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Abstract

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
CH., 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 C167 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 CH,4 and
N>O emissions and yield-related components of different rice and koronivia grass cultivars.

Keywords: rice, koronivia grass, greenhouse gas emissions
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1. Introduction

Nitrous oxide (N20) 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 CO». 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~* 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
N20 emissions, NHz 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 N>O 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
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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 (CHa) is one of the greenhouse gases with the highest effect on global
warming, with a global warming potential 23 times higher than CO: 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 CHs emissions to the
atmosphere and stands for 6-11 % of the global yearly CHs 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 CHa emissions is poorly
understood. According to Chen et al. (2019), a bigger root system with bigger
biomass causes higher O, 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 CHa, potentially reducing CHa
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 (N20O, CHg)?

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)?

12



2. Materials and Methods

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 °C and an average annual precipitation of 894mm (Horrocks et al. 2019).

b lRepIIcatIonl Repllcatlonz Replication 3

(]

P22

@
l¢]

P17 P25

o

o

12,9m 12,9m 12,9m 12,9m 12,9m 12,9m

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

Grass: CIAT 679
Grass: BH08-1149
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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.

14



da

'\/\ ‘f‘ 1 Mo
¥ DA el
g s i Mean
2 AN AN | . , »/\/\/\

E \ & Ol \\;/’/\/\/ v f\/\/ \ \.// \f Min

\/ / i

283001 030507 0911131517 12 21 23 25 27 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 31 02 04 06 08 10 12 14 16 18 20 22 24 26 28
February March April

100 | ] F“.‘

All sky surface Shortwave
Downward Irradiance (W/m2)
T
L' e
S
p— .
e
=
\
=
1“ A
L
g
— L
—
Lo

80 u“\ ‘
T ' RN |
\f . \ | I I Ve
60 i L 1R | I
1 \ 1 | Wi
| | Il
| | |l
| l‘
40 283001 03050702 111315171921 232527 010305070911 13151719 21 2325272931 0204 0608 1012 14 16 18 20 22 24 26 28
February March April
cC .
I-400
357
350 £
307 £
300 =
—_ 4 k=]
£ 25 =
£ 250 &
c 207 a2
(=} - o
2 200 g_
5.
- H1s0 @
o =]
@ - o
g 100 3
£
57 I F50 O
0~ 783001 050709 1T 131517 1821 232527 0103050709 T1 13 15 17 19 21 23 25 27 29 31 02 04 06 08 10 12 14 16 18 20 22 24 26 28 —0

February March April

Fig. 2. (a) Maximum, mean and minimum air temperature (°C), 2m above ground, (b) surface
shortwave downward radiation (W m) 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 27" December
2022. The irrigation of the rice experiment began on 31% January and continued
until 17 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) and the amount and source of nutrients applied (kg ha) in each
of the six fertilization applications spanning from December to February.
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Interval 3 i
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T Sampling day
% Fertilization event
B J
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Total fertilizer amount (Kg/ha)

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 05" November 2022 and then planted in the field on 14" January. The
fertilization of the koronovia grass experiment (Fig. 4) showed the total fertilizer
amount applied (kg ha™*) and the amount and source of nutrients applied (kg ha)
in each of the two fertilizer applications (3" February and 71" March).

Interval
o1
1

Total fertilizer amount {Kglht:)

Interval 2 '

1
T Sampling day
% Fertilization event

Urea
NPK
KCI -

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 10™
February to 12" May 2023. Precipitation (mm) was measured by one rain gauge
model ECRN-100, while soil water content and soil temperature (°C) 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 (°C), atmospheric pressure (Pa), and absolute air humidity (g m=)
were measured at each sampling event with a handheld weather station. Surface
shortwave downward radiation (W m2) and air temperature in °C (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.

a S
parameters units #samples |

bulk density kg/m3 120 ?28 o
chemical characterization cmol/kg; g/kg; mg/kg 120 X XX
soil organic material g/kg 120

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.

compound methods description reference

pH (Un) Measurment of current potential of

C Oxid (g/kg) Potentiometry electrochemical cell under static Stork, J.T. (1993)
Al (cmol/kg) conditions.

Zn (mg/kg)

Mn (mg/kg)

detection of soil elements through
absorption of characteristic narrow  Liang (2020)
frequency electromagnetic radiation.

Na (cmol/kg) Atomic absorption
Ca (cmol/kg) spectroscopy

Mg (cmol/kg)

K (cmol/kg)

SOM (¢/kg)

P-Brayll (mg/kg)
Fe (mg/kg) U}n.‘aviole‘r - De‘rect.s color 'fmd intensity .ﬁ‘om ion
) Visible levels in solution through light Jaffar et al. (2024)
Cu (mg/ke) spectroscopy spectroscopy.
B (ng/kg)

S (mg/kg)

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™ soil), using the density of the soil collected from soil sampling
(Table 2).

Tn(%) = (SOM(%) * 0.05) (5)

_ (Na (%)*sw)*10
- sw

Tn (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 (m?*0.3m).
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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 ©)

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. Tnis 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).

physical organic (g kg %) chemical (mg kg *) chemical (cmol kg )
bulk density 1.4 C Oxid 17.4 P 64.4 Ca 18.3
sand (%) 5.9 SOM 39.5 Fe 1.6 Mg 6.2
silt (%) 36 Ta 1.8 Mn 54.5 K 0.7
clay (%) 57 socC 229 Cu 0.3 Na 0.2
soil type clay Zn 2.5 Al NA
pH 8.1 B 1

C/N ratio 13 S 20.1

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 12" 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 02" 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 02" June 2023 (Fig. 6¢). 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).
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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.

Characteristics Chamber rice Chamber forage
Chamber type base + chamber  base + chamber
Chamber height (cm) g1 26

Base height (cm) 22 10

Insertion depth of base (cm) 10 2.5

Area (cm”) 1194 405

Volume (base + chamber, dm®) 123 18

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 8" February and
continued until 4™ 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 8%
March and continued until 7 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,
CHa: 10 ppm and N20: 1 ppm, Analytical Accuracy +/- 5%).

Flux calculations were performed for both CHs and N2O emissions by
converting the GHG- emissions from ppm to g m2 h' by using equation (1), (Costa
et al. 2022).

Flux = 229 x 7M. @

T dt T Avm

Where Flux is gas emission rate (mg N2O-N m? h!, or mg CHs m2 h), dNO/dt
is the gas accumulation rate inside the chamber (ppm h), A is the chamber base-
area (in meters), V is the chamber volume (cubic meter), M is the gas molar mass
(g mol 1), Vi is molecular volume (dm?® mol™ at 10°C) (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
CHas and N2O emissions between two time points, using equation (2).

(Dflux 1+Dflux2)
2

Cumulative Dflux = 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). CO; is
generally used as a reference gas in GWP estimation, and CH4 and N2O emissions
are converted to CO; equivalents using their GWP. Based on a 100-year period, the
GWP for CHa is 25, and for N2O is 298 when the GWP of CO is 1 (Camargo et
al. 2018).

To estimate the combined global warming effect from the cumulative CH4 and
N0 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 CHs and N2O emission (CHs + N2O
Cumulative Dflux) from the experiments by their respective emission factor, using
equation (3) (Camargo et al. 2018).

pGWP = (CH4 x 25) + (N20 X 298) ?)

Where pGWP is the partial global warming potential (kg CO2 eq ha?), the
cumulative emissions (kg hal) of methane (CH4) and nitrous oxide (N20)
(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 yield) is the ratio between
pGWP and harvest yield, calculated using equation (4).

PGWP

YpGWP = 4)

Where YpGWP (yield-scaled global warming potential) is the partial global
warming potential (kg CO eq ha™®), and Y is the harvest yield (kg ha™) (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.

Interval
data

Shapiro-wilks normality test
and Levene's homogeneity of
variance test

Single
point Data

Can GLMER
analysis be
performed?

No
(iss_error)

l

Tg':esll :\;arl: Shapiro-wilks normality test
a and Levene's homogeneity of

tests "
Yes m variance test

N\

A Wsi Kruskal-Wallis
nova- analysis tost

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, pPGWP 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 Il Wald chi-square tests were then
used to investigate significant differences in the results of the GLMER- analysis,
with the null hypothesis (HO) p> 0.05 and the alternative Hypothesis (H1) p<0.05.

GLMER and type Il 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, pPGWP 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 (HO) p> 0.05, Alternative Hypothesis (H1) p< 0.05.
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3. Results

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 (HO) p> 0.05 and alternative Hypothesis (H1) p< 0.05 (Sainani 2012).

3.1 Rice

3.1.1 Rice grain yield

Gran vyield 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™ of grains, while FEG0 yielded 5.33 ton ha (15 %
mean water content, husk included) (Fig. 9).
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Fig. 9. Rice grain yield harvest (ton ha), with 15% mean water content and husk included in
cultivars HL23 and FE60. The displayed values (ton ha') 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®
1y 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*) and FE60 (10.62 kg ha™).
Emission fluxes of methane in Fig. 10 (b) display CH4emission 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 d*!, 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 d, 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

28



11.7 and 10.7 mg m2 d%, 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.
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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, Il and IllI,
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, Il and Ill, 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!) 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*) 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 FEG0 (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 d!) and day 69 for HL23 (1.24 mg
m-2 d1), which was around the date of flowering (6-10 March).

The lowest flux value was observed for cultivar HL23 (-0.68 mg m d!) at day
83 and remained below emission value O for the rest of the sample period (day 127).
The lowest flux value was observed for cultivar FE60 (-0.21 mg m d*) 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
FEG0 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

30



standard error for cultivars HL23 and FE60 was grouped in the three intervals,
which were compared, showing no significant difference in variance.
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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, Il and Ill,
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, Il and Ill, 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 CO; eq ha! and 312.7kg CO>
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eq ha’l, 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') with 15% moisture content (Fig. 12b). Mean
values for cultivars HL23 and FE60, 0.04 kg CO2eq. kg rice and 0.06 kg CO?2 eq.
kgtrice, respectively, did not differ significantly between the cultivars.
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Fig. 12. Cumulative radiative forcing from GHG emissions derived from rice experiment. (a) Partial
global warming potential (\GWP) (kg CO; eq hal), calculated from cumulative CH4 and N,O
emissions. (b) Yield — scaled pGWP (YpGWP) (kg CO- eq kg * rice), calculated from the cumulative
CHa4 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 (CHs_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.
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PC2 (14.24%)

PC1 (54.77%) PC1 (50.73%)

Fig. 13. Principal component analysis (PCA) loadings plots for (a) methane (CH4_ER) and (b)
nitrous oxide emission rates (N20_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 BHO8 and CI67 (Fig. 14 a-e) was evaluated by comparing the dry weight
(g m™) 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
BHO8 and CI67. (a) Leaf dry weight (g m), (b) stem dry weight (g m), (c) root dry weight (g m?),
(d) total dry weight (g m), (e) ratio dry weight root/above-ground biomass (dry weight) (g g%).
Values are means (m) (n=9) and the bar indicates the standard error (SE)

3.2.2 Koronivia grass cumulative CHs emissions, fluxes, and
interval comparisons

Cumulative methane emission (Fig. 15a) was evaluated by calculating kg CH4 (kg
ha!) 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') and
CI67 (0.28 kg hal).

Emission fluxes of methane displayed CH4 emission values for BHO08 (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 BHO8 at the beginning of the
sample period at day 55 (-0.18 mg CH4 m d). Cultivar CI67 (-0.07 mg m2 d?)
displayed the lowest value on the last sample day (145). The highest value was
observed for cultivar C167 (1.52 mg m2 d!) at the emission peak 61 days after
planting in the field and seven days after fertilizing. After the emission peak, the
emission rate for C167 decreased continuously during the rest of the sample period.
The highest observed emission value for cultivar BH08 (0.33 mg m? d) 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 BHO8 decreased from day 69 to 75; after day
75, the emission rate increased until the end of the sample period.
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Fig. 15. Dynamics of methane emissions according different koronivia grass cultivars and in
different sampling intervals. () 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, Il and 111, 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, Il and Ill, 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. 15¢) 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 BHO8
and CI67 was grouped in the two intervals, which were compared showing that
cultivar CI167 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!) 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 BHO8 (0.44 kg ha') and CI67
(0.40 kg hat).

Emission fluxes of nitrous oxide displayed N>O emission values for BH08
(orange) and CI167 (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 CI167 was
observed two days after fertilizing and 55 days after planting in the field. The
second and biggest emission peak for both cultivars, BHO8 (2.55 mg m2 d*) and
CI67 (3.44 mg m2 d*) 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
BHO08 and CL67, with an emission rate of 0.09 and 0.03 mg m d* 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 BHO8 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
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Lines represent the average flux of each koronivia grass cultivar. The light-colored area represents
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Il and 111, 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, Il and Il 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 (0 GWP) and yield -scaled
partial global warming potential (YpGWP)

Partial global warming potential (p)GWP) combines the radiative forcing potential

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

cultivars BH08 and C167, 133.9 kg CO; eq ha! and 125.3 kg CO: eq ha®,

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') (Fig. 17b). Mean values for cultivars BH08 and C167, 0.17
kg CO; eq. kg™ forage, and 0.14 kg CO; eq. kg™ forage, respectively, did not differ
significantly between the cultivars.
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Fig. 17. Cumulative radiative forcing from GHG emissions derived from Koronovia grass
experiment. (a) Partial global warming potential (/GWP) (kg CO: eq ha), calculated from
cumulative CH4 and NO emissions. (b) Yield-scaled pGWP (YpGWP) (kg CO2 eq kg ** forage),
calculated from the cumulative CHs and N.O 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 (N.O_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.

o
o

PC2 (18.76%)
PC2 (18.43%)

PCA (46.15%) PC1 (45.90%)

Fig. 18. Principal component analysis (PCA) loadings plots for (a) methane (CH4_ER) and (b)
nitrous oxide emission rates (N20_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. Discussion

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 Perengiiéz (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
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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't (Camargo et al. 2018; Oo et al. 2018). The N.O 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
CHa 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 CHs emission between the cultivars within the
intervals (Fig. 10c) show that cultivar FEG0 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 FEG0 was significantly higher than that of HL23. The highest
difference between the cultivars was observed in interval two, which includes the
CHs-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 N>O 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 N>O (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 CO; eq hat) 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.

pGWP YpGWP
source 1 1.
(kg CO, eq ha") (kg CO, eq kg " rice)
Experimental values 280-310 0.04 - 0.06
Loaiza et al., 2024 123-1361 -
Bhattacharyya et al., 2013 2500-3200 2.0-2.7
Camargo et al., 2018 4000-18000 0.5-2.4
Ooetal., 2018 2600-6000 0.6-1.0
Zschornack et al.. 2016 2500-10500 0.2-09
Bayer etal.. 2014 10300-13300 14-18
Moterle et al., 2013 9500-13000 1.0-2.0

4.4 Influence of sail, plot, and chamber factors on CHa4
and N2O emissions from rice experiment

To better understand the influence of soil, plot, and chamber factors on CH4 and
N20 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 NoO 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 N>.O 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 BHO8 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* and considerably low when compared to other experiments, presenting
dry mass harvests of 1500-4000 kg ha® (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 CHgs
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 CHa
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
BHO08 and increased for cultivar C167. 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 N20 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, N.O
emission was not significantly different in both intervals one and two (Fig. 16¢),
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 C167 (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 hat) and GWP components (kg CO; eq ha™?).

o forage harvest pGWP YpGWP

souree (kg/ha) (kg CO, eq ha™) (kg CO, eq kg™ forage)
experimental values 776-860 125-133 0.14 -0.17

Ghani et al. 2022 2381-2599 60-80 0.023-0.029
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4.8 Influence of soil, plot, and chamber factors on CHa4
and N20 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 N.O and CHa4 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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5. Conclusion

This study evaluated biomass, yield components, and emissions factors (CH4 and
N20) for two rice (Fedearroz 60 and HL23057) and two koronivia grass (CIAT 679
and BH08-1149) cultivars.

e 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 CHs emission
from flowering to the end of the sample period compared to cultivar
HL23.

e Rice cultivation pPGWP 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.

e The koronivia grass cultivars BH08 and CI167 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 C167 displayed a significantly higher variance in daily CHs emissions
during the beginning of the sample period compared to BHO8, probably due soil
disturbance caused during establishment.

This study provides insights into important characteristics of CHs 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.
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Popular science summary

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 (N20) 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 C167, 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.
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Appendix 1

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).
C Oxid 300 B Ca M K Al Ma CIC CIC F= hin Co Zn B -]

zample Diescription pH (Un) (gke) (gke) BrayIl emolls mels

1 CP1-2-MD-0-5CM 795 1527 3467 5032 1311 1013 077 NA 020 NA @ 2750 22 78342 042 304 125 1496
2 SCP1-8-MD-3-10CH 8.21 1453 3250 4025 4248 546 0.76 NA 023 NA @ 2740 434 7310 061 290 138 1533
3 3CP1-3-MD-10-30CM .13 1517 3443 2642 3676 12.73 062 NA 035 NA 29830 137 5504 017 1.26 0389 1945
4 3CP1-8-MD-30-60CN §8.37 8.16 18.52 S42 17.77 2011 049 NA 043 NA 2720 198 47.60 0.04 0.09 031 15.00
5 ECP1-3-MD-60-100CN 5.33 731 16.59 554 1397 1644 041 NA 040 WA 2320 1947 7390 009 035 017 1633
& SCP2-5-MD-0-3CH §.03 1312 29.7% 3961 1945 360 080 MA 019 MA@ 2000 408 3457 071 3.71 120 1503
7 ECP2-E-NMD-5-10CH .00 1563 3560 3803 4494 912 076 MNA 020 NA 2340 587 6433 0.83 407 134 1543
8 ECP2-E-MD-10-30CM 8.15 14.3% 3267 3041 1966 11.03 0.60 MA 030 NA 2300 258 4442 043 185 0588 17.77
O SCP2-2-MD-30-60CN 5.42 749 16499 0838 1655 1374 047 NA 037 NA  27.00 004 2410 005 0.03 048 1519
10 3CP2-3-MD-60-100CH 543 5.54 12.58 741 1221 1345 036 NA 036 NA 2260 508 5592 023 025 016 17.53
11 3CP3-8-MD-0-5ChI 7.64 21.14 4801 7808 1436 531 0.86 MA 020 MA@ 2455 534 7834 0.77 472 148 18.88
12 2CP3-3-MD-5-10CM 7.31 1954 4435 7342 1085 360 0.833 NA 033 NA 2666 587 3302 0.81 531 169 1548
13 3CP3-8-MD-10-30CH 8.00 1235 2803 4204 11535 549 065 MA 020 NA 26836 331 6380 0.53 3.77 113 1471
14 2CP3-2-MD-30-60CM 5.08 089 2263 1465 1273 972 033 NA 070 NA 2724 000 2003 003 020 077 1515
15 BCP3-8-MD-60-100CH 25 385 347 342 536 1216 043 NA 048 NA 2666 008 2061 002 0.08 0.25 2328
16 2CP4-2-MD-0-5ChI 7.86 19905 4531 8766 12381 423 096 NA 020 NA | 2666 377 8315 067 6.86 158 1593
17 2CP4-3-MD-5-10CM 7.87 1937 4365 59111 1407 511 103 NA 022 NA | 2647 302 3313 067 672 062 1727
18 2CP4-2-MD-10-30CN 793 18.8% 42386 6677 1488 563 069 NA 027 NA | 2705 257 3742 069 619 106 1827
1% 2CP4-3-MD-30-60CM 799 1335 3030 1966 1311 6837 0.52 NA 036 NA | 2666 015 2606 026 0.68 064 1537
20 3CP4-5-MD-80-100CHI §.24 1009 2281 5335 1280 1238 045 NA 053 NA 2474 000 17.79 008 000 023 2201
21 3CP5-3-MD-0-5Ch 7.832 1669 3789 9203 1453 497 094 NA 020 NA @ 26836 1.82 6123 063 643 146 1513
22 SCP5-5-MD-5-10CM 777 18.87 4285 9071 1360 476 094 MA 021 NA | 25%0 205 T098 0.7F 7.13 135 16.63
23 SCP5-2-MD-10-30CM 7.76 2022 4591 6756 1249 447 0.72 NA 023 NA | 2705 610 6065 099 6503 123 1583
24 BCPS-2-MD-30-60CM 7.97 1228 2787 3224 1335 702 058 MA 033 NA | 2724 066 4317 036 2.72 065 18.53
235 SCP5-2-MD-£0-100CH 5.20 043 2141 459 11.66 10.72 0.50 NA 043 NA 2636 000 1453 006 0.00 044 2199
26 3CPE-3-MD-0-5CM 768 2123 48320 3945 1230 486 093 NA 013 NA 2587 22 7597 059 6.01 165 1521
27 SCPE6-3-MD-3-10CM 7.84 21.08 4785 9157 13958 5364 097 NA 019 NA 2454 211 7719 0.51 6.04 165 1677
23 3CP6-3-MD-10-30CM 7834 17834 4050 T066 1440 647 073 NA 025 NA @ 2435 214 7161 042 477 150 1631
2% 3CPE-5-MD-30-60CN 5.07 1404 3185 3606 1466 85.14 065 MA 033 NMA 2302 293 3589 030 148 056 18.7%
30 3CP6-3-MD-60-100CH 8.17 1069 2427 1202 11.58 952 0.54 NA 036 NA 2368 0.74 4243 010 033 041 1541
31 SCP7-5-MD-0-5ChI 744 1714 3852 8278 1485 550 0093 MA 020 NMA 2740 1.34 B733 044 579 137 2017
32 BCP7-E-MD-3-10CM 7.86 2196 4986 7823 1450 6532 083 MA 023 NA @ 2760 193 6350 046 557 164 2051
33 BCPT7-E-MD-10-30CM 7.78 1814 41.1% 4944 1484 663 073 MA 026 NA 2700 214 3634 050 608 121 1505
34 SCP7-2-MD-30-60CN 8.52 1586 3602 2835 1619 11.04 0.58 NA 038 NA | 2760 092 70356 0.16 1.87 054 2051
35 3CP7-3-MD-£0-100CH 3.31 7.55 17.13 645 1047 1331 044 NA 052 NA 2700 000 18.16 004 000 026 2330
36 SCPE-5-MD-0-3ChI §.01 2016 4378 7728 1342 574 088 MA 019 MA@ 2540 265 10053 066 6.71 150 17.35
37 3CPS-3-MD-3-10CM 821 18597 4308 3477 1418 601 0.83% NA 021 NA @ 2740 1.80 10043 0.57 7.20 0.87 2502
38 5CP8-5-MD-10-30CM §.11 1592 3614 5379 1337 672 0.62 MA 025 NMA | 272 2.93 76.75 0.85 610 1.02 20.15
30 SCPE-2-MD-30-60CM 8.15 1145 2600 1612 11.10 942 043 NA 046 NA | 2720 000 3155 0.03 0.15 056 20.30
40 2CPS-2-MD-£0-100CH 8.33 o435 2146 577 1023 1205 035 NA 049 NA 2560 000 38.63 005 0.03 027 2427
41 SCPO-B-MD-(-5ChI 8.05 2001 4543 3476 1401 594 0096 NA 019 NA 2820 215 9570 0.57 664 0386 1904
2 BCPS-2-MD-5-10CM 793 2030 4610 3025 1373 546 083 NA 021 NA | 2720 237 B33526 063 692 072 1818
43 SCPS-3-MD-10-30CM 794 1728 3923 61834 1425 636 067 NA 024 NA 2740 280 8341 140 321 120 17.83
44 2CPS-2-MD-30-60CM 8.2 1301 2553 1895 1345 9351 046 NA 036 NA 2700 034 4103 013 095 144 2282
43 SCPS-5-MD-60-100ChI 5.43 0.54 21.63 450 10.36 11.76 0.3 NA 043 NA 2660 000 5032 004 015 035 21.98
46 SCPI0-8-ND-0-5CM 8.13 1827 414% 5133 1330 649 0.77 NA 027 NA @ 2340 269 6443 054 315 143 2046
47 SCP10-5-MD-5-10CH §.12 18.57 4217 6632 1336 574 082 MA 021 NMA 2820 288 7583 0.73 424 155 20351
43 SCP10-8-ND-10-30CH 8.14 1473 3345 4763 1624 346 061 NA 028 NA @ 2760 292 6000 064 315 116 2142
4% 2CP10-8-MD-30-60CHI 821 1062 2411 10.1% 1488 12,83 043 NMA 042 NA 2340 000 2851 0.03 0.06 026 2215
50 SCP10-8-MND-60-100CN 3.34 6.30 1430 303 1090 1512 033 NA 055 NA 2600 007 5083 003 0.11 0.33 2313
51 BCPI11-8-ND-0-5CM 7.87 2027 4602 5657 1650 702 073 WA 020 NA | 28360 3350 6571 0.71 3.07 060 17.72
52 8CP11-8-MD-3-10CM 796 1969 4471 3850 1815 T35 077 NMA 022 NA | 2020 541 6347 0.74 2.81 060 26.13
53 BCP11-3-ND-10-30CH 792 1894 4300 3623 1640 T40 066 NA 0209 NA @ 2000 439 6353 065 2.55 068 2238
54 SCP11-5-MD-30-60CHI 5.26 7.24 1644 7.53 1514 1202 046 NA 043 NA 2780 003 31.08 005 0.00 027 26.50
55 BCP11-3-ND-60-100CHK 8.50 697 15.82 364 11.52 1433 037 NA 053 NA 2520 0383 6513 017 029 0.02 2361
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56 SCP12-3-MO-0-5CM 300 2134 4381 6133 /70 677 0.82 NA 0713 WA 2780 03 §4.04 0.33 317 0.83 2232
a7 SCP12-3-MO-5-10Ck 732 1323 4373 6133 1635 663 078 NA 021 MA 2320 120 72568 033 293 078 2184
58 SCP12-3-MO-10-30C  3.00 1674 36685 3457 1883 351 061 WA 030 WA 2300 017 6558 014 125 0.57 1344
53 SCP12-3-MO-30-60C 821 331 2250 713 W42 13712 047 WA 044 WA 2480 000 2317 0.04 0.00 0.07 2663
60 SCP12-3-MO-60-100 327 856 1344 813 127 1335 044 WA 045 WA 2460 064 7352 0.07 018 0.00 2229
51 SCP13-3-MO-0-5CM 3.1 13.55 4213 6305 W47 566 074 NA 046 Ma 2660 031 5713 012 131 141 203
Gz SCP13-3-MO-5-10Ck  G.24 20003 4562 G133 1955 597 073 MNA 053 MA 2640 033 5513 0.05 123 0.3 2086
G3 SCP13-3-MO-10-30C  3.26 1227 27.86 4235 1585 796 0.53 NA 066 WA 2560 033 6170 0.07 0.84 0.82 2350
G4 SCP13-5-MD-30-60C 837 315 2085 1837 12335 1297 052 MA 143 MA 2640 256 5355 003 0.33 0.82 2336
65 SCP13-3-MO-60-100  3.56 835 2031 1334 1002 1335 040 NA 645 WA 2460 080 3167 0.07 046 0581 2565
66 SCP14-3-MO-0-5CM 312 675 3504 6633 1757 BES 067 MA 056 MA 2550 046 5203003 152 150 2195
67 SCP14-3-MO-5-10Ck 320 17.51 3376 6476 1632 G627 0.56 WA 050 WA 2580 040 5313 011 145 135 2253
63 SCP14-3-MO-10-30C 322 1413 3221 3733 1632 346 053 WA 113 WA 2480 055 5083 0.07 087 112 2388
G3 SCP14-3-MDO-30-60C 862 972 2207 16545 107 1291 035 NA 432 NA 2340 023 2723 0.00 0.06 0.33 27.85
70 SCP-3-MO-60-100 363 796 1626  7.30 1031 1564 034 MA 54 WA 2220 321 TS99 005 023 073 3102

71 SCP15-5-MO-0-5CM 793 1762 4001 7170 1673 623 065 NA 013 MNA 1760 221 5435 0.33 214 085 3827
T2 SCP15-3-MO-5-10Ck  3.03 1763 4004 7123 3556 753 0.92 NA 032 WA 2700 2685 6582 0.32 220 0.33 1570
T3 SCP15-5-MO-10-30C 3.1 1542 35.02 4505 3243 080 0.63 Na 053 MNa 2620 273 48333 023 154 053 24.13
4 SCP15-3-MO-30-60C 347 317 2082 66 1342 462 054 NA 137 WA 2540 523 4135 003 021 025 322
79 SCP15-3-MO-60-100 360 7.96 1307 743 1027 1533 043 NA 162 WA 2200 1575 30858 0.36 0.54 017 2826
76 SCPI6-3-MO-0-5CM 803 1571 4247 8041 1577 503 081 WA 013 WA 2560 215 47.558 047 281 085 14.55
7T SCPI6-3-MO-5-10Ck 815 1863 4223 8373 1708 534 082 NA 0715 WA 2600 363 5670 033 278 0.83 44.01
T8 SCP16-5-MD-10-30C 510 1517 34.45 5275 1928 682 071 MA 027 MA 2560 118 37.02 0.22 175 063 1560
T3 SCPI6-3-MO-30-60C  3.26 M.28 2560 1333 1318 882 051 NA 377 WA 2260 003 23758 0.03 015 0.37 1677
g0 SCP15-3-MO-60-100  F.4d4  7.84 1773 057 167 1313 0.52 NA 055 WA 2260 203 5613 013 048 0.30 1544
31 SCP17-3-MO-0-5CM 316 2132 4540 8§33 866 544 0VI MNA 014 WA 2240 160 431 033 262 031 14.54
g2 SCP17-3-MO-5-10Ck 801 1344 4414 F173 1776 513 086 WA 077 WA 2620 144 5028 0.25 251 0.30 1630
3 SCP17-5-M0O-10-30C 3.1 16.60 37658 6300 1537 657 0.74 NA 022 MNa 2540 054 4375 003 186 065 3545
g4 SCP17-3-MO-30-60C  3.23 1240 2316 2544 1644 355 053 WA 023 WA 2460 125 5160 0.03 030 0.33 1502
g5 SCP1T-3-MO-G0-100 533 7.91 1796 713 1387 1615 043 NA 045 NA 2640 117 5043 013 035 016 2363
g6 SCP15-3-MO-0-5CM 733 1982 4433 3505 1746 513 075 WA 0715 WA 2520 233 47.25 027 180 123 1756
87 SCP15-5-MD-5-10Ck 501 18.753 4473 8871 1772 594 066 MA 016 MA 2520 232 5063 0.26 140 034 2361
g3 SCP15-3-MO-10-30C  3.03 15.30 4231 8223 1752 533 067 MA 076 WA 2220 028 52358 011 103 0.54 15832
g3 SCP15-3-MO-30-60C 324 M.92 27.06 3455 W23 872 037 NA 023 WA 2020 017 3095 0.07 022 022 2021
30 SCP15-3-MO-60-100 334 7.96 1306 13712 1642 415 048 NA 047 WA 2720 006 3185 0.00 0.02 0.00 2532
N SCP13-3-MO-0-5CM 820 1365 44.62 §743 4535 563 053 NA 076 MNA 2280 530 5201023 166 170 1603
32 SCP13-3-MO-5-10Ck 810 1381 4433 8647 10223 585 086 NA 017 WA 2240 300 4335 027 1596 173 2003
33 SCP13-3-MO-10-30C 813 1434 3331 74.03 1867 552 061 NA 022 WA 2180 277 34.84 017 148 115 1835
34 SCP19-5-MDO-30-60C 543 1213 2753 8296 1305 653 043 MNA 032 MNA 2060 717 40017 0.20 110 0.83 1307
35 SCP13-3-MO-60-100  §.42 925 2101 3075 W03 776 040 WA 043 WA 1360 .77 3171 053 068 0.57 2053
36 SCP20-5-MO-0-5CM 813 1736 3340 3027 1352 S21073 WA 04 WA 2180 515 4001 032 161 145 2243
37 SCP20-5-MO-5-10CF  3.26 1631 37.04 8635 1754 431078 MA 077 WA 2030 302 3713 021 137 152 1755
353 SCP20-5-MO-10-30C  3.25 1561 3544 6383 1353 6.00 063 WA 022 WA 2103 208 3064 04 112 116 1767

33 SCPE0-3-MO-30-600  S.dd 1271 2586 5162 1564 647 045 NA 026 MA 1544 265 3086 013 081 114 1573
100 SCP20-5-MO-60-10C 568 677 19.37 4235 1585 7.85 0.35 N& 023 N& 1725 1511 4254 054 0.65 0.36 14.77

101 SCPE1-5-M0-0-5CM .14 13.54 4504 8515 1665 415 067 MA 014 MA 2280 035 3023 006 051 055 2153
102 SCP2-5-MO-5-10CKk 813 1774 40258 5336 1715 430 076 NA 016 Ma 2080 101 2340 014 132 055 16.44
103 SCP21-5-MO-10-30C 825 1445 3281 6251 1617 446 043 Na 021 MNa 2120 004 2323 006 0.84 033 45.02
104 SCP21-5-MO-30-60C 8537 3.05 2054 2343 1354 543 023 Na 023 Ma 1560 1883 3721 0016 0031 005 2155
105 SCP2-5-MO-60-100 834 181 26081 2158 1733 536 0.34 Na 026 Ma 1780 281 2570 0.06 0.63 0.00 1665
06 SCP22-3-MO-0-5CM 830 15,22 34.55 6374 1667 440 054 N 013 Ma 2160 036 2561003 107 0.50 17.63
107 SCP22-3-MO-5-10CF 528 1530 36.03 6658 3033 533 070 NA 076 Ma 2180 025 2492 005 113 047 1552
105 SCPz2-53-MO-10-300 534 1421 3227 4613 3770 614 042 NA 023 MNa 2220 043 2267 005 107 047 3147
103 SCP22-3-MO-30-600 S48 G670 1521 8|75 607 300 0.20 NA 027 Ma 2040 334 4133 055 0.87 035 1296
10 SCP22-5-MO-B0-10C 560 560 1272 2326 1303 172 0.20 NA 034 NA 2120 2017 5785073 073 023 13.95
M SCP23-5-MO-0-5CKM 337 16,28 3636 5467 3073 535 063 WA 0715 WA 2240 063 2163 0.03 150 0.73 1463
Nz SCPE3-3-MD-5-10CF 833 1578 35.82 5181 1315 522 054 WA 017 NA 1500 057 3361007 126 074 23.36
N3 SCPE3-5-MD-10-30C 840 1335 3037 3377 32681 7.90 043 WA 026 NA 2120 051 2436 0.053 067 062 3113
14 SCPE3-5-MD-30-600  S.44 855 1347 481 1534 136 042 NA 037 NA - 2100 503 5153 01 042 0350 1527
153 SCPE3-5-MO-G0-10C 63533 7.65 1737 2453 160 1257 0.35 NA 041 NA - 1360 3742 7467 0032 0.83 023 17.53
16 SCPE4-5-MD0-0-3CM 533 1443 3231 5523 1946 527 067 NA 042 NA 2360 356 3342 022 183 077 13.85
17 SCP24-5-MD-5-10CF 533 19,25 34.70 5306 1353 535 072 NA 023 NA 2260 220 3375 015 175 073 3751
13 SCPE4-5-MD0-10-30C 8.3 6.1 3665 5240 1812 660 0.53 NA 024 NA 2220 338 3682 020 130 073 24.27
13 SCPE4-5-MD-30-600  S5.45 1170 26.56 Z26.65 1740 1062 0.43 MNA 040 NA 2160 ME2 4325 040 125 053 3087
120 SCP24-3-MO-60-10C §40 333 18390 434 372 1081 041 Na 060 Ma  13.00 5333 0765 0.83 081 0.25 35.586
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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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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
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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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