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Abstract
Global demand for pesticide-free food products is increasing rapidly. Crops of all types are, however, under constant threat from
various plant pathogens. To achieve adequate control with minimal pesticide use, close monitoring is imperative. Many plant
pathogens spread through the air, so the atmosphere is composed of a wide variety of plant pathogenic and non-plant pathogenic
organisms, in particular in agricultural environments. Aerobiology is the science that studies airborne microorganisms and their
distribution, especially as agents of infection. Although this discipline has existed for decades, the development of newmolecular
technologies is contributing to an increase in the use of aerobiological data for several purposes, from day-to-day monitoring to
improving our understanding of pathosystems. Although the importance of knowing the size and composition of plant pathogen
populations present in the air is recognized, technical constraints hinder the development of agricultural aerobiology. Here we
review the application of spore sampling systems in agriculture and discuss the main considerations underlying the implemen-
tation of airborne inoculum monitoring. The results of this literature review confirm that the use of aerobiological data to study
the escape of inoculum from a source and its role in the development of diseases is well mastered, but point at a lack of knowledge
to proceed with the deployment of these systems at the landscape scale. Thus, we conclude that airborne inoculum surveillance
networks are still in their early stages and although more and more initiatives are emerging, research must be conducted primarily
to integrate evolving technologies and improve the access, analysis, interpretation and sharing of data. These tools are needed to
estimate short- and medium-term risks, identify the most appropriate control measures with the lowest environmental risk,
develop indicators to document the effects of climate change, and monitor the evolution of new genotypes at multiple scales.
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1 Introduction

Air is the means of transport for many plant pathogens, some
of which can travel thousands of kilometers while maintaining
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their viability and ability to cause new epidemics (Stakman
and Christensen 1946). Many plant pathogenic fungi are re-
markably well adapted to airborne spread. The fact that fungal
spores are spread by air currents has been known for almost as
long as the existence of the spores themselves. In 1729,
Micheli published the results of research on spore production
and demonstrated that “clouds” of spores could be released
into the air. The atmosphere in agricultural environments is
therefore full of particles ranging in size from 0.1 μm for
viruses to 100 μm for pollens. Monitoring spores and other
particles in the air requires a specific field of scientific exper-
tise, which is called aerobiology.

Aerobiology has developed to a large extent in response to
the need to know the quality of air in buildings and of pollen
responsible for allergies in humans. Philip Herries Gregory is
the pioneer of aerobiology in agriculture. By the late 1930s, he
was already studying the movement of fungal spores in the air,
including those of Phytophthora infestans which is responsi-
ble for potato late blight (Gregory 1945, 1973). Dr. Gregory
initiated the aerobiology research program at Rothamsted
Research (formerly the Rothamsted Experimental Station) in
England, which for decades has contributed and continues to
contribute to the advancement of knowledge in aerobiology.
Contributions includes the study of processes involved in the
airborne spread of plant pathogens (Williams et al. 2001;
McCartney et al. 1997), spores disseminated in aerosols (Fitt
et al. 1985) and the use of information on airborne inoculum
as risk indicators (Rogers et al. 2009; West et al. 2008). Since
Dr. Gregory’s early work, the use of spore samplers for the
study of airborne inoculum has continued to develop (Lacey
1996) for diseases that affect: cereal (Chamecki et al. 2012;
Hellin et al. 2018; Hemmati et al. 2001; Morais et al. 2016;
Paulitz et al. 1999), industrial crops (Bashan et al. 1991;
Alderman 1993), field crops (Chawda and Rajasab 1994;
Fitt et al. 1985; Reich et al. 2016), fruit crops (Charest et al.
2002; Carisse et al. 2009a; Aylor 1995) and vegetables
(Carisse et al. 2005; Carisse et al. 2009b).

Although the importance of considering airborne inoculum
seems obvious from a disease management perspective,
spores of plant pathogenic fungi are very small, many without
a distinctive color or shape, and therefore very difficult to
identify and count. As a result, the difficulty of counting
spores in air samples has long limited the use of information
on airborne inoculum in the management of airborne diseases.
Over the years, different counting methods have been
assessed, but methods using polymerase chain reaction
(PCR) have really made it possible to use spore samplers at
large scale with standardized counts (Carisse et al. 2009b;
Falacy et al. 2007; West et al. 2008). Aerobiological research
conducted worldwide during the last two decades represent a
turning point as they demonstrated the possibility of using
information on airborne inoculum to improve diseasemanage-
ment. Published original research articles (Carisse et al. 2012;

Van der Heyden et al. 2012; Rogers et al. 2009; West et al.
2008), books (Aylor 2017; Gregory et al. 1959) and reviews
(West and Kimber 2015; Mahaffee and Stoll 2016; West et al.
2008; Jackson and Bayliss 2011) covered theoretical and ap-
plied, general or specific aspects of aerobiology and airborne
spore sampling. In this review, we wish not to repeat former
publications, but to discuss the state of knowledge related to
the implementation of networks of airborne fungal spore
monitoring.

2 Purposes of sampling airborne fungal
spores

The primary purpose of aerobiology is to improve our under-
standing of the epidemiology of airborne diseases at different
temporal and spatial scales. Aerobiological data are used in a
wide range of studies, several examples of which are provided
in Table 1. Regardless of their nature, aerobiological data can
be used to model disease development and to evaluate differ-
ent types of disease forecasting systems (Fall et al. 2015b). In
comparative epidemiology, airborne inoculum progress
curves can be used to study the role of airborne inoculum on
disease development in relation to climatic conditions, pro-
duction systems, cultivars, control method, etc. (Carisse
et al. 2014). In addition, when aerobiological data are com-
bined with genetic analyzes, it become possible to study fun-
gal community and ecology of different pathogen genotypes
including those related to fungicide resistance or aggressive-
ness (Fraaije et al. 2005; Hellin et al. 2020; Nicolaisen et al.
2017).

Sampling air for fungal spores is also motivated by the
purposes of biovigilance, surveillance and monitoring. In the
case of biovigilance, it can be used to measure the impacts of
climate change and production practices or systems on popu-
lations of plant pathogens and beneficial agents, or to study
the dispersion of emerging pathogens colonizing new agricul-
tural environments, the emergence of new species or the ge-
netic diversity of plant pathogens (Chen et al. 2018). With a
purpose of surveillance, air is sampled in a particular region to
measure a disease risk for plant pathogens that are present but
cause sporadic or variable levels of damage. Also, it is impor-
tant to monitor periodically introduced plant pathogens origi-
nating from areas further away, to detect their arrival in a
specific area and react effectively. Potato late blight
(P. infestans) and cucumber downy mildew (Pseudoperon
ospora cubensis) are examples of this type of plant diseases
(Cohen and Rotem 1971; Rahman et al. 2020; Fall et al.
2015). Surveillance typically takes place over the long term,
ideally at the same sites to facilitate year-to-year comparison.
For endemic plant pathogens and for those that migrate via air,
transplants, or seeds, a key element of disease management is
the ability to determine when secondary inoculum is produced
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and how much is produced. In the case of monitoring, air
sampling is combined with agronomic and meteorological
data, to identify risks and optimize phytosanitary measures
(Carisse et al. 2012; Van der Heyden et al. 2012). Airborne
inoculum monitoring activities typically take place at a high
frequency and at the spatial scale of the field, farm, or region,
in order to allow day-to-day disease management decision
making. Aerobiological data can therefore be used to improve
forecasting systems and optimize within seasonal decision-
making regarding fungicide applications.

3 Trajectory of fungal spores in the air

As a scientific discipline, aerobiology requires a good under-
standing of the phenomena involved, namely the production
of inoculum (spores), the detachment of spores from their
production site, their exit from the plant canopy, their disper-
sion (transport) in the air over long or short distances, the
viability of the spores, and their deposition at new infection
sites. The primary inoculum source varies depending on the
plant pathogenic fungus and the production system. The
sources may be seeds, transplants, volunteer plants, crop or
warehouse debris, survival structures (e.g., sclerotia,
cleistothecia, oospores), or resting growth structures (myceli-
um). Depending on the primary inoculum source, the first
inoculum production sites are distributed over larger or small-
er areas or confined to specific locations with a random or
aggregated spatial distribution. For secondary inoculum, the
number of production sites generally increases with disease
progression.

Plant pathogenic fungi have different spore-release mech-
anisms, passive or active (Ingold 1971). For many fungal
pathogens, spores are released only when they are shaken,
splashed, or blown from their mycelia or sporophores; some-
times removed by insects. These spores released mechanisms
are considered as passive. For example, most conidia are
dislodged from their conidiophores and are dispersed only
when exposed to specific physical disturbance such as wind
or rain droplets (Fitt et al. 1985). Hence, fungi with passive
spore release mechanisms often sporulate on parts of plants
exposed to the wind (Ingold 1999). Other fungi have devel-
oped active spore release mechanisms that allow spores to
escape from the calm air zone regardless of wind exposure
(Aylor 1995). Some spores are ejected from fruiting structures
(e.g., pseudothecia or perithecia) as a result of increased pres-
sure inside the structure. This pressure can be osmotic or
caused by the hydrolysis of substances such as glycogen.
For other fungi, the projection of the spores is obtained fol-
lowing the production of a droplet of exudate which suddenly
changes position while moving towards the point of attach-
ment of the spore, causing a tension which releases the spore.
(Ingold 1971). Some spore release mechanisms are somehow

between passive and active for example, spores released in
response to the twisting of their sporophores as they desiccate
in dry air. Regardless of the mechanism, the exit of spores
from the plant cover (laminar zone of calm air) is essential
for spores to escape, disperse in the turbulent zone and travel
over short or long distances (Gregory 1973; Aylor 2017).

Once spores are released into the air, they disperse, and
their concentration decreases as the distance from the release
point increases (Aylor 2017; Gregory 1973). Spore dispersion
within and outside the plant canopy is difficult to measure
since air movement affects the release, dispersion, and depo-
sition of spores at new infection sites (Legg 1983). In the
context of airborne inoculum monitoring, spore concentration
is generally measured at the exit from the plant canopy, during
the dispersion (transport) or deposition phase, the latter being
more often used when sampling is conducted for disease risk
estimation.

Aerobiology also includes the study of the influence of
weather conditions, landscape architecture, plant cover and
cultural practices on all stages of trajectory of spores in the
air, from spore production to spore deposition at new infection
sites. Aerobiology is multidisciplinary in that knowledge of
plant patholoy, disease epidemiology, ecology of plant path-
ogens, mycology, molecular biology, mathematics, statistics,
and modelling is required to properly measure and interpret
aerobiological data.

4 Types of samplers

Spores can be collected with different types of samplers, de-
pending on the purpose of the study and each type of sampler
has its advantages and disadvantages. A number of factors
should be considered when choosing the most appropriate
sampler: its efficiency, the sampling volume, the length of
the sampling period, the amount of time the sampler can stay
in the field, the ease of manipulating samples, the size of the
particles to be sampled and the frequency of monitoring. The
characteristics of each type of samplers were described in
depth byWest and Kimber (2015), so we only cover the basics
in this section (Table 2). In addition, examples of samplers
used in different studies are provided in relation to the pursued
objectives (Table 1).

The first category of devices used to collect spores can be
described as passive samplers. Their operation is based on the
deposition of spores on an adhesive surface (i.e., petri dish,
microscope slide), through a slide or a filter (West and Kimber
2015). The simplest example consists of installing microscope
slides coated with an adhesive substance (e.g., silicone grease,
petroleum jelly) on a vertical, horizontal or inclined support
(Fig. 1A). The obvious advantages of this type of device are its
low cost and the direct mounting of the slides on a micro-
scope. However, it does not allow the calculation of spore
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concentrations in the air (i.e., numbers of spores per m3 of air)
because the amount of air sampled is unknown.Moreover, the
reading of the microscope slides can be difficult and time
consuming depending on the thickness of the silicone layer
used and the amount of debris present on the sampling sur-
face. However, this type of device can be useful for monitor-
ing in areas that are large or difficult to access, where re-
sources are limited, or if only the presence or absence of a
given spore species is needed.

Funnel-type samplers also belong to the category of pas-
sive samplers. They consist of a vertical cylinder topped by a
funnel, at the base of which is installed a filter where are
collected the spores captured by the sampler. This type of
sampler is suitable for spores travelling long distances and
deposited during rainfall events, such as Phakopsora
pachyrhizi (Asian soybean rust) (Isard et al. 2011), or for
spores dispersed by splashes, such as Fusarium graminearum
(Paul et al. 2004). It is possible to quantify the inoculum per

a

d e

b cFig. 1 Examples of spore
samplers. a) Passive sampler
comprising two microscope slides
mounted horizontally on a
wooden pole; b) rotating-arm
impactors; c) Burkard 7-day
recording volumetric sampler; d)
funnel-like passive spore sampler
from Spornado (courtesy of
KristineWhite andYaimaArocha
Rosete, Sporometrics); and e)
Burkard high-volume cyclone
(courtesy of Celine Hamon,
Vegenov)

Table 2 Description of the main types of volumetric spore samplers (adapted from West and Kimber 2015)

Category Sampler1 Flow rate
(L/min.)

Efficiency d50
(μm)2

Collection
surface

Sampling
period

Reference

Impaction Burkard 7 Day 10 2.2 Tape 7 days, hourly (Lacey and West 2006)

Andersen, Marple Series
290, Air Trace
Environmental

2–28.6 0.43–21.3 Culture medium
on Petri dish

2–20 min www.newstarenvironmental.
com

www.pmeasuring.com
(West and Kimber 2015)

Rotorod 100–150 >10 Sticks Typically,
2–4 h

(Lacey and West 2006)

Air-O-Cell (or equivalent) 4–15 >1 Slide 5–15 min www.zefon.com

Cyclone Burkard cyclone 16–20 >20 1.5 mL tube 24 h (Bock and Cotty 2006)

Coriolis μ (or equivalent) 10–630 1 20 mL tube 1–10 min (Carvalho et al. 2008)

CIP10-M 10 1.8 N/A 1–200 min (Nieguitsila et al. 2011)

Electrostatic Ionic spore trap 660 >2 Electrode 48 h www.ionicsporetrap.com

Virtual
impaction

Burkard Jet Spore Sampler 850 >2 N/A 24 h and more (Limpert et al. 1999)

Miniature virtual impactor 20 >2 N/A 24 h and more (West and Kimber 2015)

1 The main volumetric spore samplers are described in this table. There are other samplers; see West and Kimber (2015) for a more exhaustive list
2 d50 corresponds to the spore diameter beyond which >50% of the particles are collected and below which <50% are collected
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volume of water sampled when a weather station is installed
nearby or when a rain gauge is installed directly on such a
sampler.

The third type of passive sampler consists of a cylinder
ending in a fin (or aileron) installed on a ball joint, so that it
is facing the wind constantly. Spores are collected in a filter
installed at the bottom of the cylinder. This type of device has
the advantage of being inexpensive, which allows for large-
scale deployment, but it hardly provides the inoculum concen-
tration. In addition, counting spores on the filter can be labo-
rious as they cannot be counted directly without first being
dislodged from the filter mesh. This type of device is used in
particular for large-scale monitoring, when binary data (pres-
ence/absence) is sufficient. This type of sampler has been used
to monitor the progression of Asian soybean rust
(P. pachyrhizi) throughout North America, from Florida to
Canada (von Qualen and Yang 2006). This kind of device is
also used to monitor potato late blight (P. infestans) in Ontario
(Eugenia Banks, personal communication) (Fig. 1D).

Active (or volumetric) spore samplers are much more
widely used, mainly because they allow the calculation of
airborne spore concentrations (in spores/m3 of air). As op-
posed to passive samplers, these samplers are referred as ac-
tive because the sampled particles are collected actively and
use a collection mechanism (a rotor, a pump or an electrostatic
force field). They can be classified into four main categories:
impaction samplers, cyclone samplers, ionic samplers and vir-
tual impactors (West et al. 2008; West and Kimber 2015). The
first can involve impaction on Petri dishes containing a culture
medium, on adhesive surfaces (tape, slides, rods) or in a liquid
medium (Lacey and West 2006) (Fig. 1B–C). Cyclone sam-
plers collect spores directly into a microcentrifuge tube to
facilitate sample manipulation (Fig. 1E). Ionic samplers cap-
ture spores on an electron microscope electrode using a pow-
erful electric field. Spores can therefore be counted directly
using a scanning electron microscope. The virtual impactor
can sample up to 850 liter of air per min (Limpert et al.
1999). It allows to separate the sampled particles according
to their size into two air currents. Smaller particles with low
inertia are deflected with the main flow while larger particles
with greater inertia are directed to the collection device
(Schwarzbach 1979).

In general, rotating-arm-type impaction samplers and 7-
day volumetric spore samplers are well suited for monitoring
fungi and oomycetes spores larger than 10 μm. These are the
two most commonly used types of samplers in agriculture
(Carisse et al. 2005, 2007, 2008, 2009b, 2012, 2013;
Choudhury et al. 2016; Fall et al. 2015a, 2015b; 2015c;
Friedrich et al. 2003; Hellin et al. 2018; Klosterman et al.
2014; Kunjeti et al. 2016; Reich et al. 2016; Van der
Heyden et al. 2012; 2014). For small particles, a filter sampler
(e.g., Button Aerosol Sampler) or a wet cyclone (e.g., Bertin
Coriolis sampler) may be more appropriate.

5 Sampling frequency and duration

One of the most important factors for the monitoring of air-
borne spores is undoubtedly the periodicity at which spores
are released into the air. This characteristic dictates the best
time of day for sampling, its frequency and duration. The term
“sporulation” generally includes the production of spores and
their dispersion in the air. For many species, spore production
takes place at night, while spore dispersion usually takes place
during the day. Periodicity has been studied more particularly
since 1953, for Alternaria sp., Cladosporium spp., Ustilago
spp., Erysiphe spp., Polythrincium trifolii and P. infestans
(Hirst 1953). In Hirst’s pioneer work, it is suggested that spore
emission is generally highest around noon (closer to 11h00 for
P. infestans and P. trifolii and closer to 13h00 for Alternaria
spp., Cladosporium spp., Ustilago spp. and Erysiphe spp.)
(Hirst 1953).

Subsequently, with the advancement of technical and prac-
tical knowledge, periodicity patterns were more accurately
described for different pathogens. For example, a specific cir-
cadian dispersion pattern was described for P. infestans
(Aylor et al. 2001). Although the results are essentially con-
sistent with Hirst’s work (i.e., emission peaks around 11h00),
Aylor et al. (2001) found that spores could be captured be-
tween 8h00 and 20h00. For their part, Hildebrand and Sutton
(1982) reported that, although the first sporangia of
Peronospora destructor could be captured on average 1.5 h
after sunrise, the time of emission peaks could vary with rel-
ative air humidity, drying of foliage, and wind speed. In this
study, spores were collected mainly under winds between 0.3
and 1.0 m/s and emission peaks measured between 10h00 and
14h00 (Hildebrand and Sutton 1982). Similarly, the airborne
concentrations of Bremia lactucae sporangia, which are re-
sponsible for lettuce downy mildew, are variable, with emis-
sion peaks between 8h00 and 14h00 (Fig. 2) (Fall et al. 2015a;
Fall et al. 2016).

Whereas some pathogenic fungi have clear periodicity pat-
terns, others are less characteristic. In carrot cultivation, for
example, the emission patterns ofAlternaria dauci spores tend
to follow a normal curve with a nearly constant spore concen-
tration between 10h00 and 16h00 (Strandberg 1977).
Similarly, a study on the inoculum sources of Alternaria
spp. suggested that peaks of spores emission ranged from
9h00 to 17h00 (Fernández-Rodríguez et al. 2015). This vari-
ation in spores periodicity patterns was also observed for other
airborne pathogen like Botrytis cinerea and B. fabae, which
were reported to be between 10h00 and 14h00 with occasional
peaks between 14h00 and 17h00 in raspberry (Jarvis 1962),
between 8h00 and 14h00 in strawberry and bean (Blanco et al.
2006; Fitt et al. 1985).

In order to adjust for this variation in circadian patterns of
sporulation, several studies suggest splitting the sampling pe-
riod. In onions, for example, spore sampling for B. squamosa
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was initially set for a fixed period of 2 hours between 10h00
and 12h00 (Carisse et al. 2012; Carisse et al. 2005; Carisse
et al. 2007, 2008; Carisse et al. 2009b; Van der Heyden
et al. 2012), but experiences has shown the importance of
splitting the sampling period, which is now distributed be-
tween 8h00 and 14h00, 50% of the time (Carisse and Van
der Heyden 2017). In a study conducted in Quebec to charac-
terize the spatial distribution patterns of airborne conidia of
Podosphaera aphanis in strawberries, the sampling period
was fractionated so that effective sampling was carried out
30% of the time between 10h00 and 15h00 (Van der
Heyden et al. 2014). Similarly, in a study conducted in New
Brunswick, sampling of airborne inoculum from P. infestans
was performed for 50% of the time between 6h00 and 15h00
(Fall et al. 2015b). This sampling range was also used for
monitoring B. lactucae in lettuce (Fall et al. 2015a). Hence,
the sampling period and frequency within the sampling period
depend on the period and duration of the spore release as well
as how fast the device sampling surface (e.g., rods, tape, etc.)
become saturated. To circumvent the need to split the sam-
pling period, others have chosen to use the 7-day sampler,
which enables to obtain hourly or daily data (Hellin et al.
2018; Reich et al. 2016; Rogers et al. 2009).

6 Sampling height

Once the sampling period has been determined, the height at
which the spore sampler is placed becomes one of the most
important criteria to consider. The height at which a sampler
should be installed depends largely on the objective of the

study and in the best-case scenario, a tower with samplers
installed at different heights should be recommended (Aylor
2017). However, it is often difficult to install such towers in
the field, with the exception of experimental plots. Hence, a
general rule of thumb might be to place the sampler above the
canopy for the measurement of local inoculum, while the
measurement of incoming inoculum would require the sam-
plers to be placed higher, a few meters above the ground.
Several examples are provided in Table 1, and more details
are given below for selected examples.

The effect of the sampler height on spore concentration
measures made using impaction samplers has been studied
for some plant pathogens (Aylor 1995; Aylor and Taylor
1983). The objective of these studies includes estimating the
proportion of spores escaping from the canopy from a point
source. This is achieved by installing spore samplers at regular
distances above a source and counting their contents at regular
intervals to characterize vertical dispersion gradients. In a
1981 test, concentrations of P. tabaccina spores, for example,
ranged from 384.6 spores/m3 of air at 0.75 m above the
ground to 0.9 spores/m3 of air at 4 m above the ground
(Aylor and Taylor 1983). On average, concentrations mea-
sured at 4 m above the ground represented only 12% of the
spore concentrations measured at 0.75 m above the ground
(Aylor and Taylor 1983). In the case of Venturia inaequalis,
responsible for apple scab, spore concentration also decreased
rapidly with height, with concentrations measured at 3 m cor-
responding to 6% of the concentrations measured at 0.15 m
above the ground (Aylor 1995). The case of P. infestans
has been extensively studied in this regard. In tests con-
ducted in 1999 and 2000 in the State of New York, the
vertical distribution of P. infestans spores showed that
spore concentration decreased significantly with height,
from nearly 6,000 spores/m3 of air at 0.75 m above
ground to less than 10 spores/m3 of air at 3 m above
ground in 1999 and from 2000 to 10 spores/m3 of air in
2000 (Aylor et al. 2001). In other words, for crops with
low vegetation cover, the concentration of inoculum from
a point source in the field quickly fades and the probabil-
ity of detection is almost null from 3 m above the ground.

For a point source inoculum, the effect of the plume of
spores escaping from the canopy dilutes rapidly, and the prob-
ability of capturing spores decreases with distance, vertically
and horizontally (Severns et al. 2018). The effect of sampling
height on the concentration of spores collected from multiple
sources is much less documented. However, under field con-
ditions, it can be assumed that there are multiple sources of
inoculum and the horizontal flow of spores in the wind direc-
tion is equal to the cumulative concentration of spores escap-
ing from the canopy from each source, between the edge of the
field or the first source and the location of the sampler (Aylor
2017). Thus, at the field scale, spore concentrations increase in
the prevailing wind direction based on the distance from the

Fig. 2 Example of periodicity for Bremia lactucae. Periodicity can be
defined as the description of circadian cycles of spore emission. Emission
peaks are influenced by relative air humidity, drying of foliage, and wind
speed. Splitting sampling over time extends the sampling time and
therefore makes the sampling more representative. The grey and black
bars represent two distinct sampling days

Page 9 of 23     40Agron. Sustain. Dev. (2021) 41: 40



farthest source and the number of sources between the farthest
source and the sampler location (Fig. 3). Hence, it is possible
to optimize the position of the spore sampler according to the
distance from the edge of the field or the number of inoculum
point sources in the direction of the prevailing winds (Fig. 3)
(Aylor 1995; Chamecki et al. 2011).

Knowledge of vertical distribution patterns can be
exploited to the user’s advantage, particularly to distinguish
inoculum originating fromwithin the field versus from outside
the field (incoming inoculum). For example, samplers that are
part of an airborne inoculum monitoring network dedicated to
monitoring the local Botrytis squamosa inoculum, responsible
for botrytis leaf blight, are deployed at a height of 1 m early in
the season and their height is adjusted according to plant
growth (Carisse et al. 2012; Carisse and Van der Heyden
2017; Van der Heyden et al. 2012). For strawberry powdery
mildew, samplers installed 1 m above the ground were found
to be more representative of a plot than those installed at a
height of 0.35 m (Van der Heyden et al. 2014). In research
conducted in California on spinach and lettuce, spore samplers
used to monitor downy mildewwere installed at 0.53 m above
the ground, for practical reasons (Choudhury et al. 2016;
Klosterman et al. 2014; Kunjeti et al. 2016). In Belgium, the
relationship between airborne concentrations of Fusarium
graminearum spores and concentrations of deoxynivalenol
(DON) was characterized using spore samplers installed 1 m
above the ground (Hellin et al. 2018). Concentrations of grape
powdery mildew in Oregon and Quebec and B. cinerea in
strawberries, are monitored using spore samplers placed at
heights of about 1 m (Carisse et al. 2009a, 2014; Thiessen
et al. 2016). In a different context, spore samplers were also
used between 2009 and 2012 for the implementation of a
monitoring network for the inoculum of P. infestans in pota-
toes, aimed at characterizing regional dispersion patterns and
identifying exogenous inoculum sources (Fall et al. 2015b). In
this context, the samplers were installed at 2.9 m high to col-
lect spores mostly coming from outside the fields.

7 Spatial distribution patterns and dispersal
gradients

During the establishment of a spore sampling network, it is
important to know as much as possible about the spatial dis-
tribution of the pathogen airborne spore concentrations to be
monitored. More precisely, the study of spatial distribution
patterns allows one to deduce the nature of the dispersion
processes of the pathogens or diseases of interest and hence,
improve the sampling. Does the pathogen spread over short
distances from one plant to its neighbor? Or does it travel over
long distances from one field to another, or even from one
region to another? In other words, learning the spatial scope
of the mechanisms involved in inoculum dispersion processes
for the monitored species is the aim. In an agricultural field or
a plantation, diseased plants among the plants present can
have three types of spatial distribution: regular, completely
random and aggregated (Fig. 4).

The type of spatial distribution has an impact on the effec-
tiveness of sampling strategies. In the case of traditional field
scouting (symptom scouting), the probability of finding a dis-
eased plant is higher when the distribution of the disease in the
field is completely random, compared to an aggregated distri-
bution (Madden and Hughes 1999; Mahaffee and Stoll 2016).
The spatial distribution of symptoms in the field was charac-
terized for different pathosystems, revealing distribution pat-
terns that varied between pathosystems. For example, the spa-
tial distribution of Sclerotinia sclerotiorum symptoms in bean
cultivation is largely dominated by a completely random pat-
tern, both in pods and foliage (Jones et al. 2011). Patterns for
hop powdery mildew (Podosphaera macularis) also follow a
completely random distribution in general (Turechek and
Mahaffee 2004). A study conducted in Quebec suggests a
completely random spatial distribution pattern for strawberry
powdery mildew for 72% of the sampling dates (Van der
Heyden et al. 2014). In the case of field scouting, the sampling
routes and number of samples can be adjusted to the spatial

Fig. 3 Horizontal flows of spores
in the direction of the wind
correspond to the cumulative
concentration of spores escaping
from the canopy (for each source)
between the edge of the field (or
first source) and the location of
the sampler. Spore concentrations
become almost constant at
distance d from the point X0 at the
edge of the field (or plot) in the
direction of the wind from the
sampler location (Xi). Adapted
from Aylor (2017)
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distribution, making this epidemiological characteristic a non-
limiting factor.

Unlike field scouting for symptoms, air sampling is more
likely to detect the onset of an epidemic if the distribution of
inoculum sources is aggregated and the sampler is positioned
to intercept the plume of spores emitted (Aylor and Irwin
1999; Mahaffee and Stoll 2016). A good knowledge of the
distribution patterns is therefore important to develop a reli-
able inoculum monitoring network based on spore samplers.
However, despite the importance of the spatial distribution
patterns, specific to each pathogen, very few studies described
these patterns of spatial distribution of airborne spores at the
field and regional scales.

At the field or plot scale, one of the first studies describing
spatial dispersion patterns for spores targeted apple scab,
caused by Venturia inaequalis. The results of this study, con-
ducted on 40 108-m2 plots in Quebec, suggested a patchy
aggregated distribution pattern for most sampling dates and
a spatial autocorrelation range between 25 and 53 m (Charest
et al. 2002). Similarly, the spatial distribution of P. aphanis
spores in strawberries is characterized by an aggregated pat-
tern with no distinct focus (Van der Heyden et al. 2014).
However, spatial distribution patterns vary with time and dis-
ease intensity. For example, for B. squamosa in onions, spore
concentrations measured in small plots reveal random disper-
sion patterns at the beginning of the season or when the inoc-
ulum concentration is low and more aggregated patterns when
inoculum concentrations are higher (Carisse et al. 2007).

For some pathogens, spatial distribution and dispersion
patterns have been characterized at a larger scale (regional or
national). Such knowledge is particularly relevant to predict
the risks of development of an epidemic at the territory scale
rather than the field scale. Potato late blight, caused by
P. infestans, is probably the most documented in this regard.
In New Brunswick, spatial distribution patterns of P. infestans
spores have been characterized, and the results suggest a het-
erogeneous distribution with the increase in spore

concentrations during the season (Fall et al. 2015b). In addi-
tion, the authors note that this information can be used to
guide decision making with a limited number of spore sam-
plers. Results from the same study also suggest that epidemics
of downy mildew are not very affected by the size of the initial
spore load, and support monitoring of the inoculum through-
out the production period. Spatial distribution patterns of
P. effusa spores in spinach have been characterized as highly
aggregated, with the distribution of spores fitting a power-law
distribution, in the Salinas Valley, California (Choudhury
et al. 2016). In this study, however, spore samplers were
installed 0.53 m above the ground, which possibly represents
the plot better than the region.

The aggregation patterns observed at the field scale in the
studies above are generally the result of auto-infection pro-
cesses (Mundt 2009). The concepts of auto- and alloinfection
are important in epidemiology because they are largely asso-
ciated with the dispersion of pathogens. Both concepts were
first introduced by Robinson (1976), who considered that au-
toinfection occurs when an infected plant or part of a plant
(donor) contaminates the same plant or part of a plant (recip-
ient), and conversely, that alloinfection occurs when the donor
and recipient are different. Autoinfection therefore is a process
that occurs over short distances compared to the alloinfection
process (Mundt 2009; Zawolek and Zadoks 1992). In some
studies, autoinfection is considered to be an infection resulting
from propagules belonging to the same genotype, produced
from the same foci of contiguous plants, whereas alloinfection
is considered as an infection resulting from propagules pro-
duced from other genotypic units in the population (Mundt
and Browning 1985; Zawolek and Zadoks 1992).
Autoinfection and allonfection generally occur simultaneous-
ly, and their occurrence can be expressed as a proportion of
the sum of infections. Thus, the ratio of allo- and autoinfection
varies throughout an epidemic, the proportion of autoinfection
being higher at the beginning. The disease tends to accumulate
locally until a dispersion threshold is reached, beyond which

a b c

Fig. 4 Main types of 2D spatial point patterns. a) Aggregated: diseased plants are grouped in foci. b) Random: areas of same size in the field have equal
probabilities of containing the same number of diseased plants. c) Regular: diseased plants are distributed at regular intervals
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transmission of the disease to another location becomes likely
(Aylor 2017).

When a focus of infection has reached the dispersal thresh-
old, it becomes a source of inoculum that emits over varying
distances. Dispersal gradients from single point source were
described for several plant pathogens. Some pathogens are dis-
seminated over short distances from a single source. For exam-
ple, Fusarium head blight seeds infection caused by Gibberella
zeae was shown to decrease to 10% of the maximum within 5
to 22m from the focal center of an inoculated plot (Fernando
et al. 1997; Paulitz et al. 1999), while spores ofMycosphaerella
fijiensis, responsible for Black leaf streak disease, showed a
gradient of up to 12.5 m (Rieux et al. 2014). Other plant dis-
eases likeP. infestans can be dispersed over several 100m to up
to 700 km (Severns et al. 2018). Dispersion rates are also influ-
enced by the manner in which spores are released. In simple
terms, spores can be divided into two categories: type 1 and
type 2 (Fig. 5). Type 1 spores, such as Botrytis spp. conidia, are
passively released from their attachment structure (e.g., conid-
iophores) by turbulent and unstable winds (Aylor 2017). The
wind speed required to detach and disperse type 1 spores is
species-specific (Aylor 2017). Unlike type 1 spores, type 2
spores are released regardless of wind speed. These spores
can be actively released, as with Peronospora destructor,
which uses a hygroscopic torsion mechanism to release its
sporangia (Leach 1982; Leach et al. 1982).

The architecture of the crop canopy (height, density) and
the position of infection sites on plants also influence the
rates of auto- and alloinfection. The higher the crop and the
denser the canopy (e.g., potatoes, beans), the lower the
probability that spores escape from the canopy, unless spor-
ulation takes place on the top of the canopy. When infec-
tions are located at the base of plants instead of the top, the
number of spores escaping from the canopy will also be
lower. All these factors make it difficult to quantify the
phases of autoinfection. It is only when a dispersion thresh-
old corresponding to alloinfections and specific to the

pathosystem is reached, that it is possible to intercept
spores using spore samplers.

The understanding of spatial distribution patterns can
be facilitated by a good comprehension of the structure of
the plant pathogen populations. In turn, this knowledge
could also help to better plan the deployment of aerobiology
experiments. For example, the presence of different mating
types in the same location may suggest the production
of overwintering inoculum, and thus the probabilities of
the inoculum being local are greater. In their study of
M. graminicola, Zhan et al. (2002) suggests an equivalent
proportion of the two sexual types at the field or country scale.
In this context, the sources of inoculum may be local, and the
deployment of experiments adapted accordingly. In other
cases, the presence of compatible sexual types may vary from
region to region. This is the case of P. infestans for whom the
mating types A1 and A2 can be present in the same field
which implies that the overwintering inoculum could play a
role in the initiation of epidemics (Widmark et al. 2007). In
other regions only A1 or A2 types are present, which implies
an important role for external inoculum sources (Blandón-
Díaz et al. 2011; Peters et al. 2014). Thus, this knowledge
can also influence the planning of research initiatives (Fall
et al. 2015).

8 Spore sampler networks

Results obtained by monitoring using spore samplers should
be interpreted with great caution, as the collected spores may
come from a large but distant source or from a smaller source
nearby (West and Kimber 2015). For this reason, the concepts
of auto- and alloinfection must also be defined at the land-
scape scale (region or larger territory). Thus, the plant, plot or
field becomes the basic unit; inoculum accumulation locally
takes place at the scale of the smallest unit in the system; and
autoinfection is also defined within this unit (Mundt 2009).

a bFig. 5 Types of spores according
to their release mechanism:
a) passive release (type 1) and
b) active release (type 2). Adapted
from Aylor (2017)
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When a critical level is reached, spores are transported outside
the boundaries of this basic unit (plant, plot, or field), and it
becomes possible to proceed to epidemiological surveillance.
At the landscape level, it becomes possible to measure
alloinfection on a small scale and auto- and allo-infection on
a larger scale. It is at this scale that spore sampling networks
can be deployed.

There are as many types of spore sampling networks as
there are networks, in other words, there are no universal rules
that apply to all networks. Of course, the structure of the
network should correspond to the basic sampling objectives.
Airborne inoculum monitoring is a scouting technique, so the
higher the number of samplers and the frequency of sampling,
the more reliable and representative the data will be. While in
general it is the availability of resources that dictates how data
will be collected, understanding the elements discussed in this
review should enable managers, regardless of their network
size, to make the best possible decisions given their own con-
text. Ideally, one sampler would be positioned in each field of
the network, but the obvious logistical constraints do not al-
low this kind of density. Hence, airborne inoculummonitoring
networks can be built on an existing disease scouting network
and structured to combine the two types of data collection, but
they evolve gradually to adapt to the needs of the users (Van
der Heyden et al. 2012).

Though implemented on different continents, few exam-
ples of spore sampler networks are documented in the litera-
ture. The network of passive samplers installed across the
eastern United States to monitor the south-north progression
of spores of Asian soybean rust (Phakopsora pachyrhizi) is
among the most extensive. Through the ipmPIPE information
platform (https://www.ipmpipe.org), this network was
designed to model the progression of the disease across the
US and in Canada and to demonstrate that the use of spore
samplers was less costly than and as effective as sentinel plot
monitoring, which had formerly been used for the network
(Isard et al. 2011). Results of this project suggest that the
information collected at the continent scale can be used to
limit the number of inoculum sources, but above all, to delay
the progression of the disease along the south-north axis (Isard
et al. 2011).

In Belgium, spore sampler networks have been assessed for
monitoring the airborne inoculum of wheat yellow rust
(Puccinia striiformis f. sp. tritici) (Duvivier et al. 2016;
Hellin et al. 2018; Dedeurwaerder et al. 2011). The approach
was followed in Wallonia in 2008-2009, using active volu-
metric samplers (7 day recording volumetric sampler). Results
suggest that spore sampler networks could be used to estimate
the concentration of P. striiformis spores and predict yellow
rust epidemics (Dedeurwaerder et al. 2011). Similarly, a mon-
itoring network including the use of spore samplers is being
deployed in England to monitor various diseases, in wheat,
canola and potatoes among other crops. In this example, the

use of spore samplers is coupled with sentinel plots (untreat-
ed), a network of weather stations allowing the use of predic-
tive models, and a network of collaborators providing disease
observations (https://www.fera.co.uk/our-science/active-r-
and-d/in-field-diagnostics). This network is operated jointly
by a private research organization (Fera). The data are
accessible through a web platform, and producers can
subscribe to a text message alert service.

A slightly different approach is being assessed in Australia
for monitoring diseases in wheat (Pyrenophora tritici-
repentis) and canola (e.g., Leptosphaeria maculans). The
working group is composed of researchers from the South
Australian Research and Development Institute, in collabora-
tion with the Australian Department of Agriculture and grow-
er groups. The approach is based on the use of two types of
spore samplers: fixed Cyclone and mobile Jet Spore-type
mounted on the roof of a light truck (Narayan et al. 2010).
The approach is still under development (2017-2022), but a
new initiative has been launched to add grapes, sugar cane,
cotton, and nursery trees to the list of monitored plants.

In Brittany, the Vigispore Initiative, by the private research
organization Végénov, was launched in January 2017. This
initiative aims to assess the use of fixed spore samplers such as
the Cyclone for monitoring airborne concentrations of
P. destructor, B. squamosa, and B. allii spores in shallot cul-
tivation (Dr Celine Hamon, personal communication). The
use of spore samplers in combination with forecast model
predictions has been identified as a potential avenue to reduce
the fungicide treatment frequency index in the region. This
initiative, deployed on two sites in 2017 and 2018 and six sites
in 2019, is inspired by the spore sampler network deployed in
the Jardins-de-Napierville Regional County (Quebec) for
onions.

The Quebec spore collection network mentioned above has
been running annually since 2008 (Van der Heyden et al.
2012). Unlike other networks that aim to monitor at larger
spatial scales (state, country or continent), it is designed for
regional monitoring at the 30-km-by-30-km scale. This spore
sampler network is an example of sustainable airborne inocu-
lum monitoring, and as such, involves researchers affiliated
with private organizations, researchers from federal agencies,
provincial collaborators, technical support clubs, onion pro-
ducers and even, to some degree, processors. Spore sampling
is carried out using rotating-arm type of samplers installed in
about 20 fields, depending on the distribution of producing
fields. Spore samplers are in operation three times per week
and sample the air between 8h00 and 14h00 50% of the time.
Spore concentrations are counted using qPCR assays and re-
sults are transmitted in near-real time to growers and their
farm advisors, accompanied by the disease risks predicted
by a forecasting model, so that the best decision can be made
regarding appropriate phytosanitary treatments or actions
(Fig. 6). The work carried out through this monitoring
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initiative has resulted in a significant reduction in the environ-
mental risk index, health risk index and treatment frequency
index (Carisse and Van der Heyden 2017). More precisely,
this approach reduced the three indices by 32%, 14%, and
28% respectively on average in 2015–2017, compared to the
reference period (2007–2009).

9 Spore counting

The effectiveness of airborne spore monitoring systems for
disease management decision making depends in particular
on the speed of spore counting and the accuracy in identifying
the targeted spores. The simplest method of counting in terms

of equipment is certainly microscopic counting. However, in
general, samples contain so many different spores and other
particles that it is essential to determine what needs to be
counted before starting. Although this method has been wide-
ly used, it can be long and tedious, even for experienced per-
sonnel. Several factors must be considered, including the size
of the particles to be identified, the magnification and staining
(aniline blue, safranin, etc.). Nevertheless, this counting meth-
od has been widely used, particularly for B. squamosa in on-
ions (Carisse et al. 2012; Carisse et al. 2005; Carisse et al.
2008; Van der Heyden et al. 2012a), P. aphanis in straw-
berries (Carisse et al. 2013; Van der Heyden et al. 2014b),
P. infestans in potatoes (Fall et al. 2015b), B. lactucae in
lettuce (Fall et al. 2015a; Fall et al. 2016), V. inequalis in

Fig. 6 Example of results distributed to onion producers and their farm advisors, from the spore sampler network established in south western Quebec in
2008
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apples (Charest et al. 2002), and many others (Table 1). Visual
identification and counting of spores by microscopy remain
uneasy and of limited accuracy. Spores found in airborne
samples generally have a different appearance than in an aque-
ous solution or when coming from a pure culture. They are
normally dehydrated and can be deformed due to impaction
and rotation of the sampling surface. In many cases, morpho-
logical characteristics of spores are very similar between spe-
cies, making species identification very difficult for some
spores. This is notably the case for powdery mildews (e.g.,
Erysiphe necator, Podosphaerea aphanis), which are relative-
ly difficult to identify when other species of the same genus
originating from nearby weeds may be present on the sample.
Also, it is more and more important to distinguish genotypes
(e.g., formae speciales, clonal lineage, races, fungicide resis-
tant genotypes), and this is not possible on the basis of spore
appearance. In addition, the presence of soil particles, dust,
pollen and other debris can complicate spore identification
(Fig. 7). Thus, it is often necessary to measure the dimensions
of each particle and compare with reference specimens, or
regularly adjust the focus to find all particles and quantify
them adequately (Lacey and West 2006). Such constraints
can substantially increase the time required to identify spores
and complicate precise species identification. However, mi-
croscopic counts can be used to determine presence/absence
or estimate categories of spore density such as low, moderate,
and high for a given spore species.

In order to overcome the shortcomings of microscopy in
terms of specificity, standardize the countingmethods and reduce
the response time, different approaches have been developed
over the years. Among the alternative methods, the use of mono-
clonal antibodies combined with a lateral flow device has been
assessed for some pathogens (Kennedy and Wakeham 2008).
However, these methods have very low sensitivity, and although
they appear to be specific, their detection limit is often inade-
quate. For Peronospora destructor, for example, the detection
limit of such a system was found to be about 500 sporangia
(Kennedy and Wakeham 2008). Hence, molecular approaches
using PCR and qPCR methods were assessed, and have proven
to be more appropriate tools for spore counting. The first plant

pathology trials were carried out in the early 2000s, with
Penicillium roqueforti as amodel organism. This trial, conducted
using conventional PCR combined with agarose gel electropho-
resis, allowed the specific detection of 10 spores, which repre-
sents a substantial improvement over immunoassays (Williams
et al. 2001). Although it was not possible to obtain a spore con-
centration in the sample, this trial paved the way for several
developments. Quantitative PCRmethods were designed for dif-
ferent systems, including Sclerotinia sclerotiorum (Rogers et al.
2009) and Erysiphe necator (Falacy et al. 2007). After publica-
tion of the marker for the identification and quantification of
B. squamosa under real field conditions (Carisse et al. 2009b),
the qPCR approach has been intensively used. Subsequently,
molecular markers were developed for fungi including, among
others, Botrytis cinerea (Carisse et al. 2014; Suarez et al. 2005),
Peronospora effusa (Klosterman et al. 2014), P. infestans (Fall
et al. 2015c), B. lactucae (Kunjeti et al. 2016), P. cubensis and
P. humuli (Summers et al. 2015; Rahman et al. 2020), and
Fusarium graminearum (Hellin et al. 2018).

With air sampling, especially in agricultural fields, a variety of
inhibitorsmay be present in the samples to be analyzed by qPCR,
which can increase the frequency of false negatives. Thus, care
must therefore be taken to include controls to detect these false
negatives (McDevitt et al. 2007). Several approaches like the
dilution of sample DNAor the use of additive and PCR enhancer
such as BSA or Polyvinylpyrrolidone can be used to circumvent
the presence of PCR inhibitors. A more common practice is to
include a second exogenous target added to the system in a
known amount that is constant from sample to sample
(Haudenshield and Hartman 2011). In addition to detecting false
negatives caused by the presence of inhibitors, these exogenous
internal controls also enable this inhibition to be quantified and
used to correct the values obtained (Bilodeau et al. 2011).

10 Thresholds and interpretation
of aerobiological data

For an efficient disease management, it is essential to be able
to predict the risk of an epidemic. Thresholds are therefore an

a b

Fig. 7 Examples of airborne samples collected using rotating-arm impaction sampler, showing a)Peronospora destructor sporangia with few debris and
b) a sample containing a greater amount of debris
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important tool in integrated or reasoned management as they
make it possible to select the best time to respond as well as
the type of response. Regardless of their type, thresholds are
indicators that reduce the frequency of incorrect decisions
(i.e., responding when unnecessary and not responding when
necessary). The economic threshold is the disease severity
level at which the cost of treatment becomes lower than the
estimated cost of losses, whereas an action threshold, also
called treatment threshold, is the disease level at which treat-
ments is less effective due to high disease pressure. A damage
threshold or tolerance threshold is reached when the estimated
losses at harvest are higher than the acceptable disease level
(for example: 5% grey mould severity in grapes).

Thresholds are established in accordance with the relation-
ship between the values of the indicator (disease incidence or
severity, spore concentration) and the damage (loss of yield,
lower quality) (Fig. 8). When this relationship is known, as
well as the acceptable damage level, it is simple to establish
the threshold. However, in practice, the threshold varies with
the crop development stage, the expected harvest date, the
type of market (fresh, storage, processing), and the grower’s
risk tolerance level. Fungal diseases with aerial dispersion are
generally referred to as “polycyclic,” i.e., the population of the
plant pathogenic fungus increases with each secondary repro-
ductive cycle. The number of reproductive cycles is difficult
to predict because it depends on the fungus, the crop’s sensi-
tivity, weather conditions, and the length of the growing
season.

Action thresholds based on airborne spore concentration
are difficult to define, as the concentration varies with the
number and proximity of spore sources. For this reason, infor-
mation on spore concentration is often interpreted in terms of
the time of capture of the first spores (Thiessen et al. 2016;
Van der Heyden et al. 2012) and the increase in the aerial
spore concentration (Carisse et al. 2012). For onion leaf blight
(Botrytis squamosa), a first action threshold was developed by
comparing airborne concentration of conidia with number of
lesions per leaf under field conditions. The threshold was de-
termined based on concentrations corresponding to disease-
based thresholds already used to time fungicide applications
with values of 10-15 and 25-35 conidia per m3 corresponding
to 1 and 2.5 lesions per leaf, respectively (Carisse et al. 2005)
(Fig. 9a). Based on this study, airborne inoculum-based
thresholds (first conidia and total of 15 conidia per m3 caught)
were compared to a disease-based threshold (one lesion/leaf)
to time the initiation of fungicide spray program for onion leaf
blight management (Van der Heyden et al. 2012) (Fig. 9b). In
this study, best disease management was obtained when fun-
gicide spray programs were initiated at first airborne
B. squamosa conidia detected, followed by a threshold of a
total 15 conidia per m3, and by initiation when the first lesion
was detected. To further improve onion leaf blight manage-
ment, a disease risk indicator was developed by combining

weather-based risk of infection, amount of airborne inoculum
and forecasted favorability of weather conditions for infection
(Carisse et al. 2012).

Regardless of the approach followed, thresholds are highly
dependent on the sampling method and disease management
strategy. When the conditions of use of the spore samplers are
well-defined and validated according to the development of
diseases, the threshold must then be determined. In other
words, the question is how to express the number of captured
spores into risk and the decision of applying or not a fungicide
treatment (synthetic or biological). Each fungus has its own
survival strategy. Some produce a large number of spores
when one individual spore has little chance of infecting a
plant. In this case, the threshold will be high, e.g., with pow-
dery mildews (strawberries, grapes). For example, Van der
Heyden et al. (2014) find a linear relationship between air-
borne concentration of Podosphaera aphanis conidia with
strawberry powdery mildew severity and reported that 5 and
10% disease severity corresponded to 50 and 100 conidia/m3.
Other fungi produce fewer, very aggressive spores, as is the
case with downy mildews (potatoes, vines). In these cases,
thresholds must be lower. Thresholds should be determined
based on controlled studies and field observations. Fall et al.
(2015) studied the relationship between airborne sporangia
concentration of four clonal lineages of Phytophthora
infestans (US-8, US-11, US-23, and US-24) and late blight
of potato development under controlled conditions. Even
though the shape of the disease-inoculum curve were similar
for all clonal lineages, infection efficiency of sporangia was
different. The sporangia concentration required to cause one
lesion per leaf was 10 sporangia per m3 for US-23 and 15 to 25
sporangia per m3 for the other clonal lineages of P. infestans.

Data from spore samplers should be interpreted by consid-
ering many other risk factors such as weather, crop suscepti-
bility, disease level, and aggressiveness of the pathogen
(Carisse et al. 2012; Fall et al. 2015b). A large number of
spores in conditions that are unfavorable to disease develop-
ment may represent a lower risk than a small number of spores
under favorable conditions. Thresholds should also be
interpreted in accordance with the growth stage of the crop.
Therefore, the presence of spores does not necessarily mean
that an action (treatment) is necessary.

11 Perspectives

In recent decades, global trade in plant materials and products
has contributed to the spread of many pathogens. In addition,
climate change tends to increase the length of the growing
season, especially in northern territories (Evans et al. 2008).
Consequently, these changes could influence seasonal epi-
demics of resident (endogenous) pathogens, promote the pro-
duction and survival of overwintering inoculum, increase the
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frequency and scale of seasonal epidemics for exogenous
pathogens, and change the status of some plant pathogens
from periodically introduced to endemic (Van der Heyden
et al. 2020). Moreover, pesticides use is under heavy scrutiny,
and growers feel the pressure of the public, buyers and con-
sumers, to reduce their dependence on synthetic pesticides.
Tools are needed for the industry to estimate short- and
middle-term risks and to identify the most appropriate control
measures and times to apply phytosanitary measures, includ-
ing those with low environmental risk. For governments,

indicators to monitor the impacts of climate change and intro-
duced pathogens are required. Monitoring the territory, partic-
ularly with networks of spore samplers, is perfectly coherent
in this context.

The development of quantitative molecular approaches has
allowed the deployment of spore sampler networks at different
scales (Carisse et al. 2012; Carisse and Van der Heyden 2017;
Fall et al. 2015c; Van der Heyden et al. 2012, Chen et al.
2018). The combination of these approaches allows an accu-
rate monitoring of a predetermined number of pathogens,

Fig. 8 (a) Plots of the severity of powdery mildew on strawberry leaves
(down-pointing white triangles), the airborne concentration of
Podosphaera aphanis spores (black circles), and crop losses (grey bars)
in relation to the day of year. (b) Proportion of scabbed leaves per shoot

(Venturia inaequalis) at the beginning of the growing season and
percentage of scabbed fruit at harvest. The black circles were used for
model development and white triangles for validation purposes (Carisse
et al. 2009; Carisse et al. 2012; Carisse et al. 2013)

Fig. 9 a) Relationship between an economic treatment threshold and the
aerial concentration of Botrytis squamosa spores. The dotted black line is
the linear regression, and the solid grey lines represent the prediction
interval (Carisse et al. 2005). b) Relationship between the progression
of onion leaf blight and the indicator used to initiate the treatment

program; down-pointing black triangles correspond to the threshold of
1 lesion per leaf, white circles to the threshold of 15 spores per m3 of air,
and black circles to the threshold of 1 spore per m3 of air (Van der
Heyden et al. 2012a)
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usually between one and four. However, molecular methods
are evolving rapidly, and new promising approaches are con-
tinuously being developed. As an example, scientists are cur-
rently attempting to combine isothermal PCR technologies
(LAMP-PCR, RPA-PCR) and automated spore sampling in-
struments to send real-time risk alerts to growers and crop
specialists (West et al. 2018). Presently, these devices are
expensive (~$30,000 USD per unit), their availability is lim-
ited, and the number of pathogens that they can monitor si-
multaneously is also limited. Several research groups are
working on the development of molecular tools compatible
with these approaches to combined spore sampling and real-
time data transmission (Lees et al. 2019; Si Ammour et al.
2017). Automated image recognition technologies are also
progressing rapidly, and with them, a true real-time monitor-
ing approach is getting closer (see https://www.scanittech.
com or https://bioscout.com.au).

It is impossible to ignore the emerging technology of single-
molecule sequencing, also known as third-generation sequenc-
ing, and its potential to improve biomonitoring at multiple scales.
This technology could quickly become a benchmark in terms of
diagnosis and has several advantages over previous approaches.
First, it allows the sequencing of long DNA fragments that are
easier to assemble and align with reference genomes and se-
quencing entire small and medium-sized genomes such as those
of bacteria and certain fungi. Presently, there are two third-
generation sequencing platforms: Pacific Biosystems (PacBio)
and Oxford Nanopore Technologies (ONT). The ONT platform
offers a faster response time (between 3 and 5 h), requires only a
small amount of initial DNA, and has lower costs of acquisition
(Hu et al. 2019). In 2014, ONT launched the first portable third-
generation sequencer, the MinION. Its small size and ability to
connect to a local computer make it suitable for use in all labo-
ratories. Several bioinformatics tools have been adapted for the
MinION sequencer and allow real-time identification of plant
pathogenic species present in a sample. This new technology
has already been shown to be useful for phytosanitary biomon-
itoring (Chalupowicz et al. 2018; Bronzato Badial et al. 2018). In
these trials, a number of plant species (e.g., tomato, pepper, mel-
on, Gypsophila, strawberry, lemon) presenting unknown symp-
toms or knowingly inoculated with 16 bacterial, fungal, and viral
pathogens, were analyzed using Nanopore’s tools. For all inoc-
ulated or symptomatic plants, the pathogen species were identi-
fied within 2 h (Chalupowicz et al. 2018).

Since the discovery that some pathogens are dispersed in
the air, aerobiology has evolved from the establishment of
principles (Gregory 1945), to molecular identification and
quantification of airborne spores (Carisse et al. 2009), and
statistical and mathematical modeling (Aylor 2017).
Nowadays, the combined use of hightrouput sequencing
(HTS) and bioinformatics in aerobiology, allows the simulta-
neous identification of several targets. An example of this new
approach is presented in Chen et al. (2018) were the use of

metagenomics using HTS is combined to a spore-sampling
network (AeroNet) to detect specific taxonomic groups. In
an example from forestry in Canada, Tremblay et al. 2018
identified regulated and unregulated pathogenic forest
fungi in spore trap samplers. They identified potential species
to be controlled as they could cause diseases not yet recorded
in the region (Bérubé et al. 2018a, 2018b) and may require
management procedures. In Europe, HTS methods have been
used to study fungal diversity in different environmental sub-
strates. In this study, it was shown that the assessment of
airborne fungal community diversity can be achieved by using
simple and robust passive spore traps (cellulose filters, coated
microscope slides) (Aguayo et al. 2018). Redondo et al.
(2020) evaluated the airborne fungal spore community and
the fungal spore community deposited with active and passive
spore traps in three different vegetation types in Sweden using
metagenomics.

The use of these new technologies also accelerates the dis-
covery of new genotypes with specific epidemiological char-
acteristics, in terms of aggressiveness, host specificity or re-
sistance to fungicides. Combined with the use of spore sam-
plers organized in networks, these new tools will make it
possible to carry out genotype-specific biosurveillance.
Examples of this type of monitoring are not yet very abundant,
but it is likely that this type of use will becomemore and more
common. Among the available examples is the development
of a monitoring tool for two host specialized clades of
P. cubensis (Rahman et al. 2020), identified as a result of a
genome wide association study (Wallace et al. 2020).
Similarly, tools for simultaneous monitoring of Plasmopara
viticola clade riparia and clade aestivalis was recently devel-
oped (Carisse et al. 2021). Another example of such an ap-
proach is provided for Z. tritici, for which molecular markers
have been developed to monitor specific DNA substitutions
associated with fungicide resistance to demethylation inhibi-
tors and succinate dehydrogenase (Hellin et al. 2020). Hence,
it is expected that aerobiology will continue to evolve through
the integration of new technologies such as metagenomics,
but also through other knowledge such as deep learning, neu-
ral networks or more automated methods of sample analysis.

In conclusion, airborne inoculum monitoring networks
combined with advanced DNA analysis, and image and data
analysis technologies open the door to a new generation of
crop disease management tools and to better understanding of
pathosystems. Regardless of the level of sophistication, once
in place, airborne inoculum monitoring networks allow early
detection of resident or immigrant pathogens; thus, control
measures can be deployed before the disease gets out of con-
trol. In addition, DNA analysis can detect changes in the pop-
ulation of plant pathogens such as virulence or genetic substi-
tutions related to resistance to fungicides. The observations
from the networks allow the identification of the source
(reservoir) of inoculum, to describe the dispersion of the

40    Page 18 of 23 Agron. Sustain. Dev. (2021) 41: 40

https://www.scanittech.com
https://www.scanittech.com
https://bioscout.com.au


pathogen at a territory scale, to identify the zones most at risk
(hotspots), and to study the impact of climate change and
cultural practices on the development of diseases. In other
words, to improve our knowledge of pathosystems. As re-
search data and data from inoculum tracking networks be-
come available, it will be possible to specify the best location
and improve spatial resolution.

In the context of the “big data” era, airborne inoculum
monitoring networks are still in the juvenile phase and re-
search must be done essentially to integrate available technol-
ogies, improve access, analysis, interpretation and data shar-
ing. It is likely that with our constant need for more and more
data, that local networks will be integrated into regional net-
works and then into national networks. It is therefore essential
to properly structure the root networks; it is in this spirit that
we have prepared this literature review.
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