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Abstract: Few studies have explored greenhouse gas (GHG) emissions from arable land in sub-
Saharan Africa (SSA), and particularly from rice paddy fields, which can be a major source of methane
(CH4) and nitrous oxide (N2O) emissions. This study examined the effect of drainage on CH4 and
N2O emissions from rice fields in Rwanda under shallow drainage to 0.6 m, with the drain weir open
four times per week, and deep drainage to 1.2 m with the weir open four times or two times per week.
CH4 and N2O fluxes from the soil surface were measured on nine occasions during rice flowering
and ripening, using a closed chamber method. Measured fluxes made only a minor contribution
to total GHG emissions from rice fields. However, drainage depth had significant effects on CH4

emissions, with shallow drainage treatment giving significantly higher emissions (~0.8 kg ha−1 or
~26 kg CO2-equivalents ha−1) than deep drainage (0.0 kg) over the 44-day measurement period. No
treatment effect was observed for N2O fluxes, which ranged from low uptake to low release, and were
generally not significantly different from zero, probably due to low nitrogen (N) availability in soil
resulting from low N fertilization rate (in the region). Overall, the results suggest that deep drainage
can mitigate CH4 emissions compared with traditional shallow drainage, while not simultaneously
increasing N2O emissions.

Keywords: greenhouse gas; CH4; N2O; paddy rice

1. Introduction

Around 20–25% of total greenhouse gas (GHG) emissions from all human activities
derive from food production and related land use change [1]. Methane (CH4) and nitrous
oxide (N2O) are two of the most important GHGs emitted from agriculture, with global
warming potential (GWP) of 34 and 298 CO2-equivalents, respectively, in a 100-year time
horizon [2]. Rice fields are responsible for approximately 11% of global anthropogenic CH4
emissions, and rice has the highest GHG emissions of all staple food crops [3,4]. Nutrient
management, tillage practices and water management are the main factors influencing
rice yield and GHG emissions. Increases and decreases in CH4 and N2O emissions have
been reported with increasing rice yield [5–7]. Studies have shown that climate change
benefits in terms of reducing CH4 emissions can be offset if there is an associated increase
in emissions of N2O, because N2O has higher GWP than CH4 [8].

Methane is produced in anaerobic environments by obligate anaerobic microorganisms,
through CO2 reduction or transmethylation [9], while N2O is produced via nitrification
under aerobic conditions and through denitrification under anaerobic conditions [10,11].
The microbial processes by which these gases are produced are influenced by soil moisture
content and water management [12,13]. Reviews have shown that there may be some
consumption of N2O (i.e., flux from atmosphere to soil), usually in association with low
mineral nitrogen (N) content and high moisture content in the soil [14,15]. Field drainage
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is one way to reduce CH4 emissions from fields [16], but N2O production is enhanced
by aeration of paddy field soil through drainage [17]. Therefore, when using drainage as
a GHG mitigation strategy, it is necessary to find a compromise between CH4 and N2O
emissions [17]. Decisions on drainage depth should aim to maximize rice yield while
mitigating GHG emissions [18], but there are contradictory findings on the effect of deep
drainage on GHG production and rice yield. Some studies have observed no effect of
deep drainage in reducing GHG emissions or increasing rice yield compared with shallow
drainage [19], while others have found that deep drainage can enhance rice grain yield in a
semi-arid environment [20].

Controlled drainage, i.e., regulating groundwater levels and reducing the percolation
rate, could be a feasible option to reduce GHG emissions from rice fields [21,22]. Fluctua-
tions in groundwater level affect the oxygen content in paddy soil, vertical migration of
chemicals, and microbial activity [23,24]. However, controlled drainage has been found
to have inconsistent effects on GHG emissions, including possibly N2O release through
denitrification due to periods with higher soil water content [25].

Emissions of CH4 and N2O are affected by fertilizer and crop residue management,
and by variations in soil pH and soil salinity. The effect of fertilizer on N2O emissions
depends on the dose [26,27]. High rates of N fertilizer increase emissions by stimulating
CH4 production from rice fields, increasing rice plant growth and thereby the carbon supply
for methanogenic bacteria [28,29]. Addition of crop residues, such rice straw to paddy
soils, increases CH4 emissions [30,31], with the magnitude of increase depending on straw
application rate and timing and weather conditions [31,32]. Methanogenic bacteria are
very sensitive to variations in soil pH, with the highest CH4 production rates at neutral
pH and with small changes in soil pH sharply lowering CH4 production [33]. High soil
salt content decreases CH4 emissions, through suppressing the activities of soil microbes,
including methanogens [34,35]. The reported effects of soil salinity on N2O emission are
inconsistent (increase, decrease or no response) [36,37]. Overall, the available data suggest
that soil salinity-induced GHG emissions can influence global GHG dynamics, but GHG
emission responses to soil salinity have not been fully identified [34].

Agricultural production intensity and associated agricultural GHG emissions are
relatively low in sub-Saharan Africa (SSA) compared with other parts of the world [38].
However, GHG emissions released in SSA play an important role in the global GHG
budget [39–41]. Further, food production in SSA will need to increase in the coming
decades to match the strongly growing demand for food, and therefore GHG emissions from
agriculture can be expected to increase in the region [42]. However, there is great uncertainty
regarding the GHG emissions originating from agriculture, forestry, and land use change in
Africa, and therefore GHG flux measurements need to be performed throughout Africa [43].

Very few studies have explored GHG emissions from arable land in SSA and particu-
larly from rice production systems. Previously reported contributions of rice fields in SSA
to global CH4 and N2O emissions are mainly estimates based on very few measurements,
and there is a risk of this very important source of GHG emissions being overlooked [44].

Rice is grown on around 36,000 ha in Rwanda (2017 data) [45]. Assuming an emission
factor of 70 kg CH4 ha−1, total emissions of CH4 from Rwandan rice production are around
22 × 105 kg, or 464 × 105 kg CO2-equivalents [45]. In order to identify mitigation measures
and other climate-smart interventions for Rwanda and for the SSA region in general,
it is important to quantify baseline GHG emissions and assess the impacts of different
management strategies on these emissions [46].

This study examined the effect of varying drainage depth and frequency on soil-
surface fluxes of CH4 and N2O in paddy rice cultivation in a marshland area in Rwanda.
The hypothesis tested was that groundwater lowering through deeper drainage and more
frequent opening of drain weirs reduces CH4 emissions, but increases N2O emissions,
compared with deeper drainage and less frequently opened drain weirs or conventional
shallow drainage.
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2. Materials and Methods
2.1. Study Site

The study was performed at an experimental site in a rice production marshland in
north-eastern Rwanda (1◦17′33.0′ ′ S 30◦18′48.2′ ′ E, 1513 m above sea level). The region
has a semi-arid climate, with mean annual temperature of 20 ◦C and mean annual rainfall
of 827 mm (Nyagatare station, 1984–2013). Annual potential evapotranspiration exceeds
1400 mm [47,48]. Rainfall is distributed over two rainy seasons (mid-February to May,
September to mid-December), with precipitation peaks in April and November.

According to the FAO soil classification system [49], the soil at the study site is a
former Vertisol changed to a Vertic-Fluvic-Gleysol due to the continuous deposition of
alluvial and colluvial materials and waterlogged conditions. Analysis of samples collected
from 0–80 cm depth showed that the soil at the site has a high pH (7.1–7.6), medium
total N content (0.26–0.28%), and medium soil organic matter content (7.7–9.0%), with
C/N ratio ranging between 16 and 19. The soil texture is sandy loam to sandy clay loam,
with dry bulk density of 1.31–1.43 g cm−3 [20]. Based on the FAO system [50], the soil is
moderately saline.

2.2. Experimental Design

The field experiment comprised four blocks of three treatments (plots) arranged in a
randomized complete block design (Figure 1). The area of individual plots was 8 m × 8 m,
and a 4 m wide zone separated adjacent plots and blocks. The treatments were: shallow
drainage to 0.6 m depth, with drain weir open four times per week (S4) and deep drainage
to 1.2 m depth with drain weir open four times per week (D4) or two times per week
(D2). The shallow drainage depth corresponds to the traditional drainage system in the
area, while the deep drainage treatments correspond to conventional (D4) and controlled
drainage (D2). During the experiment, the drain weirs were opened for one hour for
outflow measurements and then kept closed until the next scheduled opening time.
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Figure 1. Experimental set-up of blocks (I–IV) and plots within blocks with three treatments: shallow
drainage to 0.6 m depth, with weir open four times per week (S4), and deep drainage to 1.2 m depth,
with weir open four times per week (D4) or two times per week (D2).

2.3. Experimental Procedure

Rice (Oryza sativa) seedlings were transferred from the nursery to the experimental
plots after three weeks, and planted with 0.2 m spacing between rows and 0.2 m between
plants within rows. Fertilizer was applied according to the Rwandan fertilization regime
for irrigated rice [51], with a total of 80 kg N ha−1 applied (Table 1). Pests were controlled
according to recommendations [52] and weeds were controlled manually by hoeing.
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Table 1. Field management practices, fertilizer type, and fertilizer application rate (N = nitrogen,
P = phosphorus, K = potassium) in the experiment.

Field Operation Date
(2018) DAT a Fertilizer

Type
N

kg ha−1
P

kg ha−1
K

kg ha−1

Seeds germination 8 March
Rice transplanting 29 March
1st fertilizer application 4 April 6 NPK 10 4 8
2nd fertilizer application 18 April 20 NPK 24 11 20
3rd fertilizer application 7 May 39 Urea 46
First GHG b sampling 24 May 56
Last GHG b sampling 8 July 100
Last irrigation event 15 July 107
End of weir regulation 16 July 108
Rice harvesting 1 August 122

a Days after transplanting. b Greenhouse gas.

2.4. Irrigation and Drainage Management

Water from a nearby river (the Muvumba) was used for irrigation. The irrigation
system consisted of a main pipeline, that conducted water from an existing irrigation
channel to a surface drainage system with open ditches in the experimental area. Laterals
connected to the main pipeline supplied water to each plot. The actual amount of irrigation
water applied was recorded using water meters. Irrigation was scheduled so that the plots
were irrigated three times per week until a standing water layer developed on the soil
surface. The system consisted of a sub-drain for each experimental plot, an outlet, and a
main collector channel. Weirs made of wood were installed in the sub-drains to regulate
drainage depth. During the rice cropping season, the weirs were open or closed depending
on drainage treatment. Vertically positioned polythene black plastic sheeting (0.5 mm thick)
was installed to 1 m depth on three sides of the plots, to prevent lateral water movement
from one plot to another and to the surroundings. The fourth side of each plot was open to
the collector channel via the plot ditch. There were generally, no irrigation events on the
days of GHG sampling days.

2.5. Fluxes of CH4 and N2O from Soil

Fluxes of CH4 and N2O from the soil surface were measured by the closed chamber
method at one point in the center of each plot on nine occasions from 24 May to 8 July
2018 (rice flowering to ripening). For these flux measurements, a collar (diameter 18.7 cm)
was installed to 2 cm depth before rice transplanting, and two seedlings were planted
inside the collar. The collars were left permanently at the same spot during the whole mea-
surement period. Wooden walk boards were installed in each plot to prevent disturbance
by trampling.

During each GHG flux measurement, a dark PVC chamber (diameter 18.7 cm, height
16 cm) was fitted on the pre-installed collar, which was equipped with a rubber gasket
to keep the joint airtight. The height of the chamber varied from 24 to 67 cm, depending
on crop height, i.e., chambers of lower height were used at the start of the study. One
chamber was deployed in each rice plot and six plots (i.e., two blocks) were measured at
the same time. After closing the chamber, the air between chamber and vial was circulated
for 60 s using a pump with capacity ~0.5 L min−1 and then an air sample was collected
in a 22 mL glass vial. Three more samples were taken in the same manner, with one
measurement every 24 min. The CH4 and N2O concentrations in the air samples were
analyzed using a gas chromatograph (Clarus 500, PerkinElmer Inc., Shelton, CT, USA),
equipped with an automatic head-space injector (TurboMatrix 110, PerkinElmer Inc., USA),
a flame ion detector (FID) for CH4 analysis, and an electron capture device (ECD) for N2O
analysis. Linear regression was used to estimate the CH4 and N2O fluxes [53], based on
linear slope of concentration against time using all gas samples analyzed (except a few
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with obvious errors linked to leaking vials). The flux values were corrected for air pressure,
air temperature, and chamber volume.

Measurement of fluxes in all plots was performed within a 160 min session from
morning to midday (generally 10:00 to 12:40), to minimize possible effects of diurnal
variation in fluxes. The diurnal pattern of GHG fluxes was assessed during one day
(30 June 2018) in which measurements were performed at 6, 9, 12, and 15 h.

Previous tests of the chambers against a known flux have revealed that the flux is
slightly overestimated (7%) when calculated by linear fit [54]. To eliminate the effects of
disturbance from ebullition caused by chamber deployment, measurements with initial
concentration above 2.4 ppm CH4 or 0.5 ppm N2O were discarded. To eliminate effects
of other disturbances caused by, e.g., leaky vials, measurements were also discarded
if the standard deviation of the residual between the concentration estimated from the
linear relationship and the measured concentration exceeded 0.2 ppm CH4 or 0.1 ppm
N2O. In total, 10 and two measurements of CH4 and N2O, respectively, out of a total of
144 measurements, were discarded.

2.6. Groundwater Level and Temperature Measurements

Groundwater level and soil temperature (10 cm depth) were measured on all GHG
measurement occasions. The groundwater level was monitored before each GHG measure-
ment in a 60 cm deep pipe permanently installed in the center of each plot. Measurements
of soil temperature at 10 cm depth were performed with a portable EC probe (Testrs®

11 series).

2.7. Data Analysis

The distribution of the data was checked for normality and homoscedasticity. One
extremely high flux value out of 134 values for CH4 and two extremely high values out of
142 values for N2O failed to meet the requirements, and were excluded from the statistical
analysis. Effects of drainage treatment on CH4 and N2O fluxes over the whole period were
tested by mixed model analysis of variance (ANOVA) in SAS Statistical software (v9.4, SAS
Institute, Cary, NC, USA), with drainage treatment as a fixed effect in the model. Since the
measurements were made in the same plots on every occasion, they could not be assumed
to be independent of time, so “measurement date” was used as a repeated measure. If
treatment was found to be significant in ANOVA, pair-wise comparisons were used to
identify significant (p ≤ 0.05) differences between treatments. Testing for the presence of
a diurnal pattern of CH4 and N2O fluxes was performed using a mixed model in which
treatment and time of day were used as fixed effects.

The total flux of CH4 and N2O over the study period was estimated for each treatment
using the mean flux from the measurement occasion closest in time. Hence, for measure-
ments on day 0 and day 10, the mean of day 0 was used for the first five days and the mean
of day 10 for the next five days. Total flux was transformed into CO2-equivalents using a
GWP factor of 34 for CH4 and 298 for N2O [2].

3. Results
3.1. Treatment Effects on Groundwater Level

Groundwater depth in the treatment plots varied from 0 to around 35 cm during
the study period (Figure 2). The ANOVA results showed that drainage treatment was
a significant fixed effect (p = 0.03) for ground water level (Table 2). Significantly higher
groundwater level was observed with shallow drainage than deep drainage, but there was
no difference between the two deep drainage treatments. In shallow drainage plots, the
groundwater was close to the soil surface on several measurement occasions.
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Figure 2. Flux of methane (CH4) and nitrous oxide (N2O), groundwater level, and soil temperature
in the period May-July 2018 in treatments with: shallow drainage to 0.6 m with weir open four times
per week (S4) and deep drainage to 1.2 m, with weir open four times per week (D4) or two times
per week (D2). Error bars denote one standard error (n ≤ 4). The flux values represent fluxes from
soil-surface including vegetation, negative values indicating uptake of CH4 or N2O.

Table 2. p-values obtained from analysis of variance (ANOVA) of effects of drainage treatment on
methane (CH4) flux, nitrous oxide (N2O) flux, groundwater level (GWL) and soil temperature.

Fixed Effects CH4 Flux N2O Flux Groundwater Level Soil Temperature

Drainage 0.03 0.60 0.03 0.83
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3.2. Soil Temperature

Mean soil temperature at 10 cm depth did not vary greatly between treatments or
between GHG measurement occasions (Figure 2). The measured values ranged between
20.9 ◦C (30 June 2018) and 25.8 ◦C (10 June 2018). Soil temperature was slightly higher in the
first part of the season (May to mid-June) than in the second part (mid-June to mid-July).

3.3. Treatment Effects on CH4 and N2O Fluxes

Mean CH4 flux varied from uptake of around 80 µg m−2 h−1 to release of around
170 µg m−2 h−1, depending on treatment and occasion (Figure 2). Significant treatment
effects on CH4 flux were observed (Table 2), with shallow drainage giving significantly
higher CH4 emissions (p = 0.03) than both deep drainage treatments. The N2O flux was
generally low, with small uptake or release, for all days and treatments and there was no
significant treatment effect.

3.4. No Significant Diurnal Pattern in CH4 and N2O Fluxes

Test for presence of a possible diurnal pattern in GHG emissions revealed a significant
diurnal pattern in soil temperature with the lowest values at 6 am (19.4 ◦C) and the highest
at noon (22.7 ◦C) (Figure 3). The CH4 and N2O fluxes remained low throughout the day
(Figure 3) and mixed model ANOVA test revealed no significant effect of time of day or
drainage treatment on either CH4 or N2O flux (Table 3). However, there was a tendency for
CH4 flux to be higher in the afternoon than at other times of the day (Figure 3).

Table 3. p-values obtained from analysis of variance (ANOVA) of effects of drainage treatment and
time of day (during 30 June 2018) on methane (CH4) flux, nitrous oxide (N2O) flux, groundwater
level (GWL) and soil temperature.

Fixed Effects CH4 Flux N2O Flux Groundwater Level Soil Temperature

Drainage 0.17 0.74 0.61 0.82
Time of day 0.07 0.67 0.87 0.00

3.5. Accumulated GHG Fluxes

Accumulated CH4 emissions from the deep drainage treatments were close to 0.0 kg ha−1

throughout the 44-day measurement period (Table 4). Accumulated CH4 emissions from
the shallow drainage treatment were estimated to be around 0.8 kg ha−1, corresponding to
approximately 26 kg CO2-equivalents ha−1.

Table 4. Accumulated methane (CH4) and nitrous oxide (N2O) emissions over the 44-day period
from treatments with: shallow drainage to 0.6 m with weir open four times per week (S4) and deep
drainage to 1.2 m with weir open four times per week (D4) or two times per week (D2). Note that a
negative value corresponds to accumulated uptake of the gas.

Treatment
CH4 N2O

kg ha−1 kg CO2-eq. ha−1 kg ha−1 kg CO2-eq. ha−1

S4 0.8 26 0.04 11
D4 0.1 3 −0.06 −17
D2 0.0 0 −0.05 −14

Accumulated N2O emissions were not significant (Table 4). In absolute terms, uptake
of 0.06 kg ha−1 to release of 0.04 kg ha−1 was observed, depending on treatment, corre-
sponding to uptake of 17 kg CO2-equivalents ha−1 to emissions of 11 kg CO2-equivalents
ha−1 for the period.
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including vegetation, with negative values indicating uptake of CH4 or N2O.

4. Discussion
4.1. Drain Depth and CH4 Emissions

Deep drainage lowered the groundwater level more and therefore reduced CH4 emis-
sions compared with shallow drainage, partially confirming the starting hypothesis. The
treatment with shallow drainage (representing traditional practice in the study region) had
significantly higher CH4 emissions and the shallowest groundwater level of all treatments.
Previous studies have found that drainage strongly reduces CH4 emissions from rice paddy
fields compared with poorly drained fields, indicating that improved water management
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can be an important strategy for reducing CH4 emissions from rice paddy fields [55]. In an
earlier study at the study site, we found that the deep drainage treatments also increased
yield [20].

However, there were no differences in CH4 emissions, or in groundwater level, be-
tween the two deep drainage treatments with different weir opening frequency (D4 and D2).
This was probably because all plots were irrigated three times per week, so opening the
weir two or four times per week did not result in considerable differences in groundwater
level, or in soil water content [20].

Estimated CH4 emissions (0–0.8 kg ha−1) were low compared with those reported
in other studies [56,57]. One probable explanation for the low CH4 emissions was that
the groundwater level was below the soil surface on all measurement occasions in our
study. Another possible explanation is depletion of soil organic carbon and total N at the
experimental site, because of the local practice of not returning crop residues to the soil.
In addition, the soil at the study site is moderately saline and studies on paddy fields
have found that soil salinity affects CH4 emissions through suppressing the activities of
soil microbes, including methanogens [34,35]. However, the soil salinity conditions were
improved prior the present study and the soil salinity effect was probably limited.

The IPCC [58] emissions factor for CH4 emissions from rice fields is 1.3 kg ha−1 day−1,
while in statistics on CH4 emissions from rice cultivation compiled by FAO [45], an emis-
sions factor equivalent to 0.19 kg CH4 ha−1 day−1 is used for Rwanda. These values would
correspond to CH4 emissions of 57 and 8.4 kg ha−1 during a 44-day period, which is much
greater than the observed flux of 0.0–0.8 kg CH4 ha−1 at our study site. The difference
between estimates obtained using the IPCC factor and the FAO factor demonstrates the un-
certainty in estimating CH4 emissions and the need for empirical measurements at a range
of sites. Empirical studies of GHG emissions from African rice fields are rare. In the only
case reported in the literature, in Zimbabwe, the field studied emitted 12.5 kg CH4 ha−1

during a growing period of 150 days [44], which would equate to 3.7 kg CH4 ha−1 for a
44-day period. This is much lower than the IPCC estimate and half the FAO estimate, but
still exceeds the emissions observed in our study.

4.2. Groundwater Level and N2O Emissions

The hypothesis that deep drainage and more frequent weir opening (D4) lowers the
groundwater level more, and therefore increases N2O emissions, compared with shallow
or less frequently opened deep drains was not supported by the results. There are several
possible reasons for this. One is that groundwater level was not very much deeper numeri-
cally in the deep drainage treatments than with shallow drainage (although the difference
was significant), and no obvious effect on N2O was observed even when the groundwater
was at its lowest level (30 cm). A previous study on the effect of groundwater level on N2O
emissions observed, an increase in emissions at deep groundwater level (40 cm) compared
with shallow (10 cm) [59].

Apart from soil moisture, soil N2O emissions flux is affected by use of nitrogen
fertilizers as this acts as a substrate for nitrifying and denitrifying microorganisms [19].
Considering the nutrient-poor soil at our study site and the low amount of added N
(80 kg N ha−1 per season), there was probably insufficient ammonium and nitrate available
for denitrification and nitrification (cf. [29,60]), resulting in the soil being a poor source of
N2O in all drainage treatments.

The fifth IPCC report [8] considers N2O emissions from flooded land to be negligible
unless there is significant input of organic or inorganic nitrogen [61]. A review has shown
that the lowest yield-scaled N2O emissions occur with N application rates ranging between
100 and 150 kg ha−1 [43], and the N application rate used in our study was below that
lower threshold. The small uptake of N2O we observed in the present study may also be
explained by low N availability [14,15].

It should be noted that our first GHG measurement took place on day 17 after fertiliza-
tion and that peak N2O flux tends to coincide with fertilization [58]. Later N2O emissions
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may occur episodically [62], associated with initial stage of growth and fertilization occa-
sion [63]. In all, this implies that the N2O emissions were underestimated in this study.
However, the values were consistent with those reported in other studies on African paddy
fields [43,44], although lower than the estimated value of 0.6 kg N2O ha−1 when using
the IPCC-recommended emissions factor for a dry climate of 0.5% [64]. In comparison,
emissions of 4.4 kg N2O ha−1 have been reported at a fertilizer rate of 276 kg N ha−1 for rice
fields in China, which is close to the recommended N rate (300 kg N ha−1) for paddy rice in
China [65]. To meet increasing future demand for food in SSA, intensive farming with high
fertilization rates will be required [42]. Increasing N fertilizer application could have an
important impact on future N2O gas emissions creating a need to find sound management
strategies for reducing the agricultural emissions impact in the region.

5. Conclusions

This field study on the effect of varying drainage depth and frequency on soil-surface
fluxes of CH4 and N2O from paddy rice cultivation in Rwanda revealed that traditional
shallow drainage (0.6 m) gave higher CH4 emissions than the two deep drainage systems
(1.2 m), with no associated effect on N2O emissions. There were no differences between
conventional and controlled deep drainage treatments. Thus, deep drainage can mitigate
CH4 emissions from Rwandan paddy fields without increasing the associated N2O emis-
sions through greater aeration of soil. Prior investigations at the site showed that deep
drainage treatments also increased rice yield.

The contribution of CH4 and N2O fluxes to total GHG emissions from the moderately
saline soil at study site was generally minor. The observed fluxes were much lower than
potential fluxes calculated using emission or reported fluxes in other parts of the world.
This indicates that applying standard emission factors to saline soils with low N fertilizer
inputs in SSA may overestimate actual emissions. To reduce the uncertainty in GHG
estimates for the region, future studies should include measurements that fully capture
seasonal variations during the rice-growing period.
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Abbreviations

ANOVA Analysis of variance
CH4 Methane
CO2 Carbon dioxide
D4: 1.2 m deep drain, weir open four times per week
D2 1.2 m deep drain, weir open two times per week
FAO Food and Agriculture Organization
GHG Greenhouse gas
GWP Global warming potential
IPCC Intergovernmental Panel on Climate Change
K Potassium
N Nitrogen
N2O Nitrous oxide
P Phosphorus
SSA sub-Saharan Africa
S4 0.6 m deep drain, weir open four times per week
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