
Environmental Research 212 (2022) 113544

Available online 25 May 2022
0013-9351/© 2022 Elsevier Inc. All rights reserved.

Effects of water regimes on soil N2O, CH4 and CO2 emissions following 
addition of dicyandiamide and N fertilizer 

Muhammad Shaaban a, Muhammad Salman Khalid b, Ronggui Hu b, Minghua Zhou a,* 

a Key Laboratory of Mountain Surface Processes and Ecological Regulation, Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, 610041, 
Chengdu, China 
b College of Resources and Environment, Huazhong Agricultural University, Wuhan, China   

A R T I C L E  I N F O   

Keywords: 
Wetting-dry cycle 
Greenhouse gases 
Dissolved organic C 
Mineral nitrogen 
Nitrification inhibitor 

A B S T R A C T   

Water regimes strongly impact soil C and N cycling and the associated greenhouse gases (GHGs, i.e., CO2, CH4 
and N2O). Therefore, a study was conducted to examine the impacts of flooding-drying of soil along with 
application of nitrogen (N) fertilizer and nitrification inhibitor dicyandiamide (DCD) on GHGs emissions. This 
study comprised four experimental treatments, including (i) control (CK), (ii) dicyandiamide, 20 mg kg− 1 (DCD), 
(iii) nitrogen fertilizer, 300 mg kg− 1 (N) and (iv) DCD + N. All experimental treatments were kept under flooded 
condition at the onset of the experiment, and then converted to 60% water filled pore space (WFPS). At flooding 
stage, N2O emissions were lower as compared to 60% WFPS. The highest cumulative N2O emission was 0.98 mg 
N2O–N kg− 1 in N treated soil due to high substrates of mineral N contents, but lowest (0.009 mg N2O–N kg− 1) in 
the DCD treatment. The highest cumulative CH4 emissions (80.54 mg CH4–C kg− 1) were observed in the N 
treatment, while uptake of CH4 was observed in the DCD treatment. As flooded condition converted to 60% 
WFPS, CO2 emissions gradually increased in all experimental treatments, but the maximum cumulative CO2 
emission was 477.44 mg kg− 1 in the DCD + N treatment. The maximum dissolved organic carbon (DOC) contents 
were observed in N and DCD + N treatments with the values of 57.12 and 58.92 mg kg− 1, respectively. Microbial 
biomass carbon (MBC) contents were higher at flooding while lower at transition phase, and increased at the 
initiation of 60% WFPS stage. However, MBC contents declined at the later stage of 60% WFPS. The maximum 
MBC contents were 202.12 and 192.41 mg kg− 1 in N and DCD + N treatments, respectively. Results demon
strated that water regimes exerted a dramatic impact on C and N dynamics, subsequently GHGs, which were 
highly controlled by DCD at both flooding and 60% WFPS conditions.   

1. Introduction 

Climate change and global warming are hot topics at global level 
because of increased anthropogenic greenhouse gases (GHGs) concen
trations in the atmosphere (Celik, 2020). Agricultural soils are recog
nized as an important source of GHGs (i.e. N2O, CH4 and CO2) (Liu et al., 
2019). Several environmental factors affect GHGs emissions, and 
availability of water can substantially impact emission of these gases 
through triggering carbon (C) and nitrogen (N) cycling (Shaaban et al., 
2014; Shurpali et al., 2019; Wang et al., 2022; Zhou et al., 2014; 2019a, 
b). Flooding-drying cycle of soil may expose unavailable (physically 
protected) soil organic matter (SOM) to microbes through breakdown of 
soil aggregates (Zhang et al., 2020). This previously unavailable SOM 
may promptly be decomposed and mineralized influencing C and N 

dynamics (Zhang et al., 2020). Therefore, alternate water regimes can 
indirectly govern the soil microbial activity and ultimately determine C 
and N turnover (Law and Lai, 2021; Ran et al., 2020). 

Soil C and N turnover plays an imperative role in controlling GHGs 
emissions (Lin et al., 2021; Wu et al., 2017). Fertilizer application, 
particularly organic manures and synthetic fertilizers, increases the 
labile C and N contents in soil systems and thus enlarges GHGs emissions 
to the atmosphere (Ozlu and Kumar, 2018). Soil C and N dynamics vary 
with type and rate of fertilization, thereby, the change of C and N con
tents in relation to GHGs emissions is imperative to study followed by 
fertilizer application. Chemical fertilizers exert an intensive effect on 
soil N2O emissions. Chemical fertilizers provide surplus mineral N that 
can ultimately lead to N2O production. Different techniques have been 
proposed by researchers to mitigate GHGs emissions from soils. 
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Nitrification inhibitors application in agricultural soils is one of the good 
strategies for mitigating N2O emissions and enhancing N use efficiency 
(Lam et al., 2018). 

Dicyandiamide (DCD) is widely applied nitrification inhibitor in 
agricultural soils which has the potential to retard the nitrification 
process by reducing the activities of ammonium-oxidizing bacteria 
(Jiang et al., 2019; Simon et al., 2018). DCD blocks active sites of 
ammonia monooxygenase, which is a key enzyme for nitrification, and 
thus hinders the nitrification by inhibiting the conversion NH4

+ to NO3
−

(Abbasi and Adams, 2000; Di et al., 2009). The control on nitrification 
through DCD application can substantially reduce N2O emissions. In the 
last few decades, DCD has been used to mitigate N losses as well as to 
increase N fertilizers use efficiencies in numerous cropping systems 
(O’Callaghan et al., 2010; Robinson et al., 2014; Simon et al., 2018). 
Depending on local climatic conditions, the type of crop being grown 
and the type of soil to which it is applied, N2O emissions can normally be 
mitigated by 17–90% (Cahalan et al., 2015; Kelliher et al., 2008; Wang 
et al., 2015). DCD does not display substantial long-term negative im
pacts on microbial growth and soil respiration (Ruser and Schulz, 2015). 
Resulting products from degradation of DCD (i.e. H2O, NH3 and CO2) are 
harmless to microbial communities. O’Callaghan et al. (2010) and Di 
and Cameron (2011) revealed that DCD has no substantial effects on soil 
microbial community. Reports regarding the effects of DCD on soil CO2 
emissions are scarce in the literature. However, a 3-year field experi
ment demonstrated that DCD application decreased CO2 emissions by 
7% (Weiske et al., 2001b). It is plausible that DCD may affect a specific 
group of soil microbes and thus disparity exists for GHGs emissions. 

Based on the above stated facts, we conjectured that water regimes 
would alter the turnover of C and N and hence influence emissions of 
CO2, CH4 and N2O. Further, it was hypothesized that DCD application 
could retard N transformation and thus N2O emissions. Therefore, a 
laboratory study was conducted with the aim to evaluate the effects of 
different water regimes (wetting-drying cycle), N fertilizer and dicyan
diamide on (i) C and N turnover and (ii) coupling their relationships 
with the GHGs emissions. 

2. Materials and methods 

2.1. Characteristics of soil, fertilizer and nitrification inhibitor 

Soil used in the present study was collected from an arable field 
underwent the rice-rapeseed rotation. Soil samples were collected at 
0–20 cm. Plant debris, stones and earthworms were separated from soil 
samples (5 samples from selected field, adopting a cross “ × ” pattern of 
sampling), and combined to make a composite sample. Dried soil sam
ples were crumbled (2 mm) to use in the experiment. Soil is classified as 
Ultisols according to Soil-Survey-Staff (2010). The sampled field is 
located in Xianning, Hubei, China (30◦02′16.5̋ N, 114◦22′51.6̋ E). Some 
basic soil properties are given in Table 1. Ammonium sulphate 
[(NH4)2SO4)] and dicyandiamide (C2H4N4; DCD) were obtained from 
Sinopharm Chemical Reagent Co. Ltd. China. 

2.2. Experimental design 

Initially, air-dried soil was incubated for a week at 50% water filled 
pores space (using distilled water) and 25 ◦C to actuate microbial ac
tivities prior imposing treatments. Activated soil (after 7 days) was 
treated with the following treatments: control (CK), dicyandiamide 
(DCD), N fertilizer (N) and DCD + fertilizer (DCD + N). Dicyandiamide 

was applied at the rate of 20 mg kg− 1 soil. Fertilizer [(NH4)2SO4)] was 
added in N treatments at the rate of 300 mg kg− 1. After treating soil with 
the described treatments, flooding condition (1:1, v: w) was developed 
in all experimental treatments. Three replicates of each treatment were 
prepared and incubated in 1000 mL glass jars with 200 g soil (oven dry 
equivalent basis) in the dark for 24 days at 25 ◦C. First 7 days of 
experiment, all treatments were kept under flooding condition. After 
that, water in all treatments was allowed to evaporate until moisture 
reached to 60% WFPS and it took 8 days (Fig. 1). This period was termed 
as transition phase. The evaporation of soil during transition phase was 
achieved using the silica gel (50 g) for absorbing the water vapors. Silica 
gel (50 g) was put into cheesecloth and hanged in the headspace of each 
jar. When color of silica gel changed from blue to pink, it was replaced 
with dry one. After transition phase, soil was kept at moisture level equal 
to 60% WFPS for 9 days. Moreover, two separate but simultaneous set of 
treatments were prepared for gas analysis and soil properties. 

2.3. Soil analysis 

A simultaneous set of soil treatments was prepared to analyze soil 
properties: soil pH, nitrate (NO3

− -N), ammonium (NH4
+-N), dissolved 

organic carbon (DOC) and microbial biomass carbon (MBC). For the 
determination of pH, soil was shaken with the distilled water (1:2.5, soil: 
water) for an hour. Soil mixture was awaited for 30 min prior to measure 
pH using a pH-meter (10-PB, Sartorius Agri., Germany) (Shaaban et al., 
2013). Soil NH4

+-N and NO3
− -N were tested by extracting soil with po

tassium chloride (1 M KCl). Soil mixture was placed on a mechanical 
shaker for obtaining homogenous mixture and passed through Whatman 
no. 40 filter paper. The extract was analyzed for NO3

− -N and NH4
+-N 

contents using a flow injection analyzer (AutoAnalyzer-3, USA) (Wu 
et al., 2017). Dissolved organic carbon (DOC) content was analyzed by 
extracting soil with distilled water (1:5, soil: water). Mixture was placed 
on rotating shaker for 60 min and subsequently centrifuged at 8000 rpm 
for 5 min. The supernatant was passed through a 0.45 μm filter mem
brane and analyzed using a VarioMax Elemental Analyzer. Microbial 

Table 1 
Major properties of soil used in the study.  

pH Total carbon (g kg− 1) Total nitrogen (g kg− 1) NH4
+-N (mg 

kg− 1) 
NO3

− -N (mg 
kg− 1) 

Bulk density (g cm− 1) Clay (%) Sand (%) Silt (%) Texture 

5.25 1.40 0.20 75.95 32.28 1.4 30.23 56.93 11.43 Silty clay loam  

Fig. 1. Illustration of water regimes adopted in the present study.  

M. Shaaban et al.                                                                                                                                                                                                                               



Environmental Research 212 (2022) 113544

3

biomass carbon (MBC) content was determined by chloroform fumiga
tion extraction method (Vance et al., 1987). Water filled pore-space 
(WFPS) was calculated according to Lin et al. (2013). 

2.4. Analysis of headspace gas 

Headspace gas samples were collected on daily basis throughout the 
study (24 days). On each sampling day, soils in jars were placed in open 
air for at least 20 min to make sure of filling ambient air. After that, jars 
were tightly closed using lids fixed with a gas-tight rubber septum and a 
3-way stopcock to collect headspace gas. One sample from headspace 
was collected immediately after closure jars, and second was collected 
after 60 min using a plastic syringe. Gas samples were analyzed for N2O, 
CH4 and CO2 concentrations using a gas chromatograph equipped with 
an electron capture detector and flame ionization detector (Agi
lent7890-A,USA). GHGs emissions were analyzed using the method as 
described by Yuesi and Yinghong (2003). The fluxes of gases were 
computed using the ideal gas law and linear regression model at a 
temperature of 25 ◦C and an average air pressure during the specified 
period. Emissions of gases were calculated using following equation as 
described by Shaaban et al. (2016).  

F = p × V/W × Δc/Δt × 273/(T+ 273) 

where F is emission rate (μg kg− 1 h− 1 for N2O and CH4, and mg kg− 1 h− 1 

for CO2), p is density of gas at standard conditions, V is jar volume, W is 
the weight of the soil, Δc is the gas production during the closure time, 
Δt is closure time of jars, and T is temperature of experiment (25 ◦C). 

Cumulative gas fluxes were calculated using the following equation 
(Shaaban et al., 2015). 

Cumulative ​ gas ​ flux=
∑n

i=1
(Ri ​ × 24×Di)

where Ri is the gas emission rate of the sampling dates, Di is the number 
of days in the sampling interval, and n is the number of sampling times. 

2.5. Statistical analysis 

One way analysis of variance (ANOVA) was used to analyze the data. 
Tukey test was employed to find out significant differences of tested 
variables among treatments (control, DCD, N and DCD + N). Statistical 
software SPSS 16.0 was used to analyze data. 

3. Results 

3.1. Soil N2O fluxes 

Addition of DCD, N and DCD + N displayed significant (p ≤ 0.01) 
effects on N2O emissions. First 7 days of flooding, soil N2O emission was 
lower as compared to 60% WFPS (Fig. 2). At the end of transition phase, 
N2O emissions markedly increased and reached maximum at the initial 
stage of onset of 60% WFPS in N, DCD + N and the control treatments. 
The rise of N2O emission in DCD only treatment was not significant at 
the initial stage of 60% WFPS. The highest peaks of N2O emission were 
observed (3.129, 2.032 and 1.543 μg N2O–N kg− 1 h− 1) in N, DCD + N 
and control, respectively. Afterwards, N2O emissions gradually 
decreased in 60% WFPS but remained higher than the flooding stage 
throughout the study period. The highest cumulative N2O emission was 
0.98 mg N2O–N kg− 1 in N treated soil but lowest emission as 0.009 mg 
N2O–N kg− 1 in DCD treatment (Fig. 3). 

3.2. Soil CH4 fluxes 

Soil CH4 emissions were influenced (p ≤ 0.01) by DCD, N fertilizer 
and DCD + N treatments. Flooding stage showed higher CH4 emissions 
while lower emissions or sometime uptake of CH4 at 60% WFPS. 

Addition of fertilizer enlarged CH4 emissions, and the highest peak 
(0.36 μg CH4–C kg− 1 h− 1) was observed in N treatment at 5th day of the 
experiment (Fig. 4). In case of the control and DCD treatments, CH4 
emissions were lower than N treatment. As moisture decreased (during 
transition phase), CH4 emissions declined and CH4 uptake occurred with 
maximum of − 0.065 μg CH4–C kg− 1 h− 1 in the DCD treatment. The 
highest cumulative CH4 emissions of 80.54 and 41.9 mg CH4–C kg− 1 

were observed in N and DCD + N treatments, respectively, while uptake 
of CH4 was observed in DCD only treatment (Fig. 5). 

3.3. Soil CO2 fluxes 

Soil CO2 emissions were affected (p ≤ 0.01) by N fertilizer, DCD and 
DCD + N treatments. At the initial stage of flooding, CO2 emissions were 
high in all treatments but declined steadily after 5th day. As soil mois
ture reached 60% WFPS, CO2 emissions gradually increased in all 

Fig. 2. Soil N2O emissions from different treatments; CK, control; DCD, 
Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, DCD +
N. Note: kg is equivalent to dry soil basis. Vertical bars denote standard error of 
means (n = 3). 

Fig. 3. Cumulative soil N2O emissions from different treatments; CK, control; 
DCD, Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, 
DCD + N. Vertical bars denote standard error of means (n = 3). 
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treatments, but the peaks were observed at 17th day in N (1.135 mg kg− 1 

h− 1) and in DCD + N (1.204 mg kg− 1 h− 1) treatments (Fig. 6). The 
maximum cumulative CO2 emission was 477.44 mg kg− 1 in DCD + N 
treatment (Fig. 7). 

3.4. Soil environmental variables 

Addition of N fertilizer and DCD + N significantly (p ≤ 0.01) influ
enced NH4

+-N and NO3
− -N contents. NH4

+-N contents were higher under 
flooded conditions than 60% WFPS (Fig. 8). At 60% WFPS stage (16th 
day), the contents of NH4

+-N rapidly declined in N treatment and reached 
at 126.34 mg kg− 1, nonetheless, NH4

+-N contents remained high (163.72 
mg kg− 1) in DCD + N treatment. Similarly, NH4

+-N contents were higher 
in DCD alone treatment when compared with the control. 

In contrast to NH4
+-N, the contents of NO3

− -N were lower under 
flooded conditions than that of 60% WFPS. NO3

− -N contents increased 
with the commencement of transition phase and reached the maximum 

at the end of the study at 60% WFPS stage (Fig. 8). Higher contents of 
NO3

− -N were observed in the N treatment than that of DCD + N treat
ment. The maximum NO3

− -N contents were 96.41 mg kg− 1 in N and 
70.34 mg kg− 1 in DCD + N treatment. In case of control and DCD 
treatments, the NO3

− -N contents remained low than all other treatments. 
Dissolved organic C (DOC) contents were high at the onset of the 

experiment during flooding stage, but it continuously declined till mid of 
the transition phase, and then increased with the instigation of 60% 
WFPS in all treatments (Fig. 9). The maximum DOC contents were 
observed in N and DCD + N treatments with values of 57.12 and 58.92 
mg kg− 1, respectively. In case of control (CK) and DCD treatment, DOC 
remained low throughout the study. Similar trend of MBC content was 
found as for DOC in all treatments (Fig. 9). MBC content was higher at 
flooding while lower at transition phase, and increased at the initiation 
of 60% WFPS stage. However, MBC content declined at the later stage of 
60% WFPS. The maximum MBC contents were 202.12 and 192.41 mg 

Fig. 4. Soil CH4 emission/uptake from different treatments; CK, control; DCD, 
Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, DCD +
N. Note: kg is equivalent to dry soil basis. Vertical bars denote standard error of 
means (n = 3). 

Fig. 5. Cumulative soil CH4 emissions from different treatments; CK, control; 
DCD, Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, 
DCD + N. Vertical bars denote standard error of means (n = 3). 

Fig. 6. Soil CO2 emissions from treatments; CK, control; DCD, Dicyandiamide; 
N nitrogen fertilizer; and Dicyandiamide + N fertilizer, DCD + N. Note: kg is 
equivalent to dry soil basis. Vertical bars denote standard error of means (n 
= 3). 

Fig. 7. Cumulative soil CO2 emissions from different treatments; CK, control; 
DCD, Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, 
DCD + N. Vertical bars denote standard error of means (n = 3). 
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kg− 1 in N and DCD + N treatments, respectively. 4. Discussion 

4.1. Soil N2O fluxes 

Soil moisture regimes prominently influenced N2O emissions. At 
flooding stage, N2O emissions were relatively lower than 60% WFPS. 

Fig. 8. NH4
+-N and NO3

− -N contents in soil of various treatments. CK, control; DCD, Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, DCD + N. 
Vertical bars denote standard error of means (n = 3). 

Fig. 9. Soil DOC and MBC contents in different treatments; CK, control; DCD, Dicyandiamide; N nitrogen fertilizer; and Dicyandiamide + N fertilizer, DCD + N. 
Vertical bars denote standard errors (n = 3). 
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Flooding conditions generally induce soil anaerobic environment which 
consequently influences the biochemical processes limiting mineraliza
tion of organic C and N, ultimately less substrates for N2O production (Li 
et al., 2022; Neubauer and Megonigal, 2021; Shaaban et al., 2019, 
2020). In line to the previous studies reporting low N2O emissions from 
flooded paddy fields (Shaaban et al., 2018a; Song et al., 2021; Xia et al., 
2020; Xu et al., 2022), N2O emissions at flooding stage in the present 
study were eminently lower than 60% WFPS. This resulted from low 
NO3

− availability and anaerobic environment due to submerged soil 
conditions restricting nitrification but supporting denitrification (Cha
puis-Lardy et al., 2007). Denitrification is an imperative process which 
consumes N oxides (such as N2O) as electron acceptors when oxygen is 
limited. The most denitrifying bacteria consume oxygen as an electron 
acceptor, however, they shift on the consumption of N oxides as alter
nate electron acceptors under limited oxygen conditions (Zumft, 1999). 
The N2O-reductase (N2O-R) is the sole enzyme responsible for the con
version of N2O to N2 (Hu et al., 2022). This enzyme is very sensitive to 
oxygen and thus functionality of this enzyme is accelerated under anoxic 
soil condition (Jones et al., 2014). Hence, we conjecture that compar
atively low N2O emissions at flooded stage was due to higher func
tionality of N2O-R. Higher water contents reinforce anaerobic soil 
environment favourable for complete denitrification producing N2 
rather than N2O, and therefore low N2O emissions (Cai et al., 2013). 

In contrast to flooding stage, N2O emissions were higher at 60% 
WFPS which is similar to the findings of Qin et al. (2018) and Timilsina 
et al. (2020) as they revealed that mid-season drainage in paddy field 
substantially enlarged N2O emissions. The reason of high N2O emissions 
at the initial period of 60% WFPS can be explicated by higher NO3

− -N 
contents (Heil et al., 2016). Conversion of flooding to 60% WFPS created 
aerobic environment within the soil and thus conducive to nitrification, 
producing higher NO3

− contents and N2O emissions in all treatments. 
Moreover, N fertilizer application markedly enlarged N2O emissions. It 
is not surprizing pertinent to positive linkage between N fertilizer and 
N2O emissions, because higher substrates from N fertilizer (NH4

+ and 
NO3

− ) commonly enhance N2O production (Simon et al., 2018). There
fore, cumulative N2O emissions were highest in N added soil than all 
other treatments. Readily available C (such as DOC in the present study) 
acts as a substrate for soil microbes to perform various functions (Con
greves et al., 2018). The larger DOC contents at 60% WFPS increased 
N2O emissions. The microbial activity is controlled by readily available 
C and soil water contents which determine the mineralization of SOM 
(Wang et al., 2022). Mineralization of native SOM played a key role in 
N2O production and emissions by providing substrates to microorgan
isms in response to changing the flooded condition to 60% WFPS 
(Congreves et al., 2018; Shaaban et al., 2018b). Microbial biomass is an 
estimation of growth and proliferation of microbes which increased with 
the DOC contents signifying that both MBC and DOC were stimulating 
agents for N2O fluxes in the present study. 

Application of DCD significantly reduced N2O emissions. DCD is 
recognized as a good inhibitor for nitrification and has been applied 
with N fertilizers for several decades (Bronson et al., 1991), and its 
recommendations for mitigation of N losses are increasing at global level 
(Adhikari et al., 2021). The plausible explanation of N2O emission 
mitigation by DCD application is the retardation of NH4

+ oxidation 
(Simon et al., 2020). The decrease in NH4

+ oxidation rates reduced N2O 
emissions in DCD treatments, indicating that it was effective for 
lowering N2O emissions. DCD increased the persistence of NH4

+ and 
thereby favored minimizing N2O emissions (Simon et al., 2020). 

4.2. Soil CH4 fluxes 

Flooded stage of the experiment produced CH4 emissions rather than 
uptake. Submerged paddy fields have demonstrated the increased CH4 
emissions (Liu et al., 2021; Vo et al., 2018). Flooding condition hampers 
oxygen exchange between soil and atmosphere and creates anaerobic 
environment within the soil which constraints methanotrophy 

(oxidation of CH4) and thus promotes methanogens to produce CH4 
(Meng et al., 2014). We conjecture that anaerobic conditions at flooding 
stage of the experiment promoted methanogenic activities while sup
pressed methanotrophic activities leading to CH4 production. 

Moisture affects the solubility of organic carbon and availability to 
microbes for their metabolism and growth (Kannan et al., 2021). High 
soil moisture favored the decomposition of native SOM and thus stim
ulated the methanogens to produce CH4. DOC and MBC contents were 
higher at flooding stage than that of 60% WFPS speculating the 
decomposition of native SOM. Sufficient supply of C enhanced the ac
tivities of methanogens which produced CH4 at flooding stage. Alter
ation of flooded to 60% WFPS decreased CH4 emission. Many studies 
reported this phenomenon that alternating wetting and drying or 
mid-season drainage markedly lowers CH4 emission (Codruta Maris, 
2015). Our results showed that cumulative CH4 emissions were reduced 
by 24% at 60% WFPS. Shi et al. (2017) documented that CH4 emissions 
were decreased by 44% during mid-season drainage, while 61% 
reduction achieved through alternate wetting and drying at an interval 
of 10 days when compared with the constantly flooded soil. Itoh et al. 
(2011) stated that mid-season drainage of paddy field lowered CH4 
emission up to 69.5%. This decrease can be attributed to temporary soil 
aeration created by partial drying of the soil that hampers methanogenic 
process while stimulates methanotrophy. 

Addition of N fertilizer enlarged CH4 emissions. Nitrogen fertilizers 
provide substrates for microbes (such as methanogens) to produce CH4. 
Nevertheless, it is not confirm regarding methanotrophic process in 
NH4

+-fertilizer amended soils. Application of N fertilizer have shown 
diverse effects on CH4 production; inhibitory, stimulatory and no effects 
(Dan et al., 2001; Sun et al., 2016). Nitrogen fertilizer augmented NH4

+

contents both at flooding and 60% WFPS stages and produced high 
emissions of CH4 in the current study. Hawthorne et al. (2017) reported 
that the growth and activity of methanotrophs were stimulated by NH4

+

contents which increased CH4 by the relief of N limitation for CH4 
oxidizing bacteria under N-limiting environments. Obviously, NH4

+ and 
NO3

− concentrations were ominously high in N fertilized soil which 
probably favored growth and activities of methanogens leading to larger 
CH4 emissions in the fertilized soil. However, DCD application decreased 
cumulative CH4 emissions when compared to the N and control treat
ments. Bharati et al. (2000) conducted a laboratory study and reported 
that DCD potentially reduced CH4 emissions with up to 47%. Another 
study revealed that application of DCD reduced CH4 emissions up to 
30% in a rice-wheat field (Bayer et al., 2015). Moreover, nitrifiers can 
concurrently consume and oxidize CH4 and NH4

+, but the DCD applica
tion reduced conversion of NH4

+ and, therefore, CH4 was consumed 
rather than NH4

+ by nitrifiers in DCD applied soil. This was possibly 
because NH4

+ and CH4 molecules bear similar size that leads a competing 
inhibition between NH4

+ and CH4 oxidation. 

4.3. Soil CO2 fluxes 

Soil CO2 emissions were high at flooding condition. Similar results 
have been reported by earlier studies that CO2 enlarged with an increase 
in soil moisture in croplands (Beare et al., 2009), grazing pastures 
(Blodau and Moore, 2003), peat lands (Goldhammer and Blodau, 2008) 
and deserts (Sponseller and Fisher, 2008). The higher soil respiration 
rates generally occur at flooded soil rather than dry soil. Microbial ac
tivities are increased with the increase of soil water content (Marzaioli 
et al., 2022). Increased soil moisture augmented DOC and consequently 
microbes in soil consumed DOC as substrates and produced high CO2 
emissions in flooded soil. Similar results have also been proposed in an 
earlier study where increasing soil moisture increased DOC contents 
(Kalbitz et al., 2000). The processes and mechanisms involved in 
increased CO2 emissions at high soil moisture are: microbial decompo
sition of organic matter, and availability and use of mineralized C and N 
by microbes (Xiao et al., 2019). 

Soil CO2 emissions gradually decreased at flooding stage and were 
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lowest at the mid of transition phase. At the end of transition phase but 
at the initiation of 60% WFPS, CO2 emissions steadily increased and 
reached at the peak in all experimental treatments. In line to these re
sults, Sánchez-Andrés et al. (2010) also found that CO2 emissions 
enlarged when flooding soil changed to wet soil. High CO2 emissions 
following the conversion of flooding to 60% WFPS can be explained by 
simultaneous higher DOC contents. Dynamics of moisture regimes 
definitely decompose native SOM and consequently increase DOC which 
could possibly enlarge CO2 emissions (Yan et al., 2022; Yang et al., 
2019). An experiment conducted by Masyagina et al. (2017) revealed 
that drainage of water triggered microbial activity and increased soil 
CO2 emissions. Microbial biomass carbon and DOC contents substan
tially increased when soil moisture changed from flooding to 60% WFPS. 
The emissions of CO2 from soils have been identified to be dependent on 
readily available C. Thus, it seemed that change of flooding to 60% 
WFPS considerably increased soil CO2 emissions because of higher DOC 
contents. 

Fertilizer application also exerted an increasing trend on soil CO2 
emissions. Huang et al. (2014) found that CO2 emissions under fertilized 
treatments were 2-folds as compared to non-fertilized. Nevertheless, 
application of N fertilizer had also shown contradictory effects on soil 
CO2 emissions (Ding et al., 2007). We conjectured that N fertilizer had 
positive effect on augmenting soil organic C content, which in turn 
released into the atmosphere in the form of CO2 (Lin et al., 2021). It is 
also reported that fertilizer application influences microbial activities 
that are directly related to CO2 emissions (Xiao et al., 2018). Soil treated 
with fertilizer had higher contents of MBC as compared to non-fertilized 
soil. These indications revealed that microbial growth and activities 
were accelerated following fertilizer application which resulted in CO2 
production. 

Application of DCD did not prominently influence CO2 emissions. 
Previous research has documented that DCD had not significant effects 
on CO2 emissions (Jagrati et al., 2008). This can be explained by no 
effects of DCD on soil microbial community (Guo et al., 2013; Zaman 
and Blennerhassett, 2010). The findings of O’Callaghan et al. (2010) 
confirmed that DCD did not affect soil microbial communities. Tamir 
et al. (2013) examined DCD effects on a specific group of the soil mi
crobial community and found no significant effects. Results of a 3-year 
field study showed that application of DCD decreased CO2 emissions 
by 7% (Weiske et al., 2001a). Another study reported that DCD mini
mizes CO2 emission from acidic soils (Elrys et al., 2020). Raza et al. 
(2021) also stated that DCD significantly decreased CO2 emissions from 
calcareous soils. No abundant reports of DCD effects on soil respiration 
and mineralization are found and, thus, results need to be further tested 
under field conditions. 

5. Conclusion 

This study demonstrated that the change in water regime had varied 
effects on GHGs emissions. The differences in GHGs emissions at 
flooding and 60% WFPS were controlled by availability of moisture, 
mineral N, DOC and MBC contents. When soil moisture content changed 
from flooding to 60% WFPS, CH4 emissions decreased, but N2O and CO2 
substantially increased. Addition of N fertilizer also stimulated N2O, CH4 
and CO2 fluxes but mitigated with application of DCD. In short, water 
regimes has a strong regulating effects on C and N dynamics and, thus, 
emissions of GHGs. Further research is suggested to explore the inhibi
tory effects of nitrification inhibitors on GHGs in the field using different 
soil types. 
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