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Abstract: Rice-wheat crop rotations have high carbon fluxes. A 2-year field study in Punjab, Pakistan
quantified impacts of different nutrient management on harvestable carbon biomass, crop-derived C,
soil organic C sequestration (SCS), and decomposition. Treatments included different combinations
of mineral fertilizer, animal manure (20 Mg ha—1), and incorporated crop residue in a split-plot
design under conventional tillage (CT) and reduced tillage (RT). Combined use of mineral fertilizer
and manure resulted in (1) 12.56% to 53.31% more harvestable C biomass compared to use of
fertilizer and manure alone and (2) 18.27% to 60.72% more crop-derived C inputs relative to using
only fertilizer or manure across both tillage practices. Combined fertilizer/manure treatments also
significantly enhanced SCS relative to using fertilizer alone. Using only manure increased SCS by
63.25% compared with fertilizer alone across both tillage practices. The relationship between SCS
and C inputs indicated high humification (14.50%) and decomposition rates (0.46 Mg ha~! year~1)
under CT compared to RT at 0-15 cm soil depth. At 15-30 cm soil depth, rates of humification
(10.7%) and decomposition (0.06 Mg ha~! year—!) were lower for CT compared to RT. Combined
manure/fertilizer treatments could induce high C sequestration and harvestable C biomass with
reduced decomposition in rice-wheat rotations.
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1. Introduction

Long-term sustainability in agriculture depends on soil processes which can play a
crucial role in mitigating global climate change as soils have a great potential to store CO,
in the form of soil organic matter [1]. For this purpose, agricultural practices can play a
significant role in increasing soil carbon sequestration [2]. Therefore, countries around the
world have adopted conservation tillage systems that can be highly profitable, productive,
and support sustainable agriculture.

On the one hand, practicing conservation tillage in the form of reduced tillage can
accelerate soil organic carbon build-up in soils, increasing the stability of macro-aggregates,
increasing water infiltration, and thus, minimizing the loss of soil organic matter (SOM)
from erosion [3]. On the other hand, the productivity of major cropping systems including
rice—wheat has declined over the last few decades [4]. This has been attributed to intensive
tillage operations with subsequent losses of SOM, nutrients, soil aggregates, and stability
of soil particles [5]. Hence, intensive tillage [6] and the sole use of mineral nutrients [7]
have reduced soil organic carbon (SOC) which has resulted in the decline of soil fertility [5].
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Compared to intensive tillage, conservation tillage has great potential to induce changes in
SOC in the top layers of the soils in arid and semi-arid environments [8].

One of the important issues of South Asian agriculture, including in Pakistan, is the
burning and removal of residues to promote good seedbeds and to reduce chances of crop
yield losses from infestation of insect pests and diseases [9]. The SOC losses through crop
residue burning have been higher in rice-wheat cropping systems. This is the reason that
rice-wheat cropping systems are most intensive [10] and more exhaustive [11] compared
to other cropping systems. Additionally, rice—wheat cropping systems are being practiced
along a vast tract of the Indo-Gangetic Plains (IGP) of South Asia totaling 13.5 million
hectares (ha) including 2.2 million ha in Pakistan [12]. Recently, there has been a shift to
more sustainable management practices to offset the intensity of this two-crop system.

One sustainable practice is applying farmyard manure, which not only provides
valuable nutrients but also enhances the physical quality of soil for better plant nutrient and
water uptake from the soil. Several published reports [4,13,14] have proposed alternative
practices for re-building SOM in soils. Conservation tillage systems, animal manure
application, and crop residue management [4,15,16] have been proposed as the most
suitable practices to improve soil health by enhancing SOC density, infiltration capacity, and
decreased soil bulk density, as well as promoting the stability of soil aggregates and SOC [8].
Crop residues and manure management play an important role in returning much-needed
carbon (C) to soils, leading to higher SOC and soil quality [15]. SOC sequestration at rates
of 15 to 120 kg C ha~! year ! were observed using nitrogen-phosphorus—potassium (NPK)
fertilizer combined with manure [17]. SOC of 3.2 g kg ! was reported when using farmyard
manure [15]. Low SOC sequestration rates were attributed to high soil temperature, high
rate of oxidation, and lower amounts of soil water.

It is well-acknowledged that agroforestry has a great potential to capture more C from
the air and reduce nitrogen (N) losses from high rates of deforestation [18]. Application
of organic amendments with reduced tillage practices along with agroforestry could be
good strategies to increase both C and N stocks and make food systems more resilient
against threats related to climate change. However, cropping systems, principally involving
upland crops during one season and lowland crops during the remainder of the year, could
make SOC accumulation fluctuate in soil by controlling C inputs and their decomposition
rates [19]. Decomposition rates are accelerated by higher temperature but decline with in-
creasingly hypoxic or anoxic conditions as are found in rice-based cropping systems. Parker
et al., 2002 [20] observed 7-20% higher organic C in the soil of a cotton-rye system with ap-
plication of poultry litter compared to that from mineral fertilizer. Furthermore, Rudrappa
et al., 2006 [21] also observed a significant improvement in total SOC concentration by
balanced fertilization compared to that from 50% NPK or just NP alone.

To realize significant C sequestration potential, which may be becoming more accepted
in Pakistan, the adoption of best management practices is required, such as reduced or
minimum tillage, integrated nutrient management, and applying animal manures. Limited
reports have been published determining the effects of C inputs on harvestable C biomass
and SOC sequestration rates in a dominant rice-wheat cropping rotation in Pakistan.
Therefore, it is necessary to investigate the potential effects of organic amendments and
tillage practices on soil organic matter as well as C and N sequestration in rice-wheat
rotations under Pakistani climatic conditions. The objectives of this study were (1) to
assess C biomass production, changes in soil organic matter, SOC, and N sequestration in
rice—wheat rotations under tillage using different combinations of mineral fertilizer and
organic amendments, and (2) to examine the quantitative relationship of C inputs with
SOC sequestration rate and efficiency.

2. Materials and Methods
2.1. Site Description

Our field experiment was conducted at the research farm (31°26'24.118" N, 73°4'29.317" E)
at an elevation of 185 m associated with the Department of Agronomy at the University of
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Agriculture, Faisalabad, Pakistan. This research farm is located in the plains of central Punjab
province in Pakistan. The climate of the region is semiarid subtropical continental lowland.
Recent annual average precipitation is 393 mm (mm) of which 68.42% (269 mm) occurred
during the summer rice growing season (June-October), while the remaining 31.58% (124 mm)
took place during the winter wheat growing season (November-May). The average annual air
temperature was 24.22 °C. The soil type is silt loam (19.0% sand, 54% silt, and 27% clay at a soil
depth of 0-15 cm). The basic soil properties are summarized in Table 1. The dominant crops in
this area are irrigated wheat, rice, sugarcane, cotton, and livestock fodder. Our experimental
trial was conducted in an area where rice—wheat was already established using standard
production technologies. This area was selected for soil organic carbon sequestration from the
wheat season of 2014 to the end of 2016.

Table 1. Basic soil properties and initial conditions at the research farm in Faisalabad, Pakistan.

Value
Properties Unit
0-15 cm 15-30 cm
oM % 0.51 0.34
Clay % 27 29
Silt % 54 51
Sand % 19 20
Stone Yo 0 0
Total Nitrogen gkg™! 0.41 0.3
Total Phosphorus gkg™! 0.44 0.4
Total Potash gkg ! 31.11 30.07
Available N mg kg ! 21.32 14.7
Available P mg kg1 7.07 6.07
Available K mg kg ! 164.87 138.34
Bulk Density Mg m~3 1.49 1.51

2.2. Experimental Design and Crop Management

The cropping experiment was a split-plot design with three replicates of each treatment.
Each replicate (80 x 10 m) consisted of two main-plots and sixteen sub-plots. The tillage
treatments of conventional tillage and reduced tillage were randomized in main plots,
and fertilization management treatments (use of mineral NPK fertilizer, crop residue, and
animal manure) were allocated randomly in sub-plots. Tillage systems during the rice
and wheat seasons were the conventional tillage (CT) treatment using two cultivations
with the tractor pulling a cultivator along with one rotavator followed by planking for rice.
For wheat, this involved three cultivations along with one rotavator followed by planking.
The reduced tillage (RT) treatment consisted of one cultivation along with one rotavator
for both crops. In this research study, conventional practices were those commonly used
by farmers involving tilling soil to a depth of 15-20 cm from the soil surface. Farmers in
Pakistan cultivate soil by using a common cultivator for the primary tillage operation. This
is followed by one rotavator pass to churn the remains of the previous crop. However, one
more cultivation during transplanting of rice is performed by most farmers. The secondary
operation in the rice crop includes the puddling of the field in standing water to keep water
stagnant during the crop growth period.

The fertilization management treatments involved using a control (T1, Ck) with no
organic or inorganic fertilizer application. Treatment 2 (T, NPK) used recommended
doses of mineral N, P, and K. Treatment 3 (T3) used animal manure applied at a rate of
20 Mg ha~!. Treatment 4 (T4) involved 100% incorporation of the crop residue that was left
behind from previous crops. Treatment 5 (T5, NPKM5/5) fertilization management was
equally split between mineral NPK fertilizer and manure (10 Mg ha~!). Treatment 6 (T,
NPKS5/5) used 50% mineral NPK and 50% crop residue. Treatment 7 (T7, 0.25 NPKM +
0.5 S) fertilizer application was 25% mineral NPK, 25% manure (5 Mg ha~?), and 50% crop
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residue. Treatment 8 (Tg, 0.25 NPKS + 0.5 M) fertilizer application was 25% mineral NPK,
25% crop residue, and 50% M (10 Mg ha~') applied to crops.

For nutrient treatments for the T, application, mineral NPK application rates for rice
were 140, 80, and 86 kg ha—!, and for wheat these were 120, 80, and 60 kg ha~!. For the Tj
and Tg treatments, the application rate of NPK, excluding the nutrient content of straw and
manure, were 60, 40, and 30 kg ha~!, respectively, for wheat and were 70, 40, and 43 kg
ha~! for rice. For the T; and Tg treatments, the NPK application rates for wheat were 30,
20, and 15 kg ha~1, while for rice these were 35, 20, and 21.5 kg ha-l. All P and K and
one-third of N were applied at the time of seeding or transplanting. A second one-third of
N was top-dressed at the tillering stage for both crops. The last one-third dose of N was
top-dressed at the booting stage for both rice and wheat.

The sources of inorganic N, P, and K were urea (46-0-0), diammonium phosphate
(DAP; 18-46-0), and potassium sulfate (SOP; 0-0-50), respectively. For the T4 treatment,
above-ground crop straw was collected from pre-existing rice, grown under recommended
inorganic N, P, and K, after harvest. Furthermore, rice straw per unit area was estimated
(n = 3) to range from 6000 to 7200 kg ha~!. The application rate of rice straw was 6000 kg
ha~!, cut into 3 cm sections [7] and then returned to the field. After wheat harvest, straw
yields under the T, treatment (n = 3) were estimated to range from 5500 to 6500 kg ha~!.
Wheat straw applied at 5500 kg ha~! was incorporated into the soil before transplanting of
rice. In this study, rice-wheat rotation was performed on the same field. The characteristics
of organic materials are provided in Table 2.

Table 2. Basic characteristics of organic amendments applied in rice-wheat experiment at research
farm in Faisalabad, Pakistan.

Moisture Carbon Nitrogen  Phosphorus

Source (%) (%) %) %) Potash (%)  CN Ratio
Manure 395 296 0.8 0.21 0.61 37.00
Rice straw 15.5 4131 0.98 0.18 1.62 40.31
Wheat 10.5 395 1.13 0.4 2.02 36.56
straw

Prior to planting wheat, organic amendments were applied during the last week of
November for the first (2014) and second (2015) years of the experiment. Wheat cultivar
MILLAT-2011 was sown after ten days from the application of organic amendments. Wheat
was harvested after mid-April during both 2015 and 2016. The rice cultivar Basmati-515
was seeded during the first week of June and transplanted before mid-July for both years.
Both rice and wheat crops were harvested by cutting at 5-10 cm above the ground by
a sickle.

2.3. Soil and Crop Measurements
2.3.1. Soil Analysis

Soil samples were annually collected at two depths (0-15 cm and 15-30 c¢cm) from five
points in each plot. The soil samples were air-dried, ground, and passed through a 2-mm
mesh for analysis of chemical properties. The final air-dried soil samples were placed in
sealed plastic jars until further analysis. Soil organic carbon (SOC) was estimated by the
protocol described in Walkley and Black, 1934 [22]. Total and available N was determined
by following Black et al., 1965 [23], total P by Murphy and Riley, 1962 [24], available P by
Olsen et al., 1954 [25], and total as well as available K by Knudsen et al., 1982 [26]. Soil bulk
density was recorded by a metal core method.
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2.3.2. Determination of Harvestable Carbon Biomass and Carbon Inputs

The annual average harvestable carbon biomasses of rice and wheat were calculated
by harvesting above-ground yield (Ygrain and Ystraw, Mg ha~!) and measuring carbon
content (Ceontent, kg_l) for straw and grain from crops, respectively [27]:

Chiomass = Ygrain X Cgrain + Ystraw X Cstraw (1)

Total above-ground biomass and grain yield were estimated from plot yield after
harvest of each crop, while straw biomass was estimated by subtracting grain yield from
total biomass. Annual organic carbon input (Cinput, Mg ha=') was determined from
belowground carbon biomass (Cpelowground, Mg ha—1), crop stubble, plus leaf-fall (C,;, Mg
ha!) which were incorporated into the topsoil, and C biomass from organic amendments
(Cstraw; Cmanure, Mg ha_l) [28].

Cinput = Cbelowground + CsiL + Cstraw + Cmanuretire 2)
Cbelowgrouncl = Croot + Crhizodeposition ®3)
Croot= Rrt X Chiomass 4

Crhizodeposition = Rrd X Chiomass ®)

Belowground C biomass involves contribution from both crop roots and rhizo-deposition.
Roots, stubble, and leaf-fall were measured after harvests of both crops, and we assumed
that their proportion was steady during the whole experimental period. Here Rrt and Rrd
are the ratios of C biomasses from roots and rhizo-deposits to above-ground C biomasses
for each treatment. Soils with a volume of 30 x 30 x 30 cm around the roots in all experi-
mental plots were dug out and Rrt was determined. However, the values of Rrd for wheat
and rice were 0.125 and 0.15, respectively, as reported by Zhao et al., 2016 [29].

CS+L = RS+L X Cbimass (6)
Cstraw = Bstraw X Cstraw (7)
Cranure = Bmanure X Cmanure (8)

In Equation (6), RS + L is the ratio of stubble and leaf-fall C biomass to above-ground
biomass. C inputs from straw and manure were estimated by multiplying the applied
biomass of rice, wheat, and manure with their C-constituents.

2.4. Soil Carbon Sequestration

The soil organic carbon (SOC) difference between the initial and the final year is as-
sumed to be the SOC sequestered (S measured in kg ha~! year—!) under each treatment [30].
Positive and negative magnitudes of SOC were interpreted as gains and losses in SOC for
all treatments, respectively:

S = ((SOC; - SOC;) x BD x d)/t )

where SOC; and SOC; (g kg’l) are the SOC content in the final and the initial year for
treatments, respectively. The term t is the duration of the experiment (years), BD (Mg m~2)
is the soil bulk density, and d is the soil depth, where 0.15 and 0.30 m were used in
our calculations.



Sustainability 2023, 15, 6415

6 of 20

2.5. Soil Nitrogen Sequestration

The soil nitrogen (SN) difference between the initial and the final year is assumed
as the SN sequestered (SNS measured in kg ha~! year~!) under each treatment. Posi-
tive and negative magnitudes of SNS were interpreted as gains and losses in SN for the
treatments, respectively:

NS = ((SNy - SN;) x BD x d)/t (10)

where SN; and SNj (g kg 1) are the SN content in the final year and the initial year for the
treatments, respectively. Here, t is the duration of the experiment (years), BD (Mg m~3) is
the soil bulk density, and d is the soil depths of 0.15 and 0.30 m used in our calculations.

2.6. Statistical Analyses

A linear regression equation (y = by + bjx) was applied to indicate the relationship
between the SOC sequestration rate and annual C inputs under CT and RT treatments,
where y versus x is the soil C sequestration rate in Mg ha~! year~! versus annual C input
in Mg ha~! year~!. Both by and b; are regression coefficients of the simulation equation. A
curvilinear relationship between ASOC (g kg~!) and C inputs measured in Mg ha~! year~!
is used to estimate apparent soil C sequestration efficiency (CSE) by applying logarithmic
regression (y = by + bjlnx). Here y versus x are ASOC (g kg’l) versus annual C input
measured in Mg ha~! year—!, while by and by are regression coefficients. The goodness of fit
for both equations was computed by the coefficient of determination (R?). The experiment
consisted of a split-plot design, and three replications for each treatment were performed.
Statistical analyses of all characteristics observed in this study were processed using two-
way analysis of variance (ANOVA) following Tukey’s honestly significant difference (HSD)
test to compare the mean values at a probability level of 5% or less [31] in the computer-
based software program Statistix 8.1 [32].

3. Results
3.1. Soil Organic Matter

Atboth sampling depths, SOM concentration in the rice-wheat system was the highest
in organic-amended along with mineral NPK (organo-mineral treatments T5 through Tg)
plots and the least in unfertilized controls under both tillage treatments (Table 3). The
SOM in plots treated with combined use of manure, straw incorporation, and mineral
NPK were significantly (p < 0.01) higher than those from the mineral-alone NPK treatment
under both reduced tillage (RT) and conventional tillage (CT) systems. For example,
application of manure plus straw and mineral NPK increased SOM by 31-40% and 37-
39% at the 0-15 cm and 15-30 cm soil depths compared to the control under both tillage
treatments. Among treatments that just used organic amendments and inorganic NPK, the
SOM concentration at both sampling depths was the most in manure-treated plots ranging
from 4.60 to 6.89 g kg~ !. Minimum values of SOM were noted for mineral NPK treatment,
which ranged from 3.82 to 5.80 g kg~!. At both sampling depths, nutrient management
treatments accumulated significantly more SOM under RT than CT (Table 3).
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Table 3. Soil organic matter (g kg ') at two soil depths (0-15 and 15-30 cm) as affected by different
fertilization treatments under CT and RT for rice-wheat.

Soil Depth (cm)
Treatments

0-15 15-30 Total
Control (Ck) 4.60 3.09 7.69
Mineral NPK 5.61 3.82 9.43
Animal manure 6.54 4.60 11.14
Conventional Stubble/crop residue 5.92 3.99 9.92
tillage NPKM 5/5 741 5.20 12.61
NPKS5/5 6.40 4.61 11.01
0.25 NPKM + 0.50 S 6.67 5.04 11.71
0.25 NPKS + 0.50 M 7.53 4.90 12.43
Ck 541 3.47 8.88
NPK 5.80 391 9.70
Animal manure 6.89 4.70 11.59
. Stubble/crop residue 6.13 4.10 10.23
Reduced tillage NPKM 5/5 7.60 521 12.81
NPKS5/5 6.80 4.80 11.60
0.25 NPKM + 0.50 S 6.88 5.10 11.98
0.25 NPKS + 0.50 M 7.70 5.10 12.80

Stubble/crop residue is incorporated into the soil. NPKM 5/5 is 50% recommended NPK along with 50% manure;
0.25 NPKM + 0.5 S is 25% NPK, 25% manure, and 50% crop residue; and 0.25 NPKS + 0.5 M is 25% NPK, 25% crop
residue, and 50% manure.

3.2. Harvestable C-Biomass and C-Inputs

The annual above-ground C biomass (grain plus straw) of both rice and wheat was
significantly (p < 0.01) enhanced by fertilization treatments (Figure 1). Above-ground
harvestable C biomass of rice and wheat was the highest for the NPKM5/5 treatment,
ranging from 5.68 to 5.83 Mg ha~! and 5.42 to 5.53 Mg ha ! for rice and wheat, respectively.
Above-ground harvestable C biomass was the least for the unfertilized control, ranging
from 2.22 to 2.42 Mg ha~! and 2.41 to 2.44 Mg ha~! for rice and wheat under both tillage
treatments. In terms of harvest C biomass of wheat, the NPKM5/5 treatment was statisti-
cally comparable with just NPK application and the 0.25 NPKS + 0.5 M treatment under
RT (Figure 1). It was also similar to the 0.25 NPKS + 0.5 M treatment under the CT system.
Use of just NPK or in combinations with organic amendments (e.g., NPK, NPKM5/5,
NPKS5/5, 0.25 NPKS + 0.5 M, and 0.25 NPKM + 0.5 S) increased biomass by 50% to 62%
for rice and by 44% to 56% for wheat. Compared with the control, NPK-alone or organic
amendments-alone improved the above-ground C biomass production under both tillage
treatments. NPK-alone and organic amendments-alone were ranked on increasing trends
in above-ground C biomass: RT-NPK > RT-M > CT-NPK > CT-M > CT-S > RT-S for rice and
CT-NPK > RT-NPK > CT-M > RT-M > CT-S > RT-S for wheat.
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Figure 1. Average annual harvestable C biomass as influenced by different fertilization treatments
under CT and RT. Each bar represents mean + SD. Bars with unlike lower case letters (e.g., a, b, ¢,
etc.) are statistically significant (p < 0.05) from each other. Solid and no-filled stacked portions show
harvestable C biomass of rice and wheat, respectively. M is animal manure; S is stubble/crop residue
incorporation; NPKM 5/5 is 50% recommended NPK along with 50% manure; 0.25 NPKM + 0.5 S is
25% NPK, 25% manure, and 50% crop residue; and 0.25 NPKS + 0.5 M is 25% NPK, 25% crop residue,
and 50% manure.

Overall, the average annual C inputs for both rice and wheat (crop-derived C inputs)
and organic amendments (externally applied) ranged from 1.31 to 10.31 Mg ha~! year!,
equivalent to 2.61 to 20.62 Mg ha~! over the experimental period (Figure 2). The average
crop-derived C inputs from rice and wheat ranged from 0.74 to 2.17 Mg ha~! year—! and
0.57 to 1.68 Mg ha~! year~!, respectively, equivalent to 1.48 to 4.34 Mg ha~! and 1.13 to
3.39 Mg ha~! over the experimental period. Similar to the above-ground C biomass, the
crop-derived C inputs were also high from the NPKM5/5 treatment under both tillage
systems followed by the 0.25 NPKS + 0.50 M and 0.25 NPKM + 0.50 S treatments. In the
present study, organo-mineral treatments enhanced crop-derived C inputs by 54% to 66%
compared with the control treatment under both tillage systems.
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Figure 2. Average annual C inputs (roots, stubble, rhizo-deposits, straw, or manure) as affected by
different fertilization treatments under conventional and reduced tillage in rice—wheat. Each bar
represents mean £ SD. Bars with unlike lower case letters (e.g., a, b, ¢, etc.) are statistically significant
(p < 0.05) from each other. Solid and no-filled stacked portions show C inputs from organic externally
applied organic amendments and crops, respectively. M is animal manure; S is stubble/crop residue
incorporation; NPKM 5/5 is 50% recommended NPK along with 50% manure; 0.25 NPKM + 0.5 S is
25% NPK, 25% manure, and 50% crop residue; and 0.25 NPKS + 0.5 M is 25% NPK, 25% crop residue,
and 50% manure.
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3.3. Soil Organic Carbon Sequestration

We observed increased SOC sequestration of 80.13% by organo-mineral treatments (T5
through Ts) at a soil depth of 0-30 cm under both RT and CT systems (Figure 3a,b). Among
organo-mineral treatments, the highest SOC sequestration was noted in 0.25 NPKS + 0.50 M
plots followed by NPKM5/5 plots under the RT system. For example, 0.25 NPKS + 0.50 M
treatment sequestered 1118.60 to 1306.01 kg C ha~! year~! at the 0~15 cm soil depth. When
evaluated across tillage treatments, the C sequestration rate was 10.66% to 26.81% higher in
the RT system compared to CT at both sampling depths. Application of manure enhanced
SOC sequestration by 73.72% over that of the mineral NPK at the 0-30 cm soil depth. The
NPK and organic amendments (T3 and T4) were ranked in the following order, with RT-M
> CT-M > RT-S > CT-S > RT-NPK > CT-NPK.
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Figure 3. Average SOC sequestration rate as affected by different fertilization treatments under CT
and RT at (a) 0-15 cm and (b) 15-30 cm soil depths. Each bar represents mean £ SD. M is animal
manure; S is stubble/crop residue incorporation; NPKM 5/5 is 50% recommended NPK along with
50% manure; 0.25 NPKM + 0.5 S is 25% NPK, 25% manure; and 50% crop residue; and 0.25 NPKS +
0.5 M is 25% NPK, 25% crop residue, and 50% manure. Bars with unlike lower case letters (e.g., a, b,
¢, etc.) are statistically significant (p < 0.05) from each other.
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3.4. Soil Nitrogen Sequestration Rate

We observed very low soil N sequestration rates from the control under both tillage treat-
ments at a soil depth of 0-15 cm, ranging from —82.86 kg ha~! year~! to 66.77 kg ha~! year~!.
The soil nitrogen accumulation rate has a maximum value of 327.99 kg ha~! year~! from the
0.25 NPKS + 0.5 M treatment under RT and a minimum value of 95.52 kg ha~! year~! for
NPK-alone under CT at a soil depth of 0-15 cm (Figure 4). The organic amendments-alone
enhanced N sequestration by 48.56% to 62.66% over that of the NPK-alone treatment at a
soil depth of 0-15 cm. Furthermore, organo-mineral fertilization treatments enhanced N
sequestration by 43.91% to 67.12% compared to NPK-alone under both RT and CT systems

(Figure 4).
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Figure 4. Influence of various nutrient management strategies on soil N sequestration rate at 0-15 cm
soil depth under conventional and reduced tillage in rice-wheat cropping system. Each bar shows
Mean =+ SD. M is animal manure; S is stubble incorporation; NPKM 5/5 is 50% NPK along with 50%
manure; NPKS 5/5 is 50% NPK along with 50% S; 0.25 NPKM + 0.5 S is 25% NPK, 25% manure, and
50% S; and 0.25 NPKS + 0.5 M is 25% NPK, 25% S, and 50% manure. Bars with unlike lower case
letters (e.g., a, b, ¢, etc.) are statistically significant (p < 0.05) from each other.

At a soil depth of 15-30 cm, the N accumulation rate has a maximum value of
963.47 kg ha~! year~! for the 0.25 NPKS + 0.5 M treatment under RT and a minimum value
of 189.91 kg ha~! year~! for the control under RT (Figure 5). The organic amendments-
alone enhanced N sequestration by 70.75% to 79.73% relative to the control. NPK-alone
also increased N accumulation by 54.97% to 67.9% compared to the control. Additionally,
organo-mineral fertilization enhanced N sequestration rates by 66.59% to 80.29% relative to
the control under RT and CT (Figure 5). When N sequestration was evaluated across tillage
treatments, the N sequestration rate was higher in soils by 4.88% to 10.12% under RT than
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CT at both sampling depths. On average, NPK-alone and organic amendments-alone were
ranked in increasing order: RT-S > RT-M > CT-M > CT-S > RT-NPK > CT-NPK.

1200
1 CT
BN RT
1000 A a
bc g
M,—\ f I
| C
> i
~ 800 | T
] E
= 2
P .-
= 600 - ] .
.E = a
- :
% g
S 400 A -
S -
z k g
1 -
200 A g
0 T T T
g £ 2 2
s Z s 2
S ; il
< 2
- e
Z Z
v )
I ~
S S

Treatment

Figure 5. Effects of various nutrient management strategies on soil N sequestration rate at 15-30 cm
soil depth under conventional and reduced tillage in rice-wheat cropping system. Each bar shows
Mean =+ SD. M is animal manure; S is stubble incorporation; NPKM 5/5 is 50% NPK along with 50%
manure; NPKS 5/5 is 50% NPK along with 50% S; 0.25 NPKM + 0.5 S is 25% NPK, 25% manure, and
50% S; and 0.25 NPKS + 0.5 M is 25% NPK, 25% S, and 50% manure. Bars with unlike lower case
letters (e.g., a, b, ¢, etc.) are statistically significant (p < 0.05) from each other.

3.5. Relationship between SCS and C-Inputs

A significant positive relationship between soil carbon sequestration (SCS) and C
inputs was found under both tillage treatments and soil sampling depths. Conversion
rate of C inputs to SOC (humification) can be computed as the slope of C sequestration
against C inputs by using linear regressions (Figure 6a,b). Under the CT system, nutri-
ent fertilization treatments resulted in high humification and decomposition rates (14.5%
and 0.46 Mg ha~! year™!) at 0-15 cm soil depth compared to the RT system (13.5% and
0.22 Mg ha~! year~!; Figure 6a). At 15-30 cm soil depth, we observed decreased humi-
fication and decomposition rates of 10.7% and 0.06 Mg ha~! year~! for the CT system
compared with that from the RT system (Figure 6b).
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Figure 6. Relationships between SOC sequestration and annual C inputs in relation to different
fertilization treatments under CT and RT treatments at (a) 0-15 cm and (b) 15-30 cm soil depths.
Determination coefficients indicate significant correlation at p < 0.05.

3.6. Soil Carbon Sequestration Efficiency

The apparent soil carbon sequestration efficiency (CSE = ASOC/ Cinput) during experi-
mental periods was also affected by fertilization treatments under both tillage systems and
sampling depths (Figure 7a,b). A curvilinear correlation was found between C inputs and
ASOC contents (Figure 7a,b), representing a significant decline in marginal efficiency of
C inputs. The graph (Figure 7a) indicates that 2.0 Mg ha~! of C inputs were required to
maintain the initial SOC level in the 0-15 cm soil layer under CT. However, less than 2.0
Mg ha~! of C inputs were also needed to sustain the initial SOC level in the sub-soil layer
(15-30 cm) under CT (Figure 7b). Under the RT system, reasonably fewer C inputs were
needed to keep initial SOC at a constant level in both soil layers.
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Figure 7. Relationship between soil C inputs and ASOC content at both soil sampling depths
(a) 0-15 cm and (b) 15-30 cm as affected by different fertilization treatments under both tillage
treatments. The lower dashed line indicates requirement of annual C inputs to maintain initial SOC
level in the soil.

In terms of CSE, the control showed a negative CSE in both soil layers under CT, but
positive CSE was also found in the control under RT. The CSE of organo-mineral treatments
varied from 10.54% to 19.70% at both sampling depths. However, NPK-alone and organic
amendments-alone showed a CSE ranging from 5.82% to 10.12% across both soil layers.
Although C inputs from the manuring treatments were higher by 19% to 51% over those of
the organo-mineral treatments, we observed maximum CSE from the NPKM5/5 treatment
followed by the NPKS 5/5 treatment under both tillage systems. In the first soil layer
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(0-15 cm), the trends in CSE from just using NPK and organic amendments were ranked in
the following order: RT-NPK > RT-S > RT-M > CT-NPK > CT-M > CT-S.

4. Discussion
4.1. Soil Organic Matter

We observed high soil organic matter (SOM) concentrations under the reduced tillage
(RT) system at 0-15 cm soil depth. Higher SOM concentrations can be accredited to less soil
disturbance and decreased litter decomposition due to less soil / residue interaction [33,34]. The
SOM distribution in soil can be affected by soil type, climate, and management practices [35].
The key factors influencing SOM in soils are soil temperature, soil texture, soil microbes,
precipitation, tillage intensity, fertilization, irrigation, stubble management, root biomass,
and soil topography [36]. Tillage methods, fertilization, and stubble management can affect
soil properties such as soil porosity, infiltration rate, as well as root penetration patterns.
Further tillage systems can also influence the soil physio-chemical properties in sub-soil,
but their effects depend upon the tillage duration and intensity. For example, some studies
revealed no significant differences in SOC concentrations in sub-soil layers under various
tillage methods [33,34]. However, some researchers have indicated drastic changes in SOC in
sub-soil layers [37,38]. We reported comparatively less distribution of SOM concentrations in
the 15-30 cm deep soil sub-layer (Table 3).

On the other hand, conventional tillage induces more soil disturbance and enhances
the SOM exposure in inter- and intra-aggregates, leading to more SOM mineralization,
which suggests more incorporation and mixing of crop stubbles into the soils due to
increased decomposition rates [39]. Among nutrient management systems, organo-mineral
treatments improved SOM under RT at both soil sampling depths (Table 3). However,
significant decreases in SOM accumulation were observed at the deeper 15-30 cm soil
layer under all treatments under conventional tillage (CT). The decrease in SOC/SOM
concentration with soil depths has been well documented [40]. In our current study, lower
SOM in the deeper soil profile (Table 3) was likely attributed to less residue reaching the
sub-soil layer.

We observed that organic matter derived from organic amendments induced more
SOM accumulation in surface soil rather than in the sub-soil layer (Table 3). Meanwhile,
C inputs into the subsoil layer were mostly derived from dissolved organic matter, root
biomass, and root exudates [29]. Compared to the mineral NPK-alone, the incremental
impact on SOM concentration was much higher using animal manure compared to straw
incorporation. Furthermore, our results were corroborated by Prakash and Gupta, 2002 [41]
who reported similar results due to C addition through the roots and rhizo-deposits.

The animal manure along with mineral NPK not only enriched the soils with valuable
nutrients but also improved the physical environment of the soil for better uptake of both
water and essential nutrients. Parker et al., 2002 [19] observed that SOM increased by 7%
to 20% in the upper surface layer of soil (5 cm) under a cotton-rye system after poultry
litter addition compared to commercial mineral fertilizer. In our study compared to the
unfertilized control, a significant increase in SOM accumulation was recorded at both soil
sampling depths by using mineral fertilizers and organic amendments together.

4.2. Harvestable Carbon-Biomass

The combined use of organic amendments and inorganic fertilizers resulted in better
harvestable carbon (C) biomass of rice and wheat under both tillage systems as compared
to that from manure-alone and straw incorporation (Figure 1). Mineral nitrogen deposition
is necessary to enhance harvestable C biomass. Therefore, addition of nutrients either
from mineral or organic sources, as well as the combination of both, increased C biomass
production [42]. The nitrogen (N) addition along with organic amendments is a promising
practice to enhance rapid microbial growth [27], leading to more harvestable C biomass
production. However, the harvestable C biomass also varied with crop type [43]. Our
results are also in accordance with those reported by Xu et al., 2011 [43].
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4.3. Carbon Sequestration and Carbon Inputs

The SOC sequestration in agro-ecosystems is a complex process which is affected by
several factors such as climate, soil physio-chemical conditions, fertilization strategies, and
other management practices [44]. In our study, negative SOC sequestration was observed
from the control under CT at both soil sampling depths (Figure 3). Because there were no
external C inputs in the control, microbial breakdown of the inherent SOC exhausted the
SOC stock. Thus, the final SOC stock was lower compared to the initial SOC. Furthermore,
lower SOC sequestration was observed under CT, which could be attributed to the higher
SOM mineralization compared to RT. Additionally, reduced tillage intensity probably leads
to more aggregate stability [8], improves soil biological and biochemical processes [45], and
results in higher rates of SOC sequestration.

Among organo-mineral fertilization treatments, the 0.25 NPKS + 0.50 M treatment
performed substantially well under both types of tillage (Figure 3). This balanced fertil-
ization stimulated vigorous crop growth and higher root biomass [46]. Animal manure
induced positive effects on SOC content and final crop outputs [47]. We observed that
use of manure enhanced SOC sequestration by 61% to 91% and 48% to 61% relative to
NPK-alone and straw incorporation treatments, respectively. Animal manure stimulates
crop growth and development and also enhances returns of crop residues into soils [28,48].
A linear regression relationship between SOC sequestration and C inputs were fitted at both
soil sampling depths (Figure 6a,b), which suggests that SOC in our soil had not attained an
equilibrium level. Therefore, soils of rice-based cropping systems in Pakistan still have a
huge potential to dump more carbon. Both the linear and non-linear relationships between
SOC sequestration and organic C inputs have been documented in the literature [28,49].

4.4. Carbon Sequestration Efficiency Trends

The estimation of SOC sequestration efficiency based on a logarithmic relationship of
ASOC (sequestration) and C inputs currently under investigation (Figure 7a,b) is supported
by Kong et al., 2005 [30] and Hua et al., 2014 [50]. These estimations provide us an
average value for various fertilization treatments under RT and CT by assuming that soil
is continuously sequestrating SOC with the same efficiency irrespective of differences in
management practices and C inputs. Under unfertilized control or unbalanced fertilization
such as manure and straw incorporation, the limited availability of soil nutrients reduced
crop growth and productivity. The SOC decomposition to supply nutrients for plant growth
is inducing SOC depletion [51]. Therefore, negative soil carbon sequestration efficiency
(CSE) was noted in the control under both tillage systems. However, organo-mineral
fertilization induced a positive change in SOC sequestration by supplying more external C
inputs in a more balanced form.

Non-linear regressions between SOC sequestration and C inputs indicated that CSE
declined by supplying more than 8 Mg ha~! year~! of C inputs, which was observed in
the manure treatment (Figure 2). On the other hand, a balanced fertilization treatment (e.g.,
NPKMS5/5) significantly increased the harvestable C biomass (Figure 1) by supplying more
soil nutrients [52], leading to more crop-derived C in the soil (Figure 2). Therefore, we
observed significantly higher SOC sequestration (Figure 3a,b) with high CSE (Figure 7a,b) at
both sampling depths under the NPKM5/5 treatment. Use of organo-mineral fertilization
might create a suitable environment to enhance microbial growth and activity [53], resulting
in rapid decomposition of additional organic matter. However, the structural composition
of organic material such as manure, straw, roots, and rhizo-deposits has been a factor
controlling decomposition rates [54]. In this study, contribution from belowground-derived
C inputs towards the final SOC and CSE was greater compared to external C input. Some
researchers indicated that root-derived C might have more chances of physico-chemical
relations with soil particles, which could be retained in soils over a longer period of
time [55,56].

In our current study, the range of CSE varying from —22.8% to 19.70% was compara-
tively lower than those ranges reported by other researchers. For example, CSE was almost
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16% under a wheat-soybean cropping system in China [50] and 15.8% to 31% in mild-
temperate areas under mono-culture systems [49]. Comparable results for CSE of only 6.8%
to 7.7% was observed in a warm-temperate zone under a double-cropping system [49]. Rice
paddy soils may sequester more SOC with a higher efficiency compared to upland soils [57].
Furthermore, drying and wetting cycles can also induce more C and N mineralization [58].
Therefore, SOC sequestration in rice-based rotations of Pakistan could be enhanced by
applying more balanced nutrients to soils used for commodity crop production.

4.5. Crops, Livestock, and Agro-forestry Carbon Biomass

Expenditures for development and agricultural productivity have driven economic
growth in Pakistan over the past two decades as land used for crops has increased from
around 20 million hectares (ha) to between 23 to 24 million ha over this time [59]. However,
agricultural land in Pakistan has become degraded due to the intensification of agricultural
production as cropland shifts to pasture or crops/pasture become abandoned [60,61].
Agricultural expansion has also come at the expense of forests in Pakistan, as land use has
shifted from natural habitat to more intensive land uses such as human occupation and
agriculture. For example, between 1998 and 2018 in Pakistan, forests decreased from 40,937
to 36,709 ha (—10.3%), while agricultural land expanded from 4220 to 10,375 ha (+145.8%)
and developed areas increased from 1498 to 5395 ha (+260.3%) [62].

Forests in Pakistan substantially differ in both their above-ground biomass as well
as in their potential to store carbon. In general, carbon sequestration potential increases
with Pakistani forests at higher elevation, with wider diameter at breast height, greater
height, and larger crown area [63]. While dry temperate and moist temperate forests in
the northern, mountainous parts of the country can have above-ground biomass in the
175 to 200 Mg ha~! range, other types of forest such as (1) sub-tropical, broad-leaved and
(2) dry tropical thorn can have above-ground biomass closer to 10 Mg ha~! [64], which
is much closer to what we measured for the combined harvestable carbon biomasses for
well-fertilized rice-wheat rotations in Pakistani agricultural systems (Figure 1). This above-
ground carbon storage can be combined with below-ground carbon storage in plant roots
and the soil.

Future research can focus on how to better sequester carbon in agricultural systems
in Pakistan, as we have demonstrated for rice-wheat at around 1 Mg ha~! in soils given
sufficient carbon inputs (e.g., manure) into the system (Figure 6). Considering that Pakistan
has the fourth largest animal herd in the world at 196 million animals [65], there is great
potential to use livestock manure for commodity crops such as rice and wheat, assuming
that livestock are better integrated with these cropping systems. Even though livestock
producers in Pakistan tend to be small shareholders, a recent survey of 180 small livestock
farmers in central Punjab, Pakistan, found that 67.2% manage both crops and livestock
to reduce risk from climate change [65]. Mahmood et al., 2019 stress the need to shift
to integrated crop-livestock-forestry-fisheries production to reduce land degradation in
Pakistan [66].

Improving the sustainability of rice-wheat rotations in Pakistan through better use of
livestock manures and more complex integration with other agricultural enterprises such as
agro-forestry can help address the needs for both woody biomass restoration and improved
carbon sequestration. Agro-forestry has been shown to have more favorable soil organic
matter, phosphorus, and potassium compared to re-forestation following slash-and-burn in
Bangladesh [67]. Integrated crop-livestock-forest systems in Brazil have been estimated to
sequester 15 Mg CO, ha~! in soil [68]. Net carbon storage in these types of systems, such
as integrated livestock—forest, can be more favorable, especially if trees are used for timber
versus energy [69].

5. Conclusions

In this study, combined use of organic and mineral (organo-mineral) fertilization
treatments increased harvestable carbon biomass of rice and wheat, crop-derived carbon
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inputs, soil organic matter, and improved the soil organic carbon (SOC) sequestration rate
and efficiency. The RT system reduced the decomposition rate, which ranged from 0.01 to
0.22 Mg ha~!, and enhanced humification, which was 10.8% to 13.5%, ensuring higher SOC
retention in the soils under a rice—wheat cropping system. Our regression model predicted
that carbon inputs of 2 Mg ha~! year~! must be supplied to sustain the initial SOC level
in soils occupied by rice-based cropping systems. Organo-mineral fertilization increased
harvestable carbon biomass (+12.56% to +53.31%) and crop-derived carbon inputs (+18.27%
to +60.72%) under both conventional and reduced tillage. Our experimental controls had
negative soil organic carbon sequestration (SCS) rates (—75.28 to —579.08 kg ha~! year™1).
Organic amendments-alone increased the SCS rate by 63.25% relative to NPK-alone under
both tillage systems. Reduced tillage decreased organic material decomposition by 52.31%
compared to conventional tillage. Organo-mineral fertilization can result in high carbon
sequestration with reduced decomposition in rice-wheat rotations. Future research can
evaluate soil carbon dynamics and sequestration potential of other cropping systems
using animal manures in Pakistan and around the world, including those systems that are
integrated with trees.

Author Contributions: Data collection and curation, formal analysis, and writing—original draft,
M.S.; Conceptualization & methodology of this field experiment, A.A.; Data curation, investigation
of methodology of data collection, and arranged facilities of samples analyses, T.K.; Proofreading
of final draft, investigation of methodology applied for data collection, writing—review & editing,
A K.H,; Statistical analyses of data, review & editing of initial draft, and graphical presentation of
data, D.C.d.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data would be made available on demand.

Acknowledgments: We thank the Department of Agronomy and Institute of Soil and Environmental
Science at the University of Agriculture in Faisalabad, Pakistan for their support of our field research
and data analyses. We also thank four anonymous reviewers whose comments and edits improved
the quality of this work.

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

References

1. Munoz-Rojas, M.; Lewandrowski, W.; Erickson, T.E.; Dixon, K.W.; Merritt, D.J. Soil respiration dynamics in fire affected semiarid
ecosystems: Effects of vegetation type and environmental factors. Sci. Total. Environ. 2016, 572, 1385-1394. [CrossRef] [PubMed]

2. Ray, R.L.; Griffin, RW.,; Fares, A.; Elhassan, A.; Awal, R.; Woldesenbet, S.; Risch, E. Soil CO, emission in response to organic
amendments, temperature, and rainfall. Sci. Rep. 2020, 10, 5849. [CrossRef] [PubMed]

3. Abdallah, A.M.; Jat, H.S.; Choudhary, M.; Abdelaty, E.F; Sharma, P.C.; Jat, M.L. Conservation Agriculture Effects on Soil Water
Holding Capacity and Water-Saving Varied with Management Practices and Agroecological Conditions: A Review. Agronomy
2021, 11, 1681. [CrossRef]

4.  Brar, B.S; Singh, K.; Dheri, G.S. Carbon sequestration and soil carbon pools in a rice-wheat cropping system: Effect of long-term
use of inorganic fertilizers and organic manure. Soil Till. Res. 2013, 128, 30-36. [CrossRef]

5. Guo, Z,; Zhang, Z.; Zhou, H.; Wang, D.; Peng, X. The effect of 34-year continuous fertilization on the SOC physical fractions and
its chemical composition in a Vertisol. Sci. Rep. 2019, 9, 102906. [CrossRef]

6.  Nunes, M.R;; Karlen, D.L.; Moorman, T.B. Tillage intensity effects on soil structure indicators-A US meta-analysis. Sustainability
2020, 12, 2071. [CrossRef]

7. Chen, H,; Zhao, Y,; Feng, H.; Li, H.; Sun, B.J.P. Assessment of climate change impacts on soil organic carbon and crop yield based
on long-term fertilization applications in Loess Plateau, China. Plant Soil 2015, 390, 401-417. [CrossRef]

8.  Sun, W,; Canadell, ].G,; Yu, L.; Yu, L.; Zhang, W.; Smith, P.; Fischer, T.; Huang, Y. Climate drives global soil carbon sequestration
and crop yield changes under conservation agriculture. Glob. Chang. Biol. 2020, 26, 3325-3335. [CrossRef]

9. Korav, S;; Rajanna, G.A.; Yadav, D.B.; Paramesha, V.; Mehta, C.M.; Jha, PK,; Singh, S.; Singh, S. Impacts of Mechanized Crop

Residue Management on Rice-Wheat Cropping System—A Review. Sustainability 2022, 14, 15641. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2016.02.086
https://www.ncbi.nlm.nih.gov/pubmed/26927962
https://doi.org/10.1038/s41598-020-62267-6
https://www.ncbi.nlm.nih.gov/pubmed/32246078
https://doi.org/10.3390/agronomy11091681
https://doi.org/10.1016/j.still.2012.10.001
https://doi.org/10.1038/s41598-019-38952-6
https://doi.org/10.3390/su12052071
https://doi.org/10.1007/s11104-014-2332-1
https://doi.org/10.1111/gcb.15001
https://doi.org/10.3390/su142315641

Sustainability 2023, 15, 6415 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Singh, G.; Gupta, M.K,; Chaurasiya, S.; Sharma, V.S.; Pimenov, D.Y. Rice straw burning: Areview on its global prevalence and the
sustainable alternatives for its effective mitigation. Environ. Sci. Pollut. Res. 2021, 28, 32125-32155. [CrossRef]

Behera, U.K,; Sharma, A R. Effect of conservation tillage on performance of green gram mustard-cowpea cropping system. J. Soil
Water Conser. 2011, 10, 233-236.

Hussain, I.; Shah, H.; Khan, M.A.; Akhtar, W.; Majid, A.; Mujahid, M.Y. Productivity in rice-wheat crop rotation of Punjab: An
application of typical farm methodology. Pak. |. Agric. Res. 2012, 25, 1-11.

Page, K.L.; Dang, Y.P,; Dalal, R.C. The ability of conservation agriculture to conserve soil organic carbon and the subsequent
impact on soil physical, chemical, and biological properties and yield. Front. Sustain. Food Syst. 2020, 4, 31. [CrossRef]
Williams, H.; Colombi, T.; Keller, T. The influence of soil management on soil health: An on-farm study in southern Sweden.
Geoderma 2020, 360, 114010. [CrossRef]

Kukal, S.S.; Rasool, R.; Benbi, D.K. Soil organic carbon sequestration in relation to organic and inorganic fertilization in rice-wheat
and maize-wheat systems. Soil Till. Res. 2009, 102, 87-92. [CrossRef]

Chew, K.W,; Chia, S.R.; Yen, H.-W.; Nomanbhay, S.; Ho, Y.-C.; Show, P.L. Transformation of Biomass Waste into Sustainable
Organic Fertilizers. Sustainability 2019, 11, 2266. [CrossRef]

Hati, KM.; Misra, K.G.; Mishra, A.K.; Ghosh, P.K,; Bandyopadhyay, K.K. Effect of inorganic fertilizer and farmyard manure on
soil physical properties, root distribution, and water-use efficiency of soybean in Vertisols of central India. Bioresour. Technol. 2006,
97,2182-2188. [CrossRef]

Rimhanen, K,; Ketoja, E.; Yli-Halla, M.; Kahiluoto, H. Ethiopian agriculture has greater potential for carbon sequestration than
previously estimated. Glob. Chang. Biol. 2016, 22, 3739-3749. [CrossRef]

Nieder, R.; Benbi, D.K,; Isermann, K. Soil organic matter dynamics. In Handbook of Processes and Modelling in the Soil-Plant System;
Haworth Press, Inc.: New York, NY, USA, 2003; pp. 345-408. ISBN 1-56022-915-2.

Parker, M.A.; Nyakatawa, E.Z.; Reddy, K.C.; Reeves, D.W. Soil Carbon and Nitrogen as Influenced by Tillage and Poultry Litter in
North Albama. In Making Conservation Tillage Conventional: Building a future on 25 Years of Research, Proceedings of 25th Annual
Southern Conservation Tillage Conference for Sustainable Agriculture, Auburn, AL, USA, 24-26 June 2002; van Santan, E., Ed.; Alabama
Agricultural Experiment Station and Auburn University: Auburn, AL, USA, 2002; pp. 283-287.

Rudrappa, L.; Purakayastha, T.J.; Singh, D.; Bhadraray, S. Long-term manuring and fertilization effects on soil organic carbon
pools in a typic haplustept of semi-arid sub-tropical India. Soil Till. Res. 2006, 88, 180-192. [CrossRef]

Walkley, A.; Black, .A. An examination of the Degtjareff method for determining soil organic matter, and a proposed modification
of the chromic acid titration method. Soil Sci. 1934, 37, 29-38. [CrossRef]

Black, C.; Evans, D.; White, ].; Ensmingher, L.; Clarke, F.; Dinauer, R.J.I. Part 2-chemical and microbiological properties, 9 series.
In Methods of Soil Analysis; American Society of Agronomy, Crop Science Society of America, Soil Science Society of America:
Madison, WI, USA, 1965.

Murphy, ] AM.E.S,; Riley, ].P. A modified single solution method for the determination of phosphate in natural waters. Anal.
Chim. Acta 1962, 27, 31-36. [CrossRef]

Olsen, S.R; Cole, C.V.; Watanabe, F.S.; Dean, L.S. Estimation of Available Phosphorus in Soil by Extraction with Sodium Bicarbonate; US
Department of Agriculture Circular No. 939; US Department of Agriculture: Washington, DC, USA, 1954; pp. 1-19.

Kundsen, D.; Peterson, G.A.; Pratt, PF. Lithium, Sodium, and Potassium. In Methods of Soil Analysis. Part 2, 2nd ed.; ASA and
SSSA: Madison, WI, USA, 1982; pp. 225-246.

Liu, X; Xiao, X.; Yang, G.; Ren, T. Influences of long-term organic and chemical fertilization on soil aggregation and associated
organic carbon fractions in a red paddy soil. Chin. J. Eco-Agri. 2014, 22, 1129-1138.

Zhang, LM.; Yu, D.S; Shi, X.Z.; Xu, 5.X.; Wang, S.H.; Xing, S.H.; Zhao, Y.C. Simulation soil organic carbon change in China’s
Tai-Lake paddy soils. Soil Till. Res. 2012, 121, 1-9. [CrossRef]

Zhao, Y.; Zhang, Y.; Liu, X.; He, X,; Shi, X. Carbon sequestration dynamic, trend and efficiency as affected by 22-year fertilization
under a rice-wheat cropping system. J. Plant Nutr. Soil Sci. 2016, 179, 652—-660. [CrossRef]

Kong, A.Y;; Six, J.; Bryant, D.C.; Denison, R.E; Van Kessel, C. The relationship between carbon input, aggregation, and soil organic
carbon stabilization in sustainable cropping systems. Soil Sci. Soc. Amer. J. 2005, 69, 1078-1085. [CrossRef]

Steel, R.G.; Torrie, ].H.; Dickey, D. Principles and Procedures of Statistics, a Biometrical Approach; The McGraw-Hill Co., Inc.: New
York, NY, USA, 1997; pp. 1-665. ISBN 0-07-061028-2.

McGraw-Hill Co. Statistix 8.1. Analytical Software; McGraw-Hill: Tallahassee, FL, USA, 2008. Available online: https:/ /www.
statistix.com/ (accessed on 5 April 2023).

Dolan, M.S.; Clapp, C.E.; Allmaras, R.R.; Baker, ].M.; Molina, ].A.E. Soil organic nitrogen in a Minnesota soil as related to tillage,
residue, and nitrogen management. Soil Till. Res. 2006, 89, 221-231. [CrossRef]

Du, Z.; Ren, T.; Hu, C. Tillage and residue removal effects on soil carbon and nitrogen storage in the North China Plain. Soil Sci.
Soc. Amer. ]. 2010, 74, 196-202. [CrossRef]

Moreno, F.; Murillo, ].M.; Pelegrin, F,; Girén, LE. Long-term impact of conservation tillage on stratification ratio of soil organic
carbon and loss of total and active CaCOj. Soil Till. Res. 2006, 85, 86-93. [CrossRef]

Derpsch, R.; Franzluebbers, A.].; Duiker, S.W.; Reicosk, D.C.; Koeller, K ; Friedrich, T.; Sa, J.C.M.; Weiss, K. Why do we need to
standardize no-tillage research? Soil Till. Res. 2014, 137, 16-22. [CrossRef]


https://doi.org/10.1007/s11356-021-14163-3
https://doi.org/10.3389/fsufs.2020.00031
https://doi.org/10.1016/j.geoderma.2019.114010
https://doi.org/10.1016/j.still.2008.07.017
https://doi.org/10.3390/su11082266
https://doi.org/10.1016/j.biortech.2005.09.033
https://doi.org/10.1111/gcb.13288
https://doi.org/10.1016/j.still.2005.05.008
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/j.still.2012.01.010
https://doi.org/10.1002/jpln.201500602
https://doi.org/10.2136/sssaj2004.0215
https://www.statistix.com/
https://www.statistix.com/
https://doi.org/10.1016/j.still.2005.07.015
https://doi.org/10.2136/sssaj2009.0048
https://doi.org/10.1016/j.still.2004.12.001
https://doi.org/10.1016/j.still.2013.10.002

Sustainability 2023, 15, 6415 19 of 20

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Dimassi, B.; Cohan, J.P; Labreuche, J.; Mary, B. Changes in soil carbon and nitrogen following tillage conversion in a long-term
experiment in Northern France. Agric. Ecosyst. Environ. 2013, 169, 12-20. [CrossRef]

Jemali, I; Aissa, N.B.; Guirat, S.B.; Ben-Hammouda, M.; Gallali, T. On-farm assessment of tillage impact on the vertical distribution
of soil organic carbon and structural soil properties in a semiarid region in Tunisia. J. Environ. Manag. 2012, 113, 488-494.
[CrossRef] [PubMed]

Wang, X.; Qi, ].Y,; Zhang, X.Z; Li, S.S.; Virk, A.L.; Zhao, X.; Xiao, X.P; Zhang, H.L. Effects of tillage and residue management on
soil aggregates and associated carbon storage in a double paddy cropping system. Soil Till. Res. 2019, 194, 104339. [CrossRef]
Laskar, S.Y.; Sileshi, G.W.; Pathak, K.; Debnath, N.; Nath, A.].; Laskar, K.Y.; Singnar, P.; Das, A.K. Variations in soil organic carbon
content with chronosequence, soil depth and aggregate size under shifting cultivation. Sci. Total. Environ. 2021, 762, 143114.
[CrossRef] [PubMed]

Prakash, M.V.; Gupta, H.J. Effect of fertilizer application on yield and net returns of major cropping systems under sub-temperate
climate of NW Himalayas. Indian Farming 2002, 23, 11-15.

Fan, H.Z.; Chen, Q.R;; Qin, Y.S.; Kun, CH.E.N.; Tu, S.H.; Xu, M.G.; Zhang, W.J. Soil carbon sequestration under long-term
rice-based cropping systems of purple soil in Southwest China. J. Integ. Agri. 2015, 14, 2417-2425. [CrossRef]

Xu, M; Lou, Y,; Sun, X.; Wang, W.; Baniyamuddin, M.; Zhao, K.J.B.; Soils, F.O. Soil organic carbon active fractions as early
indicators for total carbon change under straw incorporation. Biol. Fert. Soils 2011, 47, 745-752. [CrossRef]

Ludwig, B.; Geisseler, D.; Michel, K.; Joergensen, R.G.; Schulz, E.; Merbach, I.; Raupp, J.; Rauber, R.; Hu, K; Niu, L.; et al. Effects
of fertilization and soil management on crop yields and carbon stabilization in soils. A review. Agron. Sustain. Dev. 2011, 31,
361-372. [CrossRef]

Laudicina, V.A.; Novara, A.; Barbera, V.; Egli, M.; Badalucco, L. Long-term tillage and cropping system effects on chemical and
biochemical characteristics of soil organic matter in a Mediterranean semiarid environment. Land Degrad. Develop. 2015, 26, 45-53.
[CrossRef]

Huang, S.; Rui, W.; Peng, X.X.; Huang, Q.R.; Zhang, W.J. Organic carbon fractions affected by long-term fertilization in a
subtropical paddy soil. Nutr. Cyc. Agroecosyst. 2010, 86, 153—-160. [CrossRef]

Zhang, W.; Xu, M.; Wang, B.; Wang, X. Soil organic carbon, total nitrogen and grain yields under long-term fertilizations in the
upland red soil of southern China. Nutr. Cyc. Agroecosyst. 2009, 84, 59-69. [CrossRef]

Tong, X.; Xu, M.; Wang, X.; Bhattacharyya, R.; Zhang, W.; Cong, R. Long-term fertilization effects on organic carbon fractions in a
red soil of China. Catena 2014, 113, 251-259. [CrossRef]

Zhang, W.]J.; Wang, X.J.; Xu, M.G.; Huang, S.M.; Liu, H.; Peng, C. Soil organic carbon dynamics under long-term fertilizations in
arable land of northern China. Biogeoscie 2010, 7, 409—425. Available online: https:/ /bg.copernicus.org/articles/7/409/2010/bg-
7-409-2010.pdf (accessed on 1 March 2023). [CrossRef]

Hua, K.; Wang, D.; Guo, X.; Guo, Z. Carbon sequestration efficiency of organic amendments in a long-term experiment on a
vertisol in Huang-Huai-Hai Plain, China. PLoS ONE. 2014, 9, e108594. [CrossRef] [PubMed]

Manna, M.C.; Swarup, A.; Wanjari, R H.; Ravankar, H.N.; Mishra, B.; Saha, M.N.; Singh, Y.V.; Sahi, D.K,; Sarap, P.A. Long-term
effect of fertilizer and manure application on soil organic carbon storage, soil quality and yield sustainability under sub-humid
and semi-arid tropical India. Field Crops Res. 2005, 93, 264-280. [CrossRef]

Bhattacharyya, P.; Roy, K.S.; Neogi, S.; Adhya, TK.; Rao, K.S.; Manna, M.C. Effects of rice straw and nitrogen fertilization
on greenhouse gas emissions and carbon storage in tropical flooded soil planted with rice. Soil Till. Res. 2012, 124, 119-130.
[CrossRef]

Zhao, X.; Wang, S.; Xing, G.J.A. Maintaining rice yield and reducing N pollution by substituting winter legume for wheat in a
heavily-fertilized rice-based cropping system of southeast China. Agri. Ecosys. Environ. 2015, 202, 79-89. [CrossRef]

Maillard, E.; Angers, D.A. Animal manure application and soil organic carbon stocks: A meta-analysis. Global Chang. Biol. 2014,
20, 666—679. [CrossRef]

Kong, A.Y,; Six, J. Tracing root vs. residue carbon into soils from conventional and alternative cropping systems. Soil Sci. Soc.
Amer. ]. 2010, 74, 1201-1210. [CrossRef]

Rasse, D.P.; Rumpel, C.; Dignac, M.FE. Is soil carbon mostly root carbon? Mechanisms for a specific stabilization. Plant Soil. 2005,
269, 341-356. [CrossRef]

Yan, X.; Zhou, H.; Zhu, Q.H.; Wang, X.F,; Zhang, Y.Z.; Yu, X.C.; Peng, X. Carbon sequestration efficiency in paddy soil and upland
soil under long-term fertilization in southern China. Soil Till. Res. 2013, 130, 42-51. [CrossRef]

Xiang, S.R.; Doyle, A.; Holden, P.A.; Schimel, ].P. Drying and rewetting effects on C and N mineralization and microbial activity
in surface and subsurface California grassland soils. Soil Biol. Biochem. 2008, 40, 2281-2289. [CrossRef]

Abbas, U.-1.-A ; Farooq, U.; Chandio, A.A. Land Utilization, Development Expenditure, Agricultural Productivity and Economic
Growth: Evidence from Pakistan. Eur. Online |. Natur. Soc. Sci. 2018, 7, 84-91. Available online: https:/ /core.ac.uk/download/
pdf/230053881.pdf (accessed on 1 March 2023).

Peng, X.; Zegen, W.; Zhuo, H. A land degradation assessment based on the combination of quantitative and qualitative change of
land cover: A case study in Pakistan. Environ. Earth Sci. 2023, 82, 43. [CrossRef]

Ahmad, S.; Israr, M.; Ahmed, R.; Ashraf, A.; Amin, M.; Ahmad, N. Land use and Cover Changes in the Northern Mountains of
Pakistan; A Spatio-Temporal Change using MODIS (MCD12Q1) Time Series. Sarhad J. Agric. 2022, 38, 1419. [CrossRef]


https://doi.org/10.1016/j.agee.2013.01.012
https://doi.org/10.1016/j.jenvman.2012.05.029
https://www.ncbi.nlm.nih.gov/pubmed/22762975
https://doi.org/10.1016/j.still.2019.104339
https://doi.org/10.1016/j.scitotenv.2020.143114
https://www.ncbi.nlm.nih.gov/pubmed/33129519
https://doi.org/10.1016/S2095-3119(15)61225-4
https://doi.org/10.1007/s00374-011-0579-8
https://doi.org/10.1051/agro/2010030
https://doi.org/10.1002/ldr.2293
https://doi.org/10.1007/s10705-009-9279-2
https://doi.org/10.1007/s10705-008-9226-7
https://doi.org/10.1016/j.catena.2013.08.005
https://bg.copernicus.org/articles/7/409/2010/bg-7-409-2010.pdf
https://bg.copernicus.org/articles/7/409/2010/bg-7-409-2010.pdf
https://doi.org/10.5194/bg-7-409-2010
https://doi.org/10.1371/journal.pone.0108594
https://www.ncbi.nlm.nih.gov/pubmed/25265095
https://doi.org/10.1016/j.fcr.2004.10.006
https://doi.org/10.1016/j.still.2012.05.015
https://doi.org/10.1016/j.agee.2015.01.002
https://doi.org/10.1111/gcb.12438
https://doi.org/10.2136/sssaj2009.0346
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1016/j.still.2013.01.013
https://doi.org/10.1016/j.soilbio.2008.05.004
https://core.ac.uk/download/pdf/230053881.pdf
https://core.ac.uk/download/pdf/230053881.pdf
https://doi.org/10.1007/s12665-022-10738-6
https://doi.org/10.17582/journal.sja/2022/38.4.1419.1429

Sustainability 2023, 15, 6415 20 of 20

62.

63.

64.

65.

66.

67.

68.

69.

Mannan, A.; Liu, J.; Zhongke, E; Khan, T.U.; Saeed, S.; Mukete, B.; ChaoYong, S.; Yongxiang, F.; Ahmad, A.; Amir, M.; et al.
Application of land-use/land-cover changes in monitoring and projecting forest biomass carbon loss in Pakistan. Glob. Ecol.
Conserv. 2019, 17, e00535. [CrossRef]

Ali, S;; Khan, S.M.; Ahmad, Z.; Siddiq, Z.; Ullah, A.; Yoo, S.; Han, H.; Raposos, A. Carbon sequestration potential of different
forest types in Pakistan and its role in regulating services for public health. Front. Public Health 2023, 10, 1064586. [CrossRef]
Ali, A.; Ashraf, M.I; Gulzar, S.; Akmal, M.; Ahmad, B. Estimation of soil carbon pools in the forests of Khyber Pakhtunkhwa
Province, Pakistan. J. For. Res. 2020, 31, 2313-2321. [CrossRef]

Shahbaz, P.; Boz, I.; Haq, S. Adaptation options for small livestock farmers having large ruminants (cattle and buffalo) against
climate change in Central Punjab Pakistan. Environ. Sci. Pollut. Res. 2020, 27, 17935-17948. [CrossRef]

Mahmood, A.; Hamed, A.; Kataoka, R.; Turgay, O.C.; Namli, A. How Agricultural Sector can Contribute to Land Degradation
Neutrality in Pakistan; Perspective of Farmers’ Participation and Integrated Land Use. In Proceedings of the International Soil
Congress 2019, Ankara, Turkey, 17-19 June 2019; pp. 155-158.

Chowdhury, EI; Barua, I.; Chowdhury, A.L; Dios, V.R.d.; Alam, M.S. Agroforestry shows higher potential than reforestation for
soil restoration after slash-and-burn: A case study from Bangladesh. Geol. Ecol. Landsc. 2020, 6, 48-54. [CrossRef]

Figueiredo, E.B.; Jayasundara, S.; Bordonal, R.O.; Berchielli, T.T.; Reis, R.A.; Wagner-Riddle, C.; La Scala, N. Greenhouse gas
balance and carbon footprint of beef cattle in three contrasting pasture-management systems in Brazil. ]. Clean. Prod. 2017, 142,
420-431. [CrossRef]

Morales, M.M.; Tonini, H.; Behling, M.; Hoshide, A.K. Tree Role in Carbon Stock in an Integrated Livestock-Forestry System in
Brazil. Sustainability 2023, submitted.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.gecco.2019.e00535
https://doi.org/10.3389/fpubh.2022.1064586
https://doi.org/10.1007/s11676-019-01059-9
https://doi.org/10.1007/s11356-020-08112-9
https://doi.org/10.1080/24749508.2020.1743528
https://doi.org/10.1016/j.jclepro.2016.03.132

	Introduction 
	Materials and Methods 
	Site Description 
	Experimental Design and Crop Management 
	Soil and Crop Measurements 
	Soil Analysis 
	Determination of Harvestable Carbon Biomass and Carbon Inputs 

	Soil Carbon Sequestration 
	Soil Nitrogen Sequestration 
	Statistical Analyses 

	Results 
	Soil Organic Matter 
	Harvestable C-Biomass and C-Inputs 
	Soil Organic Carbon Sequestration 
	Soil Nitrogen Sequestration Rate 
	Relationship between SCS and C-Inputs 
	Soil Carbon Sequestration Efficiency 

	Discussion 
	Soil Organic Matter 
	Harvestable Carbon-Biomass 
	Carbon Sequestration and Carbon Inputs 
	Carbon Sequestration Efficiency Trends 
	Crops, Livestock, and Agro-forestry Carbon Biomass 

	Conclusions 
	References

