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Abstract

Adequate water provision to roots is essential to warrant sustainable harvests of agri-
cultural crops globally. However, water applied in excess or in deficit may result in the
development of many fungal and bacterial plant diseases, which compromise produce
yield and quality. Leaf wetness duration, soil water tension and related water variables
impact several aspects of different plant disease cycles, such as the sporulation, sur-
vival of pathogen propagules, their dispersal to new hosts, germination and infection.
Irrigation is thus arguably the most important cultural practice in the management of
plant diseases, especially in the context of the quest of a more sustainable, less chemi-
cally dependent agriculture. The technology of water application and method of irriga-
tion have been profusely studied as to their direct relation to plant diseases. Irrigation
management has a strong impact on the disease severity and epidemic progress rates of
many plant pathosystems, ranging from leaf blights to vascular wilts. In addition, plant
virus vector population levels and vector dispersal are also affected by the method of
irrigation. This chapter reviews experimental data on the effect of different irrigation
configurations and management systems on some representative plant diseases.

Keywords: bacteria, nematode, oomycetes, fungi, virus, leaf wetness, pathogen
propagule, dispersion, water

1. Introduction

Plant diseases are one of the main constraints for agricultural production, leading to great loses
annually all around the globe [1]. Plant pathology evolved along with agriculture, starting with
the earliest farmers competing against plant pathogens with religious, supernatural or other
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practices [2] to come to the modern era, where science is used to track the conditions which
favors pathogens and consequently allows growers to how to avoid them on a rational basis.

The irrigation efficiency not only ensures the most efficient crop growth, but it is also essential
for high-quality production of seeds, food, textiles and other produce with increasing percep-
tion of the economical and environmental impacts. It is estimated that 30—40% of the world
food production is from irrigated agriculture [3, 4]. Its importance can be exemplified by
reports on potato production which indicate that variations as low as 10% of the potato water
need result in significant yield losses, either from water deficiency, leading to deformation
and reduced tuber size, or excess, which increases the intensity of many diseases [5].

Choice of the irrigation system in itself, regardless of the volume of the water supply, affects
plant development as well as disease onset, pathogen dispersal and rates of disease prog-
ress. For example, furrow irrigation which requires large amounts of water, usually demands
higher rates of nitrogen fertilization which can predispose the plant to many diseases; in addi-
tion, soil borne pathogens easily spread in the irrigation furrows following water flow [6].
In areas infested with Ralstonia solanacearum, the furrow and some drip irrigation systems
increased tomato wilt incidence and reduced yield, while conventional overhead sprinkler
irrigation had much lower disease levels and higher yields [7, 8].

Drip irrigation, in addition to a more efficient water use, is usually recommended to avoid
wetting of aerial plant parts and generally results in less foliar diseases [9]. On the other hand,
the direct (mechanical) and indirect (environmental) effects of delivering irrigation water
droplets onto the leaf surfaces have been demonstrated to significantly reduce powdery mil-
dews on Cucurbitaceae [10], Fabaceae [11] and Solanaceae [12] while also depressing virus
vector movement [13]. These two situations indicate that diseases vary as to their response to
irrigation. Therefore, a precise determination of the disease frequency and intensity in a given
area must be done before choosing the most adequate irrigation method.

The sprinkle irrigation systems usually allow for better water distribution to the crop, at rea-
sonable economic costs. It is generally more efficient than furrow irrigation, but it promotes
foliar wetting, required for many pathosystems, and is favorable to propagule dispersion,
especially of bacterial and most fungal spores.

In addition to the choice of the irrigation method, other factors must be taken into consider-
ation, such as irrigation timing. Most fungal plant pathogens produce spores during night-
time, being dispersed after dawn. Consequently, morning irrigations are prone to dislodge
and disperse spores, also offering humidity and free water for germination at the leaf surface.
Some fungal pathogens may form spores or propagules later in the day and are thus favored
by afternoon irrigations, while night irrigation will reduce spore dispersion, as reported for
Phytophthora infestans [14].

With exception of the members of the Erysiphales (Ascomycota), fungi and bacteria need free
water on the leaf surface to initiate infectious processes. In fact, the leaf wetness duration has
been considered the most determinant microclimatic variable for disease establishment and
progress, and it is one of the main variables monitored in disease prediction systems [15].
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The pathogen success in establishing itself in the aerial plant parts is highly dependent on the
duration of foliar wetting, which is directly affected by irrigation timing and other factors [16].
If the moisture provided by irrigation is enough to retain free water in the plant surface for
the minimum time required for infection, it will lead to more intense disease epidemics. For
many years, we have observed that processing tomato in Central Brazil display significantly
lower incidence of diseases caused by Phytophthora infestans, Septoria solani, Xanthomonas spp.
and Alternaria spp. under drip when compared to sprinkle irrigation.

In addition to water availability, the evaporation process must be considered. Evaporation
is affected directly by relative humidity, air temperature, wind speed, air vapor pressure
[4] and plant tissue position. For example, within Israeli climatic conditions, sprinkler-
irrigated tomato leaves take from 5 min (external leaves, strong wind, 36°C, 16% RH) to 4 h
(internal leaves, no wind, no direct sun, 17°C, 16% RH) to dry. In the latter climatic condi-
tions, the leaves may remain wet until dew formation at nighttime, completing a total 20 h
of total humidity [17]. A similar phenomenon occurs in the dry season (April-September)
in Central Brazil, when almost all processing tomato and potato crops are grown. Both
crops are hosts of late blight (caused by the oomycete Phytophthora infestans) and early
blight (caused by the true fungus, Alternaria solani). These pathogens have different resis-
tance levels to dryness and widely different temperature requirements, serving as illustra-
tive models for the discussion on infection and the influence of the leaf microenvironment
on disease severity.

The way plant pathogens relate to irrigation and water availability depends on a diverse
number of characteristics intrinsic of each group of microorganisms. In the present review,
diseases and their respective causal agents were grouped according to their primary niche in
the plant, either diseases of aerial plant parts or as crown and root diseases. Other divisions
were made below for clarifying the effect of the water on each plant part or phase of the
disease cycle. Oomycetes, for example, are very well adapted to the availability of free water,
while other fungi, as the Erysiphaceae, (the powdery mildews) have a negative interaction
resulting in damage of conidia when overhead irrigation is used. Bacteria are also highly
dependent on water to prevent desiccation (which usually causes sharp decrease on their
populations) and then to allow multiplication until they reach the threshold numbers neces-
sary for invasion and infection. Fungi with a gelatinous matrix also respond differently when
compared to other fungal groups: For instance, aerial transport by wind does not play an
essential role for these organisms, whereas sprinkler irrigation typically provides the main
dispersal method.

2. Diseases of the aerial plant parts

Fungi, oomycetes, virus and bacteria infect aerial parts of susceptible host plant (leaves, stem,
flowers and fruits) resulting in diseases responsible for losses due to direct damage to the
commercial produce or to yield reduction as a consequence of impaired photosynthesis and
loss of photoassimilates.
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These pathogens, different from the soil-habitant ones, must be resilient to adverse environ-
mental conditions such as dehydration, large temperature fluctuations, nutrient scarcity in an
epiphytic phase, incidence of UV light, among other physical, chemical or biological harmful
factors [18].

While wind plays a critical role on the dispersion of plant pathogens, irrigation water and
rain, provide conditions for spore germination, avoiding desiccation of fungal and bacterial
cells or, in some instances, damaging propagules sensible to water.

Many reports have indicated that more frequent sprinkle irrigations increase disease inci-
dence of several foliar diseases [6, 14]. The understanding of the dynamics of each patho-
system is therefore mandatory for choosing the method of irrigation to be implemented in a
given situation.

While oomycetes, fungi, bacteria and viruses all infect aerial parts of plants and are affected
by irrigation, the latter is indirectly influenced because water affects insects and other vectors
which transmit them.

2.1. Oomycetes

The oomycetes, long treated as fungi and studied by mycologists due to their morphologi-
cal, functional and ecological similarities with the Fungi Kingdom actually belong to the
Chromista Kingdom and are more closely related to algae than to fungi [19]. They include
Phytophthora wilts and blights, the downy mildews caused by the Peronosporales, the white
rusts (genus Albugo) and root, crown and fruit rots by the genus Pythium and Phytophthora.

In general, oomycetes are greatly dependent on high humidity levels for all stages of the life
cycle, including sporangia formation [20], and especially so for the indirect germination of
sporangia in the form of zoospores, a process of great epidemiological consequence which
requires not only high humidity levels, but actual free water [21]. High relative humidity (RH)
can be achieved in several ways, including the method of application of irrigation water, high
plant density and reduced plant spacing [22]. Shtienberg [23] also warned about the use of
polyethylene mulch as a means to increase irrigation efficiency by reducing water evaporation.

Irrigation may also be responsible for the short or long-distance introduction of oomycete
inoculum into new growing areas, which was reported for the first time in 1921 [24]. Ranging
from 6 to 45 days, the survival of plant pathogen propagules on irrigation water varies accord-
ingly to the pathogen species, other abiotic conditions (temperature, pH, etc.) and especially
with the propagule type [25, 26].

Free water on leaves, generally reported as leaf wetness duration, is a combined consequence
of rains, irrigation events and microclimatic conditions prevailing in the plant canopy. Due
to the strong dependence of oomycetes to leaf wetness, the ones infecting aerial plant parts
can be controlled by the choice of irrigation method in favor of the systems that reduce leaf
wetness. This has been shown for Peronospora sparsa, the causal agent of the blackberry downy
mildew [22]. Mildew severities of 97% were recorded in the sprinkler overhead irrigation,
compared to less than 10% in the drip system. Greater severity was associated with larger
periods of time of leaf wetness durations, in the sprinkler irrigated treatment.



Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

Other oomycetes can be controlled by drip irrigation, as for Phytophthora infestans infecting
greenhouse-grown tomatoes [27], or even in tomato field crops, planted in the dry season in
the Brazilian Midwest (unpublished). P. infestans requires 2 to 6 h of leaf wetness (depending
on temperature); nevertheless, high humidity levels inside the greenhouse (due evaporation)
may favor disease development, stimulating spore germination [23, 28].

2.2. Gelatinous matrix fungi

Fungus is one of the most diverse Kingdoms, with many species pathogenic to plants. Most
fungi do not require water for spore dispersion, being easily dispersed in the dry air. However,
numerous fungi, including important plant pathogens, are dependent on water splash for
the dissemination. Commonly, this kind of fungi produces conidia associated to a gelatinous
matrix in asexual sporulation structures such as picnidium (Ascochyta, Phoma, Septoria) or
acervulus (Colletotrichum).

If one fungus species requires water splash for dispersion, again the type of irrigation has a
strong effect on such group of pathogens. The size and amount of the water drops may alter
its capacity of spore dispersion, since smaller drops are unlikely to dislocate and disseminate
spore from one spot to another [29].

An example of the effect of irrigation method on fungi dissemination are the high severities
of gummy stem blight (Didymella bryoniae) and anthracnose (Colletotrichum gloeosporioides f.
sp. cucurbitae) of watermelon irrigated by overhead sprinkler, which presented reduced pro-
ductivity and fruit quality. When shifting overhead to furrow irrigation, both diseases were
drastically reduced [6]. These changes were associated with strong reductions of the foliar
and fruit wetness periods, resulting in less dispersion and germination of spores. The same
pattern was seen for anthracnose (Colletotrichum acutatum) in strawberry, when drip irriga-
tion leads to very low disease incidence, postponing disease onset, and, therefore, reduc-
ing loses [30]. The same pattern has been observed for sweet pepper anthracnose, caused by
Colletotrichum spp. (unpublished) and Septoria lycopersici on tomato [31]. For the septoria leaf
spot, disease progress rates varied widely in the sprinkler, microsprinkler, drip and furrow
irrigated plots, and severity increased most in treatments that kept leaves wet the longest.

The concept of leaf wetness is also an issue for Glomerella cingulata in apple. This pathogen
requires high RH (>99%) and foliar wetness duration of 2.76 h, for significant germination of
conidia. Additionally, the spore release from the acervuli and subsequent dispersal need rain
or irrigation water for the splash-dispersal effect. Therefore, in the absence of these condi-
tions, lesions are sparse and do not spread, even within a single host plant [15].

2.3. Dry propagule fungi

Several species in the Fungi Kingdom reproduce asexually by producing dry conidia, with no
gelatinous matrix, and may or may not be affected by irrigation management.

Powdery mildew, for example, caused by anumber of species on the Erysiphaceae (Ascomycota),
can infect several hosts, and is characterized by the presence of a whitish growth (mycelium,
conidiophores and conidia), mainly in the adaxial leaf surface. Still fairly dependent on
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humidity as several other pathogens, its development may increase until a maximum of 80%
RH as reported for Uncinula necator in grapevine [32]. Nonetheless, different from other fungal
diseases, sprinkler irrigation is harmful for powdery mildews disease progress. The mechani-
cal impact of water droplets harms the fungal structures, hindering disease progress. This phe-
nomenon was previously found by Ruppel et al. [33] who observed lower disease incidence
on sprinkler-irrigated sugar beet fields when compared to furrow irrigated ones. The effect of
free water in powdery mildew conidia was analyzed by Shomari and Kennedy [34] in conidia
of Oidium anacardii, a pathogen of cashew, by immersion of infected leaves in water, exhibiting
a significant reduction on spore germination after an immersion period of 4 h. This interaction
with conidia is only seen before germination: after that phase, leaf wetness does not influence
any further on the host tissue colonization.

Other examples of the irrigation effects over powdery mildew may be seen with Leveillula tau-
rica in tomato, which displays a critical increase of incidence when the crop is drip-irrigated,
due to the absence of free water on leaves [27]. On pumpkin, powdery mildew is progres-
sively reduced with increasing water volumes applied by the conventional overhead sprin-
Kkler irrigation system [10].

Conversely, Alternaria solani, the causal agent of tomato and potato early blight, does not
suffer any negative effects of sprinkler irrigation. In fact, A. solani, as the great majority of
plant pathogens that form dry propagules, benefits from the increased leaf wetness duration
delivered by irrigation systems that wet aerial plant parts. Processes such as spore production
and germination rates are favored. Reduced amounts of water may not markedly affect the
development of Alternaria diseases, since its dark, thick-walled, multicellular spores are resil-
ient to desiccation. In addition, germination of A. solani can take place with the only source of
moisture deriving from nighttime dew, without need for irrigations [6].

Fusarium head blights (Fusarium graminearum, F. culmorum, F. avenaceum) of maize, wheat
and other Poaceae, are economically devastating diseases not only for the direct losses of
reduced grain yield but also for the accumulation of mycotoxins in the produce. Timing of
irrigation is determinant for avoiding the occurrence of these diseases, and water should
be avoided before anthesis and early grain fill periods [35]. Irrigation or rain water stimu-
lates spore production, dispersion and germination of the Fusarium and of its sexual form
(Gibberella zeae). High humidity levels (>94%) are also a requirement for most of the disease
cycle phases [36, 37].

2.4. Bacteria

Bacteria, single-celled prokaryotes (1-2 um in size) which reproduce by binary fission, are
natural inhabitants on the rhizosphere or plant surfaces where they are mostly harmless as
residents or epiphytes. The plant pathogenic ones will cause problems to a susceptible host
only when conditions are favorable for their establishment, infection and multiplication.
These conditions include high humidity and poor air circulation around plants. A film of
free water on the leaf surface is the right condition for bacterial multiplication. Since they
are microscopic, their presence is noticed only in large quantities, such as colonies in labora-
tory culture media or as viscous substances oozing from plant vessels and biofilms, or upon
manifestation of symptoms of the diseases they induce.
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As for the diseases caused by oomycetes and true fungi, bacterial diseases in plants may occur
in the aerial plant parts, including leaves and fruits, causing several symptoms such as can-
kers, pustules, blights, spots and specks. The symptomatology may vary with plant variety,
host age and climatic conditions [38].

Bacterial diseases are strongly affected by irrigation. Water, because it is necessary for the
epidemiological processes of dispersal, infection and colonization, is considered one of the
most, if not the most, important inputs that move bacterial disease expression on most crops.

Leaf wetness is essential for bacterial infection and colonization of aerial parts of the plants.
Bacteria penetrate through wounds or natural openings such as stomata and hydathodes.
From diseased plants, bacterial cells are dispersed within and among fields through aerosols,
insects, windblown soil and sand particles, movement of plant propagules and water flow.

For instance, bacterial spot (Xanthomonas euvesicatoria) is a recurrent disease that can dev-
astate pepper fields whenever warm, wet weather is present. The pathogen is seed borne
and is responsible for the formation of leaf spots that harbors large number of bacterial cells.
Upon impacting on lesions, droplets from rain or overhead irrigation disperse bacterial cells
through many micro-droplets from infected plants to neighboring healthy plants, especially
under windy conditions. In addition, when foliage is wet, farm operations allow bacterial
cells from infected plants to be carried to healthy plants within or between field areas [39].

In this example, which applies to many other bacterial spot diseases, switching from over-
head to drip irrigation will warrant necessary moisture accessible to the roots while keeping
the foliage dry. It is necessary to keep in mind that, as discussed elsewhere in this chapter,
other diseases and pests might be favored by one particular kind of irrigation. An overall
analysis of the crop management is necessary for the decision-making process, in a way to
cope with different diseases and obtain desirable yields.

2.5. Viruses

Viruses are intracellular pathogens not capable of reproducing outside a living cell but pos-
sessing the genetic means for the manipulation of the host replication machinery for such
action.

Vectors of plant viruses have a major role on the epidemics of plant virus because they are
needed for the transportation and introduction of the virus particles into the host plant cell
[40]. Most plant viruses can be transmitted by one of several groups of insects. A minority
may also be vectored by other organisms such as mites, nematodes and pseudofungi (as those
from kingdom Protozoa) [41, 42]. Nematodes that disseminate plant viruses will be addressed
below. In some cases, diseases of complex etiology combine damages from the nematode with
the virus, compounding losses.

Irrigation water does not affect the several viral pre-infection stages that are found within the
fungi and bacteria life cycles. When lacking or in excess, water and irrigation may cause phys-
iological host changes, which may accentuate or attenuate symptoms or alter the relationship
of the vector with the virus and the host plant [43]. In some cases, the virus may protect its
host from severe drought by avoiding irreversible wilt, as reported by Xu et al. [44]. Another
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similar example is during the infection of wheat by the Barley yellow dwarf virus; when the host
is stressed from severe drought, the survival of the infected plant is increased, and it offers a
more favorable growth for the aphid vector, Rhopalosiphum padi [45]. Turnip plants suffering
from water deficiency stress can increase the transmission of Cauliflower mosaic virus (CaMV)
by 34%, while the transmission of the Turnip mosaic virus may be increased by 100%. The
increase in transmission was not related to higher virus tittering but for a rapid response by
CaMV in producing transmissible morphs [43].

The main effect of irrigation on plant virus diseases concerns its effects on the vectors.
Irrigation may affect the vectors, by altering its feeding habits, the efficiency of virus acquisi-
tion from an infected host, and, especially, by physically removing or disturbing the feeding
of the insect. This latter effect is most noticeable by the application of water by sprinkler
irrigation, which can reduce the population when compared to other irrigation methods in
experimental plots [46]. These findings were confirmed not only for whiteflies (Bemisia tabaci)
[27, 47] but also for Myzus persicae [48], each of which are important vectors of numerous plant
viruses worldwide.

3. Crown and root diseases

Crown and root diseases are caused by soilborne pathogens and usually result in great losses
since control measures are more difficult because the “enemy” is protected by the soil layers.
Frequently, soilborne pathogens lead to the abandonment of an infested field or make the
whole farm improper for the cultivation of particular crops. These soil pathogens belong to
different taxa in the fungi, oomycetes, bacteria and nematodes, and infect roots and crowns.
They spend most of their life cycle in soil, with high resilience to changes in the physical
environment and enhanced competitive skills. They are generally facultative pathogens, with
good saprophytic activity. The dispersal of these pathogens is mostly associated to soil move-
ment, adhered to implements and machines, even though spores of some may be dispersed
by wind and water [49]. In tropical and subtropical conditions, these pathogens are favored,
given the lesser oscillations in the soil physical parameters [50]. Soil is considered an environ-
ment that favors organisms which use water for movement, as the flagellate zoospores from
oomycetes, flagellate bacterial cells, and nematodes that move in water films. Evidently, all
these organisms may be passively transported even faster, and further, in flows of water.

The way irrigation methods affect crown and root diseases, and their causal agents vary
accordingly to the group of microorganisms and other characteristics, such as the capacity
for facultative anaerobiosis (in flooded or water-logged soil), which is conducive to soft rots
caused by pectolytic bacteria.

Nematodes, mostly soilborne pathogens, are highly affected by water availability, typically
by the aid of water for active movement in the root zone. Also, water allows for the passive
movement following the water flow on soil, as when furrow irrigation is used.

In the following sections, the same group of pathogens addressed previously is discussed for
the development root and crown diseases.
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3.1. Oomycetes in soil

Many of the previously addressed factors in topic 2.1 can be applied for oomycetes causing
disease in lower plant parts. The dependence on water still exists, although, different from the
aerial organs, soil tends to be more stable for physical factors in general, and for temperature
and humidity in particular, while it is a generally more competitive environment.

As for various pathogens, the epidemiology of a given oomycete is bound to irrigation or
rainfall intensity and frequency. Phytophthora capsici, for example, during seasons of intense
rainfall, causes much faster epidemics than when in conditions of moderate rainfall or irriga-
tion [51].

Soil oomycetes are in general highly adapted to survive in soil, with varying times of survival
accordingly to temperature and a few other abiotic factors. Irrigation water plays an espe-
cially important role on the dispersal of oomycetes, due to their flagellate zoospores. “True
fungi” (those in the Kingdom Fungi) do not have flagellate spores, and so are less efficiently
dispersed by soil water.

As discussed earlier, irrigation water and free soil water aid pathogens that are immovable,
as non-flagellate bacteria which go with the water flux, but also for zoospores of oomycetes,
flagellate spores that may dislocate in water [50]. Zoospores are also capable of host plant
detection, allowing chemotaxis to the host and a quick attachment to the host tissue and the
initiation of the infection process. Phytophthora parasitica, a pathogen of citrus, is one of those
organisms that uses water for dispersal: irrigation spreads this pathogen not only within one
field, but to an entire region, affecting growers that use the same water source [52]. The same
pattern is found for Phytophthora capsici, in bell pepper, tomato and squash fields: for this
pathogen, furrow irrigation has been shown to carry sporangia and zoospores to long dis-
tances. The number of infected plants along an irrigation line is attributed to the collection
of secondary inoculum produced by the first infected plants [53]. Phytophthora capsici and P.
parasitica were readily dispersed in furrow irrigation water up to 70 m from the point sources
of inoculum in Solanaceae and Cucurbitaceae [54], and the mere reduction of furrow irriga-
tion frequencies drastically reduced Phytophthora wilt on squash [53] and sweet pepper [55].

Frequent irrigations saturate soils and keep humidity for long periods of time, favoring prop-
agule dispersal. Bowers et al. [56] and Ansani and Matsuoka [57] showed that in warm condi-
tions (15-25°C), P. capsici resists for several days, even buried at several depths in the soil. In
addition, soil moisture may render some hosts more predisposed to oomycete infection [58].
However, this has not been confirmed for all oomycete pathosystems, as for P. capsici in bell
pepper [59]. Constant soil moisture at saturation or low saturation levels is not as positive for
disease development as fluctuations of soil moisture [60]. Therefore, a lesser number of irriga-
tion events are usually a form of disease control. For Pythium aphanidermatum in petunia, low
and constant irrigation reduced plant infection, in contrast with constantly saturated soils or
soils submitted to a cycling of wetting and drying [61].

Different irrigation methods may increase or reduce diseases caused by oomycetes in soil.
Gencoglan et al. [62] showed that drip irrigation was the most efficient system to avoid
P. capsici, with only 1.7% of incidence, versus 3.1% and 3.2% for furrow and sprinkler
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irrigations, respectively, and lastly and most prejudicial, basin irrigation, which caused 93.9%
dead plants. Several authors have confirmed that drip irrigation is the most efficient irrigation
method for oomycete control [63, 64].

3.2. Fungi in soil

True fungi in soil must not only survive humidity and temperature fluctuations but also the
competitive environment that prevails in the rhizosphere. The effect of irrigation is different
from what is commonly seen on above soil plant organs, and here, diseases may be favored by
drip irrigation due to the large availability of water next to the host roots and crowns.

Some plant pathogenic soil fungi have a complex relationship with the host, and infection
may be hampered at low soil moisture, while high soil moisture may reduce symptom expres-
sion and improve yields. For example, the most effective management strategy to reduce
Verticillium wilt, without decrease of dry matter production, is to irrigate at water deficit
levels to the host during the vegetative stage and at 90% of soil capacity during the production
phase (unpublished).

Accumulation of water in soil due to irrigation is increased when field soil is compacted
(e.g., as a consequence of intensive agrotechnical operations) and/or native pedosphere
properties (e.g., texture heavier soils). Several pathogenic soil fungi are favored by this
condition of reduced aeration, such as Fusarium oxysporum pv. solani, F. oxysporum pv.
phaseoli, Rhizoctonia spp. and S. sclerotiorum [65]. For Rhizoctonia infections causing root
dieback in Pinus nurseries, excessive water interacts negatively with the host due to lack of
root aeration, reducing growth and favoring the fungal infection. The ensuing root decay
and water accumulation further stimulates the development of other secondary plant
pathogens [66].

Irrigation may also aid on the propagule dispersion and disease development. For example,
Fusarium root rot (Fusarium solani f. sp. phaseoli) in beans is greatly reduced when sprin-
kler irrigation is used, contrarily to the negative effects of furrow or drip irrigations on
the disease [67]. For Sclerotinia minor, the causal agent of lettuce drop, drip irrigation has
a suppressive effect on the pathogen, while furrow increases substantially the sclerotial
population. Irrigation not only provided humidity but also lowered the soil temperature,
with furrow irrigation allowing the establishment of a more suitable temperature (18°C) for
the fungus [68].

As several other group of pathogens, fungi can also enter a new area by means of irrigation
water. Previous studies on V. dahliae in irrigated olives showed a great dispersion of propa-
gules [69] while its survival is also remarkable, with reports of up to 15,000 propagules of per
liter of water in ponds used for irrigation [70].

3.3. Bacteria in soil

Soil-associated bacteria are highly influenced by soil moisture. For most plant pathogenic
bacteria, high humidity favors disease onset and development. Incidentally, bacterial wilt
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(Ralstonia solanacearum) was first known as the “moisture disease” of potatoes, before the
causal agent was identified [71]. In fact, the disease is prevalent during the wet summers,
when high temperatures and high humidity are combined in a perfect condition for bacterial
multiplication.

When comparing irrigation methods on bacterial wilt, Marouelli et al. [7] found that disease
was significantly higher when processing tomato in Central Brazil was drip-irrigated, with
an average of 42.5% wilted plants, 65 days after seedling transplant, in comparison with 5.0%
incidence with sprinkle irrigation. Frequency of drip irrigation did not affect bacterial wilt
incidence. It is believed that drip irrigation maintains the plant rhizosphere close to field
capacity, thus favoring the disease, contrasting with the sprinkle irrigation, which provides
periods of dry and wet conditions. Furrow irrigation was not studied, but it would most
probably have an effect similar to the drip irrigation, or even more pronounced, if dispersion
of the pathogen in the furrow is taken into account.

Contrasting with bacterial wilt, potatoes are affected by common scab, induced by Streptomyces
spp. In this case, however, low soil humidity during tuber growth phase favors scab forma-
tion, what makes irrigation management recognized as one of the most efficient scab control
measures. According to Wharton et al. [72], keeping soil moisture near field capacity for a few
weeks at the beginning of tuberization substantially inhibits pathogen infection and disease
development. The most likely explanation for this phenomenon is that the maintenance of
high soil moisture is a condition that favors a more varied and competitive microbiota in the
host rhizosphere, to the detriment of Streptomyces species.

Overall, because plant pathogenic bacteria may be viable in water for long periods of time,
irrigation deserves special attention for two important epidemiological processes: survival
and dispersal [73].

3.4. Nematodes

Nematodes infect root systems of a great number of plants species and are one of the most dif-
ficult plant pathogens to control. Some parasitize upper plant organs, causing galls or lesions
on leaves and seeds. However, most nematodes are root pathogens that not only act as plant
parasites, but also facilitate infections by other soil pathogens, that penetrate through lesions
caused by the nematodes on the root systems.

Nematode populations usually keep a steady growth if a susceptible host is available, soil
texture is ideal and irrigation is not excessive (reducing oxygen availability), or restricted
(preventing movement), as reported for Meloidogyne enterolobii in guava [74].

The influence of water in this group of plant pathogens is mostly related to dissemination
and movement in soil. Soil moisture, depending on the nematode species is essential to
allow movement of juveniles and adults from colloid to colloid on water films around soil
particles.

In addition to active movement, eggs, juveniles and adult nematodes can be carried passively
by irrigation water to short or long distances. Nematode spreads through large field areas, if
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water is collected from the same infested source [75]. Also, intensive irrigation is conducive
to high nematode population levels, due to its effect on soil texture remodeling, altering abi-
otic conditions as aeration and particle arrangement creating new niches for protection [76].
Nematode locomotion depends on water, as studied for the ]2 of Meloidogyne incognita, which
could not travel against the water flow, limiting itself to resist the flow, trying to remain static.
In sand substrate tests, when water percolated, the nematode moved with the water flow,
resulting in the distribution of the nematode along irrigated areas [77].

Nematodes are already plant parasites per se but can also act as vectors for viruses as Xiphinema
index (and other species) capable of transmitting Grapevine fanleaf virus into grapes [78]. Two
nematode orders are known as vectors of plant viruses, Dorylaimida and Triplonchida [79].
For these nematode vectors, and several other species, soil is not required to be saturated,
if humidity is kept at “normal levels” the parasite can survive and still act as a vector even
4 years in the absence of its hosts [80]. Also, X. index can be disseminated by contaminated
irrigation water [81]. In some cases, these parasites are highly resistant to dehydration, in a
survival strategy termed anhydrobiosis. Anhydrobiosis has been observed in many nema-
todes, such as among Pratylenchus (the lesion nematodes), one of the most important plant
pathogenic nematode genera [82].

Differences among irrigation methods have not been very well explored for this group of
plant pathogens. However, taking into consideration the effect of water flow and irrigation on
the nematode’s movement and displacement, drip irrigation could result in lesser dispersal
and consequently, less infected plants in the fields.

4. Conclusion

The response of plant pathogens (fungi, oomycetes, bacteria, nematodes, viruses) to the range of
irrigations methods and management configurations varies widely and must be addressed for
each particular plant-pathogen system (Figure 1). Among furrow, overhead sprinkler, micro-
sprinkler, and drip irrigation, there are a variety of management choices that may strongly affect
propagule dispersion, induction of germination, biofilm formation, penetration and survival
of each specific group of pathogens. For the oomycetes and bacteria associated to aerial plant
organs, due to their strong dependency on free water and high humidity, drip irrigation might
be the appropriate choice. Among the true fungi, the effects of the irrigation system and man-
agement differ, and species of dry and wet spores respond distinctly to each individual method.
In some groups, such as the Erysiphales, free water may hamper disease progress. Nematodes
and oomycetes need free water in the soil to be actively distributed in the crop. Viruses, accom-
panying their vectors, can be controlled by sprinkle irrigation water, which disrupts the contact
of the insect with the plant. The knowledge of the causal agent and of the disease epidemiologi-
cal components is essential when deciding the type of irrigation, frequency and water volume
to be applied to manage one particular plant disease and is key to achieve good yields and high
product quality.
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Figure 1. Schematic representation of irrigation methods which benefit disease development according to the plant
pathogen group and affected plant organ. Furrow irrigation is conducive for oomycetes when aerial plant parts are in
contact to the ground, as in processing tomato fields. Exceptions may exist for all groups.

Conflict of interest

The authors state no conflict of interest.

Author details

Adalberto C. Café-Filho', Carlos Alberto Lopes? and Mauricio Rossato!
*Address all correspondence to: cafefilh@unb.br
1 University of Brasilia, Brasilia, Brazil

2 Embrapa Vegetable Crops, Brasilia, Brazil



136

Irrigation in Agroecosystems

References

[1]
[2]

3]

[4]

[5]

[6]

[7]

[8]

[10]

[11]

[12]

[13]

Oerke E-C. Crop losses to pests. The Journal of Agricultural Science. 2006;144(1):31-43

Martinelli F, Scalenghe R, Davino S, Panno S, Scuderi G, Ruisi P, et al. Advanced meth-
ods of plant disease detection. A review. Agronomy for Sustainable Development. 2015;
35(1):1-25

Martinelli. Feeding the World: An Economic History of Agriculture 1800-2000. Princeton,
NJ, USA: Princeton University Press; 2005

Ondrasek G. Water scarcity & water stress in agriculture. In: Ahmad P, Wani M, editors.
Physiological Mechanism and Adaptation Strategies in Plants under Changing Environ-
ments. New York, NY: Springer; 2014. pp. 77-96

King B, Stark J. Potato Irrigation Management for On-Farm Potato Research. Potato
Research and Extension Proposals for Cooperative Action. Moscow, ID, USA: University
of Idaho, College of Agriculture; 1997. pp. 88-95

Lopes C, Marouelli W, Café Filho A. Associacao da irrigacao com doencas de hortalicas.
Revisdao Anual de Patologia de Plantas. 2006;14:151-179

Marouelli WA, Lopes CA, Silva WL. Incidéncia de murcha-bacteriana em tomate para
processamento industrial sob irrigagao por gotejamento e aspersao. Horticultura Bra-
sileira. 2005;23(2):320-323

Cabral RN, Marouelli WA, Da Costa Lage DA, Lapidus GA, Café Filho AC. Incidéncia da
Murcha Bacteriana em Tomateiro Organico sob Diferentes Sistemas de Irrigacao, Niveis
de Agua e Coberturas de Solo. Cadernos de Agroecologia. 2011;6:1-2

Bhat RG, Subbarao V. Cultural control. In: Maloy OC, Murray TD, editors. Encyclopedia
of Plant Pathology 1. New York, NY, USA: John Wiley & Sons; 2001. pp. 274-279

Coelho M, Cafe Filho A, Lopes C, Marouelli W. Severidade de oidio em abobora hibrida
sob diferentes laminas de irrigacao e niveis de nitrogenio. Fitopatologia Brasileira. 2000;
25:157-160

Oliveira CaDS, Marouelli WA, Santos J, Giordano L. Producao de esclerdédios de Sclero-
tinia sclerotiorum e severidade de oidio em cultivares de ervilha sob diferentes laminas
de 4gua. Horticultura Brasileira. 2000;18(1):16-20

Lage D, Marouelli W, Cafe-Filho A. Tomato powdery mildew may be significantly
reduced by choice and management of irrigation system in the Brazilian middle west.
Phytopathology. 2011;101(6):597

Michereft Filho M, Marouelli W, Gravina C, Resende F, Da Silva P, Nagata A. Influéncia
de praticas culturais na infestacao de pragas em tomateiro organico. Brasilia, DF, Brazil:
Embrapa Hortalicas; 2014. p. 32



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

Rotem J, Palti . Irrigation and plant diseases. Annual Review of Phytopathology. 1969;
7(1):267-288

Lee KJ, Kang JY, Lee DY, Jang SW, Lee S, Lee B-W, et al. Use of an empirical model to
estimate leaf wetness duration for operation of a disease warning system under a shade
in a ginseng field. Plant Disease. 2016;100(1):25-31

Wang B, Li B-H, Dong X-L, Wang C-X, Zhang Z-F. Effects of temperature, wetness dura-
tion, and moisture on the conidial germination, infection, and disease incubation period
of Glomerella cingulata. Plant Disease. 2015;99(2):249-256

Rotem J, Cohen Y. The effect of temperature on the pathogen and on the development
of blue mold disease in tobacco inoculated with Peronospora tabacina. Phytopathology.
1970;60(1):54-57

Vorholt JA. Microbial life in the phyllosphere. Nature Reviews Microbiology. 2012;
10(12):828

Wang Q, Sun H, Huang ]. Re-analyses of “algal” genes suggest a complex evolutionary
history of oomycetes. Frontiers in Plant Science. 2017;8:1540

Sanogo S, Ji P. Water management in relation to control of Phytophthora capsici in veg-
etable crops. Agricultural Water Management. 2013;129:113-119

Ploetz R, Heine G, Haynes J, Watson M. An investigation of biological attributes that may
contribute to the importance of Phytophthora capsici as a vegetable pathogen in Florida.
Annals of Applied Biology. 2002;140(1):61-67

O'neill T, Pye D, Locke T. The effect of fungicides, irrigation and plant density on the
development of Peronospora sparsa, the cause of downy mildew in rose and blackberry.
Annals of Applied Biology. 2002;140(2):207-214

Shtienberg D, Elad Y, Bornstein M, Ziv G, Grava A, Cohen S. Polyethylene mulch modi-
fies greenhouse microclimate and reduces infection of Phytophthora infestans in tomato
and Pseudoperonospora cubensis in cucumber. Phytopathology. 2010;100(1):97-104

Bewley W, Buddin W. On the fungus flora of glasshouse water supplies in relation to
plant disease. Annals of Applied Biology. 1921;8(1):10-19

Shokes F, Mccarter S. Occurrence, dissemination, and survival of plant pathogens in
surface irrigation ponds in southern Georgia. Phytopathology. 1979;69(5):510-516

Roberts P, Urs R, French-Monar R, Hoffine M, Seijo T, Mcgovern R. Survival and recov-
ery of Phytophthora capsici and oomycetes in tailwater and soil from vegetable fields in
Florida. Annals of Applied Biology. 2005;146(3):351-359

Marouelli WA, Lage DaDC, Gravina CS, Michereff Filho M, Souza RBD. Sprinkler and
drip irrigation in the organic tomato for single crops and when intercropped with cori-
ander. Revista Ciéncia Agronomica. 2013;44(4):825-833

137



138

Irrigation in Agroecosystems

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Becktell M, Daughtrey M, Fry W. Temperature and leaf wetness requirements for patho-gen
establishment, incubation period, and sporulation of Phytophthora infestans on Petu-nia x
hybrida. Plant Disease. 2005;89(9):975-979

Gregory P, Guthrie E, Bunce ME. Experiments on splash dispersal of fungus spores. Micro-
biology. 1959;20(2):328-354

Coelho MV, Palma FR, Cafe-Filho AC. Management of strawberry anthracnose by choice
of irrigation system, mulching material and host resistance. International Journal of Pest
Management. 2008;54(4):347-354

Cabral RN, Marouelli WA, Lage DA, Café-Filho AC. Septoria leaf spot in organic toma-
toes under diverse irrigation systems and water management strategies. Horticultura
Brasileira. 2013;31(3):392-400

Carroll ], Wilcox W. Effects of humidity on the development of grapevine powdery mildew.
Phytopathology. 2003;93(9):1137-1144

Ruppel E, Harrison M, Nielson AK. Occurrence and cause of bacterial vascular necrosis
and soft rot of sugarbeet in Washington. Plant Disease Reporter. 1975;59(10):837-840

Shomari S, Kennedy R. Survival of Oidium anacardii on cashew (Anacardium occidentale)
in southern Tanzania. Plant Pathology. 1999;48(4):505-513

Wegulo SN, Baenziger PS, Nopsa JH, Bockus WW, Hallen-Adams H. Management of
fusarium head blight of wheat and barley. Crop Protection. 2015;73:100-107

Fernando WG, Miller ], Seaman W, Seifert K, Paulitz T. Daily and seasonal dynamics
of airborne spores of Fusarium graminearum and other Fusarium species sampled over
wheat plots. Canadian Journal of Botany. 2000;78(4):497-505

Rossi V, Scandolara A, Battilani P. Effect of environmental conditions on spore produc-
tion by Fusarium verticillioides, the causal agent of maize ear rot. European Journal of
Plant Pathology. 2009;123(2):159-169

Pusey P. The role of water in epiphytic colonization and infection of pomaceous flowers
by Erwinia amylovora. Phytopathology. 2000;90(12):1352-1357

Pernezny KL, Roberts PD, Murphy JF, Goldberg NP. Compendium of Pepper Diseases.
St. Paul, MN, USA: The American Phytopathlogical Society; 2003. p. 64

Irwin ME, Kampmeier GE, Weisser WW. Aphid movement: Process and consequences.
In: Emden HF, Harrington R, editors. Aphids as Crops Pests. Wallingford, UK: CAB
International; 2007. p. 714

Bragard C, Caciagli P, Lemaire O, Lopez-Moya ], Macfarlane S, Peters D, et al. Status and
prospects of plant virus control through interference with vector transmission. Annual
Review of Phytopathology. 2013;51:177-201



[42]

[43]

[44]

[45]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

Katis NI, Tsitsipis JA, Stevens M, Powell G. Transmission of plant viruses. In: Emden
HF, Harrington R, editors. Aphids as Crops Pests. Wallingford, UK: CAB International;
2007. p. 714

Van Munster M, Yvon M, Vile D, Dader B, Fereres A, Blanc S. Water deficit enhances the
transmission of plant viruses by insect vectors. PLoS One. 2017;12(5):e0174398

Xu P, Chen F, Mannas JP, Feldman T, Sumner LW, Roossinck M]. Virus infection im-
proves drought tolerance. New Phytologist. 2008;180(4):911-921

Davis TS, Bosque-Pérez NA, Foote NE, Magney T, Eigenbrode SD. Environmentally
dependent host—pathogen and vector-pathogen interactions in the barley yellow dwarf
virus pathosystem. Journal of Applied Ecology. 2015;52(5):1392-1401

Gencsoylu I, Sezgin F. Sprinkler irrigation as a management practice for Bemisia tabaci
(Homoptera: Aleyrodidae) in cotton fields. The Great Lakes Entomologist. 2003;36(3
and 4):2

Castle S, Henneberry T, Toscano N. Suppression of Bemisia tabaci (Homoptera: Aleyro-
didae) infestations in cantaloupe and cotton with sprinkler irrigation. Crop Protection.
1996;15(7):657-663

Parihar SBS, Name S. Influence of irrigation methods on the aphid, Myzus persicae
(Sulzer). Insect Environment. 1999;5(1):25-26

Hillocks R], Waller JM. Soilborne diseases and their importance in tropical agriculture.
In: Soilborne Diseases of Tropical Crops. Wallingford, UK: CAB International; 1997.
pp- 3-16

Correia KC, Michereff SJ. Fundamentos e desafios do manejo de doencas radiculares
causadas por fungos. In: Lopes UP, Michereff S], editors. Desafios do manejo de doen-
cas radiculares causadas por fungos. Recife, Brazil: Universidade Federal Rural de
Pernambuco; 2018. pp. 1-16

Ristaino J, Hord M, Gumpertz M. Population densities of Phytophthora capsici in field
soils in relation to drip irrigation, rainfall, and disease incidence. Plant Disease. 1992;
76:1017-1024

Thomson S, Allen R. Mechanisms of survival of zoospores of Phytophthora parasitica in
irrigation water. Phytopathology. 1976;66(10):1198-1202

Café-Filho A, Duniway ], Davis R. Effects of the frequency of furrow irrigation on root
and fruit rots of squash caused by Phytophthora capsici. Plant Disease. 1995;79(1):44-48

Duniway ]. Dispersal of Phytophthora capsici and P. parasitica in furrow-irrigated rows of
bell pepper, tomato and squash. Plant Pathology. 1995;44(6):1025-1032

Café-Filho A, Duniway ]. Effects of furrow irrigation schedules and host genotype on
Phytophthora root rot of pepper. Plant Disease (USA). 1995;79(1):39-43

139



140

Irrigation in Agroecosystems

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Bowers ], Papavizas G, Johnston S. Effect of soil temperature and soil-water matric
potential on the survival of Phytophthora capsici in natural soil. Plant Disease. 1990;74(10):
771-777

Ansani CV, Matsuoka K. Survival of Phytophthora capsici Leonian in soil. Fitopatologia
Brasileira. 1983;8:269-276

Kuan T, Erwin D. Predisposition effect of water saturation of soil on Phytophthora root
rot of alfalfa. Phytopathology. 1980;70(10):981-986

Sanogo S. Predispositional effect of soil water saturation on infection of Chile pepper by
Phytophthora capsici. Hortscience. 2006;41(1):172-175

Hord M, Ristaino J. Effect of the matric component of soil water potential on infection of
pepper seedlings in soil infested with oospores of Phytophthora capsici. Phytopathology.
1992;82(7):792-798

Wheeler WD, Williams-Woodward ], Thomas PA, Van lersel M, Chappell MR. Impact of
substrate volumetric water on Pythium aphanidermatum infection in Petunia x hybrida: A
case study on the use of automated irrigation in phytopathology studies. Plant Health
Progress. 2017;18(2):120-125

Gencoglan C, Akinci IE, Akinci S, Gencoglan S, Ucan K. Effect of different irrigation
methods on yield of red hot pepper and plant mortality caused by Phytophthora capsici
Leon. Journal of Environmental Biology. 2005;26(4):741-746

Rista L, Sillon M, Fornasero L. Effect of different irrigation strategies on the mortal-
ity of pepper by Phytophthora capsici Leonian in greenhouses. Horticultura Argentina.
1995;14(37):44-51

Sanogo S, Carpenter J. Incidence of Phytophthora blight and Verticillium wilt within Chile
pepper fields in New Mexico. Plant Disease. 2006;90(3):291-296

Tu J, Tan C. Effect of soil compaction on growth, yield and root rots of white beans in
clay loam and sandy loam soil. Soil Biology and Biochemistry. 1991;23(3):233-238

Lilja A, Heiskanen J, Heinonen R. Effects of irrigation on uninucleate Rhizoctonia on
nursery seedlings of Pinus syivestris and Picea abies grown in peat growth medium.
Scandinavian Journal of Forest Research. 1998;13(1-4):184-188

Naseri B, Shobeiri SS, Tabande L. The intensity of a bean Fusarium root rot epidemic is
dependent on planting strategies. Journal of Phytopathology. 2016;164(3):147-154

Bell A, Liu L, Reidy B, Davis R, Subbarao K. Mechanisms of subsurface drip irrigation-
mediated suppression of lettuce drop caused by Sclerotinia minor. Phytopathology.
1998;88(3):252-259

Garcia-Cabello S, Pérez-Rodriguez M, Blanco-Lopez M, Lépez-Escudero F. Distribution
of Verticillium dahliae through watering systems in widely irrigated olive growing areas
in Andalucia (southern Spain). European Journal of Plant Pathology. 2012;133(4):877-885



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

Rodriguez-Jurado D, Bejarano-Alcazar ]. Dispersion de Verticillium dahliae en el agua
utilizada para riego de olivares en Andalucia. Boletin de Sanidad Vegetal Plagas. 2007;33:
547-562

Kelman A. The bacterial wilt caused by pseudomonas solanacearum-A literature review
and bibliography. North Carolina Agricultural Experiment Station Technical Bulletin.
1953;99:194

Wharton PS, Driscoll J, Douches D, Hammerschmidt R, Kirk W. Common scab of potato.
Michigan State University Extension Bull. 2007. €2990

Lamichhane ], Bartoli C. Plant pathogenic bacteria in open irrigation systems: What risk
for crop health? Plant Pathology. 2015;64(4):757-766

Almeida EJ, Santos JM, Martins AB. Flutuacao populacional de Meloidogyne enterolobii
em pomar de goiabeira (Psidium guajava). Nematologia Brasileira. 2010:164-168

Hong C, Moorman G. Plant pathogens in irrigation water: Challenges and opportunities.
Critical Reviews in Plant Sciences. 2005;24(3):189-208

Prot J-C, Van Gundy S. Effect of soil texture and the clay component on migration of
Meloidogyne incognita second-stage juveniles. Journal of Nematology. 1981;13(2):213

Fujimoto T, Hasegawa S, Otobe K, Mizukubo T. The effect of soil water flow and soil prop-
erties on the motility of second-stage juveniles of the root-knot nematode (Meloidogyne
incognita). Soil Biology and Biochemistry. 2010;42(7):1065-1072

Alfaro A, Goheen A. Transmission of strains of grapevine fanleaf virus by Xiphinema
index. Plant Disease Reporter. 1974;58(6):549-552

Brown D, Robertson W, Trudgill D. Transmission of viruses by plant nematodes. Annual
Review of Phytopathology. 1995;33(1):223-249

Demangeat G, Voisin R, Minot J-C, Bosselut N, Fuchs M, Esmenjaud D. Survival of
Xiphinema index in vineyard soil and retention of grapevine fanleaf virus over extended
time in the absence of host plants. Phytopathology. 2005;95(10):1151-1156

Hugo H, Malan AM. Occurrence and control of plant-parasitic nematodes in irrigation
water—A review. South African Journal of Enology and Viticulture. 2016;31(2):169-180

Mcsorley R. Adaptations of nematodes to environmental extremes. Florida Entomologist.
2003;86(2):138-142

141



ntechOpen

ntechOpen



