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Abstract: Aerobiology, as a scientific discipline, developed during the last century and has been
applied to different types of organisms and scenarios. In the context of the Integrated Evaluation
of Indoor Particulate Exposure (VIEPI) project, we conducted a bibliometric study of the scientific
literature on aerobiology from the last three decades, establishing the recent advances and the
critical issues regarding the application of aerobiological methods to occupational settings. The
data were collected from Scopus, Web of Science and PubMed. We explored the distribution of the
articles in different years and research areas and realized a bibliometric analysis using the CiteSpace
software. The results indicated that the number of publications is increasing. The studies related
to environmental sciences were the most represented, while the number of occupational studies
was more limited. The most common keywords were related to pollen, fungal spores and their
relation with phenology, climate change and human health. This article shows that aerobiology
is not restricted to the study of pollen and spores, extending the discipline and the application of
aerobiological methods to occupational settings, currently under-explored.

Keywords: aerobiology; systematic search; bibliometric analysis; databases; occupational health;
methodology

1. Introduction

Aerobiology is the study of movement, passive transport, dispersion and deposition
of material and particles of biological origin (endotoxins, mycotoxins, cells and spores
of bacteria, fungal spores, aerosols, algal filaments, protozoan cysts, pollen), as well
as airborne microorganisms, such as fungi, bacteria, viruses and mites, released in the
atmosphere both outdoors and indoors, and potentially dangerous to animal, plants and
human systems [1–6].

In this regard, it is fundamental to understand the interactions between biological
particles and atmosphere and how physical factors (weather and climate) affect aerosol
particles’ release, movement, deposition and impact on vegetation and different sub-
strates [3,5,7,8]. The fields of application of aerobiology are numerous and heterogeneous
and concern medicine (both human and animal diseases, immunology, occupational hy-
giene), agriculture (plant pathology, pest management, arthropod dispersal), forestry and
gene ecology, meteorology, climatology, biometeorology, microbiology, biodeterioration,
indoor and outdoor air quality, air pollution, industrial aerobiology, palaeobotany and so
on [2,9].

One of the main motivations for the development of aerobiology as a scientific disci-
pline has been the necessity of understanding the diffusion of human, animal and plant
diseases in order to prevent them. Hence, the outdoor spread of pollen and fungal spores

Sustainability 2021, 13, 4337. https://doi.org/10.3390/su13084337 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1743-7893
https://orcid.org/0000-0001-7254-593X
https://doi.org/10.3390/su13084337
https://doi.org/10.3390/su13084337
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13084337
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13084337?type=check_update&version=2


Sustainability 2021, 13, 4337 2 of 20

has been the main field of application, while the ecology of the air itself has been of
secondary interest [5]. Aerobiology was a topic in the Integrated Evaluation of Indoor
Particulate Exposure (VIEPI) project, aimed at evaluating indoor air quality and work-
ers’ exposure to particulate matter (PM) [10]. Chemical and biological characterization
of PM was performed and exposure to pollen and fungal spores sampled in indoor and
outdoor workplaces was studied in order to improve preventive and protective measures
for occupational health.

The aims of this study were: (1) to analyze the number and type of scientific articles
regarding aerobiology published in the last 30 years; (2) to identify the changes of interest
trends over the years in different research areas and for related keywords; (3) to underline
the interconnection between aerobiology, occupational health and climate change; (4) to
provide tips on innovative methodologies to improve exposure assessment and health
surveillance practices.

1.1. Historical Background

The origin of aerobiology can be traced back in time, especially when considering
its relationship with human health. The perception that particles transported by the air
(or the air itself) could cause harm to humans, leading to outbreaks such as pestilences,
has always been part of human cultures, particularly in Western societies. Traces of this
awareness can be found in the works of ancient authors like Lucretius or Hippocrates.
At the dawn of the modern era, with the advancement of science and the development
of new technologies, studying biological particles in the air became more than just a
theoretical idea, as shown by the observations of Anton van Leeuwenhoek, who described
small “animalcules” floating in the air and observed them through his lenses in 1680 [11],
or in the experiments on mold spores conducted by the Italian botanist Pier Antonio
Micheli [12]. Scientists like J.G. Koelrueter, C.P. Sprengel and T.A. Knight continued to
perform observations on airborne particles in the 18th century [4]. The importance of
airborne biological particles in the life cycle of several organisms and their impact on
human health was established by the experiments on spontaneous generation, including
the ones performed by Lazzaro Spallanzani in the late 18th century and by Louis Pasteur
in the 19th century [13]. Following the findings of Pasteur, many researchers around the
world approached the study of biological particles in the air. In the 1870s John Tyndall
discovered the presence of bacterial endospores on the surface of hay fragments with
the ability to transmit fevers [13]. The rising interest towards this subject led to the
development of sampling systems and devices to study the particle content of the air. In
1870 Richard Leach Maddox invented an instrument to collect bioaerosol particles he called
an “aeroconiscope” [14]. Later, a similar method was used by David Douglas Cunningham,
who was studying cholera in Calcutta in the same period [15]. The aeroconiscope he used
consisted in a funnel that directed the air on a microscope slide covered with adhesive
material. Using this instrument, Cunningham caught mainly fungal spores and pollen.
A similar method, based on an active pump to maintain a regular and adjustable airflow,
was used by Pierre Miquel in the Observatoire Montsouris (opened in France in 1871) to
perform a quantitative estimation of spores [16]. The first real monitoring of pollen and
fungal spores for medical purposes was realized in the UK by Blackley in 1870 [17]. Walther
Hesse and Percy Faraday Frankland performed several studies on aerobiological particles
in the late 19th century [18–21], mainly focused on bacteria and spores, sampled by passive
deposition on Petri dishes. Between the end of the 19th century and the early 1910s, only a
few works on aerobiology were published and few improvements in the sampling methods
were made, with the passive gravity deposition on slides being the most prominent [22]. In
1912, Hans Molisch used the term “aeroplankton” to describe the ensemble of biological
particles passively transported through the atmosphere [23].

The birth of a new discipline was ultimately established with the invention of the
term “aerobiology”, used for the first time by Fred Campbell Meier in the 1930s, but he
died before his work was published [24]. He used a peculiar sampling instrument, called a
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“sky-hook”, placed on planes to collect suspended particles during their flight [23]. Meier’s
terminology was adopted by other researchers and discussed during a symposium on
extramural and intramural aerobiology organized by the American Association for the
Advancement of Science [25]. In 1943, the first continuous pollen sampling was performed
in Cardiff [26–28]. One of the founders of the discipline was Philip Herries Gregory,
who invented the term “air spora” to designate the microscopic particles released in the
atmosphere by living beings [29]. Gregory played a pivotal role in spreading the interest in
aerobiology [30,31], undertaking important studies on the dispersion of airborne spores [32]
focused on the physical mechanics of spore and pollen dispersal in the atmosphere [4]. An
important advancement in aerobiology was the invention of an automatic volumetric spore
trap by Jim Hirst in 1952 [33]. This machine could operate automatically for several days,
actively pumping air and collecting particles on a sampling strip covered with silica gel
and placed on a clockwork cylindrical drum. Hirst-type samplers have become a staple
for aerobiological sampling and are still widely used. An alternative sampling system
based on rotating arms covered with sticky material was developed by Perkins in 1957,
called a “rotorod sampler” [34]. The rotorod sampler is still a relevant sampling method,
mainly used in the USA, while in most of other countries Hirst-type or other samplers (e.g.,
the Durham sampler or automatic samplers, mainly the KH-3000 in Japan) are preferred
for continuous outdoor monitoring [35]. The widespread application of these sampling
methods led over time to the development of several stable aerobiological monitoring
stations, often linked to regional or national networks. These aerobiological networks,
focused on the study of pollen and fungal spores in the outdoor air, can contribute to the
safeguarding of the general population’s health by publishing on a daily basis quantitative
data on pollen and spores.

The global community of the researchers dealing with aerobiology began to organize
in 1964, with the establishment of the International Biological Program (IBP) and the
constitution of the International Aerobiology Working Group in 1968, with the aim of
coordinating the various national aerobiological groups. The International Association of
Aerobiology (IAA; https://iaaerobiology.wordpress.com/, accessed on 10 November 2020)
was established in 1972.

Recently, new techniques for aerobiological monitoring have been developed, includ-
ing molecular techniques [36–38] and analyses based on immunochemical assays, like
the enzyme-linked immunosorbent assay (ELISA) [39,40] and immunofluorescence assay
(IFA), which recognize allergens on airborne particles through fluorescence. Some of these
techniques have also been used to develop real-time sensing methods, which operate
through continuous and automatized sampling followed by automated aerosol particle
recognition through different methods, such as fluorescence spectroscopy [41–46], mass
spectrometry, microscopy and others [47]. Real-time techniques represent a new frontier
for aerobiology but are still under development and require accurate interpretation of the
processed data [47]. Nowadays, as previously cited [35], traditional quantitative methods
such as Hirst-type and rotorod samplers are still widely used for pollen and fungal spores
monitoring, while methods for sampling microorganisms are based on the collection of
culturable particles [48], like passive traps, cascade impactors [49], liquid impingers [50],
centrifugal and cyclone samplers [51], filters [52] and electrostatic precipitators [53,54].

1.2. Aerobiology and Occupational Health

In the last decades, different categories of indoor and outdoor workers have been
identified as exposed to biological risk due to airborne particles and microorganisms [55].

Monitoring aerobiological particles (especially pollen and fungal spores) responsi-
ble for allergies and other disorders (asthma, rhinitis, and hypersensitivity pneumonitis)
can be viewed as a valid support in occupational medicine [56]. In fact, the presence of
different environmental sources of airborne particles in workplaces, affected by pollution
and meteorological variables, jointly with individual susceptibility factors (collectively
leading to hypersensitivity) may have caused the increase of occupational allergies with

https://iaaerobiology.wordpress.com/


Sustainability 2021, 13, 4337 4 of 20

clinical symptoms, ranging from discomfort to adverse severe reactions [57]. The agri-
cultural sector is regarded as being at risk for occupational allergy and respiratory dis-
eases [55,56,58,59]. Farmers and zootechnical workers could be exposed to dust containing
bacteria, secondary metabolites (e.g., mycotoxins), components of fungal cell walls (e.g.,
(1→ 3)-β-D-glucan) and spores from fungi growing on plants, grains and pollen or de-
rived from animals [56,59–63]. Workers employed in activities such as waste and compost
handling, grain and animal feed handling, mills, the food industry, wood processing
and handling, metalworking, detergent enzyme manufacturing, seafood processing and
fisheries sectors could also be exposed to biological risk due to inhalation of dust rich in
bacteria, molds and endotoxins, all potentially affecting respiratory functions [55,58,63–68].
Moreover, categories such as veterinarians and laboratory workers, who handle laboratory
animals, could be exposed to hazardous microorganisms and allergenic agents [55].

Aerobiological monitoring can be considered a valid tool in the control of indoor air
quality, since workers and people spend most of their time in indoor environments (offices,
schools, shopping centers, restaurants, etc.) [57,69]. Workers in offices and buildings with
many occupants may be exposed to various airborne particles (viruses, bacteria, pollen and
fungal spores) due to human presence and actions (opening/closing doors or windows,
switching the air conditioning on and off) [1,70]. Hazardous aerobiological agents could
affect workers’ health in other indoor environments (archives, libraries and heritage storage
rooms) [71]. Lastly, workers employed in several indoor settings (e.g., hotels, cruise ships,
aircraft cabins) may be exposed to bacteria and viruses spread via airborne/droplets
and/or aerosols (e.g., Mycobacterium tuberculosis, Neisseria meningitidis, influenza virus,
measles virus, SARS-CoV-2), in addition to other biological agents, such as molds and
allergens, through ventilation system or open windows/doors [1,55,72]. In this context,
a multidisciplinary approach also focused on vulnerable workers (e.g., pregnant women,
elderly workers, immunocompromised subjects) may be effective for the development and
implementation of preventive measures for occupational health safety [55].

2. Materials and Methods
2.1. Data Collection: Systematic Search

The selected databases to conduct the search were Scopus, Web of Science (WoS) and
PubMed. In all three databases, the search was performed by looking for the inserted terms
in the title, abstract and keywords of papers. To achieve this, we used the TITLE-ABS-KEY
search in Scopus, the Topic search in WoS, and the [Title/Abstract] search in PubMed. In
WoS, the data were collected from the Web of Science Core Collection. The initial searches
were conducted without applying any time limitation in order to obtain a comprehensive
overview of the publishing history in aerobiology. For each search, the total number of
papers and the number of papers per year were recorded. All data were collected up to
June 2020. The main search item used was the word aerobiology, which was firstly searched
by itself, then paired, using the AND Boolean operator, with other keywords (or several
keywords coupled through OR), such as weather, meteorology, environmental, pollution,
occupational, outdoor, indoor, pollen, fungi, “fungal spores”, animal, bacteria or virus,
methodology, climate and “climate change”. In Scopus and WoS the option “Analyze
results” was also used to evaluate the distribution of the papers in different disciplinary
research areas and their document type. The results were arranged by year of publication in
order to evaluate the change in the number of published papers over the years, considering
every year of publication. Then, to analyze the changes in the most used research areas, we
focused on the publications in the years 1990–2019, grouping them into ten-year intervals,
obtaining three decades: 1990–1999, 2000–2009, 2010–2019. In WoS, only the “Web of
Science Category” classification was considered.

2.2. Data Analysis

The analysis on the bibliographic data was conducted using CiteSpace (version 5.7 R2)
(http://cluster.cis.drexel.edu/~cchen/citespace/, accessed on 10 November 2020), a widely
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utilized java-based software for bibliometric analysis [73]. CiteSpace operates by analyzing
co-citation networks [74] and building graphical visualizations of those networks. Co-
citation means that two elements (e.g., single words, documents, authors) are both present
in a single paper. The networks can be built based on different criteria, such as co-authors,
co-citation references, co-occurring keywords and subject areas [75]. The obtained net-
works are composed of two parts: nodes and links. The nodes have a radius which is
directly proportional to the number of times that a specific element is found in the analyzed
data; the links connect two different nodes, and their width is proportional to the times the
two elements are found in association. CiteSpace can categorize the nodes of a network in
different clusters, and can also be used for other types of analysis, like burst detection, a
feature indicating a sharp increase of interest in a certain subject or a keyword in a short
period of time. CiteSpace calculates burstness based on the Kleinberg algorithm [76].

The database used for the analysis was obtained from Web of Science, exporting the
research results as “Full Record” text files. CiteSpace was used to create networks based on
different criteria: subject areas, keywords, countries. For the subject areas, only the “Web
of Science Categories” were used for the analysis, excluding the “Subject Categories”. The
same software was utilized to investigate bursts. The parameters in CiteSpace were set as
follows: Time slicing from 1990 to 2019, years per slice = 1; Node type = country, institution,
keyword, category; Look back years = −1 (infinite); Pruning = Pathfinder, pruning of the
merged network; Select top 50 levels of most cited or occurred items for each slice; for
the “keyword” node type analysis, the “keyword plus” option was not selected, and only
the keywords used by the authors were used; all the other settings were left as default. A
cluster analysis was also performed on the networks to find the most relevant groups of
nodes. Burstness analysis was performed by leaving all parameters as default.

3. Results and Discussion
3.1. Article Numbers, General Data and Trends

The total number of articles (last accessed 18 June 2020) for the basic aerobiology
keyword search (Table 1) was 1257 in Scopus, 898 in WoS and 295 in PubMed. The most
relevant outputs of compound searches were aerobiology AND pollen (Scopus: 825; WoS:
521; PubMed: 136), aerobiology AND environmental (Scopus: 416; WoS: 139; PubMed: 52),
aerobiology AND climate (Scopus: 208; WoS: 152; PubMed: 33), aerobiology AND (bacteria
OR virus) (Scopus: 236; WoS: 101; PubMed: 33).

Table 1. Total number of papers obtained for each search input in the three different databases up to
18 June 2020. These results consider every year of publication, from the date of the first published
article (1938) to 18 June 2020.

Search Input Scopus WoS PubMed

aerobiology 1257 898 295
aerobiology AND pollen 825 521 136
aerobiology AND environmental 416 139 52
aerobiology AND fungi 321 116 23
aerobiology AND climate 208 152 33
aerobiology AND (bacteria OR virus) 236 101 33
aerobiology AND weather 188 123 35
aerobiology AND pollution 208 78 12
aerobiology AND “fungal spores” 158 114 10
aerobiology AND indoor 113 66 21
aerobiology AND “climate change” 82 91 17
aerobiology AND outdoor 87 58 18
aerobiology AND meteorology 123 32 7
aerobiology AND methodology 90 54 15
aerobiology AND animal 77 29 13
aerobiology AND occupational 29 18 7
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The most common type of document (Figure 1) was the article, accounting for over
80% of the total number of documents in Scopus and WoS, with other types of papers, such
as reviews and proceedings/conference papers, contributing less than 7% each.

Figure 1. Pie charts of the document types of all the published papers obtained with the “aerobiology”
search in Scopus (a) and Web of Science (WoS) (b) up to 18 June 2020. These results consider every
year of publication, from the date of the first published article (1938) to 18 June 2020.

Concerning the year-by-year trend of publications using the single aerobiology key-
word (Figure 2), the oldest paper found was published in 1938 [77] and was present only
in the Scopus database. In this regard, it is important to underline that, unlike Scopus and
PubMed, the WoS database does not contain any records published prior to the year 1985.
Considering the aims of this study, WoS is still useful to study the trends in this field of
search in the last 30 years.

Before 1990, a small number of papers were recorded (Table 2) with a total number of
136 pre-1990 articles in Scopus (9.58% of the total) and 52 in PubMed (18.44% of the total).
A sudden increase in the number of papers could be detected in Scopus and WoS starting
from the year 1991, with 29 publications for Scopus and 15 for WoS, compared to nine
and zero, respectively, for the year 1990. This increase marks the start of an upward trend
going on for the 1990–1999 decade, with some rises and falls. The following decades show
a similar trend, with some notable relative falls, such as the year 2003 for both Scopus and
WoS, and the years 2007 and 2009, mainly for Scopus. In PubMed the trend was different,
with just a slight increase from 1997 to 2000, followed by a slow decrease ending in 2007,
with a clear upward trend starting in 2008 and going on up to 2019. A relevant spike
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could be observed for 2019, which marked the year with the highest amount of published
papers for all the databases: 83 for Scopus, 69 for WoS and 31 for PubMed. Looking at
the general trend of the three decades (Table 2), all databases showed upward trends
in the number of articles, with a gradual increase in Scopus (+34.7% from 1990–1999 to
2000–2009 and +38.2% from 2000–2009 to 2010–2019), a more remarkable upward trend
in WoS (+107.6% and +102.4% respectively) and an even steeper one in PubMed (+130%
and +356.5% respectively). The slower percentage increase in Scopus, compared to the
other two databases, can be explained by the higher number of articles in the first decade
(1990–1999), while WoS and especially PubMed started with very few articles and had a
more recent increase. As this initial overview of the publication history in aerobiology
shows that most of the retrieved papers were published after the year 1990, the rest of this
study focuses on the analysis of publications from 1990 to 2019.

Figure 2. Number of published papers (y-axis) for each year (x-axis) in the three databases. Years from 1938 to 2019.

Table 2. Number of papers in the four different time intervals considered in the study. In brackets
are the percentages of papers published in each time period compared to the total. Pre-1990 values
are not directly comparable among databases, since WoS only contains articles published starting
from 1985.

Database Pre–1990 1990–1999 2000–2009 2010–2019

Scopus 136 (9.58%) 305 (21.48%) 411 (28.94%) 568 (40%)
WoS 15 (1.72%) 118 (13.5%) 245 (28.03%) 496 (56.75%)

PubMed 52 (18.44%) 20 (7.09) 46 (16.31%) 164 (58.16%)

3.2. Research Areas

Concerning the research areas of papers, in Scopus (Figure 3a) the main area was
“Agricultural and Biological Sciences”, which showed the highest values in the three
decades, with a gradually increasing number of papers (227 in 1990–1999, 232 in 2000–2009,
270 in 2010–2019). A similar pattern could be observed for the area “Medicine” (202, 204,
243), while for “Immunology and Microbiology” (173, 153, 191) there was a decrease of
articles in 2000–2009, followed by a detectable increase in 2010–2019. A very high increase
in numbers could be observed for “Environmental Science”, with 35, 111 and 210 papers
published in the three decades. This remarkable increase, with a +217.1% articles from 1990–
1999 to 2000–2009, and +89.2% from 2000–2009 to 2010–2019, much higher than the general



Sustainability 2021, 13, 4337 8 of 20

increase in aerobiology in the Scopus database (+34.7% and +38.2% respectively), indicates
that this subject area was the main contributor for the increase of the number of articles
in aerobiology in this database. A rise was also clear for “Earth and Planetary Sciences”
(number of papers: 19, 41, 76). All the other subject areas showed a very small number
of papers, except for “Biochemistry, Genetics and Molecular Biology”, with 29 papers in
2000–2009 and 37 in 2010–2019. In Scopus there is no subject area clearly dedicated to
occupational studies.

Figure 3. Bar graphs of the number of articles for each research area, obtained with the “Aerobiology”
search in Scopus (a) and WoS (b), grouped in three different decades: 1990–1999, 2000–2009 and
2010–2019. Only the ten categories with the highest number of articles are represented.

The results obtained with WoS were notably different (Figure 3b), probably because of
the different criteria of classification compared to Scopus, thus making a direct comparison
between the two databases only possible via an in-depth reading of the papers. A sensible
shift in interest in the last three decades could be observed in WoS. “Immunology” was the
field in which most of the articles belonged to for the years 1990–1999, but its predominance
notably vanished in the following decades, with the number of articles slightly decreasing,
while remaining mostly constant (45, 37, 40). A similar stable pattern could be observed
for the “Allergy” field, with the total number of published papers slightly increasing over
time (37, 41, 52). On the other hand, two fields showed a notable increase of interest.
The main one was “Environmental Sciences”, rising from an initial number of 29 articles
in 1990–1999 to 113 in 2000–2009 and 254 in 2010–2019, making it the most important
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field in the last two decades. This trend reflects the “Environmental Science” field in
Scopus (Figure 3a) and confirms that this area of research has shown a considerable
development in recent years. In this case, the percentage of increase of the articles (+289.6
and +124.8) was higher than the overall increase in aerobiology (+107.6% and +102.4%),
and was mainly reported in the 2000–2009 decade, keeping very high in 2010–2019. The
second highest trending field was “Biology”, increasing to a maximum of 129 in 2010–
2019, despite being zero in 1990–1999. The articles related to the “Biology” field in WoS
were mostly included in the stable trending “Agricultural and Biological Sciences” field
in Scopus. “Plant Sciences” showed an increase in the number of articles in the second
decade compared to the first one, with the number stabilizing in the third decade (28 in
1990–1999, 45 in 2000–2009, 46 in 2010–2019). A more gradual rise could be observed for
the field of “Public, Environmental and Occupational Health”, passing from 23 articles
(1990–1999) to 31(2000–2009) and 47 (2010–2019), respectively. These values show that the
interest towards the application of aerobiological studies to occupational and public health
has been generally quite low if compared with other categories, and is increasing at a slow
rate (mean increase from decade to decade = 43.1%) if compared with the general trend of
aerobiology (mean increase = 105%). A very similar trend was found in “Meteorology and
Atmospheric Sciences” (14, 42, 53). An interesting parallel was observed for “Biophysics”
(4, 29, 29) and “Physiology” (4, 28, 28), both almost absent in 1990–1999 but stable in the
following decades.

PubMed was not included in the scoping of the categories, since it does not have a
classification system comparable with the other two databases.

3.3. Networks and Emerging Research Trends
3.3.1. Categories

The network based on the “Category” node type (Figure 4) and constructed on WoS
data showed the predominance of the “Environmental Sciences” category, which was
the most widely selected with 389 articles and was the center of gravity of the network,
with a very high betweenness centrality value of 1.00. Betweenness centrality (or just
“centrality” in this paper) measures how much a node is a part of paths that connect any
other two nodes of the network [78]. Other categories with high counts of papers and high
centrality were “Meteorology and Atmospheric Sciences” (count = 105, centrality = 0.60),
and “Public, Environmental and Occupational Health” (count = 98, centrality = 0.81).
These were pivotal categories in aerobiology, including many articles and connecting
different disciplines. “Immunology” (count = 92, centrality = 0.47) and “Plant Sciences”
(count = 112, centrality = 0.36) had high counts and medium centrality. Other categories
showed a high count of articles coupled with a very low centrality, the main ones being
“Biology” (count = 175, centrality = 0.00), “Allergy” (count = 104, centrality = 0.13) and
“Physiology” (count = 56, centrality = 0.00). These categories contained articles about topics
that polarize much attention but are confined in their own subject, not interconnecting with
other topics in aerobiology. Some categories, on the other hand, showed a very low number
of publications but had a relatively good value of centrality. Examples are “Forestry”
(count = 13, centrality = 0.53), “Agronomy” (count = 24, centrality = 0.44) and “Ecology”
(count = 17, centrality = 0.36).

Regarding clustering, the detailed results are reported in the Supplementary Materials
(Table S1). The widest cluster (cluster #0) contained some of the most abundant and central
categories, such as “Environmental Sciences”, “Biology”, “Meteorology and Atmospheric
Sciences” and “Biophysics”, with its top terms (based on keywords log-likelihood analysis)
being “arid regions”, “vegetation history” and “volumetric sampling”, underlining the pre-
dominance of volumetric sampling methods in this kind of subject. Cluster #0′s silhouette
index was 1, indicating a very homogenous group. Silhouette is an index of the homo-
geneity and reliability of a cluster, ranging between 0 and 1, with 1 being the maximum
value, and 0.5 being considered a good value for a cluster to be regarded as reliable [79,80].
Cluster #1 (silhouette = 1) included “Plant Sciences”, “Agronomy” and “Forestry” as main
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nodes, and “vineyards”, “atmospheric scale” and “downy mildew” as top terms, indicating
a cluster of articles focused on farming-related topics, such as crops parasites. Cluster #2
(silhouette = 1) contained “Allergy” and “Immunology”, with “asthma”, “skin test” and
“chickens” as top terms, indicating a cluster focused on the effect of aerobiological particles
on human health. Another relevant one is cluster #4 (silhouette = 0.921), which contained
the large “Public, Environmental and Occupational Health” as its main node, grouped
with three other very small nodes with 0 centrality: “Infectious Diseases”, “Engineering
Environmental”, “Construction and Building Technology”. The top terms of this cluster
were “pollution”, “particles” and “conservation”. These results show that “Public, Environ-
mental and Occupational Health” was closely related only to small niche subjects, despite
its importance in the overall structure of the network, as proven by its high centrality (0.81).

Figure 4. Network of co-occurring WoS categories (years 1990–2019). The colors of the rings in each node indicate a different
year. The purple external rings indicate a high betweenness centrality value of the node.

The results of the burstness analysis are reported in the Supplementary Materials
(Figure S1). The strongest bursts were related to “Immunology” (strength = 19.02), lasting
from 1992 to 2004, and “Allergy” (strength = 10.31), spanning from 1992–1999. This
result indicates that the two subjects have been a focus of interest since the beginning of
the considered time period, being the most important categories in the 1990s. “Public,
Environmental and Occupational Health” showed a burst (strength = 5.46) starting in 1994
and ending in 1997, a short burst confined to the first decade of concern, not repeated in the
following ones, underlining that the interest in this category has not sensibly increased in
recent years. In the early 2000s, “Plant Sciences, Meteorology and Atmospheric Sciences”,
“Physiology”, “Biophysics” and “Agronomy” were involved in relevant bursts, while in
more recent years other disciplines showed significant increases of interest, like “Ecology”
(strength = 3.45, 2014–2015) and, especially, “Microbiology” (strength = 4.91, 2016–2019)
and “Biotechnology and Applied Microbiology” (strength = 4.03, 2016–2019), whose bursts
reached the end of the considered time period, meaning that they are currently hot topics.

3.3.2. Countries

The network constructed on countries (Figure 5) showed Spain as the most prolific
country, with 243 publications, followed by the USA (174), England (78), Italy (67), Poland
(56), France (48) and Canada (33). Other countries had less than 30 articles. Regarding
centrality, the highest values were associated with England (0.77), Austria (0.55), Denmark
(0.54), France (0.49), Netherlands (0.28) and Spain (0.27). These countries often collaborate
with other countries and are a relevant link in the international aerobiological community.
Regarding clustering (Table S2), France, Canada and Germany were the main components
of cluster #0 (silhouette = 0.846), while the second main cluster (#1, silhouette = 0.832) in-
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cluded England and Denmark, two countries with very high centrality. Another interesting
cluster, including various high publishing countries, was #4 (silhouette = 1), containing
Italy, Poland and Portugal. The two countries with the most publications, Spain and
USA, were confined to very small clusters, where they were grouped with countries with
low numbers of publications. Regarding burstness (Figure S2), four countries showed a
relevant increase in publications over the course of a few years, the first two being Canada
(strength = 5.27, 1999–2006) and USA (strength = 6.94, 2000–2006), indicating an increase
of interest towards aerobiology in North America in the early 2000s, followed by a sudden
increase of publications for Croatia (strength = 5.1, 2004–2016), whose significance is ques-
tionable, considering it was one of the countries with the lowest number of publications
(count = 11). The latest burst was related to Germany (strength = 6.94, 2017–2019).

Figure 5. Network of collaborating countries (years 1990–2019). The colors of the rings in each node indicate a different
year. The purple external rings indicate a high betweenness centrality value of the node.

3.3.3. Keywords

Regarding the keywords network (Figure 6), the most represented keyword was
“aerobiology” (count = 555), a very predictable result considering it was the search input
in the databases, and thus it was not considered thoroughly for the interpretation of
results. Among others, the most represented keywords were “pollen” (113), “allergy”
(65), “phenology” (42), “airborne pollen” (27), “climate change” (27), “fungal spore” (24),
“meteorological parameter” (23), “bioaerosol” (23), “asthma” (20), “aeroallergen” (15),
“fungi” (12), “pollen allergy” (12), “pollen calendar” (13), “aerosol” (12) and “meteorology”
(10). Regarding centrality, the highest values were found for “pollen” (0.55), “asthma”
(0.40), “allergy” (0.35), “meteorology” (0.27), “fungal spore” (0.23) and “airborne pollen”
(0.20). All other keywords had centrality values lower than 0.20. The resulting clusters
(Table S3) showed some very large groups containing a high number of different keywords.
Cluster #0 (silhouette = 0.831) was the most important, being composed of “pollen” in
addition to “aeroallergen”, “pollen calendar”, “allergen” and “meteorology”. The top
terms of the cluster were “pollinosis”, “ole e 1” and “atmospheric pollen”, making this
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the general pollen cluster. Cluster #1 (silhouette = 0.917) contained “allergy”, “airborne
pollen” and “climate change”, with its top terms being “skin-prick test”, “Spain” and
“predictive models”. This is an interesting result, considering that climate change is one
of the emerging topics in many disciplines. Its inclusion in this cluster suggests that, in
aerobiology, this topic is explored in relation to the dispersion of pollen and after that
in relation to the effects on human health. Given the rising importance of this topic, its
further exploration in aerobiology is likely to be a promising research line for the future.
Other notable groups were for “aerobiology”, cluster #5 (silhouette = 1), and cluster #6
(silhouette = 0.822), containing “asthma”, “pollen allergy” and “pollinosis”. Only four
keywords showed a relevant citation burst (Figure S3), mostly belonging to the last decade:
“allergy” (strength = 4.14, 2009–2012), “fungi” (strength = 3.84, 2011–2016), “meteorological
parameter” (strength = 5.9, 2013–2016) and “bioaerosol” (strength = 7.09, 2017–2019).

Figure 6. Network of co-occurring keywords (years 1990–2019). The colors of the rings in each node indicate a different
year. The purple external rings indicate a high betweenness centrality value of the node.

3.3.4. Additional Remarks

The topic of climate change (Table 1) in relation to aerobiology accounted for a total
of 190 articles extracted from the three databases over the entire period considered, thus
representing a minor part of the literature concerned. The possibility that features related
to climate change were present in at least some of the articles found using the search
term aerobiology AND climate, which were more abundant in the literature, cannot be
excluded. However, this does not change the general picture. In fact, the keyword “climate
change” displayed a low centrality value (0.08, see Table S3) and was little represented in
the network of co-occurring keywords (Figure 6). Moreover, it was connected only with
“allergy” and, to a lesser extent, with “fungal spores”. It may be argued that climate change,
a topic that literally exploded in the last two decades in terms of its impact on natural
environments and human activities and health, is still little explored on the side of several
topics relating to aerobiology.

A topic displaying an even more marginal importance, as it emerged in this study, was
the occupational one. In fact, the search input aerobiology AND occupational produced
only 54 articles for the three databases over the whole period concerned. Moreover, it
was possible to categorize this topic only for the WoS database (Figure 3), including it
in the more comprehensive category “Public Environmental and Occupational Health”,
which displayed just a modest increase in terms of publications during the three decades
of concern. Furthermore, in the network of co-occurring WoS categories (Figure 4), “Public,
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Environmental and Occupational Health” was poorly connected with other categories,
even if it showed a high value of centrality (0.81, see Table S1). This result is not surprising
as occupational allergies due to pollen and fungal spores were a subject of increasing
interest in the last decades and produced a large number of studies. This is also in line
with the activity of national and international institutions in the field of aerobiology, often
privileging aeroallergens. Research in occupational health, although not restricted to this
(as stated in the introduction), has not yet fully taken into account other aerobiological
topics. However, the extensive definition of aerobiology given in the introduction should
encourage researchers in occupational health and safety to explore other topics related to
this subject.

4. Conclusions

The results of this bibliometric analysis demonstrate that aerobiology is receiving
increasing interest, with the number of publications showing an upward trend in the last
years. Not all research areas in aerobiology are increasing at the same rate; in particular,
in the most recent decades, there has been a shift of interest towards environmental
sciences, while other subjects that were predominant in the nineties, especially allergy and
immunology, have remained stable compared to the overall rise of the entire discipline.
The networks show aerobiology as a multidisciplinary science, including categories related
to environmental sciences, such as plant sciences and meteorology, but also health-related
categories, like allergy and immunology. The most active countries publishing in this field
are Spain and USA, with several European countries being important linkage nodes, mainly
England, Austria, Denmark and France. The analysis of keywords showed that studies on
pollen are the most abundant, in particular those related to the effects of pollen on human
health. Regarding other types of biological particles, fungal spores have been a subject of
interest too, due to their connection with plant diseases, while bacteria, viruses and other
organisms are not well-represented. Occupational exposure to airborne biological agents
or airborne biologically derived material is a crucial issue in many settings, both outdoors
and indoors. As the dynamics of air transport of biological or biologically derived particles,
including the cases of outdoor–indoor exchanges, may be studied in an integrated way in
workplaces, it is time to regard this matter as a subset of occupational health and safety, for
which the term “Occupational Aerobiology”, encompassing all relevant features, could be
proposed. This new discipline, if properly understood and managed, could disclose new
perspectives on biological risk.

Climate change is largely recognized as a main threat for natural environments and
human societies. The International Panel of Climate Change [81,82] and other national and
international organizations deal with periodic assessments of the potential impact of climate
change, proposing and discussing mitigation and adaption measures at international,
national, local and individual level. Climate change is recognized to impact human health
both directly and indirectly in terms of increased mortality and morbidity, the patterns of
which are largely dependent on the types and extent of related phenomena (heatwaves,
extreme events, etc.), geographical location, target population and economic and social
determinants [83–85]. Occupational health is also affected by climate change [86,87] in
terms of heat stress and effects on productivity [88,89], as well as regarding work-related
injuries [90]. However, climate change and occupational health are beginning to be explored
from other points of view [91], including occupational exposure to solar radiation [92],
vector-borne diseases in working populations [93] and occupational allergies [94]. In
the light of the aims of this work, the scenario reported here stresses the importance of
strengthening the research activity at the interface between aerobiology, occupational
health and climate change.

Considering the wide variety of airborne biological and biologically derived compo-
nents in workplaces and recognizing that each working setting/activity may be charac-
terized by different and time-changing patterns of exposure, it is of great importance to
identify suitable biomarkers of exposure/effects. The concept of “exposome” may be useful
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in this regard [95], as it relates to the identification and quantification of “all” exposures an
individual experiences during their lifecycle, starting from prenatal life. The occupational
exposure to airborne biological material may be “a piece” of the individual exposome.
However, although the concept of exposome is expanding and its potential is increasingly
recognized [96–98], its use in exposure assessment and occupational health practice is still
beyond the current operative tools.

At the same time, it is equally important to define the individual profiles of sus-
ceptibility to aerobiological agents found in both outdoor and indoor workplaces. The
usefulness of defined categories of susceptibility (e.g., pregnancy, advanced age or immune
depression), although essential, is limited in this regard, as susceptibility represents a
biological continuum, the details of which are often largely unknown or, when known, are
too difficult to apply in health surveillance or other occupational health practices.

The development of high throughput “omics” approaches in aerobiology (including
proteomics, metabolomics and the new and rapidly expanding field of epigenomics) is
equally important with respect to many other branches of biology and medicine. Apart
from the costs, the most critical concerns are given by the integration, interpretation and,
ultimately, the application of multi-omics data [99,100]. However, the rapid advances in
the “omics” tools and the management of “big data”, as well the development of single-cell
omics applications [101], will disclose many opportunities in occupational aerobiology.
Although molecular and innovative methodologies have been utilized in recent years for the
evaluation of different biocomponents in aerosols [102–110], analytical techniques such as
portable pollen samplers [109,111,112] and flow cytometry [113,114], should be improved
in order to expand the development of aerobiology. In this regard, their application in
occupational settings assumes great importance [10,115], and they could also be aimed
at investigating the role of occupants with regard to the transport of bioparticles using
a multidisciplinary approach. An innovative integrate approach should also be applied,
adopting real-time sampling of bioaerosols that is able to select pollen, in association to the
monitoring of meteorological parameters, such as solar radiation, relative humidity and
temperature [116].

Several epidemiological and experimental studies reported a significant interaction
between allergens and air pollutants in urban and industrial environments. The increas-
ing concentrations of environmental pollutants should be studied in relation to airborne
particles exposure to evaluate synergistic effects on health. Several outdoor atmospheric
pollutants of different origins—such as particulate matter (PM10, PM2.5), carbon dioxide,
ozone, sulfur dioxide and nitrogen oxides—derived from anthropogenic activities and the
effect of the “urban heat island” in urban areas may affect airborne particles properties
(e.g., alterations in protein composition and structure result in a higher allergenic potential
of pollen and increases in the amount of aerobiological particles released and dispersed),
increasing the risk of development and/or exacerbation of allergic diseases [117–122].

Recently, pollen has been identified as a predictor of the inverse seasonality of flu-
like epidemics and as involved in changes in lung functions [123–125]. Moreover, an
association between pollen levels and cancer incidence has been proposed, suggesting that,
for different so-called specific intractable diseases (SIDs), pollen might be one the agents
able to influence important pathways of the vital functions and metabolisms in various
organs, although epidemiological studies are necessary [126].

Another viable development of aerobiological research could be a more extensive
and comprehensive evaluation of the geographical layout of the sources of aerobiological
particles. Prominent tools in this field could be vegetation maps, which have proven to be
useful instruments in the study of exposure to pollen [127]. For example, the application
of vegetation maps can be used to understand which pollen types come from proximal
or distal sources and how they are influenced by wind direction [128], or how the land
cover can affect the length and intensity of human exposure to pollen [129]. In addition,
tree and grass coverage can be correlated to pollen abundance and health effects on the
population [130–132].
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Further research should better investigate potential synergistic effects between aerobi-
ological particles and other factors by improving the innovative techniques of monitoring
and analysis, thus extending the application of aerobiology in the management of occupa-
tional health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13084337/s1, Table S1: List of WoS categories (years 1990–2019), grouped in different
clusters. Top terms are based on keyword log-likelihood ratio (LLR). Top terms are presented in the
same format as the CiteSpace output, entirely in lowercase letters. Silhouette: value indicating the
homogeneity of the cluster; mean year: mean year of publication; count: number of articles belonging
to the category; centrality: value indicating how much a node is part of paths connecting other nodes;
Table S2: List of the most important publishing countries (years 1990–2019), grouped in different
clusters. Top terms are based on keyword log-likelihood ratio (LLR). Countries and top terms are
presented in the same format as the CiteSpace output, entirely in uppercase or lowercase letters.
Silhouette: value indicating the homogeneity of the cluster; mean year: mean year of publication;
count: number of articles belonging to the country; centrality: value indicating how much a node
is part of paths connecting other nodes; Table S3: List of the most represented keywords (years
1990–2019), grouped in different clusters. Top terms are based on keyword log-likelihood ratio (LLR).
Keywords are presented in the same format as the CiteSpace output, with no uppercase letters and
no italics. Silhouette: value indicating the homogeneity of the cluster; mean year: mean year of
publication; count: number of articles that contain the keyword; centrality: value indicating how
much a node is part of paths connecting other nodes; Figure S1: List of categories with the strongest
citation bursts (years 1990–2019). The red segments indicate the years of the burst. Year: starting
year of the analysis; strength: intensity of the burst; begin/end: initial and final year of the burst;
Figure S2: List of countries with the strongest citation bursts (years 1990–2019). The red segments
indicate the years of the burst. Year: starting year of the analysis; strength: intensity of the burst;
begin/end: initial and final year of the burst; Figure S3: List of keywords with the strongest citation
bursts (years 1990–2019). The red segments indicate the years of the burst. Year: starting year of the
analysis; strength: intensity of the burst; begin/end: initial and final year of the burst.
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