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Abstract 

The application of urea-based fertilizers in water-saturated soils represents a significant source of greenhouse 

gas (GHG) emissions, particularly nitrous oxide (N2O). This study evaluated the effects of zeolite-based slow-release 

urea combined with nitrification inhibitors on methane (CH4), carbon dioxide (CO2), and N2O emissions, as well as 

nitrogen transformation and soil microbial populations under saturated conditions. A 49-day laboratory incubation 

experiment was conducted using five treatments: control (no nitrogen), granulated urea (U), urea + zeolite (UZ), urea 

+ zeolite + neem (UZN), and urea + zeolite + dicyandiamide (UZD). Methane emissions declined rapidly after 14 

days and remained low across all treatments, indicating dominant methane oxidation under saturated conditions. 

Zeolite-amended treatments increased CO2 emissions, likely due to enhanced microbial respiration. Notably, the UZD 

treatment significantly reduced N2O emissions compared to other urea treatments, while maintaining higher 

ammonium (NH4⁺) and lower nitrate (NO3⁻) concentrations throughout the incubation period. The reduction in N2O 

emissions was not associated with changes in nitrite-oxidizing bacterial populations but rather with inhibition of 

ammonia monooxygenase (AMO), thereby suppressing nitrification and reduced substrate availability for N2O 

emissions. These findings indicate that process-based controls on nitrogen transformation are more critical than 

microbial population size in regulating N2O emissions. In contrast, neem-based treatments showed less consistent 

mitigation effects. Overall, the results demonstrate that combining zeolite-based slow-release urea with 

dicyandiamide is an effective strategy for mitigating N2O emissions under saturated soil conditions. However, field-

scale validation is required to confirm these findings under natural agricultural conditions. 

Keywords: Nitrification inhibitor; Slow-release fertilizer; Nitrogen transformation; Ammonium dynamics; 

Greenhouse gas mitigation

Introduction 

Flooded fields, which are a major condition of rice fields 

in Indonesia, are one of the primary sources of methane (CH4) 

(Hafif et al., 2024). As a greenhouse gas, CH4 is second only 

to carbon dioxide (CO2) in volume, but has 25 times greater 

global warming potential than CO2 on a mass basis (IPCC, 

2023). Methane is produced by the reduction of hydrogen and 

CO2 in anaerobic conditions by methanogens (Anderson et 

al., 2010). Atmospheric methane concentration have more 

than doubled over the last two centuries, increasing by 3% 

annually (Battle et al., 1996) and is projected to potentially 

double due to wetland methane emissions between 2017 and 

2100 due to increased availability of permafrost carbon 

(Lawrence et al., 2015).  

Together with CO2 and CH4, nitrous oxide (N2O) is 

another important greenhouse gas associated with rice 

production. Nitrous oxide is 298 times more potent than CO2 

as a greenhouse gas and the atmospheric concentration of 

N2O continues to rise at a rate of approximately 0.26% per 

year and has reached a concentration of 319 ppb (10-9 mol 

mol-1). It is also involved in stratospheric ozone depletion 

(IPCC, 2023). Nitrous oxide is produced naturally in soil via 

denitrification and nitrification processes after fertilization, 
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which substantially depend on anaerobic conditions and 

nitrate content (Zhu et al., 2025). Therefore, the use of 

nitrogen-based fertilizer commonly increases N2O emissions, 

and it is expected that 1% of the fertilizer is converted to N2O 

emissions to the atmosphere on a global scale (Ma et al., 

2024). 

The use of nitrification inhibitors has been shown to be 

an effective technique to reduce N2O emissions and NO3
- 

leaching from soils, when mineral or high organic-N 

fertilizers are applied. Dicyandiamide (DCD) is a widely used 

nitrification inhibitor that has been demonstrated to 

effectively reduce N2O emissions under field conditions (Di 

et al., 2007; Smith et al., 2008; Jumadi et al., 2019, 2020). Its 

mode of action involves the inhibition of ammonia 

monooxygenase (AMO), a key enzyme in ammonia-

oxidizing microorganisms responsible for the oxidation of 

NH₄⁺ to NO₂⁻ (Lei et al., 2022). By suppressing this initial 

step of nitrification, DCD limits the formation of nitrogen 

intermediates that contribute to N₂O emissions.  

Despite its effectiveness, previous studies have reported 

that DCD does not significantly affect overall soil microbial 

biomass (Zaman et al., 2009; Guo et al., 2013), suggesting 

that its impact is primarily functional rather than structural. 

However, the adoption of DCD in low-input rice production 

systems remains limited due to its relatively high cost. As an 

alternative, plant-based nitrification inhibitors such as neem 

seed extracts have gained attention.  

Neem seeds contain a range of bioactive compounds, 

including azadirachtin, nimbin, diepoxyazadiradione, 

dehydrogedunin, gallic acid, and gedunin (Jarvis et al., 1999; 

Rahmadani et al., 2023), which have been reported to 

influence soil microbial activity. In particular, azadirachtin 

has been shown to suppress populations of nitrifying 

microorganisms (Sarawaneeyaruk et al., 2015; Das et al., 

2018), indicating its potential as a natural nitrification 

inhibitor. The use of zeolite in soil is widely recognized as a 

soil amendment due to its ability to slow down urea leaching 

and mineral release due to its high ion-exchange capacity 

(GirijaVeni et al., 2021). This can slow the release of NH4
+ 

from urea, thereby limiting the substrate for ammonia-

oxidizing bacteria and reducing nitrification. 

Rice cultivation in Indonesia predominantly adopts a 

continuously flooded field system after fertilization, keeping 

the soil to be submerged above a 6-cm water level (Jumadi et 

al., 2012). Meanwhile, in global rice cultivation, the 

intermittent drainage strategy has been found to decrease the 

emissions of CH4 (Nishimura et al., 2020), suggesting that 

maintaining a saturated soil condition instead of a flooded 

condition may be a viable solution for reducing greenhouse 

gas emissions. However, the combined effects of nitrification 

inhibitors and slow-release fertilizers on greenhouse gas 

emissions under saturated soil conditions remain 

insufficiently explored.  

While nitrification inhibitors and zeolite have been 

extensively studied under flooded paddy conditions, their 

combined effects under saturated (non-flooded) soil 

conditions remain poorly understood. This study provides 

novel insights into nitrogen transformation and greenhouse 

gas emissions under such conditions, with particular 

emphasis on process-based mechanisms linking nitrification 

inhibition and substrate availability. Therefore, this study 

aimed to evaluate the effects of urea amended with different 

nitrification inhibitors and slow-release formulations on trace 

gas emissions under saturated conditions. In addition, 

changes in soil mineral nitrogen (NH₄⁺ and NO₃⁻) and 

microbial populations were assessed to elucidate the 

underlying mechanisms governing greenhouse gas dynamics. 

Materials and Methods 

Soil preparation 

The soil was taken from a rice paddy field in Maros 

district, South Sulawesi Province, Indonesia, which was 

classified as typic haplusterts (USA Department of 

Agriculture Natural Resources Conservation Service, 1998). 

The soil was identified as an alluvial soil type (Subardja et 

al., 2014).  The soil texture was classified as silt clay loam, 

consisting of 54% silt, 38% clay, and 8% sand.  The soil pH 

was 6.7, and the C/N ratio was 9.76, with a total carbon 

content of 20.5 g–C kg
−1

 and total N content of 2.1 g–N kg
−1

 

dry soil (Jumadi et al., 2020). The water content before 

incubation was 65%. Five treatments in triplicate were 

carried out in a completely randomized design. Forty grams 

of soil were placed in 140 mL glass bottles and 5 mL of 

distilled water was given to each treatment to create saturated 

conditions. Different nitrogen fertilizer types acquired from 

Jumadi et al., 2020 were applied as the treatments: Treatment 

C (without N application, set up as control), U (granulated 

urea with nitrogen content of 10%), UZ (granulated urea 

mixed with 10% zeolite), UZN (granulated urea mixed with 

10% zeolite and 5% neem) and UZD (granulated urea mixed 

with 10% zeolite and 5% DCD). These fertilizers were 

prepared according to Jumadi et al., 2020. The fertilizer was 

applied to the soil in the first week after the pre-incubation 

period. The average temperature during treatments was 25˚C. 

A bottle was set up for gas measurement, which was closed 

tightly with a vial rubber stopper. A needle (Terumo, 23), to 

which a spinner had been attached, was inserted through the 

rubber as the link to collect the gas samples, while the spinner 
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blocked air diffusion through the needle during incubation. 

The soil was incubated for 49 days (Figure 1). 

 
Figure 1: Illustration of the soil incubation setup for gas 

measurements. 10 grams of soil added with 5 mL 

of water was placed inside a 140 mL glass bottle. 

The bottle was closed by a rubber stopper. A 

needle which had been attached with spinner on 

the needle, placed through the rubber as the link to 

take the gas samples, while the spinner blocked the 

air diffusion through the needle while being 

incubated. ml should be corrected as mL in figure 

Analytical methods for greenhouse gas 
emissions, NH4

+, NO3
-, and Microorganism  

Population 

Separate sets of incubation bottles were used for gas 

sampling and destructive soil sampling to avoid disturbance 

effects. Gas emissions were measured repeatedly from sealed 

bottles throughout the incubation period, while independent 

replicate bottles were destructively sampled at each time 

point (7, 21, 35, and 49 days after fertilization) for NH₄⁺ and 

NO₃⁻ analysis. This design ensured that gas measurements 

were not affected by soil removal during mineral nitrogen 

analysis. 

The gas samples were taken using disposable syringes 

and injected into evacuated air glass vials. The concentration 

of the gas was quantified using a gas chromatograph 

equipped with an electron capture detector (ECD), Flame 

Ionization Detector (FID) and Thermal Conductivity 

Detector (TCD) for N2O, CH4 and CO2 gas determination, 

respectively (Jumadi et al., 2019). Gas measurements 

represented net emissions (i.e., the balance between 

emissions and consumption processes) under controlled 

incubation conditions. 

Following the gas measurement, incubated soil was also 

prepared for NO3
- and NH4

+ measurement every 14 Days 

after fertilization (daf) until 49 daf. Forty-five (45) bottles 

with the five fertilizer treatments were used for NO3
- and 

NH4
+ measurement at 7, 21, 35 daf. Furthermore, 15 bottles 

of soil for gas measurement were used to measure final NO3
- 

and NH4
+ at 49 daf after collecting the final gas sampling. 

Ten (10) grams of soil were taken from incubated soil and 

was weighed into a 75-mL plastic bottle with screw cap. The 

soil was mixed with 50 mL of 2M KCL by shaking for 45 

minutes on a shaker with 200 rpm speed. The solution was 

filtered (Whatman No. 42). The concentrations of NH4
+ were 

measured by the nitroprusside method (Anderson and 

Ingram, 1989), while concentrations of NO3
- were measured 

by the hydrazine reduction method (Hayashi et al., 1997). 

NH4
+ and NO3

- were measured at 7, 21, 35 and 49 daf. 

Population of microorganisms in the incubated soil was 

observed at the 49 daf. Numbers of ammonia and nitrite-

oxidizing bacteria in the soil were determined using the Most 

Probable Number (MPN) method (Bottomley et al. 2020). 

Ten grams of soil was mixed with 90 mL of sterile phosphate 

buffer as the first dilution (10-1). Nine replicates of culture 

tubes were made for dilutions of 10-3 - 10-5. Furthermore, 

populations of AOB were identified using Griess-Ilosvay 

reagent, while populations of NOB were identified using 

nitrate spot reagent. Populations of fungi were estimated by 

the total plate count method (Bottomley et al., 2020).  

Data are presented as means ± standard deviations. 

Statistical analyses were performed using SPSS Statistics for 

Windows (Version 19.0; IBM Corp., Armonk, NY, USA). 

Differences among treatments were evaluated using analysis 

of variance, followed by the least significant difference 

(LSD) test at a significance level of p < 0.05. 

Results  

Methane emissions  

Methane emissions from all treatments showed a similar 

pattern. There was a sharp decline in methane emissions at 14 

daf for all treatments (Figure 2a). Treatment UZN appeared 

to have the highest values for the first three weeks compared 

with other urea treatments and was approximately 60% 

higher than in the U treatment at 7 daf.  

At 7 daf, methane emissions were highest in the control 

and UZN treatments (4.82 and 4.59 µg g⁻¹ soil, respectively), 

followed by UZD and UZ, while the lowest emissions were 

observed in the U treatment (0.28 µg g⁻¹ soil). The emissions 
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of all treatments then plunged to a range of 0.03-0.05 µg g-1 

soil at 14 daf.  Overall, differences among treatments were 

evident only at the initial stage, after which emissions 

converged to similarly low levels across all treatments. 

 
Figure 2: Changes of gas emissions in saturated soil 

during 49 days after fertilization (daf) varied 

between treatments. 40 grams of soil were 

incubated with an addition of 5 mL water to 

create a saturated soil condition. Soil was treated 

with 5 treatments: C (without N application), U 

(granulated urea), UZ (granulated urea mixed 

with zeolite), UZD (granulated urea mixed with 

zeolite and DCD) and UZN (granulated urea 

mixed with zeolite and neem).  Gas emissions 

were measured at 7, 14, 21, 28, 35, 42 and 49 daf 

. a) Changes in CH4 emissions b) Changes in CO2 

emission. c) Changes in N2O emission. Error bars 

represent standard deviation (n = 3) 

Carbon dioxide emissions  

Carbon dioxide emissions from five fertilization 

treatments reached a peak at the initial measurement (Figure 

2b). Emissions of CO2 at 7 daf were 55.01, 48.06, 44.75, 

26.55 and 25.99 µg g-1 soil from treatment UZN, UZD, UZ, 

U and control, respectively. Higher CO2 emissions were 

observed in treatments UZ, UZN and UZD at 7, 14, and 21 

daf. The CO2 emissions from all treatments then gradually 

declined and reached the lowest level at 35 daf, 

approximately 5.0–11.5 µg g-1 soil. Following this, the CO2 

emissions in all treatments then gradually increased at 42 and 

49 daf.  Treatments UZ and UZN consistently produced 

higher CO2 emissions than other treatments between 35 and 

42 daf. Meanwhile, treatment C and U emitted less CO2 

compared with the other treatments. This trend was observed 

from 7 to 49 daf.  Overall, zeolite-amended treatments (UZ, 

UZN, and UZD) exhibited consistently higher CO₂ emissions 

compared to non-zeolite treatments. 

Nitrous oxide emissions  

The changes in nitrous oxide emissions are illustrated in 

Figure 2c. During the 49-daf observation, the N2O emissions 

tended to decrease in all treatments. Emissions of N2O in C 

was very low during 7 to 49 daf, only about 0.001 to 0.02 µg 

g-1 soil. These low N2O emissions in control was due to the 

absence of nitrogen in the fertilizer in that treatment. This 

also demonstrates the reliability of the measurements, where 

the absence of nitrogen fertilizer was expected to produce 

lower N2O emissions. 

The UZN and UZD treatments showed higher N2O 

emissions at 7 daf which were 0.26 and 0.32 µg g-1 soil 

respectively. Treatment U and UZ produced 0.12 and 0.03 µg 

g-1 soil respectively, while C only produced 0.004 µg g-1 soil. 

All treatments produced less N2O at 14 daf, with the 

exception of UZ which increased to 0.14 µg g-1 soil which 

then decreased in the following measurements. No significant 

difference was found at 14-21 daf. Following this, UZ and 

UZN tended to produce higher N2O emissions at 28 to 49 daf. 

This amount ranged from 0.04 µg g-1 soil at 28 daf to 0.03 µg 

g-1 soil at 49 daf in both treatments.  Among the treatments, 

UZD consistently showed lower N₂O emissions during the 

later stages of incubation (21–49 daf), indicating its 

effectiveness in suppressing nitrification-derived N₂O 

emissions. 

Ammonium (NH4
+) and Nitrate (NO3

-) contents 
of soil 

The changes in NH4
+-N and NO3

- contents in soil are 

shown in Figure 3a-b. The amount of NH4
+-N at the initial 

measurement was approximately 0.070-0.080 µg g-1 soil in all 

treatments, except for control, which was 0.023 µg g-1 soil. 

This amount then increased at 21 daf in treatments that 

received urea, then drastically declined at 35 daf. Application 

of urea in four treatments (U, UZ, UZD and UZN) 

significantly increased NH4
+ content at 7 and 14 daf 
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compared with control. Also, different concentration levels 

occurred between treatments that received urea and control. 

The application of UZD at 35 daf and followed by UZ at 49 

daf increased NH4
+ content compared with control by a 

further 0.027 µg g-1 soil, while control was 0.015 µg g-1 soil. 

 
Figure 3: Changes of mineral nitrogen concentration in 

saturated soil during 49 days after fertilization 

(daf) varied between treatments. 40 grams of soil 

were incubated with an addition of 5 ml water to 

create a saturated soil condition. Soil was treated 

with 5 treatments: C (without N application), U 

(granulated urea), UZ (granulated urea mixed 

with zeolite), UZD (granulated urea mixed with 

zeolite and DCD) and UZN (granulated urea 

mixed with zeolite and neem). Nitrogen 

concentration in the form of NH4
+ and NO3

- was 

measured at 7, 21, 35 and 49 daf. a) Changes in 

NH4
+ concentration b) Changes in NO3

- 

concentration. Error bars represent standard 

deviation (n = 3) 

Coincident with the increase of NH4
+, the NO3

- in all urea 

treatments decreased at 35 daf. At initial measurement, all 

urea treatments contained larger amounts of NO3
- than 

control due to the absence of urea in control. There was a 

substantial increase in NO3
- by 0.0035, 0.0030 and 0.0041 µg 

g-1 soil for control, U and UZN at 49 daf respectively, while 

UZ and UZD were noticeably lower by 0.0002 µg g-1 soil.  

Notably, the UZD treatment maintained higher NH₄⁺ 

concentrations and lower NO₃⁻ levels compared with other 

treatments, indicating effective inhibition of nitrification. 

 
Figure 4: Population of ammonia-oxidizing bacteria 

(AOB) and nitrite-oxidizing bacteria (NOB) in 

soil at 49 days after fertilization (daf). Soil was 

treated with 5 treatments: C (without N 

application), U (granulated urea), UZ 

(granulated urea mixed with zeolite), UZD 

(granulated urea mixed with zeolite and DCD) 

and UZN (granulated urea mixed with zeolite 

and neem). Different letters denote comparison 

between treatments based on LSD test p < 0.05. 

Error bars represent standard deviation (n=3) 

Population of ammonia-oxidizing vacteria 
(AOB) and Nitrite-oxidizing bacteria (NOB) 

Figure 4 presents the populations of ammonia-oxidizing 

bacteria (AOB) and nitrite-oxidizing bacteria (NOB), 

quantified using the most probable number (MPN) method at 

49 days after fertilization (daf), when the soil microbial 

community was considered to have reached a relatively stable 

state. Overall, NOB populations were substantially higher 

than those of AOB. 

The population of AOB was higher in treatments UZD 

and U which were about 5.0 x 103 and 4.0 x 103 cells g-1 soil 

respectively (Figure 4). Meanwhile, treatments UZ and UZN 

reduced the populations of AOB compared to control. About 

5.0 x 102 and 3.0 x 102 cells g-1 soil were observed in 

treatments UZN and UZ respectively. On the other hand, the 

population of NOB was higher than AOB, Hence, it is 

important to notice that the use of urea fertilizer increased 

NOB population compared with control.  However, these 

differences in microbial abundance did not directly 

correspond to observed N₂O emission patterns. 

Population of fungi 

Fungal populations were quantified at 49 days after 

fertilization (daf) using the total plate count method (Figure 
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5). All fertilized treatments showed reduced fungal 

abundance compared with the control. The control treatment 

exhibited the highest fungal population (1.83 × 10⁴ cells g⁻¹ 

soil), although the differences were not statistically 

significant. Application of urea alone reduced the fungal 

population to 1.30 × 10⁴ cells g⁻¹ soil. The UZ treatment 

showed a moderate reduction in fungal abundance compared 

with the control, but higher values than those observed in 

inhibitor-amended treatments. The greatest reductions were 

observed in the UZD and UZN treatments, both showing 

fungal populations of 1.17 × 10⁴ cells g⁻¹ soil. 

 
Figure 5: Population of fungi in soil at 49 days after 

fertilization (daf). Soil was treated with 5 

treatments: C (without N application), U 

(granulated urea), UZ (granulated urea mixed 

with zeolite), UZD (granulated urea mixed with 

zeolite and DCD) and UZN (granulated urea 

mixed with zeolite and neem). Different letters 

denote comparison between treatments based on 

LSD test p < 0.05. Error bars represent standard 

deviation (n=3) 

Discussion 

Nitrification inhibitors and Zeolite affect the 
changes in carbon-based greenhouse gases 

Methane emissions significantly decreased at 14 daf of 

measurement and tended to be stable after 21 daf in all 

treatments. In accordance with Wang et al. (2020) and Wu et 

al. (2013), their study also reported a substantial decline in 

CH4 emissions from rice fields during the initial stages after 

planting. This significant decrease can be caused by 

methanotroph activity in the oxidation of the produced CH4. 

As CH4 emissions are the result of methanogen activity in the 

anoxic layer of the soil, an oxic layer forms above the anoxic 

soil layer (Ward et al., 2020). The oxic layer is where 

methanotrophs live, which are responsible for oxidizing CH4 

into CO2.  

According to Ward et al. (2020), CH4 oxidation is a very 

effective process in limiting CH4 emissions from wetlands 

inundated with a shallow layer of oxic water. Furthermore, 

the setup of our experiment is in a controlled incubation 

environment, so there was less chance for disturbance to oxic 

soil layers that had been formed. Therefore, the shallow layer 

of oxic water can successfully reduce CH4 emissions despite 

different treatments being applied. Another explanation for 

the observed decline in CH4 emissions is that the presence of 

readily oxidizable organic compounds (ROC) became 

depleted after 7 daf, consequently, the emissions of CH4, 

which is strongly linked to the amount of ROC, also 

decreased (Yagi and Minami, 1990; Wang et al., 2020).  

The application of urea fertilizers mostly did not have a 

significant effect on CH4 emissions. However, the addition of 

neem + zeolite resulted in higher CH4. A possible reason 

behind the higher CH4 emissions is that neem seed contains 

some major bioactive compounds, such as Terpinen-4-ol, 

1,2,4-Trithiolane, 3,5-diethyl, etc., which are known for 

antimicrobial activity (Swapna Sonale et al., 2018). These 

bioactive compounds might affect the activity of the 

methanotroph in the oxic layer, therefore, affecting the CH4 

oxidation activity. Meanwhile, the use of another nitrification 

inhibitor, DCD, contributed to higher CH4 emissions at 35 

and 49 daf. Previous studies have shown similar result of 

using nitrification inhibitor DCD tends to produce higher 

CH4 emissions in paddy field (Datta and Adhya, 2014).  

Furthermore, CO2 emissions in the first three weeks was 

significantly higher in the use of urea fertilizer with zeolite in 

three treatments (UZ, UZN and UZD). The source of CO2 

emissions in soil is mainly from microbial activity, for 

example the decomposition of organic material, or also by the 

conversion of CH4 to CO2 through CH4 oxidation by 

methanotroph. The use of zeolite has been known for 

improving soil health condition, including soil 

microorganism composition (Prisa, 2021). Therefore, it may 

enhance the growth of decomposing microbes which led to a 

higher CO2 emission. 

Effect of nitrification inhibitor and Zeolite on 
N2O emissions and Mineral nitrogen 
concentrations 

The emissions of N2O in granulated urea only lasted for 

the first two weeks (0.12– 0.13 µg g-1 soil), then declined to 

a low level at the third measurement. There were no further 

emissions after 28 daf, although some small emissions might 
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have been expected as an intermediary product of 

nitrification. A small amount of N2O would be expected as 

the product of nitrification (about 1% of NH4
+ processed by 

nitrification), approximately 0.01 µg N2O g-1 soil day-1 listed 

as a low level. N2O emissions from nitrification rarely exceed 

2% (Carneiro, et al., 2010).  

The use of zeolite + granulated urea (UZ) produced 

significantly lower NO2 emissions in the initial measurement, 

but then later increased in the following week. The addition 

of zeolite in urea seems to give a delay effect in the emissions 

of N2O. However, this delaying effect did not last long 

because the amount of N2O at 28 daf- 49 daf was found to be 

higher compared with other treatments. Rather than having 

delayed N2O emissions, Liu et al. (2020) found that the 

zeolite application significantly mitigates N2O emissions. 

This discrepancy regarding the effectiveness of zeolite in 

literature might be due to differences in experimental setup 

and zeolite application rate. Furthermore, zeolite application 

produces a lower NO3
- concentration at 49 daf, suggesting 

that less NH4
+ being converted at that time compared with 

granulated urea treatment. 

Furthermore, the use of DCD + zeolite tended to reduce 

N2O emissions. Although it increased N2O emissions in the 

initial measurement, the N2O was produced significantly 

lower after that. This was also followed by the lower amount 

of NO3
- at 21 until 49 daf, while the ammonium concentration 

was still higher during the 49-daf measurement. This 

indicates that DCD reduces N2O emissions by inhibiting the 

conversion of NH4
+ into NO3

-. Even though the number of 

AOB at 49 daf was higher compared with others, it did not 

affect the NO3
- emissions, as the concentration of the NO3

- 

was lower compared with other treatments. 

The addition of neem and zeolite tended to promote a 

higher N2O emissions compared with the granulated urea 

treatment throughout the 49-days measurement. However, 

this finding is different from Bordoloi et al. (2020) which 

argued that neem-coated urea is able to lower the N2O 

emissions. This difference in this finding can be caused by 

different experimental setup and duration of experiment. 

Moreover, the use of neem was not significantly different 

from U for the NH4
+ content in the beginning, but then 

produced significantly lower NH4
+ content at 49 daf and 

higher NO3
- content at the same time. The use of neem seed 

extract as a nitrification inhibitor may not be as effective as 

DCD, but rather works at a later stage. Therefore, it might be 

useful to prolong the duration of future experiments to 

investigate more the effectiveness of neem seed extract as a 

nitrification inhibitor in saturated soil conditions. 

Overall, the UZD treatment showed the most consistent 

effect in reducing N2O emissions while maintaining higher 

NH4
+ and lower NO3⁻ concentrations, indicating its 

effectiveness in regulating nitrogen transformation under 

saturated conditions. 

Different responses from soil microorganism 
population 

The use of urea fertilizer affects the population of AOB 

and NOB in soil. Therefore, the population of AOB and NOB 

is expected to be higher in all urea treatments. Our result on 

AOB population shows that the use of zeolite and zeolite + 

neem slightly reduced the AOB population. The population 

of AOB can be affected by the amount of readily available 

NH4
+ in the soil. The physicochemical and surface charges 

properties in zeolites have the potential to act as binding 

agents for NH4
+ (Sarkar and Naidu, 2015). Therefore, 

although the concentration of NH4
+ was high in urea + 

zeolite, there was less NH4
+ readily available for AOB to be 

converted into NO3
-. This is also supported by our result of a 

lower NO3
- concentration in zeolite treatment at that time of 

measurement. Meanwhile, the low abundance of AOB in 

zeolite + neem treatment might be caused by the fact that 

neem contains high tannin and the other secondary metabolite 

compounds such as azadirachtin, diepoxy Azadiradione, 

dehydrogedunin, and gedunin that can reduce the activity of 

nitrifiers (Rahmadani et al. 2023). Therefore, reducing AOB 

population. 

Furthermore, the study shows contrasting responses of 

NOB abundance under neem and DCD treatments; however, 

these differences do not directly explain the observed patterns 

in nitrogen transformation and N2O emissions. In the DCD 

treatment, N2O reduction cannot be attributed to a decrease 

in NOB population, as the microbial data do not show a 

consistent suppression of NOB abundance. Instead, the lower 

N2O emissions observed in the DCD treatment are more 

plausibly explained by the inhibition of ammonia 

monooxygenase (AMO), which suppresses the oxidation of 

NH4⁺ to NO2⁻. This inhibition limits the formation of NO2⁻ 

and subsequently NO3⁻, thereby reducing substrate 

availability for both nitrification and denitrification 

processes. 

This interpretation is supported by the lower NO3⁻ 

concentrations and higher NH4⁺ levels observed in the DCD 

treatment compared to other urea treatments. Thus, the 

reduced N2O emissions are primarily driven by constrained 

nitrogen transformation pathways rather than changes in 

NOB population size. In contrast, the neem treatment showed 

a tendency toward higher NOB abundance, but this did not 
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correspond to a consistent reduction in N2O emissions, 

suggesting that neem may exert a weaker or less direct 

inhibitory effect on nitrification processes under saturated 

conditions. 

The application of urea fertilizer reduced fungal 

population due to the high toxicity of urea with respect to 

fungal growth. Urea can decrease the growth of Oomycota, 

saprophytic and pathogen fungi (Veverka, 2007). As a result, 

the growth of fungi in all urea treatments was slightly lower 

compared with the control. Moreover, treatments neem + 

zeolite and DCD + zeolite reduced fungi population 1.17x10 
4 cells g-1 soil in both treatments. The lower fungi growth in 

the use of neem + zeolite may relate to the triterpenoid 

compounds in neem seed that can inhibit the population of 

fungi. Ospina et al. (2015) reported that neem can reduce the 

activity of T. Tubrum, T. Mentagrophytes and Microsporum. 

Furthermore, dicyandiamide compound in treatments has 

also been proven to be an inhibitor of fungi growth. Carneiro 

(2010) found that application of dicyandiamide to soil can 

change the microbial composition structure of soil, which 

increases bacteria population and reduces fungal activity. On 

the other hand, the addition of zeolite + urea affects the soil 

fungi population less compared with other urea treatments.  

This shows the benefit of using zeolite for improving soil 

microorganism composition (Prisa, 2021).  

This study was conducted under controlled laboratory 

conditions, which may not fully capture the complexity of 

field environments, including plant-soil interactions, 

fluctuating redox dynamics, and spatial heterogeneity. 

Therefore, extrapolation to field-scale systems should be 

made with caution, and future studies should validate these 

findings under realistic agronomic conditions. 

Conclusion 

The present study demonstrates that the combined 

application of zeolite-based slow-release urea and 

nitrification inhibitors significantly regulates greenhouse gas 

emissions and nitrogen transformation under saturated soil 

conditions. Among the treatments, zeolite combined with 

dicyandiamide (DCD) was the most effective in reducing 

N2O emissions, maintaining higher NH4
+ levels, and 

suppressing NO3⁻ formation. This mitigation effect was not 

linked to changes in nitrite-oxidizing bacterial (NOB) 

populations but rather to the inhibition of ammonia 

monooxygenase (AMO), indicating that process-based 

controls on nitrification are more critical than microbial 

abundance in regulating N2O emissions. In contrast, neem-

based treatments showed less consistent effects, suggesting 

lower or delayed inhibitory efficiency. Zeolite application 

enhanced CO2 emissions, likely due to increased microbial 

respiration, while having limited influence on CH4 emissions. 

Overall, the combination of zeolite and DCD represents 

an effective strategy for mitigating N2O emissions in 

saturated soils. However, further validation under field 

conditions is required to account for environmental 

variability and plant–soil interactions. These findings provide 

important insights for improving nitrogen use efficiency and 

reducing greenhouse gas emissions in water-saturated 

agricultural systems. 

Acknowledgment 

This work was supported by the Ministry of Higher 

Education, Science and Technology of Indonesia. The 

authors sincerely acknowledge the dedicated technical 

support and contributions of the laboratory team during the 

experimental work and data collection. 

References 

Anderson, B., K. Bartlett,      S. Frolking,      K. Hayhoe,      
J. Jenkins     and W. Salas.      2010. Methane and 

Nitrous Oxide Emissions from Natural Sources. Office 

of Atmospheric Programs, US EPA, EPA 430-R-10-001, 

Washington DC. 

Anderson, J.M. and J.S. Ingram. 1994. Tropical soil biology 

and fertility: A handbook of methods. Soil Science 

157(4): 265. 

Battle, M., M. Bender, T. Sowers, P.P. Tans, J.H. Butler, J.W. 

Elkins. J.T. Ellis, T. Conway, N. Zhang, P. Lang and 

A.D. Clarket. 1996. Atmospheric gas concentrations 

over the past century measured in air from firn at the 

south pole. Nature 383(6597): 231–235. 

Bordoloi, N., K.K. Baruah      and B. Hazarika.      2020. 

Fertilizer management through coated urea to mitigate 

greenhouse gas (N2O) emissions and improve soil 

quality in agroclimatic zone of Northeast India. 

Environmental Science and Pollution Research 27: 

11919-11931.  

Bottomley, P.J., J.S. Angle and R. Weaver, (eds.). 2020. 

Methods of Soil Analysis, Part 2: Microbiological and 

Biochemical Properties. John Wiley & Sons. 

Carneiro, J., L.M. Cardenas, D.J. Hatch, H. Trindade, D. 

Scholefield, C.D. Clegg and P. Hobbs. 2010. Effect of 

the nitrification inhibitor dicyandiamide on microbial 

communities and N2O from an arable soil fertilized with 

ammonium sulphate. Environmental Chemistry Letters 

8(3): 237-246. 

Chakraborty, D. and S.K. Pal. 2020. Effect of dose and 

residence time of neem-leaf dust as nitrification inhibitor 



22 
Slow-release urea and nitrification inhibitors in saturated soils 

  

 

 

 
Soil Environ. 45(1): xx-xx, 2026 

on N-transformation in maize soil. Agricultural 

Research 9(4): 577-584.  

Das, S.K., S. Das., A. Mandal. and R. Dinda. 2018. Impact of 

neem (Azadirachta indica A. Juss) seed cake upon 

selective nutrient cycling bacterial population in fish 

culture. Journal of Applied Aquaculture 30(4): 353-365.  

Datta, A. and T.K. Adhya. 2014. Effects of organic 

nitrification inhibitors on methane and nitrous oxide 

emission from tropical rice paddy. Atmospheric 

Environment 92: 533-545. 

Di, H.J., K.C. Camero. and R.R. Sherlock. 2007. Comparison 

of the effectiveness of a nitrification inhibitor, 

dicyandiamide, in reducing nitrous oxide emissions in 

four different soils under different climatic and 

management conditions. Soil Use and Management 23: 

1–9. 

GirijaVeni, V., K.S. Reddy, K.L. Sharma, K.S. Shankar, and 

J. Rohit. 2021. Role of zeolites in improving nutrient and 

water storage capacity of soil and their impact on overall 

soil quality and crop performance. p. 449-467. In: Soil 

Science: Fundamentals to Recent Advances. Springer, 

Singapore. 

Guo, Y.J., H.J. Di,  K.C. Cameron,  B. Li,  A. Podolyan, , J.L. 

Moir,  R.M. Monaghan, , L.C. Smith,  M. O’Callaghan,  

S. Bowatte and D. Waugh.  2013. Effect of 7-year 

application of a nitrification inhibitor, dicyandiamide 

(DCD), on soil microbial biomass, protease and 

deaminase activities, and the abundance of bacteria and 

archaea in pasture soils. Journal of Soils and Sediments 

13: 753–759.  

Guo, D., B. Bayu,  K. Pan,  S. Shen,  J. Zhang,  X. Jiang, , Z. 

Yu,  J. Li, and H. Luo. 2021. Response of nitrification 

and nitrifying microorganisms to different nitrogen 

sources in the acid ultisols of Jinyun Mountain. Soil 

Science and Plant Nutrition 67(5): 576-584.  

Happell, J.D., J.P. Chanton and W.S. Showers.  1994. The 

influence of methane oxidation on the stable isotopic 

composition of methane emitted from Florida swamp 

forests. Geochimica et Cosmochimica Acta 58: 4377–

4388. 

Hayashi, A., K. Sakamoto. and T. Yoshida. 1997. A rapid 

method for determination of nitrate in soil by hydrazine 

reduction procedure. Japanese Journal of Soil Science 

and Plant Nutrition 68:322-326 (In Japanese). 

Intergovernmental Panel on Climate Change (IPCC). 

Summary for policymakers. p. 3-32. In: Climate change 

2021: The Physical Science Basis. Contribution of 

working group I to the sixth assessment report of the 

Intergovernmental Panel on Climate Change.  

Cambridge University Press. 

Jarvis, A.P., E. Morgan and C. Edwards. 1999. Rapid 

separation of triterpenoids from Neem seed extracts. 

Phytochemical Analysis: An International Journal of 

Plant Chemical and Biochemical Techniques 10(1): 39-

43.  

Jumadi, O., A. Ali, Y. Hala, A. Muis, K. Yagi and K. 

Inubushi. 2012. Effect of controlled water level on CH4 

and N2O emissions from rice fields in Indonesia. 

Tropical Agriculture and Development 56(4): 129-138. 

Jumadi, O., H. Hartono, A. Masniawati, R.N. Iriany, A.T. 

Makkulawu and K. Inubushi. 2019. Emissions of nitrous 

oxide and methane from rice field after granulated urea 

application with nitrification inhibitors and zeolite under 

different water managements. Paddy and Water 

Environment 17(4): 715-724.  

Jumadi, O., Y. Hala, R.N. Iriany, A.T. Makkulawu, J. Baba, 

S.F. Hiola and K. Inubush. 2020. Combined effects of 

nitrification inhibitor and zeolite on greenhouse gas 

fluxes and corn growth. Environmental Science and 

Pollution Research 27(2): 2087-2095. 

Lawrence, D.M., C.D. Koven, S.C. Swenson, W.J. Riley and 

A.G. Slater. 2015. Permafrost thaw and resulting soil 

moisture changes regulate projected high-latitude CO2 

and CH4 emissions. Environmental Research Letters 

10(9): 094011. 

Lei, J., Q. Fan, J. Yu, Y. Ma, J. Yin and R. Liu. 2022. A meta-

analysis to examine whether nitrification inhibitors work 

through selectively inhibiting ammonia-oxidizing 

bacteria. Frontiers in Microbiology 13: 962146. 

Liu, G., J. Zheng, T. Chen, X. Chen, W. Chen, Y. Sun, P.E. 

Lærke, Y. Chen, K.H. Siddique, D. Chi and J. Chen.  

2022. Zeolite mitigates N2O emissions in paddy fields 

under alternate wetting and drying irrigation. 

Agriculture, Ecosystems and Environment 339: 108145. 

Ma, B., M.S. Karimi., K.S. Mohammed., I. Shahzadi., and J. 

Dai. 2024. Nexus between climate change, agricultural 

output, fertilizer use, agriculture soil emissions: Novel 

implications in the context of environmental 

management. Journal of Cleaner Production 450: 

141801. 

Nishimura, S., K. Kimiwada, A. Yagioka, S. Hayashi and N. 

Oka. 2020. Effect of intermittent drainage in reduction 

of methane emission from paddy soils in Hokkaido, 

northern Japan. Soil Science and Plant Nutrition 66(2): 

360-368.  

Ospina Salazar, D.I., R.A. Hoyos Sanchez, F. Orozco 

Sanchez, M. Arango Arteaga and L.F. Gomez Londono. 

2015. Antifungal activity of neem (Azadirachta indica: 

Meliaceae) extracts against dermatophytes. Acta 

Biológica Colombiana 20(3): 181-192. 



23 

Oslan, Wahyuni, Yasser, Suryaningsih, Fatmah, Jendri, Weiguo and Kazuyuki 

 
 

 

 
Soil Environ. 45(1): xx-xx, 2026 

Prisa, D. 2021. Zeolites encapsulated with organic matrices 

in vegetable and ornamental plants Fertilization. 

International Journal of Current Microbiology and 

Applied Sciences 10(06): 415-425.  

Rahmadani, K., B. Manguntungi, A. Arwansyah, O. Jumadi, 

M.A. Khizbullah, A. Hidayat, N.G.A. Ayunda, M. Faiz, 

L.R. Vanggy and E. Septiawati. 2023. Efficiency of 

nitrification inhibitor on designing nitrogen fertilizer by 

neem compounds based on molecular docking. Trends in 

Sciences 20 (1): 6395-6395. 

Sarawaneeyaruk, S., S. Krajangsang and O. Pringsulaka. 

2015. The effects of neem extract and azadirachtin on 

soil microorganisms. Journal of Soil Science and Plant 

Nutrition 15(4): 1071-1083.  

Sarkar, B. and R. Naidu. 2015. Nutrient and water use 

efficiency in soil: The influence of geological mineral 

amendments. p. 29-44. In: Nutrient Use Efficiency: 

From Basics to Advances,  A. Rakshit, H.B. Singh and 

A. Sen (eds.). Springer, NewDelhi.  

Smith, L.C., C.A.M. deKlein and W.D. Catto. 2008. Effect of 

dicyandiamide applied in a granular form on nitrous 

oxide emissions from a grazed dairy pasture in 

Southland, New Zealand. New Zealand Journal of 

Agricultural Research 51: 387–396.  

Subardja, D., S. Ritung., M. Anda., S.E. Sukarman., R.E. and 

Subandiono., 2014. National land classification 

technical instructions. Center for agricultural land 

resources research and development of Indonesia. 

Swapna Sonale, R., K. Ramalakshmi and  K.U. Sankar. 2018. 

Characterization of neem (Azadirachta indica A. Juss) 

seed volatile compounds obtained by supercritical 

carbon dioxide process. Journal of Food Science and 

Technology 55: 1444-1454.  

Department of Agriculture Natural Resources Conservation 

Service, Soil Survey Staff, USA. 1998. Keys to Soil 

Taxonomy. USDA 

Veverka, K., J. Štolcová and P. Růžek. 2007. Sensitivity of 

fungi to urea, ammonium nitrate and their equimolar 

solution UAN. Plant Protection Science 43(4): 157. 

https://doi.org/10.17221/2239-PPS 

Ward, N.D., T.S. Bianchi, J.B. Martin, C.J. Quintero, H.O.  

Sawakuchi and M.J. Cohen. 2020. Pathways for methane 

emissions and oxidation that influence the net carbon 

balance of a subtropical Cypress swamp. Frontiers in 

Earth Science 8: 573357.  

Yagi, K. and K. Minami. 1990. Effect of organic matter 

application on methane emission from some Japanese 

paddy fields. Soil Science and Plant Nutrition 36(4): 

599-610. 

Hafif, B., K. Kartika, E. Randriani, J. Pitono, G. Gusmaini, 

R. Ridwan and N.L. Nurida. 2024. CH4 and N2O 

emissions and their potential control by rice biomass 

biochar: The case of continuously flooded paddy fields 

in Indonesia-A review. One Ecosystem 9: e109657.  

Wang, K., F. Li., and Y. Dong. 2020. Methane emission 

related to enzyme activities and organic carbon fractions 

in paddy soil of south China under different irrigation 

and nitrogen management. Journal of Soil Science and 

Plant Nutrition 20: 1397-1410. 

Wu, J.M., X.H. Ji, L.J. Huo, H. Peng and Y. Liu. 2013. 

Fraction changes of oxidation organic carbon in paddy 

soil and its correlation with CH4 emission fluxes. Acta 

Ecologica Sinica 33(15): 4599-4607. 

Zaman, M., S. Saggar, J.D. Blennerhassett, and J. Singh. 

2009. Effect of urease and nitrification inhibitors on N 

transformation, gaseous emissions of ammonia and 

nitrous oxide, pasture yield and N uptake in grazed 

pasture system. Soil Biology and Biochemistry 41: 1270–

1280.  

Zhu, G., H. Shi, L. Zhong, G. He, B. Wang, J. Shan, P. Han, 

T. Liu, S. Wang., C. Liu and N. Zhang. 2025. Nitrous 

oxide sources, mechanisms and mitigation. Nature 

Reviews Earth & Environment 6 (9): 574-592. 

 


