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Abstract: Salt-affected soil reclamation provides opportunities for crop production and carbon
sequestration. In arid regions such as Pakistan, limited studies have been reported involving soil
reclamation and crop production under wheat-maize rotation, but no study has reported predictions
on long-term carbon sequestration in reclaimed soils for the treatments used in this study. Thus, a
field-scale fallow period and crop production experiment was conducted for wheat-maize rotation
on salt-affected soils in Pakistan for 3 years to check the effectiveness of organic amendments for
reclamation of the salt-affected soils, carbon sequestration and food grain production. Treatments
used were the control (with no additional amendments to reduce salinity), gypsum alone and gypsum
in combination with different organic amendments (poultry manure, green manure, and farmyard
manure). The treatment with gypsum in combination with farmyard manure was most effective at
increasing soil carbon (+169% over the three-year period of the trial). The maximum wheat yield
was also recorded in year 3 with gypsum in combination with farmyard manure (51%), while the
effect of green manure combined with gypsum also showed a significant increase in maize yield
in year 3 (49%). Long-term simulations suggested that the treatments would all have a significant
impact on carbon sequestration, with soil C increasing at a steady rate from 0.53% in the control to
0.86% with gypsum alone, 1.25% with added poultry manure, 1.69% with green manure and 2.29%
with farmyard manure. It is concluded that food crops can be produced from freshly reclaimed
salt-affected soils, and this can have added long-term benefits of carbon sequestration and climate
change mitigation.
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1. Introduction

Salinization is a major threat to soil and is widespread in over 100 countries of the
world. Climate change is also triggering more soils to become saline through increased
evaporation of irrigation water associated with water shortages and increased soil temper-
atures [1,2]. Globally, an area of 9.54 x 108 has been declared as salt affected [3]. Of the
area of land that is fit for arable production, 10% has deteriorated due to salinity or sodicity.
Along with the existing salt-affected area, an additional 1-2% of the productive soils of the
world are becoming salt affected every year [4].

The problem of salinization is of particular concern because the global population has
a growing requirement for food; in 2020, 8.11 x 108 people were food insecure. The global
population of 7.4 x 10% in 2016 is projected to increase to 9.7 x 10° by 2050, with almost
all increases occurring in developing countries. Therefore, to avoid food insecurity, global
food production should be increased up to 70% by 2050 [5]. Reducing the risks of food
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insecurity associated with both climate change and the increasing population is a major
challenge to be addressed [6,7]. Reclaiming soil affected by salinity will play a major role in
meeting this challenge.

Soils affected by salinity can be reclaimed by the addition of gypsum (CaSO,- 2H,0).
This replaces Na* in the cation exchange sites with an easily accessible supply of Ca?*.
The NapSO,4 formed by the exchange is easily removed from the soil profile, either by
downward leaching or by absorption by halophytic grasses [8]. Unlike in the EU, where
reduction in coal-burning power plants is likely to result in future shortages of gypsum [9],
gypsum in Pakistan is mined and readily available at less than a dollar per 50 kg bag of
gypsum, with no prospects of future shortages [10].

Soils affected by salinity can also be reclaimed by the addition of different organic
amendments, which also improves crop production by increasing the organic matter
content, available nutrients and biological activity of the soil [11-15]. A productive soil
requires a sufficient concentration of organic matter [16], but salt-affected soils usually
contain less than 1% organic matter and, thus, require extra organic inputs [17]. Carbon
(C) sequestration in soils also helps to mitigate climate change [18,19], and the increased
soil organic matter (SOM) content can enhance soil fertility, nutrient availability and water
holding capacity [20,21].

As Pakistan lies in a semi-arid zone, it suffers from large-scale soil salinization. Of the
irrigated area, 25% is affected by salinity (6 x 10° ha), which is equivalent to 3.9% of the
total salt-affected soils worldwide [22,23]. Reclaiming salt-affected soils could provide a
significant contribution to reducing food insecurity in Pakistan [24]. Many papers have
reported the use of organic and inorganic amendments, and their combinations, for the
reclamation of saline soils (e.g., [25-29]). Other work has assessed the use of reclaimed
soils for wheat and rice crop production (e.g., [27,28,30-33]). In Pakistan, previous studies
have demonstrated the potential of combined gypsum and organic amendments to reclaim
salt-affected soils and crop production [27,30]. However, only limited work has been
executed on the potential for the reclamation of salt-affected soils to increase long-term C
sequestration in the soil [23]. Moreover, limited work is reported on the use of the RothC
model for the prediction of carbon sequestration after the reclamation of salt-affected soils
during wheat-maize rotation in a semi-arid region, such as Pakistan. This is an important
omission because while applying gypsum could be of immediate benefit to short-term food
security combining the treatment with organic amendments could increase long-term C
sequestration, thus improving the water holding capacity and resilience of crop production
to climate change. Therefore, the research reported in this paper assesses the impacts of
treating soils with gypsum in combination with different organic amendments, focusing
on changes in crop production and the properties of marginally salt-affected soils, using
simulation modelling to assess the longer-term impacts on SOM and C sequestration.

2. Materials and Methods
2.1. Site Description

The field trials were conducted in District Jhang, situated on the east bank of the
river Chenab of the Punjab, Pakistan (Figure 1). This is a semi-arid, northern plain region,
which is widely irrigated and dominated by sandy clay loam soils. The experiment was
carried-out in a pre-selected marginally salt-affected area located between 31.0844°N and
72.1332°E.
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Figure 1. Study area.

2.2. Treatments and Experimental Setup

The field study involved an initial fallow period followed by crop production for the
next three years. A detailed description and flow chart of the experiment is provided in
Figure 2. The total area of the field was 26 m? and was divided into 1.5 x 1.5 m? plots.
Each plot was separated from other plots using 60 cm high and 20 cm wide ridges. Five
treatments were included in the experiment: the control with no applications, treatment
with a 100% soil gypsum requirement (SGR) (G100), and 3 other treatments receiving 50%
SGR (5 tha—1) combined with 12 t ha™! farmyard manure (FYM + G50), poultry manure
(PM + G50) and green manure (GM + G50). The properties of organic amendments are
presented in Supplementary Table S1. The amendments were applied evenly and mixed
into the soil manually before the experiment started, and then the plots were covered and
left to fallow. The purpose of the fallow period was to monitor the impact of the selected
treatments on the salt-affected soil area without complicating the impact of the growing
crop. This was performed over the first 45 days. During the fallow period, all of the sub-
plots were regularly irrigated to maintain the moisture levels of the soil at field capacity. The
meteorological variation during this experiment is presented in Supplementary Figure S1.
Soil samples were taken using random sampling by auger to a depth of 30 cm. Randomly
positioned soil samples were collected and homogenized to make a composite sample
before and after the 45-day fallow period.

Fallow period Wheat-maize cropping

« Marginally salt-affected area system
was divided into sub-plots
and treatments were

* Reclaimed soils from the fallow
period were used for wheat

Modelling SOC in soils
under wheat-maize
* Soil was left fallow for 45 3 consecutive years cropping system
ey - . Crop_grom{th, yleI‘d gt  Simulations using soil,
© Analysis done to check the physiological attributes were weather and crop
treatments efficacy. determined. management data.
® Post-harvest soil properties
were also determined.

applied. and maize crops production for

 Simulationsover 100
years to assess the SOC
changes in soils receiving
organicamendments.

Figure 2. Overview of the study. Note: SOC = soil organic carbon.
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2.3. Crop Husbandry

After a fallow period of 45 days, the seeds of the wheat crop were sown in all of the
plots. A wheat-maize rotation was followed for three years (2017-2020). Wheat (Igbal-2000)
was grown in the rabi season (December to May), while maize (Pioneer-1543) was the
kharif crop (July to October) (Supplementary Table S2). Standard irrigation and fertilizer
application practices were used throughout the study period (Supplementary Table S2).
Urea, di-ammonium phosphate and sulphate of potash were applied as synthetic N, P and
K fertilizers at the rate of 79:57:62 for wheat and 135:63:50 kg ha~! for maize. Fertilizer was
evenly broadcast. The trialed treatments (i.e., gypsum, FYM, PM and GM) were randomly
allocated to plots and applied throughout the study period.

2.4. Plant and Soil Analysis

Physiological plant parameters (Photosynthetic rate and stomatal conductance) were
measured during the growing season using an Infrared Gas Analyzer (IRGA, LCA-4, Ana-
lytical Development, Hoddesdon, UK). Chlorophyl content was determined using a SPAD-
502 meter (Minolta, Osaka, Japan), using the procedure prescribed by Saqib, et al. [34]. All
of the physiological parameters were taken during heading stage 10.5. Soils were sampled
immediately after each harvest. Plant sampling was performed at maturity. The samples
were washed first with tap water, followed by 1% (v/v) HCl water, and then finally with
distilled water. The collected samples were air-dried under the shade for 24 h, followed by
drying in an oven at 65 & 2 °C until a constant weight was achieved. After oven drying,
the grain yield and the dry weights of the roots, shoots and leaves were recorded.

Saturated soil pastes were prepared to measure the pH using a calibrated pH meter
(Hanna HI-83141). The soil water was extracted from the prepared soil paste using a
negative pressure extraction pump for further analysis. The electrical conductivity (EC) of
the water extracted from the saturated soil paste was determined using a conductivity meter
(Lovibond SensoDirect con200) after calculating the cell constant for the conductivity meter.
The soil total nitrogen (N) was determined using the Kjeldahl apparatus [35]. Available
phosphorus (P) was extracted following the Olsen method devised by Terry, et al. [36].
Potassium (K*) was analyzed using the method described by Norman [37]. The Walkley-
Black method was used to determine the SOM content [38]. The cation exchange capacity
(CEC) of the sampled soil was determined using the method described by Estefan [39]. The
sodium adsorption ratio (SAR) was calculated with the equation below:

Na

Ca+Mg
2

SAR =

where SAR is the sodium adsorption ratio (mmol dm—3)1/2), Na is the concentration of
sodium ions (mmol. dm~%) and Ca + Mg is concentration of calcium plus magnesium
(mmol, dm3).

2.5. Biological Parameters
2.5.1. Microbial Biomass Carbon

The microbial biomass C was measured by using the fumigation-incubation technique
with a total of 10 g of soil [40]. Chloroform was used to fumigate one sample for 24 h while
not fumigating the control. Following the fumigation period, the sample was shaken with
25 mL of 0.5 M K,SOy4 for 30 min to extract the salt-extractable SOC from both soil sub-
samples. The extracts were filtered using qualitative filter paper (30-50 m), and the Multi
N/C3100, manufactured by Analytik Jena AG in Jena, Germany, was used to measure the
results. The difference in extractable C between unfumigated and fumigated soils, corrected
by an extractability correction factor of 0.45, was used to estimate the microbial biomass
C concentrations.
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2.5.2. Soil Respiration

Soil respiration was measured using the method described by Anderson [41] in which
CO, was trapped with 1 M NaOH and back titrated against 0.1 M HCI. For this, 1 cm? of
trapped solution, 6-7 drops of BaCl, solution and 2-3 drops of phenolphthalein indicator
were added and then back titrated. The blank sample (1 M NaOH) was also titrated similarly
against the 0.1 M HCl, and respiration rate was determined using the following equation:

(12 X V1 X 0.1) X (VB — V3)

SR =
2XV2

where SR the soil respiration (1), V4 is the volume (cm?) of NaOH used for CO, trapping,
V, is the volume (cm®) of NaOH used for titration, Vg is blank sample reading (cm?),
Vj is the volume (cm?) of HCI used for titration, and 2 is the conversion factor. 12 is the
molecular weight of C, while 0.1 is the molarity of HCl used for titration. As 1 mL 0.1 M
HCl is equivalent to 2 mg CO, emitted, it is used as conversion factor.

2.5.3. Dehydrogenase Activity

Dehydrogenase activity is a sign of microbial activity in the soil. It was determined
following the method of Casida Jr, et al. [42]. It was measured in units of g of 2,3,5-triphenyl
formazan (TPF) per g of oven-dry soil per hour. 6 g of soil, 1 cm® of 3% TPF aqueous
solution, 120 mg of CaCOj3 and 24 cm? of deionized water were added in 50 cm? glass
flasks. The minimal amount of loose liquid was kept at the soil’s surface by swirling the
flasks once they were snugly shut. Soil samples were incubated for a total of 20 h at 30 °C.
Using a UV-visible spectrophotometer (ThermoFisher Scientific, Oxford, UK), the TPF
product was extracted with 94% ethanol for 60 min at 20 °C in the dark.

2.6. Source of Experimental Materials

The varieties used in the experiment were Igbal-2000 and Pioneer-1543 for wheat
and maize, respectively, and were procured from the Ayub Agricultural Research Institute
(AARI), Faisalabad, Pakistan. Fresh farmyard manure, poultry manure and green manure
were purchased from livestock, poultry and agricultural farms near the study area, and
their oven-dry weights were measured and used to determine application rate in the
field. Double-distilled water and analytical grade chemicals and solvents from the Merck
company (Darmstadt, Germany) were used for the analysis.

2.7. Simulation of Potential Carbon Sequestration in Soils

A modified version of the RothC model by Powlson, et al. [43] was used to simulate
the potential C sequestration in the three-year field study at Jhang. This model describes
soil organic C as a series of pools with different decomposition rate constants: fresh plant
material composed of decomposable plant material (DPM) and resistant plant material,
decomposing soil organic matter composed of humified organic matter (HUM) and actively
decomposing microbial biomass, and inert organic matter that does not decompose. The
rate of decomposition from each of these pools is adjusted in the model according to the
environmental conditions, accounting for moisture, temperature, pH, salinity and crop
cover. The model used here differed from the standard version of RothC in that it included
a rate modifier for salinity 4, (no units). This was determined according to the equation
provided by Setia, et al. [44];

Tsal = eXP(0-9 X Ssal)

where S, is the measured EC in a 1:5 soil/ water suspension (dS mb).

2.7.1. Initialization of Soil Organic Matter Pools and Plant Inputs in the Control

The model was initialized to first obtain the soil C pools at the start of the experiment.
In order to initialize the model, it was assumed that the arable land used at the site had
remained unchanged for at least 3 decades before the start of our study. Following the
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approach of Smith, et al. [45], the model was initialized into a steady state using the ratio of
the soil C measured at the start of the field trial to the value simulated after a long-term run.
This ratio was used as a multiplier to iteratively adjust the plant inputs until measured and
simulated values of soil C matched. This provided an estimate of the plant inputs and pool
sizes at the start of the trial.

Because the early phases of the experiment had changed the management of the
land from the steady-state conditions, plant inputs in the control treatment, Mp; . (tha™1),
were then further adjusted by an iterative fitting procedure to give the lowest variation
between the simulated and the measured values of soil C in the control treatment. This
was quantified as the root mean squared error RMSE (%)Smith [46].

2.7.2. Plant Inputs in the Treatments

Having initialized the model to a steady state and having determined the plant inputs
for the control and the treatments, Mpy ;. (t ha—!) was obtained by following the method
used by [45]. This approach adjusted the plant inputs in proportion to the yields measured
in the treatment and the control as:

Yi

Mpry = M =

PLt PLc X Y.

where Mpj . is the plant inputs estimated in the control (t ha=!), Y} is the yield in the current
season (tha~!) and Y, is the yield used in the steady-state run (t ha™1).

2.7.3. Organic Manure Inputs in the Treatments

The parameters used to describe the organic manures applied in the field trials were
obtained from pot experiments using the same manures but at different sites (Dijkot and
Uchkera; Farooqi et al., in prep.). The C percentages and dry matter contents of the manures
were directly measured and used to quantify the amounts of C applied in the manures. The
decomposability of the C added in the manures was specified using the ratio of DPM to
HUM reported by Smith, et al. [47] as 31.45 for poultry manure and green manure and 1
for the farmyard manure. The accuracy of these generic DPM:HUM ratios for the specific
manures used in this trial was evaluated using data from the pot experiments at Dijkot and
Uchkera. If the simulations did not provide a good fit to the experimental data (good fit
arbitrarily set to RMSE < 15% and R? > 0.8), the DPM:HUM ratio was adjusted to provide
an improved fit. The values for the DPM:HUM ratios optimized for the manures used
in this trial were then evaluated against a further pot experiment at the trial site (Jhang;
Farooqi et al. in prep.).

2.7.4. Model Evaluation

The level of uncertainty expected in long-term forward runs of the model was estab-
lished by evaluating against the data from the treatments at Jhang. Ideally, long-term trials
should be used to assess the uncertainty in the long-term soil C turnover processes, but
these trials do not yet exist. Therefore, the uncertainty was determined using this three-year
trial. The simulations therefore provide an estimate of uncertainty in C sequestration,
assuming the soil and climate conditions, and the plant inputs remain unchanged from the
three-year period of the study. In both the pot and field trials, the accuracy of the simula-
tions of the measured values was quantified as previously executed by Smith, et al. [48].
The extent of association between simulations and measurements was quantified as the
square of the regression coefficient (R?). The uncertainty was determined as the RMSE (%).

2.7.5. Simulations of Long-Term Changes in Soil Organic Carbon

The model was run using repeated weather data from 2012 to 2020 to assess the
potential impacts of the applied treatments on C sequestration. Simulations were continued
until a new steady state was achieved in order to provide an estimate of potential C
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sequestration in the soil. Note that this neglects any impacts of changing climates, soil
conditions or crop productivity, which will be considered in future work.

2.8. Economic Analysis

The analysis was performed to compare the total cost of production until the harvesting
and sale of the grain yield and plant biomass. Both the net profit and benefit-cost ratio
(BCR) was used to show the profitability of the crops. The procedure by the CIMMYT
Economics Program, et al. [49] was used for economic analysis in which total permanent
cost remained fixed for all of the treatments, and this cost included the cost of seed, fertilizer,
irrigation, plant protection and harvesting. Net benefits were calculated by subtracting the
total cost from gross income per treatment. The total input costs (variable and fixed costs)
for all of the treatments were calculated after determining their prices. Net benefits for each
treatment were noted by subtracting the total variable cost from total benefits. The BCR
was calculated by dividing the net profit by total costs.

2.9. Statistical Analysis

The data regarding all of the soil and plant related parameters were subject to statistical
analysis. The analysis of variance (ANOVA) in completely a randomized design under
single-factor factorial composition was used, and all treatment means were compared
using the least significant different (LSD) test in the Minitab 17.1.0 software (Minitab Ltd.,
Coventry, UK).

3. Results
3.1. Physical, Chemical and Biological Properties
3.1.1. Pre-Analysis of Soils

The physical and chemical characteristics and elemental compositions of the exper-
imental field topsoils (0-30 cm depth) are given in Table 1. The soil texture in the study
area was designated as sandy clay loam. The soil appeared to be marginally saline-sodic
(Table 1).

Table 1. Properties of the soil before the experiment. Rounded-off values after &+ represent
standard errors (n = 3). Note: EC = electrical conductivity, SAR = sodium adsorption ra-
tio, CEC = cation exchange capacity, MBC = microbial biomass carbon, SR = soil respiration,
DHA = dehydrogenase activity.

Parameters Units Values + SE
pH - 9.5+ 0.05
EC dSm™! 5.4 4 0.14

Texture - Sandy clay loam

SAR (mmol L—1)1/2 42,5 +2.03
Organic Matter % 0.3 +0.03
Percent carbon % 0.2 4+0.03
CEC cmol. kg~ ! soil 7.4 +3.05
Bulk Density gem ™3 1.6 £ 0.02
Total Nitrogen mg kg ! 0.03 £ 0.01
MBC mg kg ! 57.1 £ 0.04
SR mmol m—2 s~! 16.2 4+ 0.05
DHA pg TPF g1 h! 161 + 0.07

3.1.2. Temporal Changes in the Soil’s Physical, Chemical and Biological Properties
(Fallow Period)

All measured soil characteristics changed significantly over the fallow period (p < 0.001)
in all treatments (Table 2), with the maximum change observed by day 45 of the fallow
period. The soil pH, EC and SAR all decreased following the treatment. The highest
decline was in FYM + G50 for pH (a 10% fall from (9.50 & 0.01) to (8.66 & 0.02)) and SAR
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(a 62% fall from (42.3 & 0.4) to (16 + 1) (mmol L~1)1/2). The highest decline in EC was in
GM + G50 (a 13% fall from (5.38 + 0.01) to (4.70 & 0.01) dS m™1). By contrast, the CEC,
TN, SOM, MBC, SR and DHA all increased following treatment. The highest increase
in chemical characteristics was in PM + G50: for CEC, this was a 10.24% increase from
(7.42 4 0.01) to (8.18 4 0.03) cmol. kg, a 220% increase from (0.025 4 0.009) to (0.81 = 0.01)
g kg_1 for TN, and a 122% increase from (0.31 £ 0.01) to (0.71 & 0.01)% for SOM. The
highest increase in biological characteristics was in GM + G50: for MBC, this was a 225%
increase from (57.0 & 0.0) to (185.0 £ 0.3) mg kg’l, a 225% increase from (16.0 + 0.0) to
(52.0 + 0.7) mmol m~2s1 for SR, and a 185% increase in 2,3,5-triphenyl formazan from
(178 £ 2) to (507 £ 10) ug g~ h~! for DHA.

Table 2. Variation in the soil’s physico-chemical properties after different treatments in the fallow
period. Rounded-off values after £ represents standard error (n = 3). Different letters indicate
statistical difference (LSD, p < 0.05).

Treatments Parameters Units Responses
pH - 9.3 +0.01 >4
EC dSm™! 5.3 +£0.01¢
SAR (mmol L—1)1/2 35.8+0.034
CEC cmol. kg ! 7.5+ 0.02 8"
Control Total Nitrogen gkg! 0.03 % 0.00 &
SOM % 0.3 +0.00 8
MBC mg kg ! 6.1+098
SR mmol m~2 71 714038
DHA ng TPF g1 h~! 255+99f
pH - 8.9 +0.02 8
EC dSm~! 48+011F
SAR (mmol L~1)1/2 16.8 £ 0.6
CEC cmolc kg1 7.6 4+0.04°¢
G100 Total Nitrogen gkg™! 0.05+£0.05¢
SOM % 0.7 +£0.02°
MBC mg kg ! 11.14+03%°
SR mmol m~2s~! 11.3 + 0.3
DHA ug TPFg~ ' h~! 342 +19.3°¢
pH - 8.7+ 0.02h
EC dSm! 48400218
SAR (mmol L~1)1/2 164+ 1.48
CEC cmolc kg1 7.940.02°¢
FYM + G50 Total Nitrogen gkg! 0.07 4 0.01 ¢
SOM % 0.7 +£0.02°
MBC mg kg ! 123 +£032
SR mmol m—2s~1 11+ 1bd
DHA ug TPFg~1h-! 419 + 3.66 °¢
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Table 2. Cont.

Treatments Parameters Units Responses
pH - 8.7 +0.04M
EC dSm~! 4840.03f
SAR (mmol L—1)1/2 178 +£0.68
CEC cmol. kgt 8.2 +0.032
FM + G50 Total Nitrogen gkg! 0.08 £0.012
SOM % 0.7 +£0.012
MBC mg kg~! 12.3 4022
SR mmol m~2 5! 121.1+0.320
DHA ng TPF g1 h~! 436 £20°
pH - 87+0.01h
EC dSm~! 47 +0.018
SAR (mmol L—1)1/2 162+0.78
CEC cmole kgt 8.14+0.03"
GM + G50 Total Nitrogen gkg™! 0.06 + 0.02 be
SOM % 0.7 +£0.012
MBC mg kg ! 13.14+032
SR mmol m~2 s~! 13.3+0.72
DHA ug TPFg~'h~! 507 +£10°

3.2. The Seed Germination, Physiology and Productivity of the Wheat—Maize Cropping System
3.2.1. Seed Germination and Plant Height

The data on seed germination after 7 days of sowing and the plant height at harvest
are presented in Figure 3. In both the wheat and maize crops, treatments significantly
(p < 0.05) affected seed germination and plant height but note this may in part be due to the
increased rate of N application in the treatments. In the wheat, in year 3 100% germination
was exhibited in all of the treatments except the control (Figure 3a), and also in the maize
in all treatments except the control and G100 (Figure 3b). Plant height also showed a
significant increase with the amended treatments compared to the control (p < 0.05). For
wheat, the maximum plant height (73.0 & 0.5 cm) was recorded in treatment FYM + G50 in
year 2, with a 37% increase over the control (Figure 4a), while for maize it was in year 3
(105 £ 1.30 cm), with 13% increase over control (Figure 4b).

3.2.2. Crop Growth and Yield Attributes

Growth and yield parameters for wheat and maize are given in Figure 5. For wheat,
their plant biomass production was significantly (p < 0.05) increased in the later years
compared to the first year of amendment (Figure 5a—c). Leaf dry weight increased most
in year 1 for treatment FYM + G50, increasing by 62% over the control. By contrast, the
highest shoot and root dry weights were found in the year 3 wheat crop with PM + G50
and GM + G50 (91% and 92% more compared to their respective controls). The maximum
number of spikes (12) was recorded for wheat in PM + G50 and GM + G50 in year 3, which
was a 71% increase over the control (Figure 5d). Similarly, a significant (p < 0.005) increase
in the number of spikelets (36) was observed in year 3 with an 80% increase over the control
(Figure 5e). Root lengths significantly increased (p < 0.05) over the controls in all of the
treatments, increasing by 71% in FYM + G50 and 75% in PM + G50 (Figure 5f).
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Figure 3. Impacts of different treatments on seed germination of (a) wheat and (b) maize. Error bars
represent the standard error (n = 3). Different letters indicate statistical difference (LSD, p < 0.05).
80
a
5 60
5
‘5 40
<
€
8 20
o
0 -
120 -

-
@ O
o O
1

N
o
1

Plant height (cm)
N (o]
o o

o

Maize crop-1 Maize crop-2 Maize crop-3
Crops

| OControl  ®G100 OFYM+G50 ®PM+G50  mGM+G50 |

Figure 4. Impacts of different treatments on (a) wheat and (b) maize plant height. Error bars represent
the standard error (1 = 3). Different letters indicate statistical difference (LSD, p < 0.05).



11 of 28

Appl. Sci. 2023, 13, 1436

Wheat crop-2 Wheat crop-3

Wheat crop-1

(=]
N

1ybiem Aip pue ysalj senea]

P9 L

N W.L....-....-..-....-......-..-..-..-..-....-......_

e e e e T e T T Tt

ely

R R R R

SDW

Wheat crop-3

SD

Wheat crop-1

SFW

Wheat crop-2

o (T
SEEANANANNNNNNNNN

RDW

RFW

RDW

RFW

Wheat crop-2 Wheat crop-3

Wheat crop-1

T T T T T
O© I N O 0 © < N O
~ - -

Crops
OControl G100 @FYM+G50 ®BmPM+G50 ®mGM+G50

Figure 5. Cont.



Appl. Sci. 2023, 13, 1436

12 of 28

15

No. of Spikes plant -

40

30 A

20

10 -

No. of Spiklets pot -1

Root length (cm)
s o 8

(6}
1

o
!

wnan,

[
R T T T
A A A L L LA

e a R R a8 g B g 8 g .'..- .'..-
T L e D L P T L T

¥

T T P,

'h':'-':'-'-.'-':'-':'-':'-':\':\':'-':'-

¥
o

T s R s R i R R e
I T DL L P L L L
AR

)

I L L L L L

Sty

o e e e
2y
R PP P e a e s e e

R T TR R P R TR
A A L L e

"

L
el el el el el el el el el el

Wheat crop-1

Crops

@ Control G100 @FYM+G50 PM+G50 B GM+G50 |

Figure 5. Impacts of different treatments on (a) leaves, (b) shoots and (c) root fresh and dry weights,
(d) no. of spikes, (e) no. of spikelets and (f) root length of wheat. Error bars represent the standard
error (n = 3). Different letters indicate statistical difference (LSD, p < 0.05).

For maize, the highest leaf dry weight was in year 2 in the treatment FYM + G50,
with a 56% increase over the control (Figure 6a), while shoot and root dry weights were
highest in year 2 for FYM + G50 (a 49% increase over the control) and in year 3 for GM
+ G50 (a 114% increase over the control) (Figure 6b,c). In the maize crop, the maximum
increase in root length (+90%) was recorded in the treatment PM + G50 in year 3 (Figure 6d).
The wheat and maize crop yields showed a significant variation with treatment and year
(Figure 7). The maximum wheat yield in the year 3 treatment FYM + G50 showed a 51%
increase over the control (Figure 6a), while the highest maize yield was a 49% increase in
GM + G50 in year 3 (Figure 6b).
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Figure 6. Impacts of different treatments on (a) leaf, (b) shoot, and (c) root fresh and dry weights,
(d) root length of maize, (e) yield of wheat and (f) yield of maize. Error bars represent the standard
error (n = 3). Different letters indicate statistical difference (LSD, p < 0.05).
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Figure 7. Impacts of different treatments on (a) chlorophyl contents, (b) photosynthetic rate,
(c) stomatal conductance of wheat, (d) chlorophyl contents, (e) photosynthetic rate, and (f) stomatal
conductance of maize. Error bars represent the standard error (n = 3). Different letters indicate
statistical difference (LSD, p < 0.05).

3.2.3. Crop Physiological Attributes

All treatments resulted in a significant (p < 0.001) increase in the chlorophyll contents
(SPAD value) of both wheat and maize (Figure 7). The highest chlorophyll contents were
recorded in year 3; this was for treatment GM + G50 (Figure 7a) in wheat, a 24% increase
over the control, while in maize it was for treatment PM + G50, with a 46% increase over
the control (Figure 7d). The maximum photosynthetic rates were also recorded in year 3;
for wheat, this was 5.47 umol m 2 s~! in the G100 treatment (Figure 7b), and for maize,
this was 4.22 umol m~2 s~ ! in the GM + G50 treatment (Figure 7e). Maximum stomatal
conductance was recorded in year 2 for wheat (0.97 mmol m~2 s~ in GM + G50) (Figure 7c)
and in year 3 for maize (0.84 mmol m—2 s~ 1in G100) (Figure 7f).

3.3. Soil Organic Carbon

The soil C significantly increased (p < 0.05) under all treatments relative to the control
(Figure 8). After 3 years, the maximum increase in soil C was recorded with FYM + G50
(13.36 tha™1) compared to control (3.96 t ha~1). Overall, the soil C increased in the order
control < GM + G50 < G100 < PM + G50 < FYM + G50.
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Figure 8. Carbon sequestration in freshly reclaimed marginally salt-affected soils during the wheat-
maize crops rotation system. Error bars represent the standard error (n = 3). Different letters indicate
statistical difference (LSD, p < 0.05).
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3.4. Post-Harvest Soil Analysis

Post-harvest soil properties are presented in Table 3. There were significant changes
between the treatments when compared to the respective controls. The soil’s EC was
reduced by 24%, the pH by 14% and the SAR by 72%. By contrast, the CEC increased by
17%, the TN by 660% and the SOM by 281%, respectively. Changes in soil properties are
presented in Table 3.

Table 3. Post-harvest soil analysis. Note: EC = electrical conductivity, SAR = sodium adsorption ratio,
OM = organic matter, CEC = cation exchange capacity, TN = total nitrogen, MBC = microbial biomass
carbon, SR = soil respiration, DHA = dehydrogenase activity. Rounded-off values after + represents
standard error (n = 3). Different letters indicate statistical difference (LSD, p < 0.05).

Parameters Units Control G100 FYM + G50 PM + G50 GM + G50
pH - 914012 85+02b 82 +032b 834032 844052
EC dSm™! 54042 4+05P 4+09b 4+06P 4+06P
SAR - 18 +42 12+22 12+1°2 12+22 12422
oM % 04+01¢ 0.7 +03b 1+0.12 14022 14022
CEC cmol. kg1 soil 7.7+05¢ 83+01Pb 85+052 87 +0.62 87 +42
N gkg™! 0.04£0.1¢ 0.09 + 0.04 2P 0.14+05P 02+£052 0.140.07P
MBC mg kg1 65.14+2¢ 90.2 + 4P 2173 £32 206.1+42 2083 +£52
SR mmol m—2 s~ 1 212+4¢ 27.1+4Pb 251+ 3 371 +22 274+ 4b
DHA ug TPF g~ h~! 330 + 114 400 + 21 <d 571 £20°¢ 689 £ 62 620 +10°

3.5. Economic Analysis of the Crop Production

An economic analysis of the value of the different treatments to the farmer is presented
in Table 4. The analysis aimed to compare the total cost of production up to the point of
harvesting and sale of the grain and plant biomass. The net profit and the benefit—cost ratio
was used to show the profitability of the different treatments. The combined treatment
with farmyard manure and gypsum (FYM + G50) was the most profitable treatment for
wheat, with a PKR 97,165 (USD 433) profit and a benefit-cost ratio of 2.32 in year 3. For
maize, the most profitable treatment was green manure and gypsum (GM + G50), with a
profit of PKR 60,969 (USD 272) and a benefit—cost ratio of 1.83 in year 3.



Appl. Sci. 2023, 13, 1436 18 of 28
Table 4. Cost-benefit analysis (USD ha~!) during reclamation and crop production in study area during wheat-maize rotation.
Wheat
Control G100 FYM + G50 PM + G50 GM + G50
Exp.! Earn.? Profit3 BCR* Exp. Earn. Profit BCR Exp. Earn. Profit BCR  Exp. Earn. Profit BCR  Exp. Earn. Profit BCR
Crop-1  219.02 34724  128.21 1.59 352.73 48531 13257 138 30191 53550 23359 177 31536 497.85 18250 158 296.56 48530 183874 1.64
Crop-2 22590  455.80  229.90 2.02 362.51 638.11 27561 1.76 31956 688.76 36920 216 32053 66344 34291 207 30355 643.18 339.63 2.12
Crop-3 23049  502.04 27154 2.18 371.79 71342 341.63 192 32789 76098 433.10 232 33323 72928 396.05 219 31723 708.13 39091 2.23
Maize
Control G100 FYM + G50 PM + G50 GM + G50
Exp. Earn. Profit BCR Exp. Earn. Profit BCR  Exp. Earn. Profit BCR  Exp. Earn. Profit BCR  Exp. Earn. Profit BCR
Crop-1 23043  324.58 94.15 1.41 364.14 43049 6635 118 31332 44324 12991 141 32676 43637 109.61 1.34 30793 45893 15099 1.49
Crop-2 23226 37655  144.30 1.62 371.54 47818 106.64 1.29 32859 49637 16778 151 328.67 470.69 142.03 143 31252 52525 21273 1.68
Crop-3 24226 40339  161.12 1.67 383.47 53822 15475 140 33957 546.02 20645 1.61 34494 54045 19551 157  328.87 600.62 27176 1.83

1. total expenses, 2. total earnings, 3: net profit/loss, 4. benefit cost ratio.
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3.6. Simulation of Short-Term Changes in Soil Carbon
3.6.1. Derivation of Organic Waste Parameters Using Soils from Pot Experiments at Dijkot
and Uchkera

The weather data and soil properties used in the simulation of the pot experiment soils
are given in Supplementary Figure S2 and Supplementary Table S3, respectively (columns
Dijkot and Uchkera). The crop management data is shown in Supplementary Table S2, and
the crop yields are shown in Supplementary Table S4. The weather data from the pot study
site in the experimental area of the University of Agriculture Faisalabad (Supplementary
Figure S2d) was used in the forward run, as this was the location of the pots during the
trial. The values of soil C, measured in the control and used to adjust plant inputs, are
shown in Supplementary Table S8. The soil C measurements for the treatments used to
evaluate the model are also given in the same table. The organic manure parameters used
in the simulation are presented in Table 5. The evaluation of the simulations of soil organic
C values using these organic manure parameters is presented in Table 6. These simulations
matched the measured values to within 10.7% for all treatments (Table 5). Therefore, the
organic waste parameters were used at the Jhang site unchanged.

Table 5. Organic manure parameters used in the simulations. Note: DPM = decomposable plant
material; HUM = humus (recalcitrant plant material).

Parameter Farmyard Manure Poultry Manure Green Manure
Percent carbon 11% 23% 10%
Percent dry matter 100% 100% 100%
DPM:HUM ratio 1.00 31.45 31.45

Table 6. Evaluation of organic manure parameters in pot experiments using soils from Dijkot and
Uchkera. Note: FYM = farmyard manure, PM = poultry manure, GM = green manure (all applied at
12 t ha=1); G100 = 100% soil gypsum requirement; G50 = 50% soil gypsum requirement.

Site and Treatment Uncertainty RMSE (%) Correlation (R?) Comment
Dijkot
Good fit using DPM:HUM ratio = 1 [47].
FYM + G50 3.4% 0.9989 Suggests FYM is stabilized in the gut of the
cow.
o Good fit using DPM:HUM ratio = 31.45 [47].
PM+G50 6-:3% 0-9983 Suggests PM is less stabilized than FYM.
Good fit using DPM:HUM ratio = 31.45 [47].
GM + G50 6.8% 0.997 Suggests GM is less stabilized than FYM
(similar to PM).
Uchkera
FYM + G50 7.2% 0.9972 Similar result to Dijkot.
PM + G50 10.7% 0.9963 Similar result to Dijkot.
GM + G50 5.5% 0.9985 Similar result to Dijkot.

3.6.2. Evaluation of Organic Waste Parameters Using Pot and Field Measurements at an
Independent Site, Jhang

As for the previous simulations, the data used to run and evaluate the pot trial
are given in Supplementary Figures S2 and S3, and also in Tables S3-S5. The weather
data used to simulate the field trial is shown in Supplementary Figure S3. The model
simulations showed a good fit and a strong correlation to the measurements from both the
pot experiments and field trials, with an uncertainty, expressed as RMSE, of less than 10%
and a correlation R? over 0.99 in all treatments (Table 7). Therefore, the model can be used
to assess the impact of treatments on C sequestration over the long term, with a confidence
of £10%.
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Table 7. Evaluation of simulations of the impact of gypsum and organic manures on soil carbon
in pot and field experiments at Jhang. Note: FYM = farmyard manure, PM = poultry manure,
GM = green manure (all applied at 12 t ha~1); G100 = 100% soil gypsum requirement; G50 = 50% soil
gypsum requirement.

Conditions and Treatment Uncertainty RMSE (%) Correlation (R?)
Pot
G100 3.8% 0.9989
FYM + G50 8.3% 0.9993
PM + G50 9.3% 0.9994
GM + G50 6.0% 0.9965
Field
G100 4.8% 0.9998
FYM + G50 5.8% 0.9994
PM + G50 4.6% 0.9995
GM + G50 6.2% 0.9967

3.6.3. Simulation of Long-Term Carbon Sequestration

The potential C sequestration in different treatments is shown in Figure 9. The soil
organic C content in all studies reached a stable level within 100 years of the same treat-
ment application. Treatment with FYM (FYM + G50) showed the highest potential for C
sequestration, increasing (88 4 12) t ha~! (324%) above the control.
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Figure 9. Simulated potential carbon (C) sequestration assuming continued application of the
treatments used in the field study (left axis) change in C stock to a depth of 30 cm; (right axis) change
in %C in the soil.

4. Discussion
4.1. Impacts of Different Treatments on Soil Properties

It has been widely reported that amending salinity-prone soil with organic matter is an
effective strategy for improving soil health. Organic amendments are easy to procure and
reported by many authors to be effective in the restoration of marginally saline soils [50,51].
The leaching of salts from salt-affected soils requires the replacement of Na* with divalent
cations, such as Ca?*, which can be provided by amendments of gypsum [11]. Adding
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organic matter to the soil provides more exchange sites to capture Ca?* ions, which can be
held by a strong organo-mineral Ca?* bridges rather than single bonds to Na* ions.

In our study, we found that the addition of gypsum and three other types of organic
amendments to the marginally salt-affected soil reduced the pH in all cases (Table 2). This
is a benefit in salt-affected soils that tend to have a pH that is above the optimum range for
crop growth. In other studies, soil pH was also shown to be reduced by the application
of organic amendments [52,53]. It is likely that the addition of organic amendments
causes a decrease in the soil pH by increasing microbial activity, the formation of organic
acids and subsequent dissolution of salts that are then leached down the soil horizons. A
decrease in the pH of salt-affected soils may also be due to the higher quantity of basic-
cationic compounds in the added organic amendments. This was shown in the study by
Chen, et al. [54], who found that the addition of compost, biochar and peat all decreased
the soil pH.

The addition of organic amendments helps to bind soil particles into aggregates,
mainly by the deprotonation of humic and fulvic acids. The addition of poultry manure
to saline-sodic soils has been demonstrated to enhance both the CEC and the quantity of
exchangeable K* ions in the soil; exchangeable K* competes with Na* ions and limits its
entry into the soil environment [11]. The addition of green manure has been shown to
increase microbial decomposition and respiration, and to reduce the soil pH, increasing the
solubility of CaCOj3 due to the increased CO; partial pressure in the soil [55,56]. Organic
manures have also been observed to stimulate enzymatic activity. When gypsum and
organic amendments are applied in combination, they reduce SAR, pH and soil particle
dispersion [57].

The concentration of soluble cations also varied depending on the kind of organic
amendment used in the experiment. Applying farmyard manure, poultry manure and
green manure had less significant impacts on the Ca®* levels in the soil than applications of
gypsum. Applying gypsum restored soils by replacing Na* with Ca* on the soil exchange
sites [58]. When organic amendments were also added, they triggered organic acids
production, which, in turn, raised the Ca?* concentration by dissolving calcium carbonate
(CaCOs3). Addition of Ca2* ions has been shown to decrease SAR and EC, increase CEC,
and improve soil structure [59,60]. The release of native Ca* and silicates acts to exchange
Na™ with silicon (Si) and Ca™ on the exchange sites, resulting in leaching of Na* out of the
soil [61,62].

Total soil N concentrations were significantly increased after the application of farm-
yard manure, poultry manure and green manure because these manures are naturally rich
in N [63]. This increased the soil microbial activity, which may have also improved N use
efficiency and activated the free-living soil micro-organisms responsible for N fixation [64].
Rapid decomposition of organic amendments resulted in the production of mineral N,
which is of immediate benefit to crop production [65].

The SOM is critical to the establishment and functioning of agricultural ecosystems.
In this study, the addition of organic amendments greatly boosted the SOM content; this
finding is also supported by other studies (e.g., [16,52,66]). The increase in SOM was
dependent on the source and type of organic amendment applied. Farmyard manure and
poultry manure had the greatest impact on SOM because of the greater quantity of easily
accessible nutrients, boosting crop production and plant inputs. The addition of poultry
manure has been observed to increase available N, due to its low in C:N ratio and rapid
decomposition when applied to the soils [67]. Furthermore, organic amendments reduces
the soil bulk density, and improves soil porosity, the water infiltration/percolation rate and
the soil aggregate stability. The composition and diversity of soil microbial communities
may be altered as well as stimulated by manure-based amendments [50].

Application of the organic amendments had a direct and positive impact on the
soil microbial activity. Significant changes were observed when organic amendments
were applied in combination with gypsum. All treatments greatly boosted soil MBC,
SR and DHA compared to the controls. The increase in SOM could be explained by the
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formation of organic horizons with the addition of organic manures [68]. Moreover, organic
amendments have the potential to increase soil organism biomass and to benefit plant
health by decomposing organic matter, cycling nutrients and improving the structure of
the soil [69,70]. The decomposition and transformation of organic matter and nutrients
in organically modified soils are driven by an increase in MBC as well as an increase in
soil enzyme activity [71,72]. The primary reason for the increase in DHA is likely to be the
increased supply of organic C in stressed saline soils [73]. Singh, et al. [74] reported a 101%
increase in DHA with the addition of municipal solid waste compost and gypsum, while
Garcia-Gil et al. [75] reported a 730% increase in DHA with addition of municipal solid
waste compost, mainly attributed to the metabolic state of the soil biodiversity. The addition
and fast degradation of organic amendments can provide nitrogenous substrates to the
soil [76], which boost soil microbiota and enzyme production. By contrast, the low osmotic
potential of saline soils causes a reduction in the microbial community by killing them
through microbial cell lysis [77]. This is reflected in the concentration of dehydrogenase
being inversely proportional to the salinity in the soils [74,78].

4.2. Impacts of Soil Restoration on Plant Growth, Physiology and Yield

In this study, growth and yield were significantly improved by the application of
gypsum, both alone and in combination with organic amendments; similar improve-
ments were reported by Edrisi, et al. [79]. All treatments showed an increase in germina-
tion, plant height, dry matter content and yield when compared to the respective control.
Badar, et al. [80] observed that soil salinity can decrease crop growth, metabolism, and the
quality of the produce, with salinity causing a decrease in root length of up to 36%, which
significantly increased (up to 80%) when organic wastes were applied; similar findings
were reported by Rop, et al. [81] and Bah, et al. [82]. Other authors observed that addition
of gypsum and organic amendments compensated for deficiencies in both soil micro- and
macronutrients during and after soil reclamation [66]. Ahmad, et al. [83] observed differ-
ences in nutrient absorption under different treatments that greatly influenced growth and
yield potential. Ahmad, et al. [84] observed that compost applications improved all growth
parameters measured, including crop yield. Many previous studies have shown that, with
the application of organic wastes, soil nutrients and nutrient use efficiency are increased by
providing the slow release of nutrients to plants [85]. Increases in crop yield with organic
amendments were also reported by [33]. The addition of organic fertilizers increases N
and P availability and enhances soil microbial activity [86], thus, contributing to improved
plant nutrition and enhancing the root system of the crop [87].

The fresh and dry weight of the crops also showed a significant increase with the
gypsum and organic amendments. A similar increase in dry matter production with the
application of gypsum was reported by Crusciol, et al. [88]; they suggested that gypsum
increases the soil water and nutrient use efficiency, which ultimately increases the growth
and yield of plants. It has been also reported that a 48.4% increase occurred in the plant
biomass in a wheat crop after the application of rapeseed meal in saline soils in China [53].
Similarly, efficient use of all available resources may be further improved by the low and
consistent supply of nutrients and increased water absorption associated with the applied
organic manures [89].

Plant physiology was also significantly improved through the application of gypsum
and organic amendments. The crops were able to absorb a higher quantity of light, resulting
in a significantly greater amount of vegetative development in all treatments compared to
the control. This could be explained by the addition of N in the amendments, which is an
integral constituent of the chlorophyl [90,91]. As the chlorophyl content increased, the rate
of photosynthesis also increased. The maximum increase recorded was 47% higher than the
control treatment, as previous similar results were reported by [92]. Stomatal conductance
also increased compared to the control, suggesting that the plant is better supplied with
water associated with improved soil structure and water holding capacity. The higher
stomatal conductance could also be attributed to the input of potassium in the manure,



Appl. Sci. 2023, 13, 1436

23 of 28

which is the key element in stomatal regulation [93]. Improved stomatal regulation will
result in more efficient use of water resources by the plant.

4.3. The Impacts of Organic Amendments and Crop Rotation on Soil Carbon Storage

After three years of treatment with organic additions, the soil organic C content in
these saline soils had significantly increased. The greatest change in the soil organic C was
in treatment FYM + G50, which increased from 8.90 to 22.30 t ha—!, a 151% increase in soil
organic C. The high level of C accumulation suggests that loss of organic matter is reduced
in the treatments by the improved soil structure, reduced erosion and reduced dispersion of
soil particles due to improved aggregation in the reclaimed soils [94,95]. The deficiency in
organic matter is compensated for by the addition of organic amendments, which remove
salt as well as adding the organic matter and nutrients that are necessary for crop growth
and improvement of soil structure, stability and aggregation [96-98]. Organic amendments
have been shown to increase soil organic C accumulation by many authors (e.g., [99,100]).
The results obtained here are similar to the results obtained by Banger, et al. [101], who
reported a 56% increase in soil organic C during the application of farmyard manure at the
rate of 10 t ha—! in Karnataka, India, while Kukal and Benbi [102] reported a 55% increase
in soil organic C after 3 years of crop cultivation in India after the application of farmyard
manure at the rate of 20 t ha~! during maize-wheat cropping systems. Ghosh, et al. [103]
reported a 26% increase in soil organic C after the application of farmyard manure and
inorganic fertilizers in rice and wheat cropping systems in India. The large increase in
soil organic C in our experiment was due to the continued application over three years of
the recommended doses of synthetic fertilizers, plus harvested crop residue incorporation,
in a soil that was previously un-managed and salt affected. The increase in soil organic
C stocks in reclaimed/salt-affected soils could be explained by two theories: hierarchal
aggregation and macroaggregate turnover [51]. According to the hierarchal aggregation
theory, the addition of organic amendments causes small soil particles to form clusters,
microaggregates and macroaggregates, which are then bound together through coagulation
or cementation. The macroaggregate turnover theory suggests that macroaggregates start
to form around the perimeter of added organic amendments, which then fragment and
repeatedly reform to stabilize the organic matter by macroaggregation. The addition of
organic amendments in our study is likely to have increased the formation of organic
soil colloids, which promoted the formation of organo-mineral complexes and lead to the
formation of aggregates. Decomposition of the organic amendments also increased the
availability of nutrients.

4.4. Simulations of Soil Carbon Sequestration in Freshly Reclaimed Marginally Salt-Affected Soils
under Wheat-Maize Cropping System

Our simulations predicted that the application of organic amendments in freshly
reclaimed salt-affected soils would greatly increase the soil organic C stocks over the control.
There were differences in the sequestration of soil organic C between treatments, due to
differences in the properties of the organic amendment. Significant long-term increases
in soil organic C have been observed with the application of organic fertilizers, such as
farmyard manure, poultry manure and green manures [103-106]. Gypsum application
improves the physico-chemical condition of the soil (bulk density, aggregation and water
holding capacity) by reducing the concentration of Na* ions, and improving the potential
of the soil to retain organic C [32]. The improved soil properties played a significant role in
enhancing the organic C sequestration in the reclaimed soils [107].

5. Conclusions

The application of gypsum together, with organic amendments, improved soil health,
crop yield, soil organic C content and soil properties. Gypsum in combination with
farmyard manure performed the best for improving soil health, with a 13%, 10% and
62% reduction in soil EC, pH and SAR, and a 10%, 220% and 122% increase in CEC, total
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nitrogen and organic matter. An increase of 225% for MBC and SR and a 185% increase for
DHA was recorded during the fallow period. Yield increases of 51% and 49% were recorded
in wheat and maize yields with FYM + G50 and GM + G50 treatments. Post-harvest soil
analysis indicated a 24%, 14% and 72% decrease in soil EC, pH and SAR. The soil carbon
storage increased up to 13.36 t ha~! with FYM + G50. These results suggest that farmers in
both arid and semi-arid regions with marginally saline—sodic soils could reclaim their soils
through the application of organic manures in combination with gypsum, with farmyard
manure being the most effective treatment. Applying gypsum and manures to saline soils
improves the soil structure, soil health and productivity, and, thus, could greatly contribute
to reducing food insecurity and sequestering C to mitigate climate change. Modelling and
simulations were performed using historical climatic conditions assuming no change in
future climate. Further studies could consider different climatic scenarios and determine
the potential interaction of the treatments with the changing climate.
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