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1 Introduction

Soil management is one of the most powerful agronomic tools for influencing
disease dynamics and sustaining wheat production. In general, it encompasses
all practices and decisions that affect the soil's physical, chemical, and
biological properties (Hatfield et al., 1994). Soil management essentially refers
to practices that modify the soil environment to improve fertility, structure, or
biological activity and mitigate limiting factors for plant production. These
practices include tillage, residue management, crop rotation, intercropping,
fertilization, water and nutrient management, pH adjustment, and the use of
organic amendments, such as manure or compost. While not all practices
directly influence plant-disease interactions, they each shape the conditions
under which pathogens survive, spread, and interact with the crop. This makes
soil management a central pillar of integrated wheat disease management. Its
importance is increasing as the use of chemically synthetic plant protection
products is increasingly constrained by environmental regulations and societal
expectations. At the same time, the development of new active ingredients is
becoming more difficult due to high costs, stricter approval procedures, and
a limited number of novel biochemical targets. Additionally, the widespread
use of existing fungicides has led to resistance development in many wheat
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2 Soil management practices to prevent and manage wheat disease

pathogens, further reducing their long-term effectiveness. Under these
conditions, soil management strategies offer sustainable alternatives to
suppress especially soil- and residue-borne pathogens and to strengthen
plant health and resilience (Jacquet et al., 2022; Zimmermann et al., 2021).
Consequently, soil management is not merely a complementary measure but
an essential component of future-oriented, environmentally sound, and socially
accepted wheat disease control systems.

Besides management practices, site-specific soil properties, including
soil texture, organic matter content, pH, nutrient availability, and moisture-
holding capacity, strongly influence plant growth and pathogen behavior.
Consequently, not all sites and soils can be managed in the same way to
counteractwheat pathogens and insect pests, and effective soil management
strategies must be tailored to the specific characteristics of each site.
In wheat, fungal plant diseases are the most dominant and economically
significant, causing the largest yield losses worldwide (Figueroa et al., 2018).
While bacterial and viral plant diseases also occur, they are generally less
severe and more localized. Therefore, soil management strategies and
research efforts primarily focus on controlling fungal pathogens, though
awareness of bacterial and viral threats is still important. Addressing the full
range of fungal wheat pathogens through soil management is challenging
in itself because these organisms differ widely in their biology, survival
strategies, and modes of infection. For clarity, fungal wheat pathogens can
be grouped into three broad categories: soilborne, residue-associated, and
above-ground fungal pathogens. These three categories represent different
levels of interaction between soil management, plants, and plant pathogens,
from direct suppression to indirect modulation via the crop metabolism
(Table 1). Soilborne fungal pathogens survive and infect primarily through
the soil or soil residues, and their survival and infection rates are directly
shaped by soil management practices. Residue-associated fungal pathogens
are foliar, culm, or spike diseases that can persist for a longer period on
crop residues or at the soil surface. Here, management of residue and soil
conditions can reduce the initial inoculum. Finally, above-ground fungal
pathogens that survive mostly on living plants are mainly airborne and only
indirectly influenced by soil conditions and management; however, their
severity is affected by plant vigor and health, which in turn depend on soil
management. Similarly, soilborne nematodes and residue-associated or
soil-overwintering insect pests can be greatly impacted by soil management
strategies. However, above-ground insect pests are only indirectly affected
(Table 1).
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4 Soil management practices to prevent and manage wheat disease

2 Determining site-specific disease pressure and soil
conditions

Effective soil managementfor controlling wheat pathogens starts with accurately
identifying site-specific disease pressures and soil conditions. Recent advances
in pathogen diagnostics, soil microbial profiling, and predictive forecasting
models enable the early detection of soilborne and residue-associated
pathogens (Table 2). Together with precision soil mapping, moisture and
temperature monitoring, and detailed soil assessments, these tools provide
a tailored understanding of the unique disease risk of each field at a certain
timepoint. Integrating this information with digital decision support systems
further allows adaptive, field-specific management, forming the foundation for
subsequent interventions that optimize disease suppression and maintain soil
and crop health.

2.1 Methodological advances in the assessment of soilborne
and residue-associated pathogens

Although diagnostics for airborne and foliar diseases are comparatively well-
developed and straightforward, identifying soilborne and residue-associated
pathogens is far more challenging due to the complexity of the microbes that
colonize soil and residue. Modern soilborne pathogen assessment therefore
increasingly relies on molecular methods that enable community profiling
as well as sensitive detection and quantification. These approaches provide
critical insights into soil disease pressure, pathogen dynamics, and soil health,
enabling informed soil disease management strategies.

Four complementary approaches, including metabarcoding, quantitative
PCR (gPCR), digital PCR (dPCR), and loop-mediated isothermal amplification
(LAMP), represent the state-of-the-art pathogen detection and minimize losses
from soilborne diseases. Metabarcoding employs next-generation sequencing
(NGS) of taxonomic marker genes, such as the bacterial 16S rRNA gene and the
fungal ITS region, to provide a comprehensive assessment of soil microbiome
composition (Prudence et al., 2021; Tedersoo et al., 2022). This approach
can compositionally detect both pathogens and beneficial microbes, identify
disease-suppressive soil conditions (Hayden et al., 2018; Schlatter et al.,
2017), and assess the effects of soil management (Chen et al., 2023; Gahagan
et al., 2023a). While metabarcoding is a valuable pre-screening tool, it is
resource-intensive, requiring substantial time, funding, technical expertise, and
computational capacity, making it unsuitable for on-site pathogen detection
and often needing to be paired with more robust validation methods (Hu
et al, 2019; Sudermann et al., 2024). Instead, gPCR-based methods detect
and quantify pathogens providing information on inoculum density and

Published by Burleigh Dodds Science Publishing Limited, 2026.



Soil management practices to prevent and manage wheat disease

SolWeUAp aWoIqoIDIW Buljepow
Juswebeuew aseasip aanoeold  pue ‘ssans doud Jayieam ‘seipuadoud uoisny erep Buisuas aseasip aAlIpald  elep aseasip
‘as12a.1d swJOJUl pUe ‘UoIIedO||e §2IN0sal |esiwayd02isAyd |1os Buneibayul @10wal ‘Buluies| desp pue uoneibaul pue |ios Jo
soziwndo ‘sdew suoz 3su-ybiy seresausn Aq ainssaid asessip 101paid ‘Buruies| suiyoew ‘5| elep UsALp-ly  uoneiBeiu|
SUOIUBAIaUI suoiels
olpads-als pue aAnuanaid Buimoyje siojoe) pajejal pue Jayleam pardauuod Bunioyuow
(Buibbojierem ‘6-9) A1ianoe usboyred 1ab61y ‘Ayurjes ‘ainjesadwe) ‘ainisiow [10s 'siab60o| e1ep SSB|RIIM |[eluBWUOIIAUS
Jey] suonipuod o} esuodsal pidel se|qeuy JO SJUSWISINSEaW BWI)-|eal 9PINOL  'SIOSUSS |I0S Pa|geus-| O] snonunRuoD)
Buibew jewisyy
Juswebeuew pue |espadsinw a)i||a1es Juswebeuew
|los pa1ebie) suoddns pue (uonoedwod JAVN (44X 'SYHIN ‘|eando aseasIp 1o}
‘Aipioe ‘eBeulelp Jood "6'a) Juswysijqeise  seiuadoud [eaiwsyd pue |ediskyd jlos 'D3) siosuss |ewixoid Buiddew  juswssasse
usboyied Jonej jeyl seuozoidiw saynusp| ul AlljigeLiea jeneds sjeds-aul ainide) ‘Guiidwes |10s papinb-54o |loS uoIsIDa.y |log
uonewnse aseas|p
ssui eseasip ipald peo| usboyied ssassy souepunqe usBoyied ainses|y ¥DdP ‘¥Ddb |l0S aAneueND
oousasaid uonoalep susboyed
uaboyied Jo uonewuOd 1Sk} ‘81Is-uQ Appoinb susboyred oinads 1de19Qg dINV1 uaboyred jios pidey pejeosse
uonoaep usboyred sa1lIUNWWOD aAIssaiddns (indyBnouay-yb1y) Buiyoid -|10s Jo
[ennusrod ybisul jans|-Allunwiwiod peoig -aseasip pue usboyied Ajnusp| Buipooieqels |y |eIqOIDIW |IOG  JUSWISSSSY
Aunn asoding PoyIs N Kiobayed wiry

ainssaid aseasip oiyIoads-a1is @1en|eAs 0} pasn siskjeue [10s paieiBaiul pue uswssasse uaboyied pajeidosse-|ios o) sayoeoidde Aay| g a|qeL

Published by Burleigh Dodds Science Publishing Limited, 2026.



6 Soil management practices to prevent and manage wheat disease

distribution data and can be used to validate metabarcoding results (Bithell
etal., 2012; Hogg et al., 2007; Oliver et al., 2008; Zhu et al., 2016). dPCR allows
ultra-sensitive, absolute quantification of low-abundance or latent pathogens,
complementing gPCR for treatment evaluation and metabarcoding validation,
though it is lower throughput and more costly (Natarajan et al., 2025).

Collectively, metabarcoding, qPCR, and dPCR offer comprehensive
insights into both microbial community composition and pathogen load,
supporting evidence-based soil disease management. As these tools advance,
they are becoming increasingly accurate, cost-effective, and widely accessible.
Additionally, the development of rapid, field-deployable methods like LAMP
might allow the detection of plant pathogens directly from soil with minimal
sample preparation (Gomez-Gutierrez and Goodwin, 2022; Pacheco-Moreno
et al., 2025). All in all, these methods can be used to identify zones with
high pathogenic pressure or natural disease suppression and to track how
management practices alter the soil microbiome, ultimately supporting more
targeted and sustainable disease management strategies. They also help
guide the selection of appropriate management practices in the first place by
revealing which interventions, such as reduced tillage, crop rotation, fertilization
and organic amendments, cover cropping, or the use of biological control
agents, promote beneficial microbial communities and suppress identified
soilborne pathogens.

Additionally, forecasting models for soilborne wheat pathogens
increasingly rely on these molecular diagnostic data to improve their accuracy
and relevance, using detailed assessments of pathogen presence and
abundance that were previously difficult to obtain (Bithell et al., 2012). When
molecularinoculum data are integrated with key soil variables, such as moisture,
temperature, texture, pH, and organic matter, alongside weather patterns and
crop growth stage, they should enable models to predict periods of heightened
pathogen activity and root infection risk. By combining pathogen quantification
with environmental drivers, these forecasting frameworks can capture both the
biological pressure exerted by soil inoculum and the environmental conditions
that modulate disease expression, ultimately supporting more informed and
timely soil disease management decisions (Ajilogba and Walker, 2023). These
soil-focused forecasting approaches are often pathogen-specificand less widely
deployed than foliar disease models, but if further developed, they can provide
valuable information for guiding pre-season soil management decisions, when
growers still have time to act on risk information (Pace et al., 2025). For instance,
early inoculum assessments can inform choices such as adjusting crop rotations,
modifying tillage intensity, improving drainage, or applying soil amendments
before planting. Although options are more limited once the crop is in the
ground, in-season soil-related adjustments, including irrigation management,
avoiding compaction, or targeted amendments in high-risk zones, can still help
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Soil management practices to prevent and manage wheat disease 7

reduce disease pressure. Together, these forecasting insights support more
proactive and effective soil management strategies against wheat diseases.

2.2 Major advances in soil assessment for disease
management

A detailed understanding of soil physical and chemical properties is essential
for managing soilborne and residue-associated pathogens. Because
pathogens respond strongly to variations in texture, moisture dynamics,
nutrient availability, and other environmental factors, soil assessment has
become a foundation for disease prediction and site-specific management.
Modern strategies increasingly rely on high-resolution mapping, continuous
environmental monitoring, and Al-driven predictive analytics that transform
raw soil information into actionable insights. These technologies advance
the development of novel cropping systems that enable targeted crop
management, replacing the traditional practice of uniformly treating large areas
and thereby optimizing the use of digital tools for plant disease management
(Mahlein et al., 2024).

Precision soil mapping combines GPS-guided and grid-based soil
sampling with proximal sensing technologies, such as electromagnetic, optical,
and spectroscopic sensors, to capture fine-scale variability in soil texture,
moisture, pH, electrical conductivity, organic matter, and nutrient distribution
(Grunwald et al., 2024; Kim et al., 2024). Laboratory techniques, including
near-infrared spectroscopy (NIRS) and X-ray fluorescence (XRF), can provide
detailed chemical and mineral analyses, complementing field measurements.
Remote sensing through UAV (unmanned aerial vehicle) and satellite imagery
can offer high-resolution data on soil surface conditions, topography, drainage
patterns, and subtle variations influencing water retention, compaction, and
pathogen-favorable microenvironments (Mahlein et al., 2024; Zhu et al., 2024).
Hyperspectral, LIDAR (light detection and ranging), and thermal imaging further
enhance understanding of soil moisture, crop stress, and temperature patterns
(Ambaru et al., 2025; Espinel et al., 2024). The integration of these datasets
with geospatial modeling tools, e.g. Geographic Information Systems (GIS) or
kriging (a statistical method used to predict unknown values at specific locations
based on nearby, known data points) and machine learning algorithms, allows
predictive mapping of soil behavior, identification of areas at risk for nutrient
imbalances, acidity, poor drainage, or compaction, and supports site-specific
soil management decisions (De Caires et al., 2025; Saki et al., 2024).

In modern soil and crop management, monitoring has progressed beyond
traditional temporal or periodic sampling, where measurements are taken at
discrete intervals, toward continuous environmental monitoring. Continuous
monitoring uses loT-enabled soil sensors (specialized electronic devices that
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8 Soil management practices to prevent and manage wheat disease

detect, measure, and transmit environmental or physical data in real-time to
the cloud), wireless data loggers, and connected weather stations to collect
real-time information on soil moisture, temperature, salinity, and other key
parameters. Unlike periodic (temporal) monitoring, which can miss rapid
fluctuations, continuous systems generate high-frequency datasets that
capture dynamic changes in the soil microenvironment. This allows immediate
responses to unfavorable conditions, such as adjusting irrigation to avoid
waterlogging or mitigating conditions conducive to pathogen development
(Roberts et al., 2021a; Zhu et al., 2024).

When integrated with remote sensing, continuous monitoring enables
proactive, site-specific management through real-time alerts that signal when
environmental thresholds associated with disease risk are approaching, allowing
intervention before symptoms emerge (Ambaru et al., 2025). Recent advances
extend this approach by incorporating Al and geospatial technologies with
GIS supporting spatial analysis of soil properties, environmental conditions,
and pathogen distribution, and machine learning models predicting disease
pressure from real-time sensor data, weather patterns, crop growth stages, and
historical outbreak records (Ambaru et al., 2025; Roberts et al., 2021a). Remote
sensing tools, such as multispectral and thermal imaging, complement ground-
based measurements by detecting crop stress, soil moisture variability, and
spatial patterns associated with pathogen-favorable conditions. Together, these
technologies enable growers to identify high-risk zones, target interventions
more precisely, reduce unnecessary chemical inputs, and minimize
environmental impacts, reinforcing Al-integrated continuous monitoring as a
cornerstone of modern precision agriculture (Roberts et al., 2021b).

The integration of continuous monitoring, remote sensing, GIS, and
Al-based disease prediction raises important questions about the appropriate
level at which such systems should be developed and deployed. For individual
farmers, fully building and maintaining these technologies is often unrealistic
due to high upfront costs, technical complexity, and the need for expertise in
data interpretation. While large, technologically advanced farms may adopt
simplified versions (e.g. subscription-based sensor platforms or decision-
support apps), most individual farmers are likely to benefit more as users
rather than developers of these systems. At the company level, agritech
firms, cooperatives, or advisory service providers are well positioned to
build and operate such platforms and offer them commercially. By spreading
developmentand maintenance costs across many users, companies can provide
real-time alerts, disease-risk forecasts, and site-specific recommendations as
paid services. This model aligns with current trends in precision agriculture,
where farmers pay subscription or service fees that are often lower than the
cumulative costs of unnecessary pesticide applications, yield losses, or late
interventions. A state- or publicly supported approach is particularly relevant
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Soil management practices to prevent and manage wheat disease 9

when plant diseases pose regional or national risks, such as highly contagious
pathogens or those affecting food security.

Government-run or subsidized monitoring systems could provide baseline
surveillance, early-warning alerts, and open-access risk maps without direct
cost to farmers. Such systems can complement private services by focusing
on large-scale monitoring, standardization, and data sharing, while also
supporting smaller farms that might otherwise be excluded. In terms of costs
compared to spraying, proactive monitoring systems can be economically
advantageous despite their technological expense. Conventional spraying
often relies on fixed schedules or visible symptoms, leading to preventive or
excessive pesticide use. This increases input costs, labor, fuel consumption,
and environmental damage, while also accelerating resistance developmentin
pathogen populations. In contrast, Al-supported monitoring enables targeted
interventions only when disease risk thresholds are approached. Over time,
reduced chemical use, fewer spray passes, lower yield losses, improved
sustainability, and ecosystem services can offset the costs of monitoring
systems, especially when these are shared through service providers or public
infrastructure. Overall, the most effective model is likely a hybrid approach,
where governments provide foundational monitoring and data frameworks,
private companies deliver advanced analytics and farm-level decision support
for a fee, and farmers benefit from lower long-term costs compared to routine,
non-specific spraying strategies.

Altogether, advances in high-throughput pathogen diagnostics, soil
microbial profiling, precision soil mapping, sensor networks, and Al-driven
analytics are transforming how site-specific disease pressure and soil conditions
are assessed. These integrated digital tools provide a comprehensive
understanding of the interactions among pathogens, soils, and the
environment, allowing farmers to implement targeted, site-specific crop health
strategies. By moving beyond uniform field treatments, growers can improve
productivity, reduce local disease risk, and promote more sustainable and
efficient agricultural practices, yet high additional expenses limit widespread
adoption.

3 Advancing and implementing site-specific soil
management strategies

The management of soilborne diseases in wheat has shifted from traditional,
reactive practices to integrated, biologically informed, and technology-
enabled strategies. Contemporary research emphasizes soil and crop
management approaches such as crop rotation and intercropping, residue
management, soil structure optimization, organic amendments, microbiome-
based biological control, targeted nutrient and pH regulation, and site-specific
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10 Soil management practices to prevent and manage wheat disease

regenerative interventions (Liang et al., 2025). These strategies can collectively
create environments that suppress pathogens, enhance crop resilience, and
improve long-term productivity and sustainability. Effective wheat production
increasingly relies not only on maximizing yield but also on strengthening plant
defenses through coordinated soil, nutrient, and water management, which
influence structural integrity, biochemical defenses, and rhizosphere microbial
communities. Over time, these ecosystem-focused approaches have evolved
from purely production-oriented practices to central components of modern
wheat disease management (Jacquet et al., 2022; Zimmermann et al., 2021).

3.1 Crop rotation and intercropping as a soil management
strategy for disease suppression in wheat

Alternating wheat with non-host or partially resistant crops, such as legumes,
oilseed rape, or mustard, has long been recognized as an effective strategy
to reduce the inoculum of soilborne pathogens, including Fusarium,
Gaeumannomyces, and Rhizoctonia(Marburgeretal.,2015; Rovira, 1986; Simon
and Sivasithamparam, 1988). Beyond disrupting host availability, these break
crops contribute to improved soil structure by enhancing aggregation, porosity,
and root penetration, which reduces waterlogging and creates conditions
less favorable for pathogen proliferation (Angus et al., 2015). Recent research
has further elucidated the mechanisms underlying these benefits. Long-term
rotations have been shown to increase microbial diversity and activity in wheat
soils, with rotations that include legumes or other cover crops enhancing
populations of beneficial bacteria and fungi and reducing pathogenic taxa
(Jalli et al., 2021; Peralta et al., 2018; Venter et al., 2016). While most studies
report corresponding increases in yield, improvements in soil health metrics
are not always observed, indicating complex interactions between rotation,
microbial communities, and soil function (Agomoh et al., 2020). Certain crops,
notably Brassica species, also act as biofumigants, releasing compounds that
suppress soilborne pathogens while simultaneously promoting microbial
diversity, offering a dual benefit for both disease management and soil health
(Ashiq et al., 2022; Schillinger et al., 2023).

In a similar way, intercropping has been increasingly recognized as a
sustainable management strategy that can enhance soil health and suppress
plant diseases (Boudreau, 2013; Huss et al., 2022; Sisodia et al., 2025; B.
Wang et al.,, 2025). However, knowledge remains limited regarding how
intercropping, and which specific crop combinations, influence soilborne
pathogen communities in wheat, as most studies focus on microclimate
modification and canopy architecture rather than on soil-mediated disease
mechanisms (Lopes et al., 2016; Luo et al., 2021; Mao et al., 2025). While some
fungal airborne pathogens were reduced in faba bean-wheat intercrops and
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aphids and pollen beetle larvae in wheat-oilseed rape intercropping, reductions
in soilborne pathogens have mainly been studied for pathogens infecting the
accompanying crop rather than wheat itself (Alarcédn-Segura et al., 2022; Yang
etal., 2023; Zheng et al., 2024).

3.2 Reducing wheat diseases through integrated tillage and
residue management

Recent advances in tillage systems for wheat production emphasize greater
precision and selectivity in how soil is disturbed. Conservation-oriented
approaches, including reduced and zero tillage, have been shown to alter
soil physical conditions and reshape soil microbial communities in ways that
influence disease dynamics. Field studies demonstrate that tillage intensity
can significantly affect the severity of wheat diseases such as spot blotch, with
reduced and zero-tillage systems sometimes supporting higher disease levels
depending on environmental conditions and cultivar susceptibility (Sharma
etal., 2024).

Similarly, long-term comparisons of tillage regimes reveal that key
wheat root pathogens such as Fusarium, Rhizoctonia, and Pythium spp. were
negatively associated with tillage (Gahagan et al., 2023b; Yin et al., 2020). On
the other hand, zero tillage might increase biodiversity both above and below
ground by minimizing soil disturbance, leaving crop residues as habitat and
food, and fostering a healthier soil ecosystem rich in microbes, fungi, insects,
and earthworms, which boosts soil health and supports beneficial organisms
(Moreno-Garcia et al., 2024). A recent study on soil microbiota reported
that no-till soil communities made a negligible contribution to biodiversity
conservation, challenging the assumption that no-till systems inherently
provide ecological benefits (Freslev et al., 2022).

Onthe other hand, tillage regimes have been shown to negatively influence
arbuscular mycorrhizal fungi (AMF) and rhizobacterial communities in wheat
systems. Studies demonstrate that reduced or optimized tillage promotes
more stable AMF populations during crop growth and enhances beneficial
tripartite interactions among AMF, plant growth-promoting rhizobacteria, and
wheat roots (Li et al., 2024; Wilkes et al., 2021). These microbial associations
contribute to improved nutrient acquisition, stress tolerance, and overall plant
resilience, indirectly strengthening resistance to soilborne pathogens (Alsherif
et al., 2024; lkan et al., 2025).

Emerging technologies, including lightweight autonomous machinery,
sensor-guided implements, and real-time soil sensing, further enable low-
impact, precisely targeted tillage operations that minimize disruption to these
beneficial microbial networks. Controlled Traffic Farming (CTF), made possible
by GPS guidance and autonomous navigation systems, confines machinery
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12 Soil management practices to prevent and manage wheat disease

loads to permanent traffic lanes and substantially reduces the proportion of
trafficked soil. Long-term evaluations show that CTF increases infiltration,
improves soil structure, and enhances root proliferation in cereal systems
(Antille et al., 2019; Chamen, 2015). These improvements in soil physical
conditions support more stable rhizosphere microbial activity and reduce plant
stress, factors known to influence susceptibility to soilborne diseases in wheat-
based rotations. Where severe compaction layers already exist, strategic deep
tillage can temporarily restore porosity and rooting depth, but research shows
that its benefits are greatest when applied selectively and only in response to
diagnosed structural constraints (Batey, 2009; Hamza and Anderson, 2005).
Routine or blanket deep tillage, by contrast, might accelerate recompaction
and undermine long-term soil health.

Additionally, residue management in wheat has evolved from a basic
cultural practice aimed at reducing pathogen carryover into a sophisticated,
science-based component of integrated disease management. This
transformation has been driven by advances in soil microbiology, residue
engineering, and precision agriculture. Modern approaches no longer assume
adirect, linear relationship between residue presence and disease risk. Instead,
they recognize that residue-associated pathogen inoculum can persist without
necessarily leading to disease expression, depending on decomposition
dynamics, environmental conditions, and soil biological suppressiveness
(Fareed Mohamed Wahdan et al., 2020; Gupta et al., 2024; Yuan et al., 2021).

Additionally, pathogens in agricultural fields frequently form localized
‘nests’, resulting in a highly non-uniform spatial distribution. Consequently,
contemporary residue management focuses on regulating pathogen activity
rather than indiscriminate inoculum elimination, while maintaining soil
health and system resilience. Furthermore, mechanical residue management
technologies have advanced substantially, particularly in the areas of residue
chopping and distribution. Modern straw chopping and spreading systems on
combine harvesters are designed to fragment residue more finely to increase
residue surface area and distribute it uniformly across the field, addressing
the common problem of concentrated residue bands left by conventional
combines (Liu et al., 2025; Ramulu et al., 2023). Uniform distribution improves
soil contact and promotes faster microbial decomposition. Dedicated
residue-management machines, such as chopper incorporators, further
accelerate decomposition by simultaneously cutting residues and mixing
them into the soil profile. Collectively, they support more efficient residue
breakdown and improve overall residue handling in cereal production
systems. Furthermore, recent advances in remote sensing have begun to
support residue-management decisions in wheat systems by providing
spatially explicit information on field surface conditions. Research integrating
UAV and satellite imagery demonstrates that high-resolution remote-sensing
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platforms can accurately map crop residues and detect areas of insufficient
surface cover, offering a practical basis for targeted residue interventions (Cai
etal., 2019).

Thermal and solar-based approaches, such as biosolarization, further
extend the residue management toolbox, particularly in regions with high solar
radiation (Katan and Gamliel, 2010). By incorporating organic residues and
covering soil with transparent plastic, biosolarization elevates soil temperatures
and stimulates anaerobic microbial fermentation. The combined effects of heat
and biologically derived toxic compounds suppress a wide range of soilborne
pathogens, nematodes, and weed seeds, providing an effective non-chemical
alternative to conventional soil fumigation (Gebreegziher, 2024). Biological
and biochemical residue management strategies in wheat increasingly
focus on accelerating straw decomposition through microbial processes.
Studies show that straw-decomposing microbial inoculants, particularly when
combined with nitrogen (N) fertilization, significantly enhance the breakdown
and transformation of wheat straw residues (Shaghaleh et al., 2023). Nitrogen
inputs can thereby help to regulate the rate at which wheat residues are
mineralized (Liu et al., 2021). In addition, residue-based practices influence
the composition and function of the wheat rhizosphere microbiome. Straw
mulching combined with N fertilization produces measurable shifts in bacterial
community composition, demonstrating that residue management can act
as a lever for microbiome restructuring in wheat systems (Chen et al., 2022).
While these residue-driven approaches clearly affect decomposition and soil
microbial communities, direct evidence for enhancement of specific biocontrol
taxa and disease suppression in wheat remains limited.

Recent advances in residue-mediated disease suppression have renewed
interest in the biochemical effects of Brassica residues in wheat systems.
Contemporary studies show that glucosinolate-rich Brassicaceae tissues
can release isothiocyanates during decomposition, compounds with broad
antifungal activity against soilborne pathogens (Pavana Praneetha et al.,
2025; Sarwar et al., 1998). Although much of the mechanistic work has been
conducted across multiple crops, a recent review highlights that these volatile
compounds remain effective against several cereal root pathogens, including
Gaeumannomyces graminis, Rhizoctonia solani, Fusarium graminearum,
Bipolaris sorokiniana, and Pythium irregulare (Poveda et al., 2020). Modern
assessments emphasize that the success of Brassica-based biofumigation
depends on precise residue processing, adequate soil moisture, and favorable
temperature conditions, all of which regulate glucosinolate hydrolysis
and isothiocyanate volatilization (Ji et al., 2024). Together, these findings
position Brassica residue incorporation as a biologically active, non-chemical
complement to current residue management strategies in wheat, particularly
where soilborne pathogens are a persistent constraint.
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Together, advances in residue management and tillage support a threshold
and context-dependent view of soilborne disease control in wheat. Reduced
tillage and residue retention can be sustained without increasing disease
risk when biological decomposition and soil suppressiveness limit pathogen
activity, whereas high inoculum pressure under conducive environmental
conditions, like soil compaction, may need tillage or residue interventions to
reduce disease expression.

3.3 Advances in fertilization and fertilizer application
technologies

Nutrient management is a powerful lever for enhancing disease suppression
in wheat. An optimized nutrient supply strengthens plant defense mechanisms
and promotes beneficial soil microbiomes that contribute to pathogen
suppression. In contrast, excessive or imbalanced fertilization can compromise
plant resistance and increase susceptibility to disease. Recent research on
lignification and nutrient-driven resistance demonstrates that balanced macro-
and micronutrient availability, particularly nitrogen (N), phosphorus (P), and
silicon (Si), promotes structural fortification of wheat roots, increasing resistance
to soilborne pathogens such as G. graminis (take-all) (Gholizadeh Vazvani et al.,
2025: Smiley 1996). Complementary research demonstrates that nutrient-
mediated shifts in plant metabolism and the wheat rhizosphere can enhance, for
instance, populations of beneficial microorganisms involved in nutrient cycling
and pathogen antagonism (Kavamura et al.,, 2021; Wu et al., 2025). These
changes contribute to the development of suppressive soil environments that
reduce disease incidence. For example, the use of specific nitrogen sources
(e.g. nitrate-based fertilizers) and N application rates, along with the targeted
supply of micronutrients such as Fe, Zn, Mn, Cu, and B, can positively influence
plant health (Maywald et al., 2022, 2023; Tripathi et al., 2022). However, these
effects are highly site-dependent and influenced by multiple interacting
factors, including soil properties, environmental conditions, crop genotype,
and existing microbial communities. These micronutrients play essential roles
in plant metabolic processes, immune responses, and cell wall reinforcement,
thereby improving disease resistance, particularly under nutrient-limiting or
stress conditions (Jeevanraj et al., 2025).

In addition, advances in fertilization technologies have been shown to
improve nutrient management in wheat cultivation which ultimately supports
improved plant health. Controlled release and stabilized nutrient strategies
help synchronize nutrient availability with crop demand, reducing excessive
vegetative growth and canopy humidity that favor foliar pathogens (Govil et al.,
2024; Singh, 2015; Singh et al., 2025). Precision agriculture tools, including
variable rate nutrient application and remote sensing guided fertilizer
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management, have been demonstrated to improve nutrient distribution and
reduce localized nutrient excesses, thereby lowering pathogen favorable
microenvironments and reducing overall stress conditions that predispose
plants to disease (Silva et al., 2024; L. Wang et al., 2025). New foliar fertilizers,
including nano-enabled micronutrient fertilizers, have been shown to improve
nutrient solubility, uptake efficiency, and plant resilience against pathogens
(Chamani et al., 2024, 2023; Farouk et al., 2024).

3.4 Organic amendments for soil health and disease
suppression, microbiome-based strategies and biological
control

Organic amendments have become a central tool for enhancing soil resilience
and suppressing soilborne diseases in wheat and other cropping systems.
Compostsandvermicomposts helptoimprove soil structure, increase aggregate
stability, and enhance water-holding capacity, thereby creating physical and
biological conditions less favorable for pathogen proliferation (Edlinger
et al., 2025; Hafez et al., 2021; Ho et al., 2022; Suhani et al., 2025). Similarly,
biochar has been shown to improve soil chemical buffering, increase carbon
sequestration, and enhance nutrient retention while modifying soil microbial
communities, often enriching taxa associated with plant growth promotion and
pathogen suppression (Bhatt et al., 2024; De Medeiros et al., 2021; Guo et al.,
2025; Poveda et al., 2021). Furthermore, anaerobic soil disinfestation (ASD) is
gaining interest as a biological sanitation strategy for reducing soilborne fungal
and nematode pathogens while enhancing microbial diversity and overall
soil health (Rosskopf et al., 2015). ASD involves adding readily degradable
carbon sources, saturating soil, and inducing temporary anaerobic conditions
(Meshram et al., 2024). This fermentation process creates organic acids (like
acetic acid) and other toxic volatile compounds that are lethal to many fungal
pathogens, bacteria, nematodes, and weed seeds (Lopes et al., 2022).

In general, promoting beneficial microbes, including different bacterial
and fungal species, has the potential to enhance plant defenses by competing
with pathogens for nutrients and space, producing antimicrobial compounds,
inducing systemic resistance, and modulating root exudates to favor protective
microbial communities. These functions are well documented in microbiome
research, which shows that plants actively recruit beneficial microbial
communities that contribute to nutrient uptake, abiotic stress tolerance, and
suppression of soilborne diseases (Dilla-Ermita et al., 2021; Li et al., 2021).
The inoculation of biological control agents such as Trichoderma spp., Bacillus
subtilis, and Pseudomonas strains has been shown to reduce the incidence of
Fusarium, Rhizoctonia, and take-all diseases in wheat trials (Amein et al., 2008;
Choudaker et al., 2024; Delitte et al., 2025; Guzman-Guzman et al., 2025;
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Oulkhir et al., 2025; Stummer et al., 2025; Yang et al., 2018). Microbiome-
level studies show that wheat genotypes and soil environments shape the
recruitment of beneficial bacterial communities, highlighting the importance
of matching microbial inoculants to specific soil and crop contexts (Dilla-Ermita
et al., 2021). Recent advances include the use of microbial consortia rather
than single strains, enabling functional complementarity and more consistent
disease suppression across varying soil conditions (Liu et al., 2023). Seed
treatments and root inoculants are increasingly tailored to specific systems
and environments, integrating principles of precision agriculture to optimize
microbial establishment and activity (Cesco et al., 2026).

3.5 Soil pH and water management to support wheat health

Soil pH is a critical determinant of wheat growth and suscepitibility to disease.
Acidification has been shown to suppress the natural capacity of the soil
microbiome to antagonize pathogenic Fusarium species, particularly at pH
values below 5.0 (Li et al., 2023). Although wheat generally exhibits a broad
optimum for growth at soil pH 5.5 to 7.5, these findings highlight the importance
of careful pH management.

Importantly, bulk soil pH alone does not fully capture the chemical
environment experienced by roots. The rhizosphere, the narrow zone of soil
directly influenced by root activity, is the primary site of root-microbe and
root-pathogen interactions, and its pH can differ substantially from that of the
surrounding soil. Even when bulk soil pH is within an optimal range, rhizosphere
acidification or alkalinization may occur, potentially creating conditions that
favor pathogen infection (Youssef and Chino, 1989). In this regard, nitrogen
fertilization plays a key role in shaping rhizosphere pH and microbial community
structure. In particular, ammonium-based fertilizers can induce localized
acidification, altering rhizosphere pH, microbial assemblages, and potentially
reducing populations of beneficial microbes that suppress pathogens through
competition or antagonism (Li et al., 2023; Maywald et al., 2022). While a
neutral rhizosphere pH can help suppress wheat diseases, elevated pH levels
may decrease the bioavailability of key micronutrients, including Fe, Zn, and
Mn, thereby weakening plant metabolism and pathogen defense mechanisms.

Water management interacts closely with nutrient and pH strategies. Well-
regulated soil moisture facilitates uptake of macro- and micronutrients that
strengthen structural and enzymatic defenses, while drought and waterlogging
disrupt nutrient acquisition and alter rhizosphere pH. Excessive soil moisture
caused by poor drainage, low-lying topography, heavy rainfall, or over-
irrigation creates favorable conditions for the development of several important
soilborne pathogens. These moisture anomalies can be rapidly detected using
satellite imaging technologies. In addition, continuous monitoring of soil water
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content provides critical decision support for agricultural water management,
enabling timely irrigation adjustments, improved drainage planning, and
early disease risk assessment (Kassaye et al., 2020). Persistent waterlogging
reduces oxygen availability, impairs root metabolism, and weakens structural
and biochemical defenses, conditions shown to increase susceptibility to
root and crown diseases in wheat including Fusarium spp., R. solani, and G.
graminis (Chhabra et al., 2025). Additionally, avoiding excessive irrigation that
increases canopy wetness during heading and grain filling reduces the risk of
foliar pathogens such as leaf rust, stripe rust, and leaf blotch disease (Alghawry
et al., 2021). Conversely, drought stress restricts plant water and nutrient
uptake, weakens cell wall fortification, and suppresses beneficial rhizosphere
microbial activity, thereby increasing plant susceptibility to certain diseases
under water-limited conditions. This can result in severe disease development
in arid or drought-prone environments, such as Fusarium crown rot caused by
F. pseudograminearum and tan spot caused by Pyrenophora tritici-repentis
(Marano et al., 2012; Xu et al., 2023). Under these circumstances, appropriate
irrigation can mitigate disease severity and improve crop yield by alleviating
host stress and enhancing plant defense mechanisms.

4 Conclusion and future trends in research

Recent advances in soil management have reinforced its central role in the
prevention and management of wheat diseases. Improved understanding
of soil-plant-pathogen interactions has led to the development of diverse
management tools, including optimized nutrient management, residue
handling, soil structure improvement, and microbial-based approaches
that enhance soil suppressiveness. The integration of precision agriculture
has further strengthened these practices by enabling site-specific soil
management, reducing disease-conducive conditions, and improving input
efficiency. Emerging applications of artificial intelligence offer additional
potential by generating disease risk maps, optimizing resource allocation,
and supporting timely, proactive disease management decisions. From an
economic standpoint, not all soil management advances offer the same level
of feasibility for widespread adoption. Practices such as optimized nutrient
management, improved residue handling, and conservation tillage are
generally cost-effective, as they rely on adjustments to existing farm operations
rather than major new investments. These approaches often provide dual
benefits by reducing disease pressure while improving yield stability and
input-use efficiency. In contrast, microbial-based products and engineered soil
suppressiveness, although promising, remain more variable in performance
and may involve higher costs and uncertainty, limiting theirimmediate adoption
at the farm scale. Microbial and biologically engineered solutions are likely to
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become more economically attractive as formulation stability, field reliability,
and cost efficiency improve.

In a similar way, despite their promise, many Al-driven and precision-
based systems are not yet sufficiently mature for widespread adoption, as their
current costs, data requirements, and technical complexity often outweigh
the immediate agronomic and economic benefits. Continued technological
development, improved accessibility, and robust validation under field
conditions will be essential to fully realize the potential of soil management
innovations in sustainable wheat disease control.

5 Where to look for further information

5.1 Emerging soil technologies and future innovations in soil
health

e Review article: What can artificial intelligence do for soil health in
agriculture? https://doi.org/10.1016/j.cosrev.2025.100832.

5.2 Foundations of soil health and sustainable soil
management

e SARE Outreach — Fred Magdoff, Harold van Es | 2021 (especially
Chapter 8), https://www.sare.org/wp-content/uploads/Building-Soils-for
-Better-Crops.pdf.

5.3 Crop disease identification and management in wheat
systems

e GRDC Grow Note Wheat Diseases: https://grdc.com.au/__data/assets/
pdf_file/0024/373911/GrowNote-Wheat-South-09-Diseases.pdf.
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