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Managed forage grazing alongside flood-irrigated rice cultivation is recognized as a significant 

contributor to GHG emissions into the atmosphere. Forage grazing releases large amounts of nitrous 

oxide emissions, which can be reduced using species such as koronivia grass (Brachiaria 

humidicola), a forage grass known for its biological nitrification inhibition capacity through the root 

exudate called brachialactone. Rice cultivation releases large amounts of methane into the 

atmosphere, which is why greenhouse gas emissions from flood-irrigated rice paddies have been 

extensively studied in Asia; however, few studies have been conducted in Latin America, including 

Colombia, highlighting the need to understand the topic in this region better.  

Rice cultivation and forage grazing are two of Colombia's most important agricultural activities; 

therefore, assessing GHG emissions from these activities is of utmost importance since no GHG 

emission factors are available for these two cropping systems under Colombian conditions. 

This study aims to provide insight into the key characteristics of greenhouse gas emissions and 

yield-related components of different rice and koronivia grass cultivars in Colombia through a field 

trial of two rice and two koronivia grass cultivars, contributing to a better understanding of the 

environmental effects of cultivation in tropical areas of South America. To achieve this goal, 

biomass and yield components were evaluated, along with CH4 and N2O emissions and emission 

factors, with a specific focus on differences in root biomass between cultivars. 

The rice and koronivia grass field trials were conducted at the CIAT Research Center in 

Colombia, where soil samples were collected before the trial started. The experimental layout 

consisted of a randomized block design with three replications of each rice and koronivia grass 

cultivar. Within each replication, three closed static chambers were placed and used as subsamples, 

with gas concentrations quantified using gas chromatography. An automatic weather station was 

used to gather environmental data during the sampling period. 

Rice cultivar HL23 had a higher grain yield and greater daily methane emissions during the 

beginning of the sampling period. Meanwhile, cultivar FE60 displayed a larger variance in daily 

CH4 emissions from flowering to the end of the sampling period. This study presents the first 

reported field-emitted methane emissions from a koronivia grass field experiment. The koronivia 

grass cultivar CI67 displayed a significantly higher variance in daily CH4 emissions during the 

beginning of the sampling period, and a trend was observed where cultivar CI67 had higher 

cumulative CH4 emissions. This study also provides insight into the key characteristics of CH4 and 

N2O emissions and yield-related components of different rice and koronivia grass cultivars. 
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Nitrous oxide (N2O) is the world’s third most important greenhouse gas with a 

lifetime of 100 – 150 years (Albanito et al. 2017), with a global warming potential 

298 times stronger than CO2. Production of N2O occurs naturally through microbial 

processes in soil through the process of nitrification and denitrification. In 

agriculture the main reason for N2O emissions comes from the application of 

organic and inorganic fertilizer during periods when the plants can not take up the 

fertilizer amount (Wang et al. 2021). Thanks to agricultural fertilization practices 

with increased organic and synthetic nitrogen, the nitrogen fertilizer used in 

agriculture have increased from 4 to 120 ± 10 % TgN yr−1 globally since the 1950s. 

While it increases yield, the nitrogen use efficiency of 20-30 % is converted into 

food, and results in the most significant source of increased nitrogen loss, through 

N2O emissions, NH3 volatilization, and other reactive nitrogen forms  (Albanito et 

al. 2017). Other factors affecting N2O emissions include available soil carbon, 

readily available for microorganisms, and soil water content, where higher water 

content increases N2O production. The finer soil texture in heavier soils has higher 

emissions due to higher water-holding capacity and more anaerobic environments, 

and higher soil temperature increases N2O emissions by affecting the growth rate 

of the microorganisms (Wang et al. 2021). Managed grazing by animals for milk, 

meat, and fiber production, covers one-quarter of the global land surface area and 

is the most extensive agricultural activity (Kelliher et al. 2014). Cattle production 

in Colombia alone presents a land occupation of 37 million ha with 27 million 

animals nationwide, providing an important source of livelihood and income for 

many small to large-scale farmers. The cattle production relies on extensive grazing 

pastures, these pastures are often periodically exposed to overgrazing and 

sequential pasture degradation due to lack of management and low precipitation 

during the dry season. In this system, urine and manure are randomly deposited by 

cattle, resulting in patches with high nitrogen concentration and potentially 

significant loss due to ammonia and nitrous oxide emissions (Durango Morales et 

al. 2021a).  

The amount of N2O emission from managed grasslands depends partly on the 

root length (Abalos et al. 2018) and species used (Simon et al. 2020). The forage 

grass koronivia grass (Brachiaria humidicola) is known for its biological 

nitrification inhibition capacity through the root exudate named brachialactone, a 

1. Introduction 
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cyclic diterpene (Subbarao et al. 2009), which causes a reduction of N2O emissions 

when compared to other forage species such as Eremochloa ophiuroide and 

Panicum maximum (Simon et al. 2020; Xie et al. 2022), however, koronivia grass 

is considered a poor quality grass with relatively low crude protein levels and low 

digestibility (Villegas et al. 2023). It is hypothesized by Simon et al. (2020) that 

longer roots and higher root biomass density may lead to lower levels of N2O 

produced compared to cultivars with shorter root lengths and lower root biomass 

density contributed by higher root density, creating a more extensive distribution 

of nitrification inhibiting root exudates in along with higher water uptake, resulting 

in the reduction of N2O production.  

Methane (CH4) is one of the greenhouse gases with the highest effect on global 

warming, with a global warming potential 23 times higher than CO2 in a time 

horizon of 100 years. The atmospheric abundance of methane has increased by 

about 2.5 compared to the pre-industrial era and is estimated to cause 15-20 % of 

anthropogenic atmospheric radiation forcing (Zou et al. 2005). CH4 appears and is 

produced in anaerobic environments devoid of oxygen; the production is driven by 

organic material breakdown by different groups of anaerobic microorganisms, 

including hydrolytic, fermenting, homo-acetogenic, syntrophic, and methanogenic 

(Ma et al. 2009). 

Irrigated rice paddies cover an area of roughly 80 million ha and account for 

about 75 % of the total world production of rice (Camargo et al. 2018), the 

cultivation is recognized as a significant contributor of CH4 emissions to the 

atmosphere and stands for 6-11 % of the global yearly CH4 emissions from 

anthropogenic sources (Nikolaisen et al. 2023). Even though studies are abundant 

regarding CH4 emissions from rice cultivation (Camargo et al. 2018), the interactive 

relationship between microbes and rice roots' effect on CH4 emissions is poorly 

understood. According to Chen et al. (2019), a bigger root system with bigger 

biomass causes higher O2 transport down through the roots, creating a more 

oxidized root area in the rhizosphere. Oxygen becomes accessible to methanotrophs 

and increases the breakdown and oxidation of CH4, potentially reducing CH4 

emissions. Rice is a staple crop for roughly half of the world's population and 

provides an important energy source and 51.4-69.2 % of the total protein intake for 

the population of southern Asia, and contributes to 30 % of cereal production 

globally (Mukamuhirwa 2019), and is expected to increase (Hussain et al. 2015). 

To satisfy the demands of an increased population there is a need for increased rice 

production globally (Li et al. 2022), the demand for increased production also 

highlights the need for more environmentally friendly practices with reduced CH4 

emissions, such as the draining of rice paddies at fertilization events (Loaiza et al. 

2024). Studies made in Asia on CH4 emissions from soil and mitigations are 

abundant but poorly studied in Latin America, including Colombia, where 

mechanized seeding is used to a larger extent, indicating the need for a better 
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understanding of the topic in Latin America (Camargo et al. 2018). The agricultural 

practices in Colombia depend largely on the region within the country, with 

important crops such as coffee, grown in mountainous areas (L et al. 2014), while 

other important agricultural activities such as rice cultivation and forage grazing 

are more prominent in the savannas and lowlands (Villegas et al. 2023; Loaiza et 

al. 2024). Therefore, the assessment of the GHG emission profile of methane and 

nitrous oxide of these activities is of utmost importance, since no GHG emission 

factors are available for these two cropping systems under Colombian conditions 

(Durango Morales et al. 2021a).  

1.1 Aim 

This work aims to evaluate two cultivars of rice (Oryza sativa) and koronivia grass 

(Brachiaria humidicola), respectively, by grain yield (rice), biomass production 

(koronivia grass), and GHG emissions. 

 

The specific research questions are the following: 

1. Do different rice cultivars display differences in grain yield and GHG emission 

profile (N2O, CH4)? 

2. Do different rice cultivars display differences in partial global warming 

potential and yield-scaled partial global warming potential? 

3. Do different koronivia grass cultivars display differences in root biomass, 

above-ground biomass, and the ratio between the two?  

4. Do different koronivia grass cultivars display differences in GHG emissions 

profile, partial global warming potential, and yield-scaled partial global 

warming potential (methane and nitrous oxide)?  
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2.1 Location 

The field experiment was conducted during the 2022-2023 season on the campus 

of the International Centre for Tropical Agriculture (CIAT) in Valle del Cauca, 

Colombia (3° 30'09"N, 76°21'20"W, 1018 m above mean sea level) (Fig. 1a, b). 

The region has a tropical dry forest climate with an average annual temperature of 

20 ºC and an average annual precipitation of 894mm (Horrocks et al. 2019). 

 

 

Fig. 1. (a) Map-location of CIAT within Colombia and aerial view of CIAT and experimental area 

at CIAT (Google Earth. 2023). (b), Layout of field experiment, GHG-emission rice experiment was 

performed on plots (P) 5, 8, 9, 10, 14, and 23, marked with blue dots. GHG-emission Koronivia 

grass experiment was performed on plots 2, 6, 7, 11, 15, and 22, marked with blue dots. The 

remaining plots on site were not included in the GHG-emission experiment but were used for soil 

analysis, grain, and biomass harvest 

 

2. Materials and Methods 
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2.2 Experimental design 

The experiment consisted of randomized block design with three replications 

(plots) of each cultivar of both rice and koronivia grass (Fig. 1b). Three closed static 

chambers were placed in each replication and used as subsamples. The weather 

conditions during the experimental phase are shown in Fig. 2 (a, b, c). All 

experiments were treated with conventional pesticide and herbicide treatment. The 

preceding crop was maize for both the rice and forage grass experiments. Regarding 

cultivars, the genetic material for rice (Oryza sativa) cultivars consisted of 

Fedearroz 60 with long roots and HL23057 (also called CT23057H) with short 

roots, according to Alvarez, M, F. (2024). The genetic material for the koronivia 

grass (Brachiaria humidicola) consisted of CIAT 679 (long roots) and BH08-1149 

(short roots). While the root length was not directly assessed in this experiment, 

CIAT reports that cultivar HB08-1149 had relatively shorter roots when compared 

to CIAT 679. 
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Fig. 2. (a) Maximum, mean and minimum air temperature (ºC), 2m above ground, (b) surface 

shortwave downward radiation (W m-2) Source: NASA POWER (Westberg, D Stackhouse, P.W et 

al. 2015), (c) precipitation, and cumulative precipitation (mm) 

2.2.1 Rice establishment 

The establishment of the rice experiment was done as shown in Fig. 3. The rice 

experiment started with direct sowing, which was performed on 27th December 

2022. The irrigation of the rice experiment began on 31st January and continued 

until 17th April in a continuous flooding system, aiming at a 6 cm water level. The 

fertilization of the rice experiment (Fig. 3) showed the total fertilizer amount 

applied (kg ha-1) and the amount and source of nutrients applied (kg ha-1) in each 

of the six fertilization applications spanning from December to February. 
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Fig. 3. Rice experiment timeline from December 2022 to May 2023. Show the total fertilizer amount 

and dates of fertilizer events with the applied fertilizer (star). Date of seeding in field and grain 

harvest, flowering, period of irrigation with constant water level (6cm), and GHG-emission 

sampling dates (arrow). Dashed lines display interval separation of the GHG-emission sampling 

period, Interval one (days 42-55), two (days 62-76), and three (days 83-127) 

2.2.2 Forage grass establishment 

The establishment of the forage grass experiment was done as shown in Fig. 4, the 

koronivia grass experiment started with the planting of koronivia grass tillers in 

pots on 05th November 2022 and then planted in the field on 14th January. The 

fertilization of the koronovia grass experiment (Fig. 4) showed the total fertilizer 

amount applied (kg ha-1) and the amount and source of nutrients applied (kg ha-1) 

in each of the two fertilizer applications (3rd February and 7th March). 

 

  

Fig. 4. Timeline of field experiment of koronivia grass. Koronivia-grass experiment timeline from 

November to June. Show the total fertilizer amount and dates of fertilizer events with the applied 

fertilizer (star). Date of potting of tillers, planting in field and biomass-harvest, and GHG-emission 

sampling dates (arrow). Dashed lines display interval separation of the GHG-emission sampling 

period, Interval one (days 54-61), and interval two (days 69-145) 
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2.3 Field measurements   

2.3.1 Environmental data collection and soil sampling and 

analysis 

An automatic weather station was placed close to the experimental area from 10th 

February to 12th May 2023. Precipitation (mm) was measured by one rain gauge 

model ECRN-100, while soil water content and soil temperature (ºC) were 

measured for each experimental plot in the rice experiment at five-centimeter soil 

depth by two TEROS 11 soil sensors, with automatic datalogger model ZL6 Basic. 

Air temperature (ºC), atmospheric pressure (Pa), and absolute air humidity (g m-3) 

were measured at each sampling event with a handheld weather station. Surface 

shortwave downward radiation (W m-2) and air temperature in  ºC (Max, mean, and 

min, 2m above ground) between sample events were collected from the NASA-

POWER database ( Stackhouse et al. 2015), (Fig. 2).  

In November 2022, soil samples were collected from the experimental site, 

including 120 ring samples (from the middle of each plot) for the bulk density 

analysis, and 120 subsamples (consisting of 9 replications per plot) for chemical 

characterization and soil organic materials analysis (Fig. 5a, b).   

All soil samples were taken at five soil depths (0-5, 5-10, 10-30, 30-60, and 60-

100 cm). Soil profile samples covering the whole horizon were collected for soil 

profiles 0-5 and 5-10 cm; samples from horizons 10-30, 30-60, and 60-100 cm were 

collected by taking one sample in the middle of the horizon, representing the whole 

horizon.  

Fig. 5. Soil sample details. (a) soil sample parameters and number (#) of samples, (b) position of 

the bulk density and subsamples for soil, taken in each plot, for both the koronivia-grass and rice 

experiment 

 

Soil chemical analysis methods of soil samples were carried out at the CIAT 

Colombia soil lab and are presented in  

Table 1, and the soil chemical and physical measurement mean values for the 

top 30 cm soil layer are presented in Table 2. The complete table of soil chemical 

analysis is presented in Table 6 (appendix). 
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Table 1. Soil chemical analysis methods. 

 

pH: Soil pH, C Oxid: oxidizable carbon, Al: aluminum, Zn: zinc, Mn: manganese, Na: sodium, Ca: 

calcium, Mg: magnesium, K: potassium, SOM: soil organic material, P-Brayll: plant-available 

phosphorus, Fe: iron, Cu: copper, B: boron, S: sulfurous. References: (Liang 2020; Jaffar et al. 

2024; Stork,J.T. 1993) 

 

Total nitrogen (Tn) represents the nitrogen fraction in the soil, bound in the soil 

organic matter. The Total nitrogen content was calculated by first calculating the 

percental total nitrogen, using equation 5. Then, using calculation 6 to calculate 

Total nitrogen (g kg-1 soil), using the density of the soil collected from soil sampling 

(Table 2). 

 

𝑇𝑛(%) = (𝑆𝑂𝑀(%) ∗ 0.05)   (5) 

 

𝑇𝑛 =
(𝑁𝑎 (%)∗𝑠𝑤)∗10

𝑠𝑤
    (6) 

 

Where SOM (%) is the percental soil organic matter, which was calculated based 

on measurements from soil samples (Table 2). The total nitrogen content of organic 

material was considered to be 5 % (Gamarra Lezcano et al. 2018). Tn 

(%) and Tn are total nitrogen in percentage (%) and gram Tn per kg of soil. Sw is 

soil weight in kg and was calculated from the measured bulk density and volume 

of the soil horizon used (m2*0.3m). 



19 

 

Soil organic carbon (SOC) represents the organic carbon fraction in the soil, 

bound to soil organic matter (SOM). SOC was calculated using Equation 7. 

 

𝑆𝑂𝐶 = 𝑆𝑂𝑀 ∗ 0.58   (7) 

 

The organic carbon content of the soil was assumed to be 58% (Rakshit et al. 

2021). SOC represents grams of soil organic carbon per kilogram of soil, while 

SOM represents grams of soil organic matter per kilogram of soil. 

The carbon-to-nitrogen ratio (C/N ratio) describes the ratio of carbon to nitrogen 

in soil organic matter, which was calculated using Equation 8. Tn is the total 

nitrogen Tn per kg of soil and SOC is the total soil organic carbon (g) per kg of soil. 

 

(𝐶/𝑁)ratio =  𝑆𝑂𝐶/𝑇𝑛    (8) 

 

Table 2. Soil chemical and physical characteristics (0-30 cm). 

 

C Oxid: oxidizable carbon, SOM: soil organic material, Tn: Total nitrogen, represents the nitrogen 

fraction in the soil, C/N ratio: represents the ratio of carbon to nitrogen in the soil organic material 

2.3.2 Rice grain yield 

The rice grain harvest (27.8 % mean-water content) with the husk still attached was 

performed on the 12th of May from both rice cultivars (Fig. 1b) after the field had 

been drained for 25 days for soil drying. The whole plot was mechanically 

harvested using a Kubota DC 105 X combine harvester, and each of the plots was 

harvested separately to determine the total weight and harvest moisture of the rice 

grains.  

2.3.3 Koronivia grass root and above-ground biomass 

The above-ground biomass of koronivia grass was harvested on 02nd June from both 

koronivia grass cultivars (Fig. 1b), by manually cutting the grass at ground level. 

Four frames of 50 x 50 cm were placed in the plot, and all the biomass within the 

frames was collected (Fig. 6a). Samples were oven-dried, and stem, and leaf were 

hand separated and weighted to determine the leaf/stem ratio (Smart et al. 2001). 

Grass root biomass weight was assessed by collecting soil cores (3.8 cm diameter 
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x 40 cm length) on 02nd June 2023 (Fig. 6c). The sampling procedure consisted of 

placing a frame (50 x 50 cm) on the soil four times per plot. Then, five samples 

were collected from each frame, as shown in Fig. 6 (a, b). 

 

 

Fig. 6. Koronivia grass biomass sampling method. (a) placement of frames (50 x 50 cm) within each 

plot, in which above and below-ground biomass was collected. (b) Placement within each frame 

where the core samples were collected. (c) Demonstration of soil sample procedure and soil core, 

(Mildred Mayorga. 2024) 

2.3.4 GHG sampling and measurements 

The methods used to collect the gas emissions consisted of Static chamber method 

described in Alves et al. (2012). The white-painted polyvinyl chloride (PVC) 

chambers consisted of a base permanently inserted into the soil and a chamber top 

placed during gas collection. A small chamber was used for the koronivia grass, 

and a larger chamber was used for the rice experiment (with specifications in Table 

3, Fig. 7). The chambers used for gas collection from the koronivia grass 

experiment used a rubber skirt to create a seal between the two parts (Fig. 7b). The 

chambers used for the rice experiment were bigger, and a water lock was used to 

create a seal between the two parts; in addition, the top contained a small fan to 

homogenize the air inside the chamber during sample collection. 
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Table 3. Koronovia grass and rice GHG-chamber specifications, dimensions, volume (base + 

chamber), and height. The insertion depths do not contribute to the chamber volume. 

 
 

Gas-sample collection interval for both the rice and forage grass experiment 

varied depending on fertilization management (see arrows in Fig. 3 and Fig. 4).  

The rice experiment's GHG emissions collection started on 8th February and 

continued until 4th May, with a total of 16 weeks and 19 GHG-sample sessions. 

Samples were taken at a two-week interval unless fertilized. When fertilized, one 

the day before fertilizer application and continued for three consecutive days, 

resulting in four days in total, followed by one sampling per week for three weeks, 

as shown in Fig. 3.  

The koronivia-grass experiment's GHG emissions collection started on 8th 

March and continued until 7th June, with a total of 13 weeks and 8 GHG-sample 

sessions, the distribution of GHG-sample sessions over the sampling period was 

dictated by the fertilization events since emissions were expected to increase after 

fertilizer application (Smith & Dobbie 2002). The experiment was fertilized once 

at the start of the collection period and sampling started the day after fertilizer 

application and continued for three consecutive days, followed by one sampling per 

week for three weeks. The two remaining sampling sessions had an increased 

interval of two and eight weeks, as shown in Fig. 4. 
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Fig. 7. Picture of greenhouse gas collection chambers. (a) Picture of greenhouse gas collection 

chamber used in the rice experiment, including chamber and base, over-pressurizing valve, 

thermometer, and air homogenizer (fan) battery. (b) Picture of greenhouse gas collection chamber 

used in the koronivia grass experiment, including chamber and base, rubber seal, and thermometer 

 

Chambers tops were installed between 07:00 and 11:00 am to use the daily mean 

temperature during sampling, making it possible to quantify the total daily emission 

from the collected GHG samples (Alves et al. 2012). Directly after the chamber top 

was placed on the base, one gas sample was collected, and additional samples were 

collected 15, 30, and 45 minutes after installing the chambers, resulting in four 

samples that captured the gas emissions from the soil. Gas sample collection from 

the chambers was done by taking 15ml of gas through a septum, using a 

polypropylene syringe, and stored in 5.9ml vacuum vials, creating a positive 

pressure as shown in Fig. 7 and described by Arias-Navarro et al. (2013). 
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Fig. 7. Concept describing gas sample process from the GHG chambers, used in rice and koronivia 

grass experiment. Source: adapted from (Arias-Navarro et al. 2013) 

 

Quantification of GHG in samples was done using gas chromatography (GC-

2014 SHIMADZU gas chromatograph) equipped with a flame ionization detector 

(FID), electron capture detector (ECD), and methanizer. Certified standards were 

used for gas concentration analysis (Scotty® Analyzed Gases for CO2: 2000 ppm, 

CH4: 10 ppm and N2O: 1 ppm, Analytical Accuracy +/- 5%). 

Flux calculations were performed for both CH4 and N2O emissions by 

converting the GHG- emissions from ppm to g m-2 h-1 by using equation (1), (Costa 

et al. 2022). 

 

𝐹𝑙𝑢𝑥 =  
𝑑𝑁2𝑂

𝑑𝑡
𝑋

𝑉.𝑀

𝐴.𝑉𝑚
    (1) 

 

Where Flux is gas emission rate (mg N2O-N m-2 h-1, or mg CH4 m
-2 h-1), dN2O/dt 

is the gas accumulation rate inside the chamber (ppm h-1), A is the chamber base-

area (in meters), V is the chamber volume (cubic meter), M is the gas molar mass 

(g mol-1), Vm is molecular volume (dm3 mol-1 at 10oC) (Costa et al. 2022).  

The fluxes were converted to daily emissions, assuming a constant emission rate 

over 24h. Linear interpolation of daily emissions was used to calculate cumulative 

CH4 and N2O emissions between two time points, using equation (2).  

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑓𝑙𝑢𝑥 =
(𝐷𝑓𝑙𝑢𝑥 1+𝐷𝑓𝑙𝑢𝑥2)

2
𝑋(𝑡2 − 𝑡1)  (2) 

 

Where Dflux is the daily emissions, Cumulative Dflux is the cumulative GHG 

emission, and t is the time points of daily emission. The cumulated emission values 

from each time interval (Cumulative Dflux) were summed up to calculate the total 
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cumulative emission covering the whole sampling period (Costa et al. 2022) of 85 

days in the rice experiment and 91 days in the koronivia grass experiment.  

The index global warming potential (GWP) was used. GWP is used to define the 

cumulative radiative forcing from a unit of gas molecule over a time period, often 

100 years, to reflect the pre-industrial conditions (Solomon et al. 2007). CO2 is 

generally used as a reference gas in GWP estimation, and CH4 and N2O emissions 

are converted to CO2 equivalents using their GWP. Based on a 100-year period, the 

GWP for CH4 is 25, and for N2O is 298 when the GWP of CO2 is 1  (Camargo et 

al. 2018).  

To estimate the combined global warming effect from the cumulative CH4 and 

N2O emissions in the rice and koronovia grass experiments, partial global warming 

potential (pGWP) was used. pGWP represents the combined radiative forcing 

potential of methane and nitrous oxide emitted from the soil. The pGWP was 

calculated by multiplying cumulative CH4 and N2O emission (CH4 + N2O 

Cumulative Dflux) from the experiments by their respective emission factor, using 

equation (3) (Camargo et al. 2018). 

 

𝑝𝐺𝑊𝑃 = (𝐶𝐻4 × 25) + (𝑁2𝑂 × 298)   (3) 

 

Where pGWP is the partial global warming potential (kg CO2 eq ha−1), the 

cumulative emissions (kg ha-1) of methane (CH4) and nitrous oxide (N2O) 

(Camargo et al. 2018).  

Yield-scaled pGWP (YpGWP) was used to understand the amount of emitted 

pGWP per kg of harvest where YpGWP (kg CO2 eq kg−1 yield) is the ratio between 

pGWP and harvest yield, calculated using equation (4).  

 

𝑌𝑝𝐺𝑊𝑃 =  
𝑝𝐺𝑊𝑃

𝑌
    (4) 

 

Where YpGWP (yield-scaled global warming potential) is the partial global 

warming potential (kg CO2 eq ha−1), and Y is the harvest yield (kg ha−1) (Camargo 

et al. 2018). 
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2.4 Statistical analysis 

The differences in average daily emissions and variation size between the cultivars 

were assessed in both the rice and koronivia grass experiments, which were 

performed to understand the methane and nitrous oxide emission flux patterns from 

the soil. For rice, the emission flux collection period was divided into three 

intervals: interval one (days 42-55), two (days 62-76), and three (days 83-127), as 

displayed in Fig. 3. In the forage grass experiment, the emission flux collection 

period was divided into two intervals interval, interval one (days 54-61) and interval 

two (days 69-145), and displayed in Fig. 4. 

 The statistical analysis for emission flux data within each interval (interval data) 

is shown in Fig. 8, was carried out to test for normality and homogeneity of 

variance. Shapiro-wilks normality test was used to test for normality, which 

evaluates if groups of data came from a common normal distributed population, and 

Levene´s homogeneity of variance test was used to assess if the different groups of 

data had equal variance (Owino et al. 2020). 

 Rice experiment emission comparisons within the sample periods (Fig. 3) were 

compared using the variance size for methane and nitrous oxide emissions and were 

performed as described in Fig. 8. The variance size comparisons had normal 

distribution and equal variance and were analyzed for significant differences using 

a t-test. 

 

     

Fig. 8. Decision steps in the statistical analysis. Interval data statistical steps for mean and variance 

size for emission flux data, compared within the intervals. Single point data statistical steps for 

potential differences in rice grain yield and koronivia grass biomass production parameters (total 

biomass, biomass of leaf, root, stem, ratio of above and below ground biomass). The greenhouse 

gas parameters, cumulative methane and nitrous oxide emission for rice and koronivia grass, 

methane and nitrous oxide emission fluxes between the cultivars in rice and koronivia grass 

experiment, pGWP and YpGWP for both rice and koronivia grass 
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For single point analyzed data, a few statistical steps were performed, as shown 

in Fig. 8. A generalized linear mixed-effects model (GLMER) from the LME4 R-

package was used and allows for the modeling of complex relationships in data 

when the data is not normally distributed or with equal variance and has different 

levels of grouping (Stoffel et al. 2017). Type II Wald chi-square tests were then 

used to investigate significant differences in the results of the GLMER- analysis, 

with the null hypothesis (H0) p> 0.05 and the alternative Hypothesis (H1) p≤ 0.05. 

GLMER and type II Wald chi-square tests were used to evaluate and understand 

the potential differences in koronivia grass biomass production parameters, 

including biomass of leaf, total biomass, and the ratio of above and below-ground 

biomass. The greenhouse gas parameters including cumulative methane emission 

for both rice and koronivia grass and cumulative nitrous oxide emission (koronivia 

grass), methane and nitrous oxide emission fluxes between the cultivars in both rice 

and koronivia grass experiment, pGWP and YpGWP for both rice and koronivia 

grass.  

When the use of GLMER- analysis was not possible due to singular fit error, 

meaning that one or more random effects in the model show no variability, causing 

estimates of zero variance in the random effects, this can cause adverse 

consequences for interference (Bates et al. 2018). Singular fit error happened for 

the following parameters: rice grain yield, rice cumulative nitrous oxide emission, 

and koronivia grass biomass production parameters, including root and stem 

biomass, for which Shapiro-wilks normality test and Levene´s homogeneity of 

variance test was used (Owino et al. 2020). The variance was equal and normally 

distributed for rice cumulative nitrous oxide emission, which allowed for the 

statistical test ANOVA- analysis of means. However, ANOVA has as requirements 

that the variance of values (homogeneity of variance) between different groups 

being compared needs to be similar and that the distribution of values within the 

groups needs to be normally distributed (Vik 2013). Rice grain yield and koronivia 

grass biomass production parameters, including root and stem biomass, did not 

fulfill the  requirements for ANOVA, and non-parametric Kruskal–Wallis test was 

used, which can handle data with unequal variance (Ruxton 2006), with the null 

hypothesis (H0) p> 0.05, Alternative Hypothesis (H1) p≤ 0.05. 
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Normal distribution and equal variance were not fulfilled for mean value 

comparisons within intervals and between each day of the sampling period for 

methane and nitrous oxide in the rice experiment. Likewise, normal distribution and 

equal variance were not fulfilled for koronivia grass (mean value comparisons 

within intervals between each day of the sampling period and Interval comparisons 

of variance size for both methane and nitrous oxide), forcing the use of Wilcoxon 

rank-sum test (Sainani 2012). Both the t-test and the Wilcoxon test had the null 

hypothesis (H0) p> 0.05 and alternative Hypothesis (H1) p≤ 0.05 (Sainani 2012). 

3.1 Rice 

3.1.1 Rice grain yield 

Gran yield from rice cultivars HL23 and FE60, when harvested from the 

experimental plots, contained 27.5% mean water content; the total grain weight 

with 15% mean water content was calculated for comparisons with other studies. 

The grain yield differed significantly (p-value 0. 00029) between the cultivars, with 

HL23 producing 6.25 ton ha-1 of grains, while FE60 yielded 5.33 ton ha-1 (15 % 

mean water content, husk included) (Fig. 9).  

3. Results 
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Fig. 9. Rice grain yield harvest (ton ha-1), with 15% mean water content and husk included in 

cultivars HL23 and FE60. The displayed values (ton ha-1) are means (m) (n=9) and the bar indicates 

the standard errors (SE) 

3.1.2 Cumulative rice CH4 emissions, fluxes, and interval 

comparisons  

Cumulative methane emission (Fig. 10a) was evaluated by calculating CH4 (kg ha-

1) from GHG samples, covering the whole sample period (between days 42-127 

after sowing). The cumulative methane emission amount did not differ significantly 

between the rice cultivars HL23 (10.42 kg ha-1) and FE60 (10.62 kg ha-1).  

Emission fluxes of methane in Fig. 10 (b) display CH4 emission values for HL23 

(green) and FE60 (red) rice cultivars during the sampling period, which is divided 

into three intervals: interval one (days 42-55), two (days 62-76), three (days 83-

127). Both cultivars follow the same emission profile, where the lowest emission 

values were observed on the first fertilization event (day 42) for both cultivars HL23 

and FE60, with an emission rate of 1.5 and 1.3 mg m-2 d-1, respectively. The fluxes 

increased continuously during the following fertilization events (days 48 and 62) 

until the first peak, observed at day 64. After the first emission peak, both cultivars 

flowered (day 68- 72), during which the emission values reduced slightly until the 

highest flux value, which was observed at the second emission peak, 83 days after 

sowing for both cultivars HL23 and FE60, with an emission rate of 22.0 and 26.7 

mg m-2 d-1, respectively. After the second peak (day 83), the fluxes drop to values 

close to the initial emission levels for HL23 and FE60 by 76 % and 71 %, 

respectively, compared to the second peak. The third and final emission peak was 

detected on day 114 for both cultivars HL23 and FE60, with an emission rate of 
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11.7 and 10.7 mg m-2 d-1, respectively. It was also observed that the fluxes for both 

cultivars at this period were lower than in the first two detected peaks.  

The average daily emissions of each cultivar in each of the three sampling 

intervals (42-55, 62-76, and 83-127 days after sowing) are shown in Fig. 10 (c). In 

interval one, cultivar FE60 had a significantly lower methane emission mean value 

than HL23. To investigate further which days caused the significant difference, a 

mean value comparison for each day was done (appendix Fig. 19), evidencing that 

cultivar FE60 had significantly lower emission values only on days 43 and 45; no 

significant difference was found for any day in intervals two and three. 

 

          

Fig. 10. Dynamics of methane emissions according to different rice cultivars and in different 

sampling intervals. (a) Cumulative emission of methane with mean value (m) (n=9) and the bar 

indicates the standard error (SE) for the complete sampling period (days 42 - 127). (b) Emission 

fluxes of methane were observed at three intervals (days after sowing). Green and red lines 

represent the average flux of each rice cultivar. The light-colored area represents the standard error 

(SE) from the flux average (n=9). (c) In the Boxplot of Methane emission flux, 50 % of data is found 

in the colored box, the line represents the median, n equal 9, 6 and 4 for Interval I, II and III, 

respectively, and the dots not connected by the whiskers are outliers. Comparisons were performed 

within the three intervals; each interval shows the average daily methane emission for both 

cultivars. The Wilcoxon test was conducted between both cultivars in each interval and the 

significance is shown as a p-value. (d) Individual dots show the standard error (SE) for the average 

daily methane emission in each interval. Boxplot shows the mean distribution of all the standard 

errors in the interval and n equal 9, 6 and 4 for Interval I, II and III, respectively. A t-test was 

performed between both cultivars in each interval, and the significance is shown as a p-value 
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The same intervals were used to see if there was a difference in the variance size 

between the cultivars to understand better the consistency in the cultivar emission 

pattern, with a comparison of methane emission flux standard error being 

performed within each interval (Fig. 10d). The standard error for cultivars HL23 

and FE60 was grouped in the three intervals, which showed that cultivar FE60 had 

a significantly higher variance in intervals two and three. 

3.1.3 Cumulative rice N2O emissions, fluxes, and interval 

comparisons 

Cumulative nitrous oxide emission (Fig. 11a) was evaluated by calculating N2O (kg 

ha-1) from GHG samples, covering the whole sample period (between days 42-127 

after sowing). The cumulative nitrous oxide emission amount did not differ 

significantly between the rice cultivars HL23 (0.08 kg ha-1) and FE60 (0.16 kg ha-

1).  

Emission fluxes of nitrous oxide in the Fig. 11 (b) display N2O emission values 

for HL23 (green) and FE60 (red) rice cultivars during the sampling period, which 

is divided into three intervals: intervals one (days 42-55), two (days 62-76), three 

(days 83-127).  

Both cultivars partially followed the same emission profile, with emission peaks 

corresponding to some of the fertilization events. The first emission peak for both 

cultivars was at the first fertilization event on day 43 after sowing. The second 

emission peak (day 51) was four days after the second fertilization event (day 48), 

and the third peak for cultivar HL23 (Day 62) corresponds to the third fertilization 

event. Both cultivars had an additional fourth peak, where the highest flux value 

was observed at day 66 for FE60 (1.21 mg m-2 d-1) and day 69 for HL23 (1.24 mg 

m-2 d-1), which was around the date of flowering (6-10 March).  

The lowest flux value was observed for cultivar HL23 (-0.68 mg m-2 d-1) at day 

83 and remained below emission value 0 for the rest of the sample period (day 127). 

The lowest flux value was observed for cultivar FE60 (-0.21 mg m-2 d-1) on day 98.  

The average daily emissions of each cultivar in each of the three sampling 

intervals (42-55, 62-76, and 83-127 days after sowing) are shown in Fig. 11 (c), 

showing no significant difference between the cultivars within the intervals. To 

investigate further if any day showed a significant difference, a mean value 

comparison for each day was done (appendix Fig. 20), evidencing that cultivar 

FE60 had a significantly lower value on day 43; no significant difference was found 

for any day in intervals two and three. The same intervals were used to see if there 

was a difference in the variance size between the cultivars to understand better the 

consistency in the cultivar emission pattern, with a comparison of nitrous oxide 

emission flux standard error being performed within each interval (Fig. 11d). The 
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standard error for cultivars HL23 and FE60 was grouped in the three intervals, 

which were compared, showing no significant difference in variance.   

 

     

Fig. 11. Dynamics of nitrous oxide emissions according different rice cultivars and sampling 

intervals. (a) Cumulative emission of nitrous oxide with mean value (m) (n=9) and the bar indicates 

the standard error (SE) for the complete sampling period (days 42 - 127). (b) Emission fluxes of 

nitrous oxide were observed at three intervals (in days after sowing). Green and red lines represent 

the average flux of each rice cultivar. The light-colored area represents the standard error (SE) 

from the flux average (n=9). (c) In the boxplot of nitrous oxide emission flux, 50 % of data is found 

in the colored box, the lines represent the median, n equal 9, 6 and 4 for Interval I, II and III, 

respectively and the dots not connected by the whiskers are outliers. Comparisons were performed 

within the three intervals; each interval shows the average nitrous oxide emission for both cultivars. 

The Wilcoxon test was conducted between both cultivars in each interval, and the significance is 

shown as a p-value (p). (d) Individual dots show the standard error for the average daily nitrous 

oxide emission in each interval. Boxplot shows the mean distribution of all the daily standard errors 

in the interval, n equal 9, 6 and 4 for Interval I, II and III, respectively. A t-test was performed 

between both cultivars in each interval, and the significance is shown as a p-value (p) 

3.1.4 Rice cultivation partial global warming potential (pGWP) 

and yield -scaled partial global warming potential 

(YpGWP) 

Partial global warming potential (pGWP) was calculated by combining the radiative 

forcing potential of methane and nitrous oxide emitted from the soil (Fig. 12a). 

Mean values for cultivars HL23 and FE60, 283.4 kg CO2 eq ha-1 and 312.7kg CO2 
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eq ha-1, respectively, did not differ significantly between the cultivars. Yield-scaled 

partial global warming potential (YpGWP) was calculated by combining the 

radiative forcing potential of methane and nitrous oxide emitted from the soil, 

divided by the rice grain yield (kg ha-1) with 15% moisture content (Fig. 12b). Mean 

values for cultivars HL23 and FE60, 0.04 kg CO2 eq. kg-1rice and 0.06 kg CO2 eq. 

kg-1rice, respectively, did not differ significantly between the cultivars. 

 

    

Fig. 12. Cumulative radiative forcing from GHG emissions derived from rice experiment. (a) Partial 

global warming potential (pGWP) (kg CO2 eq ha-1), calculated from cumulative CH4 and N2O 

emissions. (b) Yield – scaled pGWP (YpGWP) (kg CO2 eq kg -1 rice), calculated from the cumulative 

CH4 and N2O emissions per kg rice grain yield (15% water content). values are means (m) (n=9) 

and the bar indicates the standard error (SE)  

3.1.5 Rice GHG emission principal component analysis (PCA) 

A Principal Component Analysis (PCA) was performed to understand better the 

effect of the different environmental variables that can contribute to the CH4 and 

N2O emissions profile. Vectors further away from the center indicate a bigger 

contribution to the overall variance, and vectors clustered together have a stronger 

positive effect on the values of other vectors in the cluster.  

The PCA addressing methane emission rates (CH4_ER) shows that the first 

component explains 55 % of the variance (Fig. 13a). Methane emission rates were 

grouped with total nitrogen, oxidizable carbon, and soil organic carbon, all related 

to organic matter, and negatively correlated with the plot and the soil factors 

percentage of sand and silt. In the second component, explaining 13 % of the 

variance, the methane emission rate was grouped with water content and negatively 

correlated with percentual clay content. However, no connections were perceived 

as strong enough to influence emissions or further investigation.  

The PCA addressing nitrous oxide emission rates (N2O_ER) shows that the first 

component explains 51 % of the variance; sand, silt plot, and pH were negatively 
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correlated with soil organic carbon, total nitrogen, oxidizable carbon, and clay 

content (Fig. 13b). On the second component, explaining 14 % of the variance, 

water content, and saturation extract was negatively correlated with pH. The nitrous 

oxide emission rate was grouped with chamber and soil temperature, all located 

close to the center of the PCA. The position of nitrous oxide emission rates indicates 

a low contribution to the total variation observed in the data.  

 

  

Fig. 13. Principal component analysis (PCA) loadings plots for (a) methane (CH4_ER) and (b) 

nitrous oxide emission rates (N2O_ER). With the vectors emission collection chamber (chamber) 

and experiment plots (plots). Soil parameters bulk density (BD), water content (WC), saturation 

extract (SE), soil temperature (ST), pH, soil available carbon (SOC), oxidizable carbon (C-Oxid), 

total nitrogen (Tn), percentage of silt, sand, and clay 

3.2 Koronivia grass 

3.2.1 Koronivia grass above and below ground biomass 

production 

Above-ground biomass and root biomass production for both koronovia grass 

cultivars BH08 and CI67 (Fig. 14 a-e) was evaluated by comparing the dry weight 

(g m-2) of leaf, stem, root, and the combined dry weight (leaf, stem, and roots (g m-

2)). No difference between the biomass of cultivar BH 08 and CI67 (above-ground, 

root biomass or root – above-ground biomass) and the dry weight ratio between 

root and above-ground biomass ratio was observed. The results indicate that no dry 

weight comparison differed significantly between the cultivars. 
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Fig. 14. Comparison of biomass production in dry weight, between the two koronivia grass cultivars 

BH08 and CI67. (a) Leaf dry weight (g m-2), (b) stem dry weight (g m-2), (c) root dry weight (g m-2), 

(d) total dry weight (g m-2), (e) ratio dry weight root/above-ground biomass (dry weight) (g g-1). 

Values are means (m) (n=9) and the bar indicates the standard error (SE)  

3.2.2 Koronivia grass cumulative CH4 emissions, fluxes, and 

interval comparisons 

Cumulative methane emission (Fig. 15a) was evaluated by calculating kg CH4 (kg 

ha-1) from GHG samples covering the whole sample period (between days 54 - 145 

after field-planting). The cumulative methane emission amount did not differ 

significantly between the koronivia grass cultivars BH08 (0.11 kg CH4 ha-1) and 

CI67 (0.28 kg ha-1). 

Emission fluxes of methane displayed CH4 emission values for BH08 (orange) 

and CI67 (blue) koronivia grass cultivars during the sampling period, divided into 

two intervals: interval one (days 54-61) and interval two (days 69-145), (Fig. 

15b). Both cultivars partially followed the same emission profile, where the lowest 

methane emission value was observed for cultivar BH08 at the beginning of the 

sample period at day 55 (-0.18 mg CH4 m
-2 d-1). Cultivar CI67 (-0.07 mg m-2 d-1) 

displayed the lowest value on the last sample day (145). The highest value was 

observed for cultivar CI67 (1.52 mg m-2 d-1) at the emission peak 61 days after 

planting in the field and seven days after fertilizing. After the emission peak, the 

emission rate for CI67 decreased continuously during the rest of the sample period. 

The highest observed emission value for cultivar BH08 (0.33 mg m-2 d-1) was 61 

days after planting in the field and remained elevated in a plateau for eight days 
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(until day 69). The emission rate for BH08 decreased from day 69 to 75; after day 

75, the emission rate increased until the end of the sample period.  

 

  

Fig. 15. Dynamics of methane emissions according different koronivia grass cultivars and in 

different sampling intervals. (a) Cumulative emission of methane with mean value (m)(n=9) and the 

bar indicates the standard error (SE) for the complete sampling period (days 54 - 145). (b) Emission 

fluxes of methane observed at two intervals (in days after planting in the field). Lines represent the 

average flux of each koronivia grass cultivar. The light-colored area represents the standard error 

(SE) from the flux average (n=9). (c) Boxplot of methane emission flux, 50 % of data is found in the 

colored box, the line represents median, n equal 9, 6 and 4 for Interval I, II and III, respectively and 

the dots not connected by the whiskers are outliers. Comparisons were performed within the two 

intervals; each interval shows the average daily methane emission for both cultivars. The Wilcoxon 

test was conducted between both cultivars in each interval and the significance is shown as a p-

value (p). (d) Individual dots show the standard error for the average daily methane emission in 

each interval. Boxplot shows the mean distribution of all the standard errors in the interval and n 

equal 9, 6 and 4 for Interval I, II and III, respectively. The Wilcoxon test was performed on both 

cultivars at each interval, and the significance is shown as a p-value (p) 

 

The average daily emissions of each cultivar in the two sampling intervals (days 

54-61 and days 69-145) (Fig. 15c) showed no significant difference between the 

cultivars within the intervals. To investigate further which days caused the 

significant difference, a mean value comparison for each day was done (appendix 

Fig. 21). No significant difference was found for any day in both intervals one and 

two. The same intervals were used to see if there was a difference in the variance 

size between the cultivars to understand better the consistency in the cultivar 
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emission pattern, with a comparison of methane emission flux standard error being 

performed within each interval (Fig. 15d). The standard error for cultivars BH08 

and CI67 was grouped in the two intervals, which were compared showing that 

cultivar CI67 had a significantly higher variance in interval one.   

3.2.3 Koronivia grass cumulative N2O emissions, fluxes, and 

interval comparisons 

Cumulative nitrous oxide emission (Fig. 16a) was evaluated by calculating N2O (kg 

ha-1) from GHG samples, covering the whole sample period (between days 54-145 

after field-planting). The cumulative nitrous oxide emission amount did not differ 

significantly between the koronivia grass cultivars BH08 (0.44 kg ha-1) and CI67 

(0.40 kg ha-1). 

Emission fluxes of nitrous oxide displayed N2O emission values for BH08 

(orange) and CI67 (blue) koronivia grass cultivars during the sampling period, 

divided into two intervals: interval one (days 54-61) and interval two (days 69-145), 

(Fig. 16b). The first N2O emission peak for both cultivars BH08 and CI67 was 

observed two days after fertilizing and 55 days after planting in the field. The 

second and biggest emission peak for both cultivars, BH08 (2.55 mg m-2 d-1) and 

CI67 (3.44 mg m-2 d-1) was observed 61 days after planting in the field. The lowest 

observed value was at the end of the sample period, day (145) for both cultivars 

BH08 and CL67, with an emission rate of 0.09 and 0.03 mg m-2 d-1, respectively.  

The average daily emissions of each cultivar in each of the two sampling 

intervals, one (54-61) and two (69-145 days after field planting) showed no 

significant difference between the cultivars within both intervals (Fig. 16c). To 

investigate further which days caused the significant difference, a mean value 

comparison for each day was made (appendix Fig. 22), no significant difference 

was found for any day in both intervals. The same intervals were used to see if there 

was a difference in the variance size between the cultivars to understand better the 

consistency in the cultivar emission pattern, with a comparison of nitrous oxide 

emission flux standard error being performed within each interval (Fig. 16d). The 

standard error for cultivars BH08 and CI67 was grouped in the two intervals, which 

showed no significant difference between the cultivars.  
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Fig. 16. Dynamics of nitrous oxide emissions according different koronivia grass cultivars and in 

different sampling intervals. (a) Cumulative emission of nitrous oxide with mean value (m) (n=9) 

and the bar indicates the standard error (SE) for the complete sampling period (days 54 - 145). (b) 

Emission fluxes of nitrous oxide were observed at two intervals (in days after planting in the field). 

Lines represent the average flux of each koronivia grass cultivar. The light-colored area represents 

the standard error (SE) from the flux average (n=9). (c) Boxplot of nitrous oxide emission flux, 50 

% of data is found in the colored box, the line represents median, n equal 9, 6 and 4 for Interval I, 

II and III, respectively and the dots not connected by the whiskers are outliers. Comparisons were 

performed within the two intervals; each interval shows the average daily nitrous oxide emission 

for both cultivars. The Wilcoxon test was conducted between both cultivars in each interval and the 

significance is shown as a p-value (p). (d) Individual dots show the standard error for the average 

daily nitrous oxide emission in each interval. Boxplot shows the mean distribution of all the standard 

errors in the intervals and n equal 9, 6 and 4 for Interval I, II and III, respectively. The Wilcoxon 

test was performed between both cultivars in each interval and the significance is shown as a p-

value (p) 

3.2.4 partial global warming potential (pGWP) and yield -scaled 

partial global warming potential (YpGWP) 

Partial global warming potential (pGWP) combines the radiative forcing potential 

of methane and nitrous oxide emitted from the soil (Fig. 17a). Mean values for 

cultivars BH08 and CI67, 133.9 kg CO2 eq ha-1 and 125.3 kg CO2 eq ha-1, 

respectively, did not differ significantly between the cultivars. Yield-scaled partial 

global warming potential (YpGWP) combines the radiative forcing potential of 
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methane and nitrous oxide emitted from the soil, divided by the dried forage yield 

(stem + leaf), (kg ha-1) (Fig. 17b). Mean values for cultivars BH08 and CI67, 0.17 

kg CO2 eq. kg-1 forage, and 0.14 kg CO2 eq. kg-1 forage, respectively, did not differ 

significantly between the cultivars. 

 

   

Fig. 17. Cumulative radiative forcing from GHG emissions derived from Koronovia grass 

experiment. (a) Partial global warming potential (pGWP) (kg CO2 eq ha-1), calculated from 

cumulative CH4 and N2O emissions. (b) Yield–scaled pGWP (YpGWP) (kg CO2 eq kg -1 forage), 

calculated from the cumulative CH4 and N2O emissions per kg forage (above-ground dried 

biomass). Values are means (m) (n=9) and the bar indicates the standard error (SE) 

3.2.5 Koronivia grass GHG emission principal component 

analysis (PCA) 

A Principal Component Analysis (PCA) was performed to understand better the 

effect of the different environmental variables that can contribute to the CH4 and 

N2O emissions profile. Vectors further away from the center indicate a bigger 

contribution to the overall variance, and vectors clustered together have a stronger 

positive effect on the values of other vectors in the cluster.  

The PCA addressing methane emission rates (CH4_ER) showed that on the first 

component explains 46 % of the variance, where pH, sand, and bulk density were 

negatively correlated with soil organic carbon, total nitrogen, oxidizable carbon, 

and clay content (Fig. 18a). On the second component explaining 18 % of the 

variance, clay content was negatively correlated with soil organic carbon, total 

nitrogen, oxidizable carbon plot, and silt. The methane emission rates were grouped 

with chamber and precipitation, all located close to the center of the PCA. The 

position of methane emission rates indicates a low contribution to the total variance 

in the data. On the first component, pH, sand, and bulk density were negatively 

correlated with soil organic carbon, total nitrogen, oxidizable carbon, and clay 

content.  
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The PCA addressing nitrous oxide emission rates (N2O_ER) showed that on the 

first component, which explains 45 % of the variance, soil organic carbon, total 

nitrogen, oxidizable carbon, and clay content were negatively correlated with pH, 

sand, bulk density, and plot (Fig. 18b). On the second component explaining 18 % 

of the variance, soil organic carbon, total nitrogen, oxidizable carbon, and clay 

content were negatively correlated with clay content. The nitrous oxide emission 

rates were grouped with chamber and precipitation close to the PCA's center. The 

position of nitrous oxide (N2O_ER) indicates a low contribution of nitrous oxide 

emission rate to total variance in the data. 

 

 

Fig. 18. Principal component analysis (PCA) loadings plots for (a) methane (CH4_ER) and (b) 

nitrous oxide emission rates (N2O_ER). With the vectors, emission collection chamber (chamber), 

experiment plots (plots), and precipitation (precip). Soil parameters include bulk density (BD), pH, 

soil available carbon (SOC), oxidizable carbon (C-Oxid), total nitrogen (Tn), and percentage of silt, 

sand, and clay 
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4.1 Displayed differences in grain yield of rice cultivars  

The rice grain yield is an important agronomic parameter since it is the primary 

product of rice cultivation for human consumption (Loaiza et al. 2024), and an 

important factor in YpGWP calculations. The rice grain yield showed a clear 

difference between the cultivars, with Cultivar HL23 having significantly higher 

grain production (Fig. 9). This higher comparative performance of HL23 was also 

observed by Perengüéz (2018) in a rice cultivar comparison. However, the 

significant difference is not present in the rice cultivar comparison of HL23 and 

FE60 by Baquero & Zambrano (2016), indicating that more production cycles and 

on-farm experiments are needed to corroborate these findings.   

4.2 Effect of rice cultivar on N2O and CH4 emission 

profile  

There was no significant difference between cultivars HL23 and FE60 when 

comparing cumulative CH4 or N2O emissions (Fig. 10a, Fig. 11a) indicating that 

the two cultivars have similar effects on total emissions, potentially due to 

comparable levels of root exudates (Baruah et al. 2010).  

When comparing cumulative CH4 emissions between the cultivars used in this 

experiment (Fig. 10a) to other experiments (such as Camargo et al. 2018; Oo et al. 

2018), we see 10-60-fold lower emissions in this experiment; this big difference 

may be due to the sampling period, which covered 82 days in this experiment, while 

the referenced experiment GHG sampling was conducted over 106 (Oo et al. 2018) 

and 120 days (Camargo et al. 2018). Another contributing factor causing low 

emissions levels in our experiment may be the high clay content, which causes a 

relatively high entrapment of methane in the clayey soil. Potential cracks in the soil 

profile caused high water percolation speed, reducing methane emission (Malyan 

et al. 2016), the reduction of methane emission is caused by the higher redox 

potential, maintained by high percolation speed (Yagi et al. 1998), causing an 

unfavorable environment for the CH4-producing bacteria (methanogens) (Malyan 

4. Discussion 
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et al. 2016). While the exact reasons for the relatively low CH4 emission values are 

not clear, it has been observed in other similar experiments in Colombia, such as 

for  Loaiza et al. (2024) showed similar values using a similar sampling method and 

experimental setup at a site in Tolima, relatively close to CIAT. They suggest that 

contributing factors may be due to drainage during the first 40-60 days after sowing 

(30 days in this experiment). The drainage stimulated methanotrophic archaea and 

bacteria activity, oxidizing CH4 to CO2 (Malyan et al. 2016), and high redox 

potential (Pepper & Gentry 2015). According to  Loaiza et al. (2024) increased 

oxygen availability in the soil increased sulfate and ferric iron concentrations, 

causing reduced survival rate and methanogenic activity of methane-producing 

archaea, even after the soil gets flooded and the redox potential drops. Loaiza et al. 

(2024) also mentioned a potential reduction of aerenchyma development in the 

young rice plants due to fewer anoxic conditions, aerenchyma are specialized cells 

that enhance the transportation of gas within the plant, and the potential reduction 

of aerenchyma causes decreasing CH4 transportation through the plant tissue 

throughout the season. The reduction of aerenchyma can affect greatly since up to 

90 % of methane emissions from the rice field are from rice aerenchyma-mediated 

transport (Wassmann & Aulakh, 2000).  

When comparing cumulative N2O emissions to other experiments, both cultivars 

appear to be in line with other experiments, ranging in values between -0.2 to 0.6 

kg ha-1 (Camargo et al. 2018; Oo et al. 2018). The N2O emission values also indicate 

that the factors potentially affecting CH4 emissions did not affect the N2O 

emissions.  

When comparing the CH4 emission rate between cultivars, we can see that the 

CH4 emissions increased continuously during the three fertilization events included 

in the sampling period (Fig. 10b) until 20 days after the last fertilization event. The 

high methane emission is connected to fertilization events caused by the nitrate 

demand by type 2 methanogenic bacteria (Baruah et al. 2010). The emission rate 

was reduced six days after the last fertilization event (day 68-72), during which 

both cultivars flowered. After flowering, the emission increased, which may be 

caused by increased root exudate between flowering and maturation since Increased 

root exudate rate causes an increase in the growth of nitrifiers and denitrifiers 

(Baruah et al. 2010).  

The comparisons of mean CH4 emission between the cultivars within the 

intervals (Fig. 10c) show that cultivar FE60 had a significantly lower emission rate 

compared to HL23 in interval one, which covered the panicle differentiation stage, 

in which the rice plants switch from vegetative to reproductive development (Chen 

et al. 2019). The panicle differentiation stage causes high root growth and exudate 

rates (Li et al. 2022). The higher emission rate in cultivar HL23 could be an effect 

of higher root growth and exudate rate, which also creates a higher area for diffusion 

due to larger root biomass (Baruah et al. 2010) since 60-90 % of total CH4 emission 
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from rice fields is through the rice plant (Kim et al. 2018). When comparing the 

cultivars in intervals two and three, no difference in emission rates was found, 

which could point to the potential difference of root growth in interval one, which 

had been reduced in the later stages of development. 

When looking at the CH4 emission variance (Fig. 10d), meaning how much the 

individual chambers within each cultivar differ from each other, there was no 

significant difference in interval one, showing a similar variation in growth pattern 

between both rice cultivars. In intervals two and three, the methane emission 

variance of cultivar FE60 was significantly higher than that of HL23. The highest 

difference between the cultivars was observed in interval two, which includes the 

CH4-emission peaks and flowering of rice plants. The large difference in methane 

emission variance could indicate that cultivar FE60 displays higher variation in 

growth and development aspects that affect methane emission rate. Another reason 

could be that the slower-growing roots of FE60 encounter pockets of methane to a 

larger extent later in the growth period, causing a sudden local influx of methane 

emission (Baruah et al. 2010), while keeping the methane emission rate low in 

interval one.  

The emission fluxes profile of N2O (Fig. 11b) follows the same emission trend 

as methane emission fluxes (Fig. 10b) with most nitrous oxide emissions being 

released during fertilization and flowering. The four N2O emission peaks align with 

the fertilization events and the flowering period (43, 49, 62 DAS), caused by the 

applied nitrogen fertilizer and increased root exudation, which agrees with other 

studies such as Baruah et al. (2010). The emission peaks show that nitrogen 

fertilization and flowering increase N2O emissions due to increased bioavailable 

nitrogen and high root exudation of organic carbon (Baruah et al. 2010). The N2O 

emissions did not drastically change after the irrigation stopped (DAS 110), 

potentially due to insufficient available nitrogen for the nitrification and 

denitrification-producing bacteria (Durango Morales et al. 2021a).  

The comparisons of mean N2O emission between the rice cultivars within the 

intervals (Fig. 11c) showed no significant difference within any of the intervals. 

Interval one, which included the panicle differentiation stage (Chen et al. 2019), 

showed that FE60 had a significantly lower mean N2O emission on DAS 43 

(appendix Fig. 20). The exact reason for the difference was hard to determine since 

it was at the beginning of the sample period, and we could not see how the emission 

pattern was earlier in the cropping season. However, the absolute value of the 

emissions was low, causing statistical significance with slight emission differences 

between cultivars, reducing the reliability of the statistical analysis.  

When looking at the variance of N2O (Fig. 11d), meaning how much the 

individual chambers within each cultivar differ from each other, no significant 

variance difference was found in any of the intervals. This lack of difference in 

variance of N2O emissions between cultivars indicates that the rice cultivars had a 
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similar homogeneous growth pattern and development concerning nitrous oxide 

emission rate, while still displaying significant differences in relation to variance 

of CH4 emission rate. 

4.3 Combined climatic impact of CH4 and N2O 

emissions and grain yield 

When comparing the pGWP and YpGWP from the grain yield and combined 

cumulated methane and nitrous oxide emissions (Fig. 12), a tendency for lower 

YpGWP can be observed for HL23 (Fig. 12 b) due to higher grain yield (Fig. 9). 

However, it was not large enough to be significantly different due to a lack of 

difference in cumulated emissions between the cultivars. However, yield can be 

essential to counterbalance the negative environmental impact. 

When comparing these findings to the literature, the pGWP and YpGWP values 

(283-312 kg CO2 eq ha-1) presented in this report are compatible with the one found 

by Loaiza et al. (2024), but 10-50 fold lower than other sources (Table 4), 

(Bhattacharyya et al. 2013; Moterle et al. 2013; Bayer et al. 2014; Zschornack et al. 

2016; Camargo et al. 2018; Oo et al. 2018). The reason largely depends on the short 

time of methane emission accumulation values presented in this work. Longer 

sampling seasons could have produce values that are less divergent from other 

sources. 

Table 4. Partial global warming potential (pGWP) and yield-scaled global warming potential 

(YpGWP) values were observed in the field experiment and compared to other sources. 

 

4.4 Influence of soil, plot, and chamber factors on CH4 

and N2O emissions from rice experiment 

To better understand the influence of soil, plot, and chamber factors on CH4 and 

N2O emissions from the rice experiment, we used a Principal Component Analysis 
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(PCA) (Fig. 13a, b). The GHG collection chamber had a negligible effect on the 

emission data variation, indicating that the collection method gave accurate and 

reliable results regarding the collection of N2O and CH4 emissions. There were 

some heterogeneities between plots in the experimental site since the experimental 

plot was positively correlated with silt, sand, and pH, and negatively correlated with 

clay and soil organic matter. CH4 emissions were, as expected, positively correlated 

with both the soil organic matter parameters and water content since these factors 

have been known to affect CH4 emissions (Yang & Chang 1998). Both silt and sand 

percentages negatively affected the methane emission rate, which was caused by 

reduced soil organic matter parameters when the sand and silt content increased 

(Ma et al. 2009). As expected, pH was also negatively correlated with CH4 

emissions since optimal methane production is near neutral pH (Bhattacharyya et 

al. 2013). In the rice cultivars, the N2O emissions were not greatly affected by the 

different components of the soil, the distribution of the plots, or the water content; 

this could indicate that the soil was saturated during the irrigation period since it 

has been well described that soil water content affects N2O emissions, resulting in 

increased N2O emissions while drainage (Zou et al. 2005). 

4.5 Displayed differences in yield components of 

koronivia grass cultivars 

Koronivia grass is a widely used forage for cattle, where above-ground biomass 

production is an important production parameter (Durango Morales et al. 2021b). 

Forage can also increase or maintain high soil organic matter through its extensive 

root system (Damene et al. 2020), the roots can also affect soil nitrifier communities 

and inhibit nitrification and the production of nitrous oxide (Villegas et al. 2023). 

When biomass was compared between the two cultivars BH08 and CI67 (Fig. 14), 

no significant difference was found between the cultivars, which indicates similar 

growth behavior between cultivars and is supported by (Villegas et al. 2023). 

However, the dry mass yield presented in this report (Fig. 14d) was approximately 

800 kg ha-1 and considerably low when compared to other experiments, presenting 

dry mass harvests of 1500-4000 kg ha-1 (Assis et al. 2013; Simon et al. 2020; 

Villegas et al. 2023). One reason explaining the low forage harvest is that only the 

first production cycle was sampled in this experiment, which was the establishment 

cycle of this perennial grass (Dereje et al. 2024), often grazed for several years 

before the soil is cultivated again (Fisher et al. 1994). For this reason, more cycles 

are needed to make more accurate evaluations and comparisons between the 

cultivars.  
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4.6 Effect of koronivia grass cultivar on N2O and CH4 

emission profile  

To our knowledge, the methane emission values presented in this report are the first 

recorded CH4 emissions for Koronivia grass from field experiments. Comparisons 

to other forage grass species were made to contextualize the CH4 emission values 

of Koronivia grass. Grassmann et al. (2020) performed field experiments in Brazil 

and presents methane emission values from Guinea grass, Palisade grass, and Ruzi 

grass, all showing negative emission values (indicating a net CH4 uptake) when 

examining the cumulative emissions. However, Grassman reports positive CH4 

emissions from the forage grasses experiment during the first four months of the 

initial forage season, which aligns with the results presented in our trial (Fig. 15), 

where the CH4 emission peak occurred within the initial months of the field trial.  

When looking at the two cultivars (BH08 and CI67) used in this experiment, no 

significant difference was found when comparing cumulative CH4 emissions (Fig. 

15a). However, a tendency can be observed that indicates higher cumulative CH4 

emission from cultivar CI67. However, as mentioned, more production cycles are 

needed for greater understanding and to make more accurate evaluations of the 

emission profile of koronivia grass. These factors highlight the lack of research and 

knowledge of the CH4 emissions from forage cultivation, especially from koronivia 

grass. 

The CH4 emission fluxes from both cultivars follow the same emission pattern 

to a large extent during the whole sampling period (Fig. 15b). However, during the 

first two days of sampling (DAT54 - DAT55), CH4 emission decreased for cultivar 

BH08 and increased for cultivar CI67. One explanation could be soil disturbance 

due to chamber installation performed one day before the first sample event, 

causing potential root damage and potentially affecting emissions during the days 

after installation (Clough et al. 2020). However, the difference in emission was not 

perceived as significantly different in interval one, which covers the first days of 

sampling (Fig. 15c). When comparing the CH4 emission variance (Fig. 15d), 

meaning how much the individual chambers within each cultivar differ; it was 

observed that the variation in emission rate was significantly higher for cultivar 

CI67 in interval one, with no clear explanation as to why. These findings indicate 

that more production cycles and on-farm experiments are needed to corroborate 

these findings and to create a strong foundation for comparisons in future research.  

The N2O emission fluxes from both cultivars (Fig. 16b) follow the same 

emission pattern with an emission peak after the fertilization event primarily caused 

by soil nitrifiers (Wang et al. 2021). When looking at the interval comparisons, N2O 

emission was not significantly different in both intervals one and two (Fig. 16c), 

further supporting the probability of similar levels of nitrification inhibiting 

exudates from the plant roots during the whole sample period (Simon et al. 2020), 
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additionally supported by the equal size of variation between the cultivars, shown 

in (Fig. 16d).  

4.7 Combined climatic impact of CH4 and N2O 

emissions and forage yield 

When comparing the pGWP and YpGWP from the forage dry mass yield and 

combined cumulated methane and nitrous oxide emissions (Fig. 17a, b), a tendency 

for lower YpGWP can be observed for CI67 (Fig. 17b). However, it was not large 

enough to make a statistically significant difference. This is due to a lack of 

substantial difference in both the GHG emissions and yield components of the 

pGWP and YpGWP equation, further displaying the similarities between the 

cultivars in phenotypic and emission characteristics. Experiments comparing the 

GWP of koronivia grass were never done before, and therefore, there are no other 

reference values for comparison.  

A closer reference could be Ghani et al. (2022), who presents net global warming 

potential (net GWP) and yield-based greenhouse gas intensity (GHGI) values for 

the two forage grasses, Festuca arundinacea Schreb. and Bromus inermis Leyss. 

The CO2 emission amount included in the report presented by Ghani et al. (2022) 

was removed from the net GWP and GHGI for a fair comparison to the values 

presented in this report, where Net GWP is equivalent to pGWP, and YpGWP is 

equivalent to GHGI. The forage harvest and GHG emission values presented by 

Ghani et al. (2022) are shown in Table 5 and covers the first forage harvest of the 

grass species, which was sown nine months before the first sampling period; when 

comparing with the forage harvest presented in this work, we can see a three-fold 

higher harvest from Ghani et al. (2022). The reasons for the comparatively lower 

harvest of the koronivia grass were the differences in length of establishment time 

before sampling, along with poor establishment of the koronivia grass, which is 

reflected in the GWP components (Table 5). 

Table 5. Comparison of grass dry weight harvest (ton ha-1) and GWP components (kg CO2 eq ha-1). 
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4.8 Influence of soil, plot, and chamber factors on CH4 

and N2O emissions from koronivia grass 

experiment 

To better understand the influence of soil, plot, and chamber factors on CH4 and 

N2O emissions from the koronivia grass experiment, a Principal Component 

Analysis (PCA) was used (Fig. 18a, b). The GHG collection chamber and 

precipitation had a negligible effect on the N2O and CH4 emission data variation, 

indicating that the precipitation amount did not affect soil water content enough to 

affect emission fluxes (Zou et al. 2005), and that the collection method gave 

accurate and reliable results regarding the collection of N2O and CH4 emissions. 

The CH4 and N2O emissions were not greatly affected by the soil composition, the 

distribution of the plots, or precipitation, indicating that these factors were not 

major contributors to differences in emissions seen from the different cultivars. 

There were some heterogeneities between plots in the experimental site since the 

experimental plot was positively correlated with sand content, pH, and bulk density 

and negatively correlated with organic matter parameters and clay content. 
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This study evaluated biomass, yield components, and emissions factors (CH4 and 

N2O) for two rice (Fedearroz 60 and HL23057) and two koronivia grass (CIAT 679 

and BH08-1149) cultivars. 

• Rice cultivar HL23 had higher grain yield and higher daily methane 

emission during the beginning of the sample period compared to cultivar 

FE60. Cultivar FE60 displayed a larger variance in daily CH4 emission 

from flowering to the end of the sample period compared to cultivar 

HL23. 

• Rice cultivation pGWP and YpGWP values presented in this work were 

10-50-fold lower compared to literature, caused by the low cumulated 

methane emission values presented in this work.   

• The koronivia grass cultivars BH08 and CI67 displayed similar biomass 

production; the dry-mass yield presented in this report was considerably 

lower than presented in the literature. 

This study is the first report on methane emissions from a koronivia grass field 

experiment. Comparisons to other forage grass species were made to contextualize 

the net emission values of methane in koronivia grass and contrasted to the 

examples found in the literature, which presented a net CH4- uptake. Koronivia 

grass cultivar CI67 displayed a significantly higher variance in daily CH4 emissions 

during the beginning of the sample period compared to BH08, probably due soil 

disturbance caused during establishment.  

This study provides insights into important characteristics of CH4 and N2O 

emissions and yield-related components of different rice and koronivia grass 

cultivars, and more production cycles will increase the understanding of the 

emission profile of forage grass and rice cultivation in Colombia.  

The emissions factors presented will contribute to better quantify the effect of 

rice and koronivia grass cultivars on GHG emissions. 

 

 

5. Conclusion 
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Agriculture plays an important role in feeding the world, but it produces a lot of 

greenhouse gas emissions which heats up the planet and has a direct impact on 

agriculture because of more unstable climate. In Colombia, flood-irrigated rice 

cultivation and forage grazing are two important agricultural activities that release 

large amounts of planet-heating methane (CH4) and nitrous oxide (N2O) gases into 

the atmosphere, which means that it is important to understand how the emissions 

are created and how we can reduce them, to reduce climate change.  

In this study, we focused on the methane and nitrous oxide emissions from two 

rice cultivars and two koronivia grass cultivars, a forage grass with a natural ability 

to reduce N2O emissions through a special compound that the roots send out called 

brachialactone.   

We did the field experiments at the CIAT Research Center in Colombia, where 

we measured greenhouse gas emissions and crop yields (since a larger yield can 

allow for higher emissions). We saw that the rice cultivar, HL23 had the highest 

grain yield production but also released the most methane early in the growing 

period, the other rice cultivar FE60 showed more variation in methane emissions 

later in the season.  In this study, we investigated for the first time methane emission 

from koronivia grass in field conditions, where we could reveal that the koronivia 

grass cultivar CI67, emitted more methane at the beginning of the sampling period.  

Understanding how different plant cultivars affect greenhouse gas emissions is 

very important for the development of more environmentally sustainable farming 

practices in tropical regions like Colombia. This research also provides valuable 

data that can help in the development of crops and gives insights to policymakers 

who want to reduce the environmental impact of agriculture in tropical regions.  

 

Popular science summary 
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Table 6. Soil chemical analysis data, taken from the plots of the research site at five soil depths (0-

5, 5-10, 10-30, 30-60, and 60-100 cm). 
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 Appendix 2 

Fig. 19. Average daily methane emissions of each rice cultivar in each of the three sampling 

intervals (42-55, 62-76, and 83-127 days after sowing) 
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Appendix 3 

Fig. 20. Average daily nitrous oxide emissions of each rice cultivar in each of the three sampling 

intervals (42-55, 62-76, and 83-127 days after sowing) 
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Appendix 4 

Fig. 21. Average daily methane emissions of each koronivia grass cultivar in both of the two 

sampling intervals (54-61 and 69-145 days after planting in field) 
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Fig. 22. Average daily nitrous oxide emissions of each koronivia grass cultivar in both of the two 

sampling intervals (54-61 and 69-145 days after planting in field) 
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