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Abstract: The olive oil industry produces high amounts of waste, which need to be valorized in a
more sustainable way as an alternative to its traditional use as an energy source, with high associated
CO2 emissions. Rice (Oryza sativa L.) is one of the most important crops for global food security;
however, the traditional cropping systems under flooding lead to an important decrease of soil
quality, as well as relevant emissions of greenhouse gases (GHG). The aim of this study was to assess
the GHG emission from rice fields amended with composted two-phase olive mill waste (C-TPOW),
in Mediterranean conditions. A field experiment was carried in rice cultivated by the traditional
system, either unamended (Control) or amended with C-TPOW (Compost). GHG emissions were
measured over three years following a single C-TPOW application (80 Mg ha−1 only in the first year
of study), so that the results found in the first and third years correspond to its direct and residual
effects, respectively. Compost decreased CO2 emissions relative to Control by 13% and 20% in the
first and third year after C-TPOW application, respectively. However, in the case of CH4 and N2O,
increases in the total cumulative emission were recorded in Compost relative to Control throughout
the study, in agreement with the highest β-glucosidase and urease activity observed in the amended
soil. The values of global warming potential (GWP) and yield-scaled GWP increased by 14% and 11%,
respectively, in Compost relative to Control in the first year, but no significant differences between
treatments were observed three years after application for GWP and yield-scaled GWP. Therefore,
the use of C-TPOW as soil amendment in rice fields could be a good option since its impact on GHG
emissions seems to decrease over time, while the benefit for soil remained clear even after 3 years.

Keywords: carbon dioxide; methane; nitrous oxide; organic amendment

1. Introduction

Olive groves represent a high economic and social relevance in the Mediterranean
region. The modernization of the olive oil production has led to the development of more
intensive planting schemes, such as the Super High Density (SHD) [1]. However, this
system of olive oil production also increased the amount of two-phase olive mill waste
(TPOW) produced the main sub-product of this activity. Every year, around 9.5 million
Mg of TPOW are produced in the Mediterranean region, thereby constituting a serious
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problem for the olive oil industry [2]. Indeed, TPOW discharge in ecosystems is a serious
environmental issue in many countries of the Mediterranean basin [3]. Traditionally, TPOW
has mainly been used as fuel for small boilers. However, this practice has been restricted
due to consequent environmental impacts as smoke emission from burning of this waste [4].
It is also important to stress that many olive oil industries pointed out TPOW as the main
limitation for production intensification since there is low capacity of TPOW treatment.
Thus, new alternatives are required for appropriate disposal or recycling of TPOW [5].

The Mediterranean region is also the largest rice-producer in Europe, but production
is mainly carried out under conventional tillage methods and flooding irrigation system,
which lead to well-known negative environmental impacts such as methane emissions and
soil degradation [6]. According to Patra et al. [7] the intensive tillage operations can reduce
soil quality and productivity related with decreases of the organic matter and nutrients
contents in soil, as well as modification of the soil structure. Hence, agronomic practices
contributing to increase the soil organic matter content are strongly recommended for
Mediterranean agro-ecosystems [8]. Given that TPOW contains a high amount of organic
matter (>85%), the use of compost of TPOW (C-TPOW) as an organic amendment for
rice production in fields located near olive mills could be a good strategy to recycle this
abundant sub-product and simultaneously improve soil properties [9].

Rice cultivation accounts for about 10% of global CH4 emissions, being one of the
main contributors to greenhouse gas emissions (GHG) [10]. In fact, positive and significant
correlations had been observed in paddy soils between the amounts of CH4 produced and
the soil content in terms of total organic carbon and water-soluble organic carbon [11].
Therefore, the application of organic amendments such as C-TPOW on paddy soil could
enhance CH4 production by supplying available organic substrates [12].

However, a recent study hypothesized that short-term aerobic pre-digestion of green
manured soils under dry soil conditions can lead to a reduction of methane emissions
during flooded rice cultivation [13]. Hence, any amendment to rice fields should not
increase CH4 emissions but, on the contrary, should stimulate C sequestration. This could
be achieved by the application of compost as C-TPOW, rich in carbon, that could improve
soil organic carbon stock and lead to sequestration of atmospheric CO2 [14]. However,
the effect of C-TPOW application in rice fields on other gases as nitrous oxide (N2O) or
CO2 is not known. Indeed, little is known regarding the effects of organic amendments’
application on GHG emissions in rice fields [15]. In fact, to our knowledge, no studies
provide information on GHG emissions in traditional rice fields of Mediterranean climate
with application of C-TPOW. Therefore, the aim of this field experiment was to assess the
effects of C-TPOW application in traditional rice fields on N2O, CH4, and CO2 emissions
under Mediterranean climatic conditions. Given that these effects could be time-dependent,
we considered that the measurements of GHG emissions performed on the first and third
years after C-TPOW application correspond to direct and residual impacts, respectively.
Besides, since GHG emissions relies biological soils properties, the activity of different
enzymes was also studied to assess their effects on GHG emissions and GWP.

2. Materials and Methods

The experimental field was located in the Vegas Bajas of Guadiana—Spain (38◦55′ N,
6◦57′ W). This region has a Mediterranean climate with <445 mm of precipitation, a
maximum average temperature of 24 ◦C, and a minimum average temperature of 17 ◦C [16].
The experiment was carried out from spring 2015 to autumn 2017. The rice fields, under
flooding practice for more than 11 years, had a total area of 5.35 ha and the experimental
plots occupied 1520 m2 (40 m length × 38 m width), more precisely 1080 m2 without the
protective buffer zone. Conventional rice cultivation techniques (deep plowing through
hand rotavator and flooding) were followed over the three years of the study. The variety
of rice (Oryza sativa L.) used was Gladio. Conventional tillage of the soil was carried out
incorporating the crop residues of the previous year’s harvest, taking advantage of the
autumn rains to incorporate rice straw. The soil was classified as Hydragic anthrosol [17].
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The granulometric analysis carried out showed a value of 20.9% clay, 28.8% silt, and 50.3%
sand, leading to a classification of loam texture according to [18]. The main characteristics
of the 0–20 cm soil layer are presented in Table 1.

Table 1. Effects of different management systems on soil physicochemical properties (0–20 cm depth).
Mean value and standard error of 3 replicates.

2015 2016 2017 Y T Y × T

Control Compost Control Compost Control Compost F-Values F-Values F-Values

TOC (g kg−1)
10.9 aA
(0.186)

20.3b AB
(0.058)

13.4 aB
(0.641)

22 bB
(1.28)

13.9 aB
(0.034)

19.1 aB
(0.171) 6.84 * 218 *** NS

WSOC (mg kg−1)
72.7 aA
(4.57)

490 bC
(6.24)

113 aB
(3.28)

401 bB
(19.8)

220 aC
(2.88)

325 bA
(7.68) 7.21 * 4389 *** 102 ***

FA (g kg−1)
0.848 aB
(0.012)

1.02 bB
(0.002)

0.773 aA
(0.024)

0.784 aA
(0.033)

1.03 aC
(0.019)

1.19 bC
(0.020) 139 *** 37.7 ** NS

HA (g kg−1)
1.49 abB
(0.053)

1.60 bB
(0.007)

0.659 aA
(0.091)

1.25 bA
(0.036)

1.48 aB
(0.020)

1.88 bC
(0.030) 108 *** 155 *** NS

HI 13.7 bC
(0.250)

7.89 aB
(0.056)

4.91 aA
(0.587)

5.70 aA
(0.274)

10.7 bB
(0.172)

9.84 aC
(0.243) 204 *** 53.1 ** 65.8 ***

pH 4.93 aA
(0.026)

6.06 bB
(0.052)

5.27 aB
(0.009)

5.76 bA
(0.003)

5.65 aC
(0.012)

5.80 bA
(0.023) 38.2 *** 1710 *** 142 ***

N (g kg−1)
0.770 aA
(0.008)

1.61 bA
(0.059)

1.47 aB
(0.010)

2.31 bB
(0.014)

1.85 aC
(0.046)

2.48 bC
(0.012) 661 *** 581 *** NS

Eh (mV) −110 aA
(5.42)

−178 bA
(10.9)

−143aB
(10.7)

−200bA
(7.31)

−173 aB
(9.60)

−188 aA
(3.19) 47.8 *** 18.4 * 24.7 **

TOC: Total Organic Carbon; WSOC: Water Soluble Organic Carbon; FA: Fulvic Acid; HA: Humic Acid; HI:
Humification index; N: Total Nitrogen; Eh: Redox Potential. Rice cultivated by traditional tillage techniques
(Control) and with application of C-TPOW (Compost). ANOVA factors are Y: Year; T: Treatment; Y× T: Interaction
Year × Treatment. F-values indicate the significance levels * p < 0.05; ** p < 0.01; *** p < 0.001, respectively, and NS:
not significant. Different letters indicate differences (p < 0.05) between treatments in the same year (lower case
letters) and between years within the same treatment (upper case letters).

2.1. Experimental Design and Agricultural Management Practices

The field was split into six plots of 18 m × 10 m, where a sowing rate of 180 kg ha−1

of rice was applied. Three repetitions of the following treatments were considered: 1. Rice
cultivated by traditional tillage techniques (Control), and 2. Rice cultivated by traditional
tillage techniques with application of C-TPOW (Compost). The plots were separated by
ridges (35 cm high) with a 4 m wide protective buffer zone set up between adjacent plots.
A C-TPOW from a national oil mill was used as organic amendments at an application
rate of 80 Mg ha−1, an application dose, which can be considered normal when organic
amendment is applied from time to time. This application was carried out manually only
once throughout the study and one month before the start of cultivation (April 2015), the
C-TPOW was incorporated at a depth of 15–20 cm using disc harrow. The main properties
of C-TPOW were as follows: Total Organic Carbon (TOC) content of 384 g kg−1, Humic
Acid (HA) 47.9 g kg−1, Fulvic Acid (FA) 18.9 g kg−1, Humification index (HI) 12.5, pH 7.71,
Electrical Conductivity (EC) 2.32 dS m−1, and Total Nitrogen (N) 21.7 g kg−1. Therefore,
the C-TPOW application rate of 80 Mg ha−1, supplied approximately 31 Mg C ha−1 to soil.

In both treatments, regional management tasks were carried out, such as the perma-
nent flooding of the rice crop throughout its biological cycle and deep plowing prior to
sowing. The edges of the treatment plots, were created with a height of 40 cm to favor the
containment of water in the treatments; the water level maintained in the treatments was
about 10 cm. Each year, after harvest of the crop (October), four subsamples of soil were
taken from each of the plots for soil properties determinations. The subsamples from each
plot were mixed and homogenized to get a composite sample for every plot (i.e., total of
6 composite samples each year).



Agronomy 2022, 12, 1344 4 of 17

The fertilizers used were the same in both treatments and in all years of the study. Thus,
composite fertilizer at a dose of 49.5 kg N ha−1; 99 kg P2O5 ha−1, and 148.5 kg K2O ha−1

was applied before sowing as basal fertilization at rate of 550 kg ha−1, and then two
applications of urea as cover N fertilizer at a rate of 92 kg N ha−1 and 69 kg N ha−1 at
tillering and at panicle initiation stages, respectively.

2.2. Analytical Methods

The granulometric analysis of soil was performed by destruction of the organic matter
of the samples by means of hydrogen peroxide (6%). A sodium hexametaphosphate
solution was used as a dispersant. The fine fractions (clay and silt) were determined by
sedimentation following the Robinson pipette method [19]. The coarse fractions (sands)
were obtained by sedimentation to subsequently determine the different sub-fractions by
dry sieving. TOC of soil was measured by the wet oxidation method, with potassium
dichromate and subsequent evaluation of the excess of ferrous ammonium sulfate [20].
Water Soluble Organic Carbon (WSOC) of soil, was determined by extraction with distilled
water in a ratio of 1/100 (w/v) and then a partial oxidation of the carbon was carried out
with 1N potassium dichromate in a sulfuric acid medium followed by quantification by
spectrophotometry at =590 nm [21]. Redox potential (Eh) was measured in a saturated
solution (1:2 (w/v) soil/water ratio) using a platinum electrode. Measurements of the soil
pH, FA, and HA contents were also performed, as described by López-Piñeiro et al. [22]. N
(Kjeldahl) was also measured as described by Sánchez-Llerena et al. [23]. Determinations of
soil enzyme activities were carried out according to López-Piñeiro et al. [5] (Table 2). Briefly,
for Dehydrogenase (DH) activity, 1 g of soil was incubated for 20 h at 20 ◦C in darkness
with 0.20 mL of 0.4% 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium (INT)
chloride as substrate. The activity of β-glucosidase (GL) was determined by incubating 1 g
of soil with 4 mL of 25 mM 4-nitrophenyl-β-d-glucopyranoside in 0.1 M modified universal
buffer (MUB) pH 6.0. To assay the urease (UR) activity, 2 mL of 0.1 M pH 7.0 phosphate
buffer and 0.50 mL of 1.07 M urea were added to 0.50 g of soil and incubated for 1.5 h at
30 ◦C.

Table 2. Effects of different management systems on soil enzyme activities (0–10 cm depth). Mean
value and standard error of 3 replicates.

2015 2016 2017 Y T Y × T

Control Compost Control Compost Control Compost F-Values F-Values F-Values

DH
(µg INTF g−1 h−1)

0.560 aA
(0.015)

1.42 bB
(0.058)

0.487 aA
(0.033)

0.810 bA
(0.165)

0.820 aB
(0.064)

0.963 aA
(0.018) NS 44.1 * 11.9 *

GL
(µmol pNP g−1 h−1)

0.123 aA
(0.012)

0.780 bB
(0.160)

0.110 aA
(0.015)

0.390 bA
(0.012)

0.077 aA
(0.011)

0.267 bA
(0.021) NS 43.8 * NS

UR
(µg NH4

+ g−1 h−1)
4.62 aA
(1.15)

14.1 bA
(2.12)

6.84 aA
(1.36)

24.4 bB
(1.31)

8.79 aA
(2.47)

26.8 bB
(1.85) 12.1 * 161 *** NS

DH: Dehydrogenase Activity; GL: β-glucosidase Activity; UR: Urease Activity. Rice cultivated by traditional
tillage techniques (Control) and with application of C-TPOW (Compost). ANOVA factors are Y: Year; T: Treatment;
Y × T: Interaction Year × Treatment. F-values indicate the significance levels * p < 0.05; *** p < 0.001, respectively,
and NS: not significant. Different letters indicate differences (p < 0.05) between treatments in the same year (lower
case letters) and between years within the same treatment (upper case letters).

2.3. Greenhouse Gas Emission Measurements

Greenhouse gas emissions were manually assessed throughout the rice growing cycle
(May to October) using the static chamber techniques following the procedure described
by Fangueiro et al. [10]. In each treatment, six high-density polyethylene chambers (40 cm
diameter and 30 cm height) were placed in the soil, immediately after tillage operations.
Each chamber was buried at a depth of 10 cm in the soil. The upper end of the chambers was
open to the air and was closed at the time of each sampling with an airtight lid. Inside each
chamber, a fan was introduced with a wiring system that would allow them to be turned on
from outside the chamber, with the aim of homogenizing the air before each measurement.
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Furthermore, it is important to note that there were no plants in the chambers. Air samples
were collected from the chamber headspace immediately after closure and 30 min after
setting up the chamber. Gas sampling in each chamber was performed using a 60 mL
syringe; 20 mL of each gas sample were then transferred to a glass vial sealed with a Teflon
septum. At each sampling, the temperature inside the chamber was recorded. Air samples
were stored in the dark and kept at a temperature of 20 ◦C, until their subsequent analysis,
which was performed as soon as possible without exceeding 48 h of storage in any case.
The gas samples were analysed according to Ekeberg et al. [24] using a mass selective
detector (MS), model 5973 (Agilent, Santa Clara, CA, USA), connected via an interface to an
Agilent 6890 N gas chromatograph (GC). The column used was a CP Pora Plot Q capillary
column (Variant Inc., Palo Alto, CA, USA) with dimensions of 27.5 m, 0.32 mm, and 10 mm.
Helium (Praxair, Madrid, Spain) was used as the carrier gas at a flow rate of 2 mL min−1.
The volume injected into the GC was 1 mL through direct injections (splitless mode). The
MS was used in selected ion monitoring (SIM) mode. The selected ions were m/z 22 for
CO2, m/z 15 for CH4, and m/z 44 for N2O. The retention times for CO2, CH4, and N2O
were 1.46, 1.19, and 1.61 min, respectively. Thus, the total time for one sample was set to
3.3 min. This method was tested against certified gas references; the analytical data gave a
precision of ±3%.

The standards gases, which were representative of gas concentration expected, were
analysed alongside field samples. Five standard gases were purchased from BOC (British
Oxygen Company, Woking), and their compositions were: Standard 1: 0.329 ppm N2O,
2.05 ppm CH4, and 297 ppm CO2; Standard 2: 0.948 ppm N20, 5.18 ppm CH4, and
593 ppm CO2; Standard 3: 1.59 ppm N2O, 10.18 ppm CH4, and 1198 ppm CO2; Stan-
dard 4: 5.23 ppm N2O, 50.1 ppm CH4, and 2467 ppm CO2; Standard 5: 40.2 ppm N2O,
101.2 ppm CH4, and 5022 ppm CO2.

2.4. Calculations and Global Warming Potential

The N2O, CH4, and CO2 emission fluxes (F, ppm min−1) were first calculated based
on the difference in their respective concentrations at 0 and 30 min using Equation (1):

F =
(Ct30− Ct0)

30
(1)

where C (ppm) is the gas concentration at time 0 or 30 min [25,26]. CO2, CH4, and N2O
emission rates (ER, g C or N ha−1 d−1) for each sampling period were calculated using
Equation (2).

ER =
F×M

V ×
(

273+T
273

) × h× k× 10000 (2)

where F is the gas emission flux calculated above (ppm min−1), M is the gas molecular
weight (44 g mol−1 for CO2 or N2O and 16 g mol−1 for CH4), V is the volume of an ideal
gas (0.022 m3 mol−1), T is the temperature during the sampling period (in ◦C), h is the
height of the chamber (m), and k is the time corrected for a 1-day duration (1440 min).
The cumulative emission was estimated by averaging the flux between two samplings
and multiplying by the time interval. The linearity of the gas concentration increase was
assessed at the beginning of the experiment and then checked regularly, especially after
each action described in Figures 1–3. For this, the procedure described below for gas fluxes
determination was followed and air samples from each chamber were taken at 0, 15, 30,
45, and 60 min. This procedure was performed for one replicate of each treatment. Based
on the results obtained on the first day, an enclosure time of 30 min was chosen for all
measurements.
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Figure 1. Effect of different management systems on CO2 emission rates throughout rice growing
cycle. The error bars represent the standard error of the mean (n = 3). T: Tillage and fertilizer,
C: Cover fertilizer, F: Flood, E: Emptying of terraces, H: Harvest. The numbers in parentheses on the
x-axis indicate days after sowing (DAS).
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Figure 2. Effect of different management systems on CH4 emission throughout the rice growing cycle.
The error bars represent the standard error of the mean (n = 3). T: Tillage and fertilizer, C: Cover
fertilizer, F: Flood, E: Emptying of terraces, H: Harvest. The numbers in parentheses on the x-axis
indicate days after sowing (DAS).
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Figure 3. Effect of different management systems on N2O emission throughout the rice growing cycle.
The error bars represent the standard error of the mean. T: Tillage and fertilizer, C: Cover fertilizer,
F: Flood, E: Emptying of terraces, H: Harvest. The numbers in parentheses on the x-axis indicate days
after sowing (DAS).
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The net global warming potential (GWP, Mg CO2 eq ha−1) for both treatments were
calculated using the GWP coefficients based on a 100-year time frame [27], using Equation (3).

GWP
(

Mg CO2eq ha−1
)
= (CO2) + (CH4 × 28) + (N2O× 265) (3)

where CO2 is the cumulated amount of CO2 emitted in kg CO2 ha−1, CH4 is the cumulated
amount of CH4 emitted in kg CH4 ha−1, and N2O is the cumulated amount of N2O emitted
in kg N2O ha−1.

The GWP was also expressed per grain yield unit (yield-scaled GWP) as described by
Fangueiro et al. [10]. The yield data have been analysed and extensively discussed by Peña
et al. [28].

2.5. Statistical Analysis

Statistical analysis was performed using SPSS software package version 22.0. A
two-way ANOVA with repeated measures on the factor “year” was used to analyse the
greenhouse gas parameters, and the Student’s t-test was used to test the significance of
the differences between treatments. The Pearson correlation coefficient was used to study
possible correlations between cumulative GHG emission rates and different soil properties
(n = 18). All the statistical analyses were carried out with a significance level of 0.05.

3. Results and Discussion
3.1. CO2 Emissions

The effects of C-TPOW application to soil on CO2 emission rates over the rice growing
cycle during the years 2015, 2016, and 2017 are shown in Figure 1. The most significant
emission occurred in the drainage intervals of the fields, a situation that could be caused by
a greater microbial activity during these intervals. Thus, Sahrawat [29] indicated that, due
to the lack of oxygen under flooding conditions, the decomposition of soil organic matter is
carried out at a slower rate by facultative and obligate anaerobes that operate at a much
lower energy level than aerobic microorganisms, thus emitting less CO2 with flooding
irrigation. Therefore, the higher CO2 emission fluxes could be associated with the formation
of cracks in the soil during dry periods, a situation that can facilitate the release of this gas,
since during flooding, a large proportion of the soil pores are filled with water, so aeration
is very restricted and consequently the flow of CO2 decreases [30]. In general, the highest
CO2 fluxes were observed between 10–15 and 70–80 days after sowing (DAS) (Figure 1), in
agreement with results reported by Das et al. [31]. Similar results were reported by several
authors [32,33], who observed a low flow of CO2 between the beginning of rice growth and
the three-leaf stage (10–15 DAS), with increases from this stage until the panicle emergence
one (70–80 DAS) and then decreases in the reproductive stage. As the plant grows, the rate
of photosynthesis increases and part of the photosynthates are released as root exudates,
composed mainly of easily degradable C substrates that contribute to the labile C pool
of soil and stimulates microbial activity. Furthermore, an increase in CO2 emissions is
observed after topdressing fertilization, probably due to the fact that the microorganisms
that processed urea (during the nitrification-denitrification processes) consumed carbon to
later emit it in the form of CO2.

Generally, both treatments follow similar CO2 emissions pattern with differences in
the intensity of the emissions peaks. It indicates that the observed CO2 emissions rely
mostly on climatic conditions, namely temperature and soil moisture as well as on the rice
management practices, as previously referred. The application of organic amendments
together with fertilizers improved the available organic carbon stock and increased CO2
emissions by promoting the utilization of organic carbon by microbes [32]. Furthermore,
it is important to refer the differences observed in CO2 emission peaks throughout the
growing cycle between years. Thus, in 2015 and 2017 years, CO2 emissions higher than
54.5 kg CO2-C ha−1 d−1 were found during the first month of the study (May), while in
the same period of 2016, residual CO2 emissions were observed (Figure 1). This could be
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attributed to the different temperatures observed in May between the three years of the
study, since there is evidence that higher temperatures lead to increased CO2 emissions
(e.g., [10,34]). Indeed, whereas in May 2016 the mean value of temperature registered was
16.5 ◦C, in the same period for 2015 and 2017 it was close to 20 ◦C. Similarly, at the end of
August 2017, a large CO2 emission peak was observed after the second cover application
of fertilizer, namely under Control treatment (Figure 1) while in 2016 and 2015, such a
peak was not observed. As above, this could be attributed to differences observed in the
temperature values between the different years of study (23.8, 25.3, and 27.9 ◦C in 2015,
2016, and 2017, respectively). Nevertheless, in this specific case, the CO2 emission peak
was observed only from Control treatment while in Compost treatment, CO2 emissions
remained residual. The reason for this is not clear since during this period, some C release
was expected to happen mainly through CH4 since the field was flooded.

The effect of the two management systems tested here on the total amount of CO2
released is shown in Table 3. In the first year of the study (direct effect), there were
no significant differences between Control and Compost treatment with a cumulative
emission value of 1665 kg of CO2-C ha−1 (Table 3). Similar CO2 losses were observed
by Harada et al. [35] in Japanese rice fields. Likewise, Pandey et al. [36], who evaluate
the effects on GHG emissions of organic fertilizer application in flooded rice, reported
1840 kg CO2-C ha−1 of total CO2 emissions. During the second year, Compost treatment
emits a higher concentration of CO2 than Control management, although the differences
were not significant. This finding could be due to mineralization of organic amendment
after one year since its application. In fact, the level of WSOC in Compost treatment
decreased significantly in 2016 compared to 2015 (Table 1), given that this fraction of
organic matter one of the main C sources for microorganisms and a vital environmental
factor that determines soil CO2 emission process (e.g., [34]). Similar results have been
observed by Wang et al. [37], who found that amended soils increased CO2 emission
relative to unamended soil under traditional rice management, probably due to higher
soil organic carbon decomposition in amended soils. However, in the third year, the
highest value of CO2 emission was found under T treatment (Table 3). In fact, over
the three years of study, higher values of cumulated CO2 emissions were observed in T
treatment than in TC treatment, although the differences were not statistically significant
(Table 3). These results could be related to a greater availability of N in the amended soils
(fertilizers + C-TPOW), which decreases the need for soil microorganisms to mineralize
soil organic matter as a source of N needed for growth and reproduction [38]. Indeed,
under laboratory conditions, Al-Kaisi et al. [39] found that cumulative CO2 emissions
were higher without N applications and decreased when the N rate application increased,
which could be attributed to suppression of microbial respiration under high rates of
N fertilizer application. Moreover, it is important to highlight that the cumulative CO2
emission significantly increased over the study year under Control management. Thus, in
2017 the cumulated CO2 emission in Control treatment increased by a factor of 2.20 relative
to 2015 (Table 3). This result could be due to the high increasing number of weeds under
Control management, since weed density in Control was four times higher in the first year
compared to the third year [28], with species of the genus Echinoclhoa and Leptoclhoa as the
most abundant. In fact, a significant and positive correlation was observed between WSOC
levels and cumulative CO2 emissions (r = 0.971, p < 0.01) under Control management.
Due to the incorporation of biomass through weeds, the immediate production of CO2
could be increased due to the oxidation of labile organic C fraction, as referred by Conrad
et al. [40]. Additionally, the significant increase in pH values under Control treatment over
the three years (Table 1) could explain the significant increase in cumulated CO2 emissions
in the last year. Khan et al. [41] found that soil acidification decreases microbial activity by
suppressing the decomposition of organic carbon that microbes use as a source of energy.
In fact, the enzymatic activities analysed in our study showed increases in 2017 relative to
2015 in both treatments (Table 2).
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Table 3. Effect of the different management systems on the cumulative emission of CO2, CH4, and
N2O (kg ha−1) during the rice cultivation cycle. Mean and standard error of 3 replicates.

2015 2016 2017 Y T Y × T
Control Compost Comtrol Compost Control Compost F-Values F-Values F-Values

CO2-C (kg ha−1) 1780 aA
(144)

1552 Aa
(379)

2086 aA
(206)

3189 aA
(544)

3994 aB
(86)

3208 aA
(603) 46.1 *** NS 11.6 *

CH4-C (kg ha−1) 279 aA
(48.9)

360 aA
(57.9)

258 aA
(22.3)

463 bA
(58.8)

229 aA
(2.92)

337 bA
(48.6) NS 9.60 ** NS

N2O-N (kg ha−1) 2.19 aA
(0.500)

2.89 aA
(0.194)

1.51 aA
(0.269)

5.31 bAB
(0.865)

4.11 aB
(0.227)

7.45 bB
(1.305) 25.4 *** 10.4 ** 6.28 **

Rice cultivated by traditional tillage techniques (Control) and with application of CW (Compost). ANOVA factors
are Y: Year; T: Treatment; Y × T: Interaction Year × Treatment. F-values indicate the significance levels * p < 0.05;
** p < 0.01; *** p < 0.001, respectively, and NS: not significant. Different letters indicate differences (p < 0.05)
between treatments in the same year (lower case letters) and between years within the same treatment (upper
case letters).

3.2. Emissions CH4

Methane is the most abundant organic trace gas in the atmosphere, with a warming
potential 20 to 30 times higher than CO2 [42]. The production of CH4 in the soil is a strictly
anaerobic microbial process known as methanogenesis that requires a low redox potential
(Eh < −150 mV, [43]).

The effect of C-TPOW application to rice soils on CH4 emission rates over rice growing
cycles during 2015, 2016, and 2017 are shown in Figure 2. After the beginning of irrigation
(about 7 days), under low concentrations of oxygen in soil and when the redox potentials
(Eh) are lower than −165 mV (Table 1), emission of CH4 started due to the reduction of
carbon dioxide [44]. Other authors indicate that CH4 production is greatly favored by
pH values between 6 and 8 and the supply of low molecular weight fatty acids derived
from easily degradable organic matter [45]. However, there are several other biotic and
abiotic factors that influence the seasonal dynamics of CH4 flux in paddy field. It is still
noteworthy that punctual CH4 emission peaks were observed, coinciding with specific
tasks, as topdressing fertilization. In fact, a positive correlation of CH4 emission with the
activity of UR was observed (r = 0.681, p < 0.01). The process starts as urea processing by mi-
croorganisms imply C consumption, thus causing the emission of CH4 [46]. Such a process
was strongly enhanced when the application of N fertilizer was preceded by the organic
amendment (C-TPOW). Indeed, the values of accumulated CH4 emissions were 1.29, 1.80,
and 1.48 greater in Compost than Control for 2015, 2016, and 2017, respectively (Table 2).
In addition, it is reported that NH4

+-N inhibits the oxidation of CH4 at the biochemical
level [47]. Moreover, the increases of CH4 emission after C-TPOW observed in the short
and long term, could also be attributed to the stimulation of soil microorganism [48]. In fact,
cumulative CH4 emission was positively correlated with GL (r = 0.568, p < 0.01) indicating
the importance of enzymatic activities involved in important processes such as organic
matter decomposition in rice soils. It is also important to highlight that a strong decrease of
CH4 emissions was observed at the end of the crop cycle, after the drainage of the water for
the subsequent harvest. Similar results had been found by Wang et al. [49] who observed
high CH4 emissions at the tillering stage (basal fertilizer and tillering fertilizer at 20 DAS)
and low CH4 emissions at the other growth stages. Nevertheless, it is important to note that
during 2016 and 2017, similar CH4 emission patterns under both treatments were found.
However, in 2015, no significant peak of CH4 emission was observed during the first half
of the growing cycle, regardless of the treatment (Figure 2). Due to inverse relationship
between CH4 and CO2 in C emission from flooding rice soils [50], these results could be
explained by high peaks of CO2 found in 2015 during the initial stages of crop. In fact, in
2015 the highest peak of CH4 emission is in line with residual emission for CO2.

Table 3 shows the effect of C-TPOW application on the cumulated CH4 released during
the rice cultivation cycle throughout the 3 years of the experiment. The total amount of
CH4 released over the 3 years in both treatments ranged from 229 to 463 kg of CH4-C ha−1

(Table 3). Similar values of CH4 losses have been reported by different authors, in soils
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similar to the one used here in terms of total N concentration and TOC (2.10 g kg−1,
17.9 g kg−1, respectively) [51]. Ishfaq et al. [52] showed cumulated emission of 255–317 kg
CH4-C ha−1 in flooded rice fields throughout the crop cycle. In addition, a recent report
from FAO [53] indicated a CH4 release of 378 kg of CH4-C ha−1 in rice cultivation for the
year 2017.

The application of C-TPOW increased significantly the cumulated CH4 emission by a
factor of ~1.62 (average value for 2016 and 2017) relative to the Control treatment. Such
a result can be attributed to the increase of the C substrate for methanogenic bacteria
and a decrease in the redox potential [54], after the application of organic amendments to
flooded soils such as those dedicated to rice cultivation [55]. In fact, in our study we found
significant correlations between cumulative CH4 emission and TOC (r = 0.651, p < 0.01) as
well as cumulative CH4 emission and WSOC (r = 0.579, p < 0.01). Furthermore, values of
Eh significantly decrease after C-TPOW application, especially in the first year (Table 1).
These results indicated that organic matter not only provides substrates for methanogens
but also accelerates the reduction process [12]. Thus, the Compost treatment showed higher
CH4 emission fluxes than Control treatment in the initial stages of the crop cycle, over the
three years of the study, since Eh values necessary for methanogenesis were reached earlier
(Figure 2).

3.3. Emissions N2O

Nitrous oxide is generated in the soil from microbial processes known as nitrification
and denitrification, being a gas with a high global warming potential, 265 times higher than
CO2 [56]. Therefore, reducing N2O emissions is a priority in order to avoid global warming.

Figure 3 shows the effects of C-TPOW application to rice soils on N2O emission
rates over rice growing cycles during 2015, 2016, and 2017. It is commonly assumed that
anaerobic conditions greatly reduce the production of nitrates [57] and may, consequently,
lead to lower N2O emissions. Overall, the N2O emissions observed here are fundamentally
influenced by fertilization practices, especially topdressing fertilization (Figure 3). Similarly,
Sander et al. [58] reported that most N2O emissions occurred after nitrogen fertilization.
In fact, a positive and significant correlation has also been observed here between N
application and N2O emission rate (r = 0.477, p < 0.05), as reported by other authors [59].

It is important to highlight that, in the first and last year of the study, the N2O emission
observed in both treatments followed a similar pattern throughout the rice growing cycle
(Figure 3). However, in the second year, higher N2O fluxes were observed from Compost
in relation to Control for several days (from 40 until 100 DAS). This situation could be
attributed to highest value of temperature registered in 2016. Thus, during the months
of June, July, and August, the average maximum temperatures reached a value of over
35 ◦C, leading to an increase of 4.6% compared to same months of 2015 and 2017. Different
authors have suggested that an increase of 2 ◦C of temperature could significantly increase
the nitrification and denitrification rates [60] and hence also the N2O emissions. A higher
temperature can be expected in the Compost amended soil compared to the Control due to
a high temperature retention capacity provided by the C-TPOW. Additionally, as mentioned
above, the highest emission peaks were due to the application of topdressing fertilization,
with a clear increase in N2O emissions in the last year of the study (Figure 3).

Previous studies showed high N losses through the denitrification process in rice soils
where organic amendments had been applied in relation to soils without amendment or
fertilized with chemical fertilization [61]. Köster et al. [62] indicated that the application
of organic amendments provides energy for soil microorganisms, increasing the micro-
bial biomass as well as the denitrification rate due to a decrease in redox potentials [30].
However, unlike what was observed in the first year after C-TPOW where no significant
increases of N2O emissions were observed, a significant increase of N2O emission rates
(1.8 times higher in Compost compared to Control) was observed in third year (Table 2).
In the present study, the topdressing fertilizer used was urea, which has a higher leaching
potential. In fact, authors such as Jiang et al. [63] also reported a 14.9% loss of N by leaching
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using urea as fertilizer. However, once the urea is converted to ammonium, leaching may
be reduced since ammonium is relatively immobile [63], especially in soils with high soil
organic matter content. Therefore, in Compost treatment, the N lost by leaching process
should have been reduced, leading to higher N2O emission rate [64]. The increases of N2O
emission in C-TPOW amended soil were significant only from the second year onward
probably due to a slower amendment mineralization under anaerobic conditions [65].

On the other hand, it is important to highlight the effect of UR activity on the emission
of N2O, since this enzyme contributes to the conversion of urea to NH4

+, which is the
substrate for nitrification process. Thus, the cumulative N2O emissions were positively
correlated with UR activity (r = 0.785, p < 0.01), reflecting that N2O emissions depend
greatly on soil enzyme activities and especially UR. Therefore, the higher activity of UR
observed in Compost relative to Control, regardless of the year considered (Table 2), could
also explain the increases in N2O emission fluxes in the amended treatment (Table 3).

3.4. Global Warming Potential

Table 4 shows the effects of the treatments on Global Warming Potential (GWP) and
yield based GWP (GWPr) over the three years study, as well as the level of significance of
the variable years (Y), treatments (T), and the interaction between both (Y × T).

Table 4. Effect of the different management systems for the global warming potential and the global
warming potential based on the agronomic yield of rice during the rice cultivation cycle. Mean value
and standard error of 3 replicates.

2015 2016 2017 Y T Y × T

Control Compost Control Compost Control Compost F-Values F-Values F-Values

GWP (Mg CO2 eq ha−1) 17.8 aA
(0.207)

20.3 bA
(0.821)

17.9 aA
(1.59)

31.2 bB
(3.30)

24.9 aB
(0.287)

27.5 aAB
(3.33) 8.56 ** 9.11 ** 5.96 **

GWPr (kg CO2 eq kg−1) 1.62 aA
(0.019)

1.80 bA
(0.073)

2.86 aB
(0.254)

6.03 bC
(0.636)

2.94 aB
(0.034)

3.52 aB
(0.426) 45.5 *** 15.7 ** 15.9 ***

Rice cultivated by traditional tillage techniques (Control) and with application of C-TPOW (Compost). ANOVA
factors are Y: Year; T: Treatment; Y × T: Interaction Year × Treatment. F-values indicate the significance levels
** p < 0.01; *** p < 0.001, respectively, and NS: not significant. Different letters indicate differences (p < 0.05)
between treatments in the same year (lower case letters) and between years within the same treatment (upper
case letters).

The mean value of GWP for Control treatment did not vary significantly between the
three years and was equal to 20.3 Mg CO2 eq ha−1. Similarly, Win et al. [66], in a field study
with rice, reported a value of 20 Mg CO2 eq ha−1. The application of the C-TPOW caused a
significant increase of the GWP value. However, on the third year of the experiment, no
significant differences were observed between treatments (Table 4). These results indicated
that the effects of C-TPOW on GWP were time-dependent, probably as a result of the
amendment stabilization over the years [67]. In fact, the values of FA and HA in Compost
treatment increased significantly in the third year compared to the first year as a result
of the humification process (Table 1). Thus, some of the GHG mitigation strategies from
agricultural soils are based on using management systems that reduce the mineralization
rate of organic matter in addition to increasing C sequestration in the soil [30].

Considering the contribution of each gas to GWP value, in both treatments N2O
represented less than 9% and CH4 was the most significant contributor to GWP for Compost
treatment with 53.6%, while in Control it represented 49.3%. However, the contribution
of CO2 in treatment Control represented 43.3%, whereas in Compost it was 36.6%. An
analysis of the effect of new rice management systems on the GWP may be incomplete
if it does not consider the impact of these systems on agronomic performance. In fact,
it is important to assess if the proposed systems are sustainable, environmentally and
economically, being essential to keep agronomic yields at acceptable levels. Therefore, to
globally evaluate the effect of the different production systems on the GWP, the yield based
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GWP was also calculated based on the agronomic performance, as recommended by Van
Groenigen et al. [68].

Similarly to GWP results, the effects of C-TPOW on GWPr were timing-dependent
(Table 4). During the first year, a significant increase of GWPr in Compost relative to
Control was observed. This result is in agreement with the meta-analysis conducted
by Zhao et al. [69] who, after reviewing 230 publications, indicated that the application
of organic amendments in rice cultivation could cause an average increase of 37.3% in
GWPr values. However, in the third year, there were no significant differences between
both treatments (Table 4) with values of GWPr similar to those reported by Fangueiro
et al. [10] under edaphoclimatic conditions similar to those of the present study. It is
important to highlight the increases observed in the GWPr values in 2016 compared to 2015,
regardless of the treatment selected (Table 4). Indeed, the values of GWPr for Control and
Compost treatment in 2016 were 2.86 and 6.03 kg CO2 eq kg−1, respectively. These results
could be attributed to the decrease in yield observed in 2016 compared with 2015 due to
temperatures higher than usual, as has been mentioned previously, giving rise to high
levels of spikelet sterility [25]. Therefore, based on these findings, to reduce the adverse
effects of climate change such as global warming and ensure food security, there is a need to
develop alternative rice farming systems [70]. Furthermore, the increases of GWPr values
in 2017 relative to 2015 in both treatments could have been motivated by the decline in rice
yield after different years of monoculture under tillage and flood irrigation [71].

4. Conclusions

The application of C-TPOW in rice fields induces changes in the soil properties such as
quantity and quality of organic matter, pH, as well as the enzymatic activities, which, in turn,
modify the emissions of GHG, a key aspect in rice crop. Indeed, the results presented here
shown that application of C-TPOW has significant effects on GHG emissions throughout
the rice growing cycle. CH4 emissions increased significantly with C-TPOW application,
especially during the first year after application, while CO2 emissions, observed mainly
during drainage of the field, were slightly reduced in the amended soil. In the case of
N2O, a clear effect was observed throughout the study, with an important increase of
N2O emission with C-TPOW application, due to high UR activity when soil received this
amendment.

Although the GWP and yield-scaled GWP may increase immediately after C-TPOW
application (direct effect), no significant differences between treatments were found three
years after application (residual effect), probably due to the amendment stabilization.
Nevertheless, further studies are needed to clarify the long-term effects of C-TPOW on
GHG emissions, since adoption of effective strategies for mitigation of GHG emission is
crucial to achieve a sustainable rice production.

Author Contributions: Conceptualization, A.L.-P., D.P.F., D.P.A. and D.F.-R.; methodology, Á.A.,
D.P.A. and D.F.-R.; validation, D.P.F.; formal analysis, A.L.-P., D.P.F., J.M.R.-N. and D.F.-R.; inves-
tigation, A.L.-P., D.P.A., Á.A., J.M.R.-N. and D.F.-R.; resources, Á.A., A.L.-P. and J.M.R.-N.; data
curation, D.P.F., D.P.A. and D.F.-R.; writing—original draft preparation, Á.A., D.P.F. and D.F.-R.;
writing—review and editing, A.L.-P., D.P.A. and D.P.F. and D.F.-R.; visualization, J.M.R.-N., Á.A. and
D.P.F.; supervision, A.L.-P., D.P.A. and D.P.F.; project administration, A.L.-P.; funding acquisition,
A.L.-P. All authors have read and agreed to the published version of the manuscript.

Funding: Support for this work was provided by grant AGL2013-48446-C3-2-R founded by Spanish
Ministry of Economics and Competitiveness, Grant RTI2018-095461-B-I00 funded by MCIN/AEI/
10.13039/501100011033 and by “ERDF A Way of Making Europe” and Portuguese funds through
FCT–Fundação para a Ciência e a Tecnologia, I.P. (UIDB/04129/2020.) together with grant GR21038
and IB16075 funded by the Extremadura Regional Government and ERDF. Damian Fernández is
recipient of a grant-in-aid to promote research support personnel hiring, awarded by the SEXPE of
the Extremadura Regional Government, with co-financing from the ESF Investing in Your Future
(TE-0042-18).



Agronomy 2022, 12, 1344 15 of 17

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marino, G.; Macaluso, L.; Grilo, F.; Marra, F.P.; Caruso, T. Toward the valorization of olive (Olea europaea var. europaea L.)

biodiversity: Horticultural performance of seven Sicilian cultivars in a hedgerow planting system. Sci. Hortic. 2019, 256, 108583.
[CrossRef]

2. Orive, M.; Cebrián, M.; Amayra, J.; Zufía, J.; Bald, C. Integrated biorefinery process for olive pomace valorisation. Biomass
Bioenerg. 2021, 149, 106079. [CrossRef]

3. El Hassani, F.Z.; Errachidi, F.; Aissam, H.; Merzouki, M.; Benlemlih, M. Effect of Olive Mill Wastewater on the composition of the
essential oil of bergamot-mint under semi-arid climate. Ind. Crop. Prod. 2022, 177, 114487. [CrossRef]

4. López-Piñeiro, A.; Fernández, J.; Albarrán, A.; Rato-Nunes, J.M.; Barreto, C. Effects of De-oiled Two-Phase Olive Mill Waste on
Mediterranean Soils and the Wheat Crop. Soil Sci. Soc. Am. J. 2008, 72, 424–430. [CrossRef]

5. López-Piñeiro, A.; Albarrán, A.; Nunes, J.M.R.; Peña, D.; Cabrera, D. Long-term impacts of de-oiled two-phase olive mill waste
on soil chemical properties, enzyme activities and productivity in an olive grove. Soil Tillage Res. 2011, 114, 175–182. [CrossRef]

6. Fernández, D.; Gómez, S.; Albarrán, A.; Peña, D.; Rozas, M.A.; Nunes, J.M.R.; López-Piñeiro, A. How the environmental fate of
clomazone in rice fields is influenced by amendment with olive-mill waste under different regimes of irrigation and tillage. Pest
Manag. Sci. 2019, 76, 1795–1803. [CrossRef]

7. Patra, S.; Julich, S.; Feger, K.-H.; Jat, M.L.; Sharma, P.C.; Schwärzel, K. Effect of conservation agriculture on stratification of soil
organic matter under cereal-based cropping systems. Arch. Agron. Soil Sci. 2019, 65, 2013–2028. [CrossRef]

8. Gebremikael, M.T.; Ranasinghe, A.; Hosseini, P.S.; Laboan, B.; Sonneveld, E.; Pipan, M.; Oni, F.E.; Montemurro, F.; Höfte, M.;
Sleutel, S.; et al. How do novel and conventional agri-food wastes, co-products and by-products improve soil functions and soil
quality? Waste Manag. 2020, 113, 132–144. [CrossRef]

9. Real, M.; Facenda, G.; Celis, R. Sorption and dissipation of the allelochemicals umbellifer one and salicylic acid in a Mediterranean
soil environment: Effect of olive-mill waste addition. Sci. Total Environ. 2021, 774, 145027. [CrossRef]

10. Fangueiro, D.; Becerra, D.; Albarrán, A.; Peña, D.; Sánchez-Llerena, J.; Rato-Nunes, J.M.; López-Piñeiro, A. Effect of tillage
and water management on GHG emissions from Mediterranean rice growing ecosystems. Atmos. Environ. 2017, 150, 303–312.
[CrossRef]

11. Inubushi, K.; Umebayashi, M.; Wada, H. Methane emission from paddy fields. In Proceedings of the Transaction’s 14th
International Congress of Soil Science, Kyoto, Japan, August 1990; Available online: https://www.cabdirect.org/cabdirect/
abstract/19911951840 (accessed on 8 April 2022).

12. Pandey, A.; Mai, V.T.; Vu, D.Q.; Bui, T.P.L.; Mai, T.L.A.; Jensen, L.S.; de Neergaard, A. Organic matter and water management
strategies to reduce methane and nitrous oxide emissions from rice paddies in Vietnam. Agric. Ecosyst. Environ. 2014, 196, 137–146.
[CrossRef]

13. Lee, J.H.; Park, M.H.; Song, H.J.; Kim, P.J. Unexpected high reduction of methane emission via short-term aerobic pre-digestion of
green manured soils before flooding in rice paddy. Sci. Total Environ. 2019, 711, 134641. [CrossRef]

14. De Coninck, H.; Revi, A.; Babiker, M.; Bertoldi, P.; Buckeridge, M.; Cartwright, A.; Dong, W.; Ford, J.; Fuss, S.; Hourcade, J.-C.;
et al. Strengthening and implementing the global response. In Global Warming of 1.5 ◦C; IPCC—The Intergovernmental Panel on
Climate Change: Katowice, Poland, 2018; Chapter 4; pp. 313–443.

15. Pramono, A.; Adriany, T.A.; Yulianingsih, E.; Sopiawati, T.; Hervani, A. Combined compost with biochar application to mitigate
greenhouse gas emission in paddy field. In IOP Conference Series: Earth and Environmental Science; IOP Publishing Ltd.: Purwokerto,
Indonesia, 2021.

16. Papadakis, J. Climates of the World and Their Agricultural Potentialities; J. Papadakis: Buenos Aires, Argentina, 1966; p. 179.
17. FAO. Guidelines for Soil Description; Food and Agriculture Organization of the United Nations: Rome, Italy, 2006. Available online:

https://www.ipcinfo.org/fileadmin/user_upload/soils/docs/FAO_guidelines_soil_description__20063.pdf (accessed on 15
March 2022).

18. United States of Departament of Agriculture (USDA). Natural Resources Conservation Service (NRCS) Soil Survey Staff. 2006.
Available online: https://www.icgc.cat/igcweb/files/igc_iec_llibre08_9.pdf (accessed on 24 February 2022).

19. U.S. Departament of Agriculture. Soil Surcey Laboratory Methods and Procedures for Collecting Soil Samples; Soil Conservation Service,
U.S. Government Printing Office: Washington, DC, USA, 1972.

20. Nelson, D.W.; Sommers, L.E. Total Carbon, Organic Carbon, and Organic Matter. In Methods of Soil Analysis: Part 3-Chemical
Methods; Bigham, J.M., Ed.; Agron. Inc.: Medison, WI, USA, 1996; pp. 961–1010.

21. Sims, J.R.; Haby, V.A. Simplified colorimetric determination of soil organic matter. Soil Sci. 1971, 112, 137–141. [CrossRef]
22. López-Piñeiro, A.; Albarrán, A.; Nunes, J.M.R.; Peña, D.; Cabrera, D. Cumulative and Residual Effects of Two-Phase Olive Mill

Waste on Olive Grove Production and Soil Properties. Soil Sci. Soc. Am. J. 2011, 75, 1061–1069. [CrossRef]

http://doi.org/10.1016/j.scienta.2019.108583
http://doi.org/10.1016/j.biombioe.2021.106079
http://doi.org/10.1016/j.indcrop.2021.114487
http://doi.org/10.2136/sssaj2007.0098
http://doi.org/10.1016/j.still.2011.05.002
http://doi.org/10.1002/ps.5705
http://doi.org/10.1080/03650340.2019.1588462
http://doi.org/10.1016/j.wasman.2020.05.040
http://doi.org/10.1016/j.scitotenv.2021.145027
http://doi.org/10.1016/j.atmosenv.2016.11.020
https://www.cabdirect.org/cabdirect/abstract/19911951840
https://www.cabdirect.org/cabdirect/abstract/19911951840
http://doi.org/10.1016/j.agee.2014.06.010
http://doi.org/10.1016/j.scitotenv.2019.134641
https://www.ipcinfo.org/fileadmin/user_upload/soils/docs/FAO_guidelines_soil_description__20063.pdf
https://www.icgc.cat/igcweb/files/igc_iec_llibre08_9.pdf
http://doi.org/10.1097/00010694-197108000-00007
http://doi.org/10.2136/sssaj2010.0230


Agronomy 2022, 12, 1344 16 of 17

23. Sánchez-Llerena, J.; López-Piñeiro, A.; Albarrán, A.; Peña, D.; Becerra, D.; Rato-Nunes, J.M. Short and long-term effects of
different irrigation and tillage systems on soil properties and rice productivity under Mediterranean conditions. Eur. J. Agron.
2016, 77, 101–110. [CrossRef]

24. Ekeberg, D.; Ogner, G.; Fongen, M.; Joner, E.J.; Wickstrøm, T. Determination of CH4, CO2 and N2O in air samples and soil
atmosphere by gas chromatography mass spectrometry, GC-MS. J. Environ. Monit. 2004, 6, 621–623. [CrossRef]

25. Lee, J.H.; Lee, J.G.; Jeong, S.T.; Gwon, H.S.; Kim, P.J.; Kim, G.W. Straw recycling in rice paddy: Trade-off between greenhouse gas
emission and soil carbon stock increase. Soil Tillage Res. 2020, 199, 104598. [CrossRef]

26. Song, H.J.; Lee, J.H.; Canatoy, R.C.; Lee, J.G.; Kim, P.J. Strong mitigation of greenhouse gas emission impact via aerobic short
pre-digestion of green manure amended soils during rice cropping. Sci. Total Environ. 2021, 761, 143193. [CrossRef]

27. Intergovernmental Panel on Climate Change (IPCC). Climate Change: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge, United Kingdom and
New York. 2013. Available online: https://www.ipcc.ch/site/assets/uploads/2017/09/WG1AR5_Frontmatter_FINAL.pdf
(accessed on 22 March 2022).

28. Peña, D.; Fernández, D.; Albarrán, A.; Gómez, S.; Martín, C.; Sánchez-Terrón, J.; Vicente, L.; López-Piñeiro, A. Using olive mill
waste compost with sprinkler irrigation as a strategy to achieve sustainable rice cropping under Mediterranean conditions. Agron.
Sustain. Dev. 2022, 42, 36. [CrossRef]

29. Sahrawat, K.T. Organic matter accumulation in submerged soils. Adv. Agron. 2004, 81, 169–201. [CrossRef]
30. Thangarajan, R.; Bolan, N.S.; Tian, G.; Naidu, R.; Kunhikrishnan, A. Role of organic amendment application on greenhouse gas

emission from soil. Sci. Total Environ. 2013, 465, 72–96. [CrossRef] [PubMed]
31. Das, P.; Deka, R.L.; Goswami, J.; Barau, S. Effect of elevated CO2 and temperature on growth and yield of winter rice under Jorhat

condition. J. Agrometeorol. 2020, 22, 109–115. [CrossRef]
32. Iqbal, J.; Ronggui, H.; Shan, L.; Ryusuke, H.; Minglei, F.; Lan, L.; Bocar, A.; Lijun, D. CO2 emission in a subtropical red paddy soil

(Ultisol) as affected by straw and N-fertilizer applications: A case study in Southern China. Agric. Ecosyst. Environ. 2009, 131,
292–302. [CrossRef]

33. Kumar, A.; Nayak, A.K.; Mohanty, S.; Das, B.S. Greenhouse gas emission from direct seeded paddy fields under different soil
water potentials in Eastern India. Agric. Ecosyst. Environ. 2016, 228, 111–123. [CrossRef]

34. Zhang, S.; Fang, Y.; Luo, Y.; Li, Y.; Ge, T.; Wang, Y.; Wang, H.; Yu, B.; Song, X.; Chen, J.; et al. Linking soil carbon availability,
microbial community composition and enzyme activities to organic carbon mineralization of a bamboo forest soil amended with
pyrogenic and fresh organic matter. Sci. Total Environ. 2021, 801, 149717. [CrossRef] [PubMed]

35. Harada, H.; Kobayashi, H.; Shindo, H. Reduction in greenhouse gas emissions by no-tilling rice cultivation in Hachirogata polder,
northern Japan: Life-cycle inventory analysis. Soil Sci. Plant Nutr. 2007, 53, 668–677. [CrossRef]

36. Pandey, A.; Dou, F.; Morgan, C.L.S.; Guo, J.; Deng, J.; Schwab, P. Modeling organically fertilized flooded rice systems and its
long-term effects on grain yield and methane emissions. Sci. Total Environ. 2021, 755, 142578. [CrossRef] [PubMed]

37. Wang, F.; Mu, Z.; Guo, T.; Huang, A.; Lin, X.; Shi, X.; Ni, J. Effect of long-term differentiated fertilization regimes on greenhouse
gas emissions from a subtropical rice-wheat cropping system. Plant Soil Environ. 2020, 66, 167–174. [CrossRef]

38. Smith, K.; Watts, D.; Way, T.; Torbert, H.; Prior, S. Impact of tillage and fertilizer application method on gas emissions in a com
cropping system. Pedosphere 2012, 22, 604–615. [CrossRef]

39. Al-Kaisi, M.M.; Kruse, M.L.; John, E.; Sawyer, J. Effect of nitrogen fertilizer application on growing season soil carbon dioxide
emission in a corn-soybean rotation. J. Environ. Qual. 2008, 37, 325–332. [CrossRef]

40. Conrad, R.; Klose, M.; Claus, P.; Dan, J. Activity and composition of the methanogenic archaeal community in soil vegetated with
wild versus cultivated rice. Soil Biol. Biochem. 2009, 41, 1390–1395. [CrossRef]

41. Khan, M.N.; Li, D.; Shah, A.; Huang, J.; Zhang, L.; Núñez-Delgado, A.; Han, T.; Du, J.; Ali, S.; Sial, T.A.; et al. The impact of pristine and
modified rice straw biochar on the emission of greenhouse gases from a red acidic soil. Environ. Res. 2022, 208, 112676. [CrossRef]

42. Le Mer, J.; Roger, P. Production, oxidation, emission and consumption of methane by soils: A review. Eur. J. Soil Biol. 2001, 37,
25–50. [CrossRef]

43. Minamikawa, K.; Sakai, N. The practical use of water management based on soil redox potential for decreasing methane emissions
from a paddy field in Japan. Agric. Ecosyst. Environ. 2006, 116, 181–188. [CrossRef]

44. Pan, J.; Cai, H.; Zhang, Z.; Liu, H.; Li, R.; Mao, H.; Awasthi, M.K.; Wang, Q.; Zhai, L. Comparative evaluation of the use of acidic
additives on sewage sludge composting quality improvement, nitrogen conservation, and greenhouse gas reduction. Bioresour.
Technol. 2018, 270, 467–475. [CrossRef]

45. Tyagi, L.; Kumari, B.; Singh, S.N. Water management—A tool for methane mitigation from irrigated paddy fields. Sci. Total
Environ. 2010, 408, 1085–1090. [CrossRef]

46. Ezeokoli, O.T.; Nuaila, V.N.A.; Obieze, C.C.; Muetanene, B.A.; Fraga, I.; Tesinde, M.N.; Ndayiragije, A.; Coutinho, J.; Melo, A.M.P.;
Adeleke, R.A.; et al. Assessing the Impact of Rice Cultivation and Off-Season Period on Dynamics of Soil Enzyme Activities and
Bacterial Communities in Two Agro-Ecological Regions of Mozambique. Agronomy 2021, 11, 694. [CrossRef]

47. Bodelier, P.L.E.; Laanbroek, H.J. Nitrogen as a regulatory factor of methane oxidation in soils and sediments. FEMS Microbiol.
Ecol. 2004, 47, 265–277. [CrossRef]

48. Schimel, J. Rice, microbes and methane. Nature 2000, 403, 375–377. [CrossRef]

http://doi.org/10.1016/j.eja.2016.04.005
http://doi.org/10.1039/B401315H
http://doi.org/10.1016/j.still.2020.104598
http://doi.org/10.1016/j.scitotenv.2020.143193
https://www.ipcc.ch/site/assets/uploads/2017/09/WG1AR5_Frontmatter_FINAL.pdf
http://doi.org/10.1007/s13593-022-00769-5
http://doi.org/10.1016/S0065-2113(03)81004-0
http://doi.org/10.1016/j.scitotenv.2013.01.031
http://www.ncbi.nlm.nih.gov/pubmed/23433468
http://doi.org/10.54386/jam.v22i2.150
http://doi.org/10.1016/j.agee.2009.02.001
http://doi.org/10.1016/j.agee.2016.05.007
http://doi.org/10.1016/j.scitotenv.2021.149717
http://www.ncbi.nlm.nih.gov/pubmed/34425443
http://doi.org/10.1111/j.1747-0765.2007.00174.x
http://doi.org/10.1016/j.scitotenv.2020.142578
http://www.ncbi.nlm.nih.gov/pubmed/33038809
http://doi.org/10.17221/693/2019-PSE
http://doi.org/10.1016/S1002-0160(12)60045-9
http://doi.org/10.2134/jeq2007.0240
http://doi.org/10.1016/j.soilbio.2009.03.013
http://doi.org/10.1016/j.envres.2022.112676
http://doi.org/10.1016/S1164-5563(01)01067-6
http://doi.org/10.1016/j.agee.2006.02.006
http://doi.org/10.1016/j.biortech.2018.09.050
http://doi.org/10.1016/j.scitotenv.2009.09.010
http://doi.org/10.3390/agronomy11040694
http://doi.org/10.1016/S0168-6496(03)00304-0
http://doi.org/10.1038/35000325


Agronomy 2022, 12, 1344 17 of 17

49. Wang, K.; Li, F.; Dong, Y. Methane Emission Related to Enzyme Activities and Organic Carbon Fractions in Paddy Soil of South
China Under Different Irrigation and Nitrogen Management. J. Soil Sci. Plant Nutr. 2020, 20, 1397–1410. [CrossRef]

50. Pereira, J.L.S.; Carranca, C.; Coutinho, J.; Trindade, H. The Effect of Soil Type on Gaseous Emissions from Flooded Rice Fields in
Portugal. J. Soil Sci. Plant Nutr. 2020, 20, 1732–1740. [CrossRef]

51. Xu, Y.; Zhan, M.; Cao, C.; Tian, S.; Ge, J.; Li, S.; Wang, M.; Yuan, G. Improved water management to reduce greenhouse gas
emissions in notill rapeseederice rotations in Central China. Agric. Ecosyst. Environ. 2016, 221, 87–98. [CrossRef]

52. Ishfaq, M.; Farooq, M.; Zulfiqar, U.; Hussain, S.; Akbar, N.; Nawaz, A.; Anjum, S.A. Alternate wetting and drying: A water-saving
and ecofriendly rice production system. Agric. Water Manag. 2020, 241, 106363. [CrossRef]

53. FAOSTAT. Food and Agriculture Organization of the United Nations. 2020. Available online: https://www.fao.org/faostat/es/
#data/GT/visualize (accessed on 13 January 2022).

54. Lee, C.H.; Park, K.D.; Jung, K.Y.; Ali, M.A.; Lee, D.; Gutierrez, J.; Kim, P.J. Effect of Chinese milk vetch (Astragalus sinicus L.) as a
green manure on rice productivity and methane emission in paddy soil. Agric. Ecosyst. Environ. 2010, 138, 343–347. [CrossRef]

55. Yang, S.S.; Chang, H.L. Diurnal variation of methane emission from paddy fields at different growth stages of rice cultivation in
Taiwan. Agric. Ecosyst. Environ. 1999, 76, 75–84. [CrossRef]

56. Wang, H.; Yang, T.; Chen, J.; Bell, S.M.; Wu, S.; Jiang, Y.; Sun, Y.; Zeng, Y.; Zeng, Y.; Pan, X.; et al. Effects of free-air temperature
increase on grain yield and greenhouse gas emissions in a double rice cropping system. Field Crop. Res. 2022, 281, 108489.
[CrossRef]

57. Ismael, F.; Ndayiragije, A.; Fangueiro, D. New Fertilizer Strategies Combining Manure and Urea for Improved Rice Growth in
Mozambique. Agronomy 2021, 11, 783. [CrossRef]

58. Sander, B.O.; Samson, M.; Buresh, R.J. Methane and nitrous oxide emissions from flooded rice fields as affected by water and
straw management between rice crops. Geoderma 2014, 235–236, 355–362. [CrossRef]

59. Bhattacharyya, P.; Roy, K.S.; Das, M.; Ray, S.; Balachandar, D.; Karthikeyan, S.; Nayak, A.K.; Mohapatra, T. Elucidation of rice
rhizosphere metagenome in relation to methane and nitrogen metabolism under elevated carbon dioxide and temperature using
whole genome metagenomic approach. Sci. Total Environ. 2016, 542, 886–898. [CrossRef]

60. Waqas, M.A.; Li, Y.; Ashraf, M.N.; Ahmed, W.; Wang, B.; Sardar, M.F.; Ma, P.; Li, R.; Wan, Y.; Kuzyakov, Y. Long-term warming
and elevated CO2 increase ammonia-oxidizing microbial communities and accelerate nitrification in paddy soil. Appl. Soil Ecol.
2021, 166, 104063. [CrossRef]

61. Dambreville, C.; Hénault, C.; Bizouard, F.; Morvan, T.; Chaussod, R.; Germon, J.-C. Compared effects of long-term pig slurry
applications and mineral fertilization on soil denitrification and its end products (N2O, N2). Biol. Fertil. Soils 2006, 42, 490–500.
[CrossRef]

62. Köster, J.R.; Cárdenas, L.; Senbayram, M.; Bol, R.; Well, R.; Butler, M.; Mühling, K.H.; Dittert, K. Rapid shift from denitrification
to nitrification in soil after biogas residue application as indicated by nitrous oxide isotopomers. Soil Biol. Biochem. 2011, 43,
1671–1677. [CrossRef]

63. Jiang, Z.; Yang, S.; Chen, X.; Pang, Q.; Xu, Y.; Qi, S.; Yu, W.; Dai, H. Controlled release urea improves rice production and reduces
environmental pollution: A research based on meta-analysis and machine learning. Environ. Sci. Pollut. Res. 2022, 29, 3587–3599.
[CrossRef] [PubMed]

64. Das, S.; Adhya, T.K. Effect of combine application of organic manure and inorganic fertilizer on methane and nitrous oxide
emissions from a tropical flooded soil planted to rice. Geoderma 2014, 213, 185–192. [CrossRef]

65. McKenney, D.J.; Wang, S.W.; Drury, C.F.; Findlay, W.I. Denitrification and mineralization in soil amended with legume, grass, and
corn residues. Soil Sci. Soc. Am. J. 1993, 57, 1013–1020. [CrossRef]

66. Win, E.P.; Win, K.K.; Bellingrath-Kimura, S.D.; Oo, A.Z. Influence of rice varieties, organic manure and water management on
greenhouse gas emissions from paddy rice soils. PLoS ONE 2021, 16, e0253755. [CrossRef]

67. Canatoy, R.C.; Cho, S.R.; Ok, Y.S.; Jeong, S.T.; Kim, P.J. Critical evaluation of biochar utilization effect on mitigating global
warming in whole rice cropping boundary. Sci. Total Environ. 2022, 827, 154344. [CrossRef]

68. Van Groenigen, J.W.; Velthof, G.L.; Oenema, O.; Van Groenigen, K.J.; Van Kessel, C. Towards an agronomic assessment of N2O
emissions: A case study for arable crops. Eur. J. Soil Sci. 2010, 61, 903–913. [CrossRef]

69. Zhao, X.; Pu, C.; Ma, S.; Liu, S.; Xue, J.; Wang, X.; Wang, Y.; Li, S.; Lal, R.; Chen, F.; et al. Management-induced greenhouse gases
emission mitigation in global rice production. Sci. Total Environ. 2019, 649, 1299–1306. [CrossRef]

70. Chandio, A.A.; Gokmenoglu, K.K.; Ahmad, M.; Jiang, Y. Towards Sustainable Rice Production in Asia: The Role of Climatic
Factors. Earth Syst. Environ. 2022, 6, 1–14. [CrossRef]

71. Linh, T.B.; Sleutel, S.; Elsacker, S.V.; Guong, V.T.; Khoa, L.V.; Cornelis, W.M. Inclusion of upland crops in rice-based rotations
affects chemical properties of clay soil. Soil Use Manag. 2015, 31, 313–320. [CrossRef]

http://doi.org/10.1007/s42729-020-00221-1
http://doi.org/10.1007/s42729-020-00243-9
http://doi.org/10.1016/j.agee.2016.01.021
http://doi.org/10.1016/j.agwat.2020.106363
https://www.fao.org/faostat/es/#data/GT/visualize
https://www.fao.org/faostat/es/#data/GT/visualize
http://doi.org/10.1016/j.agee.2010.05.011
http://doi.org/10.1016/S0167-8809(99)00074-2
http://doi.org/10.1016/j.fcr.2022.108489
http://doi.org/10.3390/agronomy11040783
http://doi.org/10.1016/j.geoderma.2014.07.020
http://doi.org/10.1016/j.scitotenv.2015.10.154
http://doi.org/10.1016/j.apsoil.2021.104063
http://doi.org/10.1007/s00374-005-0040-y
http://doi.org/10.1016/j.soilbio.2011.04.004
http://doi.org/10.1007/s11356-021-15956-2
http://www.ncbi.nlm.nih.gov/pubmed/34392484
http://doi.org/10.1016/j.geoderma.2013.08.011
http://doi.org/10.2136/sssaj1993.03615995005700040022x
http://doi.org/10.1371/journal.pone.0253755
http://doi.org/10.1016/j.scitotenv.2022.154344
http://doi.org/10.1111/j.1365-2389.2009.01217.x
http://doi.org/10.1016/j.scitotenv.2018.08.392
http://doi.org/10.1007/s41748-021-00210-z
http://doi.org/10.1111/sum.12174

	Introduction 
	Materials and Methods 
	Experimental Design and Agricultural Management Practices 
	Analytical Methods 
	Greenhouse Gas Emission Measurements 
	Calculations and Global Warming Potential 
	Statistical Analysis 

	Results and Discussion 
	CO2 Emissions 
	Emissions CH4 
	Emissions N2O 
	Global Warming Potential 

	Conclusions 
	References

