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Abstract: Reducing methane (CH4) emission from paddy rice production is an important target for
many Asian countries in order to comply with their climate policy commitments. National greenhouse
gas (GHG) inventory approaches like the Tier-2 approach of the Intergovernmental Panel on Climate
Change (IPCC) are useful to assess country-scale emissions from the agricultural sector. In paddy rice,
alternate wetting and drying (AWD) is a promising and well-studied water management technique
which, as shown in experimental studies, can effectively reduce CH4 emissions. However, so far little
is known about GHG emission rates under AWD when the technique is fully controlled by farmers.
This study assesses CH4 and nitrous oxide (N2O) fluxes under continuous flooded (CF) and AWD
treatments for seven subsequent seasons on farmers’ fields in a pumped irrigation system in Central
Luzon, Philippines. Under AWD management, CH4 emissions were substantially reduced (73% in
dry season (DS), 21% in wet season (WS)). In all treatments, CH4 is the major contributor to the total
GHG emission and is, thus, identified as the driving force to the global warming potential (GWP).
The contribution of N2O emissions to the GWP was higher in CF than in AWD, however, these only
offset 15% of the decrease in CH4 emission and, therefore, did not jeopardize the strong reduction
in the GWP. The study proves the feasibility of AWD under farmers’ management as well as the
intended mitigation effect. Resulting from this study, it is recommended to incentivize dissemination
strategies in order to improve the effectiveness of mitigation initiatives. A comparison of single CH4

emissions to calculated emissions with the IPCC Tier-2 inventory approach identified that, although
averaged values showed a sufficient degree of accuracy, fluctuations for single measurement points
have high variation which limit the use of the method for field-level assessments.

Keywords: agriculture; Oryza sativa; methane; greenhouse gases; mitigation; water management;
irrigation technology

1. Introduction

Agriculture is a considerable source of anthropogenic greenhouse gas (GHG) emissions, making it
a major driving force for climate change [1]. In Asia, agricultural production dominated by paddy rice
cultivation contributes over 90% to the global rice production and food security [2]. It also contributes
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largely to the production of GHGs, most importantly methane (CH4) [1]. CH4 is produced anaerobically
by methanogenic archae that thrives in flooded soil [3,4]. It is emitted to the environment through
diffusion, ebullition, and plant-mediated transport [5].

Besides CH4, nitrous oxide (N2O) is another potent GHG emitted under aerobic soil conditions.
N2O emissions are derived from microbial denitrification and is enhanced by field drainage and
subsequently soil aeration [6]. Multiple aerations create alternate aerobic and anaerobic conditions,
thereby enhancing N2O emission from the soil [6]. CH4 and N2O are relevant GHGs with a global
warming potential (GWP) of 28 times (CH4) and 265 times (N2O) greater than carbon dioxide (CO2)
within a 100-year time horizon [7].

In the Philippines where rice remains the most important food crop, 70% of the rice area harvested
is irrigated [8]. With the increasing population of the country, physical and economic water scarcities
threaten food security. Particularly in rapidly urbanizing areas, agriculture is more and more sidelined
when it comes to water distribution [9]. Solutions for growing rice with less water are thus urgently in
demand. Alternate wetting and drying (AWD) is a management practice that has been developed
for irrigated rice in order to reduce water input [10,11]. Instead of growing rice under continuously
flooded (CF) conditions, AWD involves several dry phases during the rice growth period. However,
field water is kept at a level that enables the rice plant to get sufficient water and not face water stress.
This practice of mild or “safe” AWD does not cause any decline in grain yield [12,13].

Another benefit of AWD is that it reduces CH4 emissions from rice paddies. Draining a rice
field under AWD aerates the soil which inhibits CH4 production [3], thereby reducing emissions by
50% and more [14]. The potential of AWD to mitigate CH4 emissions has long been seen as a side
effect but it is also due to this fact that AWD has received great interest in recent years. As reducing
anthropogenic GHG emissions has become a global goal—receiving wide attention after the Paris
Agreement [15]—effective mitigation technologies in all sectors are being evaluated. Since the rice
subsector stands as a significant source of CH4, AWD can, thus, be an important technology to help
achieve national mitigation targets.

The mitigation potential of AWD has been investigated in many studies [16–18]. The vast majority
of these, however, were conducted under controlled conditions managed by field technicians or
researchers. Only a few studies were conducted on farmers’ rice fields [19,20] but none so far have been
conducted in the Philippines. It is expected that the diversity of rice farming systems will most likely
affect the adoption, implementation, and mitigation potential of AWD. Furthermore, an apprehended
increase in N2O emissions under AWD might offset some of the CH4 reductions [21].

This study aims to analyze the effect of AWD in reducing GHG emissions in farmers’ rice fields in
Central Luzon (Philippines), the so-called “rice granary” of the Philippines which accounts for 20% of
the national rice production [22]. Emissions from farmers’ fields in Tarlac province were analyzed
over seven seasons. For each season, rice fields under CF were compared with fields under AWD
management with the following objectives:

1. Support the establishment of a baseline data of emissions under continuous flooding;
2. Assess the mitigation effect of AWD under farmers’ field conditions; and
3. Evaluate the feasibility and efficiency of AWD in Central Luzon.

2. Materials and Methods

2.1. Site Description

The experiments were conducted on farmers’ rice fields in the villages (barangays) of Canarem of
Victoria municipality (15◦35′32.5” N 120◦42′25.2” E) and Carmen of Anao municipality (15◦42′52.2” N
120◦37′31.8” E) in the province of Tarlac located right at the border to the province of Nueva Ecija (Figure 1).
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Figure 1. Map of the Philippines and location of Tarlac province with a detailed view on the municipal
boundaries (green) and the study sites (red circles).

GHG emission rates were recorded in the dry seasons (DS) and wet seasons (WS) from 2012 to 2015.
The province of Tarlac has an average annual rainfall of 2013 mm yr–1 and is characterized by very
pronounced dry (November–April) and wet (May–October) seasons, during which, on average, nearly 90%
of the precipitation (1805 mm) occurs. Mean air temperature is 27.2 ◦C with low annual variations.
An overview of the soil texture and properties of the two experiment sites is shown in Table 1.

Table 1. Soil properties of the study sites in Tarlac province.

Anao Victoria

CF AWD CF AWD

Soil texture Clay Silt Loam
Clay (%) 52.74 23.00
Sand (%) 11.77 24.75
Silt (%) 35.49 52.25
pH (H2O) 6.87 6.99 7.30 7.08
Organic carbon (OC, %) 1.81 2.61 0.58 0.82
Total nitrogen (N, %) 0.07 0.09 0.046 0.066

Six fields (plots) of at least 100 m2 each were chosen for each season based on their toposequence
in the field, wherein three were managed under conventional water management (i.e., CF) and three
under AWD. In the last two seasons (i.e., 2015 DS and 2015 WS), three additional fields were also
managed under midseason drainage (MSD). Fields under the same water management practice are
called “replicate fields”. The AWD plots were located at the high toposequence of the field where there
was good control of water to implement the AWD technique while the CF plots were located at the
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low toposequence to maintain ponded water during crop growth. This arrangement positioned the
fields very close to each other with a distance of less than 25 m within a treatment group and less than
100 m between the three treatments (CF, AWD, and MSD). The predominant irrigation management is
regulated by the farmers via pumps. The irrigation water is pumped onto the fields, which floods the
fields evenly. Prior to the field experiments, coordination with farmer cooperators (FCs) and onsite
briefings were conducted. To ensure and encourage the FCs to implement the AWD and CF treatments,
in-kind support such as seeds and fertilizers were given to them. The detailed field management
information was left to the farmers who had been introduced to AWD and MSD before. Information on
field and crop management is shown in Table 2.
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Table 2. Field and crop management in the dry season (DS) and wet seasons (WS) in Victoria (2012 DS–2013 WS) and Anao (2014 DS–2015 WS), Tarlac.

Site Victoria Anao

Season 2012 DS 2013 DS 2013 WS 2014 DS 2014 WS 2015 DS 2015 WS

Method of crop establishment Transplanting Transplanting Transplanting Transplanting Transplanting Transplanting Transplanting
Date of crop establishment 15, 20 December 2011 18–19 December 2012 16, 25, 28 June 2013 24 January 2014 25 June 2014 24 December 2014 24 June 2015
Harvesting date 6, 8 March 2012 12, 20, 22 March 2013 16, 24, 26 September 2013 19 April 2014 24–25 October 2014 24 March 2015 29 September 2015

Variety NSIC Rc216,
NSIC Rc224

Super Diamond, NSIC Rc218,
NSIC Rc302 NSIC Rc222 NSIC Rc222 NSIC Rc222 NSIC Rc216

Total N
(kg N ha−1) 107 (CF)/132 (AWD) 104 105 90 148 173 193

Total P
(kg P2O5 ha−1) 19/25 25 N/A 21 56 33 35

Total K
(kg K2O ha−1) 13/25 10/5 N/A 21 28 33 35

Straw management N/A Straw removed and
used as animal feed

Straw removed and used as
animal feed

Incorporated
straw

Incorporated straw and
added vermicompost Incorporated straw Incorporated straw and

added vermicompost

N/A: No information available.
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2.2. Irrigation

Irrigation at both sites is facilitated by a community-owned pump wherein a group of farmers
shares the diesel-driven deep-water pump. Each farmer purchases his own diesel to run the pump for
the time he irrigates his field. Due to this, these farmers have a high direct incentive to save water,
especially because the cost for diesel is the highest field input they have. For example, in Victoria,
fuel cost accounts for 26–40% of the total cost of rice production in the dry season [23].

In the AWD fields, perforated plastic tubes (“AWD tubes”, “groundwater observation wells”,
or “pani pipes”) were inserted into the field so that the water level below soil surface could be observed.
Irrigation water was applied when the water level reached 10–15 cm below soil surface. In the CF fields,
a standing water layer of 3–7 cm was maintained throughout the growing season. Around flowering,
all AWD field plots were irrigated and continuously flooded to avoid any kind of drought stress during
this presumably sensitive phase. One to two weeks before the expected time of harvest, all fields were
drained. Field water level was determined via the pani pipes except in 2013 DS when the water level
was determined by surface water levels only. In 2012–2014, water levels were observed during the
time of GHG sampling (once per week). This made it difficult to assess the field water level between
the sampling days. The water levels were, therefore, monitored on a daily basis in both 2015 DS and
2015 WS to provide a data set for further detailed analyses. The field water levels under AWD and CF
for all seasons are shown in Figure 2.
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Figure 2. (a–g) Sample of daily field water level collected by farmer cooperators during the field
experiments in the wet and dry seasons of 2012–2015. Water levels were collected via perforated plastic
pipes in the field, except in 2013 DS when the water level was determined via the surface water level.

2.3. Gas Sampling and Analysis

Gas samples were taken manually during the growth period using the closed chamber
technique [24,25]. Round transparent plastic bases (r = 25.3 cm) were installed in the rice fields
1–2 weeks after transplanting and 3 weeks after direct seeding, covering 4 hills each. Three replicate
bases per field/plot were installed 1.5–2 m apart from each other. The white top chambers (V = 111.3 L)
made of nontransparent plastic were equipped with a battery-operated fan, thermometer, and a red
rubber stopper as a sampling port. Once a week, four gas samples were taken with a 60-mL plastic
syringe equipped with a stop-cock in 10-min intervals (0, 10, 20, 30 min) after closing the chambers.
The gas samples were stored under pressure in 30-mL evacuated glass vials with grey rubber stoppers
and screw caps.

The gas samples were analyzed within one week after sampling with a Shimadzu 14B (2012–2013)
and SRI GC8610C (SRI Instruments, Torrance, CA, USA; 2014–2015) gas chromatographs (GC) equipped
with gas filters (moisture and hydrocarbon), flame ionization detector (FID) for the analysis of CH4,
and 63Ni electron capture detector (ECD) for the analysis of N2O. The temperature of the FID was
330 ◦C and that of the ECD was 350 ◦C, while the column temperature was set at 70 ◦C. For both the
ECD and FID in the SRI GC, the carrier gas used was nitrogen (N2). In the Shimadzu GC, argon was
used as carrier gas for the ECD while N2 was used for the FID. The packing material of the columns for
CH4 and N2O analysis was Porapak Q (50–80 mesh; GL Sciences, Shinjuku-ku, Tokyo, Japan) and the
length of the columns was 3 m. CH4 and N2O standard gases used for developing new calibration
curves every week were purchased from Matheson Tri-Gas (Twinsburg, OH, USA).

2.4. Calculation of Daily and Seasonal Emissions

Following common practices [26], the gas samples were taken between 9 am and 11 am when CH4

flux was expected to be on the daily mean level. The weekly emission results from each three replicate
fields were averaged (arithmetic mean) to obtain the seasonal pattern. To calculate the total amount of
GHG emission, the total amount from each replicate field was calculated separately and then averaged.
This was done to take into account the different season lengths of different replicate fields.

Linear regression of the four measurement points (0, 10, 20, and 30 min) was used to calculate the
hourly flux rates based on the ideal gas law, using the chamber air temperature values measured at
the time of sampling. To calculate the total amounts of CH4 and N2O emitted for a sampling interval,
the trapezoidal integration method (i.e., linear interpolation and numerical integration between
sampling times) was used following the steps as described by [25]. The fluxes were virtually set to
zero at the day of transplanting and the day of harvest for each season.

To convert CH4 and N2O emissions to CO2 equivalents, conversion factors according to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) were used:
GWP (CH4) = 28; GWP (N2O) = 265 [7].
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2.5. Grain Yield

At physiological maturity, grain yields were determined from a 5 m−2 crop cut at the center of
each field. The harvested samples were threshed, cleaned, and sun dried for 2–3 days. The moisture
content of the dried grains was measured using a digital grain moisture meter. Grain yields were
determined based on adjustment to 14% moisture content.

2.6. Statistical Analysis

Analysis of variance was performed on GWP CH4, GWP N2O, total GWP, and yield for all
treatments over the total growth period of one season using the Statistical Tool for Agriculture,
STAR 2.0.1 (IRRI, Los Banos, Philippines, http://bbi.irri.org). Differences among treatment means were
analyzed using least significant difference (LSD) test at 5% level of significance.

3. Results

3.1. Seasonal Patterns of CH4 Emissions

Figure 3 shows the CH4 emission rates and cumulative precipitation over three seasons: 2012 DS (a),
2013 DS (b), and 2013 WS (c) in Victoria, Tarlac. Emissions from the CF fields were generally higher than
those from the AWD fields. Average daily emissions for CF ranged from 5.4 to 8.8 mg CH4 m−2 h−1

while those for AWD ranged from 2.1 to 3.6 mg CH4 m−2 h−1. In DS, AWD fields showed moderate
CH4 fluxes in the beginning of the season but these decreased after 30–40 days after transplanting and
then remained low during the rest of the season. In WS, a higher variation of flux rates in CF and AWD
was observed throughout the season.
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for 2012 DS (a), 2013 DS (b), and 2013 WS (c) as affected by different water management treatments.
Values represent arithmetic means of 3 replicate fields with 3 replicate chambers each. Dotted lines at
the beginning and at the end of each season indicate extrapolation of emissions to the transplanting
and harvest dates, respectively, when emissions are assumed to be “0”. Grey bars represent average
daily precipitation per 10-d interval.
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Figure 4 shows the CH4 emission rates and cumulative precipitation over four seasons: 2014 DS (a),
2014 WS (b), 2015 DS (c), and 2015 WS (d) in Anao, Tarlac. CH4 emissions were generally higher in WS
than in DS. While the highest emissions in DS ranged from 5 to 8 mg CH4 m−2 h−1, these were still less
than the 10 mg CH4 m−2 h−1 recorded in WS. In addition, the difference between the emissions from
CF and AWD is more pronounced in DS than in WS.
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Figure 4. (a–d) Seasonal variations of CH4 flux in Anao, Tarlac farmers’ fields for 2014 DS (a),
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In 2014 DS, the average emission rates were 2.5 and 0.4 mg CH4 m−2 h−1 for CF and AWD,
respectively. In WS, the average emission rates were higher (5.6 and 5.0 mg CH4 m−2 h−1 for CF and
AWD, respectively). A higher variation of flux rates was also observed in WS than in DS. In 2015 DS,
the average emission rates were 2.6, 0.6, and 2.2 mg CH4 m−2 h−1 for CF, AWD, and MSD, respectively.
Average emission rates were again higher in WS (6.1, 5.6, and 6.5 mg CH4 m−2 h−1 for CF, AWD,
and MSD, respectively). The observed seasonal flux was very similar across the three treatments
in 2015 WS. Throughout the years, precipitation during DS is very limited while high rainfall was
observed during WS.

3.2. N2O Emissions

N2O emissions were measured alongside CH4 emissions during all seven seasons. The N2O flux
was generally very low (between 0 and ~0.2 mg N2O m−2 h−1) with occasional peaks of up to 0.3 or
0.4 mg N2O m−2 h−1. The highest peak of 0.6 mg N2O m−2 h−1 was recorded in 2013 WS under AWD
treatment. The graphs with seasonal emissions can be found in the supplemental material (Figure S1).
The highest seasonal N2O emissions were recorded in 2014 DS with 523 and 842 kg CO2eq ha−1

per season in CF and AWD, respectively (Table 3). Seasonal N2O emissions were not significantly
different between CF and AWD treatments, except in 2014 DS with 147 and 478 kg CO2eq ha−1 per
season, respectively.

3.3. Seasonal Cumulative GHG Emissions and GWP

The total seasonal emissions of CH4 and N2O as affected by water management treatments are shown
in Table 3. For Victoria covering 2012–2013, CH4 emissions ranged from 3186 to 4754 kg CO2eq ha−1 for
the CF plots but were strongly reduced (from 1161 to 2282 kg CO2eq ha−1) for the AWD plots. However,
a statistically significant reduction was found only in 2012 DS. No significant difference was found for
either season in 2013. An increase of 22–57% in N2O emissions was observed in AWD as compared to CF,
however, the difference was not statistically significant.

In 2014 and 2015, the sites in Anao showed much lower emissions in DS (1419 and 1558 kg CO2eq ha−1,
respectively) as compared to WS (3545 and 3840 kg CO2eq ha−1, respectively) under CF. In addition,
the CH4 reduction potential of AWD was bigger in DS (~80%). However, significant differences in CH4

emissions between CF and AWD could only be found in 2015 DS.
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In 2015, MSD was introduced as a third water management treatment. In DS, CH4 emissions
under AWD were significantly different from those under CF while MSD showed CH4 emission values
in between the two other practices. In WS, CH4 emissions did not show significant differences between
any of the treatments. Total CH4 emissions under CF and AWD were very similar comparing DS and
WS in 2014 and 2015, respectively. N2O emissions tended to increase in AWD and MSD as compared
to CF, but no significant differences were found throughout the experiment.

The contribution of CH4 to the total GWP (Table 3) under CF is between 91 and 96% (73% in 2014
DS). In addition, under AWD the total GWP is mostly determined by CH4 emissions (72–90%) except
in 2014 DS and 2015 DS which had a CH4 contribution of 22 and 40%, respectively.

The fact that CH4 is the main contributing GHG to the total GWP under CF is also the reason
why the decrease in GWP under AWD is generally of similar magnitude as with the decrease in CH4

emission. However, if CH4 is strongly reduced under AWD such as in 2014 DS and 2015 DS (1419 to
235 kg CO2eq ha−1 and 1558 to 324 kg CO2eq ha−1, respectively), the increased N2O emission under
AWD carries more weight and the relative reduction in GWP is lower than the relative reduction in
CH4, e.g., 45 and 52% decrease in 2014 DS and 2015 DS, respectively.

The average grain yield from all treatments is given in Table 4. Yields did not vary significantly
between any of the treatments within the same season. No yield data has been recorded in 2014 DS
due to stem borer damage in the experimental plots. However, we are confident that the recorded
GHG emissions still represent a valid comparison of management practices. The low yields in 2014
WS can be explained by inundation of all plots for several days during the reproductive stage caused
by typhoon Fung-wong. Given the experimental set-up in our study, the comparison of treatments
is clearly discernible for individual data pairs obtained at identical sites and seasons. This focus of
our research is also reflected in the objectives stated above. The interpretation of results across sites
and seasons, however, has to consider the caveat of being influenced by rice varieties, fertilizer rates,
and straw management. As either parameter could have affected GHG emissions in one way or the
other, we refrain from conclusions on spatial and interannual comparisons.
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Table 3. Total seasonal CH4 and N2O emissions from the study fields (2012–2015) as affected by different water management treatments.

Year and Season Location
CH4 (kg CO2eq ha−1) N2O (kg CO2eq ha−1)

CF AWD %GWP Decrease * MSD %GWP Decrease CF AWD %GWP Increase * MSD %GWP Increase

2012 DS Victoria 4754 a 1161 b 75.57 - - 346 446 ns 22.42 - -
2013 DS Victoria 3603 1666 ns 53.76 - - 120 252 ns 52.38 - -
2013 WS Victoria 3834 2282 ns 40.47 - - 288 663 ns 56.56 - -
2014 DS Anao 1419 235 ns 83.42 - - 523 842 ns 37.89 - -
2014 WS Anao 3545 3158 ns 14.22 - - 266 380 ns 30.00 - -
2015 DS Anao 1558 a 324 b 79.23 1290 a 17.23 147 b 478 a 69.25 208 b 29.33
2015 WS Anao 3840 a 3490 a 9.12 3836 a 0.11 289 a 398 a 27.39 305 a 5.25

CF–Continuously flooded; AWD–Alternate wetting and drying; MSD–Midseason drainage; * % GWP increase/decrease relative to CF; In each season, mean values followed by the same
letters or ns are not significantly different using least significant difference (LSD) at p = 0.05.

Table 4. Total global warming potential (GWP), grain yield, and yield-scaled GWP in Tarlac farmers’ fields (2012–2015) as affected by different water management treatments.

Year and Season Location
GWPCH4+N2O (kg CO2eq ha−1) Grain Yield (Mg ha−1) Yield-scaled GWP

(kg CO2eq Mg−1)

CF AWD %GWP Decrease * MSD %GWP Decrease CF AWD MSD CF AWD MSD

2012 DS Victoria 5100 a 1607 b 68.49 - - 4.39 4.22 ns - 1162 381 -
2013 DS Victoria 3723 1918 ns 48.48 - - 6.06 6.30 ns - 596 264 -
2013 WS Victoria 4121 2945 ns 28.53 - - 4.97 5.25 ns - 829 561 -
2014 DS Anao 1942 1077 ns 44.53 - - n/a n/a - n/a n/a -
2014 WS Anao 3811 3538 ns 10.68 - - 1.40 1.07 ns - 2725 3303 -
2015 DS Anao 1705 a 802 b 52.99 1497 ab 12.21 6.71 a 5.26 a 4.76 a 254 152 315
2015 WS Anao 4129 a 3888 a 5.83 4141 a 0.29 7.23 a 6.89 a 6.94 a 571 565 597

* Values in parenthesis denote % GWP decrease relative to CF; In each season, mean values followed by the same letters or ns are not significantly different using least significant difference
test at p = 0.05. n/a–yield data has not been recorded (see Section 3.2).
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4. Discussion

The experimental sites were carefully chosen in order to assess the efficiency of AWD in
pump irrigation systems where field management was under the complete control of local farmers.
From Table 3 it can be seen that the reduction in CH4 under AWD as compared to CF in DS (54–83%;
average 73%) is at the higher end compared to findings of other studies [26–28] and is also higher
than the IPCC default reduction factor (48%) for “multiple drainage” [29]. This is irrespective of the
emissions under CF. The high levels of CH4 reduction in DS show that farmers were able to apply
AWD effectively. One reason might be the fact that irrigation is being applied by community-owned
pumps with farmers paying for the diesel in order to use the pump. Thus, they have a direct profit
increase from saving water. In a study conducted by Launio and Manalili [30], deepwell users in
Tarlac used 215 L/ha of diesel during DS and 56 L/ha during WS. These amounts of fuel consumption
correspond to 568 and 148 kg CO2/ha, respectively, based on a commonly accepted rate of 2.64 kg
CO2/liter diesel. Although this is considerably less than the GWP caused by CH4 and N2O emissions
(802–5100 kg CO2/ha), potential savings in pumping costs could offer a direct monetary incentive for
farmers and also contribute to the overall mitigation by AWD. Thus, this aspect could be seen as an
important argument in favor of the adoption of AWD and MSD in pump systems.

The incentive is particularly high in DS when a high amount of irrigation water is being pumped,
but it also exists in WS when farmers during times of little rainfall would add water to their fields to
keep them flooded.

Although high levels of CH4 reduction were achieved, these were still not always statistically
significant. GHG fluxes determined by chamber-based methods often exhibit Coefficients of Variation
of 100% and more [31] due to the microbiological nature of CH4 production processes and heterogeneity
of soil properties [32]. This can be attributed to the high level of spatial variation in the farmers’ fields.
In WS, the CH4 reduction through AWD was lower (9–40%, average 21%) and depended on the amount
of precipitation during the growth period. Rice cropping in 2014 WS and 2015 WS experienced a lot
of rainfall (~1000 mm) and only 9 and 14% CH4 reduction, respectively, were achieved. In 2013 WS,
there was less rainfall and a CH4 reduction of 40% was achieved.

AWD reduced the total GWP (combined CH4 and N2O emissions) as compared to CF. The reduction
rate in GWP was slightly lower than the reduction of CH4 alone (45–68% and 6–29% in DS and WS,
respectively) due to an increase in N2O emissions by 22–69% in DS and 27–57% in WS. The increase of
N2O emissions by AWD only offsets on average ~15% of the decrease in CH4 (11% in DS, 35% in WS)
and, therefore, did not jeopardize the GWP reduction effect of AWD. These findings are consistent with
those of other studies [27,31,33] in which, despite increased seasonal N2O emissions, AWD was found
to be an effective method for mitigating GHG emissions by reducing the overall GWP considered on
the basis of CO2-equivalence.

Besides water regime, the amount of available N in the soil is a key driving factor for N2O
emissions [6,34,35]. However, the amount of N2O emissions actually released is controlled by multiple
factors and their interactions [34], which makes it very difficult to predict under farmers’ management.
The results showed no significant difference between CF and AWD for N2O emissions (except in
2015 DS where N2O emissions in AWD were significantly higher than in CF) which can again be
attributed to high spatial variation within the experiment fields as well as high temporal variation [6,36].
High Coefficients of Variation within flux results determined by closed chamber methods caused by
natural heterogeneity of soil properties [31,32] are also the underlying cause for finding no proportional
correlation of N input and N2O emission.

The average “N2O emissions scaling factor” for AWD, describing the weighted impact of the
water regime, was determined as 1.75 across all seasons with no substantial differences between dry
and wet season or between different sites. In comparison with literature, increase in N2O emissions
can be found within a wide range (0.79–2), emphasizing the high variability in N2O fluxes [37–39].

In 2015, MSD was implemented as an alternative mitigation option with only a single aeration.
In 2015 DS, MSD reduced CH4 emissions by 17% and overall GWP by 12% compared to CF. In WS,
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MSD had no reducing effect on CH4 emission or GWP. The researchers assume that aeration was
insufficient due to frequent rainfall. However, the results still show that MSD is an effective method
for reducing GHG emissions in DS with low requirements for farmer intervention.

Importantly, these findings highlight the relevance of incentives for farmers for the implementation
and impact of AWD: as assumed, farmers’ direct monetary incentive for AWD implementation
substantially contributed to the success of the dissemination and the high GHG mitigation achieved.
The lack of incentives has been identified by many authors as a main barrier to the adoption of
water management technologies [27,40–42]. Li & Barker [43] reported an adoption rate for AWD of
about 40% in China’s rice production sites, where volumetric water prices and water consumption
associations were identified as drivers for a high adoption rate. With this respect, these current
findings are valuable for improving dissemination strategies. Adoption rates of AWD are rather low
to date, despite intensified promotional activities by national, international, and nongovernmental
organizations as well as research institutions [44]. In summary, the following are recommended to
enhance dissemination strategies and maximize the adoption rate for AWD: (I) to link AWD to direct
monetary incentives, e.g., saving costs of water pumping or higher yields, for example by including
AWD in crop management packages. Some recommendation sets that aim to provide benefits to farmers
and the environment include the standard of the Sustainable Rice Platform [45], the “PalayCheck”
system of the Philippine Rice Research Institute [46], and the Vietnamese program “1 Must Do,
5 Reductions” [47] as well as the approach by the Barind Multipurpose Development Authority in
Bangladesh of basing the payment for irrigation water on a prepaid card system which led to a more
economic use of water [48]; and (II) to put greater emphasis on training and extension programs
on the additional benefits of AWD and ecosystem services [49] such as increased soil health [50,51],
reduced pest and disease infection [52,53], and enhanced system-scale water availability [54].

Secondly, these results show that the IPCC Tier-2 GHG inventory approach is not suitable for
estimating CH4 emissions for single measurement points; hence, it is not suitable for downscaling
CH4 emissions at the field level. This study compared the emissions recorded in 2012 DS and 2013
DS under CF and AWD with the respective IPCC-calculated emissions (Figure 5), taking into account
national emission factors (following the Philippines’ Second National Communication to the UNFCCC)
(EF 1.46), water balance scaling factors (SFw (CF: SFw = 1 with 0.79 and 1.26 and AWD: SFw = 0.52
with 0.41 and 0.66 with the lower and upper range, respectively)), and the scaling factor for the field
condition before the cultivation phase (SFp (SFp = 1, with 0.88 and 1.14 as lower and upper range)):

CH4 emission = 1.46kg ∗ ha−1
∗ day−1

∗ SFW ∗ SFp(
converted in mg·m−2

·h−1
)
.

(1)
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Figure 5. (a–d) Comparison of Intergovernmental Panel on Climate Change (IPCC), single field, and site
average CH4 emissions for single dry seasons (DS) under Continuous Flooded (CF) and Alternate
Wetting and Drying (AWD) treatments. Single field measurements represent the average of chamber
emissions (Ch1-Ch3). IPCC emissions were calculated according to Tier-2 taking into account national
emission factors1 (EF 1.46), water balance scaling factors (SFw2), and the scaling factor for the water
balance before the cultivation phase (SFp3). The upper and lower ranges of IPCC represent aggregated
uncertainties of all scaling factors.

In 2012 DS and 2013 DS, the straw was completely removed from the field; it was therefore not
considered in the calculation.
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5. Conclusions

Mitigation of GHG emissions from rice production is highly important to limit global warming.
So far, there was a considerable uncertainty on the scale of the mitigation potential of AWD when
fully controlled by farmers. This study, which covers seven seasons under farmers’ management,
concludes the following findings: firstly, AWD substantially reduced CH4 emissions and subsequently
the GWP during both dry and wet seasons. An increase in N2O emissions under AWD has only
offset an average of ~15% of the reduction in CH4 emissions. Linking water saving technologies to
benefits, as was the case in both study sites, can enhance adoption rates of mitigation technologies.
Thus, identification of targeted incentives for farmers is a highly important objective in improving the
success of mitigation actions.

Secondly, this study has shown that field-level variability of CH4 emissions is considerably high
and that the IPCC formulas suggested for GHG inventories have a rather low accuracy in estimating
point emissions, which underly natural variations and are influenced also by uncontrollable factors
like soil properties and weather. The results of IPCC Tier-2 estimates showed reliable accuracy
for aggregated data though and emphasize the importance of disaggregated calculation methods.
In addition, onsite measurements remain important to verify emission estimates by tools based on the
IPCC formulas.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/8/350/s1,
Figure S1: Seasonal variations of N2O flux in Victoria, Tarlac farmers’ fields and in Anao, Tarlac farmers’ fields as
affected by different water management treatments.
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