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Article Info Abstract _ N .
Soil degradation affects approximately 1.5 billion hectares globally, reducing

agricultural productivity and threatening food security. Microbial inoculants represent

P - ISSN: 3051-3448 a promising biological solution for restoring degraded soils through enhancement of
E - ISSN: 3051-3456 soil health and crop performance. This study evaluated the effectiveness of different
Volume: 04 microbial inoculants on soil health indicators and crop yields across 42 degraded
Issue: 02 agricultural sites over three growing seasons. Five inoculant treatments were tested:

) single-strain Rhizobium, multi-strain bacterial consortium, mycorrhizal fungi,
July _'December 2023 combined bacteria+ fungi, and untreated control. Results demonstrated significant
Received: 25-05-2023 improvements in soil health under all inoculant treatments, with the bacteria+ fungi
Accepted: 28-06-2023 combination showing the greatest enhancement. Soil organic carbon increased by 45-

: - 921.07. 78% depending on treatment, while microbial biomass improved by 125-280%.
PUbIIShe_d' 21-07-2023 Enzyme activities including B-glucosidase, urease, and phosphatase increased by 85-
Page No: 25-31 195% across treatments. Plant growth-promoting bacteria enhanced nitrogen

availability by 65-120%, while mycorrhizal inoculation improved phosphorus uptake
efficiency by 85-140%. Crop yields increased significantly under all treatments,
ranging from 25% improvement with single-strain inoculants to 68% with combined
treatments. Soil aggregate stability improved by 55-85%, indicating enhanced soil
structure and erosion resistance. Economic analysis revealed benefit-cost ratios of 2.8-
4.7 across treatments, with combined inoculants providing the highest returns.
Microbial diversity analysis showed sustained enhancement of beneficial taxa 18
months post-inoculation, indicating successful establishment and persistence. The
study demonstrates that microbial inoculants can effectively restore soil health and
productivity in degraded agricultural systems, providing economically viable
solutions for sustainable land management.
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Introduction

Soil degradation represents one of the most pressing environmental challenges of the 21st century, with approximately 1.5 billion
hectares of agricultural land affected globally M. Physical, chemical, and biological degradation processes reduce soil fertility,
compromise crop productivity, and threaten long-term agricultural sustainability > %1, Traditional approaches to soil restoration
often rely on costly chemical inputs that may provide temporary improvements while potentially exacerbating underlying
problems . Microbial inoculants offer a biological alternative for soil restoration that harnesses the natural capacity of beneficial
microorganisms to enhance soil health and plant growth 1. These products contain selected strains of bacteria, fungi, or microbial
consortiums that can improve nutrient cycling, enhance plant growth, suppress pathogens, and restore soil biological functions
[6.71 The application of microbial inoculants represents a sustainable approach to soil rehabilitation that can complement or
partially replace chemical inputs while promoting long-term ecosystem health (€1,

Plant growth-promoting bacteria (PGPB) constitute a major category of microbial inoculants that enhance plant growth through
multiple direct and indirect mechanisms ¥, Direct mechanisms include biological nitrogen fixation, phosphate solubilization,
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production of phytohormones (auxins, cytokinins,
gibberellins), and synthesis of enzymes that facilitate nutrient
uptake [ Indirect mechanisms include production of
antibiotics and siderophores that suppress plant pathogens,
induction of systemic resistance, and competition for
nutrients and colonization sites [*4],

Rhizobium species represent the most widely used bacterial
inoculants, forming symbiotic relationships with leguminous
crops to fix atmospheric nitrogen [*2. These bacteria can
significantly reduce nitrogen fertilizer requirements while
improving soil nitrogen status through biological nitrogen
fixation (31, However, their benefits are primarily limited to
leguminous crops, necessitating broader-spectrum inoculants
for diverse cropping systems (4],

Mycorrhizal fungi form symbiotic associations with
approximately 95% of plant species, creating extensive
hyphal networks that dramatically expand plant access to soil
nutrients and water [*51. Arbuscular mycorrhizal fungi (AMF)
are particularly important for crop production, as they
enhance phosphorus uptake, improve drought tolerance, and
contribute to soil aggregation and carbon sequestration [16- 171,
Mycorrhizal inoculation can be especially beneficial in
degraded soils where native fungal populations have been
depleted (28],

Multi-strain  bacterial consortiums combine multiple
beneficial bacterial species to provide complementary
functions and broader spectrum benefits [°. These
consortiums can include nitrogen-fixing bacteria, phosphate
solubilizers, biocontrol agents, and organic matter
decomposers that work synergistically to enhance soil health
and plant performance . The diversity of functions
provided by consortiums may increase their effectiveness and
reliability compared to single-strain inoculants (241,
Combined bacterial and fungal inoculants represent an
integrated approach that harnesses the complementary
benefits of both prokaryotic and eukaryotic soil
microorganisms [?2.  Bacteria typically provide rapid
colonization and immediate benefits, while fungi establish
longer-term associations and contribute to soil structure
improvement 1. The combination may provide both
immediate and sustained benefits for soil restoration 24,
Degraded soils present unique challenges for microbial
inoculant establishment and effectiveness 1. Physical
degradation including compaction, erosion, and loss of soil
structure can limit microbial colonization and survival 21,
Chemical degradation through nutrient depletion, pH
imbalances, and accumulation of toxic compounds may
inhibit microbial activity and plant growth 71, Biological
degradation characterized by reduced microbial diversity and
loss of beneficial species may limit the natural support
systems for introduced microorganisms [%¢1,

The effectiveness of microbial inoculants depends on
multiple factors including inoculant quality, application
methods, soil conditions, climate, and crop species [,
Understanding these factors is essential for optimizing
inoculant  performance  and  developing  reliable
recommendations for different agricultural systems [,
Long-term studies are particularly important for assessing the
persistence and sustained benefits of microbial inoculation in
degraded soils [,

This study addresses critical knowledge gaps by evaluating
the effectiveness of different types of microbial inoculants for
restoring soil health and enhancing crop productivity in
degraded agricultural systems. The specific objectives were
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to: (1) assess the impacts of various microbial inoculants on
soil physical, chemical, and biological properties, (2)
quantify effects on crop yield and quality across different soil
degradation levels, (3) evaluate the economic viability of
microbial inoculation strategies, and (4) determine the
persistence and long-term benefits of microbial inoculants in
degraded soils 21,

Materials and Methods

Study Sites and Soil Characterization

This study was conducted across 42 degraded agricultural
sites in three major agricultural regions: Great Plains (n=14),
Southeast Coastal Plain (n=14), and Central Valley
California (n=14) B1, Sites were selected to represent different
types and degrees of soil degradation including erosion,
compaction, salinization, and nutrient depletion . All sites
had documented history of reduced productivity and visible
signs of degradation [,

Soil degradation severity was classified using a composite
index incorporating organic matter content (<2%), aggregate
stability (<30%), bulk density (>1.6 g cm™), and microbial
biomass (<200 mg C kg™) [, Sites were categorized as
moderately degraded (2-3 criteria exceeded) or severely
degraded (>3 criteria exceeded) "],

Initial soil characterization included physical properties
(texture, bulk density, porosity, aggregate stability), chemical
properties (pH, electrical conductivity, organic carbon, total
nitrogen, available phosphorus and potassium), and
biological properties (microbial biomass, enzyme activities,
nematode communities) [ 9. Climate data were collected
from nearby weather stations to characterize growing
conditions (17,

Microbial Inoculant Preparation and Application

Five inoculant treatments were evaluated: (1) Single-strain
Rhizobium (Rhizobium leguminosarum), (2) Multi-strain
bacterial consortium (Rhizobium + Pseudomonas + Bacillus
+ Azotobacter), (3) Mycorrhizal fungi (Glomus intraradices
+ Glomus mosseae), (4) Combined bacteria+ fungi (bacterial
consortium + mycorrhizal fungi), and (5) Untreated control
[

Bacterial inoculants were prepared using standard liquid
culture methods with cell densities adjusted to 1058 CFU ml™!
1121 Mycorrhizal inoculants contained 1,000 viable spores per
gram of carrier material *31. All inoculants were quality-
tested for viability and purity before application 4],
Inoculants were applied using three methods: seed coating,
soil application at planting, and foliar spraying at 3-week
intervals (51, Application rates were based on manufacturer
recommendations and preliminary optimization trials [,
Control plots received carrier material without live
microorganisms (171,

Experimental Design and Crop Management

The experiment followed a randomized complete block
design with four replications of each treatment at each site
(281 Plot size was 10 m x 10 m to accommodate mechanical
operations and minimize edge effects [*°l. Three crops were
evaluated: corn (Zea mays), soybeans (Glycine max), and
wheat (Triticum aestivum) depending on regional suitability
[20]

Standard agronomic practices were followed with
modifications to reduce confounding effects 21, Fertilizer
applications were reduced by 25% compared to conventional
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rates to allow assessment of microbial contributions to
nutrient supply 22, Pesticide applications were minimized to
avoid impacts on introduced microorganisms 21,

Soil Health Assessment

Soil samples were collected at planting, mid-season, harvest,
and 6 months post-harvest to assess temporal changes in soil
properties 4. Sampling followed a systematic grid pattern
with 8 sampling points per plot composited for analysis 251,
Physical properties measured included bulk density (core
method), aggregate stability (wet sieving), water holding
capacity, and infiltration rates [?, Chemical analyses
included soil pH, electrical conductivity, organic carbon
(Walkley-Black method), total nitrogen (Kjeldahl), available
phosphorus (Mehlich-3), and potassium (ammonium acetate
extraction) 271,

Biological assessments included microbial biomass carbon
(chloroform fumigation-extraction), soil enzyme activities
(B-glucosidase, urease, acid phosphatase, dehydrogenase),
and nematode community analysis %8, Microbial diversity
was characterized using high-throughput 16S rRNA and ITS
sequencing 291,

Plant Growth and Yield Measurements

Plant growth parameters were monitored throughout the
growing season including plant height, leaf area, biomass
accumulation, and root development B%. Nutrient uptake was
assessed through plant tissue analysis using ICP-OES M,
Root colonization by mycorrhizal fungi was quantified using
the magnified intersections method 12,

Crop vyields were measured at physiological maturity using
standardized harvest protocols I, Grain/seed samples were
analyzed for moisture content, protein, and nutrient
concentrations [, Harvest index was calculated as the ratio of
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grain to total biomass !,

Economic Analysis

Economic analysis included costs for inoculant purchase,
application equipment, and labor [, Benefits were calculated
from vyield increases, reduced fertilizer requirements, and
improved soil health [, Benefit-cost ratios were computed
using 3-year average data with present value calculations [,
Sensitivity analysis was conducted to assess the impact of
varying input costs and commodity prices on economic
returns 1. Break-even analysis determined minimum yield
increases required for cost recovery 19,

Statistical Analysis

Data were analyzed using mixed-effects models with
inoculant treatment as fixed effects and site, year, and block
as random effects ", Analysis of variance (ANOVA) was
performed to test treatment effects, followed by Tukey's HSD
test for multiple comparisons [2. Regression analysis
examined relationships between soil properties and crop
responses 131,

Principal component analysis (PCA) was used to identify key
soil health indicators that responded most strongly to
inoculant treatments [*4. Time series analysis assessed the
persistence of treatment effects over the study period (%1,

Results

Soil Physical Property Improvements

Microbial inoculants significantly improved soil physical
properties across all degraded sites, with combined bacteria+
fungi treatments showing the greatest enhancement (Table 1).
Aggregate stability increased by 55-85% depending on
treatment, indicating improved soil structure and reduced
erosion potential (61,

Table 1: Soil Physical Property Changes Under Different Microbial Inoculant Treatments

Treatment Bulk Density (g cm™) | Aggregate Stability (%) | Water Holding Capacity (%) | Infiltration Rate (mm h™*)
Control 1.58+0.08 28+44 22.4+3.14 8.2+1.5¢
Rhizobium 1.48+0.06> 43+6¢ 28.7+£3.8° 12.5+2.1¢
Bacterial Consortium 1.44+0.05¢ 4870 31.244.2% 14.8+2.6°
Mycorrhizal Fungi 1.41+0.07¢ 46+8b 34.6+4.7° 16.2+2.9°
Bacteria+ Fungi 1.35+0.04¢4 52452 37.8+4.12 19.4+3.2¢

Values are means:+ standard deviation across all sites and years. Different letters indicate significant differences (P < 0.05).

Bulk density decreased significantly under all treatments,
with the greatest reductions (14.6%) occurring with
combined inoculants ], Water holding capacity improved by
28-69% across treatments, reflecting enhanced soil structure
and organic matter content I8, Infiltration rates increased by
52-137%, indicating reduced surface runoff and improved
water management (191,

Soil Chemical and Biological Enhancement

Chemical and biological soil properties showed substantial
improvements under microbial inoculation (Table 2). Soil
organic carbon increased by 45-78% depending on treatment,
with mycorrhizal and combined treatments showing the
greatest enhancement 201,

Table 2: Soil Chemical and Biological Properties Under Microbial Inoculant Treatments

Treatment Organic Carbon (g kg™")|Available N (mg kg")|Available P (mg kg™)|Microbial Biomass (mg C kg")| pH
Control 8.2+1.44 18.5+3.2¢ 12.8+2.14 1454284 6.1+0.3¢
Rhizobium 11.942.1¢ 30.6+4.8¢ 16.4+2.9¢ 290+45¢ 6.4+0.4"
Bacterial Consortium 13.2+2.3¢ 35.245.4b 18.7%3.2¢ 385+62b 6.5+0.3"
Mycorrhizal Fungi 14.6+2.7° 24.3+4.1¢ 23.6+3.8" 420458 6.3+0.4"
Bacteria+ Fungi 14.6+2.2¢ 40.7+5.92 30.8+4.52 55078 6.7+0.2¢

Values are meansz standard deviation. Different letters indicate significant differences (P < 0.05).

Microbial biomass showed dramatic increases ranging from
100% with single-strain treatments to 280% with combined
inoculants 4, Available nitrogen increased by 65-120%

under bacterial treatments, while phosphorus availability
improved by 28-140% with mycorrhizal inoculation ?4, Soil
pH increased modestly but significantly under most
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treatments, indicating improved soil chemical conditions 21,

Soil Enzyme Activity Enhancement
Enzyme activities increased substantially under all inoculant

www.soilfuturejournal.com

treatments, indicating enhanced biochemical processes and
nutrient cycling capacity (Figure 1). B-glucosidase activity,
reflecting carbon cycling, increased by 85-165% across
treatments 241,
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Fig 1: Soil Enzyme Activity Responses to Microbial

Inoculant Treatments

Urease activity, indicating nitrogen cycling capacity,
increased by 57-195% with the highest values under
combined treatments [?°l. Phosphatase activity, reflecting
phosphorus cycling, showed 42-142% increases with
mycorrhizal treatments demonstrating particular
effectiveness [2°],

Crop Yield and Quality Responses

Crop yields increased significantly under all microbial
inoculant treatments, with responses varying by crop species
and soil degradation severity (Table 3). Combined bacteria+
fungi treatments consistently provided the highest yield
improvements [27],

Table 3: Crop Yield Responses to Microbial Inoculant Treatments (% increase over control)

Treatment Corn YieldSoybean YieldWheat YieldlAverage YieldProtein ContentNutrient Uptake|
Rhizobium +18+5¢ +32+7¢ +22+64 +24+6¢ +8+3¢ +15+44
Bacterial Consortium| +28+7¢ +38+8b +3518¢ +34+8¢ +12+4b +25+6¢
Mycorrhizal Fungi | +35+9° +2946¢ +4149P +3548¢ +9+43¢ +3248P
Bacteria+ Fungi +52+122 +48+102 +55+112 +52+112 +18+50 +45+102

Values are percentage increases over control plots. Different letters indicate significant differences (P < 0.05).

Yield improvements were greatest in severely degraded soils,
where combined treatments achieved up to 68% yield
increases [?8l. Protein content increased by 8-18% across
treatments, while overall nutrient uptake improved by 15-
45% 91, These improvements reflect enhanced plant

Microbial Community Persistence and Establishment

High-throughput sequencing analysis revealed successful
establishment and persistence of inoculated microorganisms
18 months after application (Figure 2). Introduced bacterial
taxa maintained detectable populations and enhanced overall

nutrition and health under microbial inoculation .
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Fig 2: Microbial Community Changes Following Inoculation
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Mycorrhizal colonization rates increased from 15% in control
soils to 65-78% in inoculated treatments . The enhanced
microbial diversity and beneficial taxa abundance persisted
throughout the study period, indicating successful
microbiome modification [,
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Economic Analysis and Cost-Benefit Assessment
Economic analysis demonstrated favorable benefit-cost
ratios for all inoculant treatments (Table 4). Combined
bacteria+ fungi treatments provided the highest economic
returns despite higher initial costs [,

Table 4: Economic Analysis of Microbial Inoculant Treatments ($ ha™)

Treatment Inoculant Cost | Application Cost | Yield Benefit | Fertilizer Savings | Net Benefit|B:C Ratio
Rhizobium 25+3 15+2 285+45 45+8 290+58 7.3
Bacterial Consortium 45+5 18+3 41062 65+12 41274 6.5
Mycorrhizal Fungi 65+8 20+4 420468 3517 370483 4.4
Bacteria+ Fungi 85410 2545 625195 85+15 600+115 5.5

Values represent 3-year averages with present value calculations

Benefit-cost ratios ranged from 4.4 to 7.3, with all treatments
providing substantial economic returns Bl Yield benefits
constituted the primary economic advantage, while fertilizer
savings provided additional value [l. Payback periods ranged
from 1.2 to 2.1 years across treatments [],

at 3% discount rate.

Treatment Performance Across Degradation Levels
Inoculant effectiveness varied with soil degradation severity,
with combined treatments showing superior performance in
severely degraded soils (Table 5) [,

Table 5: Treatment Effectiveness Across Soil Degradation Levels

Degradation Level | Control Yield | Rhizobium | Bacterial Consortium [ Mycorrhizal | Bacteria+ Fungi
Moderate Degradation
Absolute Yield (tha™) 4.840.6 5.6£0.7 6.1+0.8 6.2+0.9 6.9+1.0
% Increase - +17% +27% +29% +44%
Severe Degradation
Absolute Yield (tha™) 2.9+0.5 3.840.6 4.2+0.7 4.1+0.8 4.9+0.9
% Increase - +31% +45% +41% +69%

Values are means+ standard deviation across crop species.

The greatest relative benefits occurred in severely degraded
soils, where combined treatments achieved 69% yield
improvements compared to 44% in moderately degraded
soils 1, This pattern reflects the greater potential for
improvement in severely compromised systems [29],

Discussion

Mechanisms of Soil Health Restoration

The substantial improvements in soil physical, chemical, and
biological properties demonstrate the multifaceted benefits of
microbial inoculants for degraded soil restoration 4, The 55-
85% improvements in aggregate stability reflect enhanced
soil structure through microbial polysaccharide production,
hyphal binding, and organic matter accumulation 2, These
structural  improvements  explain  the  concurrent
enhancements in water holding capacity and infiltration rates
[13]

The dramatic increases in microbial biomass (100-280%)
indicate successful establishment of active microbial
communities that can drive ecosystem processes 4.
Enhanced enzyme activities reflect increased biochemical
processing capacity that supports nutrient cycling and organic
matter decomposition [*31. The persistence of these benefits 18
months after inoculation suggests sustainable microbiome
modification rather than temporary effects [161,

Synergistic Effects of Combined Inoculants

The superior performance of combined bacteria+ fungi
treatments demonstrates synergistic interactions between
different microbial functional groups [*"l. Bacteria typically
provide rapid colonization, immediate nutrient mobilization,
and biocontrol effects, while fungi establish longer-term
networks that enhance nutrient transport and soil aggregation
(18], The combination leverages both short-term and long-term

benefits while providing functional redundancy 19,

The complementary functions of different microbial groups
may explain why consortiums outperformed single-strain
inoculants 2%, Nitrogen-fixing bacteria enhance soil nitrogen
status, phosphate solubilizers improve phosphorus
availability, and mycorrhizal fungi extend plant nutrient
acquisition capacity . This functional diversity addresses
multiple limiting factors simultaneously ?2.,

Economic Viability and Practical Implementation

The favorable benefit-cost ratios (4.4-7.3) demonstrate strong
economic incentives for microbial inoculant adoption in
degraded soils 21, The combination of yield improvements
and fertilizer savings creates multiple revenue streams that
improve overall profitability 4. Short payback periods (1.2-
2.1 years) reduce financial risk and encourage adoption [%°1,
The greater effectiveness in severely degraded soils suggests
that microbial inoculants provide particular value where
conventional approaches may be inadequate or economically
unfeasible %1, This targeting capability enables cost-effective
restoration of the most compromised agricultural lands 7],

Implications for Sustainable Agriculture

The sustained benefits observed in this study support the
integration of microbial inoculants into sustainable
agricultural systems 281, The reduction in synthetic fertilizer
requirements (15-35%) contributes to environmental
sustainability while maintaining productivity . Enhanced
soil health provides resilience against climate stresses and
supports long-term productivity (%,

The successful establishment and persistence of beneficial
microbial communities indicates potential for long-term soil
health improvement rather than temporary enhancement [,
This characteristic distinguishes biological approaches from
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chemical inputs that require continuous reapplication [,

Conclusion

This comprehensive study demonstrates that microbial
inoculants can effectively restore soil health and enhance
crop productivity in degraded agricultural systems. All
inoculant treatments significantly improved soil physical,
chemical, and biological properties, with combined bacteria
+fungi formulations providing the greatest benefits. Soil
organic carbon increased by 45-78%, microbial biomass
improved by 125-280%, and enzyme activities increased by
85-195% across treatments.

Crop yield improvements ranged from 24% with single-strain
inoculants to 52% with combined treatments, demonstrating
substantial productivity gains. The greatest benefits occurred
in severely degraded soils, where combined treatments
achieved up to 69% yield increases. Enhanced soil aggregate
stability (55-85% improvement) indicates improved soil
structure and reduced erosion potential.

Economic analysis revealed favorable benefit-cost ratios of
4.4-7.3 across treatments, with payback periods of 1.2-2.1
years. These strong economic returns provide compelling
incentives for farmer adoption and support the commercial
viability of microbial inoculant applications in degraded
soils.

Microbial community analysis confirmed successful
establishment and persistence of inoculated organisms 18
months after application, indicating sustainable microbiome
modification. The enhanced microbial diversity and
beneficial taxa abundance suggest long-term improvements
in soil biological health rather than temporary effects.

The superior performance of combined bacterial and fungal
inoculants reflects synergistic interactions between different
microbial functional groups. These combinations provide
both immediate benefits through bacterial activity and long-
term improvements through fungal network establishment.
Future research should focus on optimizing inoculant
formulations for specific soil types and degradation
conditions, developing improved delivery systems, and
investigating interactions with other soil restoration
practices. The integration of microbial inoculants with
precision agriculture technologies could enable site-specific
applications that maximize cost-effectiveness.

These findings support the adoption of microbial inoculants
as a practical, economically viable strategy for restoring
degraded agricultural soils. The combination of immediate
productivity benefits and long-term soil health improvements
makes biological approaches particularly attractive for
sustainable intensification of agriculture on compromised
lands.

The study contributes to growing evidence that harnessing
soil microbiomes represents a powerful tool for addressing
global soil degradation challenges while supporting food
security and environmental sustainability. The successful
restoration of soil health through microbial inoculation offers
hope for rehabilitating the billions of hectares of degraded
agricultural land worldwide.
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