrogen level (450 kg ha−1). The 40% nitrogen was supplied at the sowing stage,
(30%) at the vegetative growth stage and (30%) at the flowering stage. The recommended
doses of P and K were applied one day before sowing. During growing season weeds were
controlled manually.
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2.3. Sampling and Measurements
2.3.1. Soil Water Content

Soil moisture content (SWC) was monitored at EGS: early growth stage, VGS: vegeta-
tive growth stage, FS: flowering stage, FFS: fruit formation stage, and RS: ripening stage in
2021. A TDR meter was used to measure the water content at 20 cm intervals at soil depths
from 0 to 100 cm.

Evapotranspiration (ET) was calculated seasonally:

ET = R + ΔSWS (1)

2.3.2. Gas Sampling and Analysis

CO2 and N2O emissions were measured at GS: germination stage, EGS: early growth
stage, VGS: vegetative growth stage, FS: flowering stage, FFS: fruit formation stage, and RS:
ripening stage. All stainless steel chambers for gas chromatography were equipped with
fans to complete the gas mixing. GHG concentrations were analyzed within 72 h of gas
sampling using an Agilent 7890A gas chromatograph (Agilent, Santa Clara, CA, USA).

Gas emission rates were calculated according to [40]:

Gas emission rate
(

mgm−2h−1
)
= Δc/Δt × V/A × ρ × 273/T (2)

The seasonal gas flow rate was calculated using the following equation [41]:

Seasonal flux
(

kgha−1
)
= ∑n

i (Ri × Di) (3)

Net GWP was calculated by using the following equation [42]:

NetGWP
(
kgCO2 − eqha.−1) = CH4flux25

+N2Oflux298 − ΔSOC44/12
(4)

The GHGI was calculated by using net GWP per tomato yield [43]:

GHGI (kg CO2-eq kg−1 yield) = Net GWP/tomato yield (5)

To analysed the net ecosystem carbon budget (NECB) using the variations in total
carbon input and total carbon output [44,45].

NECB = ∑ Cinput − ∑ Coutput
= (NPP + biomass + urea)
−(harvested Cremoval + respired Closs)

(6)

Soil samples were mixed with 1 M KCL at a soil-to-solution ratio of 1:10 and then
filtered to produce extracts, and the concentrations of NH4

+-N and NO3
−-N contents were

measured by colorimetry using a continuous flow analyzer [46].

2.3.3. Calculation of Net Primary Productivity (NPP), and Net Ecosystem
Productivity (NEP)

The net ecosystem productivity NEP of CO2 was calculated by Zhang et al. [47].

NEP = RH − NPP (7)

Then NPP was calculated by using the below equation [48,49].

NPP = 0.446Wmax − 0.00067 (8)

186



Land 2024, 13, 1872

Ecosystem crop water productivity is calculated by the following equation [50].

CWPeco = NEP/ET (9)

The irrigation water productivity (IWP) was determined as equation.

IWP = Y1 − Y2/I (10)

where Y (kg ha−1) is the tomato yield; I is the deficit irrigation; Y1 (kg ha−1) is the tomato
yield of irrigated plot; Y2 (kg ha−1) is the tomato yield of un-irrigated plot.

N use efficiency (NUE) was determined as the ratio of tomato yield to the total N
uptake [51].

The content of soluble sugar was determined via anthrone colorimetry. Each sample
was examined three times in parallel. The soluble sugar content was calculated from the
standard curve, in units of %.

The lycopene content was calculated according to a value obtained using a colorimeter.
The method was adapted to rapidly detect the lycopene content with a colorimeter [52].
A CR-400/410 colorimeter(Konica Minolta, Tokyo, Japan) was utilized. Specifically, three
fruits were obtained from each group, and each fruit was measured three times, yielding
three consecutive values. Chroma was measured using L, a, and b values and substituted
into the formula, O (lycopene content) = 3.004X − 35.003, where X represents the Chroma
value, and the lycopene content is expressed as μg·g−1.

Vitamin C content was measured using the 2,6-dichlorophenol indophenol sodium
method [53]. Each sample was measured in triplicate, and vitamin C levels were calculated
from the standard curve, with the unit of measurement being mg kg−1.

2.3.4. Data Processing

Analysis of variance (ANOVA) was performed using SPSS 13.0 (SPSS Inc., Chicago, IL,
USA). Data from each sampling event were analyzed separately. Means among treatments
were compared based on the least significant difference test (LSD 0.05). Significance level
was set at p < 0.05. All graphs were generated in this study using Origin 2021 software. In
this experiment, Microsoft Excel 2020 was used for counting and sorting the data analysis.

3. Results

3.1. Soil Water Contents and ET Rate

In the greenhouse study, SWC at soil depths of 1–100 cm was regularly measured at
various growth stages of tomato. The climate-smart drip irrigation and fertilizer coupling
strategy significantly increased SWC compared to control plots (Figure 1). There were
significant (p < 0.05) variances in SWC at each growth stage, and the treatment order was
as follows: D3N3 > D2N3 > D3N2 > D2N2 > D1N3 > D3N1 > D2N1 > D1N2 > D1N1
treatment. In the greenhouse study, SWC at sowing was not significantly different between
treatments. At each growth stage, SWC treated with D3N3 and D2N3 was considerably
greater as compared with the rest of all other treatments. During the greenhouse trial, SWC
increased significantly for all treatments from the early growth stage to the flowering stage
and decreased considerably from flowering to the mature stage.
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Figure 1. Effects of different drip irrigation and fertilizer coupling strategies on soil water content
(%) at the depth of 0–100 cm soil layers during 2021. Note: D1N1: drip-irrigation (100 mm) with
nitrogen level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen level (300 kg ha−1); D1N3:
drip-irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation (200 mm) with
nitrogen level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1); D2N3:
drip-irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with
nitrogen level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3:
drip-irrigation (300 mm) with nitrogen level (450 kg ha−1). EGS: early growth stage; VGS: vegetative
growth stage; FS: flowering stage; FFS: fruit formation stage; RS: ripening stage. Values are given as
means, and different lowercase letters indicate significant differences at p ≤ 0.05 levels in the same
line (Duncan’s multiple range test).

There is a positive correlation between tomato ET and drip irrigation nitrogen fertilizer
coupling management method. Compared with the D3N1 and D2N1 treatments, the
D3N3 and D3N2 treatments with different drip irrigation and nitrogen fertilizer coupling
management had higher ET rates due to strong transpiration (Table 2). The results showed
that the ET of D1N1 was considerably higher than that of D2N1 and D3N1 treatments.
Compared with the D3N3 treatment, the D3N2 treatment significantly reduced ET by 0.6%,
and the D2N3 treatment significantly reduced ET by 3.9%.
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Table 2. CO2 emissions, NPP, NEP, evapotranspiration (ET) and CWP as affected by various treat-
ments a.

Treatments
CO2-C

(kg CO2

ha−1)

NPP
(kg CO2

ha−1)

NEP
(kg CO2

ha−1)

ET
(mm)

CWPeco
(kg CO2

ha−1 mm−1)

D1N1 3375 a 5859 f 1637 g 348.8 c 6.1 b
D1N2 3163 c 6098 e 2240 e 359.7 c 6.8 b
D1N3 2950 e 6336 c 2743 c 364.7 b 7.5 a
D2N1 3278 b 5646 f 1729 f 354.9 c 4.9 c
D2N2 3041 d 6062 e 2309 e 361.1 b 6.4 b
D2N3 2805 f 6478 b 2889 b 368.8 b 7.8 a
D3N1 3079 d 5691 f 1872 f 376.6 b 5.0 c
D3N2 2900 e 6119 d 2535 d 381.6 a 6.6 b
D3N3 2722 g 6546 a 3198 a 383.9 a 8.3 a

a D1N1: drip-irrigation (100 mm) with nitrogen level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen
level (300 kg ha−1); D1N3: drip-irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation
(200 mm) with nitrogen level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1);
D2N3: drip-irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with nitrogen
level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3: drip-irrigation
(300 mm) with nitrogen level (450 kg ha−1). Values are given as means, and different lowercase letters indicate
significant differences at p ≤ 0.05 levels in the same line (Duncan’s multiple range test).

3.2. Soil NO3
− and NH4

+ Contents

Nitrogen such as NO3
− and NH4

+ is uptake by the roots and transported to the shoots
by the xylem. Different climate-smart drip irrigation and fertilizer coupling strategies
significantly changed the NO3

− and NH4
+ contents in the shoots (Figures 2 and 3). At

each growth stage, the NO3
− and NH4

+ contents of the D3N3 treatment were considerably
greater than those of all other treatments. At the V7, flowering and grain-filling stages,
the NH4

+ content under 300 mm drip irrigation with 450 kg ha−1 nitrogen application
level was considerably greater than that in the D3N1 treatment, while the D3N3 and
D3N2 treatments had higher concentrations in GS, EGS, FS, FFS, and RS. There is not
much difference between stages. Therefore, in the GS, EGS, FS, FFS, and RS stages, the
NO3

− transport rate of the D3N3 treatment was significantly higher than that of the D1N1
treatment. Furthermore, the NO3

− and NH4
+ transport rates in D3N3 and D3N2 treatments

were considerably greater as compared with the rest of all treatments.

3.3. Greenhouse Gas Emissions

A greenhouse study found that CO2 emission was positive and qualified three vari-
ations (Figure 4). Irrespective of the various climate-smart drip irrigation with fertilizer
coupling strategies, CO2 is minimum during the early growth stage, but enhanced signifi-
cantly during the fruit formation stage and reaches the highest during the fruit formation
stage. Compared with the D1N1 treatment, D3N3, and D3N2 treatments considerably
changed the CO2; while the emissions of the D3N3 treatment were considerably more than
that of the D1N3 treatment. Different drip irrigation with fertilizer coupling strategies at all
growth stages have significant effect on N2O content. N2O showed two peaks during the
vegetative growth period and fruit formation period, and the N2O emission in the D1N1
was considerably lower than the other treatments (Figure 5). N2O emissions under D3N3
and D3N2 treatments were considerably greater than those under D2N1 and D3N1. Under
various coupling strategies of drip irrigation and fertilization, N2O emissions in different
growth periods have significant effects.
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Figure 2. Effects of different drip irrigation and fertilizer coupling strategies on NH4
+-N contents

at different growth stages of tomato during 2021. Note: D1N1: drip-irrigation (100 mm) with
nitrogen level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen level (300 kg ha−1); D1N3:
drip-irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation (200 mm) with
nitrogen level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1); D2N3:
drip-irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with
nitrogen level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3:
drip-irrigation (300 mm) with nitrogen level (450 kg ha−1). GS: germination stage; EGS: early growth
stage; VGS: vegetative growth stage; FS: flowering stage; FFS: fruit formation stage; RS: ripening
stage. Vertical bars represent the LSD at p = 0.05 (n = 3). Values are given as means, and different
lowercase letters indicate significant differences at p ≤ 0.05 levels in the same line (Duncan’s multiple
range test).
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Figure 3. Effects of various drip irrigation and fertilizer coupling strategies on NO3
−-N contents

at different growth stages of tomato during 2021. Note: D1N1: drip-irrigation (100 mm) with
nitrogen level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen level (300 kg ha−1); D1N3:
drip-irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation (200 mm) with
nitrogen level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1); D2N3:
drip-irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with
nitrogen level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3:
drip-irrigation (300 mm) with nitrogen level (450 kg ha−1). GS: germination stage; EGS: early growth
stage; VGS: vegetative growth stage; FS: flowering stage; FFS: fruit formation stage; RS: ripening
stage. Vertical bars represent the LSD at p = 0.05 (n = 3). Values are given as means, and different
lowercase letters indicate significant differences at p ≤ 0.05 levels in the same line (Duncan’s multiple
range test).
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Figure 4. Effects of different drip irrigation and fertilizer coupling strategies on CO2 emission at
different growth stages of tomato during 2021. Note: D1N1: drip-irrigation (100 mm) with nitrogen
level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen level (300 kg ha−1); D1N3: drip-
irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation (200 mm) with nitrogen
level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1); D2N3: drip-
irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with nitrogen
level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3: drip-
irrigation (300 mm) with nitrogen level (450 kg ha−1). GS: germination stage; EGS: early growth stage;
VGS: vegetative growth stage; FS: flowering stage; FFS: fruit formation stage; RS: ripening stage.

3.4. NPP, NEP, Multilevel Crop Water Productivity

Table 2 shows the annual range from 3375 to 2722 kg CO2 ha−1. There was no
significant variance in annual NPP between the D1N2 and D2N2 treatments since the total
biomass values for all treatments were very close. However, greenhouse studies showed
that the D3N3 had greater annual NPP values than all the remaining treatments. In a tomato
greenhouse experiment, a climate-smart drip irrigation and fertilizer coupling strategy
had a considerable effect on the NEP between NPP and total CO2 flux. Annual NEP
ranged from 1637 to 3198 kg CO2 ha−1. Annual NEP increased significantly for D3N2 and
D3N3 treatments compared to all remaining treatments. When it comes to CWPeco, there
are considerable differences between climate-smart drip irrigation and fertilizer coupling
strategies. The average CWPeco values for the nine treatments ranged from 8.3 to 4.9 kg
CO2 ha−1 mm−1. Overall, the CWPeaco values for the D3N3 treatment are quite high
compared to all the remaining treatments.

192



Land 2024, 13, 1872

Figure 5. Effects of different drip irrigation and fertilizer coupling strategies on N2O emission at
different growth stages of tomato during 2021. Note: D1N1: drip-irrigation (100 mm) with nitrogen
level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen level (300 kg ha−1); D1N3: drip-
irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation (200 mm) with nitrogen
level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1); D2N3: drip-
irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with nitrogen
level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3: drip-
irrigation (300 mm) with nitrogen level (450 kg ha−1). GS: germination stage; EGS: early growth stage;
VGS: vegetative growth stage; FS: flowering stage; FFS: fruit formation stage; RS: ripening stage.

3.5. GHGI and GWP

To evaluate the effect of D3N2 and D3N3 treatments on global warming, the net GWP
was calculated by considering the GWP values of each greenhouse gas emission and the
change in soil carbon stock (Table 3). Irrespective of the drip irrigation and fertilization
strategy, the net GWP is highly dependent on the depletion of soil carbon pools. In the
D3N3, the net GWP was 19.2 Mg CO2-eq. ha−1 soil carbon consumption and N2O emission.
Although a small amount of CH4 (approximately 83.9 kg CO2-eq. ha−1) is utilized during
cultivation, its contribution to the net GWP reduction is negligible. Compared with the
D1N1 treatment, the net GWP was significantly increased by 33.8% in the D3N3 treatment,
which was mostly due to the significantly improved consumption of soil carbon pools.
However, the N3 treatment under various drip irrigation conditions had higher net GWP
values compared to the control. In the two combined drip and fertilization irrigation
strategies, the D3N3 treatment had a significant impact on GHGI (net GWP per unit yield).
Compared to D1N1 treatment, D3N3 treatment significantly reduced GHGI 1.97 kg CO2-
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eq. ha−1 due to a significant increase in tomato yield. The D2N3 treatment significantly
reduced the GHGI by 1.57 kg CO2-eq. ha−1 than the D2N1 treatment. The decline in GHGI
is primarily driven by increased greenhouse gas emissions rather than increased depletion
of soil carbon pools.

Table 3. Characteristics of seasonal greenhouse gas fluxes, global warming potential (GWP) and
greenhouse gas intensity (GHGI) in tomato crop under irrigation and fertilizer coupling strategies.

Treatments GHG Flux (kg ha−1) GWP (kg CO2-eq ha−1) GHGI

CH4 N2O NECB CH4 N2O NECB Net (kg CO2-eq kg−1)

D1N1 1.18 c 3.91 c −2429 i 21.7 g 1149 f −8816 g 10263 g 2.07 b
D1N2 2.08 b 4.61 b −3322 h 45.7 e 1340 d −12081 f 13780 f 1.67 c
D1N3 2.18 b 5.21 a −4133 c 51.1 d 1549 b −15055 c 17047 b 1.07 c
D2N1 1.38 c 4.21 b −3495 g 31.0 f 1221 e −12723 f 14986 e 2.41 b
D2N2 2.28 b 4.91 b −3548 f 61.4 c 1400 c −13112 e 14666 e 2.27 b
D2N3 2.48 b 5.51 a −4656 b 64.3 c 1612 a −16983 b 19022 a 1.57 c
D3N1 1.58 c 4.61 b −3698 e 31.8 f 1340 d −13472 e 15029 d 3.37 a
D3N2 2.98 b 5.03 a −4032 d 72.7 b 1519 b −14683 d 16469 c 2.47 b
D3N3 3.38 a 5.91 a −4820 a 83.9 a 1686 a −17573 a 19272 a 1.97 c

D1N1: drip-irrigation (100 mm) with nitrogen level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen
level (300 kg ha−1); D1N3: drip-irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation
(200 mm) with nitrogen level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1);
D2N3: drip-irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with nitrogen
level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3: drip-irrigation
(300 mm) with nitrogen level (450 kg ha−1). Values are given as means, and different lowercase letters indicate
significant differences at p ≤ 0.05 levels in the same line (Duncan’s multiple range test).

3.6. Tomato Yield and Fruit Quality

The combined climate-smart drip irrigation and fertilization strategy significantly af-
fected tomato fruit quality, including SSC, VC, TSS, and lycopene values. These parameters
were also considerably affected by nitrogen levels (Table 4). SSC, VC, TSS, and lycopene
values in D3N2 and D3N3 treatments were significantly higher than all other treatments,
respectively. Table 4 shows that with increasing levels of drip irrigation and fertilization,
IWP and NUE values increased significantly, as did tomato yield. Meanwhile, all tomato
fruit quality parameters improved considerably with improving levels of drip irrigation
and fertilization. The tomato yield under the D3N3, D3N2, D3N1, D2N3, D2N2, D2N1,
D1N3, D1N2, and D1N1 treatments was 7.7 t ha−1, 5.8 t ha−1, 2.7 t ha−1, 5.1 t ha−1, 3.5 t
ha−1, 0.3 t ha−1, 3.0 t ha−1, and 1.3 t ha−1 greater, than that of D1N1 treatment, respectively.

Table 4. Effects of various irrigation and fertilizer coupling strategies on tomato yield, irrigation
water productivity (IWP), and quality of tomato plants in greenhouse.

Treatments
Tomato Yield

(t ha−1)
IWP

(kg mm−1)
TSS
(%)

VC
(mg 100 g−1)

SSC
(%)

Lycopene
(ug g−1)

NUE
kg kg−1)

D1N1 59.8 h -- 4.9 d 3.1 c 2.9 c 35.1 f --
D1N2 62.1 f -- 5.1 c 3.3 c 3.1 c 39.2 e 10.8 d
D1N3 63.8 e -- 5.9 c 3.8 c 3.6 c 44.6 d 13.6 c
D2N1 61.1 g 1.9 d 5.1 c 3.6 c 3.8 c 41.2 d --
D2N2 65.3 d 13.8 b 5.8 c 4.1 b 4.3 b 47.5 c 26.7 a
D2N3 70.9 c 13.1 b 6.7 b 4.6 b 4.8 b 52.6 b 21.8 b
D3N1 63.5 e 8.7 c 5.6 c 4.0 b 4.1 b 46.7 c --
D3N2 76.6 b 14.5 a 6.2 b 4.4 b 4.6 b 54.1 b 25.8 a
D3N3 82.5 a 15.2 a 7.3 a 5.1 a 5.2 a 59.8 a 22.7 b

D1N1: drip-irrigation (100 mm) with nitrogen level (150 kg ha−1); D1N2: drip-irrigation (100 mm) with nitrogen
level (300 kg ha−1); D1N3: drip-irrigation (100 mm) with nitrogen level (450 kg ha−1); D2N1: drip-irrigation
(200 mm) with nitrogen level (150 kg ha−1); D2N2: drip-irrigation (200 mm) with nitrogen level (300 kg ha−1);
D2N3: drip-irrigation (200 mm) with nitrogen level (450 kg ha−1); D3N1: drip-irrigation (300 mm) with nitrogen
level (150 kg ha−1); D3N2: drip-irrigation (300 mm) with nitrogen level (300 kg ha−1); D3N3: drip-irrigation
(300 mm) with nitrogen level (450 kg ha−1). Values are given as means, and different lowercase letters indicate
significant differences at p ≤ 0.05 levels in the same line (Duncan’s multiple range test).
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4. Discussion

An optimum soil environment can efficiently promote the growth process of green-
house tomatoes, thereby improving tomato production [53,54]. In this study, SWC was
frequently measured at soil depths of 1–100 cm at different growth stages of tomatoes in a
greenhouse study. In the greenhouse study, SWC in the D3N3 and D2N3 treatments was
significantly higher than all other treatments at different growth stages. Deficit irrigation
with various nitrogen application methods is widely used as a useful agricultural practice
to improve soil moisture conditions and increase tomato yields [55]. However, cover-
ing with various nitrogen fertilizer applications considerably increases greenhouse gas
emissions [56] and depletes soil carbon pools [57,58]. The effects of plastic film mulching
and various nitrogen fertilizer applications increasing crop yields are still under debate.
Soil moisture content significantly improved from the early growth stage to the flowering
stage and significantly decreased from the flowering stage to the maturity stage. Tomato
ET was positively correlated with the management strategy of drip irrigation combined
with nitrogen fertilizer. Jiang et al. [59] showed that mulching can effectively increase
the amount of precipitation in the soil, which reduces soil evaporation and increases leaf
transpiration rate [60]. Under the D3N3 and D3N2 with different combination management
of drip irrigation and nitrogen fertilizer had higher ET rates due to stronger transpiration.
Compared with the D3N3 treatment, the D3N2 considerably decreased ET by 0.6%, and
the D2N3 treatment significantly reduced ET by 3.9%. RF technology can increase soil
moisture content by retaining a small amount of rainwater, decreasing soil evaporation and
infiltration rainfall [61].

This may be due to growth inhibiting ammonia-oxidizing bacteria and related en-
zymes, effectively slowing down the oxidation of NH4

+-N and NO3
−-N contents [62,63].

By controlling the rapid transformation of soil nitrogen and maintaining high soil NH4
+-

N, it can effectively reduce the accumulation and leaching loss of NO3
−-N, and reduce

N2O emissions [64,65]. Nearly all nitrogen, including NH4
+-N and NO3

−-N contents, is
absorbed by the roots and transported to the shoots through the xylem. Different climate-
smart drip irrigation and fertilizer coupling strategies can significantly change the NH4

+-N
and NO3

−-N contents in the shoots [66]. In our study, the NH4+ content under drip irri-
gation (300 mm) and nitrogen level (450 kg N ha−1) was considerably greater at the V7,
flowering, and ripening stages. The NO3

−-N transport rate in the D3N3 was considerably
greater. High NO3

−-N content can significantly encourage fruit growth and delay the
ripening time of tomatoes [54,67], which is consistent with the fact that the rate of tomatoes
under N1 and N2 was higher than that under N3.

Increased soil temperature under low radiation can stimulate microbial activity [68],
thus explaining the increase in CO2 flux. No matter which climate-smart drip irrigation
and fertilizer coupling strategy is adopted, CO2 is lowest in the early growth period,
significantly enhanced in the fruit formation period, and reaches the highest level in the
fruit formation period, which is consistent with the research results of Liu et al. [64].
Manna et al. [62] also reported that irrigation is more active in destroying early N2O
emissions in tomatoes. Another study reported that adding nitrogen can also reduce soil
N2O emissions by 39% [60,69]. Under the D3N3 and D3N2 had considerable changes in
CO2. Meanwhile, the emissions in the D3N3 were considerably maximum. Different drip
irrigation and fertilizer combination strategies in each growth stage have a significant effect
on N2O content, with two N2O peaks appearing during the vegetative growth and fruit
formation stages. N2O is generally produced by nitrification and denitrification in soil
microbes [70,71]. Jiang et al. [59] confirmed that soil cover materials have a significant effect
on N2O emissions in a long-term fertility experiment. Additionally, larger tomato plants
may increase nitrogen uptake, potentially reducing soil N2O emissions [52,72].

GHGI may be an indicator of the GWP in the agronomic sector and crop produc-
tion [56]. The rise in GHGI is mostly due to a significant decrease in soil carbon stocks, not
an increase in GHGI. Current studies have shown that GHGI can be effectively reduced by
increasing crop yields [73]. Greenhouse studies showed that the D3N3 had higher annual
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NPP values than all the remaining treatments. In the tomato greenhouse experiment, a
combined climate-smart drip irrigation and fertilizer strategy had a considerable effect on
NEP between NPP and total CO2 fluxes. The D3N2 and D3N3 treatments had a significant
increase in annual NEP compared to all other treatments. The average CWPeco values
of the nine treatments ranged from 8.3 to 4.9 kg CO2 ha−1 mm−1. Current studies have
shown that GHGI can be effectively reduced by increasing tomato yields [56,62]. Compared
with the D1N1 treatment, the net GWP was considerably increased by 33.8% in the D3N3
treatment, which was mainly due to a significantly increased consumption of soil carbon
pools. When a large amount of carbon is removed, soil carbon stocks are reduced [74].
Mulching significantly increased the GWP which is calculated by adding CH4 and NO2
fluxes and NECB to CO2 equivalents [67,69]. However the GWP values of the N3 under
different drip irrigation conditions. The D3N3 treatment significantly improved tomato
yields, which reduced GHGI by 1.979 kg CO2 eq. ha−1. The decline in GHGI is driven
primarily by increased greenhouse gas emissions rather than a significant decline in soil
carbon stocks. GHGI can be used as an index to assess the influence of the farming sector
on GWP and crop yields [69,75].

Therefore, different irrigation and nitrogen levels can efficiently increase tomato fruit
quality. Wu et al. [76] reported the impact of nitrogen application on tomato quality. A
climate-smart drip irrigation and fertilizer combination strategy had a significant effect on
tomato fruit quality, including SSC, VC, TSS, and lycopene values. While, over-irrigation
can reduce the nutritional value of the fruit through dilution, thereby negatively affecting
related quality indicators [77,78]. The results showed that the values of SSC, VC, TSS, and
lycopene under D3N2 and D3N3 treatments were significantly higher than all other treat-
ments. However, excessive fertilization can cause soil detachment, which can negatively
affect tomato growth and fruit quality [79,80]. The tomato yield was significantly positively
correlated with the tomato quality, soil chemical properties, and resource use efficiencies
(Table 5). In the present study, Table 4 shows that as drip irrigation and fertilization levels
increased, IWP and NUE values increased significantly and tomato yield also increased.
Tomato yield in the D3N3 treatment was 7.7 t/ha higher than that in the D1N1 treatment.
Therefore, the results provide a scientific reference for future studies on the impacts of
climate-smart drip irrigation with fertilizer coupling strategies on the quality and yield of
greenhouse tomatoes.

Table 5. Correlation coefficients of tomato yield, quality and resourece use efficienies.

CWPeco ET GHGI Lycopene N2O NEP NH4
+ NO3

− NPP SSC TSS TY VC CO2

ET 0.3762

GHGI −0.7806 * 0.2500

Lycopene 0.5083 0.8885 * 0.0509

N2O 0.6885 * 0.7995 * −0.2330 0.9389 **

NEP 0.9575 ** 0.5132 −0.6301 * 0.6720 * 0.8069 *

NH4
+ 0.7715 * 0.7106 * −0.3342 0.9077 ** 0.9522 ** 0.8909 **

NO3
- 0.5839 0.9124 ** −0.0200 0.9655 ** 0.9407 ** 0.7075 * 0.8894 *

NPP 0.9641 * 0.4509 −0.6844 * 0.6462 * 0.7984 * 0.9890 ** 0.8804 * 0.6918 *

SSC 0.3623 0.7977 * 0.1469 0.9683 ** 0.8739 * 0.5419 0.8427 * 0.9123 ** 0.5356

TSS 0.6856 * 0.7879 * −0.1851 0.9528 ** 0.9637 ** 0.8263 * 0.9601 ** 0.9457 ** 0.8119 * 0.9084 **

TY 0.6234 * 0.9006 ** −0.0402 0.9726 ** 0.9336 ** 0.7737 * 0.9189 ** 0.9549 ** 0.7319 * 0.8932 * 0.9586 **

VC 0.4972 0.8363 * 0.0343 0.9891 ** 0.9358 ** 0.6703 * 0.9087 ** 0.9544 ** 0.6547 * 0.9822 ** 0.9674 ** 0.9503 **

CO2 0.6904 * 0.7142 * −0.2764 0.9254 ** 0.9850 ** 0.8167 * 0.9672 ** 0.9080 ** 0.8229 * 0.8878 ** 0.9669 ** 0.9073 ** 0.9384 **

SWC 0.5890 0.7041 * −0.1708 0.9358 ** 0.9343 ** 0.7116 * 0.9377 ** 0.9075 ** 0.7304 * 0.9411 ** 0.9339 ** 0.8745 * 0.9496 ** 0.9630 **

* Significant at the 0.05 probability level (n = 12). ** Significant at the 0.01 probability level (n = 12).

5. Conclusions

This study investigates the impacts of various drip irrigation and nutrient manage-
ment strategies on greenhouse tomato quality and yield, including total soluble sugars,
vitamin C content, soluble sugars, lycopene content, and nitrogen use efficiency (NUE), to
comprehensively evaluate tomato fruit quality maintenance after storage under various
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drip irrigation and fertilizer treatments. The results indicated that D3N3 treatment sig-
nificantly reduced (38.6%) greenhouse gas intensity (GHGI) and improved tomato yield,
quality, and soil moisture status. D2 and D3 drip irrigation with nitrogen addition of 220 kg
ha−1 improved the soil environment and significantly increased soil moisture content, CO2
emissions, N2O emissions, NO3

−-N, and NH4
+-N contents at the fruit formation period.

The improvement effect of D3N3 treatment on net primary productivity (NPP), net ecosys-
tem productivity (NEP), evapotranspiration (ET), and ecosystem crop water productivity
(CWPeco) was higher than other treatments. D3N3 treatment increased net global warming
potential (GWP) (28.2%) but decreased GHGI due to an increase in tomato yield (18.4%).
D3N3 treatment resulted in higher irrigation water productivity (IWP) (42.8%), TSS (32.9%),
vitamin C content (VC) (39.2%), SSC (44.2%), lycopene content (41.3%), and nitrogen use
efficiency (NUE) (52.4%), compared with all other treatments had a positive impact on
the environment. Therefore, in greenhouse experiments, the D3N3 may be an effective
water-saving and fertilizer management approach, which can improve water use efficiency
(WUE), tomato yield, and quality while reducing the effect of global warming.
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