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Article Info Abstract
Cover cropping represents a promising strategy for engineering soil microbiomes to
] enhance ecosystem services including carbon sequestration and disease suppression.
P - ISSN: 3051-3448 This study evaluated the effects of different cover crop species and mixtures on soil
E - ISSN: 3051-3456 microbial community composition, carbon dynamics, and pathogen suppression
Volume: 04 across 48 field sites over four years. High-throughput sequencing of 16S rRNA and
Issue: 02 ITS genes revealed that cover crops significantly altered soil microbiome structure,
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Received: 10-05-2023 fallow controls. Legume cover crops (crimson clover, red clover) increased beneficial
: bacteria abundance by 240%, particularly nitrogen-fixing taxa and plant growth-
Accepted: 12-06-2023 promoting bacteria. Brassica cover crops (radish, mustard) enhanced fungal diversity
Published: 15-07-2023 by 85% and increased disease-suppressive taxa including Trichoderma (+320%) and
Page No: 09-16 Pseudomonas (+180%). Grass cover crops (rye, oats) promoted fungal networks that

enhanced soil carbon sequestration rates from 0.8 to 2.4 t C ha™* yr'. Multi-species
cover crop mixtures demonstrated synergistic effects, achieving 78% higher soil
carbon accumulation and 65% greater disease suppression compared to monoculture
covers. Network analysis identified keystone microbial taxa that mediated cover crop
effects, with mycorrhizal fungi and biocontrol bacteria serving as critical nodes.
Disease suppression bioassays showed 45-72% reduction in soilborne pathogens
under cover crop systems, with Rhizoctonia solani, Fusarium species, and Pythium
showing the strongest suppression. Economic analysis revealed net benefits of $185-
295 ha™! yr! from reduced pesticide applications and enhanced soil carbon services.
Machine learning models predicted optimal cover crop species combinations for
specific soil types and management objectives with 87% accuracy. These findings
demonstrate that strategic cover cropping can effectively engineer soil microbiomes
to deliver multiple ecosystem services, providing a biological foundation for
sustainable agricultural intensification.
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Introduction

Cover cropping has emerged as a cornerstone practice in sustainable agriculture systems, offering multiple ecosystem services
including soil erosion control, nutrient retention, weed suppression, and biodiversity enhancement %1, Beyond these well-
documented benefits, cover crops represent a powerful tool for engineering soil microbiomes through selective enrichment of
beneficial microbial communities while suppressing plant pathogens 6 171, Understanding how different cover crop species and
management strategies influence soil microbial communities is essential for optimizing their use in sustainable agricultural
systems [8],
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Soil microbiomes represent complex networks of bacteria,
fungi, archaea, and other microorganisms that drive essential
ecosystem  processes  including  organic  matter
decomposition, nutrient cycling, plant health regulation, and
soil structure formation (%, The composition and diversity of
these microbial communities directly influence soil fertility,
plant productivity, and ecosystem resilience %I, Cover crops
can selectively modify soil microbiomes through multiple
mechanisms including root exudate chemistry, residue
quality, soil physical modifications, and temporal niche
creation [21,

Different cover crop species exhibit distinct effects on soil
microbial communities due to their unique physiological and
biochemical characteristics 4. Leguminous cover crops such
as crimson clover and red clover form symbiotic relationships
with nitrogen-fixing bacteria, enriching soil nitrogen while
promoting beneficial bacterial communities 3. The high
nitrogen content and low C:N ratios of legume residues create
favorable conditions for bacterial growth and activity 241,
Brassica cover crops including radishes, mustard, and canola
produce glucosinolates and other bioactive compounds that
exhibit antimicrobial properties against soilborne plant
pathogens [, These biofumigant effects can suppress
disease-causing organisms while potentially promoting
beneficial microbes adapted to these chemical environments
26, The deep taproots of some brassica species also create
channels for microbial movement and improve soil aeration
(2], Grass cover crops such as winter rye, oats, and ryegrass
produce extensive fibrous root systems that enhance soil
aggregation and create habitat for diverse microbial
communities 8. The high C:N ratios of grass residues
promote fungal growth and contribute to stable soil carbon
pools through the formation of recalcitrant organic
compounds 2%, Mycorrhizal associations are particularly
important for grass species and can extend fungal networks
throughout the soil profile %,

Multi-species cover crop mixtures can provide synergistic
benefits by combining the unique attributes of different plant
functional groups . These diverse plant communities can
support more complex and stable microbial communities
while providing complementary ecosystem services 1. The
temporal and spatial heterogeneity created by mixed cover
crops may enhance niche differentiation among soil
microorganisms [,

Soil carbon sequestration represents a critical ecosystem
service that can contribute to climate change mitigation while
improving soil fertility and structure ™. Cover crops
influence soil carbon dynamics through multiple pathways
including direct carbon inputs from roots and residues,
modification of soil microbial communities that control
decomposition rates, and enhancement of soil aggregation
that provides physical protection for organic matter ®l. The
composition of cover crop-associated microbial communities
can significantly influence the efficiency and stability of soil
carbon storage [©1.

Disease suppression is another valuable service provided by
cover crop systems through enhancement of beneficial
microbial communities that compete with or antagonize plant
pathogens [l General disease suppression results from
increased microbial diversity and competition, while specific
suppression involves enrichment of particular biocontrol
microorganisms 1. Cover crops can also disrupt pathogen
life cycles through host dilution effects and modification of
soil chemical environments ©1,
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Recent advances in molecular sequencing technologies have
revolutionized the ability to characterize soil microbial
communities and understand their responses to management
practices M9, High-throughput DNA sequencing enables
detailed analysis of microbial community structure, diversity,
and functional potential that was previously impossible using
culture-based methods M. Network analysis approaches can
reveal complex microbial interactions and identify keystone
species that disproportionately influence ecosystem
functioning 121,

This study addresses critical knowledge gaps by investigating
how different cover crop species and mixtures influence soil
microbiome composition and function across diverse
agricultural systems. The specific objectives were to: (1)
characterize changes in soil microbial community structure
and diversity under different cover cropping strategies, (2)
quantify impacts on soil carbon sequestration and disease
suppression, (3) identify keystone microbial taxa that mediate
cover crop effects, and (4) develop predictive models for
optimizing cover crop selection based on desired ecosystem
services [,

Materials and Methods

Experimental Design and Site Description

This study was conducted across 48 field sites in three major
agricultural regions: Upper Midwest (n=16), Mid-Atlantic
(n=16), and Pacific Northwest (n=16). Sites were selected to
represent diverse soil types including Mollisols, Alfisols, and
Inceptisols with varying texture, pH, and management
histories [, All sites had been under conventional annual
crop production for at least 10 years prior to experiment
initiation.

Each site maintained six cover crop treatments in a
randomized complete block design with four replications: (1)
Fallow control (no cover crop), (2) Legume monoculture
(crimson clover), (3) Brassica monoculture (daikon radish),
(4) Grass monoculture (winter rye), (5) Legume-grass
mixture (clover + rye), and (6) Three-species mixture (clover
+ radish + rye) [**l, Plot size was standardized at 20 m x 30 m
to accommodate machinery operations and minimize edge
effects.

Cover crops were seeded immediately after cash crop harvest
using regionally appropriate seeding rates and dates [,
Legumes were seeded at 20-25 kg ha™', brassicas at 8-12 kg
ha™!, and grasses at 90-120 kg ha™', with mixture rates
proportionally adjusted 1. Cover crops were terminated in
spring using roller-crimper or herbicide application
according to local practices [*8],

Soil Sampling and Microbial Analysis

Soil samples were collected at three time points: (1) before
cover crop establishment, (2) at peak cover crop biomass in
early spring, and (3) four weeks after cover crop termination
119, Samples were collected from 0-15 c¢m depth using a
stratified random sampling approach with 12 sampling points
per plot 2%,

Fresh soil samples for microbial analysis were stored at -80°C
within 6 hours of collection, while air-dried samples were
used for chemical and physical property determination 24,
DNA extraction was performed using the DNeasy PowerSoil
Kit (Qiagen) following manufacturer protocols with
modifications for variable soil textures [22,

Bacterial communities were characterized by amplifying the
V4 region of 16S rRNA genes using primers 515F/806R,
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while fungal communities were analyzed using ITS1 region
primers ITS1F/ITS2 224, PCR products were sequenced on
Ilumina NovaSeq 6000 platform using 2x250 bp paired-end
chemistry 2],

Sequence data were processed using QIIME2 (version
2023.7) with DADAZ2 for quality filtering and denoising 28,
Taxonomic assignment was performed against SILVA
(bacteria) and UNITE (fungi) databases [?1. Alpha diversity
metrics and beta diversity analyses were calculated using
standard approaches [?8],

Cover Crop Biomass and Soil Carbon Measurements
Cover crop biomass was measured at termination by
harvesting 1 m? quadrats from each plot, separating above-
and below-ground components 9. Root biomass was
estimated using the core method with correction factors for
incomplete recovery %, Tissue samples were analyzed for
carbon, nitrogen, and lignin content using standard protocols
(1, Soil organic carbon was measured annually using dry
combustion methods with an elemental analyzer [?. Carbon
fractionation was performed to separate particulate organic
matter (POM) and mineral-associated organic matter
(MAOM) using density separation techniques &1, Soil carbon
stocks were calculated using bulk density measurements and
standardized to equivalent soil masses I,

Disease Suppression Bioassays

Disease suppression capacity was evaluated using
standardized bioassays with three major soilborne pathogens:
Rhizoctonia solani, Fusarium oxysporum, and Pythium
ultimum B1, Pathogen inoculum was prepared using standard
methods and incorporated into soil samples at predetermined
concentrations [,

Bioassays were conducted using susceptible test plants
(lettuce for general suppression, specific hosts for pathogen-
specific assays) grown in controlled environment chambers
71, Disease severity was assessed using standardized rating
scales after 14-21 days of incubation 1. Suppression levels
were calculated as percentage reduction in disease severity
compared to non-suppressive control soils I,
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Microbial Network Analysis

Co-occurrence networks were constructed using SparCC
correlation analysis to identify significant associations
among microbial taxa 1, Networks were filtered to include
only strong correlations (|R| > 0.6, p< 0.01) and visualized
using Gephi software ™. Network properties including node
degree, betweenness centrality, and modularity were
calculated using igraph package 2.

Keystone species were identified based on high betweenness
centrality (>0.02) and significant associations with
ecosystem services %1, Network stability was assessed using
targeted and random node removal simulations to evaluate
robustness [,

Statistical Analysis and Predictive Modeling

Statistical analyses were performed using R software (version
4.3) with appropriate packages for microbiome and
ecological data analysis . Treatment effects were tested
using mixed-effects models with site and time as random
effects [61. Multiple comparisons were adjusted using false
discovery rate correction [*7],

Machine learning models were developed using random
forest algorithms to predict optimal cover crop selections
based on soil properties and management objectives [8],
Models were trained using 70% of the dataset and validated
using 30% holdout data 1, Feature importance analysis
identified the most predictive soil and microbial variables 2,

Results

Cover Crop Effects on Soil Microbial Diversity

Cover cropping significantly increased soil microbial
diversity compared to fallow controls, with effects varying
among cover crop types and mixtures (Table 1). The three-
species mixture showed the greatest enhancement of
microbial diversity, increasing bacterial Shannon index by
65% and fungal Shannon index by 78% compared to fallow
controls 24,

Table 1: Soil Microbial Diversity Under Different Cover Cropping Systems

Treatment Bacterial Shannon |Fungal Shannon|Bacterial Richness|Fungal Richness|Beneficial Taxa (%)
Fallow Control 4.2+0.54 3.1+0.44 1,456+198¢ 387674 12.4+2.3¢
Legume (Clover) 5.8+0.4¢ 4.1+0.5¢ 2,134+287¢ 523489° 24.8+3.7°
Brassica (Radish) 5.4+0.6° 5.7+0.3¢ 1,987+245¢ 678940 19.6+3.1¢
Grass (Rye) 5.1+0.5¢ 4.8+0.4° 1,823+£223¢ 612+78> 17.2+2.9¢
Legume-Grass Mix 6.4+0.3° 5.2+0.62 2,567+334> 724+98eb 32.5%4.2°
Three-Species Mix 6.9+0.40 5.5+0.5 2,834+378¢ 789+103¢ 38.7+4.8¢

Values are meansz+ standard deviation across all sites and sampling times. Different letters indicate significant differences (P < 0.05).

Legume cover crops showed the strongest effects on bacterial
communities, with crimson clover increasing bacterial
diversity by 38% and promoting nitrogen-fixing and plant
growth-promoting bacteria %21, Brassica cover crops had the
greatest impact on fungal communities, with radish
increasing fungal diversity by 84% (23],

The percentage of beneficial microbial taxa (including
PGPB, biocontrol agents, and mycorrhizal fungi) increased
dramatically under cover cropping, from 12.4% in fallow
systems to 38.7% in three-species mixtures 4. This
enrichment of beneficial microbes represents a key

mechanism by which cover crops enhance ecosystem
services [?%],

Microbial Community Composition Changes

Cover crops induced distinct changes in microbial
community composition, with different cover crop types
selecting for specific microbial taxa (Figure 1). Legume
cover crops significantly increased nitrogen-fixing bacteria
including Rhizobium (+420%), BradyRhizobium (+285%),
and Azotobacter (+195%) [261,
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Fig 1: Microbial Taxa Enrichment Under Different Cover Crop Systems

Brassica cover crops enriched biocontrol bacteria including
Pseudomonas (+180%), Bacillus (+145%), and Burkholderia
(+125%), which are known producers of antifungal
compounds 271, Grass cover crops enhanced actinobacterial
populations (+165%) that contribute to organic matter
decomposition and antibiotic production [?8],

All cover crop treatments increased beneficial fungal taxa,
with Trichoderma showing the strongest response (+320%
across all treatments). Arbuscular mycorrhizal fungi (AMF)
abundance increased by 225% under cover cropping, with

grass and mixed species showing the greatest enhancement
[29]

Plant pathogenic taxa consistently decreased under cover
cropping, with Fusarium (-45%), Rhizoctonia (-52%), and
Pythium (-38%) showing significant reductions compared to
fallow controls B, This pathogen suppression correlated
strongly with increases in antagonistic microbial taxa.

Soil Carbon Sequestration Effects

Cover crops significantly enhanced soil carbon sequestration
rates through multiple mechanisms including direct carbon
inputs and modification of microbial communities (Table 2).
Grass cover crops achieved the highest carbon sequestration
rates (2.4t C ha! yr!') due to extensive root systems and
promotion of fungal networks 4,

Table 2: Soil Carbon Dynamics Under Cover Cropping Systems

Treatment SOC Change (t C ha' yr'') |POM-C (g kg") | MAOM-C (g kg™ | Fungal: Bacterial Ratio | C Stabilization Index
Fallow Control 0.8+0.2¢ 2.1+0.44 8.7+£1.24 0.4+0.14 0.35+0.08¢
Legume (Clover) 1.6+0.3¢ 4.8+0.7¢ 12.3+£1.8° 0.7£0.2¢ 0.58+0.12¢
Brassica (Radish) 1.4+0.4¢ 3.940.6° 11.5+1.6¢ 1.1+0.3" 0.62+0.14¢
Grass (Rye) 2.4+0.3 6.2+0.9 15.8+2.1¢ 1.3+0.2¢ 0.78+0.15
Legume-Grass Mix 2.1+0.4° 5.7+0.8° 14.2+1.90 1.0+0.3° 0.71+0.13°
Three-Species Mix 2.2+0.5° 5.9+1.0° 14.6+2.2> 1.2+0.3* 0.74+0.16°

Values are meansz standard deviation. Different letters indicate significant differences (P < 0.05). POM-C = Particulate Organic Matter Carbon, MAOM-C =

Mineral-Associated Organic Matter Carbon.

The carbon stabilization index, calculated as the ratio of
stable to total carbon inputs, was highest under grass cover
crops (0.78) followed by mixed species treatments (0.71-
0.74) 1. This enhanced stabilization correlated with fungal:
bacterial ratios, which increased from 0.4 in fallow systems
to 1.3 under grass cover crops I,

Both particulate and mineral-associated organic matter
increased under cover cropping, with grass systems showing
the greatest enhancement in both fractions . The increase in

MAOM-C indicates enhanced long-term carbon storage
through mineral-organic associations !,

Disease Suppression Capacity

Cover crop systems demonstrated significant disease
suppression capacity against multiple soilborne pathogens
(Figure 2). Disease suppression levels varied among cover
crop types and target pathogens, with multi-species mixtures
generally providing the broadest spectrum suppression [,
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Fig 2: Disease Suppression Capacity Under Different Cover Crop Systems

Brassica cover crops provided the strongest suppression of
individual pathogens, achieving 62% suppression of
Rhizoctonia solani and 55% suppression of Pythium ultimum
[, This enhanced suppression correlated with glucosinolate
production and enrichment of antagonistic bacteria [,

Three-species mixtures achieved the most consistent
suppression across all tested pathogens (61-72%), indicating
broad-spectrum disease suppressive capacity . This general
suppression appeared to result from enhanced microbial

diversity and competition rather than specific biocontrol
mechanisms 19,

Microbial Network Analysis and Keystone Species
Network analysis revealed that cover crops increased
microbial network complexity and identified keystone
species that mediated ecosystem services (Table 3). Three-
species mixtures supported the most complex networks with
highest connectivity and modularity [*4,

Table 3: Microbial Network Properties Under Cover Cropping Systems

Treatment Nodes Edges Avg Degree | Modularity | Keystone Species | Network Stability
Fallow Control 1,234+156 | 3,456+445 5.6+0.8 0.72+0.09 8+2 0.31+0.07
Legume (Clover) | 1,867+234 | 6,123+789 6.6+0.9 0.68+0.08 14+3 0.45+0.09
Brassica (Radish) | 1,645+198 | 5,234+667 6.4+1.0 0.69+0.07 12+3 0.42+0.08
Grass (Rye) 1,756+215 | 5,789+723 6.6+0.8 0.65+0.09 13+£2 0.47+0.10
Legume-Grass Mix | 2,145+267 | 7,892+987 7.4+1.1 0.61+0.08 18+4 0.58+0.12
Three-Species Mix | 2,387+289 | 8,756+1,123 7.3%£1.0 0.59+0.07 21+3 0.62+0.11

Values are meansz standard deviation. Network stability calculated as resistance to random node removal.

Keystone species analysis identified critical microbial taxa
that disproportionately influenced network structure and
function 2, Key bacteria included Rhizobium (nitrogen
fixation), Pseudomonas (biocontrol), and Bacillus (multiple
functions), while key fungi included Glomus species
(Mycorrhizal associations) and Trichoderma (biocontrol) 23],
Network stability increased significantly under cover
cropping, with three-species mixtures showing 100% higher
stability than fallow controls 4. This enhanced stability

suggests greater resilience to environmental perturbations
and management disturbances [,

Economic Analysis and Ecosystem Service Valuation
Economic analysis demonstrated substantial net benefits
from cover crop systems when ecosystem services were
properly valued (Table 4) 111, Net economic benefits ranged
from $185-295 ha' yr! depending on cover crop type and
local conditions (171,

Table 4: Economic Analysis of Cover Crop Ecosystem Services

Component | Fallow Control | Legume | Brassica | Grass | Three-Species Mix
Costs ($ ha™)
Seed and establishment 0 45 35 40 65
Management operations 0 25 20 22 30
Benefits ($ ha™)
Nitrogen credits 0 85 25 35 75
Carhon sequestration 25 65 58 95 88
Disease suppression 0 45 78 52 95
Soil health premium 0 35 30 45 55
Net Benefit 25 160 136 165 218
ROI (%) - 229% 245% | 266% 230%

Values represent average annual benefits over 4-year study period.
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Disease suppression provided the largest economic benefit
for brassica cover crops ($78 ha™'), while carbon
sequestration was most valuable for grass systems ($95 ha™!)
1181, Three-species mixtures provided the highest total benefits
but also required the greatest establishment costs [,

Return on investment ranged from 229-266%, demonstrating
strong economic incentives for cover crop adoption when
ecosystem services are appropriately valued 9. These
benefits do not include potential yield improvements in
subsequent cash crops, which could further enhance
economic returns 2,

Predictive Modeling for Cover Crop Selection

Machine learning models successfully predicted optimal
cover crop selection based on soil properties and
management objectives with 87% accuracy [2. Feature
importance analysis identified soil pH, organic matter
content, and texture as the most predictive variables 2,

For carbon sequestration objectives, models recommended
grass cover crops for sandy soils and legume-grass mixtures
for clay soils 4. For disease suppression goals, brassica
species were recommended for soils with high pathogen
pressure, while diverse mixtures were optimal for general soil
health improvement (23],

The predictive models provide practical tools for farmers and
advisors to optimize cover crop selection based on site-
specific conditions and management goals [6. Model
accuracy improved to 91% when microbial community data
were included as predictor variables 71,

Discussion

Mechanisms of Microbiome Engineering Through Cover
Crops

The dramatic increases in microbial diversity and beneficial
taxa under cover cropping demonstrate the effectiveness of
plant-based approaches for engineering soil microbiomes [?8],
The 65% increase in bacterial diversity and 78% increase in
fungal diversity under mixed species cover crops reflects the
creation of diverse ecological niches that support complex
microbial communities 2],

Different cover crop species select for specific microbial
groups through distinct mechanisms 9. Legumes enrich
nitrogen-fixing  bacteria  through  direct symbiotic
relationships and create favorable soil conditions through
nitrogen inputs and pH modification ™. Brassicas produce
bioactive compounds that suppress pathogens while
enriching tolerant beneficial microbes 2. Grasses enhance
fungal networks through extensive root systems and high C:N
ratio residues that favor fungal growth B1,

The synergistic effects observed in mixed species cover crops
suggest that plant diversity promotes microbial diversity
through complementary resource utilization, temporal niche
partitioning, and facilitative interactions . These diverse
plant-microbe assemblages create more stable and resilient
soil ecosystems [,

Implications for Carbon Sequestration

The enhanced soil carbon sequestration under cover cropping
(1.4-24 t C ha' yr') represents substantial climate
mitigation potential when scaled across agricultural
landscapes [61. The higher sequestration rates under grass
cover crops reflect their extensive root systems, high carbon
inputs, and promotion of fungal networks that create stable
organic matter pools [,
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The shift toward higher fungal: bacterial ratios under cover
cropping is particularly important for carbon stabilization, as
fungal-dominated systems typically exhibit slower
decomposition rates and greater carbon storage efficiency [,
The observed increases in both particulate and mineral-
associated organic matter indicate that cover crops enhance
carbon storage through multiple mechanisms 1,

The carbon stabilization indices of 0.71-0.78 under cover
crop mixtures compare favorably with other carbon
sequestration strategies and suggest that these systems can
provide sustained carbon storage over long time periods 19,
The economic value of carbon sequestration ($58-95 ha™)
provides additional incentives for cover crop adoption under
carbon pricing systems 14,

Disease Suppression and Biological Control

The consistent disease suppression achieved across multiple
pathogens (45-72% reduction) demonstrates the broad-
spectrum biocontrol capacity of engineered soil microbiomes
112, The combination of specific suppression mechanisms
(glucosinolate production by brassicas) and general
suppression through enhanced microbial diversity provides
robust protection against soilborne diseases [*1,

The identification of keystone biocontrol species including
Trichoderma, Pseudomonas, and Bacillus provides targets
for enhancing disease suppression through targeted
inoculation or management practices 4. The network
analysis reveals that these beneficial microbes serve as
critical nodes that maintain community stability and function
[15]

The economic value of disease suppression ($45-95 ha™)
represents substantial savings compared to conventional
pesticide applications while providing environmental
benefits through reduced chemical inputs [6. These
biological control services become increasingly valuable as
pesticide resistance develops and regulatory restrictions
increase [*7],

Practical Applications and Management Implications
The development of predictive models for cover crop
selection (87% accuracy) provides practical tools for
optimizing microbiome engineering based on site-specific
conditions and management objectives ['8l. These models can
guide farmers in selecting cover crop species or mixtures that
maximize desired ecosystem services while minimizing
establishment costs and management complexity 1,

The strong return on investment (229-266%) demonstrates
the economic viability of cover crop systems when ecosystem
services are properly valued 9. Policy frameworks that
recognize and compensate for these services through carbon
credits, conservation payments, or reduced input costs can
accelerate adoption [?41,

The identification of keystone microbial species provides
opportunities for enhancing cover crop effectiveness through
targeted microbial inoculation or management practices that
favor these beneficial taxa 2?1 Integration of cover cropping
with other soil health practices such as reduced tillage and
organic amendments may provide synergistic benefits for
microbiome engineering %31,

Scaling and Implementation Considerations

Successful scaling of cover crop microbiome engineering
will require consideration of regional variations in climate,
soil types, and farming systems 4, The consistency of

l4|Page



Journal of Soil Future Research

beneficial effects across diverse sites in this study suggests
broad applicability, but local adaptation of species selection
and management practices will be necessary %,

Extension and education programs should emphasize the
multiple benefits of cover cropping beyond traditional soil
and water conservation to include biological soil health and
disease management [?61, Demonstration of economic benefits
through ecosystem service valuation can help overcome
adoption barriers related to establishment costs and
management complexity 271,

Development of cover crop seed mixtures specifically
designed for microbiome engineering could simplify
implementation while optimizing biological outcomes 22,
Partnerships between seed companies, researchers, and
farmers can facilitate development and commercialization of
these specialized products 29,

Conclusion

This comprehensive study demonstrates that strategic cover
cropping can effectively engineer soil microbiomes to deliver
multiple ecosystem services including enhanced carbon
sequestration and disease suppression. Different cover crop
species exhibited distinct effects on microbial communities,
with legumes promoting beneficial bacteria, brassicas
enhancing biocontrol capacity, and grasses supporting fungal
networks critical for carbon storage.

Multi-species cover crop mixtures provided synergistic
benefits, achieving 65% higher microbial diversity, 78%
higher carbon sequestration rates, and 65% greater disease
suppression compared to monoculture systems. The
identification of 21 keystone microbial species in diverse
cover crop networks provides targets for optimizing
biological soil health through targeted management practices.
Economic analysis revealed substantial net benefits of $185-
295 ha! yr! from cover crop ecosystem services, with return
on investment ranging from 229-266%. These economic
benefits provide strong incentives for adoption when
ecosystem services are appropriately valued through policy
mechanisms or market-based approaches.

Machine learning models successfully predicted optimal
cover crop selection based on soil properties and
management objectives with 87% accuracy, providing
practical tools for site-specific microbiome engineering.
These predictive capabilities enable precision agriculture
approaches that optimize biological soil health for specific
farm conditions and goals.

The 45-72% disease suppression achieved across multiple
soilborne pathogens demonstrates the potential for biological
control to reduce dependence on chemical pesticides while
maintaining crop protection. The enhancement of soil carbon
sequestration rates to 2.4 t C ha™! yr! under grass cover crops
provides significant climate mitigation benefits when scaled
across agricultural landscapes.

Future research should focus on understanding the temporal
dynamics of microbiome engineering and developing
management practices that maintain beneficial microbial
communities over multiple growing seasons. Integration of
cover cropping with other soil health practices and
investigation of long-term stability of engineered
microbiomes will be critical for optimizing these systems.
The findings establish cover cropping as a powerful tool for
biological soil health management that can simultaneously
address multiple agricultural and environmental challenges.
The ability to engineer soil microbiomes through strategic
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plant species selection provides a foundation for developing
sustainable agricultural systems that harness biological
processes to enhance productivity, profitability, and
environmental quality.

This research contributes to the growing understanding of
plant-microbe-soil interactions and demonstrates the
practical potential for microbiome-based approaches to
agricultural sustainability. As pressure increases to reduce
synthetic inputs while maintaining productivity, cover crop
microbiome engineering offers a biologically-based pathway
for achieving these goals while providing additional
ecosystem services that benefit both farmers and society.
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