
1.  Introduction
Rice is the staple food for half of the world's population. By 2030, the production of rice must increase by at least 
25% in order to keep up with global population growth and demand (Seck et al., 2013). Conventional rice produc-
tion takes place under continuously flooded conditions (CF) requiring intensive irrigation. About 34%–43% 
of the world's total irrigation water is used for rice production (Bouman et al., 2007) of which approximately 
one  third is attributed to SE Asia. Due to predicted water scarcity (Bouman et al., 2005), the currently dominant 
CF method of producing rice is experiencing mounting challenges.

Agricultural production is a significant contributor to global warming and is responsible for approximately 12% 
of total global greenhouse gas (GHG) emissions (reference time period: 2007–2016; Shukla et al., 2019). This 
includes roughly 60% of global anthropogenic N2O emissions, primarily due to fertilizer application (mainly 
upland crops) and 10% of global anthropogenic CH4 emissions (mainly lowland rice; Ciais et al., 2014). Conse-
quently, the Paris Agreement by the UNFCCC, in 2015, for the first time mentioned explicitly mitigation meas-
ures within the agricultural sector to limit global warming. In the meantime, most signatories of the UNFCCC 
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have included mitigation in the agriculture sector in their Intended Nationally Determined Contributions (Rich-
ards et al., 2015).

In SE Asia, the Philippines is one of the most vulnerable countries to the impacts of climate change. A rapidly 
growing population and rising domestic water demand further exacerbate the challenges faced in the agricultural 
sector, particularly in rice production, which is the most important crop in the country. In order to adapt to future 
environmental conditions and socioeconomic needs, the Philippines government is attempting to implement 
adaption strategies that reduce the vulnerability of rice production to weather extremes (NC Philippines, 2014). 
One promising water-saving field management strategy being pursued is the Alternate Wetting and Drying 
(AWD) technique, which involves repeatedly drying of the field, leaving a shallow soil water table. With this 
technique, up to 38% of irrigation water can be saved (Lampayan et al., 2015) without—presuming optimal field 
management—impairing yields (Yang & Zhang, 2010). However, improper implementation of AWD may lead to 
significant yield losses due to drought stress and decreased nitrogen use efficiency (Carrijo et al., 2017).

Regarding total GHG emissions (GWP of CH4 and N2O), AWD has been shown to reduce CH4 emissions by 
up to 90% (Lagomarsino et al., 2016). On average, reported CH4 emissions are approximately halved with the 
reduction highly dependent on local site conditions (Jiang et al., 2019; Sander et al., 2015). Likewise, the effect 
of AWD on N2O emissions is highly variable. While some studies report increased emissions of N2O under AWD 
treatment of up to 500% (Lagomarsino et al., 2016), others found no significant change (Setyanto et al., 2018; 
Tran et al., 2018). In a review, Sander et al. (2015) report mean increases of N2O emissions by 20%, but with high 
variability due to differences in environmental conditions and field management.

The Intergovernmental Panel on Climate Change has developed upscaling methodologies of different complexity 
for the compilation of GHG inventories. Current national GHG inventories are mostly based on the Tier 1 and 
Tier 2 approach, that is, using global- or region-specific GHG emission factors. The methodology of choice, 
however, is the application of process-based models (Tier 3). These models can represent GHG emissions for 
continuous time periods, including the off-season, which is still hardly covered by measurements. Process-based 
models linked to GIS are also applicable over large regions and consider the variability of climate, soil, and field 
management. Moreover, these models can be used for the simulation of different scenarios and are therefore 
an important tool for public planning regarding, for example, the implementation of mitigation actions (Ogle 
et al., 2013). In rice-based cropping systems, process-based models have previously been applied for GHG inven-
tories (Katayanagi et al., 2017; Li et al., 2004; Matthews et al., 2000) and assessments of mitigation potentials 
(Begum et al., 2019; Cheng et al., 2014; Fumoto et al., 2009). At this point, however, their application as a stand-
ard tool integrated in national MRV (monitoring, reporting, and verification) systems is still in its infancy (Ogle 
et al., 2020).

Against this background, the aim of this study is to drive this development forward by applying the process-
based model LandscapeDNDC (Haas et al., 2013; Kraus et al., 2015) to compile a Tier 3 national inventory of 
GHG emissions from rice-based cropping systems in the Philippines. This inventory spans a total time period of 
12 years and is analyzed with regard to inter-as well as intra-annual GHG emission patterns, including off-sea-
son emissions. In addition, scenario simulations of nationwide adoption of AWD are carried out with the aim of 
exploring the suitability and mitigation potential of this field management technique.

2.  Material and Methods
2.1.  Experimental Data at Site Scale

Data from a total of 93 cropping seasons from several published scientific field experiments in the Philippines 
were used to test how well the process-based model LandscapeDNDC can predict GHG emissions and crop 
growth at site scale (see Table T1 in Supporting Information S1). One additional, not yet published data set was 
included, comparing CH4 and N2O emissions from traditional CF and AWD field management strategies. This 
data set follows the work of Weller et al. (2015, 2016) and Janz et al. (2019), who investigated GHG emissions 
from paddy rice systems under different land managements, for example, irrigation scheme and fertilizer appli-
cation. Details are shown in Supporting Information S1 (site properties: Table T2, measurements: Figures F5–F8 
and Table T3).
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2.2.  Ecosystem Model LandscapeDNDC

LandscapeDNDC is a simulation framework for terrestrial ecosystem models (Grote et al., 2009; Haas et al., 2013). 
The focus of LandscapeDNDC is the process-based calculation of C and N turnover and the associated produc-
tion, consumption, and transport of C and N trace gases (Kraus et al., 2016; Molina-Herrera et al., 2016), as well 
as subsurface nutrient transport in the plant-soil system (Dirnböck et al., 2016; Klatt et al., 2017; Liebermann 
et al., 2018). The model has been successfully applied to study rice production systems and has been shown to 
provide tangible simulations of short- and long-term C- and N-cycling dynamics and associated GHG emissions 
for tropical lowland and upland rice systems (Kraus et al., 2015, 2016). More detailed information regarding 
model setup is presented in Method M1 in Supporting Information S1. Summarized in Figure 1, the following 
paragraphs present the model inputs for the national-scale simulations.

2.3.  National-Scale Model Inputs

2.3.1.  Simulation Domain

The simulation domain covers the entire Philippines archipelago located in the western Pacific Ocean between 
4° 40ʹ and 21° 10ʹN latitude and 116° 40ʹ and 126° 34ʹE longitude covering a total land area of approximately 
300,000 km 2. The national simulations are based on a raster resolution of 0.083° × 0.083° (approximately grid 
cell area: 8.4 × 8.4 km 2, no. of simulated grid cells: 1,409) and span an investigated time period of 12 years 

Figure 1.  Overview of simulation drivers from different data sources for the national-scale simulations.
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(January 2000 till December 2011). The Philippine climate is tropical maritime with an annual mean temperature 
of 26.6°C, high humidity, and abundant rainfall (5th–95th percentile: 1,700–3,900 mm yr −1). There are two major 
seasons, distinguished by the amount of rainfall, with the wet season (WS) lasting from June to November and the 
dry season (DS) from December to May.

2.3.2.  Soil Database

Soil profile information, including soil organic carbon, bulk density, texture (clay, sand, and silt content), and pH, 
was derived from the ISRIC-WISE Soil Properties Global Grid database (Batjes, 2012; see also Figures F1 and 
F2 in Supporting Information S1). The spatial resolution of this database (0.083° × 0.083°) corresponds to the 
defined resolution of the simulation domain. Only the dominant soil unit (largest spatial coverage within a given 
pixel) of the ISRIC-WISE database for each pixel was considered. Additional information on soil iron contents 
was taken from a spatial database of topsoil (0–30 cm) and subsoil (30–100 cm) iron contents for the Philippines 
at a provincial level that has been compiled by Knox et al. (2000).

2.3.3.  Weather Information

Daily weather information (air temperature, precipitation, and solar radiation) was taken from the Global Mete-
orological Forcing Dataset Version 2 (Sheffield et al., 2006) in a spatial resolution of 0.5° × 0.5°. Temperature is 
downscaled to the regional resolution with high-resolution topographic data (Earth Resources Observation and 
Science Center, U.S. Geological Survey, U.S. Department of the Interior, 1997) aggregated to 0.083° × 0.083° 
and a temperature delta derived from the lapse rate of the International Standard Atmosphere model of −6.5°C 
km −1 (e.g., Vaughan, 2015). See also Figure F3 in Supporting Information S1 for the regional distribution of 
annual mean temperature and precipitation across the Philippines.

2.3.4.  Atmospheric Chemistry

For model simulations, the atmospheric concentration of CO2 was assumed to increase from around 370 to 390 
ppm between 2000 and 2012. Average total nitrogen deposition for the simulation domain was derived from 
Lamarque et al. (2013) ranging from 1 to 4 kg N ha −1 yr −1.

2.3.5.  Land Use and Management

Required land-use and land-management information is location, duration, and management practice of rice 
production. These “activity data” are imperative for upscaling of GHG emissions from agricultural land, irrespec-
tive of whether the approach is based on emission factors (IPCC Tier 1 or 2) or on simulation models (Tier 3). 
Since, at the scale of the Philippines, respective information is rarely available at the desired spatial and temporal 
resolution, several simplifying data aggregation steps were conducted.

Agricultural Land Under Rice Production

For the areal extent of agricultural land under rice production, the data set by Nelson and Gumma (2015) was 
used as a base layer. This data set represents a series of 500 × 500 m MODIS satellite images covering the tempo-
ral domain from 2000 to 2012 and represents all land that had been under CF rice production for at least three 
seasons. The resulting areal extent is about 2.0 million hectares.

Cropping Calendar and Intensity

The regional cropping calendar is obtained from Laborte et  al.  (2017) including spatially explicit (provinces 
level) time periods of peak planting dates for WS and DS. In most provinces (73 out of 81), the dominant crop-
ping rotation counts two rice crops per year, while three (7 provinces) or a single (one province) crop per year are 
less common. Overlapping the cropping calendar with above-described agricultural land under rice production 
results in an annual harvested area of 4.3 million hectares, which corresponds well to national statistics reporting 
a mean value of 4.26 million hectare in the time period 2000–2012 (PSA). According to local experts from the 
IRRI (personal communication), about 85% of all farmers in the Philippines transplant small rice seedlings from 
a nursery, while only about 15% do direct seeding. In view of this statistics and missing spatial information, all 
simulations assume that rice is always transplanted. Harvest dates are dynamically calculated by the applied 
model, depending on crop development, that is, harvest is triggered at crop maturity. The two representative rice 
varieties NSIC Rc222 for CF and AWD and NSIC Rc192 for rainfed cropping systems (RF) were used, accounting 
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for the wide adoption of modern high-yielding varieties throughout the Philippines (Laborte et al., 2015). Both 
cultivars were already parameterized and yields validated in earlier studies by Kraus et al. (2015, 2016).

Fertilizer Application

Urea is the single most important mineral fertilizer accounting globally for about 85% of fertilizer N applied to 
rice (Gregory et al., 2010). Fertilizer consumption in the Philippines has increased from around 500,000 tons per 
year in the early 1990s to a present rate of more than 1,000,000 tons of which about 75% is nitrogen fertilizers 
(FAOSTAT). Given the dominance of rice production vis-à-vis other crops in the Philippines, it can be assumed 
that the bulk of these fertilizers is applied on rice fields. The strong trend toward chemical fertilizers also indi-
cates that organic fertilizers play only a marginal role in the current farming practices of the Philippines. While 
there are no statistical data available for on-farm production of organic soil amendments, commercially produced 
bio-fertilizers are applied on less than 1% of the total agricultural land in the country (Ani & Abeleda, 2018). 
Therefore, in this study, urea is exclusively used as N fertilizer. Fertilization rates per cropping period are set 
constant over time but varied regionally between 41 and 103 kg N ha −1 season −1 (see also Table T4 and Figure 
F4 in Supporting Information S1). Most farmers either adopt two (35%) or three applications (56%) per year. For 
simplicity, it is assumed that for each cropping period, fertilization is split into three applications at 11, 28, and 
41 days after transplanting with shares of 40%, 30%, and 30% of total N application, respectively. Aller fertiliz-
er-related data have been collected from local experts at the IRRI (personal communication).

Land Preparation and Water Management

Under real conditions, many farmers do not have access to controlled irrigation facilities, such as pumps or irri-
gation channels, and rely on water input via precipitation. Hence, for the calculation of a comprehensive national 
GHG inventory from rice systems, this study also considers RF systems (see Section  2.3.6). Rice fields are 
assumed to be puddled, that is, repeatedly plowed under water-saturated conditions starting approx. one month 
before transplanting. Several steps (1–4) are implemented to represent puddling and subsequent water-manage-
ment activities (5–7):

1.	 �After the onset of puddling, water runoff up to 0.2 m above the surface is prevented due to the (re-) establish-
ment of bunds.

2.	 �Water percolation decreases due to the formation of a low-permeable plow pan (Wopereis et al., 1992). This 
is modeled by adapting the saturated hydraulic conductivity q (cm d −1) for soil depth z > 0.15 m according to

𝑞𝑞 (𝑧𝑧 𝑧 0.15) = 0.25 + 0.0025 𝑒𝑒0.09 ⋅ sand�

�where q depends on sand content (%) and is derived from data presented in Razavipour and Farrokh (2014).
3.	 �At the onset of puddling, the field is irrigated to establish a water table of 0.1 m.
4.	 �Three tilling events (till depth: 0.15 m) are performed, occurring one and 2 weeks after primary field flooding 

and 4 days before planting.
5.	 �One week before and after planting the field is saturated with water. This considers the active prevention of 

the formation of a water table by the farmer.
6.	 �Between 1 week after planting and approximately 2 weeks before harvest, the field is either CF (water table 

height: 0.05 m) in the CF simulations or repeatedly irrigated (water table height: 0.05 m) after the water table 
has dropped 0.15 m below soil surface in the AWD simulations.

7.	 �After field drainage, q gradually (approximately 1 month) approaches initial values as determined by soil 
texture. This means that q is only adjusted for the time period between puddling until a few weeks after the 
field is drained.

For CF and AWD, steps 1–7 are always fully included. For the RF simulations, the steps 3, 5, and 6 are only 
fulfilled by chance in the case that the precipitation is sufficient.

Harvest Residue Management

The management of harvest residues (rice straw) significantly affects C and N cycling of paddy rice fields (Janz 
et  al., 2019; Wassmann et  al., 2000). On the one hand, rice straw constitutes a freely available organic ferti-
lizer improving soil structure and maintaining soil organic carbon stocks (Chivenge et al., 2020). On the other 
hand, it has negative effects on yields as it might promote the spread of crop diseases and also contributes to 



Journal of Geophysical Research: Biogeosciences

KRAUS ET AL.

10.1029/2022JG006848

6 of 20

nitrogen  immobilization (Bird et al., 2001). Alternative usage of rice straw includes animal fodder, fuel, and mush-
room production or in the case of insufficient economical exploitation, open field burning (Gadde et al., 2009; 
Streets et al., 2003). For the Philippines, Gadde et al. (2009) estimated that in the early 2000s, approximately 
95% generated rice straw was subject to open-field burning. In contrast, a field survey across major rice produc-
ing areas in the Philippines reveals that about 54% of the surveyed farmers incorporate rice straw into the soil, 
27% burn it on site, and 19% remove it from the field using it for other purposes (IRRI and PhilRice, 2017). The 
difference between both studies reflects the rapid development in post-harvest practices over the last two decades. 
Therefore, this study distinguishes two scenarios, a high-residue (H) scenario in which rice straw is completely 
left on the field and incorporated into the soil during tilling and a low-residue (L) scenario in which rice straw is 
largely (90%) removed from the field after harvest. Triple-cropped rice fields are considered an exceptional case 
without the H-scenario since soil incorporation is mostly not feasible in such systems due to insufficiently long 
fallow periods and slow decomposition of the straw in soils that are flooded most of the time.

2.3.6.  Scenarios

Overall, a total of 6 different scenarios have been simulated each consisting of the cropping systems CF, RF, AWD 
under L- (10% straw) and H- (90% straw) residue management. All scenarios are simulated for the complete areal 
extent of agricultural land under rice production derived for this study. Out of these scenarios, two factorial 
combinations were created, namely rice production under conventional management (CF*) and AWD* with most 
common straw management practices. While CF* represents the “best guess” for the actual field management, 
AWD* represents the potential if all irrigated rice fields were converted to AWD. For these two aggregated 
scenarios, unchanged conditions regarding the current shares of irrigated/rainfed rice production and the fate of 
harvest residues were considered:

CF
∗
= 𝛿𝛿R × (𝛿𝛿H × RFH + (1 − 𝛿𝛿H) × RFL) + (1 − 𝛿𝛿R) × (𝛿𝛿H × CFH + (1 − 𝛿𝛿H) × CFL)�

AWD
∗
= 𝛿𝛿R × (𝛿𝛿H × RFH + (1 − 𝛿𝛿H) × RFL) + (1 − 𝛿𝛿R) × (𝛿𝛿H × AWDH + (1 − 𝛿𝛿H) × AWDL)�

The symbol δH represents the share of farms that incorporate harvest residues into the soil during land prepara-
tion, that is, 50% approximating the value reported by IRRI and PhilRice (2017). Due to missing information, δH 
is set constant for the whole Philippines. The symbol δR represents the share of rainfed rice production, which 
was spatially explicitly derived from the MIRCA2000 data set (Portmann et al., 2010). MIRCA2000 provides 
the share between irrigated and rainfed rice cropping for the reference year 2000 with a spatial resolution of 5 
arc min. This data set was adapted to meet two requirements: (a) all triple-cropped systems are always irrigated 
and (b) integrated over the whole Philippines; the share of rainfed harvested area corresponds to the officially 
reported mean value of about 32% for the time period 2000–2012 (PSA).

2.4.  Data Analysis

Model evaluation was based on Pearson correlation coefficient, bias, and root mean square error (RMSE). The 
effect of spatially distributed model drivers on simulated GHG emissions was assessed individually for the CF, 
AWD, and RF treatments (averaged across H- and L-residue scenarios). In addition, the relative change of simu-
lated GHG emissions was analyzed when switching from CF to AWD management (averaged across H- and 
L-residue scenarios). Proportional marginal variance decomposition was used to analyze the relative importance 
of model drivers, employing the statistical relaimpo R-package by Grömping (2006). Emissions of CH4 and N2O 
were compared to each other using the Global Warming Potential metric with respect to a 100-year time period 
(CH4: 34, N2O: 298; Myhre, 2013).

3.  Results
3.1.  Site Scale

Observations of CH4 emissions were available from a total of 95 cropping seasons from the investigated data 
sets. Observed seasonal emissions of CH4 ranged from 1 to 940 kg ha −1 with an average of 154 kg ha −1. Simu-
lated seasonal emissions of CH4 ranged from 0 to 660 kg ha −1 with an average of 136 kg ha −1. Linear regression 
between observations and simulations reveals that the most important environmental factors that determine CH4 
emissions are adequately represented by the applied model with an R 2 of 0.72 and an RMSE of 94.0 kg ha −1 
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(Figure 3). Observations of N2O emissions were available for 48 cropping seasons ranging from 0.06 to 10.0 kg 
ha −1 with an average of 2.0 kg ha −1. Simulated seasonal emissions of N2O ranged from 0.0 to 7.02 with an average 
of 1.33 kg ha −1. Though the general trend of seasonal N2O emissions is reasonably represented with a coefficient 
of determination of 0.79 and an RMSE of 1.19 kg ha −1, observations are on average underestimated by about 
30%. In addition to GHG fluxes, observations of aboveground biomass (dry matter) were available for 48 crop-
ping seasons, ranging from 0.39 to 2.1 kg m −2 with an average of 1.1 kg m −2. Simulated aboveground biomass 
ranged from 0.25 to 1.5 with an average of 1.0 kg m −2, representing observations adequately with an R 2 of 0.57 
and an RMSE of 0.26 kg m −2.

3.2.  Regional Scale

3.2.1.  Mean Annual Yields

Both field irrigation and the amount of harvest residues that are left on the field have a significant effect on simu-
lated crop growth (Table 1). While simulated yields in the AWD and CF scenarios are essentially equal, they are 
about 40% higher than in the RF scenario. Application of all harvest residues results on average in 20% higher 
yields as compared to simulation where harvest residues are largely exported from the field.

Mean Annual GHG Emissions

Table 2 presents simulated mean annual emissions (12-year simulation period) of CH4 and N2O for all inves-
tigated scenarios at the scale of the Philippines. With respect to water management, the highest emissions of 
CH4 were simulated for the CF scenarios. In comparison, the AWD scenario produced 25% less CH4 and the 
RF 77% less (averaged across H- and L-residue scenarios). Emissions of N2O follow inverse trends to CH4 with 
lowest emissions for the CF scenario and increased emissions for the AWD (+15%) and RF (+97%) scenarios. 
In comparison to the removal of 90% of harvest residues, full incorporation of residues into the soil strongly 
increases emissions of CH4 by +630%, +985%, and +569% in the RF, AWD, and CF scenarios, respectively. 
Emissions of N2O also increase, however, to a smaller extent, that is, +109%, +31%, and +34% in the RF, AWD, 
and CF scenarios, respectively. The factorial combination of the two scenarios reflecting national statistics of 
residue management and irrigated/rainfed rice cropping area reveals about −23% lower CH4 emissions in the 
AWD* scenario (903 Gg CH4 yr −1) as compared to the CF* scenario (1,180 Gg CH4 yr −1), while N2O emissions 
are about +8% higher in the AWD* scenario (4.8 Gg N2O yr −1) as compared to CF* (4.4 Gg N2O yr −1). The 
comparison of CH4 and N2O emissions using the 100-year Global Warming Potential metric shows that CH4 
emissions are responsible for 71%–99% of GHG emissions, depending on the underlying scenario. The relative 
contribution of CH4 increases with increasing flooding duration of rice fields (RF < AWD < CF) and the amount 
of harvest residues incorporated (L < H). The contribution of CH4 to total GHG emissions in the CF* and AWD* 
scenarios is about 97% and 96%, respectively.

3.2.2.  Spatial Pattern of Mean Annual GHG Emissions

Figure  4 shows that spatial variations of mean annual emissions are more pronounced for CH4 as compared 
to N2O. Expressed as 5th–95th percentile, CH4 and N2O emissions for the CF* scenario vary in a range of 
7–1,140 kg CH4 ha −1 yr −1 and 1.0–3.2 kg N2O ha −1 yr −1, respectively.

Based on spatially explicit information, relative importance analysis of mean annual emissions in the CF (aver-
aged across H- and L-residue scenarios) treatment against a set of climate (i.e., precipitation and temperature), 
soil (i.e., bulk density, pH value, SOC, iron, and sand), and field management related factors (number of crops per 
year, irrigation water, nitrogen fertilization, and amount of harvest residues) reveals a higher determination for 
CH4 (R 2 = 0.90) than for N2O (R 2 = 0.63) (see also Figures F10 and F11 in Supporting Information S1).

Regarding CH4, the most important spatial predictors are sand (R 2 = 0.35), pH value (R 2 = 0.37), and the amount 
of harvest residues finally incorporated into the soil (R 2 = 0.18) (Table 3 and Figure F10 in Supporting Informa-
tion S1). The highest CH4 emissions were simulated for the Cagayan valley and Central Luzon, both Northern 
Philippines (Figure 4). Regarding N2O, for which spatial correlations are generally lower, the most important 
predictors are the number of crops per year (R 2 = 0.27), sand (R 2 = 0.08), and temperature (R 2 = 0.12) (Table 3 
and Figure F11 in Supporting Information S1).
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In the AWD treatment, individual values of relative importance and the overall determination were very similar to 
the CF treatment (see Figure F12 and F13 in Supporting Information S1). In the RF treatment, determination for 
CH4 was a bit lower (R 2 = 0.69) as compared to CF and AWD. Most notable differences were a lower importance 
of pH (R 2 = 0.2) and a higher importance of precipitation (R 2 = 0.18) (Table 3 and Figure F14 in Supporting 
Information S1). Regarding N2O emissions in the RF treatment, the most important model drivers were fertiliza-
tion and the amount of harvest residues (both R 2 = 0.18) (Table 3 and Figure F15 in Supporting Information S1).

Switching from CF* to AWD* consistently results in decreased CH4 emissions, while N2O emissions were found 
to mostly increase. However, there are exceptions for some regions for which slightly decreasing N2O emissions 
were simulated for the AWD* scenario (e.g., in Central Luzon in the North and Mindanao in the South). These 
slightly decreased emissions of N2O under AWD occurred during the off-season, while during the growing 
season, N2O emissions were always greater under AWD (data not shown).

Switching from CF to AWD (not considering RF), the most important predictors for reduced CH4 emissions were 
the number of crops per year (R 2 = 0.67), amount of irrigation water (R 2 = 0.41), harvest residues (R 2 = 0.66), 
and sand content (R 2 = 0.21) (Table 3 and Figure F16 in Supporting Information S1). In general, triple cropping 
systems show a larger reduction potential as compared to double cropping system, which can be even visually 
detected by comparing Figure 2 and Figure 4. For the change of N2O emissions, the most important predic-
tors are nitrogen fertilization (R 2 = 0.41) and bulk density (R 2 = 0.2) (Table 3 and Figure F17 in Supporting 
Information S1).

3.2.3.  Intra-Annual Pattern of GHG Emissions

The emission rates of CH4 and N2O differ between the fallow period, the land preparation phase, and the crop-
ping season (see Table 4). For the aggregated CF* and AWD* scenarios, fallow periods contribute about 4%–5% 
of total annual CH4 emissions, while the period used for land preparation, during which the field is irrigated, 
contributes about 19%–23% of total annual CH4 emissions. In comparison, fallow and land preparation periods, 
respectively, contributed 50%–54% and 21%–23% of total annual N2O emissions. Like the mean annual budgets 
(Table 2), emissions of CH4 always increase with increasing amounts of straw application (Table 4). In contrast, 
in the irrigated scenarios, emissions of N2O increase from low-residue to high-residue inputs in the fallow period 
but decrease during the land preparation phase and the cropping period.

Figure  5 presents the seasonal pattern of CH4 and N2O emissions separately for double- and triple-cropped 
systems in the CF* inventory as well as the relative change of emissions from all cropping systems by switching 
from CF* to AWD*. According to the number of seasons, two or three emissions peaks are detectable. Regard-
ing CH4, emission peaks are obvious during the main cropping season (i.e., from January to May and July to 

Figure 2.  (a) Provinces used to spatially register general management practices (see Section 2.3.5). (b) Number of cultivated rice crops per year according to the 
cropping calendar by Laborte et al. (2017) (circle marks the only province subject to one cropping season). (c) Area under rice production according to the MODIS 
satellite data set by Nelson (2013). (d) Fraction of rice irrigated (Portmann et al., 2010).
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December), while for N2O, emission peaks appear anticyclical to CH4 during the off-season. Regarding CH4, 
relative change of emissions is stronger during the DS (ΔCH4: −38%) than the WS (ΔCH4: −19%). For N2O, 
emission changes are similar for the dry (ΔN2O: +6%) and WSs (ΔN2O: +8%).

3.2.4.  Inter-Annual Pattern of GHG Emissions

Figure 6 shows the inter-annual patterns of annual CH4 and N2O emissions for the CF and AWD scenarios distin-
guishing between low and high amounts of harvest residues incorporated into the soil. Under low-residue input, 
CH4 emissions do not follow a clear trend over time, while under high-residue input, CH4 emissions significantly 
increase with time (ΔCFH: +22.6 kg CH4 ha −1 yr −1, ΔAWDH: +20.8 kg CH4 ha −1 yr −1).

In contrast to CH4, emissions of N2O exhibit higher inter-annual fluctuations. While for the low-residue scenar-
ios, there is no trend observable and there is a slight decrease in annual N2O emissions observable of −0.03 kg 
N2O ha −1 yr −1 in both the CF and the AWD high-residue scenarios.

4.  Discussion
4.1.  Site Scale

4.1.1.  CH4 Emissions Across Test Sites

The predictability of seasonal CH4 emissions is comparable to other ecosystem models, such as DAYCENT, that 
yielded a coefficient of determination of 0.83 for test sites in China (Cheng et al., 2013) or DNDC-Rice, which 
has been tested against field experiments in Japan (R 2 = 0.53) (Fumoto et al., 2009) and Thailand (R 2 = 0.82) 
(Smakgahn et al., 2009). Overall, these studies show that key environmental factors, such as water management 
and methanogenic substrate availability (e.g., in the form of harvest residues incorporated into the soil) that deter-
mine the magnitude of CH4 emissions, can be adequately represented in process-based models.

4.1.2.  N2O Emissions Across Test Sites

The underestimation of seasonal N2O emissions by about 30% partly results 
from generally very low simulated N2O emissions under water saturated 
conditions since the two N2O-producing processes, nitrification and denitrifi-
cation, are both effectively inhibited by low oxygen and NO3 concentrations. 
This means that oxygenic microsites due to algal oxygenic photosynthesis 
and O2 transport into the rhizosphere via the aerenchym of the rice plant 
might be not well represented in vertical 1D models. Similar reasonings have 
been given in comparable studies of other models, such as DNDC by Babu 
et al.  (2006), DNDC-Rice by Oo et al.  (2020), and DAYCENT by Begum 
et  al.  (2019), all reporting near zero or reduced simulated N2O emissions 
in paddy rice fields under flooded conditions. One possibility would be to 

Figure 3.  Regression plot of observed and simulated seasonal emissions of CH4 (n = 95) and N2O (n = 48) as well as aboveground biomass (n = 48) from collected 
experimental data sets in the Philippines.

CF AWD RF

High residues 5.74 ± 0.80 5.81 ± 0.78 4.11 ± 1.47

Low residues 4.58 ± 0.59 4.76 ± 0.57 3.62 ± 1.21

Note. Yields are presented as the spatiotemporal mean (the whole Philippines, 
12-year simulation period) and respective standard deviation.

Table 1 
Simulated Yields per Cropping Season From Continuously Flooded (CF), 
Alternate Wetting and Drying (AWD), and Rainfed (RF) Rice Fields Across 
the Philippines in T Ha −1
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introduce some degree of lateral heterogeneity, as van Bodegom et al. (2001) did, by distinguishing between bulk 
soil and rhizosphere, which lead to an improved distinction between methane production and consumption in their 
study. Whether the representation of nitrogen turnover can be similarly improved remains to be investigated. An 
additional factor for the underestimation of simulated N2O emissions might be related to simplified model input 
regarding field irrigation. Emission peaks of N2O in paddy rice fields have been related to occasional unintended 
disappearances of the surface water table (Weller et al., 2015). In simulations, such behavior is usually excluded 
by assuming “perfect” field management, for example, a constant water table of 0.05 m. The large, often not fully 
explainable variability of N2O emissions in paddy rice fields shows that there is still need for an improved process 
understanding that also needs to be transferred into computer models to further reduce uncertainties.

4.2.  Regional Scale

4.2.1.  Mean Annual Yields

Simulated mean yields from rice systems (weighted between CF and RF according to national statistics) were 
about 40% higher than the reported mean yield of 3.5 t ha −1 from FAO statistics (FAOSTAT). The main reason 
for this is that the simulated yield refers to an optimum achievable yield under a reduced set of boundary condi-
tions, that is, climate and N-fertilization. For example, this study assumed that rice fields are fertilized accord-
ing to regional farmer practices as had been explored by the International Rice Research Institute within the 
IRRI-PhilRice project. According to this survey, seasonal N application rates vary in a range of 41–103 kg N ha −1 
season −1. Presuming that these boundaries are unbiased (e.g., no overestimation of N-fertilization and realistic 
local climate), this inevitably results in a systematic overestimation, also referred to as yield gap, since a broad 
range of plant growth limiting factors are neglected, such as plant pathology (e.g., pests and diseases), other 
plant nutrient deficiencies than nitrogen (e.g., phosphorus and potassium), infrastructural constraints (e.g., defi-
cient irrigation facilities), and non-optimum field management (e.g., insufficient expert knowledge and labor). 
Rice production in SE Asia is reported to have rice yield gaps on an average of about 1.2–2.6 t ha −1 (Laborte 
et al., 2012). The magnitude of this estimate corresponds approximately with the discrepancy between the simula-
tion results in this study and officially reported yields, assuming that the model represents best farmer's practice. 
The simulation did not find any significant differences in yields between AWD and CF, which is in line with 
results by Carrijo et al. (2017), reporting essentially no yield reduction for mild AWD treatments (water table not 
dropping below 0.15 m). However, effects of AWD on yields have been found to be site-specific and affected by 
weather conditions, soil type, degree of dryness, crop duration, and crop growth stage with overall yield impacts 
varying in a range of −22 to +20% as compared to conventional flooding (Carrijo et al., 2017; Ishfaq et al., 2020). 
Incorporation of harvest residues into the soil leads on average to 20% higher simulated yields due to increased 

CH4 N2O 𝐴𝐴 CO2, eq, CH4+N2O
 

δCH4(kg ha −1) (Gg) (kg ha −1) (Gg) (kg ha −1) (Gg)

RFH 324 ± 147 661 ± 301 4.4 ± 1.4 8.9 ± 2.9 12,302 ± 5,425 25,137 ± 11,085 0.71

RFL 44 ± 30 91 ± 62 2.1 ± 0.6 4.3 ± 1.3 2,127 ± 1,217 4,347 ± 2,488 0.89

CFH 1,377 ± 126 2,814 ± 258 1.9 ± 0.3 3.8 ± 0.6 47,372 ± 4,376 96,802 ± 8,942 0.87

CFL 206 ± 40 421 ± 82 1.4 ± 0.3 2.9 ± 0.5 7,416 ± 1,440 15,154 ± 2,941 0.98

AWDH 1,081 ± 118 2,210 ± 241 2.1 ± 0.3 4.4 ± 0.6 37,399 ± 4,103 76,423 ± 8,383 0.94

AWDL 100 ± 26 204 ± 53 1.6 ± 0.3 3.3 ± 0.6 3,875 ± 969 7,919 ± 1,981 0.99

CF* 577 ± 80 1,180 ± 163 2.2 ± 0.5 4.4 ± 0.9 20,280 ± 2,842 41,440 ± 5,807 0.97

AWD* 442 ± 70 903 ± 143 2.3 ± 0.5 4.8 + 1.0 15,716 ± 2,525 32,114 ± 5,160 0.96

Note. The scenarios CF* and AWD* represent a factorial combination of the other scenarios according to national statistics 
(see Section 2.3.6). Emissions are displayed per hectare and as absolute number for the Philippines with a total of 2,043,434 ha 
of simulated agricultural rice area. 𝐴𝐴 CO2, eq, CH4+N2O

 refers to CO2 equivalents of the sum of CH4 and N2O emissions. δCH4 
denotes the share of CH4 to CH4 + N2O emissions expressed in CO2 equivalents.

Table 2 
Simulated Mean Annual Emissions (12-Year Simulation Period) for Different Water (RF: Rainfed, CF: Continuously 
Flooded, and AWD: Alternate Wetting and Drying) and Residue Management Scenarios (Subscript H: High Residues, 
Subscript L: Low Residues)
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plant nitrogen availability. Han et al. (2018) reported in a meta-analysis that continuous straw incorporation for 
a time period of 6–10 years increased yields within the 95% confidence interval of 5.1%–20.7%. The effect size 
of this study is at the upper end of the reported interval, which is consistent with findings (Han et al., 2018) that 
under high inputs of straw application (>3 Mg C ha-1), yields increased by 18.6%–40.9%. In this study, the mean 
input of harvest residues for the simulations in which all harvest residues were incorporated into the soil was 
about 2.6 t ha −1 (rainfed scenario) to 4.0 t ha −1 (irrigated scenarios).

Figure 4.  Panels (a and b) Simulated mean annual (12-year simulation period) emissions of CH4 and N2O for the aggregated CF* inventory corresponding to 
conventional field management. Panels (c and d) Relative change of CH4 and N2O emissions assuming that field management is changed from CF* to Alternate Wetting 
and Drying (AWD*).
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4.2.2.  CH4 Emissions Under Continuously Flooded Management

Mean Annual Emissions

Simulated mean annual national CH4 emissions for the CF* scenario, the one representing the best guess 
of actual conditions, were 1,180  ±  163  Gg yr −1. This estimate is about 50% higher than the official value, 
following the UNFCC-reporting for the Philippines (783 Gg yr −1) using IPCC emissions factors (NC Philip-

pines,  2014). Comparing only simulated emissions during the cropping 
season (911 ± 125 Gg yr −1) reduces this difference to 16%. Due to missing 
methodologies of the latter study (e.g., applied emission factors and activ-
ity data), a more detailed comparison of results is not possible. In another 
emission factor-based study, Sander et  al.  (2017) estimated national CH4 
emissions to be 1,123 Gg yr −1 assuming all fields being CF. This number 
is about 10% lower than the mean of the low- and high-residue scenarios 
during the cropping season and under CF conditions in this study (1,249 Gg 
yr −1). Supposing that emission factors generally provide a robust estimate 
of national emissions, the higher numbers in this study are in line with two 
factors suggesting that the simulated national CH4 emissions in this study 
most likely constitute an upper limit of actual emissions:

1.	 �Simulated yields are overestimated as compared to FAO reporting. 
Rice crop performance has been found to be positively correlated 
with increased CH4 emissions, since with improved crop growth also 
root exudation increases, fueling microbial C availability in the rhiz-
osphere and soil methanogenesis (Pump & Conrad,  2014; Whiting & 
Chanton, 1993).

2.	 �Access to irrigation water for the CF scenario is assumed to be unlim-
ited. As a result, fields are constantly flooded throughout the vegetation 
period, providing optimum conditions for methanogenesis. In reality, 
infrastructural constraints, such as the unavailability of water pumps, 
prevent unlimited access to irrigation water (Inocencio & Barker, 2018). 

CH4 N2O ΔCH4 ΔN2O

CF AWD RF CF AWD RF CF →AWD

Precipitation 0.14 0.22 0.42 −0.11* −0.13 −0.15 0.38 −0.05*

Temperature 0.37 0.28 0.03* 0.35 0.28 0.1 0.03* −0.25

Bulk density 0.20 0.18 0.16 0.04* −0.19 −0.19 −0.06 −0.45

pH 0.61 0.54 0.45 −0.2 −0.34 −0.21 0.03* −0.24

SOC 0.04* 0.04* 0.04* −0.15 0.02* 0.14 0.08 0.36

Iron −0.03* −0.02* −0.02* 0.06* −0.12 −0.24 −0.1 −0.39

Sand −0.59 −0.60 −0.55 0.29 0.14 −0.22 −0.46 −0.31

No. of crops −0.39 −0.47 – −0.52 −0.42 – −0.82 0.44

Irrigation −0.44 −0.47 – −0.02* −0.12 – −0.64 −0.14

N-Fertilizer −0.11 −0.15 −0.07 −0.32 −0.05* 0.42 −0.33 0.64

Residues 0.43 0.51 0.29 0.53 0.46 0.42 0.81 −0.38

Note. Correlation coefficients with p-value greater 0.05 are marked as not significant with an asterisk.

Table 3 
Pairwise Correlation Coefficient of Simulated Mean Annual Emissions of CH4 and N2O in the CF, AWD, and RF 
Treatments (Averaged Across H- and L-Residue Scenarios) as Well as Respective Emission Changes (ΔCH4 and ΔN2O) 
by Switching From CF to AWD (Averaged Across H- and L-Residue Scenarios) Against a Set of Climate, Soil, and Field 
Management-Related Factors

CH4 (Gg) N2O (Gg)

Fallow Land prep. Crop Fallow Land prep. Crop

RFH 32 142 488 4.07 2.03 2.79

RFL 0.7 6.3 84 1.67 1.0 1.57

CFH 129 559 2,126 3.09 0.51 0.22

CFL 4.0 45 372 1.33 0.87 0.65

AWDH 118 544 1,549 3.10 0.49 0.77

AWDL 2.4 32 169 1.28 0.84 1.22

CF* 51 218 911 2.41 1.01 1.03

AWD* 46 208 648 2.40 0.99 1.41

Note. The scenarios CF* and AWD* represent a factorial combination of the 
other scenarios according to national statistics (see Section 2.3.6). Emissions 
are displayed as an absolute number for the whole Philippines with a total of 
2,043,434 ha of simulated agricultural rice area. In Table T5 in Supporting 
Information S1, emissions are presented per hectare.

Table 4 
Simulated Mean Annual Emissions (12-Year Simulation Period) 
Distinguishing Between Fallow Period, Land Preparation and Cropping 
Season for Different Scenario Simulations Regarding Irrigation (RF: 
Rainfed, CF: Continuously Flooded, AWD: Alternate Wetting and Drying), 
and Amount of Harvest Residues Incorporated Into the Soil (Subscript H: 
High Residues, Subscript L: Low Residues)
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Consequently, this study very likely overestimates the number of days a 
field is CF and thus also seasonal CH4 emissions.

Influence of Irrigation and Harvest Residues

In our study, the large influence of field flooding on seasonal CH4 emissions is demonstrated by comparing the 
CF- with the RF-management scenario. For the RF scenario, simulated national CH4 emissions are reduced by 
about −77% as compared to the CF scenario. This compares well with the IPCC emission factor approach, which 
assumes that seasonal CH4 emissions from rainfed fields are 73% lower than CF fields (or a scaling factor of 
0.27; Lasco et al., 2006). In addition to water management, the application of harvest residues strongly affects 
CH4 emissions from rice paddy fields (Yagi & Minami, 1990). Simulated CH4 emissions during the cropping 
period for the CF scenario with high-residue return are higher by a factor of 6.7 as compared to the scenario 
assuming a low-residue return. This strong impact of residue incorporation agrees well with experimental results 

Figure 5.  Seasonality of CH4 (a: double-cropped and b: triple-cropped) and N2O (d: double-cropped and e: triple-cropped) emissions in the CF* scenario as well as 
the relative change of CH4 (c) and N2O (f) emissions by switching scenarios from CF* to AWD*. The black line represents the spatial median (1,409 grid cells) of 
the temporally averaged relative change of emissions (averaged across 12 years), while the lower- and upper-shaded borders represent the respective 25th and 75th 
percentiles. The shaded backgrounds represent the dry (yellow) and wet (blue) seasons, respectively.

Figure 6.  Temporal patterns of simulated mean annual CH4 and N2O emissions for the CF (red) and AWD (blue) scenarios 
under low (dashed line) and high (solid line) amounts of harvest residues incorporated into the soil.
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in other studies, for example, for Californian rice fields where the difference in seasonal CH4 emissions between 
treatments with low- and high-residue return was about a factor of 5 (Bossio et al., 1999). Even higher differ-
ences were reported by Wassmann et al. (2000) who found 20 times higher seasonal cumulative CH4 emissions 
in fields, which received 10 t rice straw per hectare as compared to fields with no rice straw application. Thus, 
the strong influence of harvest residues and other organic materials on CH4 emissions is well known (Wassmann 
et al., 2000; Z. Y. Wang et al., 2000) and shows the importance of knowing about regional residue management 
practices for narrowing down the uncertainty of national emission inventories. In addition to a short-term effect 
of harvest residues on CH4 emissions, this study also suggests a long-term effect of high-residue return on annual 
CH4 emissions, since over the simulation period, annual CH4 emissions for the high-residue scenario tend to 
increase, while staying approximately constant over years for the low-residue scenario. The increase in annual 
CH4 emissions for the high-residue scenario can be contributed to the contemporaneous increase in SOC stocks 
(see also Figure F18 in Supporting Information S1). Continuously increasing SOC stocks and concomitant CH4 
emissions from rice paddy fields have never been directly observed due to the general rarity of long-term field 
experiments. Nevertheless, well-known positive relations between the application of harvest residues and soil 
organic matter (Mandal et al., 2008; Tian et al., 2015) as well as soil organic matter and CH4 emissions (Wass-
mann et al., 1998; Yao et al., 1999) indirectly support the simulation results of this study.

Soil Properties

In this study, the most important soil properties affecting simulated regional patterns of CH4 emissions in the 
CF treatments are soil pH and soil texture, and here specifically the sand content. Methanogenesis is inhibited 
under acidic as well as alkaline conditions (Ponnamperuma, 1972; Z. P. Wang et al., 1993). The pH dependency 
function of the applied model includes a rather conservative dependency of methanogenesis regarding pH as 
compared to other models (see M2 in Supporting Information S1). Nevertheless, the lower and upper bounda-
ries of soil pH values of paddy soils of the Philippines as derived from the ISRIC-WISE database (pH: 5.1–7.6) 
translate to reduction factors for methanogenesis in the range of 0.54 (pH = 5.1) and 0.98 (pH = 7.6) explaining 
the spatial correlation of simulated CH4 emissions against the soil pH value. Simulated CH4 emissions were 
negatively correlated with sand content. This is in contrast with Neue and Sass (1994) and Sass et al.  (1994) 
who report higher CH4 emissions for sandy soils as compared to clayey soils. They explain their observation 
with lower organo-mineral complexes and thus higher substrate availability for methanogenesis, as well as faster 
upward transport velocities preventing CH4 oxidation in sand-textured soils. In contrast, the results of this study 
are more influenced by the general positive relation between sand content and water percolation rate and with 
CH4 production and emission being lower in fields with high percolation rates. The underlying mechanism is that 
well-drained soils show higher redox potentials and thus lower methanotrophic activity (Yagi & Minami, 1990; 
Yagi et al., 1998). The same effect of soil sand content also affects CH4 emission reduction under AWD (see 
discussions below).

Seasonality

The largest fraction of annual CH4 emissions is emitted during the cropping period, which is in line with essen-
tially all studies regarding GHG emissions from rice cropping systems. The main reasons for this are increased 
carbon availability due to fine root turnover and root exudation as well as continuous anaerobic conditions due 
to active field flooding. Due to the underlying cropping calendar, the simulated intra-annual pattern of CH4 
emissions shows two or three emission peaks for double- and triple-cropped paddy rice systems, respectively. 
Such cropping calendar-synchronized emission patterns are expected and actually can be observed from space 
(G. Zhang et al., 2020). Though the cropping period may be most important, several field studies have shown that 
CH4 emissions during the fallow period and especially during the phase of land preparation can still substantially 
contribute to year-round emission budgets depending on soil moisture (Bronson et al., 1997b) and residue manage-
ment (G. B. Zhang et al., 2011; Martínez-Eixarch et al., 2018; Romasanta et al., 2017; W. Wang et al., 2016). 
The results of this study attributing approximately 20% of total emission in the CF scenario to the off-season 
compare well with field experiments that have been carried out in the Philippines in Weller et al. (2016) and Janz 
et al. (2019) reporting off-season emissions of 6%–30%.

4.2.3.  CH4 Emissions Under AWD Field Management

According to the simulations, the introduction of AWD at national scale, that is, the Philippines, has the poten-
tial to reduce national CH4 emissions from rice systems by about −23%. This reduction is lower than that has 
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been observed for the site-scale studies reviewed by Sander et al. (2015) (−43%, range: −80% to −14%). The 
discrepancy between simulated regional and observed site results is a consequence of AWD being less effective 
in terms of CH4 emissions during the WS since abundant precipitation can prevent fields from draining. During 
the DS, the reduction potential of CH4 emissions is greater (−38%), which is within the uncertainty margin of 
AWD effects on CH4 emissions from rice paddies given by Sander et al. (2015). The same conclusion of AWD 
being much more effective during the DS has been derived by Sander et al.  (2017) using an IPCC emissions 
factor approach in combination with a climate-based AWD suitability map (Nelson et al., 2015). For soils that 
are classified by a medium percolation rate, Sander et al. (2017) report CH4 emission reductions of −45% and 
−16% for the dry and WSs, respectively. Moreover, Sander et al. (2017) and also other studies as reviewed by 
Tirol-Padre et al. (2018), similarly to this study, conclude that soil texture is among the most sensitive edaphic 
factors determining the implementation of AWD.

4.2.4.  N2O Emissions Under Continuously Flooded Management

Mean Annual Emissions

In contrast to CH4, emissions of N2O were not estimated in the light of the UNFCC reporting (NC Philip-
pines, 2014) and the authors of this study are not aware of other national estimations of N2O emission from 
rice-based cropping systems in the Philippines. The reason for this is that N2O emissions are assumed to be 
considerably less important for the total GHG emission budget of rice-based cropping systems under irrigated 
conditions as compared to CH4. In a meta-analysis, Linquist et al. (2012) reviewed that approximately 90% of 
the total Global Warming Potential of irrigated rice systems are related to CH4. That agrees well with simulation 
results for the irrigated scenarios in this study in which CH4 contributed 87%–99% to total CH4 + N2O emissions. 
The greater contribution of CH4 in this study as compared to Linquist et al. (2012) may be due to the previously 
discussed systematic underestimation of soil N2O emissions from CF fields.

Irrigation, Harvest Residues, and Seasonality

Annual N2O emissions are higher in the RF as compared to the CF scenario since for rainfed systems, extended 
periods occur where fields are not flooded, inducing coupled nitrification-denitrification activity and associated 
N2O production and emissions (compare site-scale discussion of N2O emissions). Regarding the effect of harvest 
residues on soil N2O emissions, seasonal effects need to be considered. In both the CF and AWD scenarios, N2O 
emissions decrease with increasing amounts of harvest residues during land preparation and cropping period but 
increase during the fallow period. The reason for this is the stimulation of anaerobicity by heterotrophic respira-
tion induced by the incorporation of large amounts of residues into wet soil, especially during land preparation. 
Consequently, nitrification might be effectively reduced due to oxygen limitation. As a further consequence, 
less nitrate is available for denitrification, so that N2O production by denitrification becomes substrate limited 
(see also T6 in Supporting Information  S1 for simulated annual mean values of nitrification, denitrification 
and anaerobicity). The behavior of simulated N2O emissions in this study is in line with Liu et al. (2014) and 
Xia et al. (2018) both reporting that returning straw to the field increases emissions of N2O of upland soils and 
decreases N2O emissions in lowland soils. However, while Xia et al. (2018) hold a shift from N2O to N2 under 
stronger anaerobic conditions responsible, this study suggests substrate limitation due to reduced nitrification as 
another possibility. In this study, fallow and land preparation periods are responsible for more than double the 
amount of simulated N2O emissions as compared to the cropping period. That off-season N2O emissions may 
dominate annual N2O emissions from rice cropping systems as has been repeatedly reported (B. A. Linquist 
et al., 2018; Bronson et al., 1997a, 1997b) and require that these periods be taken into account in emission factor-
based inventory approaches.

4.2.5.  N2O Emissions Under AWD Management

Switching from CF to AWD management at national scale increases annual N2O emissions by about 15%, while 
during the cropping season, the relative increase is more pronounced with about 130%. Though these numbers 
have to be seen in the light of a likely underestimation of N2O emissions in the CF scenarios, they are generally 
within the reported range of reported increases of 20 ± 20% (Sander et al., 2015), 105% (Jiang et al., 2019), and 
500% (Lagomarsino et al., 2016). Due to general low N2O emissions in the simulation results of this study, the 
total GHG budget under CF and AWD management is dominated by CH4, which is in line with the conclusion by 
Jiang et al. (2019). However, as Jiang et al. (2019) also point out, the relative contribution of N2O can strongly 
increase with the amount of applied organic fertilizer (not considered in this study). Under extreme conditions, as 
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for example, presented by Kritee et al. (2018) for field sites in India, organic fertilizer may even cause a switch of 
the dominant GHG from CH4 to N2O. However, it should be noted that these results have been criticized in terms 
of their interpretation and generalization (Wassmann et al., 2019; Yan & Akiyama, 2018).

5.  Conclusion
Several national inventory scenarios of CH4 and N2O emissions from rice-based cropping systems in the Philip-
pines have been derived using process-based modeling. These inventories represent the state-of-the-art regarding 
model input complexity and overall process representation. From the different model results, several conclusions 
can be drawn:

1.	 �Nationwide adoption of AWD reduces CH4 emissions and increases N2O emissions. The reduction of CH4 is 
not counterbalanced by increased N2O emissions based on their Global Warming Potential. This conclusion, 
however, can so far be only drawn under moderate fertilizer application rates and excluding the use of organic 
fertilizer.

2.	 �The reduction potential of GHG emissions depends on a multitude of spatiotemporal environmental condi-
tions, such as soil hydraulic properties affecting the rate of water percolation and climate with a strongly 
reduced reduction potential during WSs, that is, seasons subject to abundant rainfall.

3.	 �The fate of harvest residues is one of the most important factors and (since it can be managed) mitigation 
targets that affect GHG emissions from AWD as well as CF rice cropping systems. To reduce the general 
uncertainty of emission inventories, one focus must be the improvement of the data basis of related field 
management.

4.	 �The applied process model, and likely other models as well, may be systematically biased regarding the 
representation of “true” emission inventories of rice-based ecosystems since two important factors regarding 
GHG emissions are idealized. First, crop performance neglecting growth limiting factors and second, field 
irrigation again neglecting limiting infrastructural constraints. Future studies should consider how significant 
these influences are and how one could do better.

5.	 �Process models that represent a continuous time interval have an improved potential to realistically represent 
GHG emissions in rice-based ecosystems as compared to, for example, emission factors since off-season 
emissions are included and since these emissions significantly contribute to the total annual GHG budget. 
Moreover, process models that are applied continuously over longer time periods enable the representation of 
potential GHG emission trends due to, for example, changing soil organic matter contents.

6.	 �Since aerobic processes, such as nitrification, seem to be inadequately represented in both process mode-
ling and measurement of N2O production and consumption under flooded conditions, there is still room for 
improvement in model structure and/or parametrization with regard to this aspect.

Data Availability Statement
All model input and output data as well as the source code of the applied model LandscapeDNDC are perma-
nently and freely accessible in the Radar4KIT repository (https://doi.org/10.35097/588).
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