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A B S T R A C T   

Sustainable intensification of rice farming is crucial to meeting human food needs while reducing environmental 
impacts. Rice production represents 8% of all anthropogenic emissions of CH4, a potent greenhouse gas. Culti
vation practices that minimize the number of days the rice fields are flooded, such as irrigation using the 
alternate wetting and drying (AWD) technique instead of continuous flooding (DF) can potentially reduce CH4 
emissions. Ratoon cropping, wherein a second crop of rice is grown from the harvested stubble of the first crop, 
can produce additional yield with minimal labor but may generate more CH4 than single cropping. The objectives 
of this study were first to test different water management regimes for their impact on yield and CH4 emissions, 
and second to investigate CH4 emissions from a ratoon crop and perform an exploratory economic analysis of 
ratoon cropping. Two adjacent fields in Lonoke County, Arkansas were compared under different irrigation 
treatments from 2015 through 2020; the 2020 season also included a ratoon crop. Field-scale CH4 emissions were 
measured using the eddy covariance method at each field. AWD reduced CH4 emissions by 79.5% on average in 
comparison to DF for the main seasons. Across the field-seasons, the emissions from the main crop ranged from 
77.2 to 132.5 kg CH4-C ha−1 under DF and from 7.1 to 40.7 kg CH4-C ha−1 under AWD. The ratoon crop 
generated emissions from 39.7 to 50.7 kg CH4-C ha−1, up to a 3.6-fold increase from the main crop of the same 
year. CH4 emissions from the ratoon crop in this study were much lower than those found in previous ratoon 
studies. The ratoon crop yield was 13% that of the main crop yield on average but there was no significant 
difference in yield between irrigation treatments for the main seasons.   

1. Introduction 

Agriculture is a major contributor to atmospheric greenhouse gas 
(GHG) emissions that drive climate change (Ciais et al., 2013). Climate 
change threatens global food security, increasing the magnitude and 
duration of severe weather events, leading to floods, droughts, and crop 
damage (Meehl et al., 2000). The result is an agricultural system of 
unpredictable productivity in a world of increasing population, which 
makes sustainable intensification crucial. Sustainable intensification can 
be defined as increasing agricultural productivity while limiting the 
environmental impact of production (Garnett et al., 2013). This aim 
requires improving the yield of staple crops while preventing environ
mental contamination, minimizing the destruction of natural habitats, 
and reducing anthropogenic GHG emissions. Rice farming is responsible 
for 8% of anthropogenic CH4 emissions because the flooded conditions 

under which it is usually grown create an anaerobic environment that 
promotes the growth of methanogenic bacteria (Banker et al., 1995; 
Ciais et al., 2013; Cole et al., 1997; Saunois et al., 2020). 

Within the growing season, irrigation management practices have 
potential to reduce CH4 emissions by decreasing the total duration of 
field inundation. The alternate wetting and drying (AWD) practice, 
where rice fields are flooded and then periodically allowed to dry down 
before reflooding, significantly reduces CH4 emissions compared to 
delayed, continuous flooding (DF) (Balaine et al., 2019; LaHue et al., 
2016; Linquist et al., 2015, 2018; Runkle et al., 2019). Delayed flooding 
is defined here as a form of continuous flooding where the field is 
managed under aerobic conditions for a short time after sowing, in this 
case until the plants grew to the 5-leaf stage, then continuously flooded 
until just before harvest. Drying periods that allow the water level to 
drop lower than 15 cm below the surface show greater reductions in 
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emissions than less severe drying periods, although long drying periods 
can also decrease yield by 5–22% (Balaine et al., 2019; Carrijo et al., 
2017; Linquist et al., 2015). Given the possibility of yield loss, moderate 
drying periods may provide the best balance between reducing GHG 
emissions and producing a profitable harvest. 

Ratoon cropping, which is the practice of inducing the growth of a 
second crop from the harvested stubble of the first crop by flooding and 
fertilizing the stubble, has the potential to increase yield without much 
extra investment since very little labor is involved in managing the 
ratoon crop (Santos et al., 2003). This practice could be an effective way 
to increase yield, but the environmental impact needs to be evaluated 
before it can be considered a form of sustainable intensification. Ratoon 
crops can emit from two to four times as much CH4 as the main crop 
(Lindau and Bollich, 1993; Lindau et al., 1995), likely as a result of the 
decomposition of rice straw remaining in the field, the additional fer
tilizer applied, and the high temperature of the early months in which 
the ratoon crop is grown (Linquist et al., 2018). However, when the 
emissions are yield-scaled and the decreased labor required for the 
ratoon crop is considered, the overall GWP can be less than that of a 
conventional crop (Firouzi et al., 2018; Yuan et al., 2019). 

The objective of this study is to determine the effect of rice water 
management and ratoon cropping on yield and field CH4 emissions in a 
production setting in Arkansas. This state is responsible for roughly half 
the US rice production and includes products for both domestic and 
international consumption (Childs, 2021). The CH4 emissions are 
measured using the eddy covariance (EC) technique to conduct a full 
field-scale, paired-field experiment using different irrigation treatments 
and ratoon cropping on similar rice fields in Lonoke County, Arkansas 
from 2015 to 2020. This study extends previous work at these sites that 
focused primarily on the effect of water management on GHG emissions 
from 2015 to 2017 (Runkle et al., 2019). This study is also one of very 
few to use the EC technique to evaluate ratoon crop CH4 flux in rice. The 
EC technique allows for continuous measurements, can be used to 
generalize over larger, production-scale areas, and does not disturb the 
field-atmosphere interface (Schrier-Uijl et al., 2010). Using this tech
nique on a full field scale has limitations, namely the lower number of 
replications per season, but it allows for the measurement of emissions 
on an ecosystem level which is necessary for a complete understanding 
of CH4 flux. Our aims are (1) further understanding of the effect of 
varying degrees of AWD on yield and CH4 emissions, as the number and 
duration of drying events differed between fields and seasons, (2) report 
CH4 emissions from a ratoon rice crop managed with AWD. 

2. Site description and methods 

2.1. Site description 

This study was conducted on a pair of commercially farmed, adjacent 
26 ha rice fields (34◦35′ 7.84″ N, 91◦45′ 6.02″ W) in Lonoke County, 
Arkansas during the 2015 through 2020 growing seasons (Fig. 1). Each 
field was assigned a single irrigation treatment and was assumed to be 
spatially homogenous. The fields were predominately (>90%) Perry 
silty clay, zero-grade leveled, and continuously planted in rice since 
2006. The fields were burned to remove previous crop residue each fall, 
except in 2020 where ratoon crop was grown, and were flooded each 
winter for two to three months for waterfowl habitat and hunting. The 
fields were planted with CLXL745 hybrid seed by drill-seeding in 2015, 
2016, 2017, and 2018, and aerial water seeding in 2019 and 2020 (Rice 
Tec., Alvin, TX). Drill-seeded fields were sown at a rate of 25 kg ha−1 

while water-seeded fields were sown at a rate of 28 kg ha−1. Seeds for 
the water-seeded fields were pre-germinated. The two fields and 
instrumentation set-up have been previously described and are regis
tered with Ameriflux as US-HRC and US-HRA for the North and South 
field, respectively (Reba, 2021; Runkle, 2021; Runkle et al., 2019; 
Suvočarev et al., 2019). 

In 2015, the North and South fields were flooded on May 15 and May 
16, respectively, and were managed with a delayed flooding (DF) regime 
in the North field and an alternate wetting and drying (AWD) regime in 
the South field. In the DF system, rice is dry seeded, briefly flushed with 
water to encourage growth, and allowed to grow to the 5-leaf stage 
before being continuously flooded for the rest of the season in contrast to 
AWD, where the flooding period is interrupted by shorter drying pe
riods. In 2016, seeding, and therefore flooding and harvest, was delayed 
due to wet conditions, and both fields were flooded on June 14 and 
managed with an AWD regime. In 2017, both fields were flooded on May 
18 and managed with a DF regime. In 2018, the North and South fields 
were flooded on June 3 and both were managed with an AWD regime. In 
recent work (Karki et al., 2023) it was reported that the North field in 
2018 was managed with a DF regime, but there were three periods 
where the water level dropped more than 2 cm below the soil surface for 
at least 24 h (Fig. 3d), which was the criteria we used in this paper for 
determining the number of drying events for fields managed with AWD. 
For this reason, here we considered the field to be managed with AWD. 
In 2019 and 2020, the fields were flooded prior to planting to facilitate 
water seeding but were managed with an AWD regime throughout the 
main season. The fields managed with water seeding were allowed to 
dry for a short period after seeding to allow the rice to establish roots, 
flushed with water, and then reflooded at the 5-leaf stage. In 2019 the 

Fig. 1. : (a) The study site, a pair of 
fields in Lonoke County, Arkansas, 
marked by a white square and showing 
the 2015 CropScape crop cover data set 
from the National Agricultural Statistics 
Service (Han et al., 2014) (b) The loca
tions of the eddy covariance (EC) towers 
are marked on the north side of the 
fields. The background image is from 
the USDAFSA- APFO Aerial Photog
raphy Field Office within the NAIP and 
was taken August 22, 2013. Versions of 
this figure have been previously pre
sented (Runkle et al., 2019; Suvočarev 
et al., 2019).   
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North field was reflooded on June 14 and the South field was reflooded 
on June 16. In 2020 both fields were reflooded on May 17. A ratoon crop 
was grown in both fields in 2020 and was managed with AWD. The 2020 
main crop was cut to a height of 40 cm upon harvest and the residue of 
the main crop was left on the field. The fields were reflooded within two 
days of cutting. 

Fertilizer was applied as urea and diammonium phosphate (DAP) 
throughout May and June for all main seasons except 2020 which had an 
application of DAP in late April and an application of urea in early July. 
Fertilizer was applied to the ratoon crop at the beginning of the ratoon 
season. Total urea application rates were 144 kg N ha−1 for 2015, 
155 kg N ha−1 for 2016, 2017, 2018, and 2019, 245 kg N ha−1 for the 
2020 main crop, and 77 kg N ha−1 for the 2020 ratoon crop. Agrotain (a 
urease inhibitor) was used in the first urea application to protect against 
ammonia volatilization. Total DAP application rates were 20 kg N ha−1 

for 2015, 2017, 2018, and the 2020 main crop, 18 kg N ha−1 for 2016, 
and 22 kg N ha−1 for 2019. No DAP was applied to the ratoon crop.. 

2.2. Equipment and measurements 

The CH4, CO2, latent energy (LE), and sensible heat (H) fluxes were 
measured using the EC technique as part of the Delta-Flux network 
(Baldocchi et al., 1988; Runkle et al., 2017). Equipment used on the EC 
towers included data loggers (CR3000 and CR1000, Campbell Scientific, 
Inc., Logan UT, USA), temperature and relative humidity sensors 
(HMP155, Vaisala, Vantaa, Finland), an atmospheric pressure sensor 
(Barometer 278, Setra, Boxborough, MA, USA), a 2D wind vector sensor 
(05103 −5 propeller wind monitor, R.M. Young, Traverse City, MI, 
USA), sensors measuring the four components of net radiation (CNR4 
radiometer, Kipp & Zonen, Delft, Netherlands), a 3D sonic anemometer 
(CSAT3, Campbell Scientific, Inc., Logan, UT, USA), an open path 
CO2/H2O infrared gas analyzer (LI-7500A, LI-COR Inc., Lincoln, NE, 
USA), and an open-path CH4 using wavelength modulation spectroscopy 
(LI-7700, LI-COR Inc., Lincoln, NE, USA). The sonic anemometer wind 
vector and gas analyzer concentration measurements were recorded at 
20 Hz through an Analyzer Interface Unit (LI-7550, LI-COR Inc., 
Lincoln, NE, USA) with the LI-COR SMARTflux automated processing 
system. The equipment was installed at the north end of each field, on 
tripods 2.2 m (North field; US-HRC) and 2.1 m (South field; US-HRA) 
above the ground. Precipitation and temperature data for Stuttgart, 
AR were downloaded from the PRISM database (PRISM Climate Group, 
2014) and compared to average values from the last 30 years. 

Soil temperature was measured at 2 and 4 cm below the soil surface 
near the towers using thermistors (107, Campbell Scientific, Inc., Logan, 
UT, USA). Water temperature was also measured using thermistors 
placed on top of the water and at the soil-water interface. The water 
level was measured with capacitive level transmitters (Nanolevel, Keller 
America, Newport News, VA, USA). Dissolved O2 concentrations were 
measured at the soil-water interface using a miniDOT logger (PME, 
California, USA). A GPS-enabled John Deere GreenStar 3 2630 Harvest 

Monitor recorded location-based wet harvest weights from both fields, 
with measurements approximately 2 m apart (John Deere, IL, USA). 
Yields were reported on a 13% moisture basis. The equipment setup for 
this site and study has been previously described (Runkle et al., 2019). 

2.3. Data processing 

The raw data from the EC system was processed as half-hourly 
measurements using EddyPro software (v. 7.0.6, LI-COR Inc., Lincoln, 
NE). Further processing was performed using MATLAB software (v. 
R2019b, MathWorks Inc., Natick, MA) to remove poor quality data and 
to gap-fill missing values. CH4 flux data obtained by the EC method is 
prone to large gaps due to inadequate turbulence, periods where the 
wind is not blowing over the area of interest, and technical problems 
(Irvin et al., 2021). The 2018–2020 CH4 flux data was evaluated during 
data processing to determine the major causes of gaps. The 2015–2017 
CH4 flux data was acquired pre-processed from a previous study (Runkle 
et al., 2019). In other studies, CH4 datasets with data coverage as low as 
17% have been successfully gap-filled using an artificial neural network 
(ANN) (Irvin et al., 2021). Flux data in 2019 was limited due to problems 
with the equipment and was excluded from further analysis. We pro
ceeded with gap-filling the remaining dataset using an ANN approach 
with a set of meteorological, phenological, and flux predictor variables. 
For further information about the criteria used for processing the raw 
data and for gap-filling, see the Supplemental Material. 

2.4. Data analysis 

Cumulative emissions from irrigation treatments were grouped and 
tested for normality using the Shapiro-Wilks test and for equivalence of 
variance using an F-test. The cumulative CH4 emissions were of equal 
variances but not normally distributed when grouped by irrigation 
treatment, so a Mann-Whitney U test, a nonparametric equivalent of a t- 
test, was used to compare emissions between irrigation treatments. The 
data for each main (i.e., not ratoon) field-season was also compared by 
regressing the cumulative CH4 emissions with the length of flooding 
events. Flooding and drying events of at least 24 h were counted 
beginning with the initiation of the first flood at the 5-leaf stage and 
ending with the final drain before harvest. Additional tests were per
formed with adjustments to the cumulative CH4 emissions to account for 
the possible influence of year-to-year effects. Cumulative CH4 emissions 
from the main and ratoon field-seasons were compared by not analyzed 
for significant differences because the small number of replicates for the 
ratoon treatment would render most statistical methods prone to error. 

A previous study on the same fields for 2015 through 2017 used the 
2017 season as a control to determine the impact of field-to-field dif
ferences on cumulative CH4 emission, where the season-long South-to- 
North CH4 emissions ratio was 0.67. (Runkle et al., 2019). We chose not 
to do so here as we explored it and found it did not qualitatively impact 
the results of this study. The cumulative growing degree days were used 

Table 1 
Planting dates, harvest dates, and field management practices for all years. Abbreviations: MS (main season), RS (ratoon season), DF (delayed flooding), and AWD 
(alternate wetting and drying). Dashes show that the field-season was a ratoon crop and was regrown from a main crop rather than seeded. Days under inundation was 
defined as the cumulative time the field spent inundated from sowing to harvest. Drying events were defined as periods where the water level fell at least 2 cm below 
the soil surface for a minimum of 24 h. Individual drying events with less than 24 h of flooded conditions between them were considered to be a single drying period. 
Only drying events after the initial flooding event and before the final draining event were counted.  

Year Irrigation treatment Days under inundation Number of drying events Start of season End of season 

Field North South North South North South North South North South 

2015 DF AWD  93  57  0  4 8-Apr 7-Apr 19-Aug 19-Aug 
2016 AWD AWD  76  63  1  4 23-Apr 23-Apr 13-Sep 13-Sep 
2017 DF DF  75  84  0  0 10-Apr 9-Apr 27-Aug 27-Aug 
2018 AWD AWD  66  36  3  3 30-Apr 30-Apr 15-Sep 31-Aug 
2019 AWD AWD  42  42  1  2 13-May 13-May 12-Sep 12-Sep 
2020 – MS AWD AWD  77  90  1  2 2-Apr 2-Apr 19-Aug 18-Aug 
2020 – RS AWD AWD  51  49  2  2 20-Aug 19-Aug 8-Nov 9-Nov  
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to normalize the cumulative annual CH4 emissions for a possible year 
effect. Since the primary difference between years that can be accounted 
for with the data available is the climate, we divided the cumulative CH4 
emissions for each field-season by the cumulative growing degree days 
for each field-season, thus creating a “year-adjusted emissions” estimate. 
The temporal aspect of emissions was investigated by breaking the flux 
data for each field-season into vegetative, reproductive, and maturation 
stages based on predictions from the DD50 Rice Management Program 
(Hardke, 2022). Further information on the growth stages can be found 
in the Supplemental Material (Supplemental Table 3). A t-test was used 
to test the effect of irrigation method and field on the yield because the 
yield data between irrigation methods and fields was normal and of 
equal variance. 

To determine whether the ratoon crop was cost-effective in this 
study, we performed an exploratory analysis of the cost of its produc
tion. The cost and net return of the ratoon crop was estimated using a 
rice crop enterprise budget (University of Arkansas Division of Agri
culture Research and Extension, 2022), which considered the costs of 
the amount and method of application of pesticide, herbicide, and fer
tilizer, the fuel required for operating machinery and pumping water, 
hourly labor, equipment maintenance, and the expected return based on 
average price per yield. 

2.5. Literature synthesis 

Because rice ratoon cropping is not common in Arkansas, we per
formed a literature review and synthesis of recent rice ratoon studies 
that reported both main and ratoon yields. The literature search was 
performed using the University of Arkansas library database and span
ned 1993 through 2021 encompassing 11 studies, 199 sites, and 2 
countries. Only articles that included both the main and ratoon crop 
yield were included in the synthesis. Sites where the ratoon yield 
exceeded the main season yield were excluded. Poor main season yield 
in those papers resulted from lodging or other crop damage, and the 
purpose of this review was to gain a clearer picture of ratoon yield under 
good conditions. Data on fertilizer treatment and cultivar were also 
recorded when available. 

3. Results 

3.1. Climate 

All seasons had greater annual precipitation than the 30-year 
average (1288 mm) with a range of 1411–1925 mm (PRISM Climate 
Group, 2014). The main growing season precipitation, defined as the 
precipitation from April through September, was greater than the 
30-year average of 598 mm for all years except 2015, which was 
390 mm (Supplemental Table 4). The 2020 ratoon season precipitation, 
defined as precipitation from August through November, was 506 mm, 
greater than the 30-year average of 381 mm (Supplemental Table 4). 
The monthly average minimum, maximum, and mean temperatures for 
the study years were not that different (within 1 ◦C) from the 30-year 
average except for 2016 which had an average annual minimum tem
perature 1.2 ◦C higher than the 30-year average. Compared to the 
30-year average monthly mean temperatures, this study’s main growing 
seasons were 1.1–3.9 ⁰C warmer for April and July of 2015, June, July, 
and September of 2016, April of 2017, May and June of 2018, and May 
and September of 2019 (Supplemental Table 5). The average monthly 
mean temperature was 1.3–1.9 ⁰C cooler than the 30-year average for 
August of 2017, and April, October, and November of 2020 (Supple
mental Table 5). 

3.2. Yield 

For the main seasons, the yield varied little by year, with most yields 
in the range of 9–11 t ha−1 (Table 2, Supplemental Fig. 2). Both fields 

from the 2016 season had greater yields (11.0 t ha−1) than the other 
field-seasons. The North field in 2018 suffered crop damage due to 
weeds and had the lowest yield of all the field-seasons (7.1 t ha−1). Yield 
did not vary significantly by irrigation treatment (p > 0.05 using the t- 
test) or field (p > 0.05 using the t-test) (Supplemental Fig. 2). The 
ratoon yield for 2020 was 11.9% of the main yield for the North field and 
13.9% of the main yield for the South field. 

The literature review focused on ratoon cropping found studies from 
China and the United States. Seeding and irrigation methods varied 
between different studies – Chinese studies frequently transplanted rice, 
rather than directly seeding on either wet or dry ground as in our study 
and the other studies from the United States. While the irrigation 
method was not always stated, when available it was most commonly 
delayed or continuous flooding (i.e., without AWD). Main crop yields 
ranged from 5.6 to 12.1 t ha−1 and ratoon crop yields ranged from 0.6 to 
7.4 t ha−1, or 7.4–95.1% that of the main crop (Supplemental Table 6). 
Instances where the ratoon crop yield was higher than the main crop 
yield were attributed to damage to the main crop and were excluded 
from the synthesis. When split by location, the ratoon crop yielded 
20.9–76.2% that of the main crop in the United States and 7.4–95.1% 
that of the main crop in China. The yields for our study were similar, 
with our main crop yields falling within the upper range of the synthesis 
main crop yields and our ratoon crop yields falling within the lower 
range of the synthesis ratoon crop yields (Supplemental Fig. 3). 

Compared to the main crop, the financial input for the ratoon crop in 
this study was minimal. Herbicide was applied aerially to the main crop 
7 times, but only once to the ratoon crop. Similarly, 112 kg ha−1 of 
diammonium phosphate (DAP) and 532 kg ha−1 of urea were applied to 
the main crop, while no DAP and only 168 kg ha−1 urea was applied to 
the ratoon crop. The ratoon crop required much less fuel for the use of 
heavy equipment than the main crop because the field was plowed only 
before the main crop. The ratoon crop enterprise budget had a net profit 
of 66.28 USD ha−1 for the South field and 5.74 USD ha−1 for the North 
field, making it cost-effective. The South field had a higher profit than 
the North field despite having only a slightly higher yield because the 
yield for the North field was 1.3 t ha−1. The yield required for the farmer 
to breakeven for the field, with the cost of management and the income 
from the crop being the same, was 1.28 t ha−1 which is only slightly 
lower than the North field yield. The average profit for an Arkansas rice 
field in 2021 was 496.85 USD ha−1 (University of Arkansas Division of 
Agriculture Research and Extension, 2022); as expected the ratoon crop 
returned a lower profit than the main crop. 

3.3. CH4 flux dynamics 

Most of the field-seasons followed a similar general pattern of low 
CH4 flux early in the season, a gradual increase reaching a maximum in 
mid-to-late summer, and a decrease until the final draining period fol
lowed by a large spike (Figs. 2–4). Spikes were characterized by a sud
den sharp increase in CH4 flux followed by an equally sharp decrease. 
Spikes had a short duration—generally less than 3 days—and were 
determined by visual inspection of the CH4 flux data. An exception to 
this pattern was the North field during 2015 (Fig. 2a), which had a 

Table 2 
Yield (13% moisture content) for the North and South fields during each season 
(ton ha−1). Yield data was derived from a GPS-Enabled Combine Monitor, pro
cessed by Greenway Equipment (AR, USA).  

Year North field yield (t ha−1) South field yield (t ha−1) 

2015  9.3  9.7 
2016  11.0  11.0 
2017  9.8  10.6 
2018  7.1  9.3 
2019  9.1  8.6 
2020 – Main Season (MS)  10.9  10.8 
2020 – Ratoon Season (RS)  1.3  1.5  
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second period of increasing flux followed by a second peak before the 
final draining period. Additionally, the South field in 2015 (Fig. 2a), the 
South field in 2018 (Fig. 3c), and the North field in 2020 (Fig. 4a), all 
lacked the end of season flux spike. For all years except 2020, the North 
field had greater baseline flux levels than the South field for most of the 
season, regardless of irrigation treatment. 

The CH4 flux was related to the water level in the field as it tended to 

increase during flooded periods and at the beginning of drying events. 
Periods where CH4 flux slowly increased corresponded to prolonged 
flooded periods, while most CH4 spikes corresponded to the beginning of 
a drying event, as in mid-July for the South field in 2015. The drying 
events that corresponded to a flux spike occurred after longer flooded 
periods, and so were primarily during the latter half of the season. Early 
season drying events were not associated with CH4 spikes. For field- 

Fig. 2. : (a) Interpolated, gap-filled daily CH4 
flux for 2015. (b) Water level measurements for 
2015. (c) Interpolated, gap-filled daily CH4 flux 
for 2016. (d) Water level measurements for 
2016. The North field in 2015 was managed 
with DF while the South field in 2015 and both 
fields in 2016 were managed with AWD. Note 
change in the y-axis scaling between (a,b) and 
(c,d). Darker points indicate observed data 
while paler lines indicate modelled data. Green 
dashed lines indicate planting and harvest 
dates. Purple dashed lines indicate flood initi
ation dates.   

Fig. 3. : (a) Interpolated, gap-filled daily CH4 
flux for 2017. (b) Water level measurements for 
2017. (c) Interpolated, gap-filled daily CH4 flux 
for 2018. (d) Water level measurements for 
2018. Both fields in 2017 were managed with 
DF while both fields in 2018 were managed 
with AWD. Note change in the y-axis scaling 
between (a,b) and (c,d). Darker points indicate 
observed data while paler lines indicate 
modelled data. Green dashed lines indicate 
planting and harvest dates; note that in 2018 
the North field was harvested two weeks after 
the South field. Purple dashed lines indicate 
flood initiation dates.   

Fig. 4. : (a) Interpolated, gap-filled daily CH4 
flux for the 2020 main season. (b) Water level 
measurements for the 2020 main season. (c) 
Interpolated, gap-filled daily CH4 flux for the 
2020 ratoon season. (d) Water level measure
ments for the 2020 ratoon season. The main 
season and ratoon season fields were managed 
with AWD. Darker points indicate observed 
data while paler lines indicate modelled data. 
Note change in the x-axis and y-axis scaling 
between (a,b) and (c,d). Green dashed lines 
indicate planting and harvest dates. Purple 
dashed lines indicate flood initiation dates.   
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seasons with multiple spikes, the post-spike fluxes were always lower 
than the pre-spike fluxes, suggesting that the drying periods did lower 
the flux rates, despite the initial increase. The field-seasons that did not 
have CH4 spikes after the final draining event had drying events within 
the last month of the season, suggesting that CH4 production was dis
rupted and unable to recover in the short period of time between the 
previous drying event and the final drain. 

Spikes not associated with a drying event have other potential ex
planations. The spikes during July and August in the North field in 2015 
(Fig. 2a) are associated with instances where the water level dipped 
below the soil surface briefly, suggesting that even without a complete 
drying event the water level was low enough to release the CH4 trapped 
in the soil or water column. The spikes during August in the South field 
in 2017 (Fig. 3a) occur following the final drain and may be caused by 
remaining pockets of trapped CH4 being released as the soil dries 
further. For all years, spikes from field-seasons treated with a DF regime 
(ranging from 0.1 to 1.1 µmol m−2 s −1) rather than an AWD regime 
(ranging from 0.1 to 0.6 µmol m−2 s −1) were larger. 

The CH4 flux rate increased more quickly during the early part of the 
2020 ratoon season than the 2020 main season, reaching the same level 
as the maximum steady flux rate of the main season within three weeks 
(Fig. 4a, Fig. 4c). CH4 flux during the main season took more than a 
month to reach this level (Fig. 4a, Fig. 4c). The field patterns for the 
ratoon season were also different from the main season: the South field 
flux was higher than the North field flux throughout most of the main 
season but was overtaken by the North field during mid-September of 
the ratoon season. Note that there is a disconnect between the low South 
field CH4 flux at the end of the 2020 main season and the higher South 
field CH4 flux at the beginning of the 2020 ratoon season. This discon
nect results from separately gap-filling the ratoon and main seasons, and 
the South field lacked observed CH4 data for that transition period. 

The ratoon season responded to the irrigation treatment similarly to 
the main seasons, with spikes in both fields following the first drying 
event (here, on October 4). Then, the North field did not have a spike 
following the second drying event on October 11, possibly because the 
two drying events were close together, with only 1.6 days of flooding 
between events (Fig. 4b, Fig. 4d). Neither field had a spike following the 
final drain event on October 30, which was 9 days before the ratoon 
harvest. 

3.4. Cumulative CH4 Emissions 

For all seasons except 2020, cumulative CH4 emissions were greater 
from the North field than the South field (Table 3). Fields managed with 
DF produced greater emissions in general (Fig. 5). Fields managed with 
AWD produced lower emissions, though the magnitude varied depend
ing on the duration and frequency of the drying periods. The North field 

in 2015 produced the highest emissions and had the greatest number of 
days under inundation (Table 1). The South field in 2018 produced the 
least emissions and had the least number of days under inundation 
(Table 1). The range of emissions from the DF treatments was 
77.2–132.5 kg CH4 ha−1 and the range of emissions from the main 
season AWD treatments was 5.8–40.7 kg CH4 kg CH4 ha−1. 

The ratoon season emissions in the North field were 2.6 times higher 
than the main season (Table 3). The ratoon season emissions in the 
South field were 24.6% higher than the main season (Table 3). On a 
yield-scaled basis, the ratoon seasons produced 8.9–30.5 times the CH4 
emissions of the main season (Table 3). 

The irrigation treatment had significant (p < 0.05) impact on the 
cumulative CH4 emissions, with emissions from field-seasons managed 
with AWD being 79.4% less than DF emissions on average for unad
justed CH4 emissions and 79.6% less for year-adjusted emissions (Fig. 5). 
For 2015, which had paired AWD and DF irrigation treatments, the 
cumulative emissions from the field managed with AWD were 73.4% 
less on average than emissions from the DF field. 

Seasons where the fields were managed with the same irrigation 
treatment still showed variation. The South field produced 75.5% and 
78.2% less CH4 than the North field in 2016 and 2018 respectively, 
when both seasons were managed with AWD. The reverse was true in 
2020, with the North field producing 73.0% less CH4 than the South 
field (Fig. 6). In 2016, the South field had 3 more drying events than the 
North field, and in 2018, the South field had longer drying events than 
the North field, with an average drying event length of 15 days for the 
South field and 5 days for the North field. In 2020 the North field water 
level was near or below the soil surface for approximately 26 days from 
mid-June to mid-July. The water level did not drop low enough to be 
considered a drying event but may have been sufficiently low to inter
rupt methanogenesis. For all 3 seasons the field with the greater number 
of cumulative days under inundation had higher cumulative CH4 emis
sions (Table 1, Fig. 6). 

The drying event length was approximately 3–5 days for most field- 
seasons with about 0–3 days standard deviation. However, in 2018 and 
2020, the South field had drying events that did not fall within these 
ranges: in 2018 a long drying event lasted 29.7 days during late July and 
mid-August and in 2020 a short drying event lasted 1.1 days during early 
June. The length of flooding events for all field-seasons managed with 
AWD ranged from 1.5 to 54.7 days, with the average for each field 
ranging from 8.5 to 30.1 days. The length of these flooding events varied 
more than the length of the drying events, though the North field in 
2016 had the longest flooding event in AWD-treated fields which lasted 
54.7 days during June through August. The shortest flooding events 
occurred in June of 2016 and 2018, with the South field having an event 
of 1.5 days in 2016 and the North field having an event of 1.5 days in 
2018. The length of continuous flooding for field-seasons managed with 
DF ranged from 71.2 to 88.4 days. 

The cumulative CH4 emissions for each flooding event and the length 
of the flooding event were significantly related (r2 = 0.77, p < 0.01 
using the F-test), with emissions increasing exponentially with the 
duration of the event for all fields managed with AWD (Fig. 7). The 
relationship was even more significant (r2 = 0.91, p < 0.01 using the F- 
test) when extended to include fields managed with DF with only a slight 
change in the rate of increase (Fig. 7). We applied this second model 
with the events from the DF-managed fields to only the flooding events 
during the AWD-managed cases as a form of validation, and it dropped 
the r2 to 0.67 and raised the root mean square error from 4.60 to 
5.44 kg ha−1. Flooding events in 2016 and 2018 were consistently 
below the line of best fit, while events in other years were more evenly 
distributed (Supplemental Fig. 4). The ratoon-season emissions associ
ated with the longer flooding events in those seasons are approximately 
2.3–2.6 times as high as the model would predict (Fig. 7). 

Emissions were similar during the reproductive and maturation 
stages and were lowest during the vegetative stage (Table 4 and Fig. 8). 
The North field in 2015 was an outlier in both the vegetative and 

Table 3 
Management practices, cumulative CH4 emissions, and yield-scaled CH4 emis
sions for each field-season. Abbreviations: MS (main season), RS (ratoon season), 
DF (delayed flooding), and AWD (alternate wetting and drying). Uncertainty 
ranges were calculated from the 95% confidence interval of cumulative emis
sions variations from the 40 gap-filling runs, as in (Runkle et al., 2019), where 
errors due to gap-filling were significantly greater than the relative uncertainty 
of measured values.  

Year Irrigation 
treatment 

CH4 emissions, kg CH4-C 
ha−1 

Yield-normalized 
emissions, kg CH4- 
C ton−1 

Field North South North South North South 

2015 DF AWD 132.5 ± 3.5 35.3 ± 5.6  14.2  3.6 
2016 AWD AWD 29.0 ± 1.1 7.1 ± 0.6  2.6  0.6 
2017 DF DF 114.5 ± 1.5 77.2 ± 2.2  11.7  7.3 
2018 AWD AWD 26.6 ± 1.5 5.8 ± 0.3  3.7  0.6 
2020 - MS AWD AWD 11.0 ± 0.5 40.7 ± 1.5  1.0  3.8 
2020 - RS AWD AWD 39.7 ± 1.0 50.7 ± 2.4  30.5  33.8  
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reproductive stages, having the highest CH4 emissions of all other field- 
seasons for the reproductive stage and the second-highest emissions for 
the vegetative stage (Fig. 8). The South field in 2015 was also an outlier 
in the vegetative stage, with the highest emissions of all field-seasons for 
that stage (Fig. 8). The outlier field-seasons were managed with different 

irrigation treatments, with the North field being managed with DF and 
the South field being managed with AWD. The South field in 2020 acted 
as a CH4 sink during the vegetative stage, which can happen when the 
methanotrophic bacteria in the soil are more active than the methano
genic bacteria (Banker et al., 1995). 

Fig. 5. : Plot of the ranges of (a) unadjusted cumulative CH4 emissions and (b) year-adjusted cumulative CH4 emissions under different irrigation treatments for the 
main seasons. Abbreviations: DF (delayed flooding), and AWD (alternate wetting and drying). 

Fig. 6. : Plot of cumulative CH4 emissions ranges for all seasons where both fields were managed with AWD.  

Fig. 7. : Cumulative CH4 emissions per each flooding 
event for all field-seasons managed. The dashed line 
indicates the relationship for all main field-seasons (26 
independent flooding events) while the solid line in
dicates the relationship for all main field-seasons 
managed with AWD (23 independent flooding 
events). The black outlined points indicate flooding 
events during the ratoon season and were not included 
in model creation. Each main season flooding event is 
color-coded by the month at the midpoint of the event. 
Note that the cumulative emissions include the 2 days 
following each event to catch any spike in emissions at 
the beginning of the drying event that is attributable to 
the release of trapped CH4 generated during the 
flooding event.   
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4. Discussion 

4.1. Management effects on CH4 fluxes and yield 

This study considered the effect of multiple management practices on 
rice yield and CH4 emissions in Arkansas. While it is difficult to fully 
separate the individual treatment, field, and season effects, we used 
several complementary approaches to draw our conclusions. First, we 
minimized interference by selecting similarly treated fields and/or time 
periods for comparison. Second, we adjusted data for year-to-year 
variation when necessary. Third, we tested patterns across both sepa
rate and combined datasets to more carefully attribute changes to sea
sonal emissions. 

Some differences in cumulative CH4 emissions cannot be attributed 
to irrigation management. The paired fields were adjacent, zero-grade- 
levelled, and grown under the same climate conditions during each 
season, but in all seasons except 2020 the North field emitted more 
cumulative CH4 than the South field, even when irrigation treatments 
were the same for both fields. This effect may be partly due to differ
ences in soil composition between fields. Both fields had soil that was at 
least 90% Perry silty clay, but additional soil texture analysis reported in 
Runkle et al. (2019) showed significantly higher clay content in North 
field than South field (60 vs. 41% at 0–10 cm depth). Soils with a lower 
clay content are generally assumed to have greater potential for CH4 
emissions, as clay soils tend to trap CH4 below the surface (Le Mer and 
Roger, 2001; Linquist et al., 2018). However, the North field, which had 
the higher clay content, emitted more CH4 than the South field. It is 

possible that during short drying events, the field (North) with higher 
clay content retained more moisture than the field (South) with lower 
clay content, leading to greater CH4 production and emission. Other 
differences in soil composition between fields such as different levels of 
soil organic matter and different soil microbiomes may also affect CH4 
emissions. Soil with high organic matter content has greater potential 
for methanogenesis than soil with low organic matter content (Cao et al., 
1995), and the North field had significantly higher soil organic matter 
than the South field (Runkle et al., 2019). 

The highest steady CH4 flux rates occurred in July and August, which 
were the months with the highest mean temperatures, as well as the 
months when the rice plants had reached maximum vegetative growth 
and moved into the reproductive and maturation stages (Hardke et al., 
2020). When broken down by growth stage, emissions generally 
increased during the later stages, reaching a maximum during the 
reproductive stage or the maturation stage. Methanogenesis is enhanced 
under high temperatures, and CH4 transport from the soil to the atmo
sphere is most often mediated by the aerenchyma of the rice plants (Le 
Mer and Roger, 2001; Linquist et al., 2018). In later growth stages the 
plants also have higher biomass and therefore produce higher levels of 
the root exudates that provide substrate for methanogenic bacteria 
(Neue et al., 1997). The combination of favorable conditions for meth
anogenesis and high rates of plant transport likely led to high rates of 
CH4 flux during the late summer at the Arkansas rice fields. 

Irrigation practices had a significant effect on CH4 emissions in this 
study, with AWD reducing emissions by 73.4% with respect to the DF 
treatment; similar to our previous, comparable results for 2015–2017 
(Runkle et al., 2019). Both studies had emissions reductions within the 
range of other AWD studies performed with the chamber technique on 
United States rice fields, between 39% and 83% (Karki et al., 2023; 
Linquist et al., 2018). The level of emission reduction was not the same 
for all AWD field-seasons and cumulative CH4 emissions from fields 
under the same treatment differed (Fig. 6). This difference indicates that 
AWD management was not consistent between fields. There were vari
ations in the length and duration of drying events between fields, and 
reducing the time the field is inundated can reduce CH4 emissions 
(Balaine et al., 2019; Linquist et al., 2015). It is also possible that dif
ferences in seeding method between years influenced emissions, as some 
studies have found water seeded rice to produce higher CH4 than dry 
seeded rice (Hang et al., 2014; Ko and Kang, 2000; Tao et al., 2016). As 
we only had CH4 data for one water seeded year we were unable to 
determine if there was any significant difference in emissions between 
the two seeding methods. 

The flooding event duration was significantly, positively related to 
CH4 emissions. As longer flooding events also imply fewer or shorter 
drying events, the extension of this result is that fewer or shorter drying 

Table 4 
Cumulative CH4 emissions for each main field-season broken into vegetative, 
reproductive, and maturation growth stages. Uncertainty ranges were calculated 
from the 95% confidence interval of cumulative emissions variations from the 40 
runs, as in (Runkle et al., 2019).  

Year Vegetative stage CH4 

emissions, kg CH4-C 
ha−1 

Reproductive stage 
CH4 emissions, kg CH4- 
C ha−1 

Maturation stage CH4 

emissions, kg CH4-C 
ha−1 

Field North South North South North South 

2015 8.4 
± 1.9 

9.0 
± 5.3 

80.0 
± 0.5 

14.0 
± 0.5 

45.2 
± 2.2 

11.9 
± 1.7 

2016 0.8 
± 0.7 

1.1 
± 0.3 

4.6 ± 0.3 2.8 ± 0.3 23.6 
± 0.8 

3.3 ± 0.3 

2017 1.2 
± 0.4 

2.9 
± 1.5 

51.4 
± 0.4 

34.2 
± 0.4 

61.7 
± 1.2 

40.1 
± 0.9 

2018 1.2 
± 0.4 

1.6 
± 0.2 

5.4 ± 0.1 1.8 
± 0.05 

20.6 
± 1.2 

2.7 ± 0.1 

2020 2.0 
± 0.3 

-0.4 
± 0.7 

10.0 
± 0.1 

21.2 
± 0.1 

-0.6 
± 0.4 

19.4 
± 1.2  

Fig. 8. : Cumulative CH4 emissions for the main seasons during each growth stage, across all field-seasons and irrigation treatments.  
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events result in higher CH4 emissions than longer or more frequent 
drying events. This finding is similar to Perry et al. (2022) which re
ported an 18% greater reduction in CH4 emissions compared to a DF 
control for a 12-day drying event than an 8-day drying event and a 26% 
greater reduction in CH4 emissions for a 12-day drying event than a 
5-day drying event. That the relationship remained significant when 
fields managed with DF were included suggests this relationship is 
generalizable to other forms of irrigation treatment, which means it has 
potential to be developed into a model for estimating CH4 emissions 
from rice fields. 

Unlike Perry et al. (2022), we found that the length of the flooding 
and drying events also interacted with the timing of those events. All the 
flooding events associated with high CH4 emissions occurred during the 
latter part of the season, though not all flooding events that occurred late 
in the season were associated with high emissions. Late-season flooding 
events that did not produce high emissions were of shorter duration, 
usually less than 15 days. The South field in 2018 had the lowest cu
mulative emissions in the study and the longest drying event of 29.7 
days. This drying event occurred from late July to mid-August, during 
the maturation stage when emissions are highest. The North and South 
fields in 2020 both had long flooding events of 49.3 days and 47.8 days 
respectively, but North field had lower overall emissions. The long 
flooding event for the North field in 2020 occurred earlier in the season, 
during the vegetative and reproductive stages, while the long flooding 
event for the South field in 2020 occurred later, during the reproductive 
and maturation stages. The soil at our sites is mostly clay, and clay soils 
take a longer time after a flooding event to develop reducing conditions 
than silt loam soils (Brye et al., 2013), so longer flooding periods 
enhance methanogenesis, while interrupting them decreases it. 

Some studies have found that irrigation treatments that reduced the 
overall time the field spent flooded resulted in lower yield, as forms of 
AWD with long drying periods resulted in water stress, weed growth, 
and susceptibility to disease (Bidzinski et al., 2016; Carrijo et al., 2017; 
de Vries et al., 2010; Linquist et al., 2015). Other studies found that 
AWD treatment had no effect on the yield with respect to DF (Balaine 
et al., 2019; Carrijo et al., 2018). This study did not find any significant 
difference in main season yield between AWD and DF. Another possible 
drawback is that the aerobic conditions such as those induced by AWD 
favor the production of N2O, which is also a GHG (Akiyama et al., 2005; 
Kritee et al., 2018; Zou et al., 2007). However, several studies measuring 
N2O emissions under AWD and DF found that there was no significant 
difference between irrigation treatments when N fertilizer application 
was managed appropriately (Chidthaisong et al., 2018; Karki et al., 
2023; LaHue et al., 2016). When N fertilizer was applied during flooded 
periods and drying events occurred only after most of the N had been 
taken up by the crop, N2O emissions were limited (Chidthaisong et al., 
2018; LaHue et al., 2016). Karki et al. (2023), which was performed on 
the same fields used in this study during 2015–2019, attributed the 
similarity of N2O emissions between irrigation treatments to the split 
application of N fertilizer which limited the amount of excess N in the 
soil. 

4.2. Ratoon cropping 

Guidelines from Texas and Louisiana extension offices say that 
farmers should expect the ratoon yield to be between 25% and 33% that 
of the main crop yield, while an overview of international studies found 
that the ratoon yield could be between 34% and 64% (Saichuk, 2014; 
Wang et al., 2020; Way, 2010). Our own analysis of recent studies in 
China and Texas found that the ratoon crop could vary significantly, 
yielding anywhere from 7.4% to 95.1% of the main crop under good 
conditions (Supplemental Fig. 3). When split by location the range of 
yields for studies in Texas was narrower than the range of yields for 
studies in China. The inconsistency of reported yields suggests that 
ratoon cropping depends strongly on location and management factors 
and highlights the need for further research. 

The yield from our study’s 2020 ratoon season was within the lower 
range of plausible values from the literature synthesis, but much lower 
than would be expected from the guidelines from the extension offices in 
neighboring states. Ratoon cropping is strongly influenced by timing. In 
temperate climates, the earlier the main crop is planted, the higher the 
likelihood of a successful ratoon crop (Dou et al., 2016). By extension, 
the harvest date of the main crop is also important since it determines 
the amount of time the ratoon crop will have to mature. The latest 
recommended main harvest date to initiate ratoon cropping in Louisiana 
is August 15 (Saichuk, 2014). Our fields were harvested 3–4 days later, 
on August 18 and 19. October of 2020 was 1.3 ◦C colder than average, 
and growth of the ratoon crop may have been slowed during that month 
due to the low temperatures. This mechanism could be further eluci
dated in follow-up studies with more ratoon-season data to compare. 
Ratoon cropping in the United States is also more common in Louisiana 
and southern Texas, which are areas with higher average temperatures 
and longer warm seasons than Arkansas (Bollich and Turner, 1988). 
Guidance for ratoon cropping suggests using early maturing varieties 
and planting early enough to avoid the negative effects of late-season 
cold weather (Saichuk, 2014; Way et al., 2014). Stubble height can 
also affect yield, with low to moderate stubble heights of 30 cm or less 
being generally considered to produce the highest ratoon yield (Beuzelin 
et al., 2012; Dong et al., 2020; Torres et al., 2020; Way et al., 2014). The 
stubble height for this study was deliberately cut higher than recom
mended in order to shorten the regrowth time and increase the likeli
hood of harvest before first frost (personal communication, Mark Isbell, 
2022). 

The 2020 ratoon season’s CH4 emissions were compared to the 2020 
main season rather than other years’ fallow season emissions because 
fallow season emissions tend to be much lower than growing season 
emissions (Reba et al., 2019). Fallow season emissions are highest 
during winter flooding (Reba et al., 2019), but winter flooding for the 
other years did not start until November which is when the ratoon 
season ended. We assumed CH4 emissions during the equivalent fallow 
period (mid-August to early November) were negligible in most other 
years due to the lack of sustained flooding and the reduced level of 
biomass on the field due to the post-harvest burning of residual litter, the 
common practice in the years without a ratoon crop. 

That the cumulative CH4 emissions from the ratoon crop for this 
study were higher than the main crop emissions may be due to the 
August timing of the main crop harvest. August had the second highest 
mean and maximum temperatures for 2020. Between the continuously 
flooded conditions in the early part of the ratoon season, the high 
temperatures, and the ample substrate for bacterial growth provided by 
the residue from the main crop left on the field, conditions were 
favorable for methanogenesis. The ratoon emissions ranged from 39.7 to 
50.7 kg CH4-C kg ha−1, which was comparable to the main crop emis
sions from other years with AWD treatment as in the South field in 2015 
and 2020. The yield-scaled ratoon emissions, however, ranged from 30.5 
to 33.8 kg CH4-C ton−1 and were greater than yield-scaled main season 
emissions from any year in this study. 

Ratoon season emissions in this study were higher than that of the 
main season, but they were relatively low when compared to the ratoon 
studies from the literature synthesis, which showed emissions ranging 
from 45 to 267 kg CH4-C ha−1. It is difficult to compare ratoon emissions 
because they differed greatly between studies. Some studies reported 
higher emissions, with ranges from approximately 67 to 307 kg CH4-C 
ha−1 (Xu et al., 2022), or 294–1990 kg CH4-C ha−1 (Lindau and Bollich, 
1993), and rates of 188.62 kg CH4-C ha−1 (T. Wang et al., 2021). Others 
reported lower emissions, from 0.59 to 32.6 kg CH4-C ha−1 (Ding et al., 
2021). Though the highest emissions came from a field managed with 
DF (C. Lindau and Bollich, 1993), the difference in range of emissions 
could not be directly contributed to irrigation management, as Xu et al. 
(2022) and T. Wang et al. (2021) studied ratoon crops managed with 
AWD, while Ding et al. (2021) studied ratoon crops managed with both 
DF and AWD but found no significant difference between them. Overall, 
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the emissions from our ratoon season (39.7–50.7 kg CH4-C ha−1) fit 
within the broad range established by other studies. 

The EC technique allows for continuous measurements of CH4 flux 
over a large, field-scale spatial domain but it is not without limitations. 
The method is not suited for experiments with small-scale spatial het
erogeneity (Baldocchi, 2014), and the data is subject to error due to 
interference with the operating of the sensors and field conditions that 
violate the assumption of homogeneity of the field (Chu et al., 2021). We 
minimized errors in the data by extensive filtering of problematic data 
points, the details of which can be seen in the Supplementary Material. 
Applying the EC technique on a full field also limits the number of 
possible replicates of a given treatment, which makes analysis between 
treatments difficult. Field-scale experimental studies with the EC tech
nique are rare and, due to the cost of equipment and the limited number 
of available production-scale fields available. We believe that the data 
we have presented here is valuable as it is a rare ecosystem level analysis 
of CH4 emitted from a ratoon crop managed with AWD. We cannot state 
whether it is representative of all ratoon fields under AWD conditions 
simply because the replicate number is low and the sites do not represent 
the conditions of the regions in Texas and Louisiana where ratoon 
cropping is more prevalent in the U.S. 

5. Conclusion 

This study expanded on the results of previous research by demon
strating a significant relationship between the length of flooding events 
and cumulative CH4 emissions, as well as a general pattern of higher CH4 
emissions occurring later in the season. It is also one of few such studies 
performed on full production-scale fields using the EC method. 
Furthermore, we found these relationships may be useful for informing 
model building in the future. With the addition of more field-seasons of 
data or a different type of model we may be able to estimate emissions 
with a simple metric such as the length of flooding and drying events or 
the number of days under inundation. The CH4 emissions increase be
tween the ratoon and main crop was unambiguous but was also based on 
two sites from a single year, and additional years of ratoon cropping 
under EC are necessary to establish a baseline for CH4 emissions from 
ratoon rice cropping in Arkansas. 

We found no difference in yield between irrigation treatments. The 
ratoon crop was financially viable and ratoon crop emissions were low 
compared to previous studies in Louisiana, though yield from the ratoon 
crop was also low compared to the average of other studies from the 
literature review. Additional seasons of research to develop a standard 
for CH4 emissions from ratoon rice under AWD and a better under
standing of methods to increase ratoon yield without increasing emis
sions are necessary if ratoon cropping is to be considered as a sustainable 
intensification practice. 
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Thornton, P., 2013. Carbon and Other Biogeochemical Cycles. In: Stocker, T.F., 
Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., 
Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, 
pp. 465–570. https://doi.org/10.1017/CBO9781107415324.015. 

M. Leavitt et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.agee.2023.108652
https://doi.org/10.1029/2004GB002378
https://doi.org/10.1029/2004GB002378
https://doi.org/10.2136/sssaj2019.04.0113
https://doi.org/10.2136/sssaj2019.04.0113
https://doi.org/10.1111/gcb.12649
https://doi.org/10.2307/1941631
https://doi.org/10.1016/0167-8809(94)00578-3
https://doi.org/10.1016/j.cropro.2011.11.019
https://doi.org/10.1016/j.cropro.2011.11.019
https://doi.org/10.3389/fpls.2016.01558
https://doi.org/10.3389/fpls.2016.01558
http://refhub.elsevier.com/S0167-8809(23)00311-0/sbref8
http://refhub.elsevier.com/S0167-8809(23)00311-0/sbref8
https://doi.org/10.1097/SS.0000000000000020
https://doi.org/10.1029/94GB03231
https://doi.org/10.1016/j.fcr.2016.12.002
https://doi.org/10.1016/j.fcr.2018.02.026
https://doi.org/10.1080/00380768.2017.1399044
https://doi.org/10.1080/00380768.2017.1399044
https://doi.org/10.1016/j.agrformet.2021.108350
https://doi.org/10.1016/j.agrformet.2021.108350
https://doi.org/10.1017/CBO9781107415324.015


Agriculture, Ecosystems and Environment 356 (2023) 108652

11

Cole, C.V., Duxbury, J., Freney, J., Heinemeyer, O., Minami, K., Mosier, A., Paustian, K., 
Rosenberg, N., Sampson, N., Sauerbeck, D., Zhao, Q., 1997. Global estimates of 
potential mitigation of greenhouse gas emissions by agriculture. Nutr. Cycl. 
Agroecosyst. 49 (1–3), 221–228. https://doi.org/10.1023/A:1009731711346. 

de Vries, M.E., Rodenburg, J., Bado, B.V., Sow, A., Leffelaar, P.A., Giller, K.E., 2010. Rice 
production with less irrigation water is possible in a Sahelian environment. Field 
Crop. Res. 116 (1), 154–164. https://doi.org/10.1016/j.fcr.2009.12.006. 

Ding, Z.J., Xu, Z., Tian, Y.B., Liu, K.W., Zhang, D.Y., Zhu, J.Q., Hou, J., 2021. Reducing 
gas emissions from ratooning rice field using controlled nitrogen fertilization and 
alternate wetting-drying irrigation. J. Irrig. Drain. 40 (7), 51–58. 

Dong, C., Xu, N., Ding, C., Gu, H., Zhang, W., Sun, L., 2020. Developing ratoon rice as 
forage in subtropical and temperate areas. Field Crop. Res. 245, 107660 https://doi. 
org/10.1016/j.fcr.2019.107660. 

Dou, F., Tarpley, L., Chen, K., Wright, A.L., Mohammed, A.R., 2016. Planting date and 
variety effects on rice main and ratoon crop production in South Texas. Commun. 
Soil Sci. Plant Anal. 47 (21), 2414–2420. https://doi.org/10.1080/ 
00103624.2016.1243705. 

Firouzi, S., Nikkhah, A., Aminpanah, H., 2018. Rice single cropping or ratooning agro- 
system: which one is more environment-friendly? Environ. Sci. Pollut. Res. Int. 25 
(32), 32246–32256. https://doi.org/10.1007/s11356-018-3076-x. 

Garnett, T., Appleby, M.C., Balmford, A., Bateman, I.J., Benton, T.G., Bloomer, P., 
Burlingame, B., Dawkins, M., Dolan, L., Fraser, D., Herrero, M., Hoffmann, I., 
Smith, P., Thornton, P.K., Toulmin, C., Vermeulen, S.J., Godfray, H.C.J., 2013. 
Sustainable intensification in agriculture: premises and policies. Science 341 (6141), 
33–34. https://doi.org/10.1126/science.1234485. 

Han, W., Yang, Z., Di, L., Yue, P., 2014. A geospatial web service approach for creating 
on-demand cropland data layer thematic maps. Trans. ASABE 239–247. https://doi. 
org/10.13031/trans.57.10020. 

Hang, X., Zhang, X., Song, C., Jiang, Y., Deng, A., He, R., Lu, M., Zhang, W., 2014. 
Differences in rice yield and CH4 and N2O emissions among mechanical planting 
methods with straw incorporation in Jianghuai area, China. Soil Tillage Res. 144, 
205–210. https://doi.org/10.1016/j.still.2014.07.013. 

Hardke, J.T. (2022). Arkansas DD50 Rice Production Resources—University of Arkansas 
Division of Agriculture—Cooperative Extension Service. Arkansas DD50 Rice 
Production Resources - University of Arkansas Division of Agriculture - Cooperative 
Extension Service. 〈https://dd50.uada.edu/〉. 

Hardke, J.T., Barber, T., Bateman, N., Butts, T., Hamilton, M., Henry, C., Lorenz, G., 
Mazzanti, R., Norsworthy, J., Roberts, T., Slaton, N., & Wamishe, Y. (2020). 2020 
Rice Management Guide. University of Arkansas Division of Agriculture Research & 
Extension, 45, 26. 

Irvin, J., Zhou, S., McNicol, G., Lu, F., Liu, V., Fluet-Chouinard, E., Ouyang, Z., Knox, S. 
H., Lucas-Moffat, A., Trotta, C., Papale, D., Vitale, D., Mammarella, I., 
Alekseychik, P., Aurela, M., Avati, A., Baldocchi, D., Bansal, S., Bohrer, G., 
Jackson, R.B., 2021. Gap-filling eddy covariance methane fluxes: comparison of 
machine learning model predictions and uncertainties at FLUXNET-CH4 wetlands. 
Agric. For. Meteorol. 308–309, 108528 https://doi.org/10.1016/j. 
agrformet.2021.108528. 

Karki, S., Adviento-Borbe, M.A.A., Runkle, B.R.K., Moreno-García, B., Anders, M., 
Reba, M.L., 2023. Multiyear methane and nitrous oxide emissions in different 
irrigation management under long-term continuous rice rotation in Arkansas. 
J. Environ. Qual. https://doi.org/10.1002/jeq2.20444. 

Ko, J.-Y., Kang, H.-W., 2000. The effects of cultural practices on methane emission from 
rice fields. Nutr. Cycl. Agroecosyst. 58 (1–3), 311–314. https://doi.org/10.1023/A: 
1009867208059. 

Kritee, K., Nair, D., Zavala-Araiza, D., Proville, J., Rudek, J., Adhya, T.K., Loecke, T., 
Esteves, T., Balireddygari, S., Dava, O., Ram, K., S. R., A, Madasamy, M., Dokka, R. 
V., Anandaraj, D., Athiyaman, D., Reddy, M., Ahuja, R., Hamburg, S.P., 2018. High 
nitrous oxide fluxes from rice indicate the need to manage water for both long- and 
short-term climate impacts. Proc. Natl. Acad. Sci. USA 115 (39), 9720–9725. https:// 
doi.org/10.1073/pnas.1809276115. 

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

Le Mer, J., Roger, P., 2001. Production, oxidation, emission and consumption of methane 
by soils: a review. Eur. J. Soil Biol. 37 (1), 25–50. https://doi.org/10.1016/S1164- 
5563(01)01067-6. 

Lindau, C., Bollich, P., 1993. Methane emissions from Louisiana first and ratoon crop 
rice. Soil Sci. 156 (1), 42–48. 

Lindau, C.W., Bollich, P.K., DeLaune, R.D., 1995. Effect of rice variety on methane 
emission from Louisiana rice. Agric., Ecosyst. Environ. 54 (1), 109–114. https://doi. 
org/10.1016/0167-8809(95)00587-I. 

Linquist, B.A., Anders, M.M., Maria Arlene, A.Adviento-Borbe, Chaney, R.L., Nalley, L.L., 
Rosa, E.F.F.D., Kessel, C. van, 2015. Reducing greenhouse gas emissions, water use, 
and grain arsenic levels in rice systems. Glob. Change Biol. 21, 407–417. https://doi. 
org/10.1111/gcb.12701. 

Linquist, B.A., Marcos, M., Adviento-Borbe, M.A., Anders, M., Harrell, D., Linscombe, S., 
Reba, M.L., Runkle, B.R.K., Tarpley, L., Thomson, A., 2018. Greenhouse gas 

emissions and management practices that affect emissions in US rice systems. 
J. Environ. Qual. https://doi.org/10.2134/jeq2017.11.0445. 

Meehl, G.A., Zwiers, F., Evans, J., Knutson, T., et al., 2000. Trends in extreme weather 
and climate events: Issues related to modeling extremes in projections of future 
climate change. Bull. Am. Meteorol. Soc. 81 (3), 427–436. 

Neue, H.U., Wassmann, R., Kludze, H.K., Bujun, W., Lantin, R.S., 1997. Factors and 
processes controlling methane emissions from rice fields. Nutr. Cycl. Agroecosyst. 49 
(1), 111–117. https://doi.org/10.1023/A:1009714526204. 

Perry, H., Carrijo, D., Linquist, B., 2022. Single midseason drainage events decrease 
global warming potential without sacrificing grain yield in flooded rice systems. 
Field Crop. Res. 276, 108312 https://doi.org/10.1016/j.fcr.2021.108312. 

PRISM Climate Group . (2014). Oregon State University. 〈https://prism.oregonstate. 
edu〉. 

Reba, M.L., 2021. AmeriFlux BASE US-HRC Humnoke Farm Rice Field – Field C, Ver. 3-5 
[Data set]. Am. AMP. https://doi.org/10.17190/AMF/1543375. 

Reba, M.L., Fong, B.N., Rijal, I., 2019. Fallow season CO2 and CH4 fluxes from US mid- 
south rice-waterfowl habitats. Agric. For. Meteorol. 279, 107709 https://doi.org/ 
10.1016/j.agrformet.2019.107709. 

Runkle, B.R.K., 2021. AmeriFlux BASE US-HRA Humnoke Farm Rice Field – Field A, Ver. 3- 
5 [Data set]. Am. AMP. https://doi.org/10.17190/AMF/1543376. 

Runkle, B.R.K., Suvocarev, K., Reba, M.L., Reavis, C.W., Smith, S.F., Chiu, Y.-L., Fong, B., 
2019. Methane emission reductions from the alternate wetting and drying of rice 
fields detected using the eddy covariance method. Environ. Sci. Technol. 53, 
671–681. https://doi.org/10.1021/acs.est.8b05535. 

Saichuk, J.K., 2014. Rice Production Handbook. Louisiana State University. 〈https 
://www.lsuagcenter.com/portals/communications/publications/publications_ca 
talog/crops_livestock/rice/rice-production-handbook1〉. 

Santos, A.B., Fageria, N.K., Prabhu, A.S., 2003. Rice ratooning management practices for 
higher yields. Commun. Soil Sci. Plant Anal. 34 (5–6), 881–918. https://doi.org/ 
10.1081/CSS-120018981. 

Saunois, M., Stavert, A.R., Poulter, B., Bousquet, P., Canadell, J.G., Jackson, R.B., 
Raymond, P.A., Dlugokencky, E.J., Houweling, S., Patra, P.K., Ciais, P., Arora, V.K., 
Bastviken, D., Bergamaschi, P., Blake, D.R., Brailsford, G., Bruhwiler, L., Carlson, K. 
M., Carrol, M., Zhuang, Q., 2020. The Global Methane Budget 2000–2017. Earth 
Syst. Sci. Data 12 (3), 1561–1623. https://doi.org/10.5194/essd-12-1561-2020. 

Schrier-Uijl, A.P., Kroon, P.S., Hensen, A., Leffelaar, P.A., Berendse, F., Veenendaal, E.M., 
2010. Comparison of chamber and eddy covariance-based CO2 and CH4 emission 
estimates in a heterogeneous grass ecosystem on peat. Agric. For. Meteorol. 150 (6), 
825–831. https://doi.org/10.1016/j.agrformet.2009.11.007. 
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