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INTRODUCTION

Rice paddies sustain more than half of the 
global population, yet rice production remains 
one of the most water-intensive agricultural sys-
tems. Conventional continuous flooding (CF) 

irrigation dominates lowland rice cultivation, 
particularly in Indonesia, due to its effective-
ness in weed suppression and yield stabilization 
(Zarwazi et al., 2016). However, prolonged soil 
submergence creates strongly anaerobic con-
ditions that stimulate methanogenic archaea, 
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ABSTRACT
Mitigating greenhouse gas (GHG) emissions from irrigated rice while maintaining productivity remains a major 
challenge in sustainable water management. This study aimed to identify an optimized irrigation regime within the 
system of rice intensification (SRI) by reducing greenhouse gas emission and maintain grain yield as well as in-
creasing water-use efficiency (WUE) across three crop seasons in Bogor, Indonesia. Three irrigation regimes were 
applied with different water levels, i.e., flooded with water depth in between 2–5 cm (FL), wet with 0–1 cm water 
depth, and dry with -5 cm below the soil surface. Methane (CH4) and nitrous oxide (N2O) fluxes were measured 
weekly using a closed chamber method, and seasonal GWP was calculated to assess total GHG emissions. As re-
sults, a clear trade-off between CH4 and N2O emissions in total was observed across regimes due to differences in 
water status. The dry regime significantly reduced CH4 emissions and has the lowest overall GWP, which was ap-
proximately 28% lower than the wet regime and 39% lower than the FL regime. Although the dry regime released 
N2O emissions slightly higher than the FL regime, it has significantly lower impact on climate due to the reduction 
in CH4 emissions. Among the regimes, grain yield was not differed significantly, with mean yields ranging from 
6.05 to 6.39 t ha⁻¹ across the seasons. Moreover, the dry regime was saving more irrigation water and gained the 
highest water-use efficiency, by 31–53% in the first season and 11–29% in the third season. These demonstrate that 
controlled water levels under the dry scenario within SRI systems can simultaneously maintain rice productivity, 
enhance water-use efficiency, and reduce GHG emissions. 
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resulting in substantial methane (CH4) emissions. 
Consequently, rice cultivation is recognized as a 
major anthropogenic source of CH4, contributing 
significantly to global greenhouse gas emissions 
(Qian et al., 2023). 

From an environmental engineering perspec-
tive, a key challenge is to redesign irrigation 
regimes that regulate soil redox dynamics to re-
duce emissions while maintaining yield stability. 
Rice cultivation is a major anthropogenic source 
of methane (CH₄), contributing approximately 
8–12% of global CH4 emissions, highlighting 
the importance of improving water management 
practices in paddy systems. Global CH4 emis-
sions from rice fields have been estimated to 
range from 18.3 ± 0.1 to 38.8 ± 1.0 Tg CH₄ yr⁻¹, 
depending on irrigation system and managements 
(Zhang et al., 2016). 

In addition CH4, irrigation management 
strongly influences nitrous oxide (N2O) emissions 
through shifts between aerobic and anaerobic soil 
condition that regulate nitrification–denitrifica-
tion processes (Kong et al., 2024). Water-saving 
irrigation strategies such as alternate wetting and 
drying (AWD) can substantially reduce CH4 emis-
sions but may simultaneously increase N2O flux-
es, creating a well-documented trade-off (Jiang et 
al., 2019; Qian et al., 2023). This trade-off compli-
cates the evaluation of mitigation strategies when 
individual gases are considered in isolation. 

Therefore, an integrated assessment us-
ing global warming potential (GWP), following 
IPCC conversion factors (Masson-Delmotte et 
al., 2021), is required to quantify the net climatic 
impact of irrigation regimes. Previous meta-anal-
yses indicate that water-saving irrigation general-
ly reduces overall GWP, although the magnitude 
of this benefit depends on site-specific conditions 
and management practices (Tan et al., 2025). For 
example, AWD has been reported to reduce GWP 
by approximately 20–45% compared to CF, pri-
marily due to substantial reductions in CH4 emis-
sions despite a potential increase in N2O emissions 
(Jiang et al., 2019; Linquist et al., 2015; Sander et 
al., 2014; Tan et al., 2025). In addition, irrigation 
regimes significantly influence water productivity 
and water-use efficiency (WUE). Water-saving ir-
rigation strategies have been shown to enhance 
WUE while reducing greenhouse gas emissions, 
suggesting a potential ‘win–win’ pathway under 
increasing water scarcity (Wang et al., 2020).

In Indonesia, CF remains widely practiced 
because it effectively suppresses weed growth by 

limiting oxygen availability and resource compe-
tition. However, this approach is associated with 
excessive water consumption and significant loss-
es through percolation, runoff, and evaporation 
(Bouman and Tuong, 2001). Under increasing 
climate variability and water scarcity, such inef-
ficiencies are becoming progressively unsustain-
able. At the same time, continuously reduced soil 
conditions under CF promote methanogenesis, 
resulting in higher CH4 emissions compared with 
water-saving irrigation strategies (Dahlgreen and 
Parr, 2024). Meta-analyses have shown that AWD 
can reduce CH4 emissions by approximately 40–
70% relative to CF, depending on site conditions 
and management practices (Lee et al., 2023; Rafy 
et al., 2025; Zhao et al., 2024).

Water-saving irrigation approaches, including 
intermittent irrigation and AWD, have been pro-
posed as alternatives that reduce water use and 
mitigate CH4 emissions. Among these, the Sys-
tem of Rice Intensification (SRI) has emerged as a 
management framework that combines controlled 
irrigation, improved soil aeration, and adaptive 
crop practices. Previous studies suggest that SRI 
can reduce irrigation water inputs and enhance 
productivity while lowering methane emissions 
relative to conventional flooded systems (Materu, 
2025). However, existing studies often focus on 
short-term observations or emphasize CH4 miti-
gation without systematically integrating N2O 
emissions, GWP, and WUE into a unified assess-
ment. For example, Sander et al., (2014) primari-
ly assessed CH4 emission reductions under water-
saving irrigation without fully integrating crop 
productivity metrics, and meta-analyses such as 
Liu et al., (2019) assess CH4, N2O, and GWP re-
sponses to water management, but provide lim-
ited integration with WUE and irrigation perfor-
mance. Similarly, several field-scale SRI studies 
have reported yield improvements and water 
savings but lack a comprehensive multi-season 
assessment that simultaneously integrates CH4, 
N2O, GWP, and WUE under controlled irrigation 
conditions (for example e.g., Gangopadhyay et 
al., 2022; Hasanah et al., 2019; Jain et al., 2014).

Although SRI has been introduced in Indone-
sia since 1999 and several studies have examined 
its agronomic performance (Arif et al., 2015; Nu-
groho et al., 2018; Sato et al., 2011), robust field-
based evidence quantifying its climatic and hydro-
logical performance remains limited. In particu-
lar, there is a lack of multi-seasonal studies that 
simultaneously evaluate CH4 and N2O emissions, 
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seasonal GWP, yield stability, and water-use effi-
ciency under tropical conditions. This knowledge 
gap limits the ability to design irrigation regimes 
that are both climate-efficient and agronomically 
reliable, contributing to the continued preference 
for CF among farmers due to concerns over yield 
reduction and increased weed pressure. Previous 
studies indicate that water-saving irrigation may 
increase weed growth and crop–weed competition 
due to reduced flooding, which otherwise sup-
presses weed emergence and establishment (Bou-
man and Tuong, 2001; Brim-DeForest et al., 2017; 
Dossou-Yovo and Saito, 2021).

Accordingly, this study aims to experimental-
ly evaluate and optimize irrigation regimes within 
SRI-based paddy systems under tropical field con-
ditions in Indonesia. By integrating multi-season 
measurements of CH4 and N2O fluxes, GWP, grain 
yield, and water-use efficiency (WUE), this study 
seeks to identify irrigation strategies that minimize 
net greenhouse gas emissions without compro-
mising productivity. We hypothesize that (i) op-
timized intermittent irrigation within SRI systems 
can significantly reduce CH4 emissions compared 
with CF, (ii) increases in N2O emissions under 
such regimes do not offset the overall reduction in 
GWP, and (iii) yield and WUE can be maintained 
or improved under optimized water management.

MATERIALS AND METHODS

Experimental setup

The experiment was carried out at Kinjiro 
Farm (6°35′35.36″ S; 106°46′17.95″ E) in Bogor, 
Indonesia, across three growing seasons between 
2016 and 2018. The first season spanned from 
April 14 to August 4, 2016, followed by the sec-
ond from April 8 to July 29, 2017, and the third 
from January 20 to May 12, 2018. Each cultiva-
tion cycle lasted 112 days. The site is character-
ized by a humid tropical climate, classified as Af 
(tropical rainforest climate) according to the Köp-
pen–Geiger system, with an average annual pre-
cipitation of approximately 3500–4000 mm and 
a mean annual temperature of around 26–27 °C.

The experiment was established using con-
trolled field-based paddy plots (2 × 2 m, soil depth 
30 cm). Each plot was hydraulically isolated by 
an impermeable bottom layer constructed using 
a cement–sand mixture and surrounded by brick 
walls coated with fine cement–sand plaster to a 

height of approximately 50 cm to prevent seep-
age and inter-plot water exchange. This design al-
lowed precise control of irrigation regimes while 
maintaining near-field hydrological conditions. 
The experimental design followed a completely 
randomized design (CRD) with two replicates per 
treatment (CF, wet, and dry) due to the controlled 
experimental setup and high level of environmen-
tal uniformity across plots. Treatments were ran-
domly assigned to plots to minimize spatial bias. 
The schematic layout of the experimental plots is 
presented in Figure 1.

Rice was cultivated following SRI principles, 
including transplanting single seedlings (14 days 
after sowing) at 30 × 30 cm spacing using the Per-
tiwi variety, a widely cultivated Indonesian low-
land rice cultivar characterized by medium growth 
duration (±110–115 days), good tillering capacity, 
and moderate yield potential under irrigated con-
ditions. Soil physicochemical properties were ana-
lyzed prior to the experiment (Table 1). The soil at 
the experimental site was classified as clay loam, 
consisting of 23% sand, 34% silt, and 43% clay. It 
exhibited a slightly acidic to neutral pH (6.7), with 
relatively high organic carbon content (3.84%) and 
moderate total nitrogen (0.20%), resulting in a C/N 
ratio of 19. The soil had a bulk density of 0.68 g 
cm⁻³ and a particle density of 1.96 g cm⁻³, indicat-
ing a relatively well-structured soil condition. The 
volumetric soil moisture content at field condition 
was approximately 0.60 m³ m⁻³.

Fertilizer applications were standardized 
across all treatments. Urea was applied at rates of 
100 kg ha⁻¹ during 0–10 DAT, 100 kg ha⁻¹ during 
20–30 DAT, and 75 kg ha⁻¹ during 35–45 DAT. 
SP-36 was applied at 100 kg ha⁻¹ during 0–10 
DAT, while KCl was applied at 75 kg ha⁻¹ dur-
ing both 0–10 DAT and 35–45 DAT. All fertilizers 
were applied manually by surface broadcasting 
and lightly incorporated into the topsoil (0–5 cm) 
to reduce nutrient losses and improve availability 
under varying soil moisture conditions.

Three irrigation treatments were implement-
ed: flooded (FL), wet, and dry. Under the FL re-
gime, a water layer of 2–5 cm above the soil sur-
face was maintained for most of the growing pe-
riod. In the wet regime, the water level was kept 
at 1 cm flooded until 20 days after transplanting 
(DAT) and subsequently maintained at the soil 
surface (0 cm). In the dry regime, water depth 
was maintained at 1 cm until 20 DAT, followed 
by 0 cm from 21 to 30 DAT, and then lowered to 
−5 cm below the soil surface until harvest. Water 
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levels were monitored using eTape-water level 
sensors that attached in the perforated PVC tubes 
(field water tubes) inserted vertically into the soil 
to a depth of approximately 30 cm, with gradu-
ated scale markings to indicate water depth rela-
tive to the soil surface. Water depth was measured 
daily, and irrigation or drainage was adjusted 
manually to maintain target water levels for each 
treatment. A schematic representation is provided 
in Figure 1, whereas Figure 2 presents represen-
tative field conditions, highlighting contrasts in 

standing water depth and soil surface exposure 
among treatments.

Sampling and analysis of greenhouse gas 
fluxes

Methane (CH4) and nitrous oxide (N2O) fluxes 
were measured using the closed static chamber 
method. Chambers (30 × 30 × 120 cm) were in-
stalled on permanent base frames (30 × 30 × 20 
cm), which were inserted into the soil to ensure an 
airtight seal (Figure 3). Gas sampling was conduct-
ed weekly between 11:00 a.m. to and 01:00 p.m. 
to minimize diurnal variability. During each sam-
pling event, gas samples were collected at 0, 10, 
20, and 30 minutes after chamber closure. Head-
space air was mixed using an internal fan prior to 
sampling to ensure homogeneous gas distribution.

Gas samples were collected into 200 mL 
Tedlar bags and subsequently transferred into 10 
mL pre-evacuated glass vials using gas-tight sy-
ringes. Gas concentrations were analyzed using a 
gas chromatograph (GC) equipped with a flame 
ionization detector (FID) for CH4 and an electron 
capture detector (ECD) for N2O and fitted with 
a stainless-steel packed column. The GC sys-
tem was calibrated using certified standard gases 
with known concentrations, and calibration was 

Table 1. Physicochemical properties of soil at the 
location

Soil parameters Value

Soil texture

Sand 23%

Silt 34%

Clay 43%

Soil pH 6.7

Soil organic carbon 3.84%

Total nitrogen 0.20%

Bulk density 0.68 g/cm3

Particle density 1.96 g/cm3

Soil moisture 0.600 m3/m3

C/N ratio 19

Figure 1. Schematic representation of water level regulation under three irrigation regimes (FL, wet, and dry)
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performed before each measurement batch to en-
sure analytical accuracy

Gas fluxes were calculated from the linear 
change in gas concentration over time (ppm min⁻¹), 
following the equation (Equation 1) (IAEA, 1993), 
and adjusted for chamber volume, surface area, air 
temperature, and atmospheric pressure.

	 𝐸𝐸 =  𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 ×  𝑉𝑉

𝐴𝐴  ×  𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚  × 273.2

273.2+𝑇𝑇 (1) 
 
 
∫ 𝑓𝑓 (𝑥𝑥)𝑑𝑑𝑑𝑑 ≈ 𝑏𝑏−𝑎𝑎

6 [𝑓𝑓(𝑎𝑎) + 4 𝑓𝑓 (𝑎𝑎+𝑏𝑏
2 ) + 𝑓𝑓(𝑏𝑏)]𝑏𝑏

𝑎𝑎  (2) 
 
𝑊𝑊𝑊𝑊𝑖𝑖 = 𝑊𝑊𝑊𝑊𝑖𝑖−1 + 𝑃𝑃 + 𝐼𝐼 − (𝐸𝐸𝐸𝐸𝑎𝑎 + 𝑅𝑅𝑅𝑅)  (3) 
 
𝑊𝑊𝑊𝑊𝐼𝐼+𝑃𝑃 = 𝑌𝑌

𝐼𝐼+𝑃𝑃 (4) 
 
𝑊𝑊𝑊𝑊𝐸𝐸𝐸𝐸 = 𝑌𝑌

𝐸𝐸𝐸𝐸𝐸𝐸 (5) 
 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑌𝑌

𝐼𝐼   (6) 
 

	 (1)

where:	E represents the gas flux (mg m⁻² min⁻¹), 
δC/δt denotes the rate of change in gas 

concentration over time (ppm min⁻¹), 
V is the chamber volume (m³), A is the 
chamber surface area (m²), mV is the mo-
lar volume of the gas (22.41 L at standard 
temperature and pressure), mW is the mo-
lecular weight of the respective gas, and T 
is the sampling temperature (°C).

Positive flux values indicate net emissions, 
whereas negative values represent gas uptake. 
Only fluxes showing a consistent and physically 
meaningful change in gas concentration over 

Figure 2. Surface water status under contrasting irrigation thresholds (FL, wet, and dry) 
in SRI-managed rice plots

Figure 3. In situ greenhouse gas sampling using the closed static chamber method in experimental paddy plots
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time were included in the analysis. While many 
measurements exhibited strong linearity, some 
flux estimates showed lower R2 values, particu-
larly under low emission conditions or minimal 
concentration gradients. These data were re-
tained when the concentration changes remained 
monotonic and consistent with expected emis-
sion behaviour. The variability in R² reflects nat-
ural field conditions and is commonly reported 
in chamber-based GHG measurements.

Figure 4 provides representative regression 
examples of CH4 and N2O concentrations over 
time, indicating acceptable linearity under field 
conditions (R² > 0.80). The corresponding fluxes 
derived from these regressions were 8.11 mg/m2/
day for CH4 and 4.24 mg/m2/day for N2O, illustrat-
ing the reliability of the flux estimation approach.

Seasonal cumulative emissions were esti-
mated by integrating discrete flux measurements 
over time using Simpson’s numerical integration 
method with a 7-day time step corresponding to 
the weekly sampling interval. The integration 
was applied between consecutive measurement 
points, as expressed in Equation 2.

	

𝐸𝐸 =  𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 ×  𝑉𝑉

𝐴𝐴  ×  𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚  × 273.2

273.2+𝑇𝑇 (1) 
 
 
∫ 𝑓𝑓 (𝑥𝑥)𝑑𝑑𝑑𝑑 ≈ 𝑏𝑏−𝑎𝑎

6 [𝑓𝑓(𝑎𝑎) + 4 𝑓𝑓 (𝑎𝑎+𝑏𝑏
2 ) + 𝑓𝑓(𝑏𝑏)]𝑏𝑏

𝑎𝑎  (2) 
 
𝑊𝑊𝑊𝑊𝑖𝑖 = 𝑊𝑊𝑊𝑊𝑖𝑖−1 + 𝑃𝑃 + 𝐼𝐼 − (𝐸𝐸𝐸𝐸𝑎𝑎 + 𝑅𝑅𝑅𝑅)  (3) 
 
𝑊𝑊𝑊𝑊𝐼𝐼+𝑃𝑃 = 𝑌𝑌

𝐼𝐼+𝑃𝑃 (4) 
 
𝑊𝑊𝑊𝑊𝐸𝐸𝐸𝐸 = 𝑌𝑌

𝐸𝐸𝐸𝐸𝐸𝐸 (5) 
 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑌𝑌

𝐼𝐼   (6) 
 

	(2)

where:	a and b represent consecutive sampling 
times, and f(a) and f(b) are the corre-
sponding greenhouse gas fluxes (mg/m2/
day) at times a and b, respectively.

Hydrological and meteorological 
measurements and analysis

Water balance was estimated using a simpli-
fied lysimeter-based approach, accounting for in-
flows (precipitation, P; irrigation, I) and outflows 

(actual evapotranspiration, ETₐ; runoff/drainage, 
RO), expressed by Equation 3.

	

𝐸𝐸 =  𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 ×  𝑉𝑉

𝐴𝐴  ×  𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚  × 273.2

273.2+𝑇𝑇 (1) 
 
 
∫ 𝑓𝑓 (𝑥𝑥)𝑑𝑑𝑑𝑑 ≈ 𝑏𝑏−𝑎𝑎

6 [𝑓𝑓(𝑎𝑎) + 4 𝑓𝑓 (𝑎𝑎+𝑏𝑏
2 ) + 𝑓𝑓(𝑏𝑏)]𝑏𝑏

𝑎𝑎  (2) 
 
𝑊𝑊𝑊𝑊𝑖𝑖 = 𝑊𝑊𝑊𝑊𝑖𝑖−1 + 𝑃𝑃 + 𝐼𝐼 − (𝐸𝐸𝐸𝐸𝑎𝑎 + 𝑅𝑅𝑅𝑅)  (3) 
 
𝑊𝑊𝑊𝑊𝐼𝐼+𝑃𝑃 = 𝑌𝑌

𝐼𝐼+𝑃𝑃 (4) 
 
𝑊𝑊𝑊𝑊𝐸𝐸𝐸𝐸 = 𝑌𝑌

𝐸𝐸𝐸𝐸𝐸𝐸 (5) 
 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑌𝑌

𝐼𝐼   (6) 
 

	 (3)

where:	WL represents the water level (mm), and i 
denote time (days).

Precipitation was measured using an ECRN-
100 precipitation sensor, while irrigation inflow 
was quantified using a water flow meter installed 
on the inlet pipe. Runoff/drainage were controlled 
manually using an outlet valve (tap) installed on 
each plot. When the water level exceeded the tar-
get threshold, the valve was opened to release ex-
cess water, which was collected in a container and 
measured volumetrically to quantify drainage.

Weather data, including solar radiation, air 
temperature, relative humidity, and wind speed, 
were measured using an integrated sensor sys-
tem consisting of a PYR solar radiation sensor, 
EHT RH/temperature sensor, and anemometer. 
All sensors were connected to an EM50 data log-
ger, which automatically recorded measurements 
at regular intervals throughout the experimental 
period. Reference evapotranspiration (ETo) was 
calculated using the FAO Penman–Monteith 
equation (Allen et al., 1998). Actual evapotrans-
piration (ETa) was estimated as the residual term 
of the water balance equation, assuming negli-
gible capillary rise and deep percolation due to 
the impermeable plot boundaries, and no lateral 
water exchange between plots.

Assessment of grain yield and water 
productivity metrics

Grain yield was determined for each irriga-
tion regime at harvest and expressed in tons per 
hectare (t ha⁻¹). Although grain moisture content 

Figure 4. Regression examples of CH4 and N2O concentrations over time
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was not directly measured, harvesting was con-
ducted under consistent field conditions and at 
the same timing across all treatments, thereby 
minimizing variability in grain moisture content. 
Consequently, yield comparisons are considered 
reliable for evaluating relative treatment effects.

Water productivity was evaluated using two 
approaches, based on total water input and actual 
evapotranspiration. Water productivity with re-
spect to total water inflow (WPI+P) was calculated 
as the ratio between grain yield (Y) and the sum 
of irrigation (I) and precipitation (P), while water 
productivity based on actual evapotranspiration 
(WPET) was calculated as the ratio between yield 
and ETₐ, as shown in Equations 4 and 5.

	

𝐸𝐸 =  𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 ×  𝑉𝑉

𝐴𝐴  ×  𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚  × 273.2

273.2+𝑇𝑇 (1) 
 
 
∫ 𝑓𝑓 (𝑥𝑥)𝑑𝑑𝑑𝑑 ≈ 𝑏𝑏−𝑎𝑎

6 [𝑓𝑓(𝑎𝑎) + 4 𝑓𝑓 (𝑎𝑎+𝑏𝑏
2 ) + 𝑓𝑓(𝑏𝑏)]𝑏𝑏

𝑎𝑎  (2) 
 
𝑊𝑊𝑊𝑊𝑖𝑖 = 𝑊𝑊𝑊𝑊𝑖𝑖−1 + 𝑃𝑃 + 𝐼𝐼 − (𝐸𝐸𝐸𝐸𝑎𝑎 + 𝑅𝑅𝑅𝑅)  (3) 
 
𝑊𝑊𝑊𝑊𝐼𝐼+𝑃𝑃 = 𝑌𝑌

𝐼𝐼+𝑃𝑃 (4) 
 
𝑊𝑊𝑊𝑊𝐸𝐸𝐸𝐸 = 𝑌𝑌

𝐸𝐸𝐸𝐸𝐸𝐸 (5) 
 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑌𝑌

𝐼𝐼   (6) 
 

	 (4)

	

𝐸𝐸 =  𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 ×  𝑉𝑉
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In addition, water use efficiency (WUE) was 
calculated to assess the efficiency of irrigation 
water use, defined as the ratio between grain yield 
and irrigation input, as expressed in Equation 6.
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where:	WUE is expressed in kg m⁻³.

Statistical analysis and the limitation of study

Statistical analyses were conducted to evalu-
ate the effects of irrigation regimes on CH4 and 
N2O emissions, GWP, grain yield, and water use 
indicators. Due to the limited number of replicates 
within individual seasons, data were pooled across 
years to assess overall treatment responses and 
improve analytical robustness. All statistical anal-
yses were performed using R statistical software. 
Analysis of variance (ANOVA) was applied, fol-
lowed by least significant difference (LSD) tests at 
a significance level of p < 0.05 to compare water 
regime treatment means. Given the limited repli-
cation, the statistical results should be interpreted 
with caution and are intended to reflect general 
trends rather than precise effect sizes.

Emission measurements in 2016 were con-
ducted without replication and are therefore 
presented descriptively. In 2017 and 2018, mea-
surements were conducted with two replicates 
per treatment. While this level of replication is 
below the conventional standard, such constraints 
are not uncommon in controlled field-based 

environmental experiments due to logistical and 
instrumentation limitations.

Grain yield for 2017 was approximated us-
ing a linear regression model due to severe bird 
damage prior to harvest based on the relationship 
between productive tiller number and observed 
yield data from 2016 and 2018. However, the de-
rived model (Yield = 6.09 + 0.020 × tiller number) 
showed a low coefficient of determination (R2 = 
0.23), indicating limited predictive accuracy and 
substantial unexplained variability. Therefore, the 
estimated 2017 yield values are used only as in-
dicative estimates and were not employed as the 
primary basis for statistical inference.

To account for these limitations, the study 
emphasizes the consistency of observed patterns 
across seasons and variables rather than relying 
solely on statistical significance. Excluding the es-
timated 2017 data does not alter the overall trends 
among irrigation treatments, supporting the ro-
bustness of the study conclusions. This approach 
is consistent with previous experimental studies 
dealing with heterogeneous datasets and limited 
replication, where statistical analysis is used pri-
marily to support pattern identification rather than 
strict inference (Vambol and Borowski, 2026).

RESULTS

Meteorological conditions across cropping 
seasons

Figure 5 summarizes the meteorological con-
ditions recorded during the three cropping sea-
sons, including air temperature, relative humid-
ity, solar radiation, reference evapotranspiration 
(ET₀), and precipitation. Overall, the observed 
weather conditions exhibited moderate interan-
nual variability rather than complete uniformity. 
Maximum air temperature remained nearly con-
stant at 35.9 °C in 2016 and 2017 and slightly 
increased to 36.2 °C in 2018. In contrast, mean 
air temperature showed a gradual decline from 
26.9 °C in 2016 to 26.2 °C in 2018. Minimum air 
temperature varied only slightly (20.1–20.6 °C), 
indicating relatively consistent nighttime thermal 
conditions. These temperature ranges fall within 
the generally optimal range for rice cultivation 
(25–35 °C), suggesting that thermal conditions 
were suitable for crop growth throughout the 
study period.
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Relative humidity ranged from 82.7% to 
84.6%, indicating consistently high atmospheric 
moisture conditions across seasons. While such 
conditions are generally favourable for rice growth 
by reducing evaporative demand, they may also 
increase the risk of disease incidence under pro-
longed exposure. Solar radiation showed a slight 
decreasing trend from 13.0 MJ/m2/d in 2016 to 
12.1 MJ/m2/d in 2018. A similar declining pattern 
was observed in reference evapotranspiration, 
which decreased from 3.25 mm/d to 2.43 mm/d, 
reflecting reduced atmospheric evaporative de-
mand over time.

In contrast to other parameters, precipitation 
exhibited substantial variability among seasons, 
ranging from 1025 mm in 2018 to 1414 mm in 
2017, representing a difference of approximately 
38%. This variation suggests that rainfall distribu-
tion may have contributed to differences in water 
availability and potentially influenced emission 
dynamics and crop performance across seasons.

Seasonal CH4 and N2O emissions

Figure 6 illustrates the temporal dynamics of 
CH4 fluxes across three cropping seasons under 

different irrigation regimes. Overall, CH4 fluxes 
exhibited considerable variability over time and 
between seasons, with both positive and negative 
values observed. The highest CH4 fluxes were 
generally recorded under the flooded (FL) regime. 
For example, peak emissions reached 1184.2 mg/
m2/day at 28 DAT in 2017 and 961.9 mg/m2/day 
at 105 DAT in 2016. On average, CH4 fluxes were 
highest under FL (155.8 mg/m2/day), followed by 
the WET regime (119.9 mg/m2/day) and the DRY 
regime (68.8 mg/m2/day) as presented in Figure 
6. This pattern indicates that prolonged inunda-
tion tends to promote higher methane emissions

Under the wet regime, CH4 fluxes were gener-
ally lower than those observed under continuous 
flooding, although relatively high values were 
occasionally recorded. For instance, CH4 flux 
reached 1044.4 mg/m2/day at 28 DAT in 2017, 
approaching the levels observed under the FL re-
gime. In several cases (e.g., early growth stages in 
2017), negative CH4 fluxes were observed. These 
values may indicate temporary net methane up-
take or reflect low concentration gradients and 
measurement uncertainty under field conditions 
and therefore should be interpreted with caution. 
The dry regime consistently showed the lowest 

Figure 5. The meteorological conditions recorded during the three cropping seasons
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CH₄ fluxes among treatments. Negative fluxes 
were frequently observed, particularly at early 
stages (e.g., –155.2 mg/m2/day at 0 DAT in 2016), 
while positive emissions were generally lower 
and less pronounced compared to the FL and 
wet regimes (e.g., 250.4 mg/m2/day at 21 DAT in 
2018). Across all seasons, a general pattern was 
observed in which higher water levels tended to 
be associated with higher CH₄ emissions, while 
reduced water levels were associated with lower 
or occasionally negative fluxes. This trend is con-
sistent with previous studies indicating that water 
management plays an important role in regulating 
methane dynamics in paddy systems (Sha et al., 
2023; Lim et al., 2024).

A contrasting pattern was observed for N2O 
fluxes compared to CH4, with the FL regime 
generally showing the lowest N2O fluxes among 
water regimes, particularly in 2018 (Figure 7). 
Overall, N2O fluxes under FL remained low 
throughout most observation periods (e.g., 0.5 
mg/m2/day at 0 DAT in 2016 and -0.7 mg/m2/day 
at 91 DAT in 2018). On average, N2O fluxes were 
lowest under FL (-1.3 mg/m2/day), followed by 
wet (2.1 mg/m2/day) and dry (3.0 mg/m2/day) as 
presented in Figure 7, indicating a tendency for 

higher emissions under reduced water levels. 
These low values under FL are consistent with 
reduced oxygen availability in flooded soils. 
Negative N2O fluxes were occasionally observed 
(e.g., –18.0 mg/m2/day at 112 DAT in 2016). Such 
values may indicate temporary net N₂O uptake, 
potentially associated with the reduction of N2O 
to N2 during denitrification processes (Ishii et al., 
2011). However, these values may also reflect 
low concentration gradients and measure uncer-
tainty under field conditions and should therefore 
be interpreted with caution. 

Under the wet regime, N2O fluxes showed 
intermediate behaviour, with generally low back-
ground values and occasional emission peaks. For 
example, elevated fluxes were observed at 14.5 
mg/m2/day (35 DAT in 2017) and 26.0 mg/m2/
day (35 DAT in 2018). These episodic increases 
suggest the presence of transient soil conditions 
that may favour N2O production. Negative fluxes 
were also observed in some cases (e.g., -7.2 mg/
m2/day at 70 DAT in 2016), indicating periods of 
low emissions or possible net uptake, although 
such values should be interpreted cautiously. The 
dry regime generally exhibited higher N2O fluxes 
compared to FL and wet. Pronounced emission 

Figure 6. Seasonal CH4 fluxes under three irrigation regimes with mean values per treatment
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peaks were observed, particularly in 2018 (e.g., 
58.7 mg/m2/day at 42 DAT and 25.2 mg/m2/day at 
49 DAT). Negative or near-zero fluxes (e.g., -0.3 
mg/m2/day at 63 DAT in 2018) occurred less fre-
quently under DRY conditions.

Across all seasons, a general tendency was 
observed in which lower water levels were asso-
ciated with higher N2O fluxes, while continuously 
flooded conditions were associated with lower 
emissions. However, given the variability in the 
data and the presence of negative flux values, 
these patterns should be interpreted as indicative 
trends rather than definitive relationships.

Table 2 summarizes the cumulative CH4 and 
N2O emissions under different irrigation regimes 
across three cropping seasons, along with their 
mean values. CH4 emissions exhibited clear dif-
ferences among irrigation regimes. The FL re-
gime produced the highest mean CH4 emissions 
(190.3 kg ha⁻¹ season⁻¹), whereas the DRY re-
gime showed the lowest values (84.1 kg ha⁻¹ sea-
son⁻¹), corresponding to an approximate reduc-
tion of 56% relative to the FL. The WET regime 

displayed intermediate emissions (140.8 kg ha⁻¹ 
season⁻¹). Overall, CH4 emissions tended to de-
crease with decreasing water levels. Statistical 
analysis suggested differences among irrigation 
regimes (p ≈ 0.066); however, given the limited 
replication across seasons, these results should be 
interpreted cautiously and are considered indica-
tive of general trends rather than definitive statis-
tical significance.

In contrast to CH4, N2O emissions showed 
an opposite tendency. The DRY regime resulted 
in the highest mean N2O emissions (2.67 kg ha⁻¹ 
season⁻¹), followed by the wet regime (1.32 kg 
ha⁻¹ season⁻¹), while the lowest values were ob-
served under the FL regime (-0.87 kg ha⁻¹ sea-
son⁻¹). This pattern suggests that lower water lev-
els may promote conditions favourable for N2O 
production. Despite the increase in N2O emissions 
under drier conditions, the overall climate impact 
was primarily driven by CH4 emissions. The FL 
regime produced the highest global warming po-
tential (GWP) (4.899 kg CO2-eq ha⁻¹ season⁻¹), 
whereas the DRY regime resulted in the lowest 

Figure 7. Seasonal N2O fluxes under three irrigation regimes with mean values per regime
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GWP (3.000 kg CO2-eq ha⁻¹ season⁻¹), represent-
ing a reduction of approximately 39%. The wet 
regime showed intermediate values (4.164 kg 
CO2-eq ha⁻¹ season⁻¹). Overall, these results indi-
cate a trade-off between CH4 and N2O emissions 
under different irrigation regimes. While water-
saving irrigation may increase N2O emissions, the 
substantial reduction in CH4 emissions tends to 
result in a lower overall global warming potential.

Water use performance across irrigation 
regimes

Grain yield and water productivity under the 
three irrigation regimes are summarized in Table 
3. Averaged across the three growing seasons, 
mean grain yield ranged from 6.05 ± 1.20 t ha⁻¹ 
under the FL regime to 6.39 ± 0.53 t ha⁻¹ under the 
dry regime, while the wet regime produced 6.34 ± 
1.00 t ha⁻¹. Statistical analysis did not indicate sig-
nificant differences among irrigation regimes (p > 
0.05), suggesting that reduced irrigation intensity 
did not adversely affect rice productivity.

Despite the absence of statistically significant 
differences, a consistent pattern was observed 
in which the dry and wet regimes tended to pro-
duce slightly higher yields than the continuously 
flooded system. In the first season (2016), the dry 
regime achieved the highest yield (6.00 t ha⁻¹), 
while in the third season (2018), the wet regime 

recorded the highest yield (6.85 t ha⁻¹). These ob-
servations indicate that intermittent irrigation can 
maintain rice yields comparable to those under 
continuous flooding. This finding is in line with 
previous studies showing that water-saving irriga-
tion practices can sustain crop productivity while 
reducing water inputs (Bouman et al., 2007).

Table 3 also presents irrigation water input 
and associated water productivity indicators. 
Across the three seasons, the dry regime consis-
tently required the lowest irrigation input, rang-
ing from 91 to 302 mm, compared with 136–498 
mm under the FL regime and 114–378 mm under 
the wet regime. On average, irrigation water use 
under the dry regime was reduced by approxi-
mately 21–39% relative to FL and 6–20% rela-
tive to the wet. The reduced irrigation input under 
the dry regime was associated with improved wa-
ter productivity. Averaged across seasons, water 
productivity based on irrigation plus precipita-
tion (WPI+P) reached 0.47 ± 0.08 kg m⁻³ under 
the dry, slightly higher than 0.46 ± 0.14 kg m⁻³ 
under the wet and 0.42 ± 0.15 kg m⁻³ under the 
FL. Similarly, water productivity based on evapo-
transpiration (WPET) increased from 1.65 ± 0.56 
kg m⁻³ under the FL to 1.92 ± 0.39 kg m⁻³ under 
the dry. A more pronounced difference was ob-
served in water use efficiency (WUE), where the 
dry regime achieved the highest mean value (4.52 
± 2.40 kg m⁻³), followed by the WET (3.98 ± 2.37 

Table 2. Cumulative GHG emissions and global warming potential across regimes

Season Regime
Parameters

CH4
(kg ha⁻¹ season⁻¹)

N2O
(kg ha⁻¹ season⁻¹)

GWP*
(kg CO2-eq ha⁻¹ season⁻¹)

2016

FL 173.6 -1.81 4,193

WET 145.1 1.34 4,283

DRY 100.7 1.33 3,082

2017

FL 267.0 0.45 7,332

WET 153.3 -0.62 3,972

DRY 118 0.33 3,275

2018

FL 130.2 -1.26 3,172

WET 124.0 3.25 4,236

DRY 33.6 6.36 2,644

Average

FL 190.3 ± 69.2a** -0.87 ± 1.15a** 4899 ± 2112a**

WET 140.8 ± 15.1ab** 1.32 ± 1.94a** 4164 ± 167a**

DRY 84.1 ± 44.8b** 2.67 ± 3.23a** 3000 ± 321b**

LSD (0.05) 93 3.89 1760

Note: *GWP: the global warming potentials at the 100-year time horizon of 27 and 273 for CH4 and N2O, 
respectively (IPCC AR6), **Values are presented as mean ± standard deviation (n = 3 seasons). Different letters 
within a column indicate significant differences at p < 0.05 according to the LSD test.
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kg m⁻³) and the FL (3.17 ± 2.00 kg m⁻³). Overall, 
these results suggest that water-saving irrigation 
enhances water productivity and efficiency while 
maintaining comparable grain yields.

DISCUSSION

The system of rice intensification (SRI), espe-
cially implemented through the dry regime in this 
study, demonstrated its effectiveness in improv-
ing water-use performance without compromising 
yield. As shown in Table 3, the dry regime main-
tained comparable grain yield (6.39 t ha⁻¹) relative 
to the wet (6.34 t ha⁻¹) and the FL (6.05 t ha⁻¹), de-
spite substantially lower irrigation input. Although 
these differences were not statistically significant, 
the consistency of this pattern across seasons sug-
gests that reduced irrigation intensity can sustain 
rice productivity under SRI-based management.

The ability of the dry regime to maintain yield 
is closely related to improved soil aeration condi-
tions. Intermittent drying enhances oxygen avail-
ability in the root zone, which supports root devel-
opment and nutrient uptake. In the current study, 
this is reflected in the stable yields observed under 
reduced water input (Table 3). In SRI rice culti-
vation, improved root development is associated 
with water management practices that avoid pro-
longed soil flooding and promote better soil aera-
tion (Doni et al., 2023) Reduced water levels en-
courage roots to grow deeper into the soil profile 
in search of water and nutrients, as reported in pre-
vious studies (Arif et al., 2022; Aziez et al., 2018; 

Setiawan et al., 2014). This mechanism is consis-
tent with the performance of the dry regime in this 
study, where comparable yields were maintained 
despite lower irrigation input, suggesting effec-
tive root functioning under intermittent soil mois-
ture conditions. Similar mechanisms have been 
reported in previous studies, where non-flooded 
or intermittently irrigated conditions promoted 
deeper and more active root systems (Bouman et 
al., 2005; Thakur et al., 2018). Thus, the results 
of this study reinforce the role of controlled soil 
aeration as a key factor in sustaining productivity 
under water-saving irrigation.

In addition to maintaining yield, the dry re-
gime substantially improved water-use perfor-
mance. As indicated in Table 3, the dry treatment 
consistently required the lowest irrigation input 
(91–302 mm), resulting in higher water produc-
tivity and efficiency. Water use efficiency (WUE) 
reached 4.52 kg m⁻³ under the dry, compared with 
3.98 kg m⁻³ under the WET and 3.17 kg m⁻³ un-
der the FL. This improvement in WUE directly 
reflects the more efficient conversion of water 
into grain yield under limited water supply. Simi-
lar trends have been reported in deficit irrigation 
studies, where reduced water input leads to lower 
non-productive losses such as evaporation and 
percolation (Geerts and Raes, 2009). Therefore, 
the present results confirm that water-saving ir-
rigation enhances water productivity primarily 
through improved water allocation efficiency.

Importantly, the benefits of the dry regime ex-
tend beyond water productivity to climate impact 
mitigation. As shown in Table 2, the dry regime 

Table 3. Grain yield and water use efficiency metrics across irrigation regimes

Season Regimes Yield (t ha-1) Irrigation 
(mm) ETa (mm) WPI+P (kg m-3) WPET (kg m-3) WUE (kg m-3)

2016

FL 4.69 498 461 0.27 1.02 0.94

WET 5.19 378 421 0.33 1.23 1.37

DRY 6.00 302 408 0.40 1.47 1.99

2017

FL 6.95* 183 378 0.44 1.84 3.80

WET 6.99* 153 349 0.45 2.00 4.57

DRY 6.99* 145 338 0.45 2.07 4.82

2018

FL 6.51 136 310 0.56 2.10 4.78

WET 6.85 114 295 0.60 2.32 5.99

DRY 6.18 91 280 0.55 2.21 6.76

Average

FL 6.05 ± 1.20a 272 ± 195a 383 ± 76a 0.42 ± 0.15a 1.65 ± 0.56a 3.17 ± 2.00a

WET 6.34 ± 1.00a 215 ± 145a 355 ± 64a 0.46 ± 0.14a 1.85 ± 0.56a 3.98 ± 2.37a

DRY 6.39 ± 0.53a 179 ± 110a 342 ± 64a 0.47 ± 0.08a 1.92 ± 0.39a 4.52 ± 2.40a

Note: *Estimated using a linear regression model developed from the relationship between productive tiller 
number and observed yield in 2016 and 2018.
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produced the lowest global warming potential 
(3000 kg CO2-eq ha⁻¹ season⁻¹), compared with 
4164 kg CO2-eq ha⁻¹ under the wet and 4.899 kg 
CO2-eq ha⁻¹ under the FL. This corresponds to a 
reduction of approximately 39% relative to the 
FL, indicating a substantial mitigation potential. 
The reduction in GWP is primarily driven by the 
decrease in CH4 emissions under drier soil condi-
tions, as previously presented in Table 2. Aerobic 
soil environments suppress methanogenesis while 
promoting methane oxidation, thereby lowering 
overall CH4 emissions (Linquist et al., 2012).

However, this mitigation benefit is accompa-
nied by a trade-off in N2O emissions. As indicated 
in Table 2, N2O emissions increased under the dry 
regime compared to the FL, reflecting enhanced 
nitrification - denitrification processes under al-
ternating aerobic - anaerobic conditions. Despite 
this increase, the contribution of N2O to total 
GWP remained relatively small compared to the 
CH4, resulting in a net reduction in overall cli-
mate impact. This trade-off between CH4 and N2O 
emissions is well documented in rice systems 
(Bouwman et al., 2002), and the present study 
confirms that CH4 reduction generally outweighs 
the increase in N2O under water-saving irrigation.

Overall, the results demonstrate that integrat-
ing SRI management with water-saving irrigation 
provides multiple benefits. The dry regime con-
sistently maintained yield (Table 2), improved 
water use efficiency (Table 3), and reduced global 
warming potential (Table 2), primarily through 
substantial reductions in CH4 emissions (Table 
2). These findings highlight the potential of con-
trolled irrigation strategies to simultaneously ad-
dress water scarcity and climate change mitiga-
tion in rice production systems. Such approaches 
are particularly relevant in regions facing increas-
ing pressure on water resources and the need to 
reduce agricultural greenhouse gas emissions.

CONCLUSIONS

The results of this study demonstrate that wa-
ter-saving irrigation within the SRI can effectively 
reduce greenhouse gas emissions while maintain-
ing rice productivity. Among the tested irrigation 
regimes, the dry regime consistently produced the 
lowest methane (CH4) emissions and the lowest 
GWP. Averaged across the three growing seasons, 
the GWP under the dry regime was approximately 
28% lower than the wet regime and 39% lower 

than the FL regime. Although nitrous oxide (N2O) 
emissions were slightly higher under the dry re-
gime compared with the continuously flooded 
treatment, the overall climate impact remained 
substantially lower due to the large reduction in 
CH4 emissions. In terms of agronomic perfor-
mance, grain yield among irrigation regimes was 
statistically comparable across seasons, with av-
erage yields ranging from 6.05 to 6.39 t ha⁻¹. De-
spite using less irrigation water, the dry regime 
maintained similar yield levels while achieving 
the highest water use efficiency among the treat-
ments. These findings indicate that controlled 
water-saving irrigation under SRI can simultane-
ously maintain rice productivity, improve water-
use efficiency, and reduce the climate footprint of 
rice cultivation. Therefore, the dry irrigation re-
gime represents a promising strategy for sustain-
able rice production in water-limited rice-grow-
ing regions.
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