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Abstract

Effective irrigation management is a pillar of orchard productivity and an essential
practice for disease control. Water applications modulate soil moisture, canopy microcli-
mate, and plant status, directly influencing sporulation, dispersal, and infection cycles of
important plant pathogens, including powdery mildew, apple scab, root rots, Phytoph-
thora spp., Botrytis cinerea and bacterial species. Traditional overhead sprinklers can
increase the risk of some foliar and splash-dispersed diseases by prolonging canopy wet-
ness, but precision methods such as drip, subsurface drip, Regulated Deficit Irrigation
(RDI), and sensor-based scheduling deliver water to the root zone, minimizing foliar leaf
wetness and canopy humidity. Evapotranspiration-based scheduling avoids waterlogging
and root diseases. Integrating fertigation and biological amendments further suppresses
pathogens. This strategic approach enhances IDM and IPM, reduces chemical fungicide
reliance, and promotes climate-smart, economically viable, sustainable fruit production
with improved quality.
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1. Introduction

Orchards represent among the most economically significant and biologically complex of all
agricultural systems. Unlike annual crops that are replanted each season, perennial fruit
trees occupy the same soil for decades, creating persistent host-pathogen associations and
allowing soilborne inoculum to accumulate progressively under management practices that
inadvertently favour pathogen survival. The global economic burden of diseases in orchard
crops is considerable: losses in apple, citrus, mango, stone fruits, grapes, and pomegranate
systems are estimated to range from 10% to 40% of total production value annually, with
certain Pathosystems capable of devastating entire orchards when conditions align (Savary
et al. 2019). In South Asian orchard systems where mango, guava, citrus, banana, and
subtropical stone fruits collectively sustain millions of smallholder livelihoods phytopathogenic
diseases represent a persistent constraint on both productivity and market access (Savary et al.
2012).

Among all the agronomic inputs that shape the orchard environment, water stands apart in
the breadth and directness of its influence on disease. Irrigation is not merely a delivery mech-
anism for plant nutrition; it is a modulator of the soil physical environment, a driver of canopy
microclimate, a vector for pathogen dispersal, and a determinant of host physiological status.
The classical disease triangle susceptible host, virulent pathogen, and conducive environment
is more sensitive to irrigation decisions than to almost any other single management variable
(Agrios 2005). Water governs whether soils become saturated enough to release zoospores
of Phytophthora and Pythium; whether leaf and fruit surfaces remain wet long enough for
conidia to germinate; whether bark remains moist enough to permit secondary colonisation
by wood-decay fungi; and whether prolonged water stress alters root physiological and bio-
chemical defences sufficiently to increase susceptibility to necrotrophic pathogens (Erwin and
Ribeiro 1996; Kennelly et al. 2010; Achuo et al. 2006).

The history of orchard disease management has been dominated by chemical fungicides and
bactericides, and the last century has seen remarkable progress in the development of ef-
fective molecules targeting key pathogens. Yet the limitations of chemical-dependent sys-
tems have grown increasingly apparent: the evolution of fungicide resistance across popula-
tions of Botrytis cinerea, Venturia inaequalis, and Monilinia spp.; regulatory withdrawal of
broad-spectrum compounds; consumer demand for residue-free produce; and the economics
of repeated spraying in labor-scarce environments have all intensified the search for comple-
mentary, non-chemical strategies (Pertot et al. 2017; Holb et al. 2012). Strategic irrigation
management should therefore be considered a complementary component of integrated dis-
ease management, rather than a substitute for plant protection chemistry that restructures
the epidemiological environment in which pathogens operate.

The concept of ‘disease-conscious irrigation’ the deliberate calibration of water delivery
method, timing, volume, and spatial distribution to reduce pathogen-conducive conditions
has its intellectual origins in early observations that flooded or poorly drained orchard soils
consistently suffered higher incidences of root rot diseases than well-drained counterparts
(Ristaino and Thomas 1997). Over subsequent decades, this observation has been formalised
through controlled experiments, long-term field trials, and epidemiological modelling across
a wide range of orchard crops and Pathosystems. The convergence of precision irrigation
technology drip systems, subsurface emitters, soil moisture sensors, evapotranspiration
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models with advances in disease forecasting and integrated pest management has created a
genuinely new paradigm for orchard health management (Jones 2004; Irmak et al. 2011).

The importance of this paradigm is amplified by the realities of contemporary climate change.
Shifting precipitation patterns, extended drought periods punctuated by intense rainfall
events, and rising temperatures are simultaneously altering the water requirements of or-
chard crops and the epidemiological behaviour of their pathogens (Chakraborty and Newton
2011; Pautasso et al. 2012). In many semi-arid and sub-humid orchard regions of South
Asia, the Middle East, and the Mediterranean basin, groundwater depletion and increasing
irrigation costs are forcing a transition away from flood and furrow irrigation towards drip
and precision systems a transition that carries profound, and yet incompletely realised, im-
plications for disease dynamics. Understanding and exploiting these implications is both a
scientific opportunity and a practical necessity.

This review synthesises current understanding of the mechanisms and evidence underpin-
ning irrigation-based disease management across orchard systems, with attention to tropical
and temperate crops alike. It examines how different irrigation modalities interact with key
soilborne and foliar pathogens, how water quality and fertigation contribute to or mitigate
disease risk, and how irrigation management can be meaningfully embedded within integrated
disease management frameworks. The scope is deliberately broad, reflecting the cross-cutting
nature of water as a disease determinant and the need for orchard managers, pathologists,
and irrigation engineers to share a common conceptual language.

2. Irrigation disease interactions: mechanistic underpinnings
2.1. Soil moisture and soilborne pathogens

Soil moisture is arguably the single most important environmental driver of soilborne pathogen
activity. Species of Phytophthora and Pythium that cause root and crown rots require free
water in the soil matrix for zoospore production, release, swimming, and encystment on root
surfaces. Fusarium species do not produce zoospores; their responses to soil moisture depend
on species, propagule type, host, and soil conditions (Erwin and Ribeiro 1996; Broadbent and
Baker 2010). Drip irrigation, by confining wetted soil volumes and preventing waterlogging,
has been shown to reduce inoculum dispersal and root infection rates compared to flood
or furrow irrigation in apple, avocado, and citrus orchards (Dann et al. 2012; Ristaino and
Thomas 1997).

The relationship between soil saturation duration and Phytophthora infection risk has been
quantified in multiple studies. Soil texture and organic matter content can mediate water
movement and pathogen dispersal; This relationship should therefore be treated as system-
specific and supported by appropriate soilborne-pathogen studies.

Wilt-inducing pathogens such as Verticillium dahliae and Fusarium oxysporum also respond
to irrigation regimes, with higher soil moisture favouring hyphal growth and microsclerotia
germination (Inderbitzin and Subbarao 2014). Severe or prolonged drought stress may in-
crease susceptibility to Armillaria root rot in some orchard systems; however, the mechanism
should not be attributed specifically to reduced defensive exudates without direct evidence
from the cited Armillaria system (Sheedy and McLaughlin 2011).
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2.2. Canopy wetness and foliar diseases

Overhead and under-canopy sprinkler irrigation elevates ambient humidity and prolongs leaf
wetness duration two meteorological variables that are primary determinants of foliar disease
severity. The infection efficiency of conidia of Botrytis cinerea increases exponentially with leaf
wetness periods exceeding 12 hours (Elad and Evensen 1995; Holz et al. 2003). In grapevines,
switching from overhead to drip irrigation has been associated with reductions in Botrytis
bunch rot incidence of up to 35-50% in humid growing regions (English et al. 2014).

Bacterial diseases are equally sensitive to leaf wetness. Pseudomonas syringae pv. syringae,
the causal agent of bacterial canker in stone fruits, requires free moisture on leaf and blossom
surfaces for epiphytic population growth and infection through stomata (Kennelly et al. 2010;
Spotts et al. 2010). Xanthomonas arboricola pv. juglandis in walnut orchards similarly dis-
perses via irrigation-generated splash, with under-tree micro-sprinklers promoting pathogen
spread more than drip delivery systems (Teviotdale et al. 2011).

Apple scab (Venturia inaequalis) and powdery mildew (Podosphaera leucotricha) present
contrasting responses to irrigation. Apple scab, an ascomycete requiring prolonged wetness
for ascospore discharge and infection, is exacerbated by overhead irrigation, while powdery
mildew infection is inhibited by high leaf surface moisture, which disrupts conidia germination
(MacHardy 1996; Gadoury et al. 2011). These divergent responses underscore the necessity
of pathogen-specific considerations in irrigation design.

2.3. Water stress and host resistance

Plant water status has direct and indirect effects on disease resistance expression. Mild, tran-
sient water stress has been reported to induce priming of salicylate and jasmonate-mediated
defence pathways, a phenomenon exploited by regulated deficit irrigation (RDI) protocols
(Achuo et al. 2006; Perez-Donoso et al. 2010). In contrast, chronic or severe water deficit
suppresses stomatal closure responses, impairs reactive oxygen species (ROS) signalling at
infection sites, and reduces the synthesis of preformed antimicrobial compounds (Amtmann
et al. 2008).

In citrus orchards, trees subjected to moderate water stress showed enhanced tolerance to
Phytophthora gummosis when compared with well-irrigated controls in one study, attributed
to enhanced suberin deposition in root cortex cells (Serrano et al. 2011). However, such
outcomes are highly cultivar- and rootstock-dependent, and generalisation is problematic
without detailed physiological assessment of each production system.

3. Irrigation methods and their disease implications
3.1. Drip and subsurface drip irrigation

Drip irrigation (DI) and subsurface drip irrigation (SDI) are widely regarded as the most
disease-suppressive irrigation modalities for orchard crops (Enciso et al. 2009; Phene et al.
2014). By delivering water directly to the root zone through emitters positioned at or below
soil surface, these systems minimise foliar wetting, restrict the soil volume that remains
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moist, and reduce splash dispersal of soilborne inoculum (Hillel 2012). Studies in apple,
peach, and olive orchards across the Mediterranean and Pacific coast regions have consistently
demonstrated lower incidences of crown rot, root rot, and Phytophthora-related diseases under
DI relative to furrow or overhead irrigation (Dann et al. 2012; Rolshausen et al. 2010).

Subsurface drip delivery offers additional advantages by maintaining dry soil surfaces, thereby
inhibiting germination of sclerotia and other surface-persisting propagules (Lazarovits et al.
2010). In addition, SDI systems can be used to deliver biological control agents including
Trichoderma harzianum, Bacillus subtilis, and plant growth-promoting rhizobacteria (PGPR)
directly into the root zone, synergising irrigation management with biological disease control
(Fravel et al. 2010; Pal and McSpadden Gardener 2006).

3.2. Micro sprinkler and overhead irrigation

Micro-sprinkler and overhead sprinkler systems, while advantageous for frost protection and
heat mitigation, pose elevated disease risks due to canopy wetting and splash dispersal (Elmer
and Ferrandino 2010). In high-value stone fruit and berry orchards, the adoption of under-
tree micro-sprinklers as a compromise between disease suppression and evaporative cooling
has gained traction, though evidence on disease impacts relative to full overhead systems
remains mixed (Holb et al. 2012). Timing irrigation events to morning hours ensuring rapid
canopy drying has been shown to reduce Botrytis severity by 20-30% compared to evening
irrigation in strawberry and grape systems (Williamson et al. 2010).

3.3. Regulated Deficit Irrigation (RDI)

Regulated deficit irrigation involves intentional imposition of mild water stress during specific
phenological periods to manipulate vegetative growth, enhance fruit quality, and indirectly
modify the canopy microenvironment (Fereres and Soriano 2007). In dense orchard canopies,
excessive vegetative growth creates humid interior microclimates that are conducive to foliar
and fruit diseases. RDI-induced reduction in shoot elongation and canopy closure has been
associated with improved air circulation, reduced relative humidity within the tree canopy,
and lower incidence of Botrytis grey mould, powdery mildew, and Monilinia fruit rots in
peach, nectarine, and grape (De la Rosa et al. 2011; Mpelasoka et al. 2011).

The application of RDI during the post-harvest period in perennial fruit crops allows soil to
dry out adequately, reducing the carry-over inoculum of soilborne pathogens into the following
season (Sau et al. 2022). However, RDI protocols must be carefully calibrated against crop
phenology, rootstock sensitivity, and climate variability to avoid yield penalties or stress-
induced susceptibility to bark-colonising pathogens such as Botryosphaeria and Diaporthe
spp. (Urbez Torres 2011).

3.4. Sensor based and precision irrigation scheduling

The integration of soil moisture sensors (tensiometers, capacitance probes, FDR sensors),
weather-based evapotranspiration (ET) models, and canopy temperature monitoring into irri-
gation scheduling represents a transformational opportunity for disease-conscious water man-
agement (Jones 2004; Irmak et al. 2011). Precision scheduling prevents both over-irrigation
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which creates anaerobic, pathogen-conducive root zones and under-irrigation which compro-
mises host defence competence (Pardossi et al. 2009).

Disease forecasting tools are available for pathogen-specific risk assessment. RIMpro has been
used for apple scab caused by Venturia inaequalis, while MARYBLyT has been developed
for fire blight forecasting (Trapman and Jansonius 2010; Moltmann et al. 2014). Botrytis
forecasting approaches have also been developed, but their use specifically for automated
irrigation control requires system-specific validation. Irrigation decisions should therefore
be coordinated with disease-risk forecasts rather than assuming that withholding irrigation is
universally appropriate. Such systems represent the frontier of irrigation-based phytosanitary
management, though their accessibility to smallholder farmers in developing regions remains
limited by technology and cost barriers (Rao et al. 2019).

4. Key orchard pathogens and irrigation sensitivity
4.1. Phytophthora spp.

Phytophthora root and crown rot, caused primarily by P. cinnamomi, P. citrophthora, and P.
parasitica, ranks among the most economically devastating soilborne diseases across avocado,
citrus, macadamia and stone fruit orchards globally (Erwin and Ribeiro 1996). Zoospore-
mediated infection is obligately dependent on saturated or near-saturated soil conditions,
making irrigation management the most important non-chemical management lever available
(Ristaino and Thomas 1997; Broadbent and Baker 2010). Orchard trials consistently demon-
strate that converting from flood irrigation to drip reduces Phytophthora incidence by 40-70%
where soil drainage is adequate (Dann et al. 2012).

4.2. Armillaria and Rosellinia root rots

Armillaria root rot, caused by A. mellea and related species, and Rosellinia necatrixz white
root rot present complex relationships with soil moisture. Both pathogens spread via rhi-
zomorphs and mycelial fans through moist soil (Sheedy and McLaughlin 2011). Irrigation
practices that create long-duration moist soil corridors between trees facilitate rhizomorph
extension. Irrigation should be managed to avoid prolonged soil saturation and excessive
moisture around the trunk base, but recommendations must be tailored to pathogen biology,
soil drainage, and crop water requirements.

4.3. Grey mould

Botrytis cinerea, the causal agent of grey mould, is a ubiquitous necrotrophic pathogen affect-
ing fruits, flowers, and green tissues across virtually all orchard crops (Elad et al. 2016). Its
management through irrigation centers on canopy management to promote drying. Evidence
from strawberry, a non-orchard fruit crop, indicates that overhead irrigation can increase
Botrytis grey mould severity compared with drip systems; this should be regarded as support-
ive evidence from outside orchard systems rather than direct orchard evidence (Williamson
et al. 2010). The emerging application of ultraviolet light treatments after irrigation, informed
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by knowledge of Botrytis photobiology, represents a novel integration of irrigation timing with
physical control (Onofre et al. 2021).

4.4. Fire blight

Fire blight, caused by Erwinia amylovora, is the most destructive bacterial disease of pome
fruits worldwide. While primarily spread by insect pollinators and rain splash, irrigation-
generated spray can facilitate inoculum dispersal and secondary spread within orchards
(Steiner 2000; Moltmann et al. 2014). Reducing overhead irrigation during flowering and
early fruit set, when the pathogen actively colonises blossoms, is an established management
recommendation (Wallis 2010). Fertigation with calcium which strengthens cell walls and
reduces blossom susceptibility has also been integrated with drip irrigation systems as a
preventive measure (Biggs 2014).

4.5. Crown gall

Agrobacterium tumefaciens (syn. Rhizobium radiobacter) is widely distributed in orchard
soils and infects roots and crowns through wounds, causing crown gall tumours that disrupt
vascular function (Escobar and Dandekar 2003). Irrigation practices that cause physical
wounding including high-pressure systems that erode soil around roots and those that create
saturated conditions favouring root tip damage and subsequent bacterial entry, contribute
to disease establishment. The use of gentle, targeted drip delivery near but not directly at
the crown minimises mechanical and waterlogging-associated infection risk (Burr and Otten
1999).

5. Water quality and pathogen introduction irrigation

The quality of irrigation water is a frequently overlooked vector for introducing phy-
topathogens into orchard systems. Surface water sources rivers, ponds, and reservoirs
frequently harbour zoospores of Phytophthora spp., as well as bacterial pathogens and
plant-parasitic nematode larvae, particularly where upstream agricultural or woodland
areas act as inoculum sources (Hong and Moorman 2005; Sutton et al. 2006). Detection of
Phytophthora in irrigation water bodies has been reported across Australia, Europe, and
North America at frequencies ranging from 10-60% of sampled sites (Themann et al. 2002;
Hiiberli et al. 2013).

Management strategies for irrigation water quality include UV irradiation, slow filtration
through sand and biofilter beds, chlorination and copper-based treatments (Runia 2011;
Ghimire et al. 2011). Slow sand filtration biofilters have demonstrated efficacy in removing
or inactivating Phytophthora, Pythium and Fusarium propagules from recirculating irriga-
tion water in nursery systems, with efficacy rates exceeding 99% under optimised conditions
(Wohanka 2002). The adoption of water treatment technologies in commercial orchards,
however, remains limited by infrastructure and operational costs (Rao et al. 2019).

Nematode-infested irrigation water is a particular concern in mango, banana, and citrus
orchards in South Asia, where open canal irrigation networks traverse areas supporting diverse
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weed and crop hosts of Meloidogyne and Paratylenchus spp. (Sikora et al. 2018). Pre-filtration
with mesh filters and periodic water testing are minimum-standard recommendations for
orchard operations relying on surface water sources (Sutton et al. 2006).

6. Fertigation integration and disease modulation

Fertigation the delivery of fertilisers through irrigation systems provides a unique nexus be-
tween nutrient management and disease suppression (Bar-Yosef 1999). Nutrient-mediated
effects on disease susceptibility are well-established: nitrogen excess promotes succulent tis-
sue growth attractive to necrotrophic pathogens, while calcium deficiency weakens cell walls
and increases susceptibility to Botrytis, Monilinia and fire blight (Biggs 2014; Dris et al.
2011).

Fertigated potassium silicate and calcium applications have been investigated as resistance
inducers in orchard crops. Silicon applications through drip irrigation systems in citrus and
grapes have been shown to reduce powdery mildew and Phytophthora gummosis incidence, ap-
parently through enhancement of epidermal cell wall thickness and induction of defense gene
expression (Fortunato et al. 2012; Datnoff et al. 2007). Similarly, phosphonic acid/phospho-
nate fertigation widely used in avocado and other orchards suppresses P. cinnamomi activity
through both direct fungitoxic effects and induction of host resistance (Forster et al. 1998;
Guest and Bompeix 1990).

Biological amendments delivered through fertigation systems represent an emerging strategy.
Bacillus subtilis, Trichoderma asperellum, and mycorrhizal fungal inoculants applied through
drip systems have demonstrated consistent reductions in soilborne disease incidence in exper-
imental and commercial orchard trials (Fravel et al. 2010; Harman 2011). The compatibility
of biological agents with co-applied nutrients and the pH of irrigation water are critical tech-
nical parameters that require careful management to maintain viability and efficacy (Pal and
McSpadden Gardener 2006).

7. Climate change, irrigation and emerging disease pressures

Climate change is reshaping the epidemiological landscape of orchard diseases in ways that
directly interact with irrigation requirements and strategies (Chakraborty and Newton 2011).
Projections indicate that rising temperatures will expand the geographic range of several key
orchard pathogens including Phytophthora ramorum, fire blight, and Xylella fastidiosa while
altering seasonal patterns of disease risk (Pautasso et al. 2012). Simultaneously, increased
drought frequency and intensity in many orchard-growing regions will necessitate deficit ir-
rigation strategies, with attendant implications for disease susceptibility patterns (Trenberth
et al. 2014).

The interaction between heat stress and disease susceptibility is particularly relevant for
orchards in South Asian and Mediterranean climates. High temperatures have been shown
to impair the hypersensitive response (HR) in apple and tomato, reducing the effectiveness
of resistance gene expression against bacterial and fungal pathogens (Wang et al. 2019).
Irrigation-based cooling strategies including evaporative cooling through micro-sprinklers may
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therefore serve dual purposes of thermal stress mitigation and preservation of innate disease
resistance mechanisms (Glenn et al. 2010).

Furthermore, erratic precipitation and increased irrigation frequency associated with climate
variability create more complex and dynamic soil moisture regimes that challenge pathogen
management. The development of climate-responsive irrigation scheduling tools that integrate
pathogen risk forecasting informed by epidemiological models calibrated to projected climate
scenarios is an urgent research priority (Garrett et al. 2011; Luck et al. 2011).

8. Irrigation within Integrated Disease Management (IDM) frameworks

Effective integration of irrigation management within IDM frameworks requires that irrigation
decisions be systematically evaluated alongside variety selection, rootstock choice, canopy
management, biocontrol applications, chemical inputs, and sanitation practices (Pertot et al.
2017). The concept of ‘irrigation scheduling for disease management’ as opposed to scheduling
purely for yield optimisation necessitates access to pathogen-specific wetness thresholds, soil
moisture monitoring tools, and orchard-specific epidemiological knowledge (Kennelly et al.
2010).

In apple and pear orchards, integrated programmes combining drip irrigation, canopy-
reducing pruning, calcium fertigation, and decision-support-system-guided fungicide
applications have achieved effective management of fire blight, apple scab, and Botrytis with
significantly reduced pesticide inputs relative to calendar-based spray programmes (Trapman
and Jansonius 2010). The (Racca et al. 2011) reference concerns a phenological model for
winter oilseed rape rather than orchard disease management and has therefore been removed
from this statement. In subtropical mango and citrus orchards, drip-based IDM systems
combining phosphonate fertigation, biocontrol agents and pathogen-forecasting models have
shown promising results in managing Phytophthora and dieback diseases (Forster et al. 1998;
Menge et al. 1977).

The training and extension dimensions of IDM adoption cannot be overstated. Smallholder
fruit growers in India, Pakistan, and Bangladesh who together manage millions of hectares
of orchard crops often lack access to drip irrigation infrastructure, soil moisture monitoring
tools, and pathogen forecasting services (Savary et al. 2012). Scaling up disease-conscious
irrigation management in these contexts requires targeted investment in technology transfer,
cost-effective sensor technologies, and community-level extension programmes that contextu-
alise global research findings for local conditions (Mittal et al. 2020).

9. Conclusion

Strategic irrigation management represents a powerful, underutilised tool in the arsenal of
orchard disease management. The evidence reviewed here demonstrates unequivocally that
irrigation method, timing, volume, scheduling precision, and water quality each exert sig-
nificant effects on the establishment and severity of diseases caused by soilborne and foliar
phytopathogens. Drip irrigation offers compelling advantages over overhead and flood sys-
tems by restricting soil saturation, minimising foliar wetness, and enabling precise fertigation
with disease-suppressive amendments.
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