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Abstract: Lettuce is a water-sensitive stem-used plant, and its rapid growth process causes significant
disturbances to the soil. Few studies have focused on the gaseous carbon emissions from lettuce
fields under different irrigation methods. Therefore, this study investigated the effect of different
drip-irrigation lower limits and methods (drip and furrow irrigation) on greenhouse gas (CO2, CH4)
emissions from lettuce fields. Thus, drip irrigation (DI) was implemented using three different lower
limits of irrigation corresponding to 75%, 65%, and 55% of the field capacity, and named DR1, DR2,
and DR3, respectively. Furrow irrigation (FI) was used as a control treatment. The CO2 and CH4

emission fluxes, soil temperature, and soil enzyme activities were detected. The results showed
that the cumulative CO2 emission was highest under DR3 and relatively lower under DR1. For
the FI treatment, the cumulative CO2 emission (382.7 g C m−2) was higher than that under DR1
but 20.2% lower than that under DR2. The cumulative CH4 emissions under FI (0.012 g C m−2)
were the greatest in the whole lettuce growth period, while DR2 and DR3 treatments emitted lower
amounts of CH4. The irrigation method considerably enhanced the activity of urease and catalase,
meanwhile promoting CO2 emission. The low irrigation amount each time combined with high
irrigation frequency reduced soil CO2 emission while increasing CH4 emission. From the perspective
of the total reduction of gaseous carbon, DR1 is the optimal drip irrigation method among all the
irrigation lower limits and methods.

Keywords: greenhouse gases; emissions; irrigation strategies; water-saving irrigation; emission
reduction

1. Introduction

Climate change is a serious global issue due to increasing environmental pollution
and the fast expansion of agricultural lands. Gaseous carbon emissions are released
continuously into the atmosphere [1]. The carbon cycle in agroecosystems is the most
fundamental ecological process and has a crucial impact on greenhouse gas emissions such
as CO2 and CH4 [2]. At the 75th United Nations General Congress [1], China proposed
that its carbon dioxide emissions would reach a peak by 2030 and it would achieve carbon
neutrality by 2060. Therefore, it is urgent to increase crop production by paying more
attention to reducing greenhouse gas emissions and increasing their sequestration.

Agricultural soils are the ecosystems most disturbed by human activities. Under the
influence of farming activities such as irrigation and fertilization, these soils are the main
source of greenhouse gas emissions [3]. Global soil CO2 and CH4 emissions accounted
for 25% of the total CO2 and CH4 emissions [4]. The total carbon emission of U.S. agri-
culture was about 69.5 million tons of CO2 in 2018, according to a survey by the United
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States Environmental Protection Agency. Israel (another agricultural powerhouse) emitted
64 million tons of CO2 in 2016, according to the Israel Central Bureau of Statistics in 2019.
In China, for a long time, unprofessional irrigation techniques and strategies have seriously
damaged the dynamic balance of water and soil and increased the soil emission of gaseous
carbon. Therefore, water-saving irrigation has become an inevitable choice in China’s
current situation.

Water scarcity and long-term drought have had a negative impact on agriculture, re-
sulting in the need for water-saving and water-efficiency actions. Research on water-saving
irrigation has focused chiefly on saving water and improving crop yield. Irrigation ap-
proaches such as drip irrigation (DI) seek to increase water-use efficiency while warranting
adequate irrigation. DI has been widely utilized in recent years; it results in minimum
evaporation and increased crop productivity compared with other irrigation methods [5].
Therefore, understanding water management is essential for increasing crop production
and reducing carbon emissions. However, little attention has been paid to carbon emissions
and their driving mechanisms. Under the conditions of water-saving irrigation, i.e., drip or
spray irrigation, the soil micro-environment tends to be changed. For instance, soil micro-
bial communities and heterotrophic respiration are influenced, resulting in continuous soil
carbon pool variations and eventually affecting the regional and global carbon cycle [6].
Yerli et al. [7] evaluated the effect of different levels of domestic wastewater irrigation on
soil CO2 emissions at the end of the maize vegetation period. They found that soil organic
carbon and CO2 emissions were higher than in clean water. Also, Hou et al. [8] detected
that deficit irrigation significantly reduced soil CO2 emissions. Moreover, Edwards et al. [9]
revealed that the seasonal CO2 emissions from surface drip irrigation were significantly
greater than those from subsurface drip irrigation in a two-year field study.

Lettuce is an important vegetable crop worldwide. In China, lettuce is grown in
many regions, with Fujian Province being particularly well-known as a major producer
of lettuce in China. Every cultivation season, lettuce requires a significant amount of
water resources, which is bound to have an impact on the soil, and subsequently, on
soil carbon emissions. Although some studies have explored the effects of water-saving
irrigation on carbon emissions [3,8], limited attention has been dedicated to soil carbon
emissions from cultivated fields of stem-used plants. For stem-used plants such as lettuce,
the response of soil carbon emissions to irrigation is inevitably very different compared to
other plants due to the more significant soil disturbance during the fleshy stem expansion.
Therefore, irrigation plays a crucial role in stem-used vegetable production, and until now,
it has not been determined which irrigation strategy will be more effective in reducing
CO2 and CH4 emissions. Thus, the present study hypothesizes that drip irrigation, as a
water-saving method, affects gaseous carbon emissions mainly by influencing the soil’s
environment and properties. Hence, three different drip irrigation methods were designed
in a lettuce field to (1) quantitatively investigate the different irrigation effects on soil
gaseous carbon emission, (2) evaluate the relationship between gaseous carbon emission
and soil properties under different irrigation schemes, (3) and find out the optimal irrigation
method that should be employed as an effective irrigation scheme for reduced greenhouse
gas emissions. Moreover, furrow irrigation, a traditional irrigation practice locally, was
used for comparison to help understand the impact of changing irrigation methods on
gaseous carbon emissions. The current study provides a scientific basis for securing an
ecological management strategy for the open-field cultivation of lettuce.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted from 20 September 2021 to 6 January 2022 at the
Fruit in Yun Xiao County (Fruit Science and Technology Demonstration of Old Liberated
Area), Fujian Province, China. The experimental area has a subtropical climate and is
affected by the maritime monsoon. The absolute maximum and minimum temperatures
are 38.1 ◦C and −0.2 ◦C, respectively. The annual mean temperature is 21.3 ◦C. The soil in
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the experiment is classified as ferrallitic soil, with a pH of 5.9, a bulk density of 1.26 g cm−3,
an organic matter content of 3.45%, a field capacity of 29.8%, and available N, P, and K of
90.2, 12.2 and 152.3 mg kg−1, respectively. The monthly rainfall during the experiment was
122.9 mm in September 2021, 57.8 mm in October 2021, 46.2 mm in November 2021, 42.7 mm
in December 2021, and 77.8 mm in January 2022. During the experiment, the average wind
speed was 7.4–12.4 km h−1, the temperature was 15.5–29.1 ◦C, and the relative humidity
was 66–73%.

2.2. Experimental Design, Cropping Practices, and Treatments

The open-field experiment used a single-factor randomized block design with four
treatments and three replicates. The plot area was 32 m2 (4 m × 8 m), and the total
experimental area was divided into 12 blocks. A 0.3 m protection row was set between
the plots. Lettuce seedlings (‘Feiqiao No. 1’ species, Lactuca sativa var. angustana Irish)
were cultivated for 25 days. Seedlings were transplanted into the field as they had 4–5
true leaves. Each block employed the ridge (width of 60 cm and height of 20 cm) planting
method, and the lettuce seedlings were planted at three ridges of lettuce in each plot, with
row intervals of 30 cm and planting intervals of 35 cm (Figure 1). A soil ridge was left
between treatments to prevent water seepage.
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Figure 1. The soil ridges and lettuce planting practice under different irrigation methods ((a) drip
irrigation plots, (b) furrow irrigation plots).

The main plots used the drip irrigation (DI) and furrow irrigation (FI) methods, with
four irrigation treatments: DR1, DR2, DR3, and FI, respectively. Irrigation treatments were
managed as follows: irrigating until reaching 95% of the field capacity (upper limitation)
when the soil water content reached 75% of the field capacity (lower limit)—DR1; irrigating
until reaching 95% of the field capacity (upper limitation) when the soil water content
reached 65% of the field capacity (lower limit)—DR2; irrigating until reaching 95% of
the field capacity (upper limitation) when the soil water content reached 55% of the field
capacity (lower limit)—DR3; and the same irrigation quota (amount for each irrigation
event) as DR2 but using furrow irrigation—FI. Irrigation events were reiterated during the
critical growth stages of lettuce, including the rosette and fleshy stem enlargement stages
(Table 1). The soil moisture in each treatment was monitored using the drying method, and
once it reached the designed irrigation lower limit, the water was supplied. The irrigation
quota was calculated according to the following equation [10]:

M = S × r × h × Q ×
(

q1 − q2
)

/0.95

where M is the volume of applied water for each irrigation time (m3); S is the total irrigated
area (m2); r is the soil bulk density (kg m−3); h is the intended wetness soil layer (0.2 m); Q
is the field capacity (%); q1 is the designed upper irrigation limit (0.95), q2 is the lower limit;
and 0.95 is the efficiency of irrigation that considered water loss.

As a local practice, farmers use FI, irrigating until they reach a water level of one-third
of the height of the ditch. In their practice, the amount of water supply for FI was similar to
the DR2 treatment in this study. The division of lettuce growth stages is shown in Table 2.
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Table 1. The different irrigation schemes according to different irrigation lower limits.

Treatment

During Two Stages of the Rosette and the Fleshy Stem Expansion Total Irrigation Amount
during the Growing

Period (mm)
Irrigation Amount
Each Time (mm)

Irrigation Interval
(d)

Irrigation
Numbers

Irrigation Amount
(mm)

DR1 15.8 9.5 8 126.5 284.1
DR2 23.7 15.2 5 118.6 276.2
DR3 31.6 25.3 3 94.9 252.5

FI 23.7 15.2 5 118.6 276.2

Note: DR1, DR2, and DR3 are drip irrigation treatments, and FI is furrow irrigation.

Table 2. Division of lettuce growth stages.

Year Period Growth Stages Moisture Treatment

2021 September 20–September 22 Seed germination
2021 September 23–October 15 Seedling
2021 October 16–November 21 Rosette

√

2021–2022 November 22–January 2 Stem expansion
√

2022 January 3–January 6 Harvest
Note:

√
indicates that different irrigation treatments were implemented at this stage.

The detailed irrigation information for the four irrigation schemes is shown in Table 1.
Chemical fertilizers used in the experiment were applied as topdressing and basal

fertilizers. The fertilizers used in this study were urea, calcium superphosphate, and
potassium sulfate, with a total dosage of 675 kg/ha, 600 kg/ha, and 375 kg/ha, respectively.
As a local practice, superphosphate fertilizer was applied as the base fertilizer. However,
the urea and potassium sulfate were supplied as basal fertilizer at a rate of 20%, a first
topdressing at a rate of 40%, and a second topdressing at a rate of 40%. The plant disease
prevention program was applied during the entire growth period according to the local
farmers’ practice, and the same was applied for all the treatments.

2.3. Sampling and Measurement

A self-made cylindrical collection device (chamber) was used to collect the gas samples.
The entire chamber was made of PVC material, with a height of 80 cm and a diameter of
30 cm. This chamber’s principle was that the chamber’s lower base could be buried in
the soil and the upper cover could be placed on the base. In contrast, these two could be
connected seamlessly by sealing with a water-filled tank before the collection. A layer of
reflective film (silver color) was enclosed outside of the chamber. When collecting the gas
samples, the upper cover and the lower base were connected, and the small fan inside the
chamber was turned on to ensure the even mixing of gas. A rechargeable battery provided
the power of the fan. For each replication, three chambers were used.

Each plot’s sampling point was fixed, and 13 collections were conducted throughout
the entire lettuce growth period. The first collection date was the second day after trans-
plantation, and the collection interval was seven days. A monitor logged each collection
time, and the specific time was from 8:00 to 9:00. Each time the gas was collected, the gas
sample was extracted using a 50 mL syringe 0, 10, 20, and 30 min after the chamber was
sealed. Then, the gas was pushed into a 40 mL gas-collection bottle. After completing all
collections, all gas bottles were taken into the laboratory for CO2 and CH4 emission flux
measurement. The instrument used for measurement was the gas chromatograph (Agilent
7890B, produced by Agilent Technologies of America, Santa Clara, CA, USA).

The soil temperature was measured after each gas collection (Figure 2). Moreover,
the moisture content was measured using the drying method after collecting the surface
soil samples using the five-point method under the base. The moisture data were used
to calculate the soil water-filled pore spaces (SWPS, %). Meanwhile, the surface soil
samples under the base were collected using the five-point method, 22 and 57 days after
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transplanting, for the soil chemical indicator analysis. The collected soils were divided
into two parts. One part was naturally dried, ground, and passed through a sieve with a
0.15 mm pore size to determine the soil organic matter content using the external heating
method of potassium dichromate–sulfuric acid oxidation [11]. The other sample part was
used to determine the soil enzyme activity. The dehydrogenase activity was determined by
the triphenyl tetrazolium chloride (TTC) colorimetric method using a spectrophotometer:
after reacting 1 g of soil sample with 0.5% TTC-Tris buffer, we added 10 mL ethanol and
centrifuged at 4000 rpm for 5 min before determining the absorbance of the supernatant
(722S Shanghai Chengguang Instrument Co., Ltd., Shanghai, China), and we expressed
the result as TPF µg g−1 d−1. The urease activity was determined by the sodium phenol
colorimetric method: we added 1 mL toluene to a 5 g soil sample, mixed well, and then
added 10 mL urea (10%) solution and 20 mL citrate buffer solution before incubating
at 37 ◦C for 24 h. After filtration, we took 3 mL of the filtrate and added it to a 50 mL
volumetric flask to reach a constant volume. Then, we added 4 mL sodium phenolate
solution and 3 mL sodium hypochlorite (0.9%) solution and mixed well, measuring the
absorbance of the solution using the same instrument as TTC) and expressing the results
as NH3-N mg g−1 d−1. The catalase activity was determined by the KMnO4 volumetric
method: we took a 5 g soil sample and added 0.5 mL toluene, shaking well; then, we added
25 mL of 3% H2O2 solution and 25 mL of 2 mol L−1 H2SO4 solution before shaking well
and filtering. We took 1 mL filtrate, added 5 mL of distilled water and 5 mL of 2 mol/L
H2SO4 solution, and then titrated it with KMnO4 solution). The results are expressed as
0.1 mol KMnO4 mL g−1 h−1 [12,13].
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2.4. Determination of CO2 and CH4 Emission Fluxes

CO2 and CH4 emission fluxes were calculated according to the following equation:

F = ρ × H × 273/(273 + T)× dc/dt

where F is the CO2 or CH4 emission flux (mg C m−2 h−1); ρ is the CO2 or CH4 density in
standard condition, i.e., 1.977 and 0.717 kg m−3; H is the height of the upper cover (m); T
is the actual temperature in the cover when determining (◦C); and dc/dt is the variation
rate of CO2 or CH4 concentration (mL L−1 h−1). Since the air pressure in the chamber is
nearly unchanged, the influence of the air pressure on the emission flux of CO2 or CH4 is
neglected.

The following formula calculated the accumulated soil CO2 or CH4 emissions:

M = ∑ (Fi+1 + Fi)/2 × (ti+1 − ti)× 24 × 10−5
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where M is the accumulated CO2 or CH4 emissions (g C m−2); F is the ith CO2 or CH4
emission flux (mg C m−2 h−1); i is the number of measurements; and ti+1−ti is the number
of days between two measurements (d).

The SWPS can be obtained according to the following equation.

SWPS = (
ρ

1 − ρ/2.65
)× Qw

In the formula, ρ is the bulk density of the experimental soil (g cm−3); 2.65 is the
density of the experimental soil (g cm−3); and Qw is the soil mass moisture content (%).

2.5. Statical Analysis

The data were input into SPSS 17.0 software for statistical analysis (0.05 level) according
to Duncan’s multiple range test.

3. Results
3.1. Effect of Different Irrigation Schemes on CO2 Emissions

The effects of different irrigation systems on soil CO2 emission flux (a) and cumulative
CO2 emission (b) are shown in Figure 3. There was a fluctuating variation in CO2 emission
fluxes at the early stage, with a sharp increase 50 to 64 days after transplanting. Moreover,
64 days after transplanting, the fluxes peaked and then gradually decreased. The CO2
emission fluxes for the drip irrigation schemes showed a difference of DR3 > DR2 > DR1
at 2 days after transplant. The fluxes reached 425.6 mg C m−2 h−1 under DR3 treatment,
indicating that increased single irrigation would increase the CO2 emission fluxes. Un-
der the same irrigation amount, the emission fluxes under DR2 were 23.3% higher than
under FI. The differences in CO2 emission fluxes among the treatments were maintained
until 43 days after transplanting. However, from 50 to 64 days after transplanting, the
highest CO2 emission flux was observed under the DR2 treatment, with a peak value of
725.4 mg C m−2 h−1 at 64 days. From 64 to 83 days after transplanting, the variation trend
of CO2 emission fluxes for the treatments was similar, and the CO2 emission fluxes were
found to be highest under DR3 and lowest under DR1.
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Figure 3. Influence of different irrigation schemes on the CO2 emission flux (a) and the accumulated
CO2 emission (b) (DR1, DR2, and DR3 were the drip irrigation treatments, and FI was a furrow
irrigation treatment. DR1, DR2, and DR3 represent soil moisture content at the lower limits of
irrigation, which corresponded to 75%, 65%, and 55% of the field capacity. The irrigation amount each
time for FI was the same as the DR2 treatment. The data in the figure are average values ± standard
deviation (SD).

From 2 to 43 days after transplanting, cumulative CO2 emissions were the highest
under DR3. Although some differences were found among DR1, DR2, and FI, the differ-
ences were not noticeable. From 50 days after transplanting, the differences in cumulative
CO2 emissions under different treatments became clear: DR3 had the highest cumulative
emission, followed by DR2, and a relatively low emission amount was detected under DR1.
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DR2 showed a greater increase than other treatments from 50 to 71 days after transplanting.
For FI, the cumulative CO2 emissions were higher than DR1 but 20.2% lower than DR2,
indicating that the furrow irrigation reduced the cumulative CO2 emissions under the same
irrigation quota.

3.2. Effect of Different Irrigation Schemes on CH4 Emissions

The effects of different irrigation schemes on CH4 emission fluxes (a) and cumulative
CH4 emissions (b) are shown in Figure 4. The relatively high CH4 emission fluxes occurred
at 2, 50, and 71 days, and the low fluxes were observed during 8–15, 36–43, and 57–
64 days after transplanting (Figure 4a). The CH4 emission fluxes were overall highest
under FI, followed by DR1, and relatively low under DR2 and DR3. The 71–83 days after
transplanting were at the end of lettuce growth, when the CH4 emission fluxes under DR2
and DR3 treatments were close to 0, indicating that the soil emission and absorption for
CH4 reached a balance.
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Figure 4. Influence of different irrigation schemes on the CH4 emission flux (a) and the accumulated
CH4 emission (b) (DR1, DR2, and DR3 were the drip irrigation treatments, and FI was a furrow
irrigation treatment. DR1, DR2, and DR3 represent soil moisture content at the lower limits of
irrigation, which corresponded to 75%, 65%, and 55% of the field capacity. The data in the figure are
average values ± SD.

Unlike the cumulative CO2 emissions, the cumulative CH4 emissions showed both
an increase and decrease trend for the different treatments throughout the growth period,
mainly due to soil CH4 emission and absorption processes. At 83 days after transplanting,
the cumulative CH4 emissions were 0.012 g C m−2 for the FI treatment and −0.009, −0.024,
and −0.028 g C m−2 for the DR1, DR2, and DR3 treatments, respectively, indicating that
the DR1 treatment had relatively weak absorption or strong emission capacity for CH4, in
comparison to other treatments.

3.3. Effect of Different Irrigation Schemes on Soil Enzyme Activity

At 22 days after transplanting, soil dehydrogenase activity was highest in DR3, reached
35.1 TPF µg g−1 d−1, and was significantly (p < 0.05) higher than in DR2 and FI (32.1 and
30.8 µg g−1 d−1). The treatment differences were more pronounced at 57 days after
transplanting. At 57 days, the highest dehydrogenase activity was still greatest under DR3,
reaching 39.1 µg g−1 d−1, significantly greater than that under DR1 but not significantly
(p > 0.05) different from DR2. The lowest dehydrogenase activity was found in FI and was
only 29.8 µg g−1 d−1 (Figure 5).

The effect of different irrigation schemes on soil urease activity is shown in Figure 6.
The urease activity was at 2.72–2.94 NH3-N mg g−1 d−1 22 days after transplanting. DR3
was slightly higher in urease activity, but the difference among the four treatments was
insignificant (p > 0.05). At 57 days after transplanting, the urease activity was observed
to be the highest in DR2, reaching 3.91 NH3-N mg g−1 d−1, significantly (p < 0.05) higher
than in other treatments; urease activities under DR3 and FI were at intermediate levels
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and were 3.42 and 3.29 NH3-N mg g−1 d−1 respectively. The urease activity under DR1
was the lowest (3.01 NH3-N mg g−1 d−1).
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Figure 6. Effect of different irrigation schemes on soil urease activity (DR1, DR2, and DR3 were the
drip irrigation treatments, and FI was a furrow irrigation treatment. DR1, DR2, and DR3 represent
soil moisture content at the lower limits of irrigation, which corresponded to 75%, 65%, and 55% of
the field capacity. The irrigation amount each time for FI was the same as the DR2 treatment. The
data are average values ± SD. The different values (a, b, c) represent significant differences at 0.05
level within a day. The 22 and 57 days after transplant correspond to the middle time point of the
rosette and stem expansion stages, respectively.

The effect of different irrigation schemes on soil catalase activity is shown in Figure 7.
Similar to urease, soil catalase activity did not show significant (p > 0.05) differences among
the different treatments at 22 days after transplanting, with values of 3.81–4.22 0.1 mol
KMnO4 mL g−1 h−1 for the different treatments. At 57 days after transplanting, soil urease
activity under DR2 was the highest, reaching as high as 4.66 0.1 mol KMnO4 mL g−1 h−1,
which was not significantly (p > 0.05) distinct in comparison to DR3 or FI but was signifi-
cantly (p < 0.05) higher than under DR1 (4.03/0.1 mol KMnO4 mL g−1 h−1).
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Figure 7. Effect of different irrigation schemes on soil catalase activity (DR1, DR2, and DR3 were the
drip irrigation treatments, and FI was a furrow irrigation treatment. DR1, DR2, and DR3 represent
soil moisture content at the lower limits of irrigation, which corresponded to 75%, 65%, and 55% of
the field capacity. The data are average values ± SD. The different values (a, b, c) represent significant
differences at 0.05 level within a day. 22 and 57 days after transplant correspond to the middle time
point of the rosette and stem expansion stages, respectively.

Under the same irrigation scheme, the activities of enzymes, no matter whether
dehydrogenase, urease, or catalase in FI, were lower than those in DR2. This difference was
more significant at 57 days after transplanting, indicating that drip irrigation enhanced the
soil enzyme activities as lettuce grew into the later stages. Between the two monitoring
dates, it was found that the soil urease activity was higher at 57 days than at 22 days, while
no similar regularity was found in the dehydrogenase and catalase activity.

3.4. Effect of Different Irrigation Schemes on Soil Temperature and Moisture

DR1 treatment maintained a relatively high SWPS throughout the growth period,
reaching 58.5% on average, while DR3 maintained the lowest level of 47.8% (Figure 8a). The
SWPS under DR2 was slightly greater than under FI. The greatest difference in the SWPS
among the treatments occurred between 22–36 days and 57–71 days after transplanting
throughout the growth period.
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Figure 8. Effect of different irrigation schemes on soil humidity (a) and temperature (b) (DR1, DR2, and
DR3 were the drip irrigation treatments, and FI was a furrow irrigation treatment. DR1, DR2, and DR3
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55% of the field capacity. The irrigation amount for FI each time was the same as for DR2 treatment.
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Soil temperature remained relatively stable from 2 to 64 days after transplanting and
decreased after 64 days, which mainly corresponded to the sharp drop in soil temperature
(Figure 8b). The effect of different irrigation schemes on soil temperature was not significant.
For the whole period, the mean soil temperatures of DR1, DR2, DR3, and FI treatments
were 18.8, 19.3, 19.5, and 19.0 ◦C, respectively. DR3 treatment was detected in a relatively
greater level of soil temperature during the experiment. The mean soil temperature of DR2
was 1.58% higher than FI, and this difference was not obvious.

3.5. Effect of Different Irrigation Schemes on Soil Organic Matter Content

The soil organic matter content showed no inter-treatment differences (p > 0.05) at
both 22 and 57 days after transplanting, with 3.42–3.56% soil organic matter content at
22 days and 3.48–3.67% at 57 days after transplanting (Figure 9). The soil organic matter
contents were very close between the two periods. This showed that the irrigation method
or regime does not significantly impact soil organic matter content.

Agronomy 2024, 14, x  11 of 15 
 

 

 

Figure 9. Effect of different irrigation schemes on soil organic matter (DR1, DR2, and DR3 were the 

drip irrigation treatments, and FI was a furrow irrigation treatment. DR1, DR2, and DR3 represent 

soil moisture content at the lower limits of irrigation, which corresponded to 75%, 65%, and 55% of 

the field capacity. The irrigation amount each time for FI was the same as the DR2 treatment. The 

data are average values ± SD. The value (a) represents significant differences at 0.05. 22 and 57 days 

after transplant correspond to the middle time point of the rosette and stem expansions. 

3.6. Correlation Analysis between CO2/CH4 Emission and Possible Impact Factors 

The CO2 emission fluxes positively correlated with soil urease and catalase activity 

(Table 3). The correlations were highly significant (p < 0.01) between CO2 emission fluxes 

and urease activity and were also significant (p < 0.05) between CO2 emission fluxes and 

catalase activity. However, the correlation between CO2 emission fluxes and soil temper-

ature, moisture, or organic matter content was insignificant in this experiment. Table 4 

displays the correlations between CH4 emission fluxes and possible influencing factors. 

The CH4 was negatively correlated with soil dehydrogenase, urease, and catalase activi-

ties, while it was not significantly correlated with soil temperature, moisture, or organic 

matter content, respectively. 

Table 3. Correlation analysis between CO2 emission flux and possible impact factors. 

 
CO2 Emission 

Flux 

Soil Temper-

ature 

Soil Mois-

ture 

Dehydrogenase 

Activity 

Urease 

Activity 
Catalase Activity 

Organic 

Matter 

CO2 emission flux 1 −0.608 −0.334 0.466 0.947 ** 0.775 * 0.584 

Soil temperature  1 −0.630 0.526 0.796 * 0.738 * 0.581 

Soil moisture   1 −0.503 −0.381 −0.448 −0.613 

Dehydrogenase ac-

tivity 
   1 0.529 0.609 0.876 ** 

Urease activity     1 0.860 ** 0.568 

Catalase activity      1 0.540 

Organic matter       1 

Note: * indicates a significant correlation at the 0.05 level, ** indicates a significant correlation at the 

0.01 level. 

  

Figure 9. Effect of different irrigation schemes on soil organic matter (DR1, DR2, and DR3 were the
drip irrigation treatments, and FI was a furrow irrigation treatment. DR1, DR2, and DR3 represent
soil moisture content at the lower limits of irrigation, which corresponded to 75%, 65%, and 55% of
the field capacity. The irrigation amount each time for FI was the same as the DR2 treatment. The
data are average values ± SD. The value (a) represents significant differences at 0.05. 22 and 57 days
after transplant correspond to the middle time point of the rosette and stem expansions.

3.6. Correlation Analysis between CO2/CH4 Emission and Possible Impact Factors

The CO2 emission fluxes positively correlated with soil urease and catalase activity
(Table 3). The correlations were highly significant (p < 0.01) between CO2 emission fluxes
and urease activity and were also significant (p < 0.05) between CO2 emission fluxes
and catalase activity. However, the correlation between CO2 emission fluxes and soil
temperature, moisture, or organic matter content was insignificant in this experiment.
Table 4 displays the correlations between CH4 emission fluxes and possible influencing
factors. The CH4 was negatively correlated with soil dehydrogenase, urease, and catalase
activities, while it was not significantly correlated with soil temperature, moisture, or
organic matter content, respectively.
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Table 3. Correlation analysis between CO2 emission flux and possible impact factors.

CO2 Emission
Flux

Soil
Temperature Soil Moisture Dehydrogenase

Activity Urease Activity Catalase Activity Organic Matter

CO2 emission flux 1 −0.608 −0.334 0.466 0.947 ** 0.775 * 0.584
Soil temperature 1 −0.630 0.526 0.796 * 0.738 * 0.581

Soil moisture 1 −0.503 −0.381 −0.448 −0.613
Dehydrogenase activity 1 0.529 0.609 0.876 **

Urease activity 1 0.860 ** 0.568
Catalase activity 1 0.540
Organic matter 1

Note: * indicates a significant correlation at the 0.05 level, ** indicates a significant correlation at the 0.01 level.

Table 4. Correlation analysis between CH4 emission flux and possible impact factors.

CH4 Emission
Flux

Soil
Temperature Soil Moisture Dehydrogenase

Activity Urease Activity Catalase Activity Organic Matter

CH4 emission flux 1 −0.570 0.263 −0.791 * −0.839 ** −0.838 ** −0.766
Soil temperature 1 −0.630 0.526 0.796 * 0.738 * 0.581

Soil moisture 1 −0.503 −0.381 −0.448 −0.613
Dehydrogenase activity 1 0.529 0.609 0.876 **

Urease activity 1 0.860 ** 0.568
Catalase activity 1 0.540
Organic matter 1

Note: * indicates a significant correlation at the 0.05 level, ** indicates a significant correlation at the 0.01 level.

4. Discussion

The process of soil CO2 emission is also called soil respiration, including plant root
respiration, soil animal respiration, soil microbial respiration, and the oxidation of carbon-
containing substances [6,14,15]. The soil respiration process is affected by soil temperature,
moisture, and external interference [16]. This study detected that the CO2 emission under
DR1 treated by high-frequency but low-quota irrigation was the lowest, consistent with
Liu et al.’s conclusion [17]. This may be because high-frequency irrigation kept the SWPS
at a high level for a longer duration; this reduced the availability of O2 in soil particles,
thus decreasing the soil respiration emissions of CO2. The CO2 released from crop roots
and their micro-environment accounts for 20–50% of the total [18]. In the early and middle
growth stages of this study, the CO2 emission flux under DR2 was in the middle level
among the three drip irrigation treatments. However, it increased sharply from 50 to 64
days after transplanting, which might be due to the fact that the rhizosphere soil water
conditions created by DR2 were suitable for root growth and development [19], and the
increased root biomass promoted the root respiration process that caused the increase in
CO2 emission flux.

In this study, there were disputes regarding the influence of different irrigation meth-
ods on CO2 emissions. Consistently, Zhang et al. [20] showed that the CO2 emission flux of
cotton-field soil under drip irrigation was about 40% higher than that under flood irrigation
at the same observation time. On the contrary, Guo et al. [21] found that the CO2 emission
flux using drip irrigation during the entire growth period was 36% lower than that using
flood irrigation. Zhang et al. [22] also detected that drip irrigation (9.53 t hm−2) was
beneficial in reducing CO2 emissions, compared to furrow irrigation with the same quota.
Moreover, Wang et al.’s [23] experiment on winter-wheat cultivated soil in the North China
Plain discovered that replacing flood irrigation with drip irrigation would not remarkably
affect CO2 emissions. Our study was consistent with Zhang et al.’s [22] finding that drip
irrigation would increase CO2 emissions compared to furrow irrigation. This might be
because under drip irrigation, soil water and pore permeability were appropriate [24], and
there was no sharp increase or decrease in soil water and pore O2 content; this created better
conditions for plant roots and soil microbial respiration, thus increasing CO2 emissions.

In the current work, there are two main pathways to form CH4. The first pathway
is the decomposition of organic matter in soil, which forms an organic acid, and bacteria
use organic acid to produce CH4. The second pathway is the decomposition of complex
organic matter produced by CO2 and H2, which are converted into CH4 by methanogens
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under anaerobic conditions [25]. Therefore, the possible factors affecting CH4 emissions
might include organic matter, an anaerobic environment, and soil moisture [26]. The irri-
gation practice has also obvious effects on soil moisture and anaerobic environments. An
earlier study showed that the proper control of soil moisture within a certain range was
conducive to the absorption of CH4 by soil [27]. However, excessive irrigation will reduce
the soil absorption amount of CH4, and continuous irrigation might form positive CH4
emissions [28,29]. In this study, the absorption of CH4 by the DR1 soil was significantly re-
duced: only about one-third of the DR3 soil. This confirmed previous research conclusions.
The reason might be that under the DR1 condition, the anaerobic degree of soil pores was
stronger than the other two drip irrigation treatments. This resulted in an increase in soil
CH4 emissions and a relatively weaker soil absorption capacity for CH4.

Our study revealed that FI promoted CH4 emission compared to the DI treatments, and
FI was the only treatment of positive CH4 emission among the four irrigation treatments,
which was in line with previous conclusions [30,31]. This was because the FI treatment
made forming a flooded layer on the soil surface easier, and the anaerobic environment
caused by the flooded layer promoted the temporary and violent emission of CH4. How-
ever, under drip irrigation, the water supply intensity per unit time was lower, the water
movement in soil pores was slower, the damage degree of soil structure was lighter, and
the root-soil was looser and contained more O2. These factors negatively affected CH4
emissions [32].

In earlier studies, soil temperature, humidity, organic matter, and enzyme activity were
found to be important factors responsible for CO2 and CH4 emissions [15,33]. However, no
significant correlation between CO2/CH4 emission and soil organic matter was found in
this study, and the irrigation had little effect on soil organic matter content (Figure 9). This
might be because the previous studies focused more on soils in different regions, while
soil organic matter content at the same site has relatively smaller differences. Moreover,
forming organic matter requires a complex and long-term biogeochemical process [34], and
the change range will not be large when under the influence of irrigation during one crop
season. Therefore, the soil organic matter in our study was not the main control factor
impacting CO2/CH4 emission under irrigation. We found that a significant correlation
exists between the CO2 emission flux and soil urease and catalase. Also, this study agrees
with the research conclusion of Zhu et al. [35]. In this study, CH4 emission flux was nega-
tively correlated with soil enzyme activity. Li et al. [36] pointed out that soil dehydrogenase
was crucial to the oxidation process of CH4. The decrease in soil dehydrogenase activity
would weaken the soil’s ability to oxidize CH4 and decrease the CH4 consumption, thus
promoting CH4 emissions.

This study evaluated the differences in CO2/CH4 emission among drip irrigation
treatments with different lower limits of soil moisture. Also, CO2/CH4 emission differences
between drip and furrow irrigation with the same irrigation amount were quantitatively
compared. Furthermore, the correlation between CO2/CH4 emission and possible impact
factors was analyzed. However, it is worth noting that the stem expansion process for
stem-used vegetables is more intense than for leaf or fruit vegetables, and its impact on soil
structure is bound to be more obvious. Therefore, research regarding the impact of the root
expansion process of stem-used crops on soil structure is the key to revealing further how
irrigation affects gaseous carbon emissions. One of our research shortcomings is the lack of
insolation data, as insolation (particularly ultraviolet) has a significant impact on lettuce
stem growth, and stem growth has an impact on the soil, which might affect soil gaseous
carbon emissions. Another limitation is that we measured the soil chemical indicators 22
and 57 days after transplanting seedlings, and more measurement dates should be added
to help deeply reveal the mechanism of how irrigation affects soil carbon emissions.

5. Conclusions

The impact of different irrigation schemes on soil gaseous carbon emissions from fields
cultivated with lettuce, a stem-used plant, was quantitatively studied, and the noticeable



Agronomy 2024, 14, 563 13 of 14

differences in soil carbon emissions (CO2 and CH4) under different drip-irrigation lower
limits were highlighted. The overall results indicated that the cumulative CO2 emission was
highest under DR3 and relatively lower under DR1. The cumulative CH4 emissions under
FI were the greatest in the whole lettuce growth period, while DR2 and DR3 treatments
emitted lower amounts of CH4. The irrigation schemes had a lagging effect on soil enzyme
activity. The enhanced activity of urease and catalase promoted CO2 emission. From the
perspective of reducing CO2 and CH4 emissions, drip irrigation with a 75% lower limit
was recommended as the optimal irrigation scheme.
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