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Abstract:  

Farmlands are a major source of nitrous oxide (N₂O) emissions, primarily due to nitrogen fertilizer appli-

cations and associated agronomic practices. Appropriate cropping systems that optimize agronomic manage-

ment are urgently needed to mitigate global warming. A two-year field experiment was conducted in 2018 and 

2019 in an oasis irrigation area of Northwestern China to evaluate the effects of nitrogen rate, plant density, 

and irrigation level on N₂O emissions from maize fields. Treatments included three nitrogen rates (N0 = 0, N1 

= 270, N2 = 360 kg N ha⁻¹), three plant densities (D1 = 75,000, D2 = 97,500, D3 = 120,000 plants ha⁻¹), and 

two irrigation levels (W1 = 405 mm, W2 = 324 mm) arranged in randomized complete block design. Results 

showed that the lowest N₂O emissions occurred under the combination of reduced irrigation (W2 = 324 mm), 

moderate or zero nitrogen (N1 or N0), and high plant density (D3 = 120,000 plants ha⁻¹). Conversely, the 

highest emissions were associated with high nitrogen (N2 = 360 kg N ha⁻¹), low plant density (D1 = 75,000 

plants ha⁻¹), and high irrigation (W1 = 405 mm). Overall, N₂O emissions increased with higher irrigation and 

nitrogen inputs. Strategic optimization of nitrogen application rate, plant density, and irrigation level can sig-

nificantly reduce N₂O emissions, supporting climate-smart agriculture in arid oasis regions. 
 

1. Introduction 

The emission of greenhouse gases (GHGs) is a 

major driver of global warming and the most significant 

threat to sustainable agriculture. The Intergovernmental 

Panel on Climate Change (IPCC) estimates that agri-

culture contributes 10–12% of the global GHG emis-

sions, and this is projected to rise by half by 2030 

(Garnett, 2008). The use of synthetic nitrogen (N) ferti-

lizers in agriculture to meet food demand would esca-

late GHG emissions. Effective management of nitrogen 

application, irrigation, and cropping systems may indi-

rectly influence the emission of GHGs contributing to 

global warming. 

For instance, the tier 1 Intergovernmental Panel on 

Climate Change (IPCC, 2013), default factor suggests 

that direct N2O emission arising from mineral N ferti-

lizer usage is 1%; thus, 10 kg N2O-N is emitted for 

every ton of N fertilizer used. Estimates reveal that for 

every 100 units of N used in global agriculture, only 17 

units are consumed by humans as food, and the rest are 

lost to the environment (UNEP and WHRC 2007). 

Larger N losses from the agricultural system are likely 

in the future as the human population increases and 

agricultural production intensifies. Nitrous oxide emis-

sion increases when available N exceeds the crop re-

quirements (Oenema et al., 2005; Mosier et al., 2013). 

The mitigation challenge now is to reduce N2O emis-

sions per unit of N fertilizer applied and per unit of ag-

ricultural product.  

Irrigation is a key factor in global crop production 

which can affect GHG emissions (Lal, 2004). Though 

irrigation influences on GHG emissions, its potential 

contribution to nitrous oxide emissions has been less 

investigated compared to other agronomic activities.  

Cropping systems significantly influence GHG 

emissions and affect the quality and amount of crop 

residue left over after the cropping season (Moser et al., 

2006; Matteucci et al., 2000). A comprehensive evalua-

tion of the impacts of cropping practices on GHG emis-

sion per unit yield rather than land area will support 

mitigation strategies. Maize production is one of the 

important sources of N consumption in China (Yan et 

al., 2012; Huang et al., 2015). China is now one of the 

leading consumers of synthetic nitrogen (N) in the 

world, largely due to intensive cropping. However, an 

increase in the use of synthetic N fertilizer does not 

guarantee an increase in crop productivity due to di-

minishing returns, but rather an increase in GHG emis-

sions. 

A reduction in GHG emissions resulting from syn-

thetic nitrogen (N) application is crucial for mitigating 

global warming. A two-year experiment was conducted 

in 2018 and 2019 at the oasis irrigation region of 

Northwestern China to determine whether reduced or 

increased irrigation, combined with modifications in 

plant densities and nitrogen rates, could reduce N2O 

emissions. 
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2. Materials and Methods 

The field experiment was conducted at Wuwei Ex-

periment Station of Gansu Agricultural University from 

April to September in 2018 and 2019 (370 52’20” N, 

1020 50’50’ E, and 1776 m a.s.l), located in the eastern 

part of the Hexi Corridor of Northwestern China. It is a 

temperate-arid location with an average annual sunshine 

of 2945 hours and an average annual air temperature of 

7.2 ℃. It also has an accumulated air temperature of 10 ℃ 

greater than 2985 ℃ and about 197 frost-free days. Av-

erage annual precipitation is below 150 mm, with po-

tential evaporation of 2400 mm from 1950 to 2012. 

Daily precipitation and air temperature were collected 

for the experimental site in 2018 and 2019 from the 

sub-station of Wuwei, 100 m away from the experiment 

site (Fig. 1). 

The soil is classified as an Aridisol, a calcareous 

desert soil. Maize is the dominant crop cultivated in the 

area. The previous crop before this experiment was 

monoculture maize, and the treatments were applied to 

the same plots in both years. Soil ammonium-N (NH4-N) 

and NO3-N before the start of the experiment in each 

year are in Table 1. 

 

Figure 1. Air temperature and precipitation at the experimental site from March through October in 2018 and 2019. 

Table 1. Soil ammonium-nitrogen (NH4-N) and nitrate-nitrogen (NO3-N) by soil depth 

layer before the start of the experiment in April of 2018 and 2019 seasons. 

         2018 season 

Soil depth (cm) NH4-N (mg kg-1) NO3-N (mg kg-1) 

0–20 10.085 2.665 

20–40 10.023 2.747 

40–60 10.000 2.575 

60–80 10.945 2.558 

         2019 season 

0–20 10.913 2.242 

20–40 10.707 2.993 

40–70 10.077 2.567 

70–100 10.560 2.820 

100–120 10.553 2.420 
 

The experiment was factorial and arranged in a 

randomized complete block design, and each treatment 

had a plot size of 7 × 5 m, separated by a distance of 80 

cm. There was a 50 cm high ridge between plots to re-

duce the potential of water movement between plots. 

The treatments included two irrigation levels (W1 = 405 

mm and W2 = 324 mm) with three replications, three N 

fertilizer rates (N0 = 0 kg N ha-1, N1 = 270 kg N ha-1, 

and N2 = 360 kg N ha-1), three maize plant densities 

levels (D1 = 75,000 plants ha-1, D2 = 97,500 plants ha-1, 

and D3 = 120,000 plants ha-1). 

Tillage involved moldboard plowing to a depth of 

20 cm in April of both years, followed by rotary tillage 

to a 20 cm depth. White plastic film (120 cm wide and 

0.01 mm thick) was laid on the entire soil surface as 

mulch on the day before sowing in each year. Maize 

cultivar Xianyu 335 was planted using a hand-held 

pressure-inject planter on 18 April 2018 and 19 April 

2019. 

Nitrogen fertilizer was applied in three applica-

tions, with 20% of the total N rate broadcasted and in-

corporated to a 20 cm soil depth using rotary tillage 
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before seeding. The remaining was equally split into 

two portions that were top-dressed at the nine-leaf col-

lar stage of maize and at 15 d after flowering. Irrigation 

amounts of 90, 120, and 90 mm were applied at the nine, 

fourteen leaf collar, and grain-filling stages, respective-

ly, using drip irrigation lines. Weeds were removed by 

hand throughout the growing season in both years and 

no crop diseases or pests were observed. 

In each plot, a closed static chamber was set up for 

sampling N2O gas. Each closed chamber (38 cm × 35 

cm × 36.5 cm) was made opaque by wrapping it with 

bubbled aluminum foil to reduce the impact of radiation 

heat during gas sampling. A base collar made of stain-

less steel was inserted into the soil to a depth of 20 cm. 

A groove was made on the edge of the collar. A small 

fan operated by a battery inside each box, was used to 

mix the air inside each chamber. Gas samples were 

drawn out from the chamber at 0, 10, and 20 minutes 

using a 60 mL three-way valve syringe and injected into 

a sealed 150 mL aluminum plastic bag for storage (Da-

lian Delin Gas Packing, Liaoning, China). 

Each sampling was performed between 08:00 and 

12:00 h, based on the guidelines of Zou et al. (2005) 

and Alves et al. (2012). Samples of N2O were collected 

5–6 sampling events during the growing season be-

tween May and September in both years. The N2O con-

centration in samples was analyzed within 2–3 days 

after collection using a gas chromatograph (GC) based 

on the procedure described by Zou et al. (2005). The 

GC system (Agilent 7890A, Wilmington, Delaware, 

USA) was equipped with an electron capture detector 

(ECD) for N2O analysis. The conditions of the column 

were: Park Q 15 m × 0.53 mm × 25 μm; the injection 

port temperature was 150 °C; and the injection was 

split. 

The carrier gas for the ECD was N2 (>99% purity) 

with a flow rate of 60 mL min-1. The detection temper-

ature, column temperature, and column flow rate of the 

ECD were 300 °C, 45 °C, and 3.3 mL min-1, respec-

tively. The average N2O fluxes were the mean of the 

three replicates of each treatment over the sampling 

dates. Nitrous oxide flux rate (mg m-2 h-1) was calcu-

lated using the following equation by Jun-fei et al. 

(2005): 

 𝐹 =
𝐶2 × 𝑉 × 𝑀0 × 273 𝑇2 ⁄ − 𝐶1 × 𝑉 × 𝑀0 × 273 𝑇1⁄

𝐴 × (𝑡2 − 𝑡1) × 22.4
 (1) 

where F is greenhouse gas flux (mg m-2 h-1), A is 

area of the collar (m2), V is the volume of greenhouse 

gas flux (m3), M0 is the molecular weight of greenhouse 

gas flux, C1 and C2 are the concentration of greenhouse 

gas flux before and after chamber closure (mol mol-1), 

respectively, T1 and T2 are the previous and current 

sampling emission temperature in the chamber respec-

tively, and t1 and t2 are the previous and current sam-

pling time respectively. 

The N2O fluxes were expressed as mg m-2 h-1, and 

emissions were calculated for each plot by linearly in-

terpolating the gas emissions between sampling dates 

under the assumption that the measured fluxes repre-

sented the average daily fluxes. The cumulative emis-

sions of N2O were calculated according to the equation 

by Cheng-Fang et al. (2012): 

CE = Z (Fi + Fi + 1)/ (2 × 10-3 × t × 24) (2) 

Where CE is the cumulative emission (g m-2), Fi 

and Fi+1 are the measured fluxes of two consecutive 

sampling days (mg m-2 h-1), and t is the number of days 

between two successive sampling days (d). 

In this study, global warming potential (GWP) is 

defined as the sum of the cumulative CO2−eq emission 

(including CO2) as described by IPCC. (2013): 

GWP = (Cumulative N2O emission × 298) (3) 

Therefore, the emission of N2O was converted into CO2 

equivalence (CO2-e). 

Data were analyzed at P < 0.05 using the mixed 

effects option of SPSS software, 17.0 (IBM Co., Chi-

cago, IL, USA), with treatment factors as fixed effects 

and replicate as a random effect. Due to significant 

year-by-treatment interactions for most of the variables 

evaluated in the study, treatment effects were assessed 

separately for each year. Treatment means were ana-

lyzed using Fisher’s protected least significant differ-

ence test. 

3. Results 

During the first 30 days after planting in 2018 and 

2019, nitrous oxide emissions were recorded as highest 

at 0.010 mg m-2 h-1 in both W1 (405 mm) and W2 (324 

mm). The emission then rose steadily to 0.047 mg m-2 

h-1 and 0.055 mg m-2 h-1 in 2018 and 2019 as the highest 

(Fig. 2). Fluxes rose to their peaks in W1 and W2 at 90 

days after planting and declined continuously till 150 

days in the 2018 and 2019 cropping seasons. 

The highest nitrogen rate, N2 (360 kg N ha-1) in 

2018 and 2019, led to the highest N2O emission (Fig. 2). 

Nitrous oxide fluxes reached their peak at 0.222 mg m-2 

hr-1 and 0.225 mg m-2 h-1 in both 2018 and 2019 at 90 

days after planting. It declined from that pitch till 150 

days after planting. The same trend was observed in N1 

(270 kg N ha-1) and N0 (0 kg N ha-1), where N0 rec-

orded the least emissions in both years. 

Lowest plan density (D1) 75,000 plants ha-1 rec-

orded the highest nitrous oxide emission in 2018 and 

2019 (Fig. 2). The emissions were observed to be lower 

during the first 30 days after planting, but rose at 60 and 

90 days after planting at the pitches of 0.170 mg m-2 h-1 

in D1 in 2018 and 0.223 mg m-2 h-1 in D1 in 2019. Sim-

ilar pitches and declining trends were observed in D2 

and D3 in 2018 and 2019. Emissions declined after 90 

days of plant establishment and continued till 150 days. 
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Figure 2. Seasonal N2O fluxes for maize in 2018 and 2019 as affected by irrigation level, nitrogen rate, and plant density. 

The vertical bars represent the standard errors at the least significant difference, P < 0.05, among treatments within a 

measurement date. N0, 0 kg N ha-1; N1 = 270 kg ha-1; N2 = 360 kg ha-1; D1 = 75,000 plants ha-1; D2 = 97,000 plants ha-1; 

D3 = 120,000 plants ha-1. 

All factors (irrigation level, nitrogen rate, and plant 

density) and their interactions greatly affected nitrous 

oxide emissions regardless of the days after planting 

and the season of cultivation (Table 2). For instance, 

N2O emission increased from 30 days after planting till 

90 days after planting and decreased thereafter till har-

vest under all the treatments (Fig. 2), hence the signifi-

cant differences observed in Table 2. 

In the second season of cultivation, nitrous oxide 

emission increased substantially in all durations after 

planting and declined thereafter for all the treatments. 

Nitrous oxide emission increased with an increase in 

irrigation level and in increase in N application, but 

decreased with N0 and N1 rate of application. Nitrous 

oxide emissions also increased with lower plant density 

but reduced correspondingly with an increase in plant 

density levels, leading to significant differences.
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Table 2. Summary ANOVA of irrigation levels (W), Nitrogen levels (N), Plant density (D), and their interaction on ni-

trous oxide emissions (mg m-2 h-1). 

 2018 season 2019 season 

 

30 

days 

60 

days 

90 

days 

120 

days 

150 

days 

30 

days 

60 

days 

90 

days 

120 

days 

150 

days 

Irrigation level (W) *** *** *** *** *** *** *** *** *** *** 

Nitrogen rate (N) *** *** *** *** *** *** *** *** *** *** 

Plant density (D) *** *** *** *** *** *** *** *** *** *** 

W*N *** *** *** *** *** *** *** *** *** *** 

W*D *** *** *** *** *** *** *** *** *** *** 

N*D *** *** *** *** *** *** *** *** *** *** 

W*N*D *** *** *** *** *** *** *** *** *** *** 

***P<0.001.

Interactively, reduced irrigation coupled with all 

the other factors increased nitrous oxide emissions in 

2018 and 2019 (Table 3). Plant density also influenced 

N2O emissions significantly in a decreasing order. This 

implies that lower irrigation and all plant density treat-

ments are insufficient to control nitrous oxide emissions 

on farms until the nitrogen rate is reduced. 

The decreasing order of nitrous oxide emission 

under nitrogen levels and increasing plant density, and 

the increasing order of irrigation levels from W1 to W2 

were the same in both growing seasons. There were 

variations in emissions at the water management levels, 

with higher levels in the 2019 growing season. A simi-

lar trend was identified for plant density. Generally, 

N2O emissions were higher in 2019 compared to 2018.

Table 3. Effect of irrigation and nitrogen level interactions on nitrous oxide emissions (mg m-2 h-1). 

Irrig. 

level 
N-rate 

2018 season 2019 season 

30 days 60 days 90 days 120 days 150 days 
30 

days 

60 

days 

90 

days 

120 

days 

150 

days 

W1 

N0 0.002e 0.007e 0.042f 0.007f 0.009e 0.002d 0.009d 0.009f 0.012f 0.008f 

N1 0.004d 0.025d 0.124d 0.050d 0.030c 0.005c 0.053c 0.057d 0.067e 0.028d 

N2 0.007c 0.059b 0.213b 0.098b 0.057a 0.008b 0.116b 0.132b 0.157b 0.053b 

W2 

N0 0.002e 0.008e 0.076e 0.029e 0.014d 0.002d 0.009d 0.029e 0.091d 0.013e 

N1 0.008b 0.046c 0.164c 0.063c 0.033b 0.009b 0.056c 0.064c 0.145c 0.031c 

N2 0.014a 0.086a 0.231a 0.124a 0.058a 0.018a 0.150a 0.178a 0.241a 0.054a 

Pr > F <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

***P<0.001. The means of each column are not significantly different at the 5% level

In the 2018 cropping season, W1 (405 mm) and 

W2 (324mm) all had significant differences in N2O 

emissions at 30 and 150 days after planting (Table 4). It 

was similar at 60 days except the interaction of W1×D2 

and D3; and W1×D1, W2×D2 at 90 and 120 days after 

planting in 2018. 

In 2019, the interactions of W1×W2 with plant 

densities at 30 days were not significant in W1×D2 and 

D3, W1×D1, and W2×D3. Likewise, at 60 days after 

planting W1×D1 and W2×D2, W1xD3 and W2×D3 

were also not significant. At 90 days after planting in 

2019, significant differences were not observed in 

W1×D2 and W2×D2. However, at 120 and 150 days 

after planting, significant differences existed in all these 

interactions.

Table 4. Effect of irrigation and plant density level interactions on nitrous oxide emissions (mg m-2 h-1). 

 Irrig. level 
Plant 

density 

2018 season 2019 season 

30  

Days 

60  

days 

90  

days 

120  

days 

150  

days 

30 

days 

60 

days 

90 

days 

120 

days 

150 

days 

W1 D1 0.005c 0.039c 0.162b 0.066b 0.041b 0.006c 0.076b 0.088b 0.107d 0.038b 

D2 0.004d 0.028e 0.123d 0.055c 0.032d 0.005d 0.061c 0.063c 0.076e 0.030d 

D3 0.003e 0.025e 0.095e 0.035e 0.022f 0.004d 0.043d 0.046e 0.055f 0.020f 

W2 D1 0.012a 0.063a 0.179a 0.100a 0.043a 0.014a 0.095a 0.153a 0.215a 0.040a 

D2 0.007b 0.044b 0.157b 0.066b 0.037c 0.008b 0.083b 0.066c 0.145b 0.034c 

D3 0.005c 0.034d 0.135c 0.051d 0.025e 0.007c 0.038d 0.052d 0.118c 0.023e 

Pr > F <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

***P<0.001. The means of each column are not significantly different at the 5% level

Nitrogen rates and plant densities interactions had 

significant differences in all the cropping seasons (Ta-

ble 5). In 2018, significant differences were not ob-

served in N0×D1 and D2, and N2×D2 and D3 at 30 

days after planting. At 60 and 90 days after planting, 
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differences did not exist in N0×D2 and D3, and N2×D2 

and D3, likewise N0×D2 and D3 in the same year. 

In 2019, the relationship between nitrogen and 

densities was also highly significant (P<0.001). How-

ever, there were no observed differences in N0×D1, D2, 

and D3, and N1×D1 and D2, likewise N2×D2 and D3 at 

30 days after planting. At 60 and 90 days in 2019, sig-

nificant differences were not observed in N0×D1, D2, 

and D3; N1×D1 and N2×D3, and N0×D1 and N0×D2.

Table 5. Effect of nitrogen rate and plant density interactions on nitrous oxide emissions (mg m-2 h-1). 

N-rate 
Plant 

density 

2018 season 2019 season 

30  

Days 

60  

days 

90  

days 

120  

days 

150  

days 

30  

days 

60  

days 

90  

days 

120  

days 

150  

days 

N0 D1 0.002f 0.011f 0.066g 0.025g 0.018g 0.003e 0.015f 0.026g 0.070g 0.016g 

D2 0.002f 0.008g 0.057h 0.021h 0.013h 0.002e 0.008f 0.022g 0.057h 0.012h 

D3 0.001g 0.004g 0.053h 0.008i 0.003i 0.002e 0.006f 0.009h 0.028i 0.002i 

N1 D1 0.007c 0.050c 0.176d 0.081d 0.041d 0.008bc 0.074c 0.084d 0.138d 0.038d 

D2 0.006d 0.034d 0.150e 0.052e 0.031e 0.007c 0.057d 0.054e 0.101e 0.029e 

D3 0.004e 0.022e 0.106f 0.035f 0.023f 0.005d 0.033e 0.043f 0.081f 0.021f 

N2 D1 0.016a 0.091a 0.269a 0.142a 0.069a 0.020a 0.167a 0.252a 0.275a 0.064a 

D2 0.008b 0.066b 0.212b 0.107b 0.060b 0.010b 0.150b 0.119b 0.173b 0.055b 

D3 0.008b 0.062b 0.185c 0.085c 0.045c 0.009b 0.082c 0.094c 0.150c 0.041c 

Pr > F <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

***P<0.001. The means of each column are not significantly different at the 5% level

Irrigation and nitrogen level interactions had a sig-

nificant difference in nitrous oxide emissions in both 

cropping seasons (Table 6). In 2018, W1×N0×D1 and 

D2, D3, W1×N2×D2, and D3 did not significantly dif-

fer at 30 days after planting. A similar trend occurred at 

60 days after sowing, while 90 days after planting 

W1×N0×D2 and D3 had no significant differences. At 

120 days after planting in the same year, a similar trend 

occurred in W1×N0×D2, D3, and W1×N2×D1 and D2. 

In 2019, W1×N0×D1, D2, D3, W1×N1×D2, 

W1×N1×D3 had no significant difference in N2O emis-

sions. The interaction of W1×N2×D1, and D2 and D3 

had also no significant differences. At 60 days after 

planting in 2019, W1×N0×D1, D2, and D3, 

W1×N2×D1 and D2 had no significant difference, 

likewise W1×N1×D1 and W1×N2×D3. At 90 days after 

planting, a similar trend was observed.

Table 6. Effect of irrigation level, nitrogen rate, and plant density interactions on nitrous oxide emissions (mg m-2 h-1). 

Ir-

rig. 

level 

N-rat

e 

Plant 

den-

sity 

2018 season 2019 season 

30 

days 

60 

days 

90 

days 

120 

days 

150 

days 

30 

days 

60 

days 

90 

days 

120 

days 

150 

days 

W1 

N0 

D1 
0.002h

i 

0.009h

ij 
0.056l 0.012l 

0.017

i 
0.003fg 0.017ij 0.014j 

0.021

o 

0.016

k 

D2 
0.002h

ij 

0.009h

ij 

0.037

m 

0.005

m 

0.008

j 
0.002fg 0.008j 0.008j 

0.009

p 
0.007l 

D3 0.001j 0.002j 
0.033

m 

0.004

m 

0.001

k 
0.001g 0.004j 0.004j 

0.006

q 

0.001

n 

N1 

D1 0.005f 0.045f 0.145g 0.077f 
0.037

e 
0.006e 

0.079d

e 
0.082f 

0.098

k 

0.035

g 

D2 0.004g 0.016h 0.132h 
0.050

h 

0.030

g 
0.005ef 

0.050f

g 
0.053g 0.063l 0.027i 

D3 0.003h 0.014h 0.094j 
0.021

k 

0.023

h 
0.003fg 

0.031h

i 
0.035i 

0.042

n 
0.021j 

N2 

D1 0.008d 
0.062c

d 
0.283a 

0.108

b 

0.070

a 
0.010bc 0.132c 0.169b 

0.201

b 
0.065a 

D2 0.006e 
0.058d

e 
0.198e 

0.108

b 

0.060

b 

0.007cd

e 
0.124c 0.130c 0.154f 0.055c 

D3 0.006e 
0.057d

e 
0.159f 0.079e 

0.042

d 
0.007de 0.093d 

0.097d

e 
0.116i 0.039f 

W2 
N0 

D1 0.002h 
0.013h

i 
0.076k 0.038i 

0.018

i 
0.003fg 0.014j 

0.039h

i 

0.119

h 

0.017

k 

D2 
0.002h

i 
0.006ij 0.077k 0.036j 

0.018

i 
0.003fg 0.007j 0.036i 0.105j 

0.017

k 

D3 0.001ij 0.006ij 0.073k 0.013l 
0.004

k 
0.002g 0.007j 0.013j 

0.049

m 

0.004

m 

N1 D1 0.009c 0.056d 0.207d 0.085 0.044 0.011b 0.069e 0.086e 0.178e 0.041e 
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d e e d d f 

D2 0.008d 
0.052e

f 
0.167f 

0.054

g 

0.033

f 

0.010bc

d 

0.064e

f 
0.055g 

0.139

g 

0.031

h 

D3 
0.006e

f 
0.029g 0.119i 

0.049

h 

0.022

h 
0.007e 

0.036g

h 

0.050g

h 

0.119

h 
0.021j 

N2 

D1 0.024a 0.120a 0.255b 0.176a 
0.068

a 
0.029a 0.203a 0.334a 0.349a 

0.063

b 

D2 0.010b 0.073b 0.227c 
0.106

b 

0.060

b 
0.012b 0.176b 0.107d 0.191c 0.055c 

D3 
0.009b

c 

0.067b

c 
0.212d 0.091c 

0.047

c 
0.012b 0.070e 

0.092e

f 

0.185

d 

0.043

d 

Pr> F <0.001 <0.001 <0.001 
<0.00

1 

<0.00

1 
<0.001 <0.001 <0.001 

<0.00

1 

<0.00

1 

***P<0.001. The means of each column are not significantly different at the 5% level

4. Discussion 

The fluxes of N2O were recorded as the lowest in 

both W1 (405 mm) and W2 (324 mm) (Fig. 2) at 30 and 

150 days after planting. It rose at 60 and then peaked at 

90 days after planting in both 2018 and 2019. The flux-

es of N2O peaked at 90 days (0.157 and 0.166 mg m-2 

h-1) in 2018 and 2019 respectively, hence crop growth 

variability and soil processes might impact N2O emis-

sions during that period as described in Ashiq et al. 

(2021) and Wrage-Mönnig et al. (2018). The fluxes 

then declined steadily after 90 days in both irrigation 

levels 

 It was evident that higher irrigation led to higher 

N2O fluxes from the farm. These findings agree with 

Sapkota et al. (2020), which states that the combined 

effect of higher oxygen content and higher moisture 

content in soils induces the production of N2O by deni-

trification. Several biogeochemical processes control 

the rate of GHG emissions from soils, some of which 

are greatly impacted by soil moisture, including micro-

bial respiration. 

The low fluxes of N2O recorded in W2 (324 mm) 

level of irrigation can be attributed to inadequate mois-

ture for microbial respiration to trigger N2O emission. 

This observation is also in line with Roy et al. (2014), 

which states that limited rainfall reduces N2O emissions. 

Therefore, irrigation levels at maize farms should be 

reduced to levels that will limit high microbial activi-

ties. 

During the first 30 days of maize juvenile growth 

phase, the N2O fluxes were lowest in both 0 kg N ha-1, 

270 kg N ha-1, and 360 kg N ha-1 rates in 2018 and 2019 

(Fig. 2). The lower N2O emissions recorded during the 

early and last days suggest that actively growing crops 

facilitate N2O emission from the soil. These findings 

are contrary to Roy et al. (2014) assertion that applying 

N as side-dress at V8 instead of at planting reduced 

N2O emission. The fluxes of N2O rose at 60 and peaked 

at 90 days of plant establishment in both N rates 0.222 

and 0.225; 0.144 and 0.150; and 0.059 and 0.080 mg 

m-2 h-1 in 2018 and 2019. 

The decline followed the same trend until it 

reached its lowest point at 150 days. The level of fluxes 

correlated to the rate of nitrogen application, thus 360 

kg N ha-1 > 270 kg N ha-1 > 0 kg N ha-1 in that order in 

2018 and 2019, respectively. These observations agree 

with Wang et al. (2023) who also observed that the 

main factors driving GHG emission on farms were the 

fertilization rate. A keen observation revealed that 360 

kg N ha-1) led to higher N2O fluxes in both years, with 

the N2O fluxes peaking during the active growth period 

of maize. 

Synthetic nitrogen fertilizer has often been applied 

at approximately 360 kg N ha-1 each season by local 

farmers during the cultivation period of maize; it has 

become the primary source of agricultural GHG and 

reactive nitrogen (RN) emissions. This observation by 

Pei et al. (2023) agrees with our findings that nitrogen 

application at 360 kg N ha-1 increased N2O emission. 

Reduced or no nitrogen application on farms could limit 

N2O fluxes, and matching nitrogen rates to crop growth 

phases can mitigate N2O emissions. 

Low plant density (D1) = 75,000 plants ha-1, rec-

orded the highest N2O emission in 2018 and 2019, fol-

lowed by plant density (D2) = 97,000 plants ha-1, and 

(D3) = 120,000 plants ha-1 (Fig. 2). These observations 

are in line with the findings of Xu et al. (2017) and Asi-

bi et al. (2022) which states that higher plant density of 

maize increased grain yield, improves nitrogen use effi-

ciency, reduces leaching, and mitigates ammonia and 

N2O emissions. The above finding however, contradict 

the observation of Yan et al. (2017), who reported that 

high plant densities with crowding stress reduced the 

ability of plants to use soil N, resulting in a low yield 

and nitrogen use efficiency. 

The emission of N2O was lowest at first 30 and 150 

days of the production phases of maize. The N2O emis-

sions had their peaks at 0.170, 0.140, 0.115 mg m-2 h-1 

and 0.223, 0.172, 0.120 mg m-2 h-1 at 90 days in all 

plant density levels in 2018 and 2019. The emission of 

N2O declined as plant density increased. 

It was evident that low plant density facilitates the 

emission of N2O, while higher plant density reduces the 

emission of N2O at early growth and late periods, near 

physiological maturity of maize. A life-cycle assess-

ment by Hou et al. (2020) showed that crop yield can 

increase and GHG intensity decrease without extra N 
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inputs if planting density is increased by 15,000 plants 

ha-1. Optimized plant density supports the mitigation of 

N2O emissions from farms. 

All three factors, either combined or single (irriga-

tion, nitrogen, and plant density), significantly affected 

nitrous oxide emission in 2018 and 2019 (Table 2). 

These findings conflict with Maharjan et al. (2014), 

who found that irrigation significantly increased 

NO3
− leaching during the growing season but had no 

significant effect on direct N2O emissions. In 2018 and 

2019, irrigation, nitrogen, and plant density significant-

ly affected nitrous oxide emission at 30, 60, 90, 120, 

and 150 days after planting. This observation agrees 

with Liu et al. (2011), who observed that significantly 

high N2O and NO emissions period starts after fertiliza-

tion. 

Irrigation and nitrogen, irrigation and plant density, 

and nitrogen and plant density interactions also greatly 

affected nitrous oxide emissions at P<0.001 in 2018 and 

2019. Irrigation and nitrogen and plant density interac-

tions in 2018 and 2019 at all days after planting, i.e., 30, 

60, 90, 120, and 150 days, at P<0.001. This implies that 

nitrous oxide emission, crop growth, and soil activities 

occur simultaneously. 

In 2018 and 2019, at 150 days after planting, ni-

trous oxide emission was highest with irrigation level 

W1×N2 (Table 3) and minimal at W1×N1, but lowest at 

W1×N0. At W2×N2 in 2018 and 2019, nitrous oxide 

emissions were highest at 30, 60, 90, 120, and 150 days. 

These findings in W1 and W2 treatments align with 

those of Han et al. (2017), who found that varying irri-

gation amounts affected soil water dynamics and nitro-

gen turnover. Nitrous oxide fluxes were lowest at 

W2×N0 and minimal at W2×N1 in both 2018 and 2019 

cropping seasons at P<0.001 

In 2018 and 2019, W1×D1, W1×D2, and W1×D3, 

as well asW2×D1, W2×D2, and W2×D3, resulted to 

significant fluxes of nitrous oxide at 30, 60, 90, 120, 

and 150 days after planting (Table 4). At 30, 60, 90, 

120, and 150 days after planting, nitrous oxide flux was 

highest in W2×D1 in 2018 and 2019. In both years, the 

lowest nitrous oxide flux was in W1×D3 and minimal 

in W2×D3. Higher irrigation with increased plant den-

sity reduced nitrous oxide emissions. These findings 

contradict the findings of López-Fernández et al. (2007), 

who observed higher amounts of N2O emission under 

maize than in areas without maize.  

At 30, 60, 90, 120, and 150 days after planting in 

2018 and 2019, nitrous oxide emissions peaked in the 

treatments N2×D1 and were lowest in N0×D3 (Table 5). 

It can be observed that emissions increased with an in-

crease in nitrogen rate, accompanied by a decrease in 

plant density. These findings agree with Halvorson et al. 

(2008), who observed linear increases in N2O emis-

sions with increasing N fertilizer rate, but emission 

amounts varied with the growing season. 

Nitrous oxide emissions tend to rise at 90 – 120 

days after planting and are reduced afterwards at 150 

days after planting. The interactions of N0×D1, N0×D2, 

N0×D3, and W1×D1, W1×D2, W1×D3, N2×D1, 

N2×D2, N2×D3 were all significant at 30, 60, 90, 120, 

150 days after planting. It was evident that the emission 

of nitrous oxide is simultaneous with the interaction 

between the soil and the crop. 

In 2018 and 2019, W2×N2×D1 recorded the high-

est nitrous oxide emission (Table 6). This implies that 

reduced irrigation, combined with high nitrogen appli-

cation and low plant density, facilitated nitrous oxide 

emissions. These findings are in tandem with Liu et al. 

(2011), which states that high N fertilizer and irrigation 

water inputs are important triggers of nitrous oxide and 

nitric oxide emissions. It was also evident that nitrous 

oxide emission was lowest in the treatments 

W1×N0×D3 and W2×N0×D3 at 30, 60, 90, 120, and 

150 days after planting. This implies that either no ni-

trogen application, high irrigation with low plant densi-

ty, or high irrigation with high plant density reduces 

nitrous oxide emission. This also implies that higher 

plant density reduces nitrous oxide emissions. These 

findings disagree with the findings of Chen et al. (2013), 

which indicated that proper-sparse planting might be 

the most appropriate planting density to mitigate GHG 

emissions. 

Interactively, all the factors combined in the treat-

ments produced or were significant to the emission of 

nitrous oxide emissions at P<0.001 at 30, 60, 90, 120, 

and 150 days after planting in 2018 and 2019. It implies 

that improved management of all three factors (irriga-

tion, nitrogen, and plant density) in crop production can 

support the mitigation of nitrous oxide emissions. This 

observation also agrees with the research of Liu et al. 

(2011), which states that improved management of irri-

gation and fertilization reduced N fertilization rate and 

irrigation amount and increased maize yield, and sig-

nificantly decreased the N2O and NO emissions. 

The emission of nitrous oxide, however, tends to be 

lower at 120 and 150 days after planting in all the 

treatment interactions. These findings conflict with 

those of Ye et al. (2018), which showed that N2O peaks 

occur within 1to 8 days after irrigation. Emissions, 

however, tend to be highest at N2 interactions with 

W1×D1 and W2×N2×D1 in both years. This implies 

that higher nitrogen rates with low plant density in-

creased the emission of nitrous oxide. These findings 

agree with the findings of Liu et al. (2011), who found 

that N2O and NO fluxes increased linearly with N ap-

plication rate, but conflict with Klumpp et al. (2011), 

who state that the dominant source of N2O fluxes was 

the soil N pool and not fertilizer application. 

5. Conclusions 

Potential mitigation strategies for GHGs from 

farmlands will depend greatly on improved agronomic 

practices. Agronomic practices such as reducing N rates 

and irrigation levels, while optimizing plant density, 

can support the mitigation of GHGs. Nitrous oxide 

emissions were remarkably higher at 90 days during the 
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maize growth stage. Therefore, nitrogen application 

should be adjusted near or after this period to limit N2O 

emission. 
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