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Rice demand in Latin America is increasing rapidly, but few studies have identified management practices to
reduce water demand and soil greenhouse gas (GHG) emissions for irrigated rice systems in this region.
Therefore, we tested the hypothesis that alternate wetting and drying (AWD) irrigation could maintain crop
yields while mitigating global warming potential (GWP) compared to a conventional system with recommended
irrigation and nutrient management practices for tropical rice in Colombia. Over four consecutive growing
seasons, we monitored CH4 and N2O emissions, grain yield, and water consumption for two AWD treatments
(AWDs ¢y and AWD1g ¢ - Wwhere water drained to depths of 5 and 10 cm below the soil surface, respectively) and
a control, in which the field was drained multiple times during fertilizer applications and then continuously
flooded until harvest. The control had the highest water use across all rice seasons, with values ranging from
9260 to 16559 m> ha~! harvest ™. Implementation of AWD reduced cumulative water use by 19-56%, especially
in dry seasons. Both AWD treatments significantly reduced cumulative CH4 emissions by 72-100%, which is
consistent with previous research. A new finding is that AWD also decreased N2O emissions by 12-70%, which
was attributed to management of soil moisture during fertilizer application events. In total, AWD reduced GWP
by 25-73% compared to the control, with minimal impacts on crop productivity. Rice yields ranged from 5.2 to
8.2 Mg ha™!, with no significant difference among treatments in three of four seasons. This study shows that
AWD saves irrigation water while greatly reducing GWP with little agronomic penalty, suggesting this tech-
nology could be a promising strategy for GHG mitigation in tropical rice in Colombia. Because there are
important barriers to AWD adoption, future work should explore challenges at the farm-level as well as changes
in policy, irrigation infrastructure, and institutional arrangements to understand the potential for broader
implementation.

1. Introduction

Rice is the third most important cereal crop in the world after wheat
and maize, with a global production level of 515 million tons in 2022
(OECD/FAO, 2020). Rice is a staple supply of calories for half of hu-
manity, with more than 3 billion people depending on this crop as their
main source of energy and livelihood. However, much of rice cultivation
takes place under flooded conditions, with around 79 million irrigated

hectares worldwide, leading to serious sustainability challenges (Wass-
mann et al., 2019). It is estimated that agriculture consumes about 70%
of the world’s freshwater supplies (Campbell et al., 2017), of which
approximately 30-40% is used for rice cultivation (Bouman et al., 2007;
FAOSTAT, 2020; Surendran et al., 2021). Due to CH4 production in
flooded soils, rice accounts for nearly half of GHG emissions from global
croplands (Carlson et al., 2017). Most rice is produced in Asia, but
population growth and changing diets in Latin America and the
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Caribbean (LAC) are rapidly increasing the demand for rice. Recent
work suggests the LAC region has great potential for future agricultural
expansion (Méndez, 2020), however this could lead to a corresponding
increase in freshwater consumption and elevated GHG emissions.
Colombia is the third largest rice producing country in LAC after Brazil
and Peru, with a total production of 2.5 million tons per year (ENAM,
2021; World Agricultural Production, 2022). Competition for water use
among different sectors in this region, combined with growing threats of
climate change (increasing variability in rainfall and hotter, drier pe-
riods) currently makes it difficult for farmers to have enough water in
the right place at the right time. To address these challenges, rice
management practices that reduce water use and CH,4 emissions without
negatively impacting crop productivity are needed.

Rice cultivation is an important source of anthropogenic methane
(CHy4) and nitrous oxide (N20) emissions (IPCC, 2014). Carbon cycling
in flooded rice soils is controlled by anaerobic decomposition (meth-
anogenesis) and CH4 exchange between the soil and atmosphere, pri-
marily via plant transport (Bhattacharyya et al., 2019). The two
biochemical processes responsible for the production of N2O are nitri-
fication and denitrification, which are regulated by environmental and
biological factors such as temperature, water level, oxygen concentra-
tion, pH, and carbon and nitrogen substrate availability (Tian et al.,
2020). When considering the relative impact of each gas on GWP (CH4 +
N2O = GWP), the vast majority of GWP is CH4 emissions caused by
continuous flooding (Linquist et al., 2012). Therefore, GHG mitigation
efforts are often focused on water management such as non-continuous
flooding or alternate wetting and drying (AWD) irrigation to introduce
atmospheric O into soil (Liao et al., 2021). Soil drainage not only
promotes aerobic conditions which quickly inhibits methanogenesis and
stimulates oxidation of CH4 (methanotrophy), but also increases sul-
phate and ferric iron concentrations which delays subsequent CHy4 pro-
duction when soils are re-flooded (Ratering and Conrad, 1998).
However, N2O emissions may increase at AWD due to periodic drying
cycles during the growing season that increase the redox potential of the
soil. This increased redox potential can promote nitrification, resulting
in N2O emissions under subsequent aerobic conditions. In addition,
when the soil is re-flooded, denitrification processes may prevail,
potentially further contributing to N2O emissions (Balaine et al., 2019;
QOertel et al., 2016).

From an irrigation perspective, AWD is a widely researched water-
saving technology for rice cultivation (Carrijo et al., 2017; Lampayan
et al., 2015). However, whether N,O increases due to drainage events
more than the decrease in CH4 emissions will determine if AWD supports
a net reduction in GWP. Lagomarsino et al. (2016) found that AWD
reduced water use by 70% and CH,4 emission by 97%, but increased NoO
emissions fivefold in soils with a clay texture. Abid et al. (2019) reported
that N2O emissions were higher under AWD than under permanent
flooding, while Islam et al. (2018) showed that AWD reduced seasonal
CH4 emissions but increased N2O emissions by 23%. Colombia is one of
the first countries in LAC where AWD was tested in 2015 and 2016, with
CH4 emissions decreasing by 69% but N2O emissions being higher than
flooded rice (Chirinda et al., 2017). In general, previous work has found
that AWD reduces GWP despite higher NyO emissions (Jiang et al.,
2019), but an important consideration is that most studies compare
AWD with a continuously flooded control, emphasizing the benefits of
CH4 relative to NoO mitigation. In contrast, little work has evaluated the
performance of AWD in the context of non-continuous flooding, which is
an increasingly common agronomic practice. For example, recom-
mended water and nutrient management practices for rice production in
Colombia include multiple drainage events early in the season during
the timing of N fertilizer application (Fedearroz, 2017). These wet-dry
cycles could trigger higher N2O emissions, while also decreasing the
overall magnitude and importance of CH4 emissions compared to a
continuously flooded system. Thus, considering AWD is increasingly
promoted in different contexts, an important knowledge gap is how
additional wet-dry cycles under AWD influence net GHG mitigation
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compared to a non-continuously flooded system as the representative
management practice for a region.

Changes in crop productivity under AWD can be variable, especially
when implemented in different soil-climate combinations with different
severities of soil drying (Carrijo et al., 2017). Rice is sensitive to drought
stress, which significantly affects grain yield (Ahmad et al., 2021). While
some studies show no impact on yield (Carrijo et al., 2018; Leon et al.,
2021; Setyanto et al., 2018), other studies show an increase or decrease
in productivity (Carrijo et al., 2017; Djaman et al., 2018; Yang et al.,
2017). Mild-drought stress can reduce rice yield by 31%-64%, while
severe stress reduced it by 65%-85% compared to normal conditions
(Kumar et al., 2008). Considering this, the frequency and depth of field
drainage events are important factors to investigate when adapting
AWD practices to a region, especially in soils with a high percentage of
sand as they are likely to dry out more quickly. While the general
recommendation for AWD in Asia is to irrigate once water levels reach
15 cm depth below the soil surface (Lampayan et al., 2015), most
research has occurred in lowland fields with higher clay content. Given
that average yield reductions can be >20% due to water stress under
AWD (Carrijo et al., 2017), research is needed to identify appropriate
drainage depths in soils with high sand content to achieve GHG miti-
gation without negatively impacting grain yield.

In the present study, we investigated CH4 and N2O emissions, grain
yield, and water use under two levels of AWD (5 and 10 cm drainage
depth) compared with recommended management practices for tropical
rice in Colombia. The control included direct seeded rice with straw
removal, and flood irrigation except for drainage events to facilitate
multiple fertilizer application events during the first two months of crop
development. We hypothesized that implementing AWD could reduce
not only water consumption and CHy4 emissions, but also N3O emissions
without affecting crop yield compared to the control by allowing soil to
dry slightly more during fertilizer application events. In a two-year field
experiment covering four rice growing seasons, the specific objectives
were to: i) quantify seasonal CH4 and N3O emissions, ii) determine water
use and grain yield, and iii) evaluate GWP for each treatment.

2. Methodology
2.1. Site information and experimental design

From 2018-2020, a two-year experiment was conducted at the
Experimental Center "Lagunas" of the Colombian Rice Federation
(Fedearroz, Spanish acronym) (3° 55’ 59" North, 75° 1’ 1" West) in the
city of Saldana (Tolima, Colombia). In Saldana, the direct income of the
agricultural sector depends 100% on rice farming, which comprises 60%
irrigated rice and 35% dry rice. This activity generates 7.8-8.4% of the
gross value added at the national level (Dane, 2023). At an altitude of
305 m, the climate is characterized by pronounced dry seasons and
bimodal rainfall (Feb - Jun) and (Sep - Dec). The average annual rainfall
is 1099 mm, and the average annual temperature is 29 °C. Corre-
sponding to the two rainy seasons, there are usually two rice sowing
seasons per year, from April to June in the first semester and from
October to December in the second semester (Fedearroz, 2021). Soils at
the trial site are classified as shallow to moderately deep, well to
moderately well drained, low in organic carbon, slightly acidic, and
moderately fertile. The soil texture was a sandy loam (59% sand, 29%
silt, and 12% cay) with the following selected properties: 1.58 g cm™>
bulk density, 0.85% total organic C, and pH of 6.50 for the 0-10 cm
depth.

The field trial was designed as a randomized complete block (RCBD)
design with four replicates per treatment. Each plot covered an area of
170 m? (Fig. S1). Experiments were conducted during four consecutive
rice growing seasons (seasons I and II in 2019 and 2020). Details of crop
management including sowing, fertilizer application, irrigation, and
harvest dates for each season are shown in Table 1. All plots were
planted with the rice cultivar Fedearroz 67, a widely used commercial
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Table 1
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Crop management events during the 4 growing seasons of rice from 2018 to 2020. Treatments included the control, AWDs ., (moderate drying to 5 cm depth), and
AWD1 g ¢ (more intensive drying to 10 cm depth). Fertilizer sources included a combination of urea (U) — 46% N, ammonium sulfate (AS) — 21% N and 24% S, and

MicroEssentials (ME) — 12% N, 40% P50s, 10%S, 1% Zn.

Agronomic practices Growing season I

Growing season II

Growing season III Growing season IV

20/06/19 (0 days)

03/12/2019 11/05/2020
12/12/2019 22/05/2020
152 175

4 5

08/01/20 (0 days) 2/06/20 (0 days)

Sowing date (dd/mm/yy) 18/12/18 29/05/19
Germination date (dd/mm/yy) 26/12/18 07/06/19
Fertilizer N rate 170 176

(kg N ha™1)
# Fertilizer splits 4 5
Fertilizer application dates 05/01/19 (0 days)

(dd/mm/yy) 16/01/19 (11 days)

Fraction of N dose
(kg N ha 1)

28/01/19 (23 days)
13/02/19 (39 days)

05/01/19-23 (U+ME)
16/01/19-45 (U+AS)
28/01/19—-45 (U+AS)
13/02/19-56 (U+AS)

08/07/19 (18 days)
22/07/19 (32 days)
05/08/19 (46 days)
20/08/19 (61 days)

20/06/19—-41 (U+ME)
08/07/19-34 (U+AS)
22/07/19-45 (U+AS)
05/08/19—34 (U+AS)
20/08/19-23 (U+AS)

20/01/20 (12 days)
04/02/20 (27 days)
18/02/20 (41 days)

08/01/20—35 (U+ME)
20/01/20-34 (U+AS)
04/02/20—50 (U+AS)
18/02/20—34 (U+AS)

16/06/20 (14 days)
1/07/20 (29 days)
21/07/20 (49 days)
4/08/20 (63 days)
2/06/20—35 (U+ME)
16/06/20-34 (U+AS)
1/07/20-50 (U+AS)
21/07/20—34 (U+AS)
4/08/20—-23 (U+AS)

Irrigation dates
(dd/mm/yy)

AWDS cm
04/02/19
04/03/19

AWDIO cm
05/02/19
05/03/19

AWDS cm
28/06/19
04/07/19
15/07/19
30/07/19
12/08/19
27/08/19
05/09/19
11/09/19
17/09/19
23/09/19

Harvest date (dd/mm/yy) 08/04/19

17/10/2019

AWDIO cm AWDS cm AWDIO cm AWDS cm AWDIB cm
29/06/19 15/01/20 17/01/20 11/06/20 30/06/20
05/07/19 27/01/20 11/02/20 26/06/20 13/07/20
01/08/19 12/02/20 03/03/20 11/07/20 01/08/20
14/08/19 04/03/20 03/08/20

29/08/19

06/09/19

18/09/19

24/09/19

04/04/2020 09/09/2020

variety characterized by rapid initial growth and high tillering ability
(Ospina et al.,, 2022). Dry rice was sown directly with a drill at
120 kg ha™!. Fertilizer application was divided into 4-5 dates depending
on the climatic conditions during the production cycle (Table 1).
Weather conditions for each season are reported in the results.

Three water management treatments were implemented: two AWD
treatments and a control (C). In the control group, the soils remained
continuously flooded, except during the fertilizer application dates
when the plots were briefly drained, as described below. After the
fertilization period, typically within the first 40-60 days of crop devel-
opment, depending on the growing season, the rice fields were consis-
tently flooded to a depth of about 5 cm until harvest. During this period,
two AWD levels were employed: AWD5cm, considered moderate AWD,
involved lowering the water level to 5 cm below the soil surface before
irrigation, and AWD10cm, considered more intensive AWD, lowered the
water level to 10 cm below the soil surface before irrigation. To regulate
the water level below the soil surface for both treatments, we utilized a
piezometer constructed with a 30 cm long PVC pipe with a 15 cm
diameter, buried 15 cm below the soil surface, and equipped with side
perforations to allow for free water movement in each treatment. These
levels were selected to prevent plant stress, as the soil was expected to
drain quickly due to a high sand content and low soil organic matter.

Water management was similar in both the control and AWD treat-
ments during the first two months of the season, where plots were
drained to facilitate fertilizer application (Fedearroz, 2017). However,
AWD soils were allowed to dry a greater extent during each fertilizer
application event, targeting soil moisture near field capacity instead of
remaining close to saturation. In each growing season, the two AWD
treatments differed slightly in irrigation dates, with water levels typi-
cally dropping to 10 cm below the soil surface in AWD1 o, a few days
after AWD5 (. In addition, the number of irrigation events varied be-
tween growing seasons due to differences in rainfall, crop demand, and
the extent of soil drying (Table 1). In 2019, AWD treatments were irri-
gated twice in the first growing season, and 9-10 times in the second
growing season. In 2020, AWD treatments were irrigated 3-4 times in
both growing seasons. In order to maintain the desired water levels for

the AWDs and AWD; o treatments, a systematic approach was employed.
Piezometers were strategically installed in the soil at specific locations
within the experimental plots. These piezometers serve as monitoring
devices to measure the water depth continuously.

2.2. Greenhouse gas emissions

Gas sampling was performed using the static closed chambers tech-
nique described by Chirinda et al. (2017), with precautions taken in
chamber design, on-site gas sampling, and gas analysis to improve data
accuracy. Polyethylene chambers (114 L in volume and 80 cm in height)
were used in conjunction with custom-made chambers bases (40 cm in
height and 38 cm in diameter) that were sunk 5 cm into the soil
immediately after planting and were required to remain in equilibrium
for at least three days before sampling. A total of 12 static chambers
were installed in each of the plots (170 m?) in the center of the growing
area during the sampling season to avoid disturbance and edge effects.
During each gas sampling event, the chambers were closed for 45 mi-
nutes, and four gas samples were collected at regular intervals (0, 15, 30,
and 45 min). A system of vents was installed in the static chambers to
avoid pressure differences between the interior and exterior of the
chamber during gas sampling. A battery-powered fan was installed to
ensure homogeneity of the sample in the chamber before gas sampling.
Gas samples of 15 mL were collected with a propylene syringe and filled
with positive pressure into a pre-evacuated 5-mL glass Exetainer® vial
(Labco Ltd., Buckinghamshire, UK). Wooden walkways were placed in
the rice field prior to flooding periods to prevent soil disturbance during
sampling.

The measurement periods were the following: In the first growing
season, measurements were taken from January 5 to April 5, 2019; for
the second growing season, from June 20 to September 24, 2019; in the
third growing season, from January 8 to March 20, 2020; and in the
fourth growing season from June 2 to August 7, 2020. During each
growing season, gas sampling focused on fertilization events, with
measurements taken one day before fertilization and three consecutive
days after fertilization, and when irrigation was based on water levels
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that fell 5 or 10 cm below the soil surface. After the fertilization period
which lasted the first 40-60 days of each season, measurements were
taken approximately weekly until harvest weather permitting. All
samples were collected between 8:00 and 11:00 a.m., when soil tem-
perature was expected to be equal to the average daily values (Arenas
Calle 2016). The total number of sampling events for the first, second,
third, and fourth growing seasons was 20, 37, 23, and 27, respectively.

Concentrations of CH4 and N2O were determined by gas chroma-
tography (GC) using a Shimadzu GC —2014 with a ®3Ni electron capture
detector (ECD) for N,O and a flame ionization detector (FID) for CHy.
The detection range was 0.1 ppm for N»O and 0.061 ppm for CH4. Gas
samples were analyzed within four weeks of collection. Gas concentra-
tions were converted to fluxes based on the duration of chamber closure
(45 minutes) combined with the ideal gas law equation and measured
temperature and volume of the chamber. Cumulative fluxes for the
growing season were calculated by linear interpolation between sam-
pling dates. The total length of GHG monitoring was 59, 96, 56, and 66
days for the first, second, third, and fourth growing seasons, respec-
tively. We calculated NO emissions in units of N and CH4 emissions in
units of C. To calculate total GWP we first multiplied CH4-C and N2O-N
emissions by 16/12 and 44/28, respectively, to convert to units of CHy
and N5O and then multiplied by the 100-year GWP values of 273 for NoO
and 27.2 for CH4 to convert each gas to CO, equivalents (IPCC, 2021).
Total GWP is reported as the sum of N2O and CHy in units of kg CO3 eq.
ha L.

2.3. Rice grain yield, aboveground biomass, water use, and soil moisture

During each growing season, aboveground biomass was sampled at
two main phenological phases (flowering and harvest). Samples were
collected by randomly placing 0.25 m? quadrants within treatment plots
and cutting all aboveground biomass (including stems, leaves, and
panicles). Biomass samples were dried in a convection drying oven
(Colres industrial) at 70 °C for 24 hours until constant weight (Yepes
etal., 2011). Rice grains were harvested at physiological maturity from a
20 m? area within each plot. The grains were dried in an oven at 70 °C
for 72 hours. Grain yield is reported at 14% grain moisture content.

Water use was measured for each irrigation event using a Parshall
flume. The Parshall flume is an open channel in which water flows
horizontally, so the water flow rate (Q in m? harvest’l) can be deter-
mined by the water level in the Parshall flume (H in cm), assuming
shallow and horizontal water movement (Takeda et al., 2019). The
water level was measured using a level gage attached to the sidewall of
the Parshall Channel. Seasonal irrigation volumes were calculated by
summing the values obtained over the growing season. The number of
irrigation events during each season is shown in Table 1. Soil matric
potential (kPa) was measured using electrical resistance sensors from
WATERMARK (Irrometer Company Inc., California USA). This provided
an indication of soil moisture during field drainage periods for fertil-
ization and irrigation events.

2.4. Statistical analysis

To investigate treatments effects, the following statistical tests were
conducted using R statistical software (RStudio Team, 2020) with the
significance level set at p < 0.05. Analysis of variance (ANOVA) was
performed for cumulative fluxes of CH4 and N3O emissions, GWP, water
use, and grain yield using a randomized complete block design model.
When results violated the assumptions of homogeneity of variance and
normality of the ANOVA test, they were transformed accordingly using
logl0 or power functions. Due to significant interactions between
treatment and season, results were analyzed separately for each season.
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3. Results
3.1. Weather conditions

Air temperature and precipitation data for each season are shown in
Fig. 1. Average daily temperatures during this period ranged from 24 to
34°C for season one (Jan. — Apr. 2019), 27-34°C for season two (Jun. —
Sep. 2019), 26-36°C for season three (Jan. — Mar. 2020), and 23-30°C
for season four (May. — Aug. 2020). Seasons one, two, and four recorded
39, 30, and 31 precipitation days, respectively, while season three had
only 15 precipitation days. In growing seasons one and two, cumulative
precipitation was 650 and 111 mm, respectively, while in seasons three
and four it was 83 and 209 mm, respectively. The precipitation distri-
bution was uniform in growing periods one and four. While precipitation
was concentrated in the early stages of plant development in growing
period two, it was concentrated in the phenological growth stages of
tillering and flowering in the third season.

3.2. Rice grain yield, biomass, and water consumption

Rice grain yields were highest in the second and fourth growing
seasons, ranging from 7.25 to 8.15 Mg ha! (Table 2). In three of four
growing seasons (I, III, and IV seasons), there were no significant dif-
ferences in yield among treatments (P > 0.05). Only the yield of
AWDs ., was significantly reduced by 11% in the second season
compared with the control. In other seasons, the control treatment had a
slightly higher numerical yield compared to AWD treatments, but this
did not translate to statistical differences. In the third and fourth sea-
sons, aboveground biomass differed at the flowering stage in both sea-
sons but only at the harvest stage in the third season. At the two growth
stages evaluated, aboveground biomass was higher for the second sea-
son of 2019 than in the other seasons for all treatments (Table 3), which
resulted in a greater grain yield.

The control had the highest water consumption in all seasons
compared to the treatments with AWD, ranging from 9260 to 16559 m>
ha~! harvest ! (Fig. 2). Among the four growing seasons, water use for
the control was lowest in the first season, which was due to high rainfall
and lower irrigation demand. In this season, water use was lower by 33%
for AWDs ¢, and 50% for AWD1 ¢, treatments compared to the control.
In the second season, water use was lower by a similar amount for both
AWD treatments (34% for AWDs ., and 35% for AWD1g ¢)- In the third
season, irrigation use was 33% lower for AWDs ., and 19% lower for
AWD1 cm compared to the control. The climatic conditions of the third
season indicate that it was a drier semester. The water level in the
treatment at AWD1 ¢ ¢y, Was dropped to 10 cm below the soil surface, and
this indicates that it has fewer irrigation events, but more water had to
be added compared to the other semesters to reach the sheet of water. In
the fourth season, AWD decreased water use more than any other sea-
son, resulting in a 50% reduction for AWDs ., and 56% reduction for
AWD1om- Water consumption was generally reduced more by
AWD1¢ ¢m than AWDs (., across seasons.

3.3. Daily GHG fluxes and soil moisture

The daily fluxes of CH4 and N3O emissions were different for each
rice growing season evaluated (Figs. 3-6). Daily CH4 fluxes between
treatments showed high variability, with emissions ranging between
—5.79 and 6.22mg CHy - C m™2 d~! for the first season; —1.56 to
104.69 mg CH, - Cm™2 d™* for the second season; —2.08 to 154.70 mg
CH,4 - Cm~2d ™! for the third season, and —0.82 to 27.28 mg CHy4-C m2
d~! for the fourth season. In the control, an increase in CH, emission was
generally observed in the second half of the growing season near to the
finish of the flowering stage when the fertilizing was finished, and the
water level was constant (flooded). In the first season, daily CH4 emis-
sions were relatively low at < 6.22 mg CHy - Cm~2 d ! compared with
the other seasons (Fig. 3a). In the second season, the increase in daily
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Fig. 1. Minimum, mean, and maximum air temperatures and daily precipitation over four rice growing seasons between 2019 and 2020. Horizontal gray bars
represent growing seasons (S.I — S.IV). (a) Season I (January — April 2019) and season II (June — September 2019) and (b) season III (January — March 2020), and

season IV (May — august, 2020).

CH,4 emissions began after about 62 days in all treatments (Fig. 4a). The
increase in daily CH4 emissions in season two is likely due to a higher
number of irrigation events after the flowering stage owing to dry
conditions that increased water demand. The highest emissions occurred
toward the end of the growing season on days 77-96 in the control
treatment (101.95 + 15.17, 104.59 + 2.79, 56.20 + 16.9, and 94.43 +

7.61 mg CH, - Cm ™2 d ! on days 77, 89, 95, and 96, respectively). The
variation in CH4 emissions between the AWD treatments and the control
was lower in the third season except for one sampling date (Fig. 5a).
Among treatments there were no notable changes until day 13, yet high
CH4 emissions (154.70 + 1.95 mg CH4 - C m~2 d~!) were observed for
the control 14 days after germination, while for AWD treatments the
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Table 2

Effect of irrigation treatments on rice grain yield (Mg ha™!) in four growing
seasons. Within each column, values followed by the same letter are not
significantly different at p < 0.05.

Seasons 2019 2020

I I I v
Treatments  Rice grain yield (Mg ha™')
Control 6.23 £ 0.42a 815+ 0.27a 6.90 £0.63a 7.61+0.16a
AWDs ¢ 5.93 £+ 0.20a 7.25+0.36 b 5.82+0.77 a 7.51 +£0.47 a
AWD10 cm 516 +0.38a 748+ 0.13ab 6.25+0.23a 7.43+0.49a

changes in CH4 emissions were minor. In the fourth growing season, an
increase in daily CH4 emissions was observed 49 days after seeding
following the third fertilization event in the control treatment (Fig. 6a),
with soil matric potential mostly at saturation levels. Weather and soil
matric potential did not correlate directly with CH4 emissions, except for
the third season, where precipitation was positively correlated with CH4
emissions and soil matric potential was negatively correlated with CH4
emissions (P < 0.05). This season was drier than the other seasons
evaluated (83 mm).

The pattern of NyO emissions recorded was not consistent, with peak
fluxes sometimes occurring earlier and sometimes later each growing
season (Figs. 3b-6b). Importantly, NoO emissions following chemical
fertilizer application events during vegetative rice growth tended to be
higher under the control than AWD treatments, although there was often
variation between treatments in different seasons. In the first season
(Fig. 3b), the highest N,O peaks occurred after the first fertilization in
the control and AWDs ., treatments where soil matric potential was 12
and 27 kPa (Fig. 3c), respectively, and after the last fertilization dose (41
days) in the control treatment (0 kPa). In contrast, the high peaks of NoO
in season II occurred 2-4 days after the last fertilizer application for the
AWD1 g oy treatment (61 after seeding) (Fig. 4b). In season III, emissions
reached their highest levels 15 days after fertilization and 55 days after
the AWD;gm treatment, but AWDs ., and the control also showed
elevated emissions during the second half of the season (Fig. 5b). The
highest N>O emission peaks during season IV were 2 days after the
second fertilizer application for the control and AWDs ¢y, treatments
(Fig. 6b). No correlations were observed between weather and soil
matric potential and N,O emissions in any season.

Soil matric potential increased sharply during field drainage events
in the AWD treatments, albeit with a different magnitude among seasons
(Figs. 3c-6¢). The values of sandy loam soil matric potential typically
varied across treatments, ranging from near saturation (0-10 kPa) to
field capacity (10-36 kPa), or even drier under AWD management be-
tween irrigation events (> 36 kPa usual margin for irrigation). While
season one had high rainfall and only a few drainage events with
moderate soil drying, season two had the lowest precipitation, which
resulted in frequent and more severe soil drying events and the highest
number of irrigations (Figs. 3¢ and 4c). Seasonal patterns of soil matric
potential were more similar in seasons three and four, especially be-
tween irrigations in AWD (Figs. 5c and 6c¢). Despite flood irrigation
being practiced in the control except during fertilizer applications, it was

Table 3
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not always possible to keep the soil saturated due to the high sand
content and hydraulic conductivity, especially in years with lower
rainfall. The difficulty of retaining water in fields in dry years is typical
of conventional farming practices in the study region, meaning these
results are relevant to local production systems. As soil in the AWD
treatments was allowed to dry further than the control, matric potential
in AWD treatments either reached around field capacity during fertilizer
applications (season one), or lower soil moisture in years with less
precipitation (seasons two-four). The fluctuation in soil matric potential
explains the large changes in soil NoO emissions and reduction in CHy4
emissions during the fertilization period across the four growing
seasons.

3.4. Cumulative GHG emissions and GWP

The AWD treatments significantly reduced CH4 emissions compared
to the control in every growing season (Table 4). For the control, CHy
emissions were lowest in season I, highest in season II, and similar in
seasons III and IV. The CH4 mitigation achieved by AWDs ., and
AWD1 cm Was 91 and >100%, respectively, in season I, 74% and 88% in
season II, 81% and 90% in season III, and 72% and 100% season IV.
Cumulative N,O emissions significantly differed by treatment in three of
the four growing seasons studied, except in the fourth season.
Comparing AWD treatments to the control, cumulative N,O emissions
were reduced by 12-70% across seasons. However, in the second season,
the AWDs5 (o, treatment showed a 91% increase in NoO emissions. Cu-
mulative NoO emissions were highest in the second season (reaching
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Fig. 2. Water consumption for the control and two AWD treatments across four
rice cropping seasons. Season I (January — April 2019); season II (June —
September 2019); season III (January — March 2020), and season IV (May —
august, 2020).

Rice aboveground biomass at flowering and harvest growth stages in four rice production seasons. Within each column and sampling date, values followed by the same

letter are not significantly different at p < 0.05.

Seasons 2019 2020

2019 2020

I I juis v

I I juis v

Aboveground biomass (Mg ha™?)

Treatments Flowering stage Maturity stage

Date (mm/dd/yy) 3/8/2019 9/13/2019 3/7/2020 8/15/2020 4/8/2019 10/17/2019 4/4/2020 9/9/2020
Control 6.50 + 0.59 a 10.68 + 0.84 a 7.05 + 0.25 a 7.25 + 0.20 a 14.77 + 1.16 a 17.35+1.26 a 9.59 + 0.25 a 12.00 + 3.61 a
AWDs ¢ 6.18 £0.13a 9.92 + 2.08 a 4.63 +£0.29b 5.96 + 0.30 a 15.84 + 0.73 a 17.76 + 0.24 a 8.57 + 0.11 ab 10.18 + 2.47 a
AWD19 cm 6.12+0.42a 8.76 + 1.28 a 4.47 £ 0.13b 5.70 +1.20 b 14.61 +1.17 a 15.79 + 4.56 a 7.63 +£0.70 b 9.93 £0.55a
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Fig. 3. Daily CH,4 emissions (a), N2O emissions (b), and soil matric potential (c) during rice cropping season I (2019). Red arrows show fertilizer split dates, blue solid
arrows show irrigation events for AWDs ., and blue dash-dot arrows show irrigation events for AWD;g cp,,. Error bars indicate + 1 SE (n=3).

over 3kg NyO ha™1), and similar in range for the other seasons
(0.48-1.63 kg N;O ha™1).

On a 100-year time horizon, GWP was significantly higher in the
control than both AWD treatments in each of the four seasons evaluated
(Table 4). The highest GWP was found in season II, which presented
minor precipitation events, due to both elevated CH4 and N,O emissions
compared to other seasons. Across seasons the GWP of AWD was
25-73% less than that of control, owing to a 72-100% reduction in
cumulative CH4 emissions and a 12-70% decrease in cumulative N,O
emissions in both wet and dry seasons. The average contribution of NoO
to GWP across the three treatments was 58-100%, while for CHy
emissions it ranged from 0% to 42%. In general, the relative contribu-
tion of NoO to GWP increased with increasing soil drying (control <
AWDs ¢y < AWD1g cm), Whereas it decreased for CH4 emissions. There
was no apparent tradeoff between CH4 and N3O mitigation in AWD
treatments. In fact, there was a synergy with treatments that achieved
the highest reduction in CH4 emissions also showing the highest
reduction in N5O emissions.

4. Discussion
4.1. Yields and water use

In this experiment, AWD significantly reduced water use without
negatively affecting yield in three of four growing seasons. This is
consistent with a large number of studies showing that AWD can
decrease water inputs by around 25-70% without causing a reduction in
yield (Ishfaq et al., 2020). The lack of an agronomic penalty could be due
to the fact that water management was relatively similar in the AWD and
control during vegetative growth (Carrijo et al., 2017). During the
fertilization period early in the season (ending approximately 40-60

days after sowing, depending on season), fertilizer was applied in 4-5
doses. Each time soil drainage occurred in the AWD treatments, soil
matric potential decreased to somewhere between field capacity or
greater, while matric potential in the control was between saturation
and field capacity (sometimes with a small amount of standing flood-
water). Due to the relatively shallow drainage depth (5 or 10 cm) where
the soil matric potential reached the margin of irrigation, water stress
may not have occurred during these events. This could explain the
similar biomass observed between treatments at flowering during most
growing seasons. Moreover, later in the season during rice reproductive
growth, the period of soil drying between irrigation events in AWD
treatments was relatively short before irrigation was triggered. This was
due to the combination of high temperatures and high evaporative de-
mand by the plants, as well as rapid drainage in the sandy loam soil,
which typically resulted in only 1-3 days of soil drying time in AWD
treatments. A recent global analysis found that the number of unflooded
days in a rice growing season was among the strongest factors influ-
encing rice yield under AWD compared to other soil and climate vari-
ables (Bo et al., 2022). Therefore, the relatively short periods of drainage
likely allowed soil water availability to be maintained below 5 or 10 cm
depth, providing roots sufficient access to water, and helping avoid
drought stress that would normally result in yield loss (Carrijo et al.,
2018).

Previous studies suggest that AWD applied only during the early
growing season (45-65 days) or when the water table does not fall
>15 cm below the soil surface when practiced throughout the season
does not reduce yield (Carrijo et al., 2017; Zhou et al., 2017). Other
studies show there is often no yield reduction when AWD irrigation is
applied compared to continuous flooded rice systems (Oo et al., 2018a;
Setyanto et al., 2018), while others have documented a small yield loss
(Liao et al., 2021). Although soil matric potential increased to over 100
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Fig. 4. Daily CH4 emissions (a), N,O emissions (b), and soil matric potential (¢) during rice cropping season II (2019). Red arrows show fertilizer split dates, blue
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kPa at points in our study, this did not impact yield, similar to findings
from Kukal et al. (2005). These results suggest it may not be necessary to
continuously irrigate or saturate the soil throughout the vegetative
growth season of rice because rice growing under continuous flooding
conditions can adapt to intermittent flood irrigation (Jiang et al., 2019).
In some cases, increasing air exchange into the soil with AWD can
provide sufficient oxygen to the root system to facilitate the minerali-
zation of soil organic matter, thereby increasing soil fertility and
enhancing rice production (Oo et al., 2018b).

Our results may differ from studies reporting a yield decline with
AWD for several reasons. Much work in Asia is based on promoting
drainage 15 cm below the soil surface or more (Lampayan et al., 2015),
which may take longer in clay soils and increase the risk of crop water
stress. On the other hand, soil properties such as pH and organic carbon
also affect rice yield under AWD management. In particular, while some
research suggests that the most substantial yield losses occur in soils
with a pH greater than 7 or a carbon content less than 1% (Carrijo et al.,
2017), it is worth highlighting that our experimental site record pH
values of 6.5 and carbon content of 0.85%, respectively. By presenting
slightly acidic pH conditions, it prevents the formation of impermeable
soil layers that can potentially obstruct root development in AWD
treatments (Carrijo et al., 2017; Huang et al., 2017; Ishfaq et al., 2020).

The control had the highest water use across seasons that included
both irrigation and precipitation. Since rice production requires more
water than most other crops (Mekonnen and Hoekstra, 2011), identi-
fying practices that can reduce both water use and GHG without
affecting yields is an attractive option for sustainable intensification.
Despite the relatively shallow drainage depths of 5 or 10 cm evaluated
for the sandy loam soil in this study, corresponding to relatively short

periods of non-flooded conditions, water savings were still significant
(19-56% across seasons). In general, evaluation of AWD in tropical,
subtropical, and temperate regions has shown great potential for
non-continuous irrigation to reduce water use (Bo et al., 2022). In our
study this was particularly noteworthy in seasons with lower precipi-
tation and higher irrigation demands (e.g. AWD decreased water use by
around 35% in the second season and more than 50% in the fourth
season). The ability to save irrigation water is becoming increasingly
important in Colombia due to water scarcity and climate change. These
findings are supported by the literature which indicates that the appli-
cation of AWD under different climatic and soil conditions decreases
water use by 20-44% (Hasan et al., 2016; Liang et al., 2016), with grain
yield remaining the same or even increasing compared to continuous
flooding (Djaman et al., 2018; Xu et al., 2020). To ensure Colombia’s
food security and access to freshwater, our results suggest rice produc-
tion can be optimized through AWD management to maintain rice yields
while increasing water productivity.

4.2. Daily and cumulative GHG emissions

This study is unique because AWD was tested in a non-continuously
flooded system which is typical for tropical rice in Colombia and
increasingly elsewhere due to water shortages, providing new insights
on the CH4 and N5O mitigation potential under these conditions. While
the daily pattern of CH4 fluxes differed among the four rice seasons
studied (Figs. 3a-6a), cumulative CH4 emissions for the control were low
compared to continuously flooded systems reported elsewhere (Jiang
et al., 2019; Linquist et al., 2012; Wu et al., 2022). Daily CH4 emissions
remained low in the control until later in the season, which can be
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Fig. 5. Daily CH,4 emissions (a), N,O emissions (b), and soil matric potential (c) during rice cropping season III (2020). Red arrows show fertilizer split dates, blue
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attributed to drainage events implemented during the first 40-60 days of
crop development to facilitate 4-5 fertilizer applications. Drainage in-
creases soil aeration, reducing methanogenic activity and decreasing the
survival rate of methane-producing archaea (Ratering and Conrad,
1998; Sahrawat, 2006). Even when control plots were continuously
flooded during reproductive growth, emissions were still below 160 mg
CH4 - C m~2 d7! in all seasons studied. Short drainage events early in
crop development have been shown to inhibit CH4 emissions throughout
much of the growing season for several reasons. Oxygen availability in
soil stimulates methanotrophic activity (oxidation of CHy), while also
increasing sulphate and ferric iron concentrations which continue to
inhibit CH4 production even when soil redox potential drops to low
levels following re-flooding (Malyan et al., 2016; Nazaries et al., 2013;
Ratering and Conrad, 1998; Sahrawat, 2006; Souza et al., 2021). In
addition, rice plants may develop fewer aerenchyma due to less anoxic
conditions during early crop development, decreasing CHy transport to
the atmosphere despite high CH4 production in soil later in the season
(Le Mer and Roger, 2001; Islam et al., 2018). Ammonium sulfate was
also used as an N fertilizer source and straw from the previous season
was removed from the field, decreasing carbon substrate for methano-
genesis, and causing soil redox to drop more slowly (Gao et al., 2002;
Sander et al., 2014).

Despite low CH4 emissions in the control, the two AWD treatments
further reduced CH4 emissions by 72-100% across seasons (Table 4).
Although the conditions for implementing the AWD technology were
generally different from those in our study, the mitigation potential is
well-documented with many other experiments showing that soil
drainage significantly reduces CH4 emissions (Bo et al., 2022; Carrijo
et al., 2017; Islam et al., 2020; Jiang et al., 2019; Oo et al., 2018a;
Setyanto et al., 2018; Zhang et al., 2011). In our study, the additional
introduction of dry periods beyond the first two months of the growing

season to 5 and 10 cm drainage depth under both AWD treatments
appeared sufficient to increase oxygen penetration into the soil, causing
soil organic carbon to be oxidized to CO2 instead of CHy, effectively
suppressing CH4 emissions compared to the control. Tariq et al. (2017)
and Islam et al. (2018) reported that early and mid-season drainage
reduced cumulative CH4 emissions by 88-91% compared to continuous
flooding. Chirinda et al. (2017) found similar results in a study con-
ducted in the same study area under traditional AWD management
(15 cm below ground level) compared to continuous flooding. Some-
times it can be challenging to maintain aerated soil conditions in AWD
due to high rainfall volumes during wet seasons in tropical climates.
Despite frequent rainfall occurring in the two wettest seasons of this
study (I and IV), the high hydraulic conductivity of the sandy loam soil
supported rapid drainage and sufficient soil drying between irrigations
(Figs. 3c-6¢), maintaining the effectiveness of AWD for CH4 mitigation in
both seasons. Since rice farmers in Colombia are used to draining fields
during fertilizer applications as conventional practice, they may be able
to extend the AWD management practice throughout the growing
season.

For all seasons, N2O emissions showed high variability after N
fertilization events and during transient dry periods (Figs. 3b-6b). An
important finding is that despite multiple drainage events occurring in
all treatments during the first two months prior to fertilizer applications,
N2O emissions remained relatively low during these wet-dry cycles in all
treatments (less than 20 mg N,O - N m~2 dY). In contrast to other
studies, the control had slightly higher cumulative N2O emissions than
the AWD treatments across three growing seasons, except in season two
when AWD1 ¢ ¢ produced significantly higher emissions (Table 4). This
is because most research has evaluated AWD compared to continuous
flooding, thus N2O emissions in the control are extremely low due to
anaerobic conditions in submerged soils causing complete
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Table 4

Cumulative CHy - C and N,O — N emissions from three irrigation treatments and total GWP (kg CO, eq. ha~!). Within each column, values followed by the same letter

are not significantly different at 0.05 level.

Seasons 2019 2020
1 ¢ 11 v

Treatments CH,-C N,O-N GWP CH4-C N,O -N GWP CH,-C N,O-N GWP CH4-C N,O -N GWP
(kgha™')  (kgha™) (kgha™')  (kgha™) (kgha™') (kgha™) (kgha™) (kg

ha )

Control 0.64 + 1.01 + 458.15a  25.25 + 1.04 + 1361.71a  4.49 + 0.58 + 410.82a 3.35+ 1.04 + 565.92 a
0.09 a 0.03 a 9.39a 0.24b 0.77 a 0.01a 0.86 a 0.41a

AWDs 1 0.06 + 0.39 + 169.62b  6.51 + 0.64 + 511.81a 0.86 + 0.36 + 185.25b  0.95 + 0.91 + 425.01 ab
0.02b 0.12b 0.47 b 0.04b 0.70 b 0.07 b 0.02b 0.08 a

AWD em -0.20 + 0.31 + 123.67b  3.05+ 1.99 + 963.19 a 0.46 + 0.35 £ 166.66b  -0.32 + 0.46 + 187.66 b
0.04 ¢ 0.10b 0.47 b 0.34a 0.32b 0.03b 0.36 b 0.06 a

denitrification, and any drainage tends to increase N,O losses. For
example, in a meta-analysis Jiang et al. (2019) found that CH4 emissions
were reduced by 53% but N,O emissions increased by 105%. Another
meta-analysis by Wu et al. (2022) found that drainage decreased CH4
emissions by 58% but increased NyO emissions by 150%. However, in
the present study the control and AWD treatments both experienced
non-continuous flooding during fertilizer applications in the first two
months of the season, with soil moisture remaining close to saturated in
the control but drying to field capacity or lower levels in the AWD
treatments. As denitrification processes tend to increase as soil approach
saturated conditions (Wang et al., 2021), it is likely that the enhanced
soil drying in AWD during fertilizer applications helped limit N,O losses
compared to the control. These results highlight that management of soil
moisture during drainage events can avoid a tradeoff in N,O emissions
for AWD management compared to a non-continuously flooded control.

10

Despite relatively high N inputs and multiple drainage events, cu-
mulative N2O emissions were relatively low across seasons, generally
ranging from 0.5 to 1.6 kg NoO ha™! (Table 4). According to several
studies (Kritee et al., 2018; Lagomarsino et al., 2016; LaHue et al.,
2016), N2O emissions may be low under AWD management if the
amount of mineral N in soil at the time of field drainage to support
fertilizer application is low. Thus, applying fertilizer to moist soils be-
tween field capacity and optimal moisture depending on soil texture
(Chapuis-lardy et al., 2007) helps ensure that the applied N fertilizer is
absorbed by roots and therefore little mineral N remains in the soil,
limiting nitrification and denitrification processes that trigger N5O
emissions. In addition, the type of N fertilizer, in conjunction with soil
moisture at the time of application, can affect N3O emissions. Urea and
ammonium sulfate were used in this study which provides
plant-available NHj-N, limiting nitrification and subsequent
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denitrification transformations in submerged soils while also preventing
NO3- N leaching (Rahman and Forrestal, 2021). Fertilization with
ammonium sulfate has been shown to mitigate methane emissions by
increasing methane oxidation and stimulating sulfate-reducing bacterial
populations. This suggests that competition for mineral nitrogen be-
tween rice roots and microbes in the rhizosphere plays a critical role in
modulating microbial activity (Ali et al., 2012; Bodelier et al., 2000a, b;
Rath et al., 2002; Sahrawat, 2006).

4.3. GWP and relevance of AWD in this region

According to several AWD studies, it is possible to reduce CHy
emissions, but this typically results in higher N>O emissions which
represents a tradeoff (Kraus et al., 2022; Lagomarsino et al., 2016; Wang
etal.,, 2021; Wu et al., 2022). When water and N inputs are not properly
managed during field drainage events, elevated NyO emissions can
partially or fully offset the reductions in GWP. Our study provides new
insights into how this tradeoff can be resolved while reducing both CHy4
and N,O emissions through changes in water management during the
timing of N fertilization, leading to consistent reductions in GWP. Due to
lower CHy4 emissions from the non-continuously flooded control, N,O
emissions represented a greater proportion of total GWP (Table 4),
which is uncommon in flooded rice systems. This places increased
importance on avoiding higher NoO emissions during wet-dry irrigation
cycles. As mentioned earlier, draining to field capacity during fertilizer
applications may have helped AWD maintain lower N3O emissions
compared to the control which remained close to saturated soil condi-
tions. This suggests that effective GWP mitigation can be achieved by
focusing on the combined management of N fertilizer and soil moisture
during irrigation events, promoting nutrient availability early in the
season during rapid vegetative growth while reducing both N»O and CH4
emissions in a non-continuously flooded system.

The effects of AWD on GWP are variable in the literature, as NoO
emissions are not always higher. Prangbang et al. (2020) reported that
AWD could reduce annual CH4 emissions by 32%, while yield and N2O
emissions remained the same. Meanwhile, Lahue et al. (2016) observed
no increase in NoO emissions under AWD, while Cuevas and Ardila.
(2018) found that maintaining soil moisture near field capacity can help
reduce both CH4 and N2O emissions. Yagi et al. (2020) showed that
multiple drainage events generally increased N2O emissions but the
combined impacts on GWP were 29% lower. Similarly, Bo et al. (2022)
found that non-continuous flooding increased N2O emissions by 92%,
but the substantial reduction in CH4 emissions (54%) still reduced total
GWP by 47% in a recent global analysis. Our work helps address an
important knowledge gap because it is not only one of the first studies
for tropical rice in Latin America, but as noted by Bo et al. (2022), many
rice systems are switching to some sort of intermittent irrigation and the
effectiveness of AWD in this context remains uncertain. Given the
promising results for AWD compared to non-continuously flooded rice
observed here, agronomic practices focused on managing soil moisture
during field drainage events should be evaluated elsewhere in future
research, ideally with other strategies to further reduce GHG emissions.
For example, AWD can be combined with efficient rice varieties that
have high crop N requirements, further reducing the risk of N3O pro-
duction and keeping N5O emissions low. This is an opportunity that
should be explored in future research under different climate and soil
conditions in Colombia.

AWD is a technology that, if properly applied, has the potential to
benefit both rice farmers and the environment by reducing overall
production costs (depending on water pricing) while maintaining rice
yields and reducing GHG emissions. However, there are important
barriers to adoption that have been explored in other works (Enriquez
et al., 2021; Pearson et al., 2018). For example, farmers need the ability
to have level fields and reliable access to irrigation water to quickly
irrigate field, when necessary, but this is not always possible in a
smallholder context (Islam et al., 2018). When evaluating the feasibility
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of this type of water management in Colombia, it is important to keep in
mind that current irrigation fees are based on rice area cultivated as
there is not yet a policy that charges for actual water use, which does not
provide an economic incentive for farmers to reduce the number of ir-
rigations. In the absence of incentives for farmers to reduce GHG
emissions, implementing this type of management could face challenges.
Therefore, changes in agricultural policy, irrigation infrastructure, and
institutional arrangements are likely needed to facilitate AWD adoption
more broadly (Enriquez et al., 2021). In the short-term, considering that
implementing field drainage events while controlling soil moisture
during the early season fertilization period is a common practice for
farmers in Colombia, it could make it easier for farmers to implement
this version of AWD throughout the growing season to achieve envi-
ronmental benefits. Such an approach would allow for the reduction of
GHG emissions and water use without compromising farmer yields and
profitability.

5. Conclusions

We quantified water use, grain yield, and GHG emissions in response
to two AWD irrigation treatments compared to the conventional man-
agement regime of tropical rice in Colombia. We found that both CH4
and N,O emissions significantly decreased under AWD management
with little difference in rice yields in three of four seasons. Our findings
are consistent with our hypothesis: that AWD treatments with drainage
depths of 5 or 10 cm can help reduce CH4 and N2O emissions in the
Colombian context without reducing yields by maintaining soil water
content at levels that do not induce crop water stress compared to the
control. An important aspect of this study is that AWD was compared
against a non-continuously flooded control, which is becoming a more
common management practice due to water scarcity. The significant
reduction in water use and CHy4 emissions is aligned with the large body
of evidence on AWD irrigation. However, the simultaneous reduction in
N>O emissions is an important contribution because many AWD studies
report an increase in NoO emissions. We attribute the reduction in NyO
emission to optimal water management at the time of fertilization events
early in the season to achieve a soil moisture near field capacity for AWD
treatments, whereas this differs from conventional rice management
where the soil is maintained at near saturation conditions. Thus, fine
tuning water management during drainage events may be the key to
lowering GHG emissions without reducing productivity in non-
continuously flooded systems where N;O emissions represent an
important contribution to GWP. Future work should explore whether the
control treatment could produce similar results if soil water content
continued to be maintained near field capacity after fertilization to
avoid water stress. Our results suggest implementation of AWD can be a
low GHG emission, climate-resilient practice for Colombian rice farmers
because it ensures yields and food security and improves water use ef-
ficiency during dry and wet seasons.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Part of this work was implemented through the "lower emissions and
lower water consumption" project, which was financed by FONTRAGO
under Grant ID ATN/RF-16681-RG. Other parts of the work presented
here were funded through FEDEARROZ and the Alliance of Bioversity
International and CIAT. We gratefully acknowledge support from the
CGIAR Trust Fund through the CGIAR Initiative on Low Emissions Food
Systems and the OMICAS program: Optimizaciéon Multiescala In-silico
de Cultivos Agricolas Sostenibles. The views expressed in this



S. Loaiza et al.

document cannot be taken to reflect the official opinions of these or-
ganizations. We would like to thank the FEDEARROZ involved in this
study that allowed us to conduct research on their experimental center.
We would also appreciate the contributions of Elkin Aldana, Jairo
Patino, Juan Diego Dussan, Paula Acero, and others who helped in the
field and laboratory, as well as the greenhouse gas laboratory of the
Alliance of Bioversity International and CIAT.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.agee.2023.108787.

References

Abid, A.A., Zhang, Q., Afzal, M., Di, H., 2019. Nitrous oxide emission and production
pathways under alternate wetting-drying conditions in rice paddy soils. Appl. Ecol.
Environ. Res. 17, 13777-13792. https://doi.org/10.15666/aeer/1706_1377713792.

Ahmad, H., Zafar, S., Naeem, M.K., Shokat, S., Inam, S., Naveed, S.A., Xu, J., Li, Z., K, M.
R., 2021. Impact of pre-anthesis drought stress on physiology, yield-related traits
and drought responsive genes in green super rice. Irrig. Water Manag. DOI:10.1101/
2021.11.18.469071.

Ali, M.A., Farouque, M.G., Haque, M., Kabir, A., 2012. Influence of soil amendments on
mitigating methane emissions and sustaining rice productivity in paddy soil
ecosystems of Bangladesh. J. Environ. Sci. Nat. Resour. 5, 179-185. https://doi.org/
10.3329/jesnr.v5i1.11574.

Arenas Calle, L., 2016. Diseno de camara estatica cerrada y medicion de flujos de gases
de efecto invernadero (GEI) en suelos. [Master’ s thesis, Universidad Nacional de
Colombia]. Repositorio institucional Universidad Nacional de Colombia. (https://
repositorio.unal.edu.co/handle/unal/56229).

Balaine, N., Carrijo, D.R., Adviento-Borbe, M.A., Linquist, B., 2019. Greenhouse gases
from irrigated rice systems under varying severity of alternate-wetting and drying
irrigation. Soil Sci. Soc. Am. J. 83, 1533-1541. https://doi.org/10.2136/
sssaj2019.04.0113.

Bhattacharyya, P., Dash, P.K., Swain, C.K., Padhy, S.R., Roy, K.S., Neogi, S., Berliner, J.,
Adak, T., Pokhare, S.S., Baig, M.J., Mohapatra, T., 2019. Mechanism of plant
mediated methane emission in tropical lowland rice. Sci. Total Environ. 651, 84-92.
https://doi.org/10.1016/j.scitotenv.2018.09.141.

Bo, Y., Jagermeyr, J., Yin, Z., Jiang, Y., Xu, J., Liang, H., Zhou, F., 2022. Global benefits
of non-continuous flooding to reduce greenhouse gases and irrigation water use
without rice yield penalty. Glob. Change Biol. 28, 3636-3650. (https://doi.org/
10.1111/gcb.16132).

Bodelier, P.L.E., Hahn, A.P., Arth, LR, Frenzel, P., 2000a. Effects of ammonium-based
fertilisation on microbial processes involved in methane emission from soils planted
with rice. Biogeochemistry 51, 255-257. (https://doi.org/10.1023/A:10064388023
62).

Bodelier, P.L.E., Roslev, P., Henckel, T., Frenzel, P., 2000b. Stimulation by ammonium-
based fertilizers of methane oxidation in soil around rice roots. Nature 403,
421-424. (https://doi.org/10.1038/35000193).

Bouman, B., Lampayan, R.M., Tuong, T.P., 2007. Water management in irrigated rice;
coping with water scarcity. International Rice Research Institute, Los Banios. ISBN
978-971-22-0219-3.

Campbell, B.M., Beare, D.J., Bennett, E.M., Hall-Spencer, J.M., Ingram, J.S.I.,
Jaramillo, F., Ortiz, R., Ramankutty, N., Sayer, J.A., Shindell, D., 2017. Agriculture
production as a major driver of the Earth system exceeding planetary boundaries.
Ecol. Soc. 22, 1-8. https://doi.org/10.5751/ES-09595-220408.

Carlson, K., Gerber, J., Mueller, N., Herrero, M., MacDonald, G., Brauman, K.,

Havlink, P., O’Conell, C., Johnson, J., Saatchi, S., West, P., 2017. Greenhouse gas
emissions intensity of global croplands. Nat. Clim. Change 7, 63-68. https://doi.org/
10.1038/nclimate3158.

Carrijo, D.R., Lundy, M.E., Linquist, B.A., 2017. Rice yields and water use under alternate
wetting and drying irrigation: a meta-analysis. Field Crops Res. 203, 173-180.
https://doi.org/10.1016/j.fcr.2016.12.002.

Carrijo, D.R., Akbar, N., Reis, A.F.B., Li, C., Gaudin, A.C.M., Parikh, S.J., Green, P.G.,
Linquist, B.A., 2018. Impacts of variable soil drying in alternate wetting and drying
rice systems on yields, grain arsenic concentration and soil moisture dynamics. Field
Crops Res. 222, 101-110. https://doi.org/10.1016/j.fcr.2018.02.026.

Chapuis-lardy, L., Wrage, N., Metay, A., Chotte, J.L., Bernoux, M., 2007. Soils, a sink for
N20? A review. Glob. Change Biol. 13, 1-17. https://doi.org/10.1111/j.1365-
2486.2006.01280.x.

Chirinda, N., Arenas, L., Loaiza, S., Trujillo, C., Katto, M., Chaparro, P., Nunez, J.,
Arango, J., Martinez Baron, D., Loboguerrero, A.M., Becerra, L.A., Avila, L,
Guzman, M., Peters, M., Twyman, J., Garcia, M., Serna, L., Escobar, D., Arora, D.,
Tapasco, J., Mazabel, L., Correa, F., Ishitani, M., Da Silva, M., Graterol, E.,
Jaramillo, S., Pinto, A., Zuluaga, A., Lozano, N., Byrnes, R., LaHue, G., Alvarez, C.,
Rao, I, Barahona, R., 2017. Novel technological and management options for
accelerating transformational changes in rice and livestock systems. Sustainability 9,
2-16. https://doi.org/10.3390/su9111891.

Cuevas, A., Ardila, J.A., 2018. El manejo del cultivo del arroz y las emisiones de gases de
efecto de invernadero (GEI). Agricultura. (https://www.engormix.com/agricultura/
articulos/manejo-cultivo-arroz-emisiones-t42544).

12

Agriculture, Ecosystems and Environment 360 (2024) 108787

Dane. 2023. Boletin técnico — Producto Interno Bruto (PIB). II trimestre 2023 preliminar.
(https://www.dane.gov.co/files/operaciones/PIB/bol-PIB-IItrim2023.pdf).

Djaman, K., Mel, V.C., Diop, L., Sow, A., El-Namaky, R., Manneh, B., Saito, K.,
Futakuchi, K., Irmak, S., 2018. Effects of alternate wetting and drying irrigation
regime and nitrogen fertilizer on yield and nitrogen use efficiency of irrigated rice in
the Sahel. Water 10, 1-20. (https://doi.org/10.3390/w10060711).

Technical Bulletin - National Survey of Mechanized Rice (ENAM), First Semester 2021.
(August 2021). National Survey of Mechanized Rice (ENAM). 2-34.t (https://www.
dane.gov.co/index.php/estadisticas-por-tema/agropecuario/encuesta-de-arroz-mec
anizado).

Enriquez, Y., Yadav, S., Evangelista, G.K., Villanueva, D., Burac, M.A., Pede, V., 2021.
Disentangling challenges to scaling alternate wetting and drying technology for rice
cultivation: distilling lessons from 20 years of experience in the Philippines. Front.
Sustain. Food Syst. 5, 1-16. (https://doi.org/10.3389/fsufs.2021.675818).

FAOSTAT, 2020. Crops Area Harvested and Production Quantity. (https://www.fao.
org/faostat/en/#data/QCL/visualize) (accessed 24 October 2022).

Fedearroz, 2017. Cartilla De. Fertil. ON. arrocera (https://fedearroz.s3.amazonaws.
com/media/documents/cartilla_fertilizacion.pdf).

Fedearroz. (Enero — Febrero 2021). El Color de las hojas del arroz importante para la
nutricion. Revista Arroz, 69 (550), 1- 60.

Gao, S., Tanji, K.K., Scardaci, A.T., Chow, A.T., 2002. Comparison of redox indicators in a
paddy soil during rice-growing season. Soil Sci. Soc. Am. J. 66, 805-817.
(https://doi-org.ezproxy.unal.edu.co/10.2136/sssaj2002.8050).

Hasan, K., Abdullah, A.H.M.D., Bhattacharjee, D., Afrad, S.I., 2016. Impact of alternate
wetting and drying technique on rice production in the drought prone areas of
Bangladesh. Indian Res. J. Ext. Educ. 16, 39-48.

Huang, L., Liu, X., Wang, Z., Liang, Z., Wang, M., Liu, M., Suarez, D.L., 2017. Interactive
effects of pH, EC and nitrogen on yields and nutrient absorption of rice (Oryza sativa
L.). Agric. Water Manag. 194, 48-57. https://doi.org/10.1016/j.agwat.2017.08.012.

IPCC 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva,
Switzerland, 151 pp.

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working
Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N.
Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R.
Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)].
Cambridge University Press. In Press.

Ishfaq, M., Farooq, M., Zulfigar, U., Hussain, S., Akbar, N., Nawaz, A., Anjum, S.A., 2020.
Alternate wetting and drying: a water-saving and ecofriendly rice production system.
Agric. Water Manag. 241, 1-22. (https://doi.org/10.1016/j.agwat.2020.106363).

Islam, S.F., van Groenigen, J.W., Jensen, L.S., Sander, B.O., de Neergaard, A., 2018. The
effective mitigation of greenhouse gas emissions from rice paddies without
compromising yield by early-season drainage. Sci. Total Environ. 612, 1329-1339.
https://doi.org/10.1016/j.scitotenv.2017.09.022.

Islam, S.M.M., Gaihre, Y.K., Islam, M.R., Akter, M., Al Mahmud, A., Singh, U., Sander, B.
0., 2020. Effects of water management on greenhouse gas emissions from farmers’
rice fields in Bangladesh. Sci. Total Environ. 734, 1-7. https://doi.org/10.1016/j.
scitotenv.2020.139382.

Jiang, Y., Carrijo, D., Huang, S., Chen, J., Balaine, N., Zhang, W., van Groenigen, K.J.,
Linquist, B., 2019. Water management to mitigate the global warming potential of
rice systems: a global meta-analysis. Field Crops Res. 234, 47-54. https://doi.org/
10.1016/j.fcr.2019.02.010.

Kraus, D., Werner, C., Janz, B., Klatt, S., Sander, B.O., Wassmann, R., Kiese, R.,
Butterbach-Bahl, K., 2022. Greenhouse gas mitigation potential of alternate wetting
and drying for rice production at national scale—A modeling case study for the
Philippines. J. Geophys. Res.: Biogeosci. 127, 1-20. https://doi.org/10.1029/
2022JG006848.

Kritee, K., Nair, D., Zavala-Araiza, D., Proville, J., Rudek, J., Adhya, T.K., Loecke, T.,
Esteves, T., Balireddygari, S., Dava, O., Ram, K., Abhilash, S.R., Madasamy, M.,
Dokka, R.V., Anandaraj, D., Athiyaman, D., Reddyf, M., Ahuja, R., Hamburg, S.P.,
2018. High nitrous oxide fluxes from rice cultivation indicate the need to manage
water for both long- and short-term climate impacts. Sci. 115:9720-972 Proc. Natl.
Acad. Sci. 115, 9720-9725. https://doi.org/10.1073/pnas.1809276115.

Kukal, S.S., Hira, G.S., Sidhu, A.S., 2005. Soil matric potential-based irrigation
scheduling to rice (Oryza sativa). Irrig. Sci. 23, 153-159. https://doi.org/10.1007/
s00271-005-0103-8.

Kumar, A., Bernier, J., Verulkar, S., Lafitte, H., Atlin, G., 2008. Breeding for drought
tolerance: direct selection for yield, response to selection and use of drought-tolerant
donors in upland and lowland-adapted populations. Field Crops Res. 107, 221-231.
https://doi.org/10.1016/j.fcr.2008.02.007.

Lagomarsino, A., Agnelli, A., Linquist, B., Adviento-Borbe, M.A.A., Agnelli, A.,

Gavina, G., Ravaglia, S., Ferrara, M., 2016. Alternate wetting and drying of rice
reduced CH4 but triggered N2O peaks in a clayey soil of central Italy. Pedosphere 26,
533-548. https://doi.org/10.1016/51002-0160(15)60063-7.

LaHue, G.T., Chaney, R.L., Adviento-Borbe, M.A., Linquist, B.A., 2016. Alternate wetting
and drying in high yielding direct-seeded rice systems accomplishes multiple
environmental and agronomic objectives. Agric. Ecosyst. Environ. 229, 30-39.
https://doi.org/10.1016/j.agee.2016.05.020.

Lampayan, R.M., Rejesus, R.M., Singleton, G.R., Bouman, B., 2015. Adoption and
economics of alternate wetting and drying water management for irrigated lowland
rice. Field Crops Res. 170, 95-108. https://doi.org/10.1016/j.fcr.2014.10.013.

Le Mer, J., Roger, P., 2001. Production, oxidation, emission and consumption of methane
by soils: a review. Eur. J. Soil Biol. 37, 25-50. https://doi.org/10.1016/51164-5563
(01)01067-6.


https://doi.org/10.1016/j.agee.2023.108787
https://doi.org/10.15666/aeer/1706_1377713792
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref2
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref2
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref2
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref2
https://doi.org/10.3329/jesnr.v5i1.11574
https://doi.org/10.3329/jesnr.v5i1.11574
https://repositorio.unal.edu.co/handle/unal/56229
https://repositorio.unal.edu.co/handle/unal/56229
https://doi.org/10.2136/sssaj2019.04.0113
https://doi.org/10.2136/sssaj2019.04.0113
https://doi.org/10.1016/j.scitotenv.2018.09.141
https://doi.org/10.1111/gcb.16132
https://doi.org/10.1111/gcb.16132
https://doi.org/10.1023/A:1006438802362
https://doi.org/10.1023/A:1006438802362
https://doi.org/10.1038/35000193
https://doi.org/10.5751/ES-09595-220408
https://doi.org/10.1038/nclimate3158
https://doi.org/10.1038/nclimate3158
https://doi.org/10.1016/j.fcr.2016.12.002
https://doi.org/10.1016/j.fcr.2018.02.026
https://doi.org/10.1111/j.1365-2486.2006.01280.x
https://doi.org/10.1111/j.1365-2486.2006.01280.x
https://doi.org/10.3390/su9111891
https://www.engormix.com/agricultura/articulos/manejo-cultivo-arroz-emisiones-t42544
https://www.engormix.com/agricultura/articulos/manejo-cultivo-arroz-emisiones-t42544
https://www.dane.gov.co/files/operaciones/PIB/bol-PIB-IItrim2023.pdf
https://doi.org/10.3390/w10060711
https://www.dane.gov.co/index.php/estadisticas-por-tema/agropecuario/encuesta-de-arroz-mecanizado
https://www.dane.gov.co/index.php/estadisticas-por-tema/agropecuario/encuesta-de-arroz-mecanizado
https://www.dane.gov.co/index.php/estadisticas-por-tema/agropecuario/encuesta-de-arroz-mecanizado
https://doi.org/10.3389/fsufs.2021.675818
https://www.fao.org/faostat/en/#data/QCL/visualize
https://www.fao.org/faostat/en/#data/QCL/visualize
https://fedearroz.s3.amazonaws.com/media/documents/cartilla_fertilizacion.pdf
https://fedearroz.s3.amazonaws.com/media/documents/cartilla_fertilizacion.pdf
https://doi-org.ezproxy.unal.edu.co/10.2136/sssaj2002.8050
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref18
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref18
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref18
https://doi.org/10.1016/j.agwat.2017.08.012
https://doi.org/10.1016/j.agwat.2020.106363
https://doi.org/10.1016/j.scitotenv.2017.09.022
https://doi.org/10.1016/j.scitotenv.2020.139382
https://doi.org/10.1016/j.scitotenv.2020.139382
https://doi.org/10.1016/j.fcr.2019.02.010
https://doi.org/10.1016/j.fcr.2019.02.010
https://doi.org/10.1029/2022JG006848
https://doi.org/10.1029/2022JG006848
https://doi.org/10.1073/pnas.1809276115
https://doi.org/10.1007/s00271-005-0103-8
https://doi.org/10.1007/s00271-005-0103-8
https://doi.org/10.1016/j.fcr.2008.02.007
https://doi.org/10.1016/S1002-0160(15)60063-7
https://doi.org/10.1016/j.agee.2016.05.020
https://doi.org/10.1016/j.fcr.2014.10.013
https://doi.org/10.1016/S1164-5563(01)01067-6
https://doi.org/10.1016/S1164-5563(01)01067-6

S. Loaiza et al.

Leon, A., Minamikawa, K., Izumi, T., Chiem, N.H., 2021. Estimating impacts of alternate
wetting and drying on greenhouse gas emissions from early wet rice production in a
full-dike system in an Giang Province, Vietnam, through life cycle assessment.

J. Clean. Prod. 285, 1-10. https://doi.org/10.1016/j.jclepro.2020.125309.

Liang, K., Zhong, X., Huang, N., Lampayan, R.M., Pan, J., Tian, K., 2016. Grain yield,
water productivity and CHy4 emission of irrigated rice in response to water
management in south China. Agric. Water Manag. 163, 319-331 https://doi.org/
10.1016/ j.agwat.2015.10.015.

Liao, P., Sun, Y., Zhu, X., Wang, H., Wang, Y., Chen, J., Zhang, J., Zeng, Y., Zeng, Y.,
Huang, Shan, 2021. Identifying agronomic practices with higher yield and lower
global warming potential in rice paddies: a global meta-analysis. Agric. Ecosyst.
Environ. 322, 1-8. https://doi.org/10.1016/j.agee.2021.107663.

Linquist, B., Groenigen, K.J., Adviento — Borbe, M.,A., Pittelkow, C., Kessel, C., 2012. An
agronomic assessment of greenhouse gas emissions from major cereal crops. Glob.
Change Biol. 18, 194-209. https://doi.org/10.1111/j.1365-2486.2011.02502.x.

Malyan, S.K., Bhatia, A., Kumar, A., Kumar, D., Singh, R., Kumar, S.S., Tomer, R.,
Kumar, O., Jain, N., 2016. Methane production, oxidation and mitigation: a
mechanistic understanding and comprehensive evaluation of influencing factors. Sci.
Total Environ. 572, 874-896. https://doi.org/10.1016/j.scitotenv.2016.07.182.

Mekonnen, M.M., Hoekstra, A.Y., 2011. The green, blue and grey water footprint of crops
and derived crop products. Hydrol. Earth Syst. Sci. 15, 1577-1600. https://doi.org/
10.5194/hess-15-1577-2011.

Meéndez, P., 2020. Capitulo 11. Produccién y comercializacién mundial del arroz.
Paredes, M., Becerra, V., Donoso, G (Eds). 100 anos del cultivo de arroz en Chile en
un contexto internacional 1920-2020, Tomo I. (pp. 302-313). Instituto de
Investigaciones Agropecuarias.

Nazaries, L., Murrekk, J.C., Millard, P., Baggs, L., Singh, B.K., 2013. Methane, microbes,
and models: fundamental understanding of the soil methane cycle for future
predictions. Environ. Microbiol. 15, 2395-2417. https://doi.org/10.1111/1462-
2920.12149.

OECD/FAO. 2020. OECD-FAO Agricultural Outlook 2020-2029, FAO, Rome/OECD
Publishing, Paris, (https://doi.org/10.1787/1112c23b-en).

Oertel, C., Matschullat, J., Zurba, K., Zimmermann, F., Erasmi, S., 2016. Greenhouse gas
emissions from soils—A review. Geochemistry 76, 327-352. https://doi.org/
10.1016/j.chemer.2016.04.002.

0o, A.Z., Sudo, S., Inubushi, K., Mano, M., Yamamoto, A., Ono, K., Hayashida, S.,
Patra, P.K., Terao, Y., Elayakumar, P., Vanitha, K., Umamageswari, C., Jothimani, P.,
Ravi, V., 2018a. Methane and nitrous oxide emissions from conventional and
modified rice cultivation systems in South India. Agric. Ecosyst. Environ. 252,
148-158. https://doi.org/10.1186/540064-015-0901-2.

Oo, A.Z., Sudo, S., Inubushi, K., Chellappan, U., Yamamoto, A., Ono, K., Mano, M.,
Hayashida, S., Koothan, V., Osawa, T., Terao, Y., Palanisamy, J., Palanisamy, E.,
Venkatachalam, R., 2018b. Mitigation potential and yield-scaled global warming
potential of early-season drainage from a rice paddy in Tamil Nadu, India. Agronomy
8, 2-17.

Ospina, J.0., Diaz, J.C., Sandoval, M., Alvarez, J., Godoy, M., Santos, M., Gémez, A.,
Gonzalez, F., 2022. Manejo eficiente de las variedades FEDEARROZ — FNA en el
departamento de Casanare [PowerPoint slides]. Casanare, Federacién Nacional de
Arroceros.

Pearson, K.A., Millar, G.M., Norton, G.J., Price, A.H., 2018. Alternate wetting and drying
in Bangladesh: water-saving farming practice and the socioeconomic barriers to its
adoption. Food Energy Secur. 7, 1-12. https://doi.org/10.1002/fes3.149.

Prangbang, P., Yagi, K., Aunario, J.K., Sander, B.O., Wassmann, R., Jékel, T.,
Buddaboon, C., Chidthaisong, A., Towprayoon, S., 2020. Climate-based suitability
assessment for methane mitigation by water saving technology in paddy fields of the
central plain of Thailand. Front. Sustain. Food Syst. 4, 1-15. https://doi.org/
10.3389/fsufs.2020.575823.

Rahman, N., Forrestal, P.J., 2021. Ammonium fertilizer reduces nitrous oxide emission
compared to nitrate fertilizer while yielding equally in a temperate grassland.
Agriculture 11, 1-12. https://doi.org/10.3390/agriculture11111141.

Ratering, S., Conrad, 1998. Effects of short-term drainage and aeration on the production
of methane in submerged rice soil. Glob. Change Biol. 4, 397-407. https://doi.org/
10.1046/j.1365-2486.1998.00162.x.

Rath, A K., Ramakrishnan, B., Sethunathan, N., 2002. Effect of application of ammonium
thiosulphate on production and emission of methane in a tropical rice soil. Agric.
Ecosyst. Environ. 90 (3), 319-325. https://doi.org/10.1016/50167-8809(02)00031-
2.

RStudio Team., 2020. Rstudio: Integrated Development for R. RStudio, PBC, Boston, MA
[Software]. (http://www.rstudio.com/).

Sahrawat, K.L., 2006. Terminal electron acceptors for controlling methane emissions
from submerged rice soils. Commun. Soil Sci. Plant Anal. 35, 1401-1413. https://
doi.org/10.1081/CSS-120037554.

13

Agriculture, Ecosystems and Environment 360 (2024) 108787

Sander, O.B., Samson, M., Buresh, R.J., 2014. Methane and nitrous oxide emissions from
flooded rice fields as affected by water and straw management between rice crops.
Geoderma 235, 355-362 doi:10.1016/j.geoderma.2014.07.020.

Setyanto, P., Pramono, A., Adriany, T.A., Susilawati, H.L., Tokida, T., Agnes, T., Padre, A.
T., Minamikawa, K., 2018. Alternate wetting and drying reduces methane emission
from a rice paddy in Central Java, Indonesia without yield loss. Soil Sci. Plant Nutr.
(1), 23-30. https://doi.org/10.1080/00380768.2017.1409600.

Souza, R., Yin, J., Calabrese, S., 2021. Optimal drainage timing for mitigating methane
emissions from rice paddy fields. Geoderma 394, 1-8. https://doi.org/10.1016/j.
geoderma.2021.114986.

Surendran, U., Raja, P.Jayakumar, Subramoniam, M., Rama, S., 2021. Use of efficient
water saving techniques for production of rice in India under climate change
scenario: a critical review. J. Clean. Prod. 309, 1-17. https://doi.org/10.1016/j.
jclepro.2021.127272.

Takeda, N., Lopez-Galvis, L., Pineda, D., Castilla, C., Takahashi, T., Fukuda, S., Okada, K.,
2019. Evaluation of water dynamics of contour-levee irrigation system in sloped rice
fields in Colombia. Agric. Water Manag. 217, 107-118. https://doi.org/10.1016/j.
agwat.2019.02.032.

Tariq, A., Jensen, L.S., de Tourdonnet, S., Sander, B.O., de Neergaard, A., 2017. Early
drainage mitigates methane and nitrous oxide emissions from organically amended
paddy soils. Geoderma 304, 49-58. https://doi.org/10.1016/j.
geoderma.2016.08.022.

Tian, H., Xu, R., Canadell, J., Thompson, R., Winiwarter, W., Suntharalingam, P.,
Davidson, E., Ciais, P., Jackson, R., Janssens-Maenhout, G., Prather, M., Regnier, P.,
Pan, N., Pan, S., Peters, G., Shi, H., Tubiello, F., Zaehle, S., Zhou, F., Arneth, A.,
Battaglia, G., Berthet, S., Bopp, L., Bouwman, A.F., Buitenhuis, E., Chang, J.,
Chipperfield, P., Dangal, S., Dlugokencky, E., Elkins, J., Eyre, B., Fu, B., Hall, B.,
Ito, A., Joos, F., Krummel, P.B., Landolfi, A., Laruelle, G.G., Lauerwald, R., Li, W.,
Lienert, S., Maavara, T., MacLeod, M., Millet, D.B., Olin, S., Patra, P., Prinn, R.,
Raymond, P., Ruiz, D., van der Werf, G., Vuichard, N., Wang, J., Weiss, R., Wells, K.,
Wilson, C., Yang, J., Yao, Y., 2020. A comprehensive quantification of global nitrous
oxide sources and sinks. Nature 586, 248-256. https://doi.org/10.1038/s41586-
020-2780-0.

Wang, C., Amon, B., Schulz, K., Mehdi, B., 2021. Factors that influence nitrous oxide
emissions from agricultural soils as well as their representation in simulation models:
a review. Agronomy 11, 2-30. https://doi.org/10.3390/agronomy11040770.

Wassmann, R., Pasco, R., Zerrudo, J., Ngo, D.M., Vo, T.B.T., Sander, B.O., 2019.
Introducing a new tool for greenhouse gas calculation tailored for cropland:
rationale, operational framework and potential application. Carbon Manag. 10,
79-92. https://doi.org/10.1080/17583004.2018.1553436.

World Agricultural Production., 2022. World Rice Production 2022/2023. (http://www.
worldagriculturalproduction.com/crops/rice.aspx).

Wu, Q., He, Y., Qi, Z., Jiang, Q., 2022. Drainage in paddy systems maintains rice yield
and reduces total greenhouse gas emissions on the global scale. J. Clean. Prod. 370,
1-13. https://doi.org/10.1016/j.jclepro.2022.133515.

Xu, F., Song, T., Wang, K., Xu, W., Chen, G., Xu, M., Zhang, Q., Liy, J., Zhu, Y.,
Rensing, C., Zhang, J., 2020. Frequent alternate wetting and drying irrigation
mitigates the effect of low phosphorus on rice grain yield in a 4-year field trial by
increasing soil phosphorus release and rice root growth. Food Energy Secur. 9, 1-11.
https://doi.org/10.1002/fes3.206.

Yagi, K., Sriphirom, P., Cha-un, N., Fusuwankaya, K., Chidthaisong, A., Damen, B.,
Towprayoon, S., 2020. Potential and promising ness of technical options for
mitigating greenhouse gas emissions from rice cultivation in Southeast Asian
countries. Soil Sci. Plant Nutr. 66, 37-49. https://doi.org/10.1080/
00380768.2019.1683890.

Yang, J., Zhou, Q., Zhang, J., 2017. Moderate wetting and drying increases rice yield and
reduces water use, grain arsenic level, and methane emission. Crop J. 5, 151-158.
https://doi.org/10.1016/j.¢j.2016.06.002.

Yepes, A.P., Navarrete, D.A., Duque, A.J., Phillips, J.F., Cabrera, K.R., Alvarez, E.,
Garcia, M.C., Ordonez, M.F., 2011. Protocolo para la estimacién nacional y
subnacional de biomasa - carbono en Colombia. Instituto de Hidrologia,
Meteorologia, y Estudios Ambientales-IDEAM-. Bogota D.C.,, Colombia, p. 162.

Zhang, W., Yu, Y.Q., Huang, Y., Li, T.T., Wang, P., 2011. Modeling methane emissions
from irrigated rice cultivation in China from 1960 to 2050. Glob. Change Biol. 17,
3511-3523. https://doi.org/10.1111/j.1365-2486.2011.02495.x.

Zhou, Q., Ju, C., Wang, Z. qin, Zhang, H., Liu, L., Yang, J., Zhang, J., 2017. Grain yield
and water use efficiency of super rice under soil water deficit and alternate wetting
and drying irrigation. J. Integr. Agric. 16 (5), 1028-1043. https://doi.org/10.1016/
$2095-3119(16)61506-X.


https://doi.org/10.1016/j.jclepro.2020.125309
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref33
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref33
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref33
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref33
https://doi.org/10.1016/j.agee.2021.107663
https://doi.org/10.1111/j.1365-2486.2011.02502.x
https://doi.org/10.1016/j.scitotenv.2016.07.182
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1111/1462-2920.12149
https://doi.org/10.1111/1462-2920.12149
https://doi.org/10.1787/1112c23b-en
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1186/s40064-015-0901-2
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref41
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref41
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref41
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref41
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref41
https://doi.org/10.1002/fes3.149
https://doi.org/10.3389/fsufs.2020.575823
https://doi.org/10.3389/fsufs.2020.575823
https://doi.org/10.3390/agriculture11111141
https://doi.org/10.1046/j.1365-2486.1998.00162.x
https://doi.org/10.1046/j.1365-2486.1998.00162.x
https://doi.org/10.1016/S0167-8809(02)00031-2
https://doi.org/10.1016/S0167-8809(02)00031-2
http://www.rstudio.com/
https://doi.org/10.1081/CSS-120037554
https://doi.org/10.1081/CSS-120037554
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref48
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref48
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref48
https://doi.org/10.1080/00380768.2017.1409600
https://doi.org/10.1016/j.geoderma.2021.114986
https://doi.org/10.1016/j.geoderma.2021.114986
https://doi.org/10.1016/j.jclepro.2021.127272
https://doi.org/10.1016/j.jclepro.2021.127272
https://doi.org/10.1016/j.agwat.2019.02.032
https://doi.org/10.1016/j.agwat.2019.02.032
https://doi.org/10.1016/j.geoderma.2016.08.022
https://doi.org/10.1016/j.geoderma.2016.08.022
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.1080/17583004.2018.1553436
http://www.worldagriculturalproduction.com/crops/rice.aspx
http://www.worldagriculturalproduction.com/crops/rice.aspx
https://doi.org/10.1016/j.jclepro.2022.133515
https://doi.org/10.1002/fes3.206
https://doi.org/10.1080/00380768.2019.1683890
https://doi.org/10.1080/00380768.2019.1683890
https://doi.org/10.1016/j.cj.2016.06.002
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref61
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref61
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref61
http://refhub.elsevier.com/S0167-8809(23)00446-2/sbref61
https://doi.org/10.1111/j.1365-2486.2011.02495.x
https://doi.org/10.1016/S2095-3119(16)61506-X
https://doi.org/10.1016/S2095-3119(16)61506-X

	Evaluating greenhouse gas mitigation through alternate wetting and drying irrigation in Colombian rice production
	1 Introduction
	2 Methodology
	2.1 Site information and experimental design
	2.2 Greenhouse gas emissions
	2.3 Rice grain yield, aboveground biomass, water use, and soil moisture
	2.4 Statistical analysis

	3 Results
	3.1 Weather conditions
	3.2 Rice grain yield, biomass, and water consumption
	3.3 Daily GHG fluxes and soil moisture
	3.4 Cumulative GHG emissions and GWP

	4 Discussion
	4.1 Yields and water use
	4.2 Daily and cumulative GHG emissions
	4.3 GWP and relevance of AWD in this region

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


