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Abstract  The advent of automatic pollen and fungal 
spore monitoring over the past few years has brought 
about a paradigm change. The provision of real-time 

information at high temporal resolution opens the 
door to a wide range of improvements in terms of the 
products and services made available to a widening 
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range of end-users and stakeholders. As technology 
and methods mature, it is essential to properly quan-
tify the impact automatic monitoring has on the dif-
ferent end-user domains to better understand the real 
long-term benefits to society. In this paper, we focus 
the main domains where such impacts are expected, 
using Europe as a basis to provide qualitative esti-
mates and to describe research needs to better quan-
tify impacts in future. This will, in part, also serve to 
justify further investment and help to expand moni-
toring networks.

Keywords  Automatic monitoring · Pollen · Fungal 
spores · Impacts · Assessment

1  Introduction

Pollen monitoring has been routinely carried out since 
the late 1960s (Hyde, 1959;  Emberlin et  al., 1993; 
Gehrig & Clot, 2021), largely using volumetric traps 

such as that developed by Hirst in 1952 (Hirst, 1952). 
These measurements require manual identification and 
counting procedures using light microscopes carried 
out by trained personnel (Galán et  al., 2014). While 
considered a significant improvement at the time, and 
still the most widely used sampling method worldwide 
(Buters et  al., 2018), technology has since developed 
extensively towards automation as there is more and 
more user demand for real-time information and ser-
vices (Tummon et  al., 2021a). The first steps towards 
automation took place in the 1990s with attempts to 
digitise specific aspects of the process, such as light 
microscopy images (e.g. Treloar, 1994). Later, in the 
2000s, there was more focus on automatising the classi-
fication process (e.g. Bonton et al., 2001; Boucher et al., 
2002) but only a few studies used air samples (Ranzato 
et  al., 2007;  Landsmeer et  al., 2009). The particular 
conditions in Japan—just two easily-identifiable aller-
genic pollen taxa present in winter—made it possible to 
establish an automatic monitoring and forecasting net-
work in 2002 (Kawashima et  al., 2017). Further steps 
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towards automatic monitoring of a larger number of 
specific pollen taxa were later achieved with the Hund 
BAA500 device, which essentially automates the man-
ual process using a robot and digital microscopy, first 
being tested in 2009 (Oteros et al., 2014). Various tests 
and developments were carried out over the following 
years, including with several other instruments based on 
a range of different technologies, such as flow cytom-
eters employing digital holography and/or fluorescence 
(e.g. O’Connor et al., 2014; Sauliene et al., 2019; Sau-
vageat et  al., 2020). In 2019, several of these devices 
were tested in parallel at the same location and showed 
relatively good performance compared to the conven-
tional Hirst-trap measurements (Tummon et al., 2021b). 
A more comprehensive intercomparison was then car-
ried out in Munich, Germany, over the 2021 pollen 
season (Maya Manzano et  al., 2023). This campaign 
not only compared all available automatic instruments 
but also different identification algorithms, showing 
very good results for certain combinations of automatic 
device and algorithm. Based on these initial studies, 

the first use of automatic monitors to provide real-time 
pollen data in operational networks began in the cross-
border region of Serbia and Croatia in 2019 (Tesendic 
et  al., 2020), in the German state of Bavaria in 2020 
(Oteros et al., 2020), and in the Swiss national network 
in 2021 (Crouzy et al., 2022). A number of other auto-
matic measurement sites have been or are currently 
being installed across Europe (see Fig.  1). Although 
so far some of them may appear isolated by country or 
region, these automatic monitoring sites are potential 
starting points for integration into (supra-)national aero-
biological networks.

Automatic pollen monitors are continually being 
developed and more and more instruments are com-
ing to market as technology and methods evolve. 
The potential for development is particularly large in 
terms of the particle identification software, with a 
constantly growing number of pollen taxa and other 
particle types (e.g. pollen sub-particles, fungal patho-
gens, dust, or potentially even large bacteria) that can 
be identified. Much of the growth and development of 
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automatic pollen monitoring is currently coordinated 
by the EUMETNET AutoPollen programme (Clot 
et al., 2020), which was started in 2018 to provide a 
framework for collaboration and cooperation across 
Europe. The programme continues to serve as an effi-
cient forum for the exchange of knowledge and expe-
rience, bringing together a multidisciplinary com-
munity to develop methods, international standards, 
and the European real-time pollen and fungal spore 
monitoring network. Special attention has been given 
to involve currently known stakeholders to ensure that 
developments are in line with their needs (Tummon 
et al., 2021a).

This paper aims to provide an overview of the 
impacts of automatic pollen and fungal spore monitor-
ing across several key sectors, including public health, 
agriculture, environment, and research. Quantitative 
estimates of the impacts of automation are provided 
for the monitoring itself; however, it is difficult to 
make accurate quantitative estimates of the impacts on 
other end-user domains since dedicated research and 
data from longer periods are not yet available. Rather, 
here we outline several recommendations and possi-
ble methods for future studies that could improve the 
accuracy in assessing the different impacts of auto-
matic pollen and fungal spore monitoring.

2 � Effects of automation on aerobiological 
monitoring

2.1 � Impacts on measurement quality

The most recent evaluation of automatic pollen moni-
tors was carried out over the 2021 pollen season and 
aimed to assess the capabilities of all devices available 
at the time, focusing on a range of the main allergenic 
pollen in Europe (Maya Manzano et al., 2023; Triviño 
et al., 2023). Results showed that a number of instru-
ments perform at least as well as the manual Hirst-
type traps, with the added advantage of providing 
data in real time (from the identification of individual 
particles up to several hours) and at higher temporal 
resolution (Crouzy et al., 2022; Maya Manzano et al., 
2023; Adamov et al., 2021; Oteros et al., 2020), thus 
responding to current demands for real-time informa-
tion (Tummon et  al., 2021a). While most automatic 
systems are not yet capable of identifying as many 
pollen taxa as conventional microscopic methods, the 
major allergenic taxa present in Europe are well clas-
sified using algorithms that require no human inter-
vention (Sauvageat et  al., 2020; Oteros et  al., 2020; 
Maya-Manzano et  al., 2023). Furthermore, all auto-
matic monitoring systems allow for long-term stor-
age of raw data, meaning that any future improved 
algorithms can be applied retrospectively to obtain 

Fig. 1   EUMETNET AutoPollen programme participating 
countries (coloured in green) and automatic pollen monitoring 
sites (orange dots) in 2018 at the beginning of the programme 
and in 2023. Note that the red dots for 2023 indicate networks 

in Bavaria (8 sites), in Switzerland (15 sites), and in Denmark 
(3 sites). Note, what appear as white dots are very small coun-
tries, such as Monaco
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homogeneous climatologically-relevant time series of 
additional taxa.

Accurate identification of pollen and fungal spores 
is a critical aspect of any aerobiological monitoring. 
The European standard describing the manual volu-
metric method using Hirst-type traps (Galan et  al., 
2021; EN16868:2019; Galan et al., 2014) provides a 
number of specific points that contribute to estimating 
total uncertainty of the technique. Automatic devices 
circumvent many of these issues, providing the pos-
sibility to notably reduce methodological uncertainty 
(Table  1). There are, however, different sources of 
uncertainty that contribute to the automatic meas-
urements (Buters et al., 2022), which also need to be 
taken into account. This includes uncertainty related 
to the identification algorithms used or to high par-
ticle loads, the latter of which can be circumvented 
in certain instruments by reducing the sampling rate 
(see Buters et  al., 2022). Nevertheless, comparisons 
between automatic instruments suggest that they are 
less uncertain than manual measurements at compa-
rable timescales (Maya Manzano et al., 2023; Triviño 
et al., 2023; Adamov et al., 2021).

Not only do automatic devices provide observa-
tions with little or no human intervention, but many 
of the measurement techniques used lend themselves 
to calibration and certification similar to that carried 
out for air quality monitoring (e.g. Lieberherr et  al., 
2021), potentially paving the way for European legis-
lation to include pollen and fungal spore monitoring. 
Such calibration methods are currently being tested 
by the metrology community, and a European stand-
ard for automatic pollen and fungal spores is being 
developed to describe such calibrations, as well as 
many other important aspects; this will ensure more 
homogeneous and standardised automatic observa-
tions across the continent.

2.2 � Economic impacts

It is expected that the provision of real-time pollen 
and fungal spore information will reduce economic 
costs indirectly, for example, by reducing health care 
costs (see Sect.  3). Here, we make an estimate to 
compare cumulative costs of manual and automatic 
monitoring over a period of 10 years, an indicative 
period for which monitoring activities are typically 

run and the expected lifetime of many instruments. 
We consider a network of five instruments as this rep-
resents a reasonable number of devices for a region or 
a small country. Note that we only consider the first 
steps of the information chain, i.e. the measurements 
and analysis. We do not consider costs associated 
with the provision of information to end-users since 
this is assumed to be the same for the two methods. 
Values have been directly obtained from the manufac-
turers of automatic devices so provide the best avail-
able estimates at the time of publishing (even if obvi-
ously subject to change).

To calculate the cumulative costs of manual 
monitoring, an initial investment cost of €52′000 is 
assumed. This covers five Hirst-type instruments, 
a microscope, as well as a basic laboratory, includ-
ing a fume hood, that is required for the preparation 
and analysis of samples. This value is based on a 
rough estimate for Europe, and there will obviously 
be country-to-country variations but this is not con-
sidered here. We also assume there is no dual usage 
of the facility for other tasks. Thereafter, the main 
costs are related to the personnel and a range of val-
ues was taken based on hourly labour costs. Two 
scenarios were calculated using values from EURO-
STAT (https://​ec.​europa.​eu/​euros​tat/​web/​produ​cts-​
euros​tat-​news) based on minimum and maximum val-
ues for European countries, and this corresponds to 
hourly rates of €7 for Bulgaria and €47 for Denmark, 
respectively. It was assumed that the work associated 
with running a manual network was equivalent to six 
hours per site per week, with this being carried out 50 
weeks per year. The remaining two weeks would be 
dedicated to maintenance and quality control efforts, 
with 24 h being allocated for these purposes for each 
station. While certain sites, particularly in northern 
Europe, may not be operational for as many weeks 
of the year, this enables a fair comparison with auto-
matic devices and for all sites. Note that certain sites 
in Europe carry out monitoring on a daily basis and/
or count fungal spores during the relevant seasons, 
with both of these aspects considerably increasing 
the personnel costs. This is also not considered here. 
Site costs of €1000 per site were included as well as a 
value of €400 per year for consumables and shipping 
costs of €25 per week for four instruments. (The fifth 
instrument is assumed to be at the same location as 

https://ec.europa.eu/eurostat/web/products-eurostat-news
https://ec.europa.eu/eurostat/web/products-eurostat-news
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the laboratory.) This results in annual running costs 
ranging between approximately €23′000 and €89′000 
(Table  2). Over the 10-year period, this results in 
total costs ranging from around €285′000–€942′000. 
The inclusion of more sites would linearly increase 
the costs since the personnel costs related to manual 
monitoring are directly related to the number of sta-
tions that need to be counted.

For automatic monitoring, a similar calcula-
tion was carried out. The range for the initial costs 
is based on one of the cheapest and one on the most 
expensive instruments currently available. Important 

to note is that we considered only those instruments 
able to identify the most important European pol-
len taxa (based on the work of Maya-Manzano et al., 
2023). The initial investments were thus estimated 
to be between €285′000 and €760′000, including 
the price for five instruments as well as installation 
and training in how to use the instrument. Note that 
this does not include developing identification algo-
rithms, it is assumed that the instrument is ready to 
run upon installation. A similar assumption is made 
for the manual monitoring, considering no time 
required for training personnel. Annual running 

Table 1   Known uncertainties and limitations of the manual method that are reduced with automatic methods

That no quality standard yet exists for automatic methods (although one is under development). Automatic techniques may suffer 
from other, different uncertainties (see Buters et al., (2022) for more details)

Manual (EN16868:2020) Currently best-performing automatic methods

Variability resulting from sample preparation Overall, less human intervention. In digital microscopy-based 
approaches, a robot carries out sample preparation. For flow 
cytometry-based instruments, this process is eliminated entirely 
since each particle is analysed on-the-fly. Additionally, there is 
no uncertainty from the mechanical clock or cutting the impac-
tion tape

Inter- and intra-observer variability during identification and 
counting

Identification is based on a computer algorithm and thus there is 
no counting or identification variability

Uncertainty related to counting is reduced since larger sample 
areas or nearly all particles are counted. Nevertheless, automatic 
algorithms may have uncertainty related to particle identifica-
tion as well as other issues

Only a small percentage (typically 10%) of the sample area is 
analysed

For flow cytometers all sampled particles are processed, except 
under very high aerosol loads when automatic down-sampling 
is sometimes applied. For digital microscopy-based instruments, 
a larger surface area is usually analysed (typically 25%)

Uncertainty related to impaction efficiency In air flow cytometry this is completely eliminated since particles 
are analysed in-flight (i.e. there is no sample collection)

Uncertainty related to temporal resolution Several automatic instruments sample larger volumes than 
Hirst-type traps allowing more representative sampling at low 
temporal resolutions. In addition, for most instruments there is 
no “smearing” effect over time as particles are either measured 
in-flight or sampling slides are changed at distinct time points 
(although some image-based devices have a rolling band similar 
to the Hirst trap). This notably reduces uncertainty, especially at 
high temporal resolutions

Uncertainty in flow rates Integration of high accuracy and continuous air flow measure-
ments limits this uncertainty by prompt detection of any devia-
tion and variable adaption of the flow rate as required. These 
data, and a number of other variables, are recorded and avail-
able for later use if required (e.g. for quality assurance/control)

Uncertainty at very high concentrations (pollen may bounce off a 
saturated collection surface)

Some automatic monitors dynamically adjust sampling rates so 
they are less impacted by very high aerosol concentrations

Repeatability is typically on the order of 70–90% The same classification algorithm run on the same sample has 
100% repeatability
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costs are also calculated, with site and data trans-
mission assumed to be €1′000 per site. The annual 
maintenance cost is estimated to be 10% of the ini-
tial instrument price, an assumption that is commonly 
used across this industry. The costs for data hosting 
are also included, as are the costs of consumables 
(to provide the maximum possible scenario), where 
a range is also taken (from €1000–€5000 per instru-
ment). As for the manual monitoring, it was assumed 
that measurements are carried out 50 weeks of the 
year with maintenance occurring during the remain-
ing 2 weeks. It was estimated that 5 h per week was 
required for running the automatic network, assuming 
that initial installation and supervision of instruments 
has been carried out. This results in annual running 
costs ranging from approximately €46′000–€124′000 
(Table  2). Note that costs may vary also because of 
the geographical spread of networks, which is not 
taken into account here. For the 10-year period, costs 
range from a minimum of €752′000 to a maximum of 
€2′002′000 including initial investments for the auto-
matic networks.

The initial investment costs for an automatic net-
work are considerably more expensive. The costs 
for maintenance and data storage for both automatic 

scenarios are also higher compared to a manual net-
work, in large part because the maintenance needs 
to be carried out by trained professionals. However, 
the personnel costs for running an automatic network 
are considerably cheaper compared to the manual 
network and depending on the country may even be 
cheaper in terms of annual costs after only a relatively 
short period of time (Fig. 2). As the number of auto-
matic devices in a network increases, the personnel 
costs do not increase linearly; therefore, it is expected 
that for a larger network the costs of automatic moni-
toring will be lower than for manual monitoring. The 
assumption in this calculation, however, is that per-
sonnel costs are the same for both manual and auto-
matic monitoring even if different skills are required. 
Another aspect to keep in mind is that as technologies 
evolve and the absolute value of numerical storage (€/
Tb) tends to lower in the long term, it is quite pos-
sible that the initial investment costs associated with 
the acquisition of automatic instruments will pro-
gressively decrease. Finally, the fact that the market 
for automatic instruments is composed of more than 
a dozen manufacturers induces a competitive effect. 
This economic regulation contrasts with the almost 
monopolistic price dynamics of Hirst-type traps, 

Table 2   Indicative values for the calculation of costs associated with a small monitoring network of five stations based on manual 
and automatic measurement systems (see text for details)

Values include initial investment costs as well as annual running costs
*The range is based on minimum and maximum hourly labour costs based on values from EUROSTAT (https://​ec.​europa.​eu/​euros​
tat/​web/​produ​cts-​euros​tat-​news), with minimum values of €7/hour and maximum values of €47/hour. In all cases, it is assumed that 
monitoring is carried out 50 weeks a year. The range also includes the range in maintenance costs and for the maximum scenario also 
the range in consumable costs

Manual Automatic

Initial costs
Initial instrument cost €5000 (per instrument) €55′000-€150′000 (per instrument)
Other initial costs €27′000 (Microscope, 

basic laboratory set-
up, and installation)

€10′000 (Installation and training)

Total initial investment (5 instruments) €52′000 €285′000-€760′000
Annual costs
Number of hours worked per week 30 (6 h per site) 5 (for full network)
Number of hours for maintenance (per year) 120 (24 per site) 10% of annual purchase costs (costs included in “other costs” 

below)
Other costs €11′000-€13′000 (Con-

sumables, shipping, 
site costs)

€40′000-€112′000 (data hosting, maintenance, site costs, 
consumables (where relevant))

Range of total annual costs* €23′340-€88′980 €46′750-€124′225

https://ec.europa.eu/eurostat/web/products-eurostat-news
https://ec.europa.eu/eurostat/web/products-eurostat-news
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which have been based on only two manufacturers in 
the market for several decades.

It is important to note that it may be necessary 
for monitoring networks to maintain a minimal 
number of sites where manual monitoring is per-
formed to ensure continuation of certain long-term 
data series for climatological and phenological 
reasons as well as to detect neophytes, i.e. pollen 
and fungal spore taxa for which automatic instru-
ments have not yet been trained to identify. This is 
particularly relevant since the current generation of 
automatic monitors still offers a more limited list of 
taxa that can be identified compared to the manual 
method (Maya Manzano et al., 2023). An emerging 
alternative to precisely identify down to the species 
level (or even lower) is high-volume aerosol sam-
pling followed by a metagenomic DNA analysis. 
This process has become feasible for regular moni-
toring only very recently with the third-generation 
DNA sequencing techniques and related analytical 
protocols (Núñez et  al., 2017; Rojo et  al., 2019; 
Sofiev et al., 2022).

3 � Impacts on key end‑user sectors

Automatic devices provide data in real time and at 
temporal resolutions ranging from instant identifi-
cation of individual particles to a couple of hours, 
thus meeting the needs of end-users (Maya Man-
zano et  al., 2023; Tummon et  al., 2021a). More 
consistent qualitative evaluations of automatic data, 
the possibility to accurately calibrate and certify 
these instruments as well as to continuously con-
trol their performance in real time, will open the 
door to potentially making pollen and fungal spore 
monitoring a legal requirement across Europe, as is 
the case for meteorology and air quality. Further-
more, the current location of manual sites is based 
on the availability of easy access to local exper-
tise and the specific laboratory facilities required 
(weekly changing of the drum, samples being sent 
to a laboratory, etc.). An automatic device can be 
placed considerably more freely, at any location 
with the required infrastructure (power supply, 
Internet, and protection against damage), where 
the observation has the largest impact from an end-
user perspective. This section discusses the various 

Fig. 2   Estimates of the accumulated costs for running man-
ual and automatic pollen monitoring networks. Costs include 
annual network running costs, with the range for each case 

based on labour costs and consumables (where relevant). Ini-
tial costs are not included. See the text for full details
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impacts that automatic measurements of pollen and 
fungal spores will have on several important end-
user domains.

3.1 � Impacts on forecasts

While the number of real-time pollen monitoring sta-
tions is still far from sufficient, improvements in fore-
cast quality, similar to those seen in weather forecasts 
(e.g. Bauer et al., 2015), can be expected (Adamov & 
Pauling, 2023; Sofiev, 2019). The data from in  situ 
automatic measurements and improved forecasts 
will provide end-users with information in real time 
and at a much higher frequency (e.g. with forecasts 
being generated up to 8 times a day rather than once 
a day). While methods to adapt numerical models to 
include real-time pollen data are still in their infancy, 
the potential for improving such forecasts using auto-
matic measurements has already been shown to be 
significant (Adamov & Pauling, 2023). The first such 
system was recently made operational in Switzerland 
and has shown that real-time pollen measurements 
considerably improve the timing of the season and 
reduce the concentration bias (Adamov & Pauling, 
2023).

At the European scale, other pollen forecast mod-
els exist (Maya-Manzano et al., 2020), including sta-
tistical as well as numerical models, of which there 
are online and offline ones (the latter being models 
in which the meteorology is taken from the same or 
another model run separately, i.e. there is no feed-
back from the pollen module on the meteorology 
and it is assumed that the offline meteorological data, 
e.g. at 3h resolution, is sufficient to describe pollen 
concentrations). Many of these models have not yet 
been completely adapted to integrate real-time pol-
len observations but large efforts by the community 
are expected to lead to such developments in the 
near future. A procedure for the fusion of observa-
tional data with numerical model predictions has 
been shown to bring up to a factor of 2–3 reduction 
in error in European-scale ensemble forecasts (Sofiev 
et al., 2017). These ensemble fusion methods are cur-
rently being implemented in Copernicus Atmospheric 
Monitoring Service (CAMS) for both pollen and air 
quality forecasts, with the first operational forecasts 
expected in 2024. Data fusion methods have quite 
modest requirements in terms of the density of the 
observational network, and therefore, a significant 

positive impact can be expected even with just a 
couple of tens of stations scattered around Europe. 
Another recent effort to use real-time data to produce 
3-hourly forecasts with a statistical model performed 
well and showed the potential of providing higher 
temporal resolution information than is currently 
typically available (Muzalyova et al., 2021). Together 
with the provision of real-time pollen measurements, 
such forecasts will significantly improve the informa-
tion available to end-users in terms of both spatial 
and temporal coverage.

Besides the study by Adamov and Pauling (2023), 
no systematic evaluation of the improvement to fore-
casts has been made. This is, however, a relatively 
routine exercise for model developers, and a wide 
range of metrics exist to quantitatively assess such 
improvements (WMO, 2000). We expect that over 
the coming years a number of studies will provide 
more quantitative estimates of forecast improvements. 
A further aspect that will need to be evaluated is the 
uptake of such forecasts by end-users, particularly 
allergy sufferers who may adapt their behaviour or 
medication intake, although the subsequent impacts 
are considerably harder to assess quantitatively. This 
is further discussed in the section on public health 
impacts below.

3.2 � Public health impacts

Historically, many pollen monitoring sites were ini-
tially established to provide information to medi-
cal doctors diagnosing and treating allergic patients 
(Buters et  al., 2021; de Weger et  al., 2013; Hyde, 
1972; Mitman, 2004). This situation has not changed 
much, and the medical community remains one 
of the main end-user groups that have pushed for 
increased availability of information and real-time 
monitoring of both pollen and certain fungal spores 
(Fuduric et al., 2021). As the number of allergy suf-
ferers continues to increase (Holgate, 1999; Laati-
kainen et al., 2011; Ronmark et al., 2009), so do the 
associated direct and indirect health costs, which 
are estimated to be between €50 and 150 billion per 
year in Europe (Zuberbier et  al., 2014). No studies 
have yet been carried out to quantitatively estimate 
the cost changes and improvement to quality of life 
related to the provision of real-time information about 
environmental levels of allergenic pollen and fungal 
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spores. However, qualitative evaluations, from the 
point of view of public stakeholders, suggest that the 
cost of developing and running a monitoring network 
would be far outweighed by the potential reduction in 
health-related costs (Ewert, 2015; Oberpriller et  al., 
2017).

To provide quantitative estimates of how real-time 
pollen and fungal spore information affects health 
costs, epidemiological studies will need to be carried 
out. While this has never been quantitatively done 
for manual observations, such studies would provide 
key information for policy makers. Research needs 
to focus on various aspects such as whether allergic 
patients make behavioural changes based on better 
forecasts which in turn improve their general quality 
of life, or if there are changes in the use of medication 
that alleviates allergic symptoms (e.g. corticoster-
oids), amongst other things. Such investigations will 
require a multidisciplinary approach with input from 
researchers, the medical community, and the wider 
public. Various metrics that are relatively easy to 
monitor include allergy medication sales, hospitalisa-
tion rates, sick days reported during the pollen season 
(even if there is overlap between early flowering taxa 
and the typical flu season), or through patient and 
doctor surveys. Regions where automatic monitoring 
networks are already established provide the opportu-
nity to carry out such studies.

Routine high temporal resolution data will pro-
vide an important impetus to the field of allergology, 
where the current standards are almost exclusively 
based on daily-mean concentrations (Pfaar et  al., 
2016). The data will allow extensive investigations 
of the complex relationships between symptoms, air-
borne pollen and fungal spore levels, weather, and 
air pollution at very high temporal resolution (Smith 
et al., 2022; Chappuis et al., 2019; Thien et al., 2018; 
Lake et al., 2017; D’Amato et al., 2010). For example, 
to study how and what symptoms are presented after 
short duration periods of high exposure, which are 
smoothed out and thus not detected in daily average 
values. Better understanding of exposure will help to 
improve new therapies (Pfaar et  al., 2016). Further-
more, warnings or alert levels that are communicated 
to end-users will need to be adapted to reflect symp-
tom thresholds at sub-daily scales, particularly since 
allergic symptoms can appear on such timescales 
(Damialis et  al., 2019; Zuberbier et  al., 2017). This 
will also require high temporal resolution symptom 

data, although not necessarily hourly data, which can 
then be studied together with high temporal reso-
lution measurements of pollen and fungal spores. 
Major efforts will be required to obtain such data 
from allergy sufferers, perhaps through innovative 
health apps for mobile devices that encourage users 
to provide information several times during the day 
(Kvedariene et  al., 2022). An incentive in return for 
this information is in itself the provision of real-time 
pollen and fungal spore measurements. The provi-
sion of nearly instantaneous information (rather than 
with a delay of up to 9 days) will help allergy suf-
ferers, together with their health providers, to better 
understand what they are allergic, keeping in mind 
the complex nature of individual exposure and time 
lags in symptoms. Additional research will also need 
to focus on the spatial representativeness of the high 
temporal information provided by automatic moni-
tors and how peak pollen hours are comparable in 
space. Studies with an installation of locally denser 
automatic networks, combined with numerical mod-
elling and symptom data, will provide a much more 
in-depth understanding of the complex relationship 
between exposure and symptoms.

Finally, as the network of automatic pollen and 
fungal spore monitoring grows across Europe and 
forecasts provide information at higher resolution, 
it will be possible to produce warnings for thunder-
storm asthma events. Such episodes are known to 
have large impacts on public health (Thien et  al., 
2018), and producing improved forecasts could avoid 
costly impacts on the lives of allergy sufferers. Like-
wise, it is essential to educate end-users in parallel 
about the improved information available. A recent 
study across the Netherlands showed that one quar-
ter of the 2532 respondents thought that real-time 
data would contribute to better managing their allergy 
symptoms (Houweling et al., 2021). It is thus crucial 
to inform the public about how they might be able to 
better understand what causes their allergies using 
real-time information and what preventive measures 
they might take to relieve symptoms using this infor-
mation combined with improved forecasts.

3.3 � Agricultural and sylvicultural impacts

The monitoring of pollen loads from various fruit-
ing crops, such as oak, olives, chestnut, or grapes, 
has been widely carried out as part of agricultural 
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practices. Such information from the flowering sea-
son is used to produce yield forecasts (Cunha et  al., 
2016; Oteros et al., 2014; Garcia-Mozo et al., 2012), 
which are then used to organise more efficient har-
vests and delivery schedules, to support price nego-
tiations, or to develop effective marketing strategies 
(Cunha et  al., 2016). While not strictly necessary to 
have such data in real time, this possibility will accel-
erate the forecasting process and, most importantly, 
the high temporal resolution data will improve the 
quality of information used to produce the forecasts. 
In the latter case, the influence of meteorological fac-
tors, such as precipitation or wind speed that play an 
important role in the pollination process, can be used 
with higher temporal resolution observations (hourly 
or below) to enhance the accuracy of crop forecast-
ing predictors calculated during the flowering sea-
son. Additionally, real-time monitoring will facilitate 
the development of digital information services and 
thus better serve end-user needs. Automatic pollen 
monitoring could also contribute to ensuring quicker 
responses in managing potentially unwanted gene 
flow (Yan et  al., 2018) and unwanted cross-fertilisa-
tion in commercial crops.

Another critical aspect in the agricultural and 
sylvicultural sectors is plant pathogens, which are 
known to have massive impacts on many crops and 
important tree taxa, costing millions of euros in 
damage or yield losses per year. Many plant patho-
gens are spread through airborne fungal spores. For 
example, wheat blotch is estimated to cost up to €240 
million/year to UK farmers alone (Fones & Gurr, 
2015). Likewise, potato blight causes yield losses 
of up to €1 billion/year in Europe (Haverkort et  al., 
2008), while soybean rust causes losses of up to 80% 
in several regions of the world (Li et al., 2010). Loss 
is not limited to agricultural crops, with devastating 
tree losses being caused by airborne fungal pathogens 
as well (Fisher et  al., 2012). One of the most well-
known examples is Ash dieback (Fones et al., 2017), 
which has caused the death of millions of trees across 
a range of different environments (Fisher et al., 2012). 
In addition to the economic costs of such losses, fur-
ther negative impacts are associated with such tree 
diebacks, including the loss of wood, the potential for 
carbon sequestration (Kurz et al., 2008), and changes 
in biodiversity.

The utility of early detection of airborne 
inoculum from pathogenic fungal spores using 

aerobiological monitoring has been widely dem-
onstrated (Van der Heyden et  al., 2021; Martinez-
Bracero et  al., 2020). However, the temporal gap 
between sampling and quantification that is present 
in manual monitoring has hampered most imple-
mentation into the agricultural system (Allen-Sader 
et  al., 2019). The temporal delay means that the 
disease has likely already spread further. Real-time 
monitoring that provides high temporal resolution 
observations will allow important changes in this 
sector, particularly when combined with integrated 
forecasting frameworks. This has the potential to 
contribute significantly to decision analysis and dis-
ease risk management in crops (Allen-Sader et  al., 
2019) and forestry.

Combining real-time high-resolution observa-
tions into integrated decision support systems will 
require further research and collaboration. How-
ever, the breakthrough in the information provided 
can be expected to significantly improve how fun-
gicide sprays are applied, particularly in terms of 
dose, application frequency, and overall use (Lázaro 
et al., 2021). This would consequently reduce envi-
ronmental and human health impacts, economic 
costs, and the potential for such plant pathogens 
to develop resistant strains. Similar to the public 
health costs associated with allergies, even just a 
small percentage improvement could result in sig-
nificant savings across the globe. Specific studies at 
local and regional levels will be required to quantify 
such impacts properly. Data, for example, regard-
ing the amount of fungicides applied and crop pro-
duction values, will need to be collected and com-
pared, together with direct feedback from end-user 
communities.

While such measurements are still in their infancy, 
two real-time monitoring systems can automatically 
detect Alternaria spores at the genus level (Erb et al., 
2023; Gonzalez-Alonso et  al., 2022) and further 
developments allowing the identification of a range of 
other spores are expected. The potential of real-time 
technology for the simultaneous detection of multiple 
airborne pathogenic fungal spores will certainly con-
tribute to the change of the single disease paradigm, 
aligned with the global strategic plan in plant pathol-
ogy for a broader quantitative integrated framework 
to better understand when and how diseases develop 
(Jeger et  al., 2021). As for allergy and asthma, 
the savings that can be expected from improved 
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monitoring and forecasting systems hugely exceed the 
relatively small costs associated with developing and 
maintaining such an integrated system.

4 � Research impacts

Interest in pollen and fungal spores has significantly 
grown over the past years as their importance across 
a range of research domains has been recognised 
(Fig.  3) (Ariya & Amyot, 2004; Fröhlich-Nowoisky 
et  al., 2016). The provision of high temporal reso-
lution data is likely to fundamentally change the 
research that can be carried out in all fields where pol-
len and fungal spores play key roles. This is particu-
larly the case since such data have never before been 
available for specific taxa, allowing more in-depth 
studies on the impacts related to individual species, 
genera, or families. To date most bioaerosol research 
has focused on counts of fluorescent particles (e.g. 
Jaenicke, 2005; Markey et  al., 2022) or more gener-
alised presence/absence studies of specific taxa using 
high-volume sampling and genetic techniques (Bren-
nan et  al., 2019). Further questions include better 
understanding the spatial representativeness of high 
temporal resolution data and how peak pollen peri-
ods are comparable in space. While the data may not 
always be needed in real time, the availability of high 
temporal resolution observations of a range of pollen 
and fungal spore taxa will provide a huge impetus to 
scientific research possible across several fields.

A critical aspect for ensuring more research using 
automatic observations will be to make these data 

publicly available (i.e. open access). The scientific 
community in general is moving in this direction, 
and EU directives are pushing to make environmen-
tal data available, particularly for scientific purposes 
(Open Science), following the FAIR principles (Find-
able Accessible Interoperable Reusable). Relatively 
easy metrics exist to assess both the availability of 
data as well as the number of publications made using 
them. These should be tracked over time to ensure 
data are effectively used and the impact on the result-
ant number of research articles quantified. A final 
point to note is that as more and more measurements 
become automatic, researchers who would tradition-
ally dedicate much of their time to counting pollen 
will be able to devote more of their time and expertise 
to carrying out aerobiological research, potentially 
leading to even more publications in the field.

4.1 � Climate change and phenology studies

Beyond the more well-known impacts of allergenic 
and pathogenic pollen and fungal spores on public 
health and agriculture, they also play a key role in 
the climate system, particularly affecting cloud for-
mation, radiative balance, and the hydrological cycle 
(Hoose et  al., 2010; Zhang et  al., 2021). Initially, it 
was suggested that only bacteria were able to influ-
ence the radiative balance and hydrological cycle, 
but recent investigations suggest that pollen and 
fungal spores also contribute to this important set of 
processes (Hassett et  al., 2015; Steiner et  al., 2015). 
With automatic monitors, it is now possible to quan-
tify the airborne concentrations of a number of pollen 

Fig. 3   Bibliometric search 
results extracted from the 
SCOPUS database for the 
terms “pollen” and “auto-
mat*” with the number of 
articles published in the 
scientific literature per year
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and fungal spore taxa, and these observations can be 
used to better understand their role in the atmosphere 
and on climate change. Furthermore, changes in their 
distributions can be used to research the impacts of 
changing climate on biodiversity, ecosystems, and 
human health more generally (Norris, 2008; Rojo 
et al., 2021).

Phenological monitoring can be carried out using 
indirect methods based on airborne pollen sampling 
during pollination periods, which can be assimilated 
to identify the beginning and length of this key phe-
nological phase for anemophilous plants (Orlandi 
et  al., 2013; Rojo et  al., 2021). To study the impact 
of climate change on plant phenology, the several 
decades-long pollen time series from several man-
ual monitoring sites are of great value (Gehrig & 
Clot, 2021; Glick et  al., 2021; López-Orozco et  al., 
2021; de Weger et  al., 2021; Cebrino et  al., 2016). 
For example, some studies have shown that certain 
spring-flowering taxa flower again in autumn because 
of extreme weather events (García-Mozo et al., 2022). 
Other research has focused on the taxa that contrib-
ute most to pollen concentrations, especially grasses 
(López-Orozco et  al., 2021; Romero-Morte et  al., 
2018; Ghitarrini et al., 2017).

An important goal in the transition to automatic 
measurements will be the homogenisation of long 
time series, i.e. developing statistical procedures 
to combine manual and automatic data to create a 
continuous dataset. In this way, information about 
the long-term changes in pollen concentrations is 
retained, without endangering the scientific relevance 
of the long-term data. To achieve this, several years of 
parallel measurements are required. These automatic 
stations could, however, serve multiple purposes 
and thus also provide real-time phenological data as 
part of other monitoring networks, for example, the 
PEP725 project or the US National Phenological Net-
work. To assess impacts, similar metrics focused on 
specific research branches can be quantified to better 
understand how high temporal resolution data about 
pollen and fungal spores are being used in different 
fields.

4.2 � Urban planning impacts

Many manual aerobiological sampling sites have 
been placed in urban environments since pollen 
emissions from vegetation in urban green areas were 

identified as the main cause of adverse health effects 
on local populations (Cariñanos & Casares-Porcel, 
2011). This has made it possible to characterise the 
main sources of allergenic pollen emission in cities 
and to understand which urban species have the great-
est impact on health. Nevertheless, this is not true for 
all urban regions and reliable data about the aller-
genicity of pollen in polluted urban regions are still 
lacking (Sousa-Silva et al., 2021). The availability of 
automatic instruments, and particularly the nonlinear 
relationship between running costs and number of 
instruments, means that it is now possible to install a 
much larger number of sites. This would allow more 
in-depth studies of allergen exposure in urban areas 
or even how the pollen taxa composition and distri-
butions change as new species are introduced in the 
urban environment (Cristofori et  al., 2020; Sousa-
Silva et al., 2021).

Cities will also face new challenges in the coming 
decades as populations continue to grow and as urban 
environments need to become greener to strengthen 
their resilience to the impacts of climate change. 
Green infrastructure provides a range of ecosystem 
services that benefit the well-being of urban popula-
tions but at the same time pollen emissions can be 
detrimental to public health. Real-time monitoring 
generates information that can be used to issue warn-
ings and to adopt short-term mitigation measures that 
would minimise the negative impacts of pollen in 
urban areas. This links directly to public health, and 
similar epidemiological studies will need to be car-
ried out to better understand the impact of such auto-
matic monitoring and warning systems specifically in 
urban areas.

4.3 � Biodiversity and ecosystem monitoring

Biodiversity studies benefit from pollen monitoring 
(Rojo et al., 2021). For example, the status of biodi-
versity conservation is typically established through 
monitoring programmes with standardised data col-
lection systems that consider demographic, reproduc-
tive, and distribution parameters of different habi-
tats and species (Elzinga et al., 2001). In this sense, 
automatic devices will greatly facilitate monitoring 
parameters of flowering plant species. The pres-
ence of automatic sampling stations in biodiversity 
hotspots areas such as Protected Areas or Special 
Conservation Areas will contribute systematically 
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and over time, to monitor the conservation status 
of species and their habitats, provided appropriate 
identification software have been developed. Previ-
ously, this would not have been possible with manual 
devices that require frequent (mostly weekly) human 
intervention.

Pollen provides a measurable and quantifiable 
indicator of plant flowering, but also of the presence 
of new or invasive species in a territory, the latter of 
which is of significant value for ecosystem monitor-
ing. Automatic sampling devices can be trained to 
identify new pollen taxa that may be suspected of 
being present in a particular region. This opens the 
possibility of continuous biodiversity monitoring, 
particularly in terms of detecting invasive species 
(Sauliene et al., 2021), since the high temporal reso-
lution data together with meteorological parameters 
will provide a more accurate understanding of trans-
port processes and allow the identification of the inva-
sive plant populations that act as emission sources. 
Such information would improve early management 
practices to control further spread of invasive plants 
(Sommer et al., 2015). Similarly, automatic measure-
ments of threatened species in vulnerable habitats 
will allow more accurate monitoring of the effective-
ness of proposed recovery measures (Dbouk et  al., 
2022; Hornick et al., 2021; Wägele et al., 2022).

4.4 � Food storage and indoor air monitoring

A set of WHO guidelines (WHO, 2010) have been 
established for the monitoring of gaseous and par-
ticulate pollution of indoor air, with specific recom-
mendations for pollen and fungal spore in the context 
of public health and food storage. Automation of pol-
len and fungal spore monitoring thus also brings new 
opportunities for routine indoor air quality monitor-
ing. While most instruments have so far not been used 
for such purposes, they could, in future be adapted to 
monitor various indoor environments continuously, 
for example, in food storage facilities, hospitals, 
schools, kindergartens (Sauliene et  al., 2023), and 
renovated buildings.

The possibility to have real-time alarms for cer-
tain dangerous particles would help to reduce risks 
associated with crop storage, or, for example, micro-
biological food contamination (Avery et  al., 2019). 
This could reduce related costs (Fisher et al., 2018). 
Finally, indoor air monitoring could be used to issue 

warnings in buildings which are either inappropri-
ately built or renovated. Cheap construction materi-
als, ill-repair, water damage or inappropriate usage 
can result in moisture accumulation with resultant 
development of fungal colonies. The ability to warn 
occupants of the airborne levels of these particles 
may help to reduce adverse health outcomes (Li & 
Yang, 2004).

5 � Conclusions

Airborne monitoring of pollen and fungal spores has 
conventionally been carried out using manual meth-
ods but automatic measurements that provide real-
time observations at high temporal resolution are 
becoming a reality. Although the initial costs for these 
instruments are currently higher than manual ones, 
the running costs are expected to be lower over the 
long term, in part because of the reduced personnel 
requirements, which also means that costs no longer 
scale linearly with the number of sites. Furthermore, 
because less frequent human intervention is required, 
instruments can be placed in remote locations where 
previously this was not possible. As the technology 
further develops, it is possible that costs will decrease 
further, particularly since there is more competition 
in the market of automatic instruments than for man-
ual ones. In this paper, we provide estimates of the 
running costs for a small network to provide indica-
tive values for the comparison between automatic and 
manual versions.

Quantifying the impacts of automatic pollen and 
fungal spore monitoring across the many end-user 
domains is, at present, more challenging. Automatic 
measurement networks have not been in place for a 
sufficient amount of time and, in many regions, are 
not yet even in place. We thus provide more qualita-
tive indications of where impacts are expected and 
various methods for their quantitative assessment. 
While it is difficult at this point to provide quantifi-
able estimates of the wide range of impacts, it will 
be important that studies are carried out to do so. 
Several European research projects that are under-
way are expected to contribute significantly to this 
outcome in the coming years. To ensure as much 
impact as possible, it will be essential that data are 
made open and freely available, including historical 
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observations which are needed for comparison and 
to ensure long data series.

Finally, to fully exploit the potential of real-time 
monitoring technologies they will also need to be 
further developed, for example, to monitor other 
airborne particles, such as large dust particles, sub-
pollen particles, or a wider range of fungal spores. In 
addition, the establishment of standards and certifi-
cation processes for these instruments will open the 
door to potentially making pollen and fungal spore 
monitoring a legal requirement across Europe, as is 
the case for many other air quality parameters. This 
will greatly facilitate the wider uptake of these tech-
nologies and enhance the potential benefits across all 
end-user domains.
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