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Abstract: Carbon dioxide (CO2) is recognized as key part of evaluating the soil environment, and
the soil respiration rate is an effective indicator of CO2 emission. To explore the influence and
coupling mechanism of irrigation on the soil respiration of millet farmland in the Northern Shanxi
Province in China, conventional rainfed (CK) and supplementary irrigation (W1) at the late jointing
stage were conducted. The soil respiration rate and carbon emission flux in millet farmland under
different treatments were observed. The relationship between soil respiration rate and soil physical–
chemical properties and the crop growth index was further analyzed. The result showed that
the soil respiration rate and carbon emission flux of W1 were higher than those of CK treatment.
The comparison of the linear regression correlation between soil respiration rate and soil physical–
chemical properties revealed that the major regulating factors of the soil respiration rate were soil
moisture (<10.6%) followed by soil pH, soil moisture (>10.6%), soil temperature, and finally soil
organic matter content. There are uncertainties regarding the soil moisture content variation range
in soil respiration. Moreover, supplementary irrigation promoted the growth indexes, yield, and
irrigation water use efficiency in millet farmland. Further research with less irrigation treatment
is necessary for exploring an optimization model of water use efficiency and low carbon dioxide
emissions in millet fields, which would be helpful to realize agricultural water utilization and a
“carbon peak” in the sense of farmland.

Keywords: carbon emission; soil physical–chemical properties; growth index; irrigation; rainfed

1. Introduction

Soil respiration is considered to be a critical index for the accurate assessment of carbon
exchange between the ecosystem and atmosphere and for the estimation of the carbon
fixation potentiality of farmland ecosystems [1]. Agricultural CO2 exchange in whole
land ecosystem plays an important role in global warming. Annual CO2 emissions from
various lands into the atmosphere through soil respiration account for about 5–25% of CO2
emissions, which is more than 10 times that of fossil fuels [2]. The contribution rate of CO2,
the major greenhouse gas, to global warming has reached up to 60%, meaning that CO2 is
considered to be the leading greenhouse gas causing global warming [3]. The research on
soil respiration in farmland is an important way to mitigating climate warming [4].

Research into carbon emissions mainly focuses on tillage measures, such as fertiliza-
tion, mulching, and returning straw to the field. Straw mulching showed the lowest carbon
footprint (0.38 kg CO2-eq kg−1), and plastic film mulching increased the carbon footprint
compared with no mulching [5]. Ahmad [6] evaluated the carbon footprint size of alfalfa
production in different fertilization and irrigation modes and found that the treatment with
nitrogen fertilizer at 375 kg N ha−1 and irrigation of 600 mm ha−1 were significantly higher
than other treatments. Guo et al. [7] found that no-tillage significantly reduced cumulative
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carbon emissions compared with conventional tillage, while Ren et al. concluded that
no-tillage increased carbon emissions by 0.2 Mg C ha−1 a−1 [8]. Irrigation and appropriate
crop management measures under no-tillage and adjusted N fertilizer usage can contribute
to the sequestration of large amounts of atmospheric CO2 [9].

The irrigation method affects soil carbon emissions, and determining factors analysis
has been studied in various crops. Zhong et al. [10] showed that deficit irrigation reduced
CO2 emissions. Zornoza et al. [11] estimated that medium (total water applied 457 mm) and
moderate (326 mm) irrigation regimes in orchard fields reduced 13.4% and 38.8% of CO2
emissions compared to a full irrigation regime of 694 mm, respectively. Bowles et al. [12]
observed that a lower irrigation regime of 187 mm in tomato fields decreased soil CO2
emissions by 23% compared with the control irrigation regime of 327 mm. Hou et al. [13]
found that surface drip irrigation released less CO2 than the sprinkler irrigation method.
Flynn et al. [14] reported that extreme deficit irrigation significantly reduced CO2 emis-
sions by 30% compared with irrigation treatment under drip maize in the Great Plains of
Colorado. Hou et al. [15] showed that deficient irrigation treatment resulted in a significant
reduction of soil CO2 emissions compared with full irrigation in summer maize fields.
Wang et al. [16] expressed that the total cumulative CO2 emissions from alternate drip
irrigation at 50%, 60%, and 70% field capacity were 42.1%, 27.7%, and 46.8% greater than
that of mulched drip irrigation, respectively. Xu et al. [17] found that the soil respiration rate
under a ridge-furrow mulching system with supplementary irrigation was significantly
higher than that under traditional flat land during the growth period of winter wheat
in years with less rainfall. Yang et al. [18] stated that controlled irrigation promoted the
soil respiration rate in paddy fields. Reasonable irrigation is an important way to reduce
agricultural greenhouse gas emissions. CO2 emission from soil are affected by soil and
air temperature, soil moisture, soil pH, soil organic matter content, and vegetation [19–21].
Zhao et al. [22] reported that soil temperature displayed a positive effect on CO2 emis-
sion. Buragiene et al. [23] showed that CO2 emission from soil showed a positive linear
correlation with soil moisture content. Das et al. [24] illustrated that soil pH had a signifi-
cant relationship with soil CO2 emissions. Jabro et al. [25] indicated that CO2 emissions
increased with organic matter. Hou et al. [15] analyzed the relationship between soil CO2
emissions and maize yield under different irrigation treatments. Less irrigation changed
the soil physical-chemical properties and crop growth index, which can resulted in lower
soil CO2 emissions in farmland.

The above study mainly focused on the research into carbon emissions under different
irrigation methods involved in rice, wheat, maize, tomato, and orchard farming. Millet has
the characteristic of strong drought resistance, making it suitable for planting in semi-arid
regions. Shanxi Province is a classical semi-arid region; in addition, it is the “grain capital
in China” due to the growth of millet, resulting from the unique conditions of terrain,
climate, and soil. Due to the high protein, vitamin, selenium, and iron in millet, millet
has medicinal and health care effects and high nutritional value. Millet, the first of the
miscellaneous grains, has played a significant role in dryland farming in Shanxi Province.
The total cultivated area and yield of millet in Shanxi Province ranks first in China, at
close to 216,000 hm2 and 550 thousand tons, respectively. Millet, a C4 plant, belongs to
the high-yielding crop type with a strong ability to fix CO2 and high net photosynthetic
rate [26]. Nevertheless, the yield of millet was about 300.0 kg/hm2 using the usual rain-fed
method, which was severely reduced in dry years. The production of millet was seriously
affected by soil water deficit [27]. Gao [28] proposed that appropriate supplementary
irrigation should be carried out during the jointing stage of millet in normal or dry years
to ensure high water use efficiency in the northern Shanxi province of China. However,
the effect of irrigation on soil carbon emission in millet farmland has been rarely reported.
Study into carbon emissions from millet farmland ecosystems affected by supplementary
irrigation is necessary.

Irrigation changes the physical–chemical environment, such as soil and air temper-
ature, soil moisture, soil pH, soil organic matter content, soil microorganisms, and soil
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enzyme activity, which are important factors for soil respiration [19–21]. In order to reveal
the soil respiration characteristics of millet farmland under different water use patterns, a
millet field experiment of supplemental irrigation during the critical growth period (jointing
stage) and rain-fed conditions was conducted. Soil properties, the crop growth index, and
the soil respiration rate during the millet growth period were observed. The characteristics
and the influencing mechanism of soil CO2 from millet farmland were further analyzed.
The research results can provide guidance for millet cultivation and countermeasures to
climate change in northern Shanxi Province.

2. Materials and Methods
2.1. Site Description

The experiment was carried out in Gaojie Village, Daixian County, Xinzhou City,
Shanxi Province on 6 May 2021. The test site was located at 113◦1′58′′ E and 38◦58′42′′ N.
The area belongs to a semi-arid continental monsoon climate zone with four distinct
seasons. The annual average precipitation, evaporation, temperature, extreme maximum
temperature, lowest temperature, and frost-free period are 424.3 mm, 1 759.8 mm, 8.5 ◦C,
38.9 ◦C, −24.5 ◦C, and 160 days, respectively. The soil is classified as loam with an average
soil bulk density of 1.3 g/cm3, field water holding capacity of 26.5%, organic matter content
of 13.9 g/kg, pH of 6.5, nitrogen content of 6.6 g/kg, alkali-hydrolyzable nitrogen of
98.8 mg/kg, available phosphorus of 15.8 mg/kg, and available potassium of 146.9 mg/kg.

2.2. Experiment Design

The field experiment was carried out in a field plot with an area of 6 m2 (2 × 3 m2).
The millet was planted with an average row spacing of 30 cm and plant spacing of 10 cm.
Plastic impermeable membranes of 60 cm depth were used to separate different treatments
to prevent water infiltration between plots.

The sensitivity of soil respiration largely has a close relationship with global climate
change and the carbon cycle [29]. There are uncertainties regarding the influencing fac-
tors of soil moisture content, soil temperature, soil pH, and soil organic matter on soil
respiration due to the soil enzyme activity induced by the complexity of underground
ecological processes, which are manifested in the soil depth, time scale, root respiration,
and microbial ratio [30,31]. In order to eliminate and reduce the uncertainty of soil mois-
ture content regarding soil respiration, we designed different treatments with rainfed and
supplementary irrigation under farm management methods similar to local practices, such
as fertilizer and pesticide application and weed control. The experiment included two
irrigation treatments, supplemental irrigation (70 mm) (W1) and conventional rainfed (CK),
with three replicate measurements during each stage. Water at the seeding stage can ensure
normal germination of millet. The irrigation water requirements are most influenced by
insufficient precipitation at the late jointing stage. Therefore, the supplemental irrigation
was set at 20 mm and 50 mm before sowing and in the late jointing stage, respectively.
Water deficit in these stages will lead to an extremely low yield of millet. The uncertainty of
the other influencing factors of soil depth, time scale, root respiration, and microbial ratio
were slight due to the same experimental condition.

The millet variety of Jingu No. 53 was sown on 6 May and harvested on 8 September
in 2021. The whole growth period of millet can be divided into five stages: the seedling
stage (from 6 May to 14 June), jointing stage (from 15 June to 18 July), heading stage (from
19 July to 4 August), filling stage (from 5 August to 21 August), and maturity stage (from
22 August to 8 September). Basal fertilizer (N:P2O5:K2O = 18:18:18) at 600 kg/hm2 was
applied in the experiment field before sowing. The total nutrient content accounted for 54%
of total fertilizer. The planning–wetting layer depth was 60 cm.
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2.3. Measurements and Calculation Methods
2.3.1. Soil Respiration Rate and CO2 Emission Flux

CO2 emissions were measured by applying a self-made Polyvinyl Chloride (PVC)
transparent static chamber connected with a portable infrared CO2 analyzer (FS-3080D).
The static chamber was composed of a base (10 cm × 20 cm) and a cylindrical transparent
chamber. The base was directly inserted into the soil at a depth of 10 cm to prevent the
leakage of the soil CO2 junction with the soil surface. The upper parts of the base and
cylindrical transparent chamber were designed with a water tank, which was connected
with the chamber and the CO2 analyzer, respectively. To realize the encapsulated effect,
water was added to the water tank at the connection point during each measurement.
During the growth period, CO2 emissions were measured every 15–20 days at 10:00 am and
repeated three times each time. The heights of the CO2 measuring cylindrical transparent
chamber at the seedling stage, jointing stage, and heading stage were 40 cm, 80 cm, and
120 cm, respectively. The observed height of the CO2 measuring cylindrical transparent
chamber both at the filling stage and maturity stage was 160 cm. A tripod was used in
CO2 measurement to ensure stable operation. The upper part of the cylindrical transparent
chamber of the PVC static box needed to be connected with the portable infrared CO2
analyzer before measuring. The preheating needed to be started 10–15 min in advance
to ensure that the gas in the static box was evenly mixed. The soil respiration rate was
automatically measured every 2 min a total of 3 times. Accumulated soil CO2 emissions
during the growth stage can be calculated as follows:

F =
86, 400

106 ×∑n
i=1

(Si+1 + Si)

2
× (ti+1 − ti)× 44 (1)

where F is accumulated CO2 emissions (g/m2), S is the ith measurement of the soil CO2
emission rate, (ti+1 − ti) is the interval time of two consecutive measurements, and n is the
total number of measurements.

2.3.2. Soil Physical and Chemical Properties

Soil samples in the depth of 0–20 cm from each plot were collected once every 7 to
10 days during the whole growth stage of millet, which were divided into two parts for
the measurement of soil moisture content in the field and the analysis of soil pH and soil
organic matter in the laboratory. The soil moisture, surface soil temperature, soil pH, and
soil organic matter at three measuring points evenly arranged in the field were measured
applying the drying method, portable soil temperature tester (Zhejiang Top Instruments
Limited Company), extraction solution with KCl, and external heating method of potassium
dichromate and sulfuric acid oxidation [23], respectively.

2.3.3. Growth Index

(1) The millet height, stem diameter, and leaf area index
The millet height, stem diameter, and length and width of millet leaves were measured

by a tape, slide gauge, and measuring scale from 17:30 to 18:30 during each growth period,
respectively. The leaf area index was then calculated. The height, stem diameter, and leaf
area index of millet were calculated as the average of the corresponding measured value of
three randomly selected plants. The leaf area index can be calculated by Formula (2).

LAI = S1N/S2 (2)

where S1 represents the total area of a single plant (the product of the number of leaves of a
single plant and the area of a single leaf; the area of a leaf is the product of the length and
width multiplied by 0.76), in m2; S2 represents the unit land area; and N is the number of
plants per unit area.

(2) Dry matter weight of plant
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Three representative millet plants were collected for each treatment at each growth
stage. The roots of the plants, including the broken roots, were washed in nylon mesh bags.
The above-ground plants (stem, leaf, leaf sheath, ear) and root organs were separated into
envelopes and placed in a drying oven, heated to 105 ◦C for 30 min, and then dried to a
constant mass at 80 ◦C. The dry matter weight of plants was measured by an electronic
balance with a precision of 0.001 g. The sum value was the total dry matter weight of
the plant.

(3) Yield
Grains in each plot were harvested at the mature period. All plants of millet in each

plot were collected for yield weight measurement after drying and threshing.

2.3.4. Water Use Efficiency

The water consumption (evapotranspiration, ET) of millet in the whole growth stage
was calculated by using the field water balance equation. The water use efficiency (WUE)
was the yield (Y) per unit of crop water consumption. The calculation formula of the WUE
was as follows:

WUEy = Y/ET (3)

2.4. Statistical Analysis

SPSS (version 22.0, IBM, Chicago, IL, USA) was used for a one-way analysis of vari-
ance (one-way ANOVA) followed by a T test. The Shapiro–Wilk test was used to test data
normality before analysis. The relationships between soil respiration rate and soil physical–
chemical properties were further examined using linear regression analysis, quadratic
regression analysis, and exponential regression analysis. The one-way ANOVA was ap-
plied to analyze differences between individual treatments in terms of cumulative soil CO2
emissions, millet height, stem diameter, leaf area index, dry matter weight of millet, water
consumption, yield, and water use efficiency. A linear regression analysis was applied
to analyze and compare the coupling relationship between soil respiration rate and soil
physical-chemical properties. In this study, p < 0.01 and p < 0.05 represent extremely sig-
nificant and significant values, respectively. Origin (version 9.1, OriginLab, Northampton,
MA, USA) was used for drafting.

3. Results
3.1. Variation of Soil Respiration Rate during Growing Season

The variation of the soil respiration rate of millet farmland under supplemental irriga-
tion and rainfed conditions during the whole period is shown in Figure 1. Compared with
rainfed treatment, the soil respiration rate of millet field from the late jointing stage to the
filling stage under supplemental irrigation increased significantly. With the advancement
of the growth period, the soil respiration rate of the millet field under rainfed treatment
changed slightly in a range of 6.26–7.09 µmol m−2 s−1 from the late seeding stage to the
filling stage. The soil respiration rate of millet farmland from the late stage of supplemen-
tary irrigation to the filling stage increased by 2.33–6.29 µmol m−2 s−1 compared with
the rainfed treatment. The soil respiration rate of millet farmland under supplemental
irrigation reached the peak of 13.38 µmol m−2 s−1 at the heading stage, which was 88.74%
higher than the rainfed millet. The soil respiration rate of millet farmland under supple-
mental irrigation was slightly lower in other stages than the conventional rainfed millet.
After 47.6 mm of rainfall on August 4 in 2021 at the heading stage, supplemental irrigation
significantly promoted the soil respiration rate of millet farmland. The soil respiration rate
was almost constant throughout the study period except for the supplementary irrigation
during the filling stage. The result showed that soil water content has a primary effect on
soil respiration, especially with the lower soil water content in millet fields.
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Figure 1. Variation of soil respiration rate of millet farmland under supplemental irrigation and
rainfed conditions during the whole period.

3.2. Accumulated Soil CO2 Emissions under Different Treatments

Compared with rainfed treatment, the accumulated soil CO2 emissions of millet
farmland under supplementary irrigation treatment were higher. As shown in Figure 2,
the accumulated soil CO2 emissions of millet farmland under supplementary irrigation
were as high as 3165.501 g m−2 (CO2), which was significantly higher by 11.56% (p < 0.05)
than the rainfed treatment. The result showed that supplementary irrigation promotes the
carbon dioxide emission of millet farmland.

Figure 2. Effect of supplemental irrigation on accumulated soil CO2 emissions of millet farmland
(Note: ** represents an extremely significant effect (p < 0.01) for different soil water treatments during
each growth stages and the whole growth period, while * represents a significant effect (p < 0.05) for
different soil water treatments during each growth stage and the whole growth period).

3.3. Analysis on Influencing Factors of Soil Respiration Rate
3.3.1. Soil Moisture Content

In all treatments, the variation of soil moisture content in the soil surface layer of millet
farmland basically decreased gradually from the seedling stage to jointing stage, while it
increased first and then decreased from heading stage to maturity stage. The Figure 3 shows
the variation of soil moisture content at the depth of 0–20 cm in millet farmland under
different irrigation modes. The soil moisture content of S1 treatment increased sharply
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after supplementary irrigation at the late jointing stage. The soil moisture content in the
late growth stage in the two treatments was generally higher than the early growth stage.
The difference in the soil moisture content between the two treatments in the late growth
stage was small, which was mainly due to rainfall mostly occurring in the later growth
stage. Affected by supplementary irrigation at seeding stage, the soil moisture content of
supplementary irrigation at the early growth stage was 21.62–231.28% higher than that of
conventional rainfed irrigation. The supplementary irrigation at the filling stage led to a
lower soil moisture content by 14.22% than that of conventional rainfed irrigation.

Figure 3. Variation of soil physical and chemical properties at the depth of 0–20 cm in millet farmland
under different irrigation modes (WMC-CK, WMC-W1, T-CK, T-W1, pH-CK, pH-W1, OM-CK OM-
W1 means the soil water moisture content of CK, the soil water moisture content of W1, the soil
temperature of CK, the soil temperature of W1, the soil pH of CK, the soil pH of W1, the soil organic
matter of CK, and the soil organic matter of W1, respectively).

The soil respiration rate exhibited different responses in different ranges of soil mois-
ture content. The soil respiration rate showed a significant positive correlation with the soil
moisture content (R2 = 0.5184) when the soil moisture content was greater than 10.6%, while
it showed a significant negative correlation with the soil moisture content (R2 = 0.4512)
when the soil moisture content was less than 10.6%. The variation of soil respiration
rate with soil moisture content showed the trend of first declining and then increasing
and reached the minimum at a soil moisture content of 10.6%, which resulted from the
uncertainties of the influencing factors of the range of soil moisture content change on
soil respiration [31]. The results showed that the moisture content condition can create an
unsuitable environment for the respiration of millet plant roots and soil microorganisms
when the soil moisture content is about 10.57%, leading to the minimum soil respiration
rate (Figure 4).

3.3.2. Soil Temperature

The increase of soil temperature can enhance and accelerate plant root respiration, soil
microbial activities, and soil organic decomposition. The soil respiration rate increased
with the increasing soil temperature in the early growth stage. As shown in Figure 3,
the soil surface temperature gradually increased with the advance of the growth period,
which was similar to climate change during the growth period of millet. The soil surface
temperature of millet farmland tended to be stable after the heading stage. The ranges of
soil temperature of millet farmland under conventional rainfed and supplemental irrigation
conditions were 30.2–31.3 ◦C and 30.2–31.9 ◦C, respectively.
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Figure 4. The relationship between soil moisture content and soil respiration rate.

Soil temperature showed a strong relationship with the soil CO2 respiration rate
of millet from the seedling stage to heading stage. During the early growth stage, soil
temperature promoted crop growth and further accelerated the soil respiration rate of millet
farmland. The soil respiration rate increased with the increase of soil surface temperature
(Figure 5). There was a significant linear regression relationship between soil respiration
rate and soil surface temperature (R2 = 0.4290). Soil temperature tended to be stable, and
the soil respiration rate gradually decreased after the heading stage. Soil temperature had
little effect on the soil respiration rate of millet in the later growth period.

Figure 5. The relationship between soil temperature and soil respiration rate.

3.3.3. Soil pH

The soil pH of millet was shown to be relatively stable in the early growth stage,
gradually decreased in the late jointing stage, and increased after maturity. Variations
of soil pH at the depth of 0–20 cm in millet farmland under different irrigation modes
are shown in Figure 3. The soil pH of the rainfed millet field was 0.1–0.6 higher than the
supplementary irrigation treatment, with an increase of 1.63–10.48% during the heading
stage. The soil respiration rate decreased with the increase of soil pH after the jointing
stage. As shown in Figure 6, there was a significant negative correlation between soil pH
and soil respiration rate in millet farmland (R2 = 0.4739).
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Figure 6. The relationship between soil pH and soil respiration rate.

3.3.4. Soil Organic Matter

During the millet growing season, the soil organic matter content at 0~20 cm soil
depth under various treatments increased first and then decreased with the advancement
of the growth period, reaching the maximum at the heading stage. With the rainfall and
gradual decomposition of soil microorganisms, the soil organic matter in the upper soil
layer of each treatment increased gradually with the growth period. The soil organic matter
of millet farmland under rainfed and supplemental irrigation conditions at the mature
stage reached the maximum of 14.2 g/kg and 14.0 g/kg, respectively, which were 16.07%
and 14.17% higher than seedling stage. Figure 3 shows that the soil organic matter of
supplementary irrigation was higher than rainfed millet. Figure 7 further shows that the
soil respiration rate increased with the increasing soil surface organic matter content. There
was a significant positive correlation between soil organic matter and soil respiration rate
(R2 = 0.4122). Compared with the rainfed millet, the soil organic matter of supplemental
irrigation was larger. Supplementary irrigation promoted the formation of organic matter
content in millet farmland soil.

Figure 7. The relationship between soil organic matter and soil respiration rate.
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The comparison of linear regression revealed that the most important factor influ-
encing soil respiration rate was soil moisture (<10.6%), followed by soil pH, soil moisture
(>10.6%), soil temperature, and finally soil organic matter content. Soil temperature and soil
organic matter content showed a positive significant correlation with the soil respiration
rate, while soil pH exhibited a negative significant correlation with the soil respiration rate.
The effect of soil moisture content on the soil respiration rate was influenced by the value
of the soil moisture content.

3.4. Analysis of Supplemental Irrigation on Millet Growth
3.4.1. Crop Growth

Table 1 shows that the variation trends of the plant height, stem diameter, leaf area
index, and dry matter mass of millet under different treatments were relatively consis-
tent. As shown in Table 1, the leaf area index and dry matter mass increased with the
advancement of the growth period, while the plant height and stem diameter displayed an
increase first and then a decrease. Increasing weight led to the bending of millet ears in
the horizontal direction, which decreased the plant height slightly at the maturity period.
The plant heights of millet during the filling period under rainfed and supplementary
irrigation conditions reached peaks of 179 cm and 208 cm, respectively. Compared with
rainfed millet, the stem diameter of supplemental irrigation increased by 10.17–60.62%,
which was not conducive to resisting windy weather. The stem diameter of millet at the
heading stage under CK and W1 reached 1.20 cm and 1.32 cm, respectively. The leaf area
of millet increased rapidly from the seedling stage to jointing stage; however, the growth
rate gradually slowed down in the later stage. The growth of millet and dry matter mass
was relatively slow before the jointing stage and accelerated rapidly after the jointing stage.
Due to water stress at the jointing stage, the growth of millet in the later growth stage of
rainfed millet was inhibited to some extent, which resulted in the lower dry matter mass of
CK than W1. There was little difference between the individual growth indicators at the
seedling stage. However, supplementary irrigation promoted the development of the plant
height, stem diameter, leaf area index, and dry matter quality of millet from the jointing
stage to maturity stage, which further affected the soil respiration rate. The soil respiration
rate increased with the increase of the growth indicators of millet.

Table 1. Growth indicators of millet at individual growth stages under different treatments.

Period
Height/cm Stem Diameter/cm Leaf Area Index Dry Matter Mass/g

CK W1 CK W1 CK W1 CK W1

Seeding stage 35 ± 1 35 ± 1 0.42 ± 0.03 0.44 ± 0.03 0.20 ± 0.01 0.21 ± 0.01 0.20 ± 0.01 0.19 ± 0.01
Jointing stage 62 ± 1 * 85 ± 1 * 0.65 ± 0.03 * 1.04 ± 0.04 ** 2.03 ± 0.05 * 2.37 ± 0.05 ** 3.90 ± 0.05 * 5.30 ± 0.07 **
Heading stage 137 ± 2 * 146 ± 2 * 1.20 ± 0.04 * 1.32 ± 0.05 * 3.26 ± 0.06 * 3.97 ± 0.07 * 17.05 ± 0.22 18.10 ± 0.24 *
Filling stage 179 ± 3 208 ± 3 * 0.81 ± 0.03 * 0.97 ± 0.03 ** 3.95 ± 0.07 * 4.18 ± 0.08 ** 44.60 ± 0.35 * 48.60 ± 0.36 *
Mature stage 167 ± 3 199 ± 3 ** 0.80 ± 0.03 0.80 ± 0.03 * 4.37 ± 0.08 * 5.29 ± 0.10 ** 73.75 ± 0.86 * 99.33 ± 0.92 **

Note: ** represents an extremely significant effect (p < 0.01) for different soil water treatments during each growth
stages and the whole growth period, while * represents a significant effect (p < 0.05) for different soil water
treatments during each growth stage and the whole growth period.

3.4.2. Water Use Efficiency

The yield and WUE of millet increased with the increase of crop water consumption.
It can be seen from Table 2 that the water stress of rainfed treatment at the jointing stage
directly affected the growth of millet, which reduced the grain formation at the grain filling
stage and further resulted in the lowest WUE of only 1.67 kg·m−3 in the rainfed treatment.
Due to slight water stress, the WUE of millet under supplementary irrigation reached up
to 2.15 kg·m−3, which increased by 28.74% compared with rainfed millet. Supplementary
irrigation promoted the yield and WUE of millet.
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Table 2. Yield and water use efficiency of millet under different irrigation modes.

Treatment Crop Water Consumption/mm Yield/kg·hm−2 WUE/kg·m−3

W1 254.49 5478.26 2.15
CK 201.92 3363.12 1.67

4. Discussion
4.1. Influencing Factors of Soil Respiration Rate

Soil moisture is one of the key factors influencing agro-ecosystems [32]. There is a close
relationship between the soil respiration rate and soil environmental factors [33]. Irrigation
alters soil water conditions, which participate in a variety of biological and chemical
reactions in the soil environment. Soil CO2 emission is further regulated by the effects
of soil nutrients, soil permeability, microbial activity, soil structure, and root growth [34].
Supplemental irrigation changes the soil physical and chemical environment of millet
farmland after the jointing stage, such as soil temperature, soil moisture content, pH, and
soil organic matter content, which could create a more suitable growth environment for soil
microorganisms and plant roots. Furthermore, it both strengthens the activities of aerobic
microorganisms and microbial biomass in the soil and enhances the soil respiration rate.

Soil moisture content is the major factor affecting soil respiration. Appropriate soil
moisture can increase the amount of soil microbial populations, improve soil biological
activities, enhance their decomposition ability, and promote root respiration [35]. In this
study, the soil moisture content of millet farmland with supplemental irrigation was higher,
which increased the oxygen content and enzyme activity in soil as well as improving
the soil temperature. This can promote the mineralization of soil nutrient elements and
improve the content of soil nutrients and the absorption intensity of nutrients by plant roots.
Due to the uncertainties of the influencing factors of the range of soil moisture content
variation on soil respiration [36], the soil respiration rate showed different responses in
different soil moisture content ranges in this study, which was similar to the existing
results. Linn and Doran (1984) believed that when the soil moisture content was 50–80%
of the saturated moisture content, this represented a more suitable moisture content for
soil biological activities [37]. The research of Yang et al. (2018) on soil moisture content
and soil CO2 emission flux in rice fields showed that the soil respiration rate increased
gradually with the increase of soil volume moisture content by less than 43%, while it
decreased when the increase of soil volume moisture content exceeded 43% [38]. The
different relationship between soil respiration and soil moisture content in different ranges
results from uncertainties regarding the soil moisture content variation range for soil
respiration [29].

Soil temperature is closely related to the soil respiration rate. Increasing soil tem-
perature improves microbial activities and soil mineralization, leading to a higher soil
respiration rate [39]. The soil respiration rate was found to increase with the increase of
soil surface temperature at the early stage of millet growth, which was consistent with the
previous conclusion. Liu et al. (2002) thought that temperature change was an important
reason for the diurnal and seasonal changes of soil respiration [40].

Soil respiration mainly includes root respiration (autotrophic respiration) and soil mi-
crobial respiration (heterotrophic respiration), and soil organic matter controls heterotrophic
respiration [41]. The soil organic matter in millet farmland reached the maximum at the
heading stage, which led to the peak of soil respiration rate in the filling stage affected
by the hysteresis effect. However, the soil respiration rate of supplemental irrigation in
the filling stage is much higher than rainfed treatment. The increase of soil respiration
can promote the decomposition of soil organic matter, and the soil organic matter under
supplemental irrigation was slightly lower than rainfed treatment. As the change of soil
organic matter is slow and long term [42], the influence of the soil organic matter content on
soil respiration rate was relatively small compared with other influencing factors. Microbial
biomass and root biomass are key regulators of auto and heterotrophic respiration [43].
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Nevertheless, this study did not track the root growth characteristics and the effect of root
exudates on soil respiration. Therefore, related research on the effect of root exudates on
soil respiration needs to be further carried out.

Owing to the activities of soil microorganisms and the synthesis and decomposition of
organic matter, soil CO2 emission was affected by soil pH [44]. The results of this study
showed that there was a negative correlation between soil CO2 emissions and a soil pH of
6–8, which was consistent with the research results of Han et al. [45].

4.2. Charateristics of Millet Growth

There were interactions between soil properties and plant growth [46]. Especially
in terms of root growth, roots may play a significant role in regulating soil respiration
depending on rhizospheric activities [47]. Soil autotrophic respiration mainly refers to
root respiration controlled by the photosynthetic products of crops [48]. The growth and
development of millet roots were relatively vigorous after entering the jointing stage.
Root respiration accounts for more than 50% of the total soil respiration in some ecosys-
tems [49]. Soil respiration is affected by root exudates, influencing soil organic matter
content and soil physical and chemical properties, indirectly enhancing the intensity of
soil respiration [50,51]. The photosynthetic products of millet began to form at the heading
stage. The root growth rate reached the maximum at the heading stage, which resulted
in a peak of soil autotrophic respiration. The millet growth index presented a positive
effect on the soil respiration rate (Table 1), which was consistent with the previous research
conclusion [52,53].

Water stress at the jointing stage can increase the stem diameter of millet. Due to the
lag effect of water stress, the stem diameter of millet at the heading stage and filling stage
under rainfed treatment was smaller than that under supplemental irrigation treatment.
The large amount of local precipitation was mostly concentrated in the heading stage of
millet. Hence, appropriate supplemental irrigation would be of benefit to enhance the
lodging resistance of millet in northern Shanxi. Besides, irrigation can promote the growth
of millet leaves and the increase of leaf area, which can further promote the photosynthesis
of millet. The increase of leaf area and photosynthesis activities under supplemental
irrigation promoted soil respiration, which maybe indirectly resulted from higher root
respiration by heterotrophic respiration [47].

Supplemental irrigation can effectively improve soil moisture in millet farmland and
further improve the yield and water use efficiency of millet. The yield and water use
efficiency of millet are the critical factors for the development of millet industry in arid
and semi-arid areas. In order to improve the yield and water use efficiency of millet,
water storage and water conservation measures, such as film mulching irrigation and
ridge irrigation, can be adopted. Furthermore, soil water replenishment measures, such as
gully rainwater collection and supplemental irrigation in key growth periods, can also be
adopted. The development and research of the above measures is important to achieve a
high and stable yield of millet.

The supplementary irrigation improved the soil moisture after the irrigation, which
varied the soil physical–chemical properties with soil pH, soil temperature soil organic
matter, and microbial biomass after the late jointing stage in the millet field. The changed
soil environment was also beneficial for individual millet growth indexes. The altered
soil environment and vigorous roots under supplementary irrigation led to even higher
soil respiration.

5. Conclusions

This study showed that supplementary irrigation changed the soil environment after
the irrigation, which promoted the crop indexes at each growth stage, as well as yield
and irrigation water use efficiency. The altered soil environment and more vigorous roots
enhanced the soil respiration rate and carbon emission flux compared with rainfed millet.
Moreover, the comparison of the linear regression correlation between soil respiration rate
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and soil physical–chemical properties revealed that the major affecting factors of the soil
respiration rate were soil moisture (<10.6%) followed by soil pH, soil moisture (>10.6%), soil
temperature, and finally soil organic matter content. In general, supplementary irrigation
could lead to climate warming due to more harmful CO2 emissions to the atmospheric
environment. There are existed uncertainties regarding the influencing factors of the range
of soil moisture content variation on soil respiration. The soil respiration rate increased
significantly with the increasing soil moisture content (R2 = 0.5184) when the soil moisture
content was over 10.6%, while it decreased notably with the rise of soil moisture content
(R2 = 0.4512) when the soil moisture content was lower than 10.6%. Soil temperature and
soil organic matter content showed a positive correlation with soil respiration rate, with
correlation coefficients of 0.4521 and 0.4122, respectively. Soil pH exhibited a negative
correlation with soil respiration rate, with a correlation coefficient of 0.4739. To realize the
optimal combination of high water use efficiency and reduced soil CO2 emissions to the
atmosphere, more supplemental treatments with less irrigation need to be designed and
conducted for further study.
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