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Abstract: Soil organic carbon (OC) is one of the most important soil components regulating soil
quality, fertility and agronomic productivity as well as the global carbon (C) cycle. Soil acts as a sink
for global C, which can be influenced by the water regime and organic matter (OM) management in
field. The aim of this study is to evaluate the effect of the application of different organic amendments
on C sequestration in paddy soils under contrasting irrigation regimes. A 4-month pot experiment
was conducted under net house conditions and the treatments were composed of two organic
amendments: rice straw (RS) and poultry manure (PM); four application rates of amendment: 0 g
(control), 2.5 g, 5.0 g and 15.0 g kg−1 soil; and two irrigation regimes: (i) continuous waterlogging
condition (CWL) and (ii) alternate wetting and drying (AWD). After the incubation period, soil
samples were collected from the pot and isolated into labile (>53 µm) and mineral-associated (<53 µm)
OM. Bulk (before and after incubation) and fractionated soil samples were analyzed for OC, total
nitrogen (N), C:N ratio; and C sequestration percentage was calculated. Relatively higher amounts of
soil OC were present in CWL condition (1.23%) than AWD (1.13%). The C sequestration potential
also showed the similar trend (CWL: 47% > AWD: 35%). This was explained by the induced aerobic
condition in between the anerobic condition in AWD and the continuous anaerobic condition in
CWL which resulted in a difference in OM decomposition. The mineral-associated OM fraction
(<53 µm) was higher in the CWL condition than AWD condition which also indicated the importance
of the chemical stabilization of OC (OC bound to minerals) in the CWL condition. The application
of PM led to a significant increase (45%) in C sequestration potential than RS (37%). This could be
attributed to C:N ratio and probable biochemical composition of amendments which resulted in lower
decomposability of PM than RS, and also in line with the higher distribution of OC in mineral-bound
OM than labile fraction. The application of higher organic amendments did not increase OC content,
and declined C sequestration potential in soils as the microbial activity presumably did not match
with the amendment amount. Overall, C sequestration potential was higher with 5 g PM kg−1 soil
application under CWL-irrigated paddy soil. The findings indicated the need to pay more attention
to the selection of the proper type and rate of organic amendments for higher C sequestration in soil
under a specific irrigation system for sustainable agriculture.

Keywords: mineral–organic matter association; physical fractionation; organic matter quality;
conventional irrigation; water-saving technology

1. Introduction

The quantity of carbon (C) stored in soils is important on a global scale since the
sequestration of C in soil reduces atmospheric CO2 load, and thus soil plays a crucial role in
the global C budget [1,2]. Nevertheless, whether the soils will perform as a major sink or as
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a source of CO2 is vastly reliant on land use and management practices. Therefore, global
climate change concerns have led to a rise in attention in assessing the impact of land and
crop managements on soil C sequestration [3,4]. Land use and management practices, in-
cluding wet or dry land cropping [5], puddled or non-puddled soil conditions [6], selection
of crops or cropping pattern [7], addition or no-addition of organic matter or retention of
stubble [8] typically lead to an impact on soil organic C (OC) [9,10].

More than half of the world’s population feeds on paddy rice, and respective paddy
soils cover ~11% of total cropland area [11]. Generally, paddy soils are intentionally flooded
and puddled, and soils remain submerged. The anerobic conditions for growing rice,
decelerate soil OC mineralization [5,12], but may increase CH4 emission significantly (ap-
proximately 11%) [13]. In recent decades, different water-saving irrigation technology such
as alternate wetting and drying (AWD) has been introduced to contribute to sustainable
water use. This technology could also contribute to the reduction of CH4 emissions [14].
However, non-saturated, anerobic conditions in this technology of paddy cultivation may
result in enhancing CO2 emissions via increased mineralization [15,16].

Storage of soil OC in agricultural systems is an equilibrium between C incorporations
from crop residues, organic amendments and C losses, mainly as CO2 released to the
atmosphere produced during decomposition of organic matter (OM) [17]. For centuries,
OM has been returned to agricultural soils, straight from crop remains or indirectly as
compost/manure as a way of nourishing the crops plants and preserving the desired soil
OC content to aid soil overall health benefits [18]. Organic matter improves soil aggregation,
reduces compaction, enhances C sequestration and nutrient availability, and increases water
infiltration and retention capacity [19]. It is estimated that increasing OM contents in soils
up to a 2 m depth by 5–15% may decline atmospheric CO2 concentrations by 16–30% [20,21].
Bronick and Lal [22] reported an increment in soil OC content and consequent higher
formation of soil aggregates with the application of poultry manure (PM). The incorporation
of OM into cultivated soils with low OC content is expected to have advantages for
improved soil physical characteristics and nutrient recycling with related financial gains
for farmers [22]. Both returning crop remains and the addition of farmyard manure were
advised to boost soil fertility and to assist sustainable production. Besides climate and
soil properties, soil C sequestration is also influenced by some other main factors, such
as, quantity and quality of C input, crop, residue and soil managements, etc. [23–25].
In different agro-ecosystems, variations in OM management practices can have diverse
impacts on soil OC sequestration. Hence, it is imperative to understand how these factors
influence soil OC sequestration to find and adapt the most appropriate OM management
practice for a sustainable agricultural system. Therefore, this experiment studied the type
and incorporation rates of OM on soil OC sequestration under two irrigation regimes of
paddy cultivation with the following objectives: (i) to evaluate the effect of the type of
application OM amendments on soil OC sequestration under different water conditions;
(ii) to assess the effect of the rate of OM amendment on soil OC sequestration.

2. Materials and Methods
2.1. Site Details

Soil samples were collected from three fields (Figure 1) representing long-term paddy
cultivated land located at the Agronomy Field Laboratory, Bangladesh Agricultural Univer-
sity, Mymensingh, Bangladesh (24◦43′08.1′′ N 90◦25′36.6′′ E and at an altitude of 18 m). The
area belongs to Old Brahmaputra Floodplain Agro-ecological Zone and has non-calcareous
dark grey soil. The climate of this study site is sub-tropical, characterized by a wet summer
and dry winter.



Sustainability 2022, 14, 12369 3 of 13
Sustainability 2022, 14, x FOR PEER REVIEW 3 of 14 
 

 
Figure 1. Soil sampling area map of Agronomy Field Laboratory, Bangladesh Agricultural Univer-
sity, Mymensingh, Bangladesh. Colored dots represent sampling points in the field. 
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lected following random sampling from 12 points per field and then bulked to make a 
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dried, ground, passed through 2 mm sieve and stored in airtight containers. 
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amendment sources, respectively. These OMs were collected from the Poultry Farm and 
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15.0 g dry weight kg−1 soil). Plastic pots holding 10 kg soils (air-dried, 2 mm) were used to 
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soil according to the treatment combination. For each amendment rate, two pots were 
used as repeats. After that, the treated soils were incubated under two soil water (irriga-
tion) regimes: (i) continuous waterlogging (CWL) and (ii) alternate wetting and drying 
(AWD), and at ambient temperature for 4 months to simulate OM decomposition in 
paddy fields under a conventional flood and modified water-saving irrigation method, 
respectively (Figure S1). The total number of pots used in the incubation is 96 (3 field soils 
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merged (a few cm of waters at the surface level) for every 2 weeks and then allowed to 
dry up for another 1 week, and then re-submerged for 2 weeks; this wetting and drying 
cycle was continued for ¾th of the total incubation period. Regular weeding was practiced 
at 15–20-day intervals when needed. Finally, after the incubation period, soils were sam-
pled from three random points of the pots using a small soil auger and processed for fur-
ther analysis. 

2.4. Physical Fractionation of Soil 
Incubated bulk soils were physically fractionated based on the method developed by 

Cambardella and Elliott [26] with some modification. Twenty grams of air-dried, 2 mm 

Figure 1. Soil sampling area map of Agronomy Field Laboratory, Bangladesh Agricultural University,
Mymensingh, Bangladesh. Colored dots represent sampling points in the field.

2.2. Sample Collection and Preparation

Three adjacent paddy fields (cropping pattern: rice-rice) were selected for sampling,
which were being cultivated for more than thirty years. Surface soils (0–20 cm) were
collected following random sampling from 12 points per field and then bulked to make a
composite sample for each field separately (Figures 1 and S1). The samples were then air
dried, ground, passed through 2 mm sieve and stored in airtight containers.

Poultry manure (PM) and rice straw (RS) were selected as animal and plant organic
amendment sources, respectively. These OMs were collected from the Poultry Farm and
Agronomy Field Laboratory, Bangladesh Agricultural University, respectively. These
organic samples were air-dried, crushed, sieved (2 mm) and stored in airtight containers.

2.3. Incubation Experimental Set Up

The experiment was conducted under controlled net house settings with three repli-
cations following a factorial-based randomized block design. Composite soils from three
separate fields used as three replications. As indicated above, two types of OM amend-
ments, i.e., PM and RS, were incorporated with collected soils at four rates (0, 2.5, 5.0 and
15.0 g dry weight kg−1 soil). Plastic pots holding 10 kg soils (air-dried, 2 mm) were used
to mimic a 20 cm field soil depth. The PM and RS of each were mixed homogenously
with soil according to the treatment combination. For each amendment rate, two pots
were used as repeats. After that, the treated soils were incubated under two soil water
(irrigation) regimes: (i) continuous waterlogging (CWL) and (ii) alternate wetting and
drying (AWD), and at ambient temperature for 4 months to simulate OM decomposition
in paddy fields under a conventional flood and modified water-saving irrigation method,
respectively (Figure S1). The total number of pots used in the incubation is 96 (3 field
soils × 2 amendments × 4 rates × 2 water regimes × 2 reps) For CWL, pots were flooded
to a depth of a few cm for 3/4th of the total incubation period, and for AWD, pots were
submerged (a few cm of waters at the surface level) for every 2 weeks and then allowed to
dry up for another 1 week, and then re-submerged for 2 weeks; this wetting and drying
cycle was continued for 3/4th of the total incubation period. Regular weeding was prac-
ticed at 15–20-day intervals when needed. Finally, after the incubation period, soils were
sampled from three random points of the pots using a small soil auger and processed for
further analysis.

2.4. Physical Fractionation of Soil

Incubated bulk soils were physically fractionated based on the method developed by
Cambardella and Elliott [26] with some modification. Twenty grams of air-dried, 2 mm
sieved soils were taken in 250 mL plastic bottles, and 70 mL of sodium hexametaphosphate
was added at a concentration of 5.0 g L−1. The mixture was then shaken on a horizontal
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shaker at 130 rpm for 15 h. Then, the entire content of the bottle was transferred on a 53 µm
sieve and rinsed with distilled water. The material retained on the sieve was defined as
particulate OM (POM: >53 µm), and the material passed through the sieve was defined
as mineral-associated OM (MOM: <53 µm). The whole process was repeated twice. All
recovered fractions were oven dried at 40 ◦C for 72 h, ground, weighed and kept in airtight
plastic vials for further analysis.

2.5. Sample Analyses
2.5.1. General Characterization of Bulk Soil and Organic Amendment

Bulk soils were analyzed for reaction (pH), electrical conductivity (EC), texture and
carbonate. Soil pH and EC measurements were conducted following a 1:5 soil–water
suspension ratio [27,28]. Carbonate and bicarbonate were analyzed via titration process [29].
Particle size distribution was analyzed using the hydrometer method [30].

Organic amendments were also analyzed for pH and EC using a 1:5 soil–water ra-
tio [27,28]. All analytical measurements of soil/organic amendment samples were done
in duplicate.

2.5.2. Organic Carbon and Nitrogen Analysis

Organic C and total nitrogen (N) content of organic amendments, bulk soils and
fractionated soils were determined. In the case of bulk soil samples, OC and N contents
were determined prior and after the incubation. Organic matter content in the organic
amendment materials were determined by the dry ashing method using a muffle furnace at
550–600 ◦C for 24 h [31]. The OM content then converted to OC content by dividing it with
the van Bemmelen factor of 1.73 [32]. For the total C content of the soil samples, oxidizable
C was first determined using the Walkley and Black [33] method and then converted to total
OC by applying factor 1.3. Total N content was assessed via the micro Kjeldahl process [34].
The total C represents the OC in the soils since there was no inorganic C (carbonate) present
in the soils.

2.6. Carbon Sequestration Potential Calculation

The OC content in bulk soil was measured before starting the incubation, i.e., the
initial/native OC (OCi) as well as at the end of the incubation, final OC (OCf). According
to the initial and final OC contents, C sequestration percentage was calculated for each
treatment as [35]:

C Sequestration Percentage =
OCf −OCi

OCi
× 100 (1)

2.7. Statistical Analysis

Two-way analysis of variance (ANOVA) was performed to find out the effect of
irrigation regime and OM amendment type on bulk soil OC, total N, C:N ratio and C
sequestration percentage, and one-way ANOVA was done to see the effect of different
amendment rates on the similar parameters of bulk soils for a specific amendment type
application under a particular irrigation regime. One-way ANOVA was also performed to
check the impact of the irrigation regime and amendment type on soil fractions’ parameters.
Differences among treatment means were compared using a Least Significant Difference
test. All the statistical analyses were done with the R software package (3.5.3).

3. Results
3.1. General Characterization of Soil and Organic Matter Amendments

Soil is non-saline (EC 0.0475 dS m−1) and neutral in reaction (pH 7.3) (Table 1). The
texture was silty loam with 55% silt, 37% sand and 9% clay content. Organic C and total N
contents in soil were 0.831% and 0.078%, respectively, with C:N ratio of 10.7 (Table 1).



Sustainability 2022, 14, 12369 5 of 13

Table 1. General properties (mean ± standard error) of the soils studied in this experiment.

pH EC (dS m−1) OC Total N
C:N ratio

Particle Sizes (%)
Texture

(1:5 H2O) (%) Sand Silt Clay

7.3 ± 0.01 0.0475 ± 0.00 0.831 ± 0.00 0.078 ± 0.00 10.7 ± 0.03 37 ± 0.50 55 ± 0.50 9 ± 0.00 Silty loam

Note. EC = electrical conductivity, OC = organic carbon, N = nitrogen.

The OM amendments had significant differences in their chemical composition
(Table 2). Both of the OMs were acidic in pH, 5.8 for RS and 6.6 for PM (Table 2). The
EC value of the PM was ten times higher than the EC of RS (0.251 dS m−1). Although
the OC content was not very different (43.5−49.7%), the total N content in the PM was
4 times higher than that in the RS (0.84%). The C:N ratios of PM and RS were 12.4 and
59.4, respectively.

Table 2. General properties (mean± standard error) of the organic amendments used in this experiment.

Organic
Amendment

Type

pH EC
(dS m−1) OC Total N

C: N Ratio
(1:5 H2O) (%)

Poultry manure 6.6 ± 0.06 a 2.19 ± 0.07 a 43.52 ± 0.09 b 3.52 ± 0.01 a 12.4 ± 0.05 b

Rice straw 5.8 ± 0.04 b 0.251 ± 0.00 b 49.77 ± 0.35 a 0.84 ± 0.0 b 59.4 ± 0.24 a

Note. EC = electrical conductivity, OC = organic carbon, N = nitrogen. In column, means followed by different
letters are significantly different.

3.2. Organic Carbon and Nitrogen
3.2.1. Bulk Soils

Organic C content in the incubated soils ranged between 1.04 and 1.40% irrespective
of OM amendments and irrigation regimes (Figure 2A). Irrigation regime had a signif-
icant effect on the OC, total N and C:N ratio (Figure 2, Table S1). Between irrigation
regimes, CWL soils contained higher OC (1.23%) than AWD soils (1.13%), with or without
any amendments (Figure 2A, Table S1). After incubation, there was an increase in OC
even in the control, i.e., without any amendments (CWL: 0.83 to 1.19 and AWD: 0.83 to
1.05%). Between the two amendment types, the application of PM resulted in significantly
(Table S1) more OC (1.13–1.40%) than the RS application (1.05–1.20%). Taking into account
the interaction effect of both irrigation regime and organic amendment, PM application
under the CWL condition showed the highest amount of OC in the soils (Table S2) than
other combinations. Considering the rate of organic amendments, the application of the
highest amount did not significantly increase OC compared to the corresponding lower
amount of amendment (Figure 2A, Table S3), and in all cases OC content was the highest
when 5 g amendment kg−1 soil was applied.

Total N content ranged from 0.093 to 0.131%, and its trend was quite similar to OC
(Figure 2B), slightly higher in the CWL irrigation regime (average 0.12%) than the AWD
(average 0.11%). Total N increased after incubation in both control and with organic
amendments. Application of PM resulted in significantly higher N (0.111–0.141%) than in
control (0.093–0.121%) or with the use of RS (0.100–0.112%) (Table S1). In the case of PM,
with an application rate of 5.0 g kg−1, soil had significantly greater N than the other rates
of the same amendment or overall application rates of RS (Figure 2B, Table S3).

The C:N ratio of incubated soils ranged from 9.8 to 11.6 (Figure 2C). On average, soils
from CWL conditions had a relatively wider C:N ratio than the soils of AWD, and use of
RS significantly increased the C:N ratio compared to PM application (Figure 2C, Table S1).
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Figure 2. (A) Organic carbon, (B) total nitrogen contents and (C) C:N ratios of soils under two
irrigation regimes (CWL = continuous waterlogged, AWD = alternate wetting and drying) affected
by the type (PM = poultry manure and RS = rice straw) and application rate (control (0), 2.5, 5.0 and
15.0 g kg−1 soil) of organic amendments. Data showing here are the mean of the three replications after
four months of incubation experiment and vertical bars represent the standard error of the replicates.
Different uppercase letters on the clustered columns indicate significant differences between organic
amendment type × irrigation regime and lowercase letters indicate significant differences between
organic amendment rates for specific amendment under particular irrigation regime.

3.2.2. Physically Fractionated Soils
Mass, Organic Carbon and Total Nitrogen Distribution

After four months of incubation, collected samples from the specific treatments were
physically fractionated into two fractions, <53 µm and >53 µm. On a mass basis, the <53 µm
fraction was less abundant (21–41%) than the >53 µm fractions (40–74%) in both irrigation
regimes and organic amendments (Table 3). Considering the irrigation regimes, both had
somewhat similar mass proportion; however, soils under the CWL condition had a slightly
lower range of mass proportion for smaller fraction (<53 µm: 21–38%) compared to the AWD
(<53 µm: 35–41%). Between the OM amendments, the PM application resulted in more
abundance (26–41%) of <53 µm fraction than the RS application (21–36%), and the proportion
in <53 µm fraction decreased in all cases with the highest rate of amendment application.

The distribution of OC in the fractions was higher in >53 µm (39–73%) than the
smaller fraction (18–52%) irrespective of both irrigation regimes and organic amendments
(Table 3). Considering the irrigation regimes, both the regimes had quite similar range
of OC proportion in <53 µm, however, CWL soils had slightly higher range (24–52%)
than AWD (18–45%). In the case of PM application, the OC proportions were 29–50%
and 50–62%, and in the case of RS, it was 18–46% and 53–73% for <53 µm and >53 µm,
respectively. Overall, in almost all cases, the application of 5 g organic amendment kg−1

soil resulted in a higher OC proportion, with few exceptions.
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Table 3. Proportion (% of the initial) of mass, organic carbon (OC), total nitrogen (N) in physical
fractions (<53 and >53 µm).

Irrigation
Regime

Organic Amendments
Type and Application Rate

(g kg−1 Soil)

Mass OC N
Recovery

(%)
% of the Initial

<53 µm >53 µm <53 µm >53 µm <53 µm >53 µm

C
W

L

Control 38 ± 2.52 40 ± 2.17 52 ± 3.11 39 ± 1.09 43 ± 3.47 40 ± 0.90 78 ± 0.49
PM2.5 32 ± 0.24 58 ± 0.82 50 ± 1.15 50 ± 0.01 47 ± 2.63 72 ± 1.91 90 ± 0.58
PM5.0 37 ± 0.73 62 ± 0.59 33 ± 1.26 63 ± 0.96 41 ± 1.86 54 ± 0.56 99 ± 1.32

PM15.0 26 ± 0.59 69 ± 0.59 29 ± 1.07 62 ± 0.38 18 ± 2.08 46 ± 0.81 96 ± 0.00
RS2.5 31 ± 0.26 52 ± 0.47 46 ± 0.11 53 ± 0.29 44 ± 2.31 55 ± 1.36 83 ± 0.20
RS5.0 22 ± 0.37 62 ± 0.24 30 ± 0.25 70 ± 0.95 29 ± 1.27 52 ± 0.06 84 ± 0.13

RS15.0 21 ± 0.35 74 ± 1.20 24 ± 0.13 73 ± 0.53 26 ± 1.56 52 ± 1.23 95 ± 0.85

A
W

D

Control 41 ± 0.77 54 ± 1.52 36 ± 0.27 45 ± 0.41 30 ± 0.58 41 ± 0.67 96 ± 1.75
PM2.5 41 ± 0.06 58 ± 0.65 45 ± 0.32 51 ± 0.53 42 ± 0.69 49 ± 1.29 99 ± 0.68
PM5.0 39 ± 0.08 55 ± 0.05 34 ± 0.68 52 ± 0.85 35 ± 1.23 51 ± 0.00 95 ± 0.14

PM15.0 38 ± 0.20 48 ± 0.15 33 ± 0.02 51 ± 0.11 22 ± 0.18 50 ± 0.22 86 ± 0.05
RS2.5 36 ± 0.16 63 ± 0.08 36 ± 0.19 59 ± 0.17 37 ± 0.34 61 ± 1.01 99 ± 0.25
RS5.0 36 ± 0.70 62 ± 0.47 33 ± 0.13 60 ± 0.35 33 ± 1.28 68 ± 0.36 98 ± 0.23

RS15.0 35 ± 0.79 65 ± 1.14 18 ± 1.61 66 ± 0.38 20 ± 0.15 78 ± 1.80 99 ± 0.35

Note. CWL = continuous waterlogged condition, AWD = alternate wetting and drying, PM = poultry manure,
and RS = rice straw; rate of organic amendment = control (0), 2.5, 5.0 and 15.0 g kg−1 soil. Data presented here
are the mean value ± standard error of the replicates. Here, proportion of mass (% of the initial) = (weight of
fraction/initial bulk soil weight) × 100; proportion of OC (or N) = (OC or N) in the fraction/bulk soil OC or N)
× 100; recovery % = (total weight of two fractions/initial bulk soil weight taken for fractionation) × 100.

The distribution of N in the fraction (<53 µm: 18–47% and >53 µm: 40–78%) and
between the irrigation regimes and organic amendments followed the similar trend as
the OC proportion (Table 3). The proportion was higher in the <53 µm fraction with PM
application compared to the RS application in both irrigation regimes.

Organic Carbon and Total Nitrogen Contents

The percentage of OC in <53 µm and >53 µm fractions ranged from 0.55 to 1.74
and 0.97 to 1.37, respectively (Figure 3A), irrespective of irrigation regimes and organic
amendments. The impact of irrigation regime was significant for the smaller fraction
(<53 µm) but not for larger fractions (Table S4). The average OC percentage of the two
irrigation regimes ranged between 1.09–1.42 with the order of: CWL > AWD. Overall, PM
application resulted in relatively higher OC in both fractions than RS application, although
the difference was not statistically significant (Table S5). Considering the rate of organic
amendments, the OC content was very inconsistent between the fractions for irrigation
regimes and amendments type.

Total N in the fractions ranged from 0.06–0.16% and 0.07–0.14% in the <53 µm and
>53 µm, respectively (Figure 3B), for both irrigation regimes and amendments. Although
N values were quite similar (0.10–0.12%), there were significant differences in N values
of <53 µm fraction for irrigation regime impact (CWL: 0.13% and AWD: 0.09%, Table S4).
Considering the amendment type, there was no significant difference in total N% (Table S5).

On average, the <53 µm fractions had a C:N ratio of 8.3–16.3, and the ratio was 7.0–14.6
in >53 µm fractions (Figure 3C). The ratio in the irrigation regimes followed the order of
CWL > AWD. The differences in the ratios between the organic amendments and their rate
of applications were inconsistent.
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3.3. Carbon Sequestration Potential of Soils

The percentage of C sequestration was calculated for each treatment, based on the
initial and final soil OC contents. Carbon sequestration percentage of the bulk soils ranged
from 25 to 68% and was significantly influenced by the irrigation regimes and the type and
application amount of OM (Figure 4, Tables S1 and S3). A higher C sequestration percentage
was observed in the CWL condition (47.4%) than in AWD soils (35.2%). Between the
amendment types, PM application caused more C sequestration (45%) than the application
of RS (37%), and considering the rate of application, 5 g kg−1 soil resulted in a higher
percentage than 2.5 and 15 g per kg−1 soil application of the amendments. Considering
both the irrigation regime and amendment type, PM application under CWL condition
showed the highest C sequestration potential of soils (Table S2).
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Figure 4. Carbon sequestration percentage of the bulk soils under two irrigation regimes (CWL = con-
tinuous waterlogged, AWD = alternate wetting and drying) affected by the type (PM = poultry
manure, RS = rice straw) and application rate (control (0), 2.5, 5.0 and 15.0 g kg−1 soil) of organic
matters. Data showing here are the mean value of three replications. Carbon sequestration poten-
tial (%) = (Initial C in soil—Final C in soil after incubation)/initial C × 100. Vertical bars represent
the standard error of the replications (n = 3). Different uppercase letters on the clustered columns
indicate significant differences between organic amendment type × irrigation regime and lowercase
letters indicate significant differences between organic amendment rates for specific amendment
under particular irrigation regime.

4. Discussion
4.1. Effect of the Type and Application Rate of Organic Amendments on Soil Organic Carbon

It was found that almost all of the organic amendments and their application rates
combination significantly affected the final soil OC content (Figure 2A). It is obvious that the
addition of OM did not result in equal soil OC change. During the decomposition process
of these (i.e., PM and RS) OM amendments, diverse quantities of OC were expected to be
added to the soils [36], which could be explained by the variation of OC content and C:N
ratio of the amendments. In some earlier investigations, a straight relation between OM
application rates and final soil OC content was described [23,24,37]. However, some studies
also reported a nonlinear relationship between these two parameters [25,38]. Additionally,
besides the type and applied amount of OM, soil properties and native OC contents also
play a vital role in C stock [23,39].

Application of PM and RS to the soils led to a significant increment of soil OC content
(Figure 2), which was more prominent with PM incorporation than with RS. The C:N ratio
of RS was wider than that of the PM (Table 2), and this ratio has been ascribed to the
decomposability of OM [40]. Majumder et al. [40] reported that narrower C:N ratios were
linked with greater OM decomposition rates. This finding is inconsistent with the results of
this present study, which could be explained by the biochemical compound composition of
the applied amendments. It was reported that PM may compose of amide, polysaccharides
and higher aromatic compounds [41,42], whereas RS may consist of cellulose, lignins and
polyphenols [35,40]. The presence of these different compounds in the amendments could
qualitatively and quantitatively vary depending on their substrate ingredients, decomposi-
tion state, etc. Although it is beyond the capacity of the study, it could be assumed that
PM might have a more complex compound (such as aromatics) in their structure which
could be more resilient to the microbial decomposition than the compounds present in RS.
Thus, PM application might slow down the OM decomposition rate compared to the RS,
which resulted in higher soil OC for the prior amendment type. Overall, the accumulation
of OC in the soil after OM amendment application was most likely influenced by their
biochemical composition and decomposition rates [35].

Generally, a higher increase in soil OC content after the application of a higher rate
of OM is expected [43]. However, in this experiment, the highest rate of added OM
amendment did not increase the soil OC compared to the lowest addition (Figure 2A,
Table S3). This could be due to a lack of microbial population or their activities against the
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large amount of applied OM. Carney and Matson [44] also mentioned the importance of
microbial abundance in soil OC mineralization. So, blind application of a higher amount of
available OM amendments to the soil might not always be beneficial.

4.2. Impact of Irrigation Regime on Soil Organic Carbon Content

Paddy soil is an anthropogenic soil, and its evolution and formation are highly in-
fluenced by tillage operation, irrigation, nutrient (inorganic and organic fertilizers) and
residue management [45,46]. Conventionally irrigated paddy rice cultivation required an
estimated 34–43% of the total world’s irrigation water, which is about 24−30% of the whole
world’s established freshwater resources per year (http://www.knowledgebank.irri.org/,
accessed on 1 June 2022). Although water-saving technology such as AWD reduces the
irrigation water demand for paddy cultivation, this may induce consequences on soil OC
and N [15,47–49], and on long-term soil health. These changes (loss of OC and N) may
often be explained by the introduction of aerobic conditions during the growing period of a
crop which alters soil processes and chemistry [15]. Under continuous anaerobic situations,
both the decomposition of amended OM and mineralization of native soil OC are slower
compared to those under aerobic or alternate aerobic-anaerobic conditions [16,50]. This
statement is also true for the soil OC variations in CWL and AWD conditions, soils of the
CWL irrigation regime showed relatively higher OC than the AWD condition (Figure 2A).

4.3. Labile vs. Stable Organic Matter: Potentiality in Terms of Soil Organic Carbon Sequestration

Continuous waterlogged conditions showed relatively higher C sequestration po-
tential (Figure 4) than the AWD condition. This is consistent with the existing literature
where continuous saturated paddy soils have been reported to have greater OC storage
and sequestration potential compared to the dryland crop fields [51]. Higher perseverance
of OC in CWL paddy soils than in dry cropland had been often attributed to the aggregate
stability (i.e., physical protection) [46] and/or chemical protection (i.e., interactions of OC
with minerals (free oxyhydrates)) [52] or to chemical recalcitrance [36]. In this present study,
the mass abundance and OC distribution of mineral-associated OM fraction (<53 µm) was
relatively higher in the CWL condition than the AWD condition (Table 3 and Figure 3A).
We know that in mineral-associated Oms, organic compounds are chemically bound to the
mineral surfaces which make the OMs less decomposable by the microbes. The result of
this study is also consistent with the chemical stabilization method, i.e., mineral–OC inter-
actions. However, the mechanism underlying the long-term accumulation of OC in paddy
fields has not been well documented yet [53]. Nevertheless, preferential accumulation of
OC in continuous submerged paddy soils is explained by the slower decomposition of OM
than well-drained or alternately drained soil [15].

A relatively higher abundance of mineral-associated OM (<53 µm fraction) from PM
application suggested that the application of PM was more likely to enhance relatively
higher OC accumulation in soil than the RS application. Although the lower C:N ratio of
PM can cause a higher microbial decomposition of OM, the microbial processed organic
substance can be accumulated and persistent in soil for the long term [54] through mineral–
OC associations. This is in line with the higher C sequestration potential of PM applied
soils than the RS application (Figure 4).

The higher rate of OM amendment use did not result in higher C sequestration
percentage (Figure 4). This could again be because of an insufficient microbial population
size or activities compared to the amount of applied OM amendment. That is why, with
a high rate of amendments, the C proportion in the partially decomposed OM (labile
fraction > 53 µm) has increased and the opposite happened in mineral-associated OM
fractions (<53 µm) (Table 3). However, it should be noted that this was a short-term study
just to simulate OM decomposition in a single season of paddy cultivation. This time frame
could also be a reason for these results since C stabilization is a slow process.

http://www.knowledgebank.irri.org/
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5. Conclusions

Organic C, total N contents and C:N ratios of soils under two different irrigation
regimes were significantly influenced by the type and application rate of organic amend-
ments. After 4 months of incubation of soils with different rates of organic amendments,
there was an increase of OC in soils. Between two irrigation regimes, the CWL condition
showed relatively higher soil OC than the AWD condition. The C sequestration percentage
was also higher in the CWL condition than AWD soils. The presence of continuous moisture
in the CWL condition increases the anaerobic state and decreases the microbial activity,
which may result in the lowering of the OM decomposition and ultimately could decrease
the CO2 emissions into the environment. After the fractionation of the soils, CWL soils had
slightly higher OC than AWD in mineral-associated OM fraction (<53 µm), which was more
prominent in the PM-applied soils. Between the two amendment types, the PM application
resulted in more OC and total N than the RS application irrespective of irrigation regimes,
and the 5 g PM kg−1 soil application added the highest OC to the soil. This was explained
by the substrate nature (mainly C:N ratio) of the amendments and presumed proportion of
microbial population: the OM amount.

Overall, the application of PM resulted in a substantial increase in soil OC content
compared to RS application. The use of a higher amount of organic amendments did not
increase OC content, and even reduced the C sequestration potential of soils. Between the
two irrigation regimes, soils from the CWL condition stored higher amounts of OC than
the AWL-irrigated soils. The outcomes of this study indicated the need to consider the role
of the irrigation system and organic amendment management for higher C sequestration in
paddy soil for the sake of sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su141912369/s1. Figure S1. Graphical details of all experimental
steps. Table S1. Effect of irrigation regime and organic amendment on soil organic carbon, total
nitrogen, C:N ratio and carbon sequestration. Table S2. Interaction effect of irrigation regime and
organic amendment on soil organic carbon, total nitrogen, C:N ratio and carbon sequestration.
Table S3. Effect of organic amendment rate of a specific amendment type on soil organic carbon, total
nitrogen, C:N ratio and carbon sequestration under particular irrigation regime. Table S4. Effect
of irrigation regime on organic carbon, total nitrogen and C:N ratio of two soil fractions (<53 and
>53 µm). Table S5. Effect of organic amendment type on organic carbon, total nitrogen and C:N ratio
of soil fractions (<53 and >53 µm) irrespective to irrigation regimes.
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