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Abstract: Increasing agricultural yields and reducing greenhouse gas (GHG) emissions are the main
themes of agricultural development in the 21st century. This study investigated the yield and GHGs of
a jujube–alfalfa intercropping crop, relying on a long-term field location experiment of intercropping
in an arid region. The treatments included four planting densities (D1 (210 kg ha−1 sowing rate;
six rows), D2 (280 kg ha−1 sowing rate; eight rows), D3 (350 kg ha−1 sowing rate; ten rows)) and
four nitrogen levels (N0 (0 kg ha−1), N1 (80 kg ha−1), N2 (160 kg ha−1), and N3 (240 kg ha−1)) in
the jujube–alfalfa intercropping system. The results showed that the jujube–alfalfa intercropping
system is a the “source” of atmospheric CO2 and N2O, and the “sink” of CH4; the trend of CO2

fluxes was “single peak”, while the trend of N2O and CH4 fluxes was “double peak”, and there was a
tendency for their “valley peaks” to become a “mirror” of each another. The magnitude of emissions
under the nitrogen level was N3 > N2 > N1 > N0; the content of soil total nitrogen, quick-acting
nitrogen, and the global warming potential (GWP) increased with an increase in the amount of
nitrogen that was applied, but the pH showed the opposite tendency. The D2N2 treatment increased
the total N, quick N, SOC, and SOM content to reduce the alfalfa GHG emission intensity (GHGI)
by only 0.061 kg CO2-eq kg−1 compared to the other treatments. D2N2 showed a good balance
between yield benefits and environmental benefits. The total D2N2 yield was the most prominent
among all treatments, with a 47.64% increase in yield in 2022 compared to the D1N0 treatment. The
results showed that the optimization of planting density and N fertilization reduction strategies
could effectively improve economic efficiency and reduce net greenhouse gas emissions. In the
jujube–alfalfa intercropping system, D2N2 (eight rows planted in one film 160 N = 160 kg ha−1)
realized the optimal synergistic effect between planting density and nitrogen application, and the
results of this study provide theoretical support for the reduction in GHGs emissions in northwest
China without decreasing the yield of alfalfa forage.

Keywords: jujube–alfalfa intercropping; nitrogen application; planting density; GHGs emission;
global warming potential

1. Introduction

Global warming is closely related to the emission of atmospheric GHGs such as
carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) [1]. Due to the increasing
emissions, the mitigation of climate change has become a challenging and global issue [2].
Arid and semi-arid zones have experienced the most significant increase in temperature
in the last century, and the reduction in GHG emissions from soils in semi-arid zones is
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of great significance in mitigating the global warming problem [3]. Climate change has a
great impact on agricultural production, and agriculture is also an important participant
in climate change [4]. Agricultural systems are a significant source of GHGs, producing
5.41 billion tons, which is approximately 14% of the global total [5]. In order to reduce
and mitigate the potential negative impacts of climate change on ecosystems, a range of
strategies are needed to achieve emission reductions [6].

Crop densification affects GHGs emissions by altering root growth, which, in turn,
affects the substrates required by gases producing root microorganisms, altering the crop’s
response to the inter-root microenvironment and ultimately affecting soil gas emissions [7].
Research on maize has shown that densification reduces farmland GHG emissions [8],
while research on rice has shown that densification promotes rice field CH4 emissions [9].
In addition, the effect of planting density as a research factor on soil GHG emissions has
been less reported, and there is no clear conclusion at present.

Nitrogen is the main bulk element required for crop growth and development, and
is one of the most important guarantees of high crop yields and quality. Forty-eight
percent of the global population depends on the use of nitrogen fertilizers for their food
needs, and nitrogen fertilizers contribute approximately forty-five percent of China’s
food production [10]. Nitrogen fertilizer is an important component of crop yield, but
it is more important to consider its dual role as both a resource and a pollutant in a
comprehensive manner. Over-fertilization reduces the nitrogen use efficiency (NUE) of
crops and leads to increased CO2 and N2O emissions from the soil [11]. An IPCC assessment
showed that fertilizer application and related activities contribute 13.5% of the global
carbon emissions [12]. The excessive application of nitrogen fertilizer to agricultural
fields has been shown to be a major contributor to emissions from agricultural fields [13].
Therefore, optimizing the amount of nitrogen fertilizer applied to farmland has great
potential for reducing GHG emissions from agricultural systems. In recent years, studies
have reported the effects of reducing nitrogen inputs or intercropping on GHG emissions,
respectively [14,15]. Reducing nitrogen fertilizer application can reduce emissions, but it
can also threaten food security. Therefore, sustainable agronomic measures are needed to
compensate for possible crop production losses due to nitrogen reduction.

Leguminous green manures have been widely introduced into various crop produc-
tion systems due to their own nitrogen fixation [16]. Intercropping leguminous green
manure crops with other crops has been shown to be a promising option for improving
productivity and maintaining soil health [17]. Alfalfa, as one of the most important culti-
vated leguminous forages in China, can be planted to improve soil structure [18], increase
soil fertility, and reduce GHG emissions [19]. Combining the well-formed, high-quality
jujube industry with alfalfa at a young age (less than 10 years of planting) and adopting a
fruit–grass intercropping pattern contributes to increasing ground cover, preventing weeds
and removing grasses, improving soil structure, and enhancing the ecological environment
of jujube gardens. This approach not only improves the yields and quality of jujube but is
one of the main intercropping patterns in the jujube gardens of the Circum-Tarim Basin [20].
Intercropping is an important way to realize the dual goals of increasing crop yields and
reducing emissions in the south Xinjiang region [21,22]. In order to optimize the structural
adjustment of the agricultural industry and promote the healthy and sustainable devel-
opment of the fruit and grass intercropping planting mode in southern Xinjiang, a large
number of studies have been conducted on jujube–alfalfa intercropping systems in recent
years. These studies primarily focus on changes in the soil’s physicochemical properties, as
well as changes in soil nutrients and soil microorganisms [23,24]. However, research on
the synergistic effects of alfalfa intercropping and nitrogen levels on GHG emissions from
agricultural fields in the jujube–alfalfa intercropping system is still very limited.

In order to overcome this shortcoming, the present study targeted the jujube–alfalfa
intercropping system in southern Xinjiang, and investigated the dynamics of nitrogen
levels on the short-term response of GHG emissions from the soil of the experimental crop
(alfalfa) under different planting densities, as well as monitoring the differences in soil



Agronomy 2024, 14, 273 3 of 16

physicochemical properties and yield. The specific objectives of this study were as follows:
(i) to explore the effects of planting density and nitrogen application on GHG emissions
from alfalfa soils; (ii) to analyze the effects of planting density and nitrogen application on
the soils’ physicochemical properties; (iii) to summarize the characteristics and mechanism
of GHG emissions from the soils of the jujube–alfalfa intercropping system, to elaborate
the main factors affecting soil GHG emissions, and to propose the most suitable planting
density and nitrogen application rate for the jujube–alfalfa intercropping system.

2. Materials and Methods
2.1. Experimental Area and Material Overview

This study was conducted in 2021–2022, and the site was set at the Horticultural
Experimental Station of Tarim University (40◦32′34′′ N, 81◦18′07′′ E, 1015 m above sea
level) in Aksu region, southern Xinjiang province. The study area has a warm temperate
continental arid desert climate, rich in light and heat resources, with an average annual
temperature of 10.7 ◦C, a ≥ 10 ◦C cumulative temperature of 4113 ◦C, a frost-free period
of approximately 220 days, and an average annual solar radiation of 559.4~612.1 KJ cm−2.
Figure 1 shows the rainfall and average daily temperatures of the experimental site for the
growing seasons of 2021 and 2022. The soil type was sandy loam and the physical and
chemical properties of the soil before sowing are shown in Table 1. The site was selected to
build a sour jujube garden in 2012, with a plant–row spacing configuration of 3 × 1 m2 (row
spacing × plant spacing). In the spring of 2014, flat-felled grafted jujubes were planted,
and cotton was planted between the rows of jujube trees in 2015, which was cropped
continuously for 6 years and rotated to alfalfa in the spring of 2021.
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Figure 1. Rainfall and average daily temperature during the experimental period in 2021 and 2022.

Table 1. Soils’ physical and chemical properties before sowing.

Organic Matter Total Nitrogen Available Nitrogen Available Phosphorus Available Kalium
pH

(g kg−1) (g kg−1) (mg kg−1) (mg kg−1) (mg kg−1)

10.81 1.15 23.36 29.92 103.26 7.77

Drip irrigation was used during the experiment, with the simultaneous irrigation
of jujube and alfalfa, which was applied three times throughout the year: in the spring
before sowing, after mowing the first crop, and in the winter after harvest. Supplemental
irrigation was applied by using a hydrant pipe system in the experimental areas, and it was
powered by electricity from the state grid. The nitrogen fertilizer used was urea (N: 46%);
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50% of N was applied before sowing (12 April 2021 and 15 April 2022) and the remaining
50% was applied after the first harvest (4 July 2021 and 6 July 2022). N fertilizer was applied
with irrigation water, and the annual irrigation volume was 4300 m3 hm−2. The alfalfa
was harvested by hand, and artificial weeding was carried out during the crop growth
period. At the same time, the redundant buds of the jujube trees were treated. The other
management practices that were used were the same as those in the field.

2.2. Experimental Design

A two-factor split zone design was used, with the main zones for planting density
(Figure 2)being D1 (210 kg ha−1 sowing rate; six rows), D2 (280 kg ha−1 sowing rate; eight
rows), and D3 (350 kg ha−1 sowing rate; ten rows), and sub-zones for nitrogen levels
of N0 (0 kg ha−1), N1 (80 kg ha−1), N2 (160 kg ha−1), and N3 (240 kg ha−1), with three
replications and a randomized arrangement of blocks. Alfalfa was planted with a 0.5 m
spacing from the trees, and the area of each plot was 42 m2 (length 14 m × width 3 m).
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2.3. Measurements and Calculations
2.3.1. Gas Sampling

The sampling of gas took place in 2022. Gas samples were collected using a static box,
which consisted of a rectangular stainless steel base frame (30 × 15 × 10 cm3, L × W × H)
with a removable lid box, which was fitted with a thermometer and fixed in 10 cm of soil in
each plot, installed in the alfalfa rows. When the gas samples were collected, the lid was
fastened to a groove in the base, and the groove was filled with water to form an enclosed
sampling space during sampling. There were no weeds or crops inside the box. The gas
samples were collected through a tee using a strictly numbered 100 mL medical syringe.
A 5 cm ground thermometer was placed within 10 cm of each static box. The sampling
frequency was 10 days. Four gas samples were collected within 30 min (0, 10, 20, and
30 min) between 11:00 and 13:00, and transferred to 300 mL aluminum foil gas collection
bags using a syringe. At the time of sampling, the thermometer on the box was read, as well
as the 5 cm ground thermometer. At the time of sampling, the soil moisture content was
measured using a TDR-350 (SPECTRUM, Stamford, CT, USA) soil moisture thermometer.
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2.3.2. Analysis of the Gas Samples

The collected gas samples were brought back to the laboratory and analyzed within
48 h. Specific parameters were analyzed using a gas chromatograph (model PANNA A91
plus) fitted with ECD and FID detectors. The equilibrium gas was high-purity N2. The
ECD detector measured N2O at 300 ◦C with a tail blow flow rate of 5.0 mL min−1. The FID
detector measured CO2 at 200 ◦C with a hydrogen flow rate of 40 mL min−1 and an air flow
rate of 400 mL min−1. The gas samples were automatically separated within the column,
and the concentrations of CO2, N2O, and CH4 in the gas samples were calculated from the
slope of the linear regression between concentration and time. The physical meaning of the
gas fluxes is that they represent the change in the mass of greenhouse gas per unit area of
the observation box per unit time.

The calculation of GHGs gas fluxes was carried out using Equation (1) [25]:

F = ρ·H·dc
dt

·
(

273
273 + T

)
(1)

where F indicates the GHGs emission fluxes, in mg m−2 h−1; ρ is the density of the
measured gas under standard conditions, in kg m−3; T is the average temperature inside
the airtight box during the sampling process, in ◦C; h is the height of the sampling box;
dc/dt is the rate of change of the GHGs concentration inside the airtight box during the
sampling process; and 273 is the constant of the gas equation.

The calculation of cumulative GHGs emissions was carried out using Equation (2) [26]:

CE = ∑n
i=1 (

Fi + Fi+1

2
)× (ti+1 − ti)× 24 (2)

where CE refers to the cumulative GHGs emissions, mg m−2; n is the total number of
measurements during the cumulative emission observation time; i denotes the ith sampling;
F refers to the emission fluxes of GHGs, in mg m−2 h−1; ti+1 − ti denotes the number of
days between two adjacent measurement dates, in days.

The global warming potential was calculated using Equation (3) [5]:

GWP = FCH4 × 26 + FN2O × 256 + FCO2 (3)

where GWP is the global warming potential, in kg ha−1, which is a measure of the net
greenhouse effect of agricultural land. On the 100 a scale, the warming potential per unit
mass of CH4 and N2O is 26 and 256 times that of CO2, respectively. FCH4 , FN2O, and FCO2

represent the CE of CH4, N2O, and CO2, respectively, for the entire measurement period,
mg m−2.

To evaluate the emission reduction effect of soil carbon sequestration, the GHGs’
emission intensity was calculated using Equation (4) [27]:

GHGI =
GWP
Yield

(4)

2.3.3. Soil Physicochemical Properties

After the second crop of alfalfa was harvested, five points were randomly selected
from each treatment plot, and soil samples were taken from the 0~10 cm soil layer by
soil auger, naturally air-dried, and sieved (2 mm) for the determination of soil physic-
ochemical properties. The indicators and methods were as follows: soil total nitrogen
(TN)—soil total nitrogen was determined using the Kjeldahl method; soil available nitrogen
(AN)—determined by the alkaline dissolution diffusion method; organic matter/organic
carbon (SOM/SOC)—determined by external heating with potassium dichromate [28]; soil
pH—determined using a soil pH meter (FE28); and soil bulk density (SBD)—determined
by the ring knife method. The field water capacity and wilting point were determined with
reference to the forest soil moisture’s physical properties (Standard LY/T1217-1999) [29].
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2.3.4. Determination of the Yield and Its Fresh–Dry Ratio

Two crops of alfalfa were mowed in the experimental plots in one year, and the
mowing was carried out when the alfalfa was in the early flowering stage. The first crop
of 2021 was mowed on 3 July and the second crop on 12 October, while the first crop of
2022 was mowed on 5 July and the second crop was mown on 15 October. During alfalfa
mowing, 1 × 1 m2 sample plots were set up, with a stubble height of 5 cm. All plant
samples were subjected to 105 ◦C for 30 min to kill plant enzymes, then dried at 80 ◦C
to a constant weight, and the fresh–dry ratio was calculated according to the ratio of the
measured fresh and dry weights of the hay.

2.4. Statistical Analysis

Excel 2021 was chosen to organize the raw data and plot the tables. A two-factor
split area analysis of the data was performed in DPS 9.01, and the statistical significance
of the data at the p < 0.05 level was tested using the one-way least significant difference
(LSD) method with the help of SPSS 26.0 software (SPSS Inc., Chicago, IL, USA). Origin
2021 (Origin Lab Corporation, Inc. Northampton, Northampton, MA, USA) was used
for graphing.

3. Results
3.1. Effect of Planting Density and Nitrogen Application on Soil GHGs Emission Fluxes

The CO2 fluxes in alfalfa were in a state of emission throughout the year, which
manifested as a carbon source. The CO2 fluxes under different densities and nitrogen
fertilizer treatments showed a “single peak curve”, with the peak occurring in the first half
of July, after irrigation and fertilization, and N3 > N2 > N1 > N0 under different density
levels (Figure 3). In terms of the planting density, D1 had the highest annual average CO2
fluxes, which were 30.02% and 18.96% higher than that of D2 and D3, respectively. In
terms of the nitrogen level, N3 significantly increased the CO2 fluxes from mid-June to late
August under D2 and D3 levels. Different planting densities and nitrogen applications
had significant effects on the CO2 fluxes in alfalfa, with reciprocal effects (p < 0.05). The
differences in CO2 fluxes among treatments were not significant after September, when the
temperature decreased.
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The N2O fluxes in alfalfa were emitted throughout the year and were a source of
N2O, generally showing a “bimodal” zigzag fluctuation trend (Figure 4). When alfalfa
entered the greening stage, the first peak in N2O fluxes appeared (around 23 May), and the
second peak appeared in July (after irrigation and fertilization). Under the influence of the
planting density factor, the trend of change was basically the same for all treatments, with
D3 showing the highest emissions at the second peak, 24.55% and 29.82% higher than those
of D1 and D2, respectively. In terms of the nitrogen level, N3 had the highest emissions at
all planting densities, and the D3N3 flux emission of 0.24 mg m−2 h−1 increased by 22.44%,
51.89%, and 62.96% compared to N2, N1, and N0, respectively. Over time, the applied N
fertilizer was gradually used up, and there was no significant difference in N2O emissions
among treatments in the absence of exogenous N application.
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The results of the field monitoring showed that the overall CH4 uptake was in the
range from −0.33 to 0.072 mg m−2 h−1, with a double peak in the growing season, showing
a trend of high uptake in spring and summer and low uptake in fall (Figure 5). Meanwhile,
the CH4 fluxes in the other periods of observation were basically in the vicinity of 0, with
little fluctuation. The CH4 and N2O emission trends were mirror images of one another.
There was a small peak in uptake on June 1, and the maximum CH4 flux uptake occurred
around 11 July. That is, a week after irrigation, the CO2 emissions also peaked at this time,
with the maximum uptake in the D2N0 treatment reaching 0.33 mg m−2 h−1, which was
maintained for a relatively short period of time. Throughout the growing season, there was
no significant difference between the treatments in terms of planting density; in terms of
the nitrogen level, the uptake of each treatment was N0 > N1 > N2 > N3, in descending
order. After August, the uptake of each treatment weakened, and there were treatments
that began to show emissions, mainly N2 and N3, where excessive nitrogen application
induced CH4 emissions.
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3.2. Effects of Planting Density and Nitrogen Application on the GHGs’ Cumulative Emissions
and Global Warming Trends in the Alfalfa Field

The differences in the cumulative soil GHG emissions and global warming trends
under different planting densities and nitrogen applications are shown in Table 2. The
effects of planting density, nitrogen application, and interactions between the two on
the cumulative soil GHG emissions and GWP were not the same. Under the main fac-
tor of D1, the CO2 CE of the N3 treatment during the observation period amounted to
700.53 g m−2, which was 12.56%, 19.16%, and 50.91% higher than that of the N2, N1, and N0
treatments, respectively. The cumulative CH4 uptake in the D2 treatment was 45.80% and
19.70% more compared to the D1 and D3 treatments, respectively. The lowest cumulative
N2O emissions during the observation period were only 137.11 mg m−2, emitted by the
D1N0 treatment. The factor of nitrogen application had a highly significant effect on N2O
CE, and the application of nitrogen fertilizers significantly increased the cumulative GHGs
emissions, as well as the GWP, as compared to the treatment without nitrogen fertilizers.
The nitrogen application factor had a highly significant effect on CH4 CE. Both increased
nitrogen fertilizer application and irrational planting density increased the GWP, suggest-
ing that both nitrogen application and density are major drivers of the GWP (p < 0.01). The
GWP varied from 3597.60 to 7654.21 kg ha−1 during the observation period, and the GWP
showed an increasing trend with the increase in nitrogen fertilizer application. Compared
to the control treatment N0, the applied nitrogen fertilizer treatments increased the GWP to
different degrees, and the N3 treatment was significantly higher than the other treatments.
The GHG emission GHGI was used to visually assess the combined benefits of GHGI and
yield, with smaller GHGI values implying a smaller global warming effect from the same
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crop yield. GHGI varied from 0.061 to 0.106 kg CO2-eq kg−1. Optimizing planting density
and nitrogen application (D2N2) significantly offsets the negative environmental impact
and reduces the alfalfa GHGI values.

Table 2. Effects of planting density and nitrogen application on the cumulative soil GHG emissions
and global warming potential.

Planting
Density

Nitrogen
Rate

CO2 CE N2O CE CH4 CE GWP GHGI
(g m−2) (mg m−2) (mg m−2) (kg ha−1) (kg CO2-eq kg−1)

D1

N0 464.19 ± 36.85 c 137.11 ± 11.27 c −171.19 ± 53.08 b 4948.35 ± 395.56 c 0.090 ± 0.005 ab
N1 587.86 ± 35.63 b 205.55 ± 11.48 b −149.47 ± 53.55 b 6368.54 ± 334.78 b 0.106 ± 0.012 b
N2 622.36 ± 35.66 b 224.08 ± 19.04 b −144.61 ± 49.23 b 6759.67 ± 368.18 b 0.091 ± 0.003 ab
N3 700.53 ± 29.78 a 254.93 ± 20.45 a −48.96 ± 33.71 a 7645.21 ± 257.25 a 0.103 ± 0.008 a

D2

N0 329.64 ± 31.48 d 152.82 ± 4.84 c −346.21 ± 35.00 c 3597.60 ± 326.66 d 0.063 ± 0.007 b
N1 421.25 ± 36.63 c 189.73 ± 8.05 bc −215.60 ± 79.66 b 4642.12 ± 267.76 c 0.066 ± 0.014 b
N2 502.31 ± 27.41 b 218.08 ± 16.77 ab −110.95 ± 39.11 ab 5552.54 ± 292.11 b 0.061 ± 0.007 b
N3 587.59 ± 22.48 a 254.37 ± 52.59 a −77.01 ± 58.54 a 6507.06 ± 347.63 a 0.086 ± 0.007 a

D3

N0 415.41 ± 25.23 d 155.37 ± 11.75 d −196.57 ± 81.45 a 4500.74 ± 263.77 d 0.077 ± 0.012 ab
N1 449.61 ± 22.99 c 186.46 ± 11.24 c −167.45 ± 148.43 a 4937.52 ± 194.87 c 0.069 ± 0.004 b
N2 524.68 ± 9.32 b 215.39 ± 5.59 b −160.01 ± 86.60 a 5776.59 ± 110.51 b 0.075 ± 0.004 ab
N3 601.36 ± 5.38 a 278.39 ± 16.02 a −102.22 ± 24.80 a 6699.71 ± 42.29 a 0.084 ± 0.002 a

F-number
D Factor 51.19 ** Ns ns 43.86 ** 21.24 **
N Factor 132.91 ** 63.65 ** 7.92 ** 166.92 ** 8.65 **
D × N ns Ns ns 2.65 * 3.18 **

Note: Different lowercase letters after the data in the same column in the table indicate significant differences at
the 0.05 level. * p < 0.05; ** p < 0.01; ns, no significant difference. Abbreviations in the table: CO2 CE, cumulative
CO2 emissions; N2O CE, cumulative N2O emissions; CH4 CE, cumulative CH4 emissions; GWP, global warming
potential; GHGI, greenhouse gas emission intensity.

3.3. Effect of Planting Density and Nitrogen Application on Soil Hydrothermal Properties

During the observation period, the 0–5 cm soil temperature and soil moisture content
were monitored simultaneously, and it was found that the seasonal change in soil temperature
in each treatment had a trend of “high in summer and fall, and low in spring and winter”
(Figure 6). Seasonal changes in soil temperature showed a trend of first rising and then
falling. In early May, as alfalfa began to regreen, the soil temperature showed a wave-like
gradual increase. Following the first alfalfa harvest in early July, which reduced the vegetation
cover, the soil temperature rose rapidly, reaching a maximum in mid-July with an average
temperature of 27.65 ◦C. By mid-September, the soil temperatures all decreased to the lowest
values observed during the period, with the lowest for D3N3, at 12.75 ◦C.
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Soil moisture is generally high in spring and summer and low in fall and winter,
showing a “double peak” phenomenon. The first peak was caused by spring irrigation,
and the second peak was caused by irrigation after the first mowing. During the experi-
mental period, the field water capacity was 28.53% and the wilting point was 11.49%. This
decreased to the lowest value of the first crop in mid-June, with an average value of 20.33%.
Irrigation after mowing on 6 July resulted in a gradual increase in the soil surface moisture
content and reached a maximum for the second crop in mid-July, when the surface soil
moisture content was approximately 28.6%. Subsequently, the soil surface water content
gradually decreased and stabilized at approximately 10~25%.

3.4. Effect of Planting Density and Nitrogen Application on Soils’ Physical and
Chemical Properties

Different planting densities and nitrogen applications had significant effects on the
soils’ physicochemical properties (Table 3). There were differences in the effects of nitrogen
application treatments on the physicochemical properties of the surface soil (10 cm) of
alfalfa at different planting densities, and the nitrogen application treatments N3 and N2
significantly reduced the pH value of the soil. The decreases that occurred under the D1
factor compared to the no-nitrogen-fertilizer treatment N0 were 2.79% and 1.01% for the
N3 and N2 treatments, respectively. Analysis of variance (ANOVA) revealed that the D2N2
treatment had the highest content of TN, quick nitrogen, at 2.34 g kg−1 and 48.67 mg kg−1,
respectively, with an increase of 188.88% and 163.08%, compared to the D1N0 treatment
with the lowest content. Multifactorial ANOVA showed that nitrogen application factors
had highly significant (p < 0.01) effects on TN and significant (p < 0.05) effects on quick
nitrogen. Under the combined effects of the different treatments, the alfalfa soil organic
carbon and organic matter showed different differences, and under the D2 factor, there
were significant differences between the SOC and SOM treatments. Additionally, the N2
treatment had the highest content, which was 14.14 g kg−1 and 8.20 g kg−1, respectively.
Nitrogen application factors had a highly significant effect on SOM and SOC (p < 0.01).
D2N2 had the smallest bulk density of 1.11 g cm−3. The better the soil structure and
aeration, the more favorable it was for plant growth.

Table 3. Effect of planting density and nitrogen application on soils’ physicochemical properties.

Planting
Density

Nitrogen
Rate

pH TN AN SOM SOC SBD
g kg−1 mg kg−1 g kg−1 g kg−1 g cm−3

D1

N0 7.89 ± 0.19 ab 0.81 ± 0.43 b 18.50 ± 10.58 a 12.33 ± 0.67 a 7.15 ± 0.39 a 1.26 ± 0.10 ab
N1 7.91 ± 0.05 a 1.19 ± 0.25 ab 18.66 ± 2.02 a 12.48 ± 0.05 a 7.22 ± 0.03 a 1.28 ± 0.07 b
N2 7.81 ± 0.12 ab 1.61 ± 0.14 a 33.83 ± 12.29 a 12.97 ± 0.34 a 7.54 ± 0.20 a 1.20 ± 0.04 ab
N3 7.67 ± 0.05 b 1.76 ± 0.63 a 33.73 ± 16.17 a 12.58 ± 0.13 a 7.35 ± 0.08 a 1.37 ± 0.05 a

D2

N0 7.88 ± 0.19 a 0.77 ± 0.15 c 29.50 ± 8.54 b 12.73 ± 0.15 c 7.42 ± 0.09 c 1.3 ± 0.05 a
N1 7.83 ± 0.12 a 1.36 ± 0.29 bc 38.67 ± 5.92 a 13.52 ± 0.02 a 7.84 ± 0.01 b 1.26 ± 0.05 a
N2 7.53 ± 0.19 b 2.34 ± 0.59 a 48.67 ± 3.25 ab 14.14 ± 0.52 b 8.20 ± 0.30 a 1.11 ± 0.11 b
N3 7.79 ± 0.03 ab 2.02 ± 0.24 ab 37.33 ± 4.04 ab 12.64 ± 0.04 c 7.33 ± 0.03 c 1.35 ± 0.07 a

D3

N0 7.71 ± 0.11 a 0.9 ± 0.18 b 30.00 ± 11.06 a 12.43 ± 1.20 a 7.25 ± 0.70 a 1.25 ± 0.07 ab
N1 7.68 ± 0.18 a 1.38 ± 0.25 ab 37.33 ± 4.04 a 12.52 ± 0.06 a 7.26 ± 0.04 a 1.33 ± 0.02 a
N2 7.68 ± 0.04 a 1.45 ± 0.54 ab 38.50 ± 14.00 a 13.50 ± 0.13 a 7.83 ± 0.07 a 1.21 ± 0.06 b
N3 7.62 ± 0.09 a 1.96 ± 0.62 a 40.83 ± 2.02 a 12.82 ± 0.74 a 7.35 ± 0.43 a 1.30 ± 0.05 ab

F-number
D Factor ns ns ns 7.65 * 7.18 * ns
N Factor ns 13.71 ** 4.28 * 5.80 ** 5.37 ** 3.80 *

D×N ns ns ns ns ns 4.23 **

Note: Different lowercase letters after the data in the same column in the table indicate significant differences at
the 0.05 level. * p < 0.05; ** p < 0.01; ns, no significant difference; TN, total soil nitrogen; AN, soil quick nitrogen;
SOM, soil organic matter; SOC, soil organic carbon; SBD, soil bulk density.

3.5. Effect of Planting Density and Nitrogen Application on the Yield and Fresh–Dry Ratio
of Alfalfa

As can be seen in Figure 7, it was found that the alfalfa yield in 2022 was higher than
the alfalfa yield in 2021, with an average increase of up to 52.18%. Consistently, it was found
that the head crop yield was higher than the yield of the second crop, and that the fresh–dry
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ratio had an inverse relationship with the yield. The yield increased with increasing density
and there was no significant difference between the fresh–dry ratios at different densities.
The yield decreased with decreasing nitrogen application, the fresh–dry ratio decreased
and then increased with increasing nitrogen application, and excessive nitrogen application
increased the fresh–dry ratio of alfalfa. The highest yield was obtained from the first crop
of the D3N3 treatment in 2021, when the fresh–dry ratio was the lowest at 13.32%. A highly
significant difference (p < 0.01) was consistently obtained in the yield among the different
nitrogen application treatments under the D3 main factor, and a significant difference
(p < 0.05) was obtained among the different nitrogen application treatments under the D2
main factor in 2022. The highest yield of 43,366.67 kg ha−1 was recorded in the first crop of
D2N2 in 2022, which was 52.34% higher compared to the no-fertilization-treatment D2N0.
Moreover, it was concluded from the line graph that the N2 treatment maintained the
lowest fresh–dry ratio among the N application treatments under different density factors,
fluctuating in the range from 22.46% to 26.11%.
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3.6. Related Analysis

In order to further clarify the relationship between the GHGs and soil indicators,
(Figure 8), among the environmental factors in this study, ST had a strong influence on
GHG emissions, with significant positive correlations with CO2 fluxes and the GWP
(p < 0.05). Highly significant positive correlations were also found for N2O and CH4
fluxes (p < 0.01), i.e., ST is an influencing factor that is sensitive to soil carbon fluxes. In
contrast, SWC resulted in the opposite conclusion to ST, and there was a highly significant
negative correlation (p < 0.01) between soil hydrothermal properties, with soil respiration
responding more strongly to ST than SWC. Meanwhile, there was a highly significant
positive correlation (p < 0.01) between yield and a number of metrics, including TN,
AN, SOC, ST, CO2 fluxes, N2O fluxes, CH4 fluxes, CO2 CE, N2O CE, CH4 CE, and GWP.
Conversely there was a highly significant negative correlation (p < 0.01) between yield and
alfalfa FDR. The seven GHG indicators—CO2 fluxes, N2O fluxes, CH4 fluxes, CO2 CE, N2O
CE, CH4 CE, and GWP—showed highly significant positive correlations with one another
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(p < 0.01). The correlation coefficient between the GWP and CO2 CE metrics reached 1,
indicating a perfect positive correlation. GHGI had a highly significant positive correlation
with the GWP (p < 0.01), but a negative but non-significant correlation with yield, while
the GWP can be used to explain changes in GHGI alone. Among the soil factors, TN had a
positive correlation with the GHGs indicators as well as the soil physicochemical property
indicators AN, SOM, and SOC. There was no significant correlation between SBD and the
indicators in this study, and the correlation coefficients were all less than 0.22.
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TN, total soil nitrogen; AN, quick-acting soil nitrogen; SOM, soil organic matter; SOC, soil organic
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CO2 emissions; N2O CE, cumulative N2O emissions; CH4 CE, cumulative CH4 emissions; GWP,
global warming potential; GHGI, greenhouse gas emission intensity.

4. Discussion

Global climate change is a major challenge that humanity is currently facing, and
agriculture plays an important role in global anthropogenic GHG emissions [30]. Therefore,
an important way to reduce soil GHG emissions is to adopt advanced crop production
techniques. It has been shown that intercropping can more effectively reduce soil CO2
emissions than monocropping [31]. In this study, alfalfa soil respiration peaked in the
peak growth stage (July) (Figures 3 and 4), which may be related to soil temperature (ST).
Meanwhile, a higher ST promoted alfalfa root respiration and increased microbial activity,
which, in turn, increased the soil respiration intensity. The model of increasing density
and reducing nitrogen has been proven to be beneficial for GHG emission reduction: on
the one hand, it reduces the amount of nitrogen applied, which indirectly reduces the
carbon emissions of nitrogen fertilizer in various links, such as production, transportation,
and storage; on the other hand, it directly reduces CH4 and N2O emissions [32]. This
experimental study showed that GHGs fluxes exhibited lower emissions at the D2 density
level (Figures 3–5), indicating that appropriately increasing the alfalfa density is beneficial
to reducing GHGs emissions in the jujube–alfalfa intercropping system. The CH4 emissions
of the jujube–alfalfa intercropping system varied from −0.33 to 0.072 mg m−2 h−1, and
the appropriate alfalfa density exerted a certain deposition effect on the atmospheric CH4
uptake, which was similar to the results of the study on rice by Zhu Xiangcheng et al. [32].
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A large number of studies have shown that excessive nitrogen fertilizer inputs are the
main factors contributing to GHG emissions from agricultural fields [13,33], and methods
for optimizing the nitrogen inputs in cropping systems have become a primary issue in
reducing GHs emissions from fields [34]. Nitrogen fertilizer application safeguards indi-
vidual crop development, while planting density is an effective measure for coordinating
individual crops and populations, with significant interactions between nitrogen fertilizer
and density treatments. The most direct practice to achieve the nitrogen management goal
is to reduce the application of nitrogen fertilizer on farmland, because N2O emissions from
farmland are positively correlated with the nitrogen input of the cropping system [35]. In
this study, the trends of carbon flux dynamics for N2O and CH4 during the observation
period were opposing “peaks” and “valleys”, forming “mirror images” of one another. The
jujube–alfalfa intercropping system as a whole showed a “sink” of CH4, and N3 increased
the average emission fluxes of NO2, CO2, and CH4 during the growing season of alfalfa
compared to with N0, N1, and N2, which was attributed to a decrease in the activity of
methanotrophic bacteria caused by an increase in nitrogen application [36], resulting in a
decrease in CH4 uptake and an increase in emissions. The application of nitrogen was also
the main driver of GWP. There is no conclusive evidence of the effect of planting density
on GHGs emissions thus far. In this study, optimizing planting density and nitrogen appli-
cation (D2N2) significantly offset the negative environmental impacts and reduced alfalfa
GHGI by only 0.061 kg CO2-eq kg−1 (Table 2).

The ST increase in this study promoted CO2 and N2O fluxes and suppressed CH4
uptake, which is consistent with the findings of some previous studies [37,38]. Addition-
ally, the correlation coefficient for soil GHG emissions exceeded 0.31, a finding that is
consistent with the results of Ghani et al.’s study [27], but at variance with the conclusion
of an exponential negative correlation between soil respiration and ground temperature
drawn by Tsets gatu et al. [39]. The reason for this may be that proper warming promotes
microorganism activity in the soil, accelerates the decomposition of organic matter and
microbial activity in the soil, and thus increases the rate of GHG production and diffusion
to the surface. In this study, soil GHGs showed a negative correlation with soil water
content, similar to the results of Li [40]. This may be due to the fact that the hydrothermal
coupling effect and the effect of ST on soil GHGs were significantly higher than that of
SWC, and the effect of SWC on GHGs was masked by the effect of ST. This is because
water molecules fill the voids in the soil when the soil water content is high, which hinders
the diffusion of O2 and CO2, thus leading to a reduction in soil respiration [41]. Another
reason may be that the complex boundary conditions of intercropping systems affect the
variations in their soil water content.

In addition to the major abiotic drivers of soil moisture and temperature, soil GHG
fluxes are directly regulated by biological factors, including root respiration, microbial
activity, and soil nutrients [42]. The effects of soils’ physicochemical properties on soil GHG
emissions are intricate. The alfalfa–rhizobium symbiotic nitrogen fixation system converts
atmospheric nitrogen into mineral nitrogen for crop utilization during alfalfa growth and
development [43]. Therefore, there is no need to incorporate excess nitrogen sources, and
the application of excess nitrogen would only increase the burden of GHG emissions. The
nitrogen application treatments reduced the pH while increasing the content of total and
quick-acting nitrogen contents in the soil, and some studies have shown that long-term
nitrogen application decreases the soil pH [44,45]. Additionally, the application of nitrogen
fertilizers can reduce the leaching of quick-acting nutrients [46], promote the conversion
of soluble substances, and enhance the content of quick-acting nutrients in soil (Table 3).
The nitrogen application factor had a highly significant effect on TN, which may be due to
the increase in the amount of nitrogen application increasing the effectiveness of nitrogen,
resulting in greater N2O production. The effect of nitrogen application on GHG emissions
is due to the effect of nitrogen fertilization on microbial development and soil respiration,
both of which are dependent on soil organic matter [47]. This is why nitrogen application
factors had highly significant effects on SOM and SOC (Table 3). In this study, it can be
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confirmed that the factors affecting soil GHG emissions were numerous and intricate, so
an analysis of the dynamics of soil respiration needs to take into account the individual or
combined effects of as many of these factors as possible.

Increasing planting density, which can improve the utilization of natural resources,
is a key step for achieving high yields and can increase the amount of alfalfa fresh grass
(Figure 8). There was no significant pattern of differences in GHGs emissions based on
planting density (Figures 4–6), indicating that planting density is not a major limiting factor
for GHG emissions. Similarly to Meng et al. [48], this study found that medium density (D2)
is not favorable for alfalfa yield. The fresh–dry ratio of alfalfa, which is the expression of
dry matter accumulation and the definition of utilization value, was negatively correlated
with alfalfa quality. The excessive application of nitrogen led to an increase in the fresh–dry
ratio (Figure 7), which is similar to the findings of Li et al. [49], who found that a moderate
amount of nitrogen fertilizer will have a negative effect on the fresh–dry ratio of alfalfa,
while a small or excessive amount has a positive effect.

The planting density and nitrogen application in the jujube–alfalfa intercropping
system in this study may not be conducive to the optimization of alfalfa yield and GHG
emission reductions in other areas, and the trial period was short. Therefore, further long-
term comprehensive investigations are still needed to reduce the GHG emissions caused by
irrational fertilization and tillage practices and to further mitigate GHG emissions from
farmland.

5. Conclusions

In this study, the medium nitrogen level (N2) was more favorable for improving the
alfalfa yield and resource use efficiency, resulting in low soil GHG emissions. The D2N2
(eight rows planted in one film; N = 160 kg ha−1) treatment was the best combination for
alfalfa yield and GHG emissions, while simultaneously ensuring lower carbon emission
intensity values, constituting a better soil structure, and resulting in the best soil physic-
ochemical properties. In conclusion, considering the crop yield and GHG emissions, the
selection of medium density and a medium nitrogen level (D2N2) for production in a jujube
intercropping system is the most suitable, and can promote the sustainable development of
crop production and the ecological environment.
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