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Integrated farming system (IFS) aims to diversify the agricultural landscapes
by incorporating different components to meet the multifarious needs of the
burgeoning population. The present study was undertaken to understand
the impact of different cropping systems on soil organic carbon (SOC) stock,
aggregate distribution, and aggregate associated organic carbon (AAOC) in
2-1FS models of varying sizes (0.4 and 0.8 ha) established during 2008-2009.
After 10 years of the study, the fodder system registered the greatest TOC and
carbon stocks across IFS models, with surface soil (0—-15cm) accumulating
17 and 13% higher TOC and C stock, respectively, in 0.4 and 0.8 ha models.
In 0—-15cm, macroaggregates (Ma) represented the highest proportion (75—
76%) in both models. Among cropping systems, the fodder system recorded
the highest large macroaggregates in both IFS models. Within 0-30 cm depth,
small macroaggregates are mostly found in the perennial system (fodder,
guava+turmeric, and lemon intercropping system), indicating the potential to
improve the aggregate stability over the seasonal (shorter duration) system. In
general, micro aggregate (Mi) fraction was pre-dominant in sub-surface soil
(17.35%). The maximum AAOC was found in Ma compared to Mi fractions, with
approximately 67 and 63% of total carbon associated with Ma in 0.4 and 0.8 ha
IFS models, respectively. Interestingly, the 0.8 ha IFS model had higher TOC
(~11%) and carbon stock (~12%) than the 0.4 ha model, but AAOC did not show a
similar result, indicating the influence of cropping systems on AAOC. The study
indicated that the fodder-based production system had better performance in
terms of soil physical health and increased aggregate stability and content of
soil carbon. This is indicative of the advantages of perennial-based systems over
seasonal- or annual-based cropping systems for soil sustainability in Eastern
Indo-Gangetic Plains.
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1 Introduction

Farming system research represents an agricultural research and
development methodology that perceives the entire farm as a holistic
system. It emphasizes understanding the interconnectedness among
various components managed by household members and the intricate
interactions between these elements, considering physical, biological,
and socioeconomic factors (Shaner et al., 1982; Fatima et al., 2023). The
Indian economy is primarily rural and agriculture-centric, with marginal
and small farmers comprising 76.2% of the farming population. These
farmers often face challenges posed by unpredictable monsoons, leading
them to diversify their agricultural activities. They judiciously integrate
enterprises such as dairy farming, poultry, pigeon rearing, sericulture,
and apiculture, tailored to their specific agro-climatic and socioeconomic
circumstances. The eastern region of India comprises 83% rural
households, 40% of the population is below the poverty line, and
approximately 86% of the population of this region have marginal
landholdings, as against 67% of the national average, which is fragmented
in nature (Bhagat et al., 2024). The average operational land holding of
farmers in this region has declined to 1.16 ha from 2.28 ha from 1970-71
to 2010-11 (Kumar et al,, 2018). This region, however, has a higher
livestock population density (224 nos./sq. km) compared to the national
average (115 nos./sq. km) (Bhatt and Mishra, 2016). Furthermore, the
region has very low water productivity (0.54kg grain/m?), and ~ 14% of
soils are problematic in nature (Bhatt et al,, 2011).

Addressing the pressing demand to mitigate the environmental
footprint of food production and enhance its resilience to
forthcoming climate shifts is imperative. Ensuring food security
amidst these challenges is paramount. The agricultural domain stands
particularly vulnerable to the ramifications of global climate shifts,
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which are anticipated to alter productivity levels, management
practices, and the geographical distribution of crops. During the
current COVID-19 pandemic, the eastern region receives higher
reverse migration across states. Thus, it is necessary to change the
pattern of agriculture using management practices that favor the
positive balance of physical, chemical, and biological soil
characteristics, such as improvement in carbon, nitrogen, moisture
retention, and reduction of soil loss by erosion and leaching.
Integrating various components of IFS, viz. field crops, horticultural
crops, livestock, poultry, timber, and fishery, helps to increase space
and time utilization (Paramesh et al, 2022). Integration of
agroforestry in IFS provides a robust approach for carbon
sequestration by the accumulation of biomass and organic matter
within the soil matrix (Sunderland, 2011; Meera et al., 2019). In the
farming systems, C sequestration is substantial due to the crucial role
of tree/orchards, extensive use of organic manures and livestock
by-products, and reduced fertilizer use. Salton et al. (2014) reported
that net greenhouse gas emissions were positive in conventional
systems, whereas integrated farming systems show a net negative due
to the C sequestration potential within the IFS. Higher total carbon,
nitrogen, and water-stable aggregates and microbial biomass C were
observed by Maughan et al. (2009) in IFS when compared to
continuous corn incorporation. The addition of crop residues and
organic manures not only improves nutrient availability but also
positively controls the soil quality, having a beneficial effect on crops
(Dhaliwal et al., 2019). Several studies reported that the IFS approach
would create a synergistic effect among crops, forestry, orchards,
fishery, poultry, and apiary, in a way that leftover by-product of one
component is used as input for others, ensuring the nutrient recycling
and increasing resource use efficiency (Gill et al., 2009; Walia et al.,
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2019). There are practically no studies available on the impact of IFS
on soil aggregation and its associated carbon since experiments
related to aggregation in management systems integrated with agri-
horti crops and livestock are not only scant but also evaluate mostly
yield and economics of the systems. Studies on the effect of agri-
horti-livestock systems on soil aggregation in an IFS are scarce in
India. This indicates the need to verify the effects of integrated
components on soil aggregation, aggregate-associated carbon, and,
consequently, on physical protection of SOC, given the direct
relationship between aggregation and carbon accumulation in soil.
With this background, we hypothesized that soil aggregation and
carbon stocks in different resilient cropping systems will be affected
by the adoption of integrated farming practices. To test this
hypothesis, a study was conducted to assess the effects of long-term
IFS on soil carbon stock and soil aggregation patterns and the impact
of different crop components on carbon sequestration potential.

2 Materials and methods

2.1 Study site

Two integrated farming system (IFS) models (0.4 ha and 0.8 ha) were
initiated during the rainy season of 2008-2009 at the experimental farm
of ICAR Research Complex for Eastern Region, Patna, India (25°59° N
latitude, 85°08” E longitude, 53.5 above MSL). The experimental area falls
under the middle Indo-Gangetic Plains (MIGPs) of India and is
characterized by a subtropical humid climate. The soil of the
experimental site was old alluvium having clay loam texture (29.4% sand,
39.4% silt, and 31% clay) (Bouyoucos, 1962), pH 6.6 (Jackson, 1973),
organic carbon 0.6% (Walkley and Black, 1934), available N 95.1 ppm
(Subbiah and Asija, 1956), Olsen’s phosphorus 8.48 ppm (Olsen et al,
1954), and available potassium 92.8 ppm (Hanway and Heidel, 1952). All
basic soil properties were analyzed following standard laboratory
methods. The farm consists of various interrelated components and a
flow of farm components within and outside the system. One acre farm
(0.4ha) was divided into rice-based cropping system (rice-wheat-fodder,
rice-maize-fodder, rice-wheat-lentil, rice-mustard-wheat, and rice-
fodder-fodder), mushroom unit, horticultural crops (vegetable block-
cauliflower, cowpea, okra, onion, and tomato; fruit trees-guava having
turmeric as an intercrop and lemon), goat unit (20 no. and a buck),
poultry (100 no. in each batch), and a vermicomposting unit. The 2-acre
farm (0.8 ha) was divided into rice-based cropping system (rice-wheat-
fodder, rice-winter maize-fodder, rice-wheat/lentil, rice-mustard/wheat,
and rice-lentil-fodder), fish-duck integration, livestock (2 cows and 2
calves), horticultural crops (vegetable block- cauliflower, cowpea, okra,
onion and tomato; fruit trees-guava and lemon having turmeric as
intercrop), and a vermi-composting unit. The crops grown in the kharif,
rabi, and summer seasons are mentioned in Table 1. The appropriate
package of practices followed as per the crop requirement for rice, wheat,
maize, mustard, lentil, fodder, and horticultural crops. Fertilizers were
applied based on the standard recommended doses of particular crops.
Some of the components, viz. animal feed, fertilizers, etc., were imported
into the system, and some of the components, viz. crop products (grains,
fruits, and vegetables) and animal products (meat, eggs, fish, milk, etc.)
were exported out of the system (Supplementary Table S1). Detailed
components of the 0.4ha and 0.8 ha IFS systems are provided in Table 1.
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2.2 Soil sampling and processing

Soil samples were collected 10 years after the establishment of the
experiment. Samples were collected after harvesting rabi season crops.
Soil samples from each treatment were collected from 0 to 15 and 15
to 30 cm depths of soil in four replicates with the help of an auger and
spade. The soil samples were air-dried and sieved to analyze total
organic carbon. Undisturbed soil samples collected using a spade were
dried for aggregate analysis. The samples were then broken into their
natural plane and utilized for aggregate analysis. For bulk density, a
core sampler was used to collect the samples. The collected samples
were oven-dried at 105°C and weighted to calculate bulk density.

2.3 Soil analysis

2.3.1 Total organic carbon

Using the tube digestion method, the total organic carbon in the
soil sample was determined (Haenes, 1984). In summary, a 100ml
digestion tube containing 1.0 g of finely powdered (< 0.15mm) soil
sample was heated at 135°C for 30 min after adding 10mL of IN
K,Cr,0, and 20 mL of concentrated H,SO,. The TOC of soil samples
was determined as Cr* concentration in diluted soil digest by taking
absorbance reading at 600nm with calibration against similarly
treated sucrose standard solution.

2.3.2 Soil organic carbon stock

The size of organic carbon stock was computed by multiplying
organic carbon oxidized by 24N H,SO, with bulk density values of
each plot and soil depth (0-15 cm). The following is the formula used
(Samal et al., 2020):

Carbon stock in soil (Mg ha_l) =
Carbon (C) content x Bulk density (BD)x Depth x 10

Where C is the concentration expressed in g kg™ soil, BD in Mg
m~?, depth in m, and C stock in Mg ha™".

2.3.3 Carbon flows

The farm design model (Groot et al., 2012) was used to quantify
the carbon flows in 0.4 and 0.8 ha farming system models. The input
data contain the data of various farm resources. The input database
includes various components, viz. biophysical environment (soil
physic-chemical properties, climate, and potential soil erosion rate),
crops (agronomic practices, labor requirement, prices, and subsidies),
crop products (crop production, bedding material, green manures,
animal feed, home consumption, etc.), crop rotations, animals, and
animal products (management, production, labor requirement,
animal feeds, product price, and home consumption), fertilizers, and
imported manures. Based on crop productivity, animal and crop
product destinations (and imports and exports), animal feed balance,
and the fertilizer, manure, and organic matter turnover, carbon flow
between the systems was estimated.

2.3.4 Aggregate fractionation

Representative sub-samples of approximately 50g of soil
underwent a gentle process of sieving through a 10 mm mesh to break
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TABLE 1 Detailed description of the various components of 0.4 ha and 0.8 ha IFS models.

Major components  Season/ 2-acre (0.8 ha) Area allotted | 1-acre (0.4 ha) Area allotted
Enterprise model (VA) model (VA
Cereal crops Rainy season Rice 50% Rice 50%
Winter season ‘Wheat; Maize; Mustard; Wheat; Maize; Mustard;
Lentil Lentil
Horticultural components Fruits Papaya (on pond’s dike 16.5% Papaya and banana (On field 26.5%
and field bund) bunds)
Lemon (on pond’s dike) Lemon and guava (In
Guava (on pond dike horticultural block)
and horticultural block)
Banana (on pond’s dike
and horticultural block)
Rainy season vegetables Cucurbits/Brinjal/Okra cucurbits/Brinjal/Okra
Winter and summer Brinjal/ Cowpea /Okra/ Brinjal/Cowpea/ Okra/
season vegetables Bitter gourd/ Cucumber Bitter gourd/Cucumber
Fish + Duck integration Fish components (Mix Rohu (20% as column 17.8% - -
carp culture) feeder), Catla (30% as
surface feeder),
Mrigal/common carp
(50% as bottom feeder)
Duckery 40 no. of Khakhi - -
Campbell breed of duck
in 10 x 15" size thatched
hut made upon
fishpond
Livestock (1.80% area) Cow 3 no. of cows and 2 no. 1.80% Goatry: 20 female goats and 4.0%
of calves in 20" x 30 one buck
thatched hut Poultry: 100-200 broilers in 2.02%
225 sq. ft. area
Fodder production Rainy season M.P. Chari/Sudan grass/ 12.5% M.P. Chari/Sudan grass/ 12.5%
Napier/Maize Napier/Maize
Winter season Berseem/Oat/Maize Berseem/Oat/Maize
Summer season Cowpea /Maize/Sudan Boro/Labia/Maize/Sudan
grass grass
Spices Ginger and turmeric - Ginger and turmeric were -
were intercropped with intercropped with guava
guava
Mushroom - - March-September: straw/ 2.02%
paddy/milky mushroom;
October-February: Oyster/
Button mushroom
FYM/Vermi-composting pits All the farm waste was utilized to prepare FYM and 1.4% All the farm waste was 2.33%
vermicomposting utilized to prepare FYM and
vermicomposting

soil along its natural planes of weakness. After the soil was allowed to
air dry, it was separated into four groups using Elliott’s (1986) wet
sieving technique: (a) large macroaggregates (LM; >2000 pm), (b)
small macroaggregates (SM; 250-2000 pm), (c) microaggregates (Mi;
53-250pm), and (d) silt and clay-sized particles (SC; <53 pm).
Subsequently, about 50g of air-dried soil was evenly spread onto a
2mm sieve submerged in deionized water and allowed to slake. The
sieve was manually agitated for 2min after a 5min duration. This
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procedure was repeated with sieves measuring 250 pm and 53 pm. The
soil aggregates extracted from each sieve were carefully cleaned, oven-
dried for 48 h at 60°C, weighed, and stored in preparation for carbon
analysis. The volume of the subsample and the total suspension
volume were utilized to calculate the silt and clay-sized particles (SC).

The mean weight diameter (MWD) and geometric mean diameter
(GMD) of water-stable aggregates (Kemper and Roseneau, 1986) were
calculated using the following equations:
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! WiXi
i=1

ZLWi

MWD (mm) =

> WilogXi

GMD(mm) =exp -
i:lWi

where # is the number of fractions and Xi is the mean diameter
(mm) of the sieve used.

2.4 Statistical analysis

The data obtained underwent analysis of variance (ANOVA) to
determine significant differences among the treatments. For multiple
comparisons among the treatments at a significance level of p <0.05,
Duncan’s Multiple Range Test (DMRT) was employed. The statistical
analysis was conducted using the Indian NARS Statistical Computing
Portal, which is available at http://stat.iasri.res.in/sscnarsportal.

3 Results
3.1 Total organic carbon and C stock

After 10years of establishment, significant (p <0.05) differences
in TOC and C stock in both 0.4 and 0.8 ha IFS models were reported
(Table 2). In the 0.4ha IFS model, the fodder system showed
significantly higher TOC (10.5gkg™ soil) followed by guava
orchard intercropped with turmeric (9.22 gkg™ soil) in the 0-15cm
soil layer, and a similar trend was also observed in the 15-30 cm
depth. Owing to higher TOC in the fodder system, this system
contributed the greatest C stock in both depths compared to other
components. In the 0.8 ha IFS model as well, the fodder system
achieved significantly higher TOC (11.37gkg™") and C stock
(26.09 Mgm™) in the 0-15cm depth. The rice-based system had
significantly lower TOC (7.50gkg™" soil) in 0-15cm depth. At
15-30 cm depth, the fodder system showed significantly higher C
stock (9.95 gkg™ soil) and TOC (24.74 Mg m™) contents, followed
by the vegetable-based production system (22.83Mgm™).
Considering all the treatments, the surface layer contained 15 and
11% higher TOC and C stock than the 15-30 cm layer in the 0.4 ha
model. In the 0.8 ha model, the impact was greater as it showed 19
and 15% higher TOC and C stock over the lower layer. Among the
two models, the 0.8 ha model possessed more carbon stock (~11%)
than the 0.4 ha model in the 0-30 cm soil depth.

In both 0.4ha and 0.8 ha models, bulk density was significantly
(p<0.05) influenced by the cropping system. In both cases, the fodder-
based system registered the lowest bulk density, while the rice-based
system recorded the highest value. Irrespective of the cropping system,
bulk density increased by 4.5 and 4.52% in the sub-surface (15-30 cm)
over the surface layer (0-15) for the 0.4ha and 0.8ha models,
respectively. The difference in bulk density across soil depths was less
in the lemon intercropping system in both models.
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3.2 Carbon flows

Carbon flows in the 0.4ha and 0.8 ha IFS models are illustrated in
Figures 1A,B. In the 0.4 ha model, the addition of poultry concentrate,
farmyard manure, vermicompost, and mushroom left out added
~1,500kg of C to the soil every year, whereas litter fall from orchard/
crop residue added 392 kg carbon to the soil. Approximately 5 tonnes
of carbon were exported out of the farm as different crop products and
456 kg of carbon was lost in the form of animal products. In addition,
884kg of carbon was lost from the system during degradation of
manures. Overall, the 0.4 ha system added 1890kg of carbon in the
soil, which either accumulated or lost from the system based on the
management practices. In the case of the 0.8ha model, 690kg and
61kg of carbon were added to the soil from manures and crops.
Different crops assimilated ~9,672kg carbon, and 2,626kg C was
imported to the system by various means. Of this total accumulated
C, 4955kg was exported out of the system as crop products, and
4,524kg was utilized by livestock in the form of feed and bedding
material. The livestock unit contributed 539 kg in the form of manure
and 3,716 kg lost during the respiration process. In the 0.8 ha model,
a net amount of 752 kg of soil organic carbon annually remained in
the soil.

3.3 Soil aggregate fractionation

The results indicated that there was a significant effect of cropping
systems on aggregate size distribution in both farming system models
(Tables 3, 4). In the 0.4 and 0.8 ha models, macroaggregates accounted
for approximately 75% of total aggregates and were the most dominant
water-stable aggregate size class in the surface layer. In the top layer
(0-15cm) of the 0.4ha IFS model, the fodder system showed a
significantly higher LM fraction (17.25g 50 g soil™") followed by rice-
based cropping system (15.35g of 50g soil™'), whereas vegetable
system showed the lowest LM (11.17g 50g soil™"). The vegetable
system shows significantly higher SM (22.23 g 50 g soil™") followed by
guava + turmeric intercropping (20.86 g 50 g soil™") and lemon-based
system (20.61g 50g soil™"). The rice system showed a significantly
higher microaggregate fraction (14.87 g 50 g soil™'), while the fodder
system recorded the lowest value (6.01 g 50 g soil™"). Guava + turmeric
intercropping (3.67 g 50 g soil™") showed a significantly lower silt + clay
(SC) fraction, which was at par with the fodder system, whereas the
fodder system showed a significantly higher SC fraction (8.12g 50¢g
soil™).

The proportion of macroaggregates (Figure 2) present in the
sub-surface layer was slightly lower (~65%) compared to the surface
layer of soil (~67%). However, it was also observed that the vegetable-
based cropping system and the guava + turmeric intercropping system
had higher macroaggregates at lower depths than the surface layer. In
15-30 cm soil depth, rice showed significantly the lowest SM (14.92 g
50g soil™"). Lemon orchards showed significantly higher SM (22.81¢g
50g soil™") but were at par with the fodder system. It was observed that
lower depth had slightly (2%) higher SM over the surface layer of soil
irrespective of cropping systems. In contrast, the rice-based cropping
and guava + turmeric intercropping systems showed higher Mi.
Overall, in the 0.4 ha model, the 15-30 cm layer contained 14.7% more
microaggregates than 0-15cm. Irrespective of cropping systems, the
surface layer showed a 3% increase in LM. The reduction in
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TABLE 2 Total organic carbon (TOC), bulk density, and C stock as influenced by the different farming system models.

C stock
(Mgha™)

Treatments TOC (gkg

soil)

C stock
(Mgm=)

Bulk density
(gecm)

TOC (gkg
soil)

BD (gcm™)

0-15cm soil layer 0.4ha IFS 0.8ha IFS

C, 6.54a 1.79¢ 17.59a 7.50a 1.79d 20.13a
C, 7.40b 1.78¢ 19.77b 9.12b 1.66b 22.69b
C3 10.52d 1.53a 24.21c 11.37d 1.53a 26.09d
C4 7.19b 1.66b 17.89ab 9.07b 1.76 cd 23.99bc
Cs 9.22¢ 1.74c 24.08¢ 9.85¢ 1.72bc 25.41c
Mean 8.17 1.70 20.71 9.38 1.69 23.66

15-30 cm soil layer

C, 5.34a 1.89d 15.17a 5.78a 1.89d 16.39a
G, 6.41b 1.80c 17.33b 7.42¢ 1.72ab 19.15b
C3 9.72d 1.63a 23.76d 9.95e 1.66a 24.74d
C4 6.17b 1.74b 16.11ab 8.33d 1.83cd 22.83c
Cs 7.07¢ 1.84cd 19.54¢ 6.43b 1.78bc 17.15a
Mean 6.94 1.78 18.38 7.58 1.77 20.05

C,, Rice-based cropping system; C,, Lemon orchard; C;, Fodder system; C,, Vegetable-based system; Cs, Guava + turmeric intercropping; TOC, Total organic carbon; BD, Bulk density. Values

followed by different lowercase letters within an aggregate size class are significantly different at p <0.05.

macroaggregate in lower depth might be due to lesser root activity.
However, the proportion of SM was similar in both soil depths, while
the distribution of silt and clay particles (aggregates) was higher (17%)
in the 15-30cm soil depth than in the surface layer (0-15cm). It was
also found that practices of different cropping systems had a significant
influence on MWD and GMD (Figure 3). The fodder-based systems
registered significantly higher MWD (1.63) and GMD (0.87) in the
0-15cm depth.

In the 0.8 ha IFS model, the rice-based cropping system showed
significantly higher Mi (17.40g 50 g soil™") and lower SM (13.80g 50 g
soil™") in topsoil (0-15cm). The lemon-based system showed
significantly lower Mi (8.61 g 50 g soil™') and guava+turmeric had the
highest SM (19.63 g 50¢g soil™). The distribution of microaggregates
was found higher in 15-30cm than in 0-15 in both models except
guava + turmeric intercropping in the 0.4ha model and rice-based
cropping system in the 0.8 ha model, which showed a decreasing trend
of microaggregates distribution with increasing soil depth. In the case
of LM, the fodder system had the highest value (18.9g/50g) but was
at par with the lemon system (18.35g/50g). The fodder system (1.57),
followed by lemon (1.51) along with the vegetable system (1.46),
showed a significantly higher mean diameter of aggregates. A similar
trend was also observed in geometric mean diameter.

3.4 Aggregate-associated organic carbon

Data pertaining to aggregate-associated organic carbon
revealed that maccoaggregates (Ma) had a higher potential to
accumulate a higher amount of carbon content on their particles
(Mi) fractions (Table 5).
Macroaggregates contributed ~67% of the total organic carbon

compared to microaggregate

associated as compared to the rest of the aggregate fractions.
Among macroaggregates, the SM category represented ~64%
irrespective of the cropping system in the 0.4 ha model. Overall,
in the 0-15cm depth, the fodder system outweighed the rest of
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the cropping system, and the rice-based system showed the least
carbon content except in SM, where the vegetable system
prevailed. Comparatively, there was a 17% decrease in aggregate-
associated organic carbon content in the 15-30 cm soil depth
compared to the 0-15cm depth. At 15-30 cm depth, the fodder-
based system accumulated the highest organic carbon and the
vegetable system represented the minimum carbon content.

In the 0.8ha model as well, macroaggregates contribute
significantly to total organic carbon (63%) compared to other
aggregate fractions; however, this value is slightly lower than that of
the 0.4ha model (67%) in the 0-15cm depth (Table 6). Among the
cropping systems, the fodder system consistently performed the best,
whereas the rice-based system had the lowest carbon content. In
15-30cm depth as well, the fodder-based system showed better
performance while the vegetable/lemon-based system contained the
least aggregate-associated organic carbon in macroaggregate and
microaggregate fractions, respectively. Comparatively, the 0.8ha
model had 8% less aggregate associated organic carbon than 0.4 ha.
There was an increase of ~3% aggregate-associated organic carbon in
15-30 over 0-15 cm soil depth due to increased microaggregate fraction.

4 Discussion

The extensive and fibrous root nature of perennial grasses has
more advantages than annual crops, such as rice, wheat, and vegetable
crops. In the fodder-based cropping system, the higher TOC content
of soil can be attributed to the continuous addition of organic matter
in soil via degeneration of root and limited mineralization of organic
matter owing to less disturbance of soil which can eventually
maximize C-accumulation in soil (Mcsherry and Ritchie, 2013;
Kriiger et al., 2015; Das et al., 2016; Li et al., 2018). It is worth
mentioning that horticultural crops such as guava- and lemon-based
intercropping systems also had lower carbon accumulation than
forage systems. This may be partly attributed to the soil tillage
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FIGURE 1
Schematic representation of farm design model showing carbon flows between different components of 0.4 (3a) and 0.8ha (3b) IFS models. The black arrows
represent C-flow within the farming system. The blue arrows represent inflows, and the red arrows represent outflow/losses (all values in kg/ha/year).

operation performed before planting intercrops in such production Soil organic content is markedly influenced by management
systems. A higher amount of carbon content in surface soil thanin  practices associated with a change in the cropping system, which
sub-surface soil has been reported by several authors, including  eventually affects the soil structural behavior via soil compactness
Lenka et al. (2012). level. This corroborates the results of our study, where the
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TABLE 3 Distribution of aggregates of different size classes and aggregation indices as influenced by different farming systems in 0.4 ha IFS models.

Treatments >2000 pm (LM) 2000- 500-250pm  250-125pm = 125-53pum <53um
500 pm (SMy) (SM,) (Miy) (Miy)
0-15cm soil layer (g aggregates 50 g™" of dry soil)
C, 15.35¢ 4.95a 8.20a 8.41d 6.47¢ 6.64c
C, 14.25b 8.18b 12.43d 5.45bc 4.48b 5.23b
C3 17.25d 9.35¢ 9.58b 3.29a 2.72a 8.12d
C4 11.17a 12.95d 9.28b 6.39¢ 4.97b 4.95b
Cs 13.69b 9.25¢ 11.62¢c 4.94b 6.85¢ 3.67a
Mean 14.34 8.93 10.22 5.69 5.10 5.72
15-30 cm soil layer
C, 10.72a 6.12a 8.80a 9.15d 7.84c 7.39d
C, 12.85b 9.79¢ 13.03d 5.65a 3.96a 4.73b
C3 14.12d 11.06d 10.53¢ 5.66a 5.33b 3.31a
C4 13.74c 8.58b 9.47ab 6.75b 5.64b 5.83¢
Cs 14.87¢ 9.59¢ 9.81bc 7.85¢ 5.43b 2.47a
Mean 13.26 9.03 10.33 7.01 5.64 4.74

C,, Rice-based cropping system; C,, Lemon orchard; C;, Fodder system; C,, Vegetable-based system; Cs, Guava + turmeric intercropping; Values followed by different lowercase letters within an
aggregate size class are significantly different at p <0.05.

TABLE 4 Distribution of aggregates of different size classes and aggregation indices as influenced by different farming systems in the 0.8 ha IFS models.

Treatments >2000 pm (LM) 2000- 500-250pm  250-125pm @ 125-53pum <53um
500 pm (SMl) (SMz) (Mll) (M|2)
0-15cm soil layer (g aggregates 50 g™" of dry soil)
C, 13.45a 8.03a 5.77a 11.20d 6.20d 5.35¢
C, 18.35d 10.16¢ 8.40c 5.09b 3.52b 4.49b
C3 18.90d 12.35e 9.08d 3.29a 2.72a 3.67a
C4 16.75¢ 9.13b 7.09b 6.27¢ 3.60b 7.17d
Cs 15.45b 11.22d 8.41c 6.75¢ 4.70c 3.49a
Mean 16.58 10.18 7.75 6.52 4.15 4.83
15-30 cm soil layer
C, 12.13a 6.52a 4.80a 9.15e 8.59d 8.83d
G, 16.57d 10.40d 6.17b 6.52b 5.31b 5.05b
C3 17.47¢ 11.56e 8.34d 4.66a 4.33a 3.65a
C4 13.15b 7.81b 7.62¢ 7.46¢ 7.20c 6.78¢
Cs 14.31c 9.00c 6.17b 8.25d 5.26b 7.03¢
Mean 14.72 9.06 6.62 7.21 6.13 6.27

C,, Rice-based cropping system; C,, Lemon orchard; C;, Fodder system; C,, Vegetable-based system; Cs, Guava + turmeric intercropping; Values followed by different lowercase letters within an

aggregate size class are significantly different at p <0.05.

fodder-based system achieved the lowest bulk density. Most seasonal
cropping systems generated greater bulk density owing to more tillage
or cultivation operation than perennial fodder grasses. It is widely
accepted that soil organic matter has a direct influence on soil bulk
density and vice versa (Leifeld et al., 2015; Gajda et al., 2016).

The adoption of a diverse cropping system has exerted a significant
influence on the distribution of soil aggregate, and this is mainly
attributed to the life span of the crop as well as management practices
(tillage frequency) (Broersma et al., 1997; Mondal et al., 2021). The
presence of a higher proportion of macroaggregates under a fodder-
based system has largely contributed to increased root activity (Gelaw
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et al, 2013) as well as the continuous addition of litter in soil (Kautz
et al, 2010). In this context, Kautz et al. (2010) reported an
improvement in soil structure due to the binding potential of
perennial fodder systems by their increased root activity. The role of
microbial activity through the expansion of hyphal networking in this
condition cannot be ruled out (Hallett et al., 2009; Sale et al., 2021). In
this context, the release of root exudates such as phenolics (Martens,
2000) and glucosamine (Chantigny et al., 1997) during decomposition
has also been responsible for the improvement of soil aggregate
stability in the perennial fodder-based system. Mostly in the vegetable
system, soils are tilled through conventional practices, and breakage
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TABLE 5 Aggregate-associated organic carbon (AAOC) in different aggregate size classes as influenced by different farming systems in the 0.4 ha IFS

system model.

Treatments

>2000 pm (LM)

2000-500 pm
(SMy)

500-250 pm
(SM,)

250-125pm
(Miy)

125-53 um
(Miy)

0-15cm soil layer (gkg™" of dry soil)

C, 8.85a 8.18b 8.33b 6.47a 5.40a
G, 10.68¢c 9.88¢c 10.43d 7.12b 6.32b
C3 11.91d 11.39d 10.93e 9.02¢ 8.43¢
C4 9.44b 7.11a 7.15a 6.41a 6.71c
Cs 10.60c 9.74¢ 9.38¢ 7.40b 7.49d
Mean 10.29 9.26 9.24 7.28 6.87
15-30 cm soil layer

C, 8.98¢ 8.59¢ 8.50d 7.89% 7.28d
G, 7.82b 7.13b 6.87b 5.42b 6.10c
C3 10.28d 10.21d 8.16d 6.09¢ 5.48b
C4 9.11c 5.25a 6.24a 4.88a 4.73a
Cs 6.42a 7.47b 7.56¢ 6.73d 5.84c
Mean 8.52 7.73 7.47 6.20 5.89

C,, Rice-based cropping system; C,, Lemon orchard; C;, Fodder system; C,, Vegetable-based system; Cs, Guava + turmeric intercropping; Values followed by different lowercase letters within an
aggregate size class are significantly different at p <0.05.

TABLE 6 Aggregate-associated organic carbon (AAOC) in different aggregate size classes as influenced by various farming systems in the 0.8 ha IFS
model.

Treatments >2000 pm (LM) 2000-500 pm 500-250 pym 250-125pm 125-53 um
(SMy) (SM,) (Miy) (Mi,)
0-15cm soil layer (gkg™ of dry soil)
C, 7.76a 6.18a 4.45a 7.95b 5.56a
C, 8.70b 9.21c 5.32b 5.14a 5.18a
C3 13.03e 10.40d 8.28d 9.19¢c 8.42d
C4 9.08¢c 7.40b 7.57¢ 8.14b 7.03b
Cs 10.18d 9.07¢ 8.60e 7.75b 7.67¢
Mean 9.75 8.45 6.84 7.63 6.77
15-30 cm soil layer
C, 9.13¢ 8.32b 5.42a 6.78b 6.82b
G, 8.35b 8.55b 7.23b 5.60a 5.79a
C3 11.44e 10.50d 9.03d 8.30c 8.66e
C4 742 7.37a 7.49b 8.01c 7.62¢
Cs 10.05d 9.08¢c 8.41c 9.00d 8.21d
Mean 9.28 8.76 7.51 7.54 7.42

C,, Rice-based cropping system; C,, Lemon orchard; C;, Fodder system; C,, Vegetable-based system; Cs, Guava + turmeric intercropping; Values followed by different lowercase letters within an

aggregate size class are significantly different at p <0.05.

of macroaggregates could lead to the formation of SM and to some
extent microaggregates (Grandy and Robertson, 2007). Higher
microaggregate fraction in rice-based systems shows that seasonal or
annual crop-based cropping systems have a higher amount of
microaggregates than perennial-based systems. This is in accordance
with the results by Cates et al. (2016). Seasonal cropping systems such
as rice and vegetable-based cropping systems generally possess fibrous
or fine root systems, which leads to the production of microaggregates
compared to perennial systems such as the fodder-based system (Chu
etal, 2016). Interestingly, the production of SM was most prominent
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under the perennial system, especially in lemon and guava
intercropping, indicating that the inclusion of horticultural fruit trees
in the system has the potential to improve soil aggregate stability.
Under the fodder system, the soil was less affected due to the
lesser extent of tillage operation, thereby preventing the destruction
of soil particles. In this contention, Arshad et al. (2004) confirmed a
higher MWD under no-tillage than under conventionally tilled soil
mostly occupied by annual crops. Lenka et al. (2012) also found
improvement in MWD where perennial grasses (agroforestry) were
grown under sloping land conditions, indicating continuous addition
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of organic matter, which helped in the formation of clay humus
complexes. While in 15-30 cm depth, the vegetable system recorded
maximum MWD, which was statistically at par with the fodder system
and guava + turmeric intercropping. The GMD showed a similar trend
to that of MWD. Comparatively, the surface layer had higher MWD
and GMD than the sub-surface layer. Interestingly, there was a
similarity of macroaggregates distribution in the surface layer of soil
in both the IFS model, 0.4 ha (75%) and 0.8 ha (76%). Macroaggregates
are the dominant fraction in the soil, and the results are in conformity
with previous studies by Lenka et al. (2012) and Gelaw et al. (2013).
In general, the presence of microaggregates was slightly higher in the
0.8 ha than in the 0.4ha model. This is possibly accredited to higher
tillage operation since the rice fodder of the 0.4 ha model was replaced
by the rice-lentil-fodder system in the 0.8 ha model, where the rest of
the cropping system remained the same in both IFS models.

From the present study, it is clear that MWD has a significant
positive relationship with organic carbon content. In other words,
MWD showed an increasing tendency with the rise in organic C
content in soil across cropping systems in both IFS models. This
result is consistent with the study by Yousefi et al. (2008). Most
significantly, we observed that aggregate stability was linked with
the organic carbon content across cropping systems in both IFS
models. The climatic and edaphic conditions of the two study
sites were similar in nature and were validated in our study.
Nonetheless, this is not always true for every situation where
climatic and edaphic conditions across the sites are varied
(Haynes et al., 1991; Tete-Mensah et al., 1999). In 15-30cm
depth, both LM and SM fractions were significantly higher in the
fodder-based system and least in the rice-based cropping system.
At the same time, a reverse trend was observed for Mi. As in
0-15cm, 15-30 cm depth also had significantly higher GMD and
MWD in the fodder system and least in the rice-based system.

Overall, aggregate-associated organic carbon is more in
macroaggregates than microaggregates. Across IFS models, the fodder
system noted the highest aggregate-associated organic carbon than the
rest of the cropping systems. This is an indication of the occurrence of
decomposition of root and hyphal networks inside macroaggregates
(Gelaw et al, 2013). Rao et al. (2022) also claimed that the
predominance of aggregate-associated organic carbon was higher in
macroaggregates than in microaggregrates in their studies. It was also
suggested that microbial activity played a major role in protecting
macroaggregates, thereby improving organic carbon within
macroaggregates. Although comparatively, the 0.8 ha model had more
total organic carbon than the 0.4 ha model, but in aggregate-associated
organic carbon, the same trend was not observed. This might be due
to the effect of the cropping pattern/system on carbon storage
potential in different fractions of the soil aggregates.

5 Conclusion

The sustainability of farming system models is largely linked with the
soil productive capacity of the site. In other words, system productivity
depends on nutrient recycling of systems involved in the buildup of soil
organic matter. Soil organic matter and aggregate distribution could
be varied with the management intensity of systems such as tillage and
cultural operations associated with distinct cropping systems.

Frontiers in Sustainable Food Systems

11

10.3389/fsufs.2024.1384082

o In this study, SOC, aggregate distribution, and aggregate-
associated organic carbon were markedly influenced by cropping
systems adopted across the IFS model.

o The study indicated that fodder-based systems had a better
performance than other cropping systems in terms of soil
physical health and soil organic carbon. This is indicative of the
advantages of perennial-based systems over seasonal or annual-
based cropping systems for soil sustainability in Eastern Indo-
Gangetic plains. Nevertheless, the extent of soil disturbance by
tillage cannot be ruled out.

Additional research on various cropping patterns and crop
product incorporation on nutrient dynamics and greenhouse gas
emissions would provide valuable information. In addition, the
contribution of various by-products, viz. goat manure, poultry
manure, vermin wash, and crop residues on soil microbial
population, will be important.
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