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 Allergic rhinitis was not well described before John Bostock’s paper, whereas asthma 
was identi fi ed before Christ. Although rhinitis may have been recognized in the 
Antiquity, the “rose catarrh” was probably the  fi rst description of allergic rhinitis in 
the sixteenth century by Vallerianus and later by Botallo (1565). John Bostock 
described precisely what he called “catarrhus aestivus” and later became “hay fever” 
and then “allergic rhinitis.” However, John Bostock was unable to  fi nd that pollen 
was the cause of the disease. 

 First described by Nehemia Grew (1641–1712) in 1682 ( The Anatomy of Plants ), 
pollen gained attraction as trigger of pollinosis in the early nineteenth century in 
Great Britain; a handful of people suffered with hay fever. 

 Today, allergic pollen are the main trigger of allergic rhinoconjunctivitis, asthma and 
the oral allergy-syndrome in about 15 million people in Europe. The ever-increasing 
prevalence of pollen allergy in Europe and climate change further stimulate the 
interest in allergic pollen, both in the public and scienti fi c community. 

 There are still many questions on the production, monitoring, distribution, forecast 
and health impact of pollen, and this research needs an interdisciplinary working 
process – ful fi lled at present as best as possible by a group of scientists from across 
Europe who are members of the COST action group. 

 This group has summarized their knowledge – the result being an excellent con-
centrated update on allergic pollen, which is the  fi nest of its kind in the  fi eld of pollen 
research at present. This book is an example of what can be achieved by the support 
of interdisciplinary research in Europe by the European Community. 

 Jean Bousquet   

   Foreword   
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  Abstract   Since the  fi rst description of hay fever by John Bostock in 1819, the role 
of pollen in the pathogenesis of allergic diseases is well established now. Most 
important allergic diseases are asthma and rhinitis, which affect from 5 to 30% of 
the population in industrialized countries. The standardization of pollen count 
protocols and the creation of wide and coordinated networks have provided an 
invaluable tool for epidemiological and clinical studies and, more recently, for a 
better understanding of the effects of climate change on plants producing allergenic 
pollen and on allergic diseases. Signi fi cant advances occurred in allergy diagnostic 
with the use of recombinant molecules. Thanks to new methods for airborne allergen 
measurement, the same development occurred in aerobiology, thus shedding a new 
light on the relationship between pollen and allergic diseases.  

  Keywords   Allergic diseases  •  Asthma  •  Rhinitis  •  Pollen  •  Aerobiology      

    1.1   Allergenic Pollen 

 “About the beginning or middle of June in every year … A sensation of heat and 
fullness is experienced in the eyes …. To this succeeds irritation of the nose producing 
sneezing. To the sneezing are added a further sensation of tightness of the chest, and 
a dif fi culty of breathing” (Bostock  1819  ) . This is the  fi rst description of hay fever, 
published in 1819 by John Bostock. More than 50 years later, in 1873, pollen was 
recognized as the cause of this clinical picture by Charles Harrison Blackley  (  1873  ) , 
who also performed the  fi rst skin prick test on his own arm. Since then, thousands 
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of papers have been published on this issue and nowadays the role of pollen in the 
pathogenesis of allergic rhinitis, asthma and conjunctivitis is well established. 
Epidemiological studies and clinical trials designed with the aim to evaluate the 
ef fi cacy of antiallergic drugs and speci fi c immunotherapy con fi rmed early results 
about the importance of pollen in the seasonal allergic disorders, although inconsis-
tently in some cases. Indeed, several questions are still open. 

 Aerobiology (from Greek ή r , aēr, “air”;  b ί o  V , bios, “life”; and - l  o  g ί a , -logia) is 
a branch of biology that studies organic particles, such as bacteria, fungal spores, 
pollen grains and viruses, which are passively transported by the air. Aerobiologists 
played a key role in the understanding of the relationship between allergic diseases 
and pollen, especially through the standardization of the procedure for the assessment 
of pollen concentration in the atmosphere. Pollen count has being used for over 50 
years for the assessment of allergen exposure both in clinical practice and clinical 
and experimental studies. The method, proposed by Hirst  (  1952  )  is based on the 
identi fi cation and count with a microscope of pollen and spores collected with a 
volumetric trap and provides the standard for the national networks which are 
currently covering most of the European continent. This type of airborne particle 
assessment presents several advantages: it allows a comprehensive evaluation of 
airborne particles with a wide spectrum of applications; long time-series are now 
available, which can be used for pollen calendars and for research purposes. To this 
regard 20–25 years long datasets provide an extraordinary tool for climate change 
studies, showing both changes in the past decades and providing the basis for 
modelization of future scenarios (Cecchi et al.  2010  ) . However, proof is insuf fi cient 
that pollen count is representative for allergen exposure, thus providing the explanation 
of some controversial results of epidemiological studies aimed at showing the effects 
of pollen on respiratory allergic diseases, especially on asthma. 

    1.1.1   Pollen-Related Allergic Diseases 

 Rhinitis, conjunctivitis and asthma are the typical clinical pictures of allergy to pollen 
and they often occur in the same patient simultaneously during the pollen season. 

 Asthma is a chronic in fl ammatory disease of the airways characterized by recurrent 
episodes of wheezing, breathlessness, chest tightness and coughing (GINA  2009  ) . 
Exposure to allergens represents a key factor among environmental determinants of 
asthma, which also include air pollution (Eder et al.  2006  ) . Allergic rhinitis is clinically 
de fi ned as a symptomatic disorder of the nose induced by an IgE-mediated 
in fl ammation after allergen exposure of the membranes lining the nose. Symptoms 
of rhinitis include rhinorrhea, nasal obstruction, nasal itching and sneezing 
which are reversible spontaneously or under treatment (Bousquet et al.  2001  ) . 
Pathophysiological and clinical studies have strongly suggested a relationship 
between rhinitis and asthma. However, epidemiology provides the most convincing 
data, showing that the prevalence of asthma in patients with rhinitis varies from 10 
to 40 % depending on the study. Moreover, allergic rhinitis is correlated to, and 
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constitutes a risk factor for, the occurrence of asthma (Bousquet et al.  2008  ) . Taken 
together, these data have lead to the concept that upper and lower airways may be 
considered as a unique entity in fl uenced by a common, evolving in fl ammatory process. 
Conjunctivitis is also commonly associated to pollen-induced rhinitis.  

    1.1.2   Mechanisms 

 Type I allergies are mediated by the production of IgE speci fi c for otherwise harmless 
environmental substances, most of which are proteins. Most allergenic molecules 
that elicit IgE-mediated immune responses are derived from plants, animals and 
fungi. 

 Sensitization occurs at the site of allergen exposure, such as the airways and skin, 
but can also occur through the gastrointestinal tract. However, not everybody who is 
exposed will become sensitized and have allergies. Aside from the individual exposure 
conditions, there is a high variability in the individual responsiveness to a given 
allergen dose. 

 The most important allergen carriers in the outdoor air are pollen – with a diameter 
between 15 and 60  m m – from anemophilic plants such as trees, grasses and weeds. 
However, whole pollen grains are too large to penetrate the small airways. Since 
pollen is able to evoke IgE-mediated allergic reactions within seconds after contact 
with the mucosa, pollen allergens must be extremely water soluble and readily 
available. In fact allergen liberation from pollen grains can occur on the mucosal 
surface of the upper respiratory tract after exposure to pollen (Behrendt and Becker 
 2001  ) . Symptoms can be explained by the interaction between the antigen and its 
corresponding IgE antibody and this phase is situated at the end of a cascade of 
events leading to allergy. 

 The experimental data of Bacsi et al.  (  2005,   2006  ) , Boldogh et al.  (  2005  )  and 
Traidl-Hoffman et al.  (  2002  )  provide additional evidence that pollen fragments, 
containing NAD(P)H oxidases and lipid particles, can amplify the immune response 
by producing reactive oxygen species (ROS) as well as chemo-attractants. To this 
regard, this pollen-mediated mechanism seems to be able to induce a non-speci fi c 
in fl ammatory response at the mucosal level (   Traidl-Hoffmann et al.  2009  ) , provid-
ing a possible explanation of some data showing an association between pollen 
count and hospital admissions of nonallergic diseases (Besancenot  2011  ) . 

 Patients affected by respiratory allergy are subjected to inhalation of aerosols of 
pollen, pollen fragments, air pollutants and other caustic chemicals. The relative 
importance of this mixture of pro-in fl ammatory agents in the airways and their 
interactions still needs to be clari fi ed. 

 Numerous studies have shown that air pollution is consistently associated with 
adverse health effects and it has a quanti fi able impact on respiratory diseases, on 
cardiovascular diseases and stroke (Dockery and Stone  2007  ) . Positive associations 
have been observed between urban air pollution and respiratory symptoms in both 
adults and children (D’Amato et al.  2010  ) , and the literature reports of a relation 
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between motor vehicle exhausts and acute or chronic respiratory symptoms in children 
living near traf fi c (Ryan et al.  2005  ) . Air pollution can also negatively in fl uence 
lung development in children and adolescents (Gauderman et al.  2007  ) . 

 In the so called thunderstorm, asthma fragments of pollen might play a role. 
A thunderstorm is an extreme weather event with dramatic consequences on 
respiratory asthma, as showed in the last 15 years with asthma outbreaks during 
thunderstorms worldwide (D’Amato et al.  2007a  ) . Despite some uncertainties, a 
mechanism underlining asthma epidemics might be pollen grains that rupture by 
osmotic shock and release part of their content, including respirable, allergen-carrying 
starch granules (0.5–2.5 m m ) into the atmosphere (Taylor and Jonsson  2004  ) . 

 Thunderstorms have often been linked to epidemics of asthma, especially during 
the grass and molds season (Marks and Bush  2007  ) , even if other pollens might be 
involved (D’Amato et al.  2008  ) .  

    1.1.3   Epidemiology 

 Type I hypersensitivity reactions, such as allergic rhinitis and asthma, are the most 
common allergic diseases, with current prevalence rates ranging from 5 to 30 % in 
industrialized countries (Asher et al.  2006  ) . 

 Pollen allergy has a remarkable clinical impact all over Europe and there is a 
body of evidence suggesting that the prevalence of respiratory allergic reactions 
induced by pollens in Europe is on the increase (D’Amato et al.  2007b ; ECRHS 
 1996 ; ISAAC,  1998 ; Burney et al.  1997  ) . In fact, for the past 40 years, the prevalence 
of asthma has increased, and it is still increasing worldwide in parallel with that of 
allergy (Law et al.  2005  )  even if recent  fi ndings of the phase three of ISAAC study 
showed the absence of increases or little changes in prevalence of asthma symptoms, 
allergic rhinoconjunctivitis and eczema for European centres with existing high 
prevalence in older children (Asher et al.  2006  ) . This data suggests that it might 
possible be that the increase is coming to an end especially in some western countries 
(von Hertzen and Morais-Almeida  2005  ) . 

 Since airborne-induced respiratory allergy does not recognize national frontiers, 
the study of pollinosis cannot be limited to national boundaries, as obviously happens 
with most diseases that can be prevented by avoiding exposure to the causative 
agent. In Europe, the main pollination period covers about half the year, from spring 
to autumn.  

    1.1.4   Towards a Molecular Era of Allergology and Aerobiology 

 Thanks to the development and progress made in the  fi eld of recombinant allergens, 
allergy diagnostic has changed in the last 10–15 years, moving from the use of 
extracts for both  in vivo  and  in vitro  diagnostic to the so called “Component Resolved 
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Diagnosis” (CRD), a tool that characterises each patient’s IgE antibody pro fi le to 
individual allergen components, thereby discriminating between genuine sensitisation 
to certain speci fi c allergen sources and cross-reactivity (Sastre  2010  ) . This new 
approach is particularly useful for a better identi fi cation of patients to be treated 
with speci fi c immunotherapy. To this regard, companies are now producing extracts 
for immunotherapy standardized according to the content of major allergens 
expressed in mcg/ml, as suggested by the last guidelines for sublingual immuno-
therapy (Canonica et al.  2009  ) . 

 As expected, Aerobiology is developing in the same direction. Allergen count is 
based on the measurement of the concentration of single allergenic components in 
the air, collected with special devices which suck a higher volume of air than the 
classic Hirst-type pollen trap. After the early observations by Schäppi et al.  (  1999  )  
a number of papers have been published in the last 10 years. Nowadays we use to 
call “molecular aerobiology” this new branch of Aerobiology. So far, research 
focused on grass pollen (Phl p 5 and Lol p 1), birch (Bet v 1), olive (Ole e 1), wall 
pellittory (Par j 1 and Par j 2) allergens mainly in Australia (Schäppi et al.  1999  ) , 
Germany (Buters et al.  2008,   2010  )  and Spain (De Linares et al.  2007,   2010 ; Jato 
et al.  2010 ; Moreno-Grau et al.  2006  ) . In these studies different methods for allergen 
measurement and collection were used which explains several inconsistencies 
between the papers published in this  fi eld. However, almost all authors indicate that 
allergen concentration deviates from pollen count and that this is due to a number of 
factors. 

 Despite several questions are being left, it is now clear that monitoring the allergen 
itself in ambient air might be an improvement in allergen exposure assessment. 
These new methods are already contributing to the clari fi cation of some aspects of 
exposure to airborne allergens, such as the debated importance of pauci- and 
sub-micronic particles or the clinical thresholds. 

 Even if it is the time to move towards the allergen count, we still need “classic” 
pollen count and the combination of the two methods seems to be the best choice in 
the medium term. Allergen count is still limited by cross-reactivity between allergens, 
lack of homogenization of methods and devices, unavailability of long time-data 
sets and high costs.       
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  Abstract   This chapter reviews what is known about abundance and distribution of 
the 12 most important aeroallergenic pollens in Europe:  Ambrosia ,  Alnus ,  Artemisia , 
 Betula , Chenopodiaceae,  Corylus , Cupressaceae/Taxaceae,  Olea ,  Platanus , Poaceae, 
 Quercus  and  Urtica/Parietaria . Abundance is based on 10 years of pollen records 
from 521 stations of the European Aeroallergen Network that were interpolated into 
12 distribution maps covering most of Europe. The chapter compares the distribu-
tion maps with other types of distribution maps that are available for selected tree 
species and discuss two methods for making harmonized pollen source inventories: 
“bottom-up” and “top-down”. Both methods have advantages and disadvantages, 
and both need to be explored and further developed. Remote sensing has shown 
to be a valuable method to improve the inventories, especially the use of satellites. 
The full potential as well as limitations of remote sensing in relation to pollen 
sources remains to be explored. The review suggests that the most probable way of 
obtaining inventories of all 12 pollen species is to use top-down methods that use 
an ecosystem-based approach that for each particular species connects ecological 
preference, pollen counts and remote sensing.  
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    2.1   Introduction 

    2.1.1   Gymnosperms and Angiosperms 

 Pollen is a biological structure functioning as a container, in which is housed male 
gametophyte generation of the angiosperms and gymnosperms (Moore and Webb 
 1983  ) . Such a container is an evolutionary adaptation for life out of water because 
it protects male gametes from adverse atmospheric in fl uence while transferring 
from anthers to pistils. 

 The importance of particular pollen grain from allergological point of view 
depends both on (1) pollen allergological potency and on (2) pollen abundance in 
the atmosphere. Keeping in mind both of above-mentioned prerequisites, 12 pollen 
types originating from anemophilous plants are of particular allergological interest: 
ragweed ( Ambrosia ), alder ( Alnus ), mugwort ( Artemisia ), birch ( Betula ), goosefoots 
(Chenopodiaceae), hazel ( Corylus ), cypresses including yews (Cupressaceae/
Taxaceae), olive ( Olea ), plane tree ( Platanus ), grass (Poaceae), oak ( Quercus ) and 
wall pellitory (including stinging nettle) ( Urtica/Parietaria ). 

 The purpose of this chapter is an overview of what is known about pollen source 
location: Inventories and how they can be constructed.  

    2.1.2   Inventories 

 An inventory in environmental science is in general an aggregation of all available 
material with respect to abundance and distribution of subject on some sort of 
geographical area (big or large). Within air pollution, this is often related to chemical 
air pollutants. Such inventories are typically a gridded estimate of the annual release 
of the pollutant, and they can be used (1) by law makers and advisory bodies for 
development exposure limits on local, regional or international scale; (2) by atmo-
spheric transport modellers to study processes and make scenarios and  fi nally (3) by 
forecasters in daily routines to inform the public about the current air quality. 

 In chemical air pollution, inventories are usually made for anthropogenic sources 
such as traf fi c, industry, agriculture, etc., and include pollutants such as nitrogen 
monoxide + nitrogen dioxide (NO 

x
    ), sulphur dioxide (SO 

2
 ), ammonia (NH 

3
 ), volatile 

organic compounds (VOC), etc., but some of the inventories can also include 
emissions from nature (Simpson et al.  1999  ) . Emissions from nature  fl uctuate to a 
much higher degree than their anthropogenic counterparts and are therefore often 
simulated by using advanced models like MEGAN (Model of Emissions of Gases and 
Aerosols from Nature) (Guenther et al.  2006  ) . Models like MEGAN in general rely 
on locations of the sources. Similarly, pollen emission models rely on the location 
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of allergenic pollen sources. The location of allergenic pollen sources can be used 
by aerobiologist in explaining measured levels of pollen concentrations (e.g. Skjøth 
et al.  2009  )  as well as in the daily advice of allergenic sufferers on a local scale or 
recommendations with respect to travelling in between countries (Nillsson and 
Spieksma  1994  ) . 

 Predictions of atmospheric concentrations of pollutants are in general carried out 
using mathematical models. New types of models for allergenic pollen are source-
orientated models that have recently been introduced in aerobiology (Helbig et al. 
 2004 ; Pasken and Pietrowicz  2005 ; Schueler and Schlünzen  2006 ; Skjøth  2009 ; 
So fi ev et al.  2006 ; Vogel et al.  2008  ) . These models use mathematical formulae of 
atmospheric transport and diffusion to calculate concentrations at various distances 
from a known source or release site. The character of the source is typically based 
on an inventory (Fig.  2.1 ), which can be constructed using bottom-up approaches 
(Sect.  2.2 ) or top-down approaches (Sect.  2.3 ).  

 The emission inventories are considered among the biggest uncertainties in the 
application of transport models (Russell and Dennis  2000  ) , and it has been shown 
that dedicated focus on the inventories and the corresponding release mechanisms 
(Gyldenkærne et al.  2005  )  can signi fi cantly improve model results and understand-
ing (Skjøth et al.  2004,   2011  ) . In comparison to chemical air pollutants, very limited 
work has been done with respect to localization and inventorying the sources of 
allergenic airborne pollen. D’Amato et al.  (  2007  )  included information on general 
pollen source distribution in review concerning allergenic pollen and pollen allergy 
in Europe. But gridded inventories of allergenic pollen sources are very rare com-
pared to their counterparts in chemical air quality. Additionally, making inventories 
of pollen sources is a scale-dependent problem (Fig.  2.2 ) as observed by Skjøth 
 (  2009  )  who used different remote sensing products to identify tree-covered areas   . 
Coarse-resolution data is usually easy to obtain and handle but also introduces a risk 
of losing valuable information (Fig.  2.2a ).  
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  Fig. 2.1    Bottom-up ( a ) and top-down ( b ) approaches for making species inventories for allergy-
related plants (see text for description)       
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 High-resolution data are much more demanding to obtain and analyse (Fig.  2.2c ) 
but may also reveal that in some areas, the majority of sources cannot be identi fi ed 
by using coarse-resolution data. The focus of this chapter is to review what has been 
done in respect of inventories of airborne pollen sources by:

   Reviewing and discussing available data and methodologies that can be useful  –
for production of pollen source inventories in Europe     
  Presenting current knowledge on source locations of the 12 pollen types relevant  –
to allergy  
  Suggesting future research and directions for improvement of airborne pollen  –
inventories      

    2.2   Methodologies for Making Bottom-Up Inventories 
and Their Application 

 Bottom-up inventories are typically produced by using statistical analysis of data with 
the respect to location and amount of the pollutant. For pollen-producing species, this 
includes location and amount within a given geographical area (Fig.  2.1a ). Statistical 
data with respect to tree distribution and population abundance (in particular for olive, 
oak, alder and birch) can be obtained from forest inventories and crop databases. The 
statistical data are then aggregated by using a model – often a simple one – to some 
sort of gridded dataset. This aggregation also often uses additional information 
such as land cover information to upscale the distribution information to a larger geo-
graphical domain. This information is generally used in forest inventories (Forestry 
Commission  2001  )  and has at European scale been applied by Simpson et al.  (  1999  ) , 
Köble and Seufert  (  2001  )  and Skjøth et al.  (  2008  ) , where the latter is currently consi-
dered the most comprehensive and detailed inventory with respect to allergenic species 
from forest trees. A related source to land cover data is remote sensing data, either in 
its original form as digital images of the earth or analysed data such as the Corine 
Land Cover data set (European Commission  2005  ) . Remote sensing data can typically 
be used for mapping of relevant ecosystems such as conifer or broadleaved forest but 
not for distinguishing between allergenic tree species (Table  2.1 ).  

  Fig. 2.2    Forest cover gridded to the DEHM-Pollen model domain using ( a ) GLC2000 (global), 
( b ) CLC2000 (European) and ( c ) Top10DK(Danish) data sets resulting in 7, 9 and 13% forest 
cover of Denmark, respectively (Source: Skjøth  2009  )        
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 Remote sensing can also be used for mapping ground-based vegetation such as 
grass areas (Skjøth et al.  2010a  ) , but here, the limitation is that a large fraction of 
these areas are crops or grass areas that are regularly cut and therefore do not  fl ower. 
Therefore, management schemes and crop databases can be used in combination 
with remote sensing in order to identify possible grass  fl owering areas among the 
ground-based vegetation (Fig.  2.3 ).  

 Finally,  Olea  is a special case as this species is an important crop in Europe with 
the majority of the trees being located in olive groves, with geographically known 
locations. The location of these olive groves can with high detail be identi fi ed on the 

   Table 2.1    Error matrix from a species-speci fi c classi fi cation, including forest trees with allergenic 
pollen   

 Region/class  Ash  Sycamore  Birch  Beech  Oak  Conifers  Other  Sum  Producer acc 

 Ash  16  2  11  1  1  0  0  31  51.6 
 Sycamore  5  50  13  10  1  0  0  79  63.3 
 Birch  7  26  29  1  0  2  0  65  44.6 
 Beech  26  87  32  235  75  4  0  459  51.2 
 Oak  0  9  5  49  461  22  0  546  84.4 
 Conifers  2  1  1  2  39  644  1  690  93.3 
 Other areas  0  0  0  0  0  0  200  200  100.0 
 Sum  56  175  91  298  577  672  201  2,109 
 User acc  28.6  28.6  31.9  78.9  79.9  95.8  99.5 

  Based on results from Bonde  (  2009  )  by using the SPOT5 satellite over a well-de fi ned forest area 
in Denmark  

  Fig. 2.3    ( a ) Very high-resolution RS image over the city of Aarhus showing grass locations ( pink ) 
and location of three pollen traps for grass pollen analysis. ( b ) Gridded inventory of grass  fl owering 
areas over the city of Aarhus and location of three pollen traps (Source: Skjøth et al.  2010a  )        
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pan-European Corine Land Cover data set CLC2000 (Fig.  2.4 ) and must therefore 
be considered the pollen source with the highest accuracy with respect to distribution 
and amount.  

 Other sources of airborne pollen such as  Platanus , Cupressaceae and  Corylus  are 
to a large degree ornamentals and present in a very limited degree in the main European 
forests. For these species statistical distribution information, in particular regional 
scale, are not available. Similarly, statistical information concerning abundancy and 
distribution for weeds are hardly available. Information can be obtained from sources 
such as Flora Europaea (Tutin et al.  1964  )  and the Nobanis network (  http://www.
nobanis.org/    ), but these sources deal with presence/absence of plants and not their 
abundance which makes these sources of limited use for making bottom-up inventories. 
In addition, Flora Europaea gives plant distribution information on a country-based 
scale, leading to generalization even in countries with obvious biogeographic diversity 
such as France, Germany and Switzerland. Usage of local Floras can help overcome 
this scaling problem, but such publications are unavailable for many areas and are 
often out of date. Bottom-up inventories for all 12 pollen species do therefore not 
seem likely to be obtained at a European scale within the near future.  

    2.3   Methodologies for Making Top-Down Inventories 

 Conversely to bottom-up approaches, top-down approaches often use a measured 
quantity as a starting point and then a backwards calculation method for estimating 
the geographical distribution of the species of interest (Fig.  2.1b ). In aerobiology, 
this information can be obtained from basic results in aerobiology, such as 
pollen calendars or studies including source-receptor analysis (Peternel et al.  2005  ) . 
This approach may be aggregated to European scale (Nillsson and Spieksma  1994  )  
on a very coarse resolution using main biogeographical regions such as central 
Scandinavia or take more advanced methods into account such as land cover infor-
mation and knowledge of preferred habitats for speci fi c species (Skjøth et al.  2010b  ) . 
The most widely covered database of information with respect to allergenic species 
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  Fig. 2.4    Location of olive groves ( red ) in Europe from the CLC2006 data set       
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is the European Aeroallergen Network (EAN), which has measured airborne pollen 
and calculated annual pollen indexes for all 12 allergenic pollen species at 257–521 
different stations in Europe (Fig.  2.5  and Table  2.2 ).   

 Here, a simple approach by using the average pollen index of all available annual 
indexes for the period 2000–2009, simple interpolation between the stations (up to 
400 km), buffer zones of 200 km and presence/absence information in Flora 
Europaea is used to summarize species distribution and abundance according to 
the European Aeroallergen Network. Additionally, the typical habitat is listed, and 
the EAN distribution is compared with available large-scale inventories that include 
geographical coverage and abundance of the species.  

    2.4   Top-Down and Bottom-Up Information Concerning 
the 12 Most Allergenic Pollen Types 

    2.4.1    Alnus  

     Ecological preference : Consists of mainly  fi ve species in Europe, where  Alnus 
incana  and  Alnus glutinosa  are the most common. According to Flora Europaea 
(Tutin et al.  1964  ) , the species are present in most of Europe, and typical habitats are 
forest, woodlands and especially for  Alnus glutinosa  wet areas, such as in bogs and 
streams, where few other species will survive.  

0 500 1,000 2,000 3,000 4,000
Kilometers

Ean stations used in the calculation of the distribution maps

Station locations

N

  Fig. 2.5    Location of the 521 EAN stations used in the production of the distribution maps 
(Figs.  2.6 ,  2.7 , and  2.8 )       
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   Top-down approach from EAN  (Fig.  2.6a ): 468 stations have reported pollen indexes 
with an average of up to 8055. The geographical area is most of Europe from 
Scandinavia to central Spain and Italy. Data coverage ends in Russia, Ukraine, 
Romania and Turkey. Highest densities are found in the Boreal region including 
Poland, Lithuania, Latvia, Estonia, Belarus, Russia and Finland.   

   Comparisons to bottom-up information : The European scale inventory by Skjøth 
et al.  (  2008  )  suggests  Alnus  coverage over most of Europe from Norway/Finland to 
central Spain and southern Italy as well as signi fi cant coverage in Belarus, Ukraine 
and Russia in the east. Highest densities are found in the Boreal region from Poland, 
Lithuania, Latvia and Estonia and medium density in parts of Germany and most of 
Scandinavia.     

    2.4.2    Ambrosia  

     Ecological preference : One native ( A. maritima ) and four naturalized ( A. artemisii-
folia ,  A. coronopifolia ,  A. tri fi da ,  A. elatior ) species could be considered as source 
of  Ambrosia -type airborne pollen.  A. maritime  inhabits marine sands of the 
Mediterranean region, while others prefer riparian and ruderal habitats often colo-
nizing agricultural  fi elds (Hansen  1976  ) .  

   Top-down approach from EAN  (Fig.  2.6b ): 368 stations have reported pollen indexes 
with an average up to 14,590. The geographical area is Central and Eastern Europe 
ranging from Germany/Poland to Italy and Greece. Highest densities are found in the 
Carpathian Basin and a few hotspots in the Po (Italy) and Rhone (France) valleys, 
respectively. There is limited data coverage in Russia and Ukraine, but the mea-
surements suggest peak concentrations in some areas of Ukraine.  

   Comparisons to bottom-up information : N/A     

   Table 2.2    Pollen species, number of data stations with data for each species and coverage of dis-
tribution maps (above 20 grains), maximum and mean value in the maps   

 Taxon 
 Number of 
stations 

 Land area 
covered [km 2 ]  Max  Mean 

  Alnus   468  5,602,964  8,055  1,048 
  Ambrosia   368  2,974,812  14,590  697 
  Artemisia   471  5,604,016  2,287  245 
  Betula   461  6,005,064  32,708  3,782 
 Chenopodiaceae  430  4,847,776  3,013  211 
  Corylus   457  5,033,640  3,239  398 
  Olea   257  1,911,564  51,094  1,253 
  Platanus   402  3,516,256  23,352  1,084 
 Poaceae  521  6,171,880  12,353  2,502 
  Quercus   440  5,272,036  19,587  2,011 
 Taxaceae + Cupressaceae  430  4,624,496  36,442  3,064 
  Urtica  +  Parietaria   471  5,593,080  68,652  4,128 
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    2.4.3    Artemisia  

     Ecological preference : Numerous species (57) belonging to the genus  Artemisia  are 
a source of the  Artemisia  airborne pollen type all around Europe (Tutin  1976  ) . The 
most common species of  Artemisia  in Europe are  A. vulgaris ,  A. annua  and  A. ver-
lotorum  which grow mainly in Southern Europe. All of these are present both in 
urban and suburban areas (   D’Amato et al.  2007  ) .  

   Top-down approach from EAN  (Fig.  2.6c ): 471 stations have reported pollen indexes 
with an average up to 2,287. The geographical area is most of Europe from central 
parts in Scandinavia to southern Spain and Italy. Highest densities are found in 
Poland, Lithuania, Latvia and Ukraine and medium densities in Czech Republic, 
Slovakia, Hungary, Serbia and Romania.  

   Comparisons to bottom-up information : N/A     
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  Fig. 2.6    ( a – d ) Average annual pollen index at EAN stations (Table  2.2 ) based on bilinear interpo-
lation between stations, a maximum distance of 200 km to each station and Flora Europaea to 
determine presence on national scale          
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    2.4.4    Betula  

     Ecological preference :  Betula  airborne pollen in Europe originates from four native 
species ( B. pubescens ,  B. pendula ,  B. humilis ,  B. nana ) and two non-native species ( B. 
papyrifera ,  B. utilis ) often planted as ornamentals (Walters  1993  ) .  

   Top-down approach from EAN  (Fig.  2.6d ): 461 stations have reported pollen indexes 
with an average up to 32,708. The geographical area is most of Europe from 
Scandinavia to central Spain and Italy. Data coverage ends in Russia, Ukraine, 
Romania and Turkey. Highest densities are found in the Boreal region including 
Poland, Lithuania, Latvia, Estonia, Belarus, Russia and Finland.  

   Comparisons to bottom-up information : The European scale inventory by Skjøth 
et al.  (  2008  )  suggest  Betula  coverage over most of Europe from Scandinavia to cen-
tral Spain and southern Italy as well as signi fi cant coverage in Belarus, Ukraine and 
Russia in the east. Highest densities are found in the Boreal region from      Lithuania, 
Latvia and Estonia and medium density in parts of Germany and Poland.  

    2.4.5   Chenopodiaceae 

     Ecological preference : The majority of species are halophytes or ruderals preferring 
marine habitats, steppe and semi-desert regions (Edmondson  1993  ) . The most widespread 
species are considered weeds, but there are also agricultural crops such as sugar beet.  

   Top-down approach from EAN  (Fig.  2.7a ): 430 stations have reported pollen indexes 
with an average up to 3,013. The geographical area is Europe excluding most of 
Scandinavia and the British Isles. Highest densities are found on the Iberian 
Peninsula and Eastern Europe including the Czech Republic, Slovakia and the coun-
tries in the Carpathian Basin.   

   Comparisons to bottom-up information : N/A     

    2.4.6    Corylus  

     Ecological preference : Three species ( C. avellana ,  C. colurna ,  C. maxima ) are the 
source of the  Corylus  pollen type. Although all grow naturally in Europe, many are 
planted as ornamentals or in nut production  fi elds (Tutin  1993  ) .  

   Top-down approach from EAN  (Fig.  2.7b ): 457 stations have reported pollen indexes 
with an average up to 3,239. The geographical area is most of Europe from 
Scandinavia to central Spain and Italy. Data coverage ends in Russia, Ukraine, 
Romania and Turkey. Highest densities are found in Central Europe, especially the 
Alpine region in France, Switzerland and Austria.  

   Comparisons to bottom-up information : N/A     
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    2.4.7   Cupressaceae/Taxaceae 

     Ecological preference : One species ( Taxus baccata ) classi fi ed in the Taxaceae family 
and numerous species classi fi ed into  fi ve genera ( Cupressus ,  Chamaecyparis , 
 Juniperus ,  Thuja ,  Tetrachius ) of the Cupressaceae family produce this pollen type. 
The former grows naturally or is often planted as ornamental all around Europe 
except east and above 63° N (Moore  1993a  ) . The latter are widely distributed 
with some being planted as ornamentals, for shelter or for timber (Moore  1993b  ) .  

   Top-down approach from EAN  (Fig.  2.7c ): 430 stations have reported pollen indexes 
with an average up to 36,442. The geographical area is most of Europe from parts of 
Scandinavia to Spain and Italy. Highest densities are found in the western and south-
ern parts of Europe, while relative low densities are found in the Boreal region.  

   Comparisons to bottom-up information : N/A     
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  Fig. 2.7    ( a – d ) Average annual pollen index at EAN stations (Table  2.2 ) based on bilinear interpo-
lation between stations, a maximum distance of 200 km to each station and Flora Europaea to 
determine presence on national scale       
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    2.4.8    Olea  

     Ecological preference : Species  Olea europaea  and its cultivar variety are considered 
as the only source of this pollen type in Europe. The species naturally inhabits dry 
and rocky places of the Mediterranean region and also at Krim peninsula.  O. euro-
paea  is introduced to southern Switzerland (do Amaral Franco and da Rocha 
Afonso  1972  ) .  

   Top-down approach from EAN  (Fig.  2.7d ): 257 stations have reported pollen 
indexes with an average up to 51,094. The geographical area is limited to Southern 
Europe, mainly below the Alpine region. Highest densities are found in southern 
Spain, and lowest densities are found in central France and areas in the Carpathian 
Basin with data coverage.  

   Comparisons to bottom-up information : The CLC2006 data set (Fig.  2.2 ) with location 
of olive groves suggests highest densities in southern Spain, Portugal and Italy. 
Most easterly parts are found in western parts of Turkey, and most northern parts are 
found in Croatia, France and Italy.     

    2.4.9    Platanus  

     Ecological preference :  Platanus  airborne pollen sources in Europe are  P. orientalis  
and  P. acerifolia . Natural habitats are damp woods and streamsides, but both species 
are commonly planted in much of Europe as roadside trees (Tutin and Edmondson 
 1993  ) .  

   Top-down approach from EAN  (Fig.  2.8a ): 402 stations have reported pollen indexes 
with an average up to 23,352. The geographical area is most of Europe from parts 
of Scandinavia to central Spain and Italy. High densities are found in a number of 
isolated locations near certain large urban areas such as London, Madrid, Milano 
and Vienna, respectively.   

   Comparisons to bottom-up information : N/A     

    2.4.10   Poaceae 

     Ecological preference : Pollen of this type originates from numerous ubiquitous spe-
cies (Tutin  1980 ) that inhabit both natural and arti fi cial grasslands. In addition, many 
species are cultivated as wheat in agriculture.  

   Top-down approach from EAN  (Fig.  2.8b ): 521 stations have reported pollen indexes with 
an average up to 12,353. The geographical area is Europe and the largest of all pollen 
species. Data coverage is limited in Belarus, Russia, Ukraine, Romania and Turkey. 
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Highest densities are found in a relatively large area from Denmark and the British Isles 
in the North to the Iberian Peninsula and central Italy   .  

   Comparisons to bottom-up information : N/A     

    2.4.11    Quercus  

     Ecological preference : Airborne pollen originates from a number of species (22) 
distributed all around Europe (Schwarz  1993  ) .  

   Top-down approach from EAN  (Fig.  2.8c ): 440 stations have reported pollen indexes 
with an average up to 19,587. The geographical area is most of Europe from central 
Scandinavia to southern Spain and Italy. Highest densities are found in southern 
France and Spain and medium densities in most of Europe from southern Sweden and 
England in the North to central Italy and Greece in the South.  
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  Fig. 2.8    ( a – d ) Average annual pollen index at EAN stations (Table  2.2 ) based on bilinear interpo-
lation between stations, a maximum distance of 200 km to each station and Flora Europaea to 
determine presence on national scale       
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   Comparisons to bottom-up information : The European scale inventory by Skjøth 
et al.  (  2008  )  suggests  Quercus  coverage over most of Europe from southern Sweden 
in the North to Spain in the South. Additionally, this inventory is divided into species 
such as  Quercus rubra ,  Q. petraea ,  Q. suber , etc.     

    2.4.12    Urtica/Parietaria  

     Ecological preference : Airborne pollen originates from species classi fi ed in two 
genera  Urtica  and  Parietaria . The most important are  U. dioica  (Ball  1993  )  and 
 P. judaica  that is widespread in ruderal rocky habitats (Ball  1993  ) .  

   Top-down approach from EAN  (Fig.  2.8d ): 471 stations have reported pollen indexes 
with an average up to 68,652. The geographical area is most of Europe from parts 
of Scandinavia in the North to Spain and Italy in the South. Data coverage ends in 
Russia, Ukraine, Romania and Turkey. Highest densities are found in a relatively 
large area in Central Europe including southern England, Belgium, the Netherlands, 
parts of Germany and Poland. Relatively low densities are found in parts of 
Scandinavia, Spain and South-eastern Europe.  
   Comparisons to bottom-up information : N/A      

    2.5   Overall Conclusions 

 In general very little is known about location of pollen sources. Most well known 
are the location of tree species such as  Olea ,  Quercus ,  Alnus  and  Betula . Here,  Olea  
is a special case, as the majority of  Olea  trees are found in olive groves that are 
mapped with high detail in Europe (Fig.  2.4 ).  Alnus ,  Betula  and  Quercus  have been 
mapped using both top-down methods in the EAN (Figs.  2.6a, d,   2.8c ) and bottom-up 
methods (Skjøth et al.  2008  ) . On a European scale, the distribution and density of 
these three species is very similar, but on a regional to local scale such as over the 
UK, the differences can be signi fi cant. 

 The remaining species  Ambrosia ,  Artemisia , Chenopodiaceae,  Corylus , 
Cupressaceae,  Platanus , Poaceae, and  Urtica/Parietaria  have only been mapped 
with respect to abundancy on a European scale using the top-down approach in the 
EAN (Figs.  2.6b, c,   2.7a, b, c,   2.8a, b, d ). Other inventories such as the NOBANIS 
(North European and Baltic Network on Invasive Alien Species) network only 
register presence/absence. At a regional scale,  Ambrosia  has recently been mapped 
in the Carpathian Basin using an ecosystem-based approach in combination with 
airborne pollen data and detailed land cover data (Skjøth et al.  2010b  ) . This meth-
odology is likely to be applicable in other regions as well as for other species such 
as  Artemisia  and  Platanus , where typical ecosystems can be identi fi ed in European 
scale land cover data sets such as the Corine Land Cover. Other species such as 
Chenopodiaceae,  Corylus  and  Cupressaceae , Poaceae and  Urtica/Parietaria  can 
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most likely also be mapped by using an ecosystem-based approach, but it is also 
likely that the approach then needs an improvement in methods, as the pollen obser-
vations in the EAN from several of these species originate from a number of different 
species with different pollen production and different ecological preference. 

 Remote sensing has recently been introduced as an additional source of information 
for mapping of allergenic species. Its use is promising and has by far been explored 
enough. Nevertheless, existing use of remote sensing has already shown two major 
limitations. (1) Satellites need at least four channels (3 colour and one near infrared) 
for a good identi fi cation of different types of vegetation but are still not able to 
distinguish plants and trees at the species level (Table  2.1 ), which means that satellite 
products need additional information such as statistics of species distribution in 
forests or similar ecosystems that can be observed from space. (2) Satellites need 
medium- to high-resolution spatial coverage in order to correctly identify the majority 
of the sources over Europe. Pre-calculated global data sets like the GLC2000 
(Bartalev et al.  2003 ; Fritz et al.  2003  )  do not meet that criteria. The Corine Land 
Cover or related data sets like Image2000 or JRC forest cover (Schuck et al.  2003  )  
are likely to meet this criteria in most countries. Higher resolution than the CLC2000 
data set or JRC forest cover is desired in some areas and required in case the major 
source is found in urban areas such as the KOMPSAT-2 satellite or commercial 
satellites like Quickbird satellite (Table  2.3 ).  

   Table 2.3    Satellite relevant for mapping of allergenic species on local, regional or European scale, 
the main properties and availability. “–“ without ending means that the satellite is still active   

 Satellite/instrument 
 Resolution 
at nadir  Period  Bands (n)  Swath  Accessibility 

 Landsat 1–3  79  1972–1983  4  185 km  Free 
 Landsat 4  30 m  1982  6  185 km  Free 
 Landsat 5  30 m  1984  6  185 km  Free 
 Landsat 7/ETM+  15  1999–2003!  6  183 km  Free 
 NOAA AVHRR  1.1 km  1981–  5  2,500 km  Free 
 SPOT1  10 m /20 m  1986–1990  1/3  60 km  Free* 
 SPOT2  10 m /20 m  1990–  1/3  60 km  Free* 
 SPOT3  10 m /20 m  1993–1997  1/3  60 km  Free* 
 SPOT4  20 m  1998–  1/3  60 km  Free* 
 SPOT5  2.5 m/10 m  2002–  1/3  60 km  Free* 
 Terra (ASTER)  15/30/90  1999–  15  2,330 km  Free 
 IRS-P6  5.8/23  2003–  1/4  23/141 km  Free* 
 IKONOS  0.8 m/3.2 m  1999–  1/4  11 km  Commercial 
 KOMPSAT-2  1 m/4 m  2006  1/4  15 km  Commercial/free* 
 ENVISAT/MERIS  300 m  2002–2012  15  1,150 km  Free* 
 GeoEye-1  0.4/1.6  2008  1/4  15 km  Commercial 
 Formosat-2  2 m/8 m  2004–  1/4  24 km  Commercial/free* 

  Free*: Available free from the European Space Agency for Category-1 users at   www.esa.int     or 
through simple registration 
 Free: Available free on the internet through Warehouse Inventory Search Tool (WIST),   https://
wist.echo.nasa.gov/wist-bin/api/ims.cgi?mode=MAINSRCH&JS=1      

http://www.esa.int
https://wist.echo.nasa.gov/wist-bin/api/ims.cgi?mode=MAINSRCH&JS=1
https://wist.echo.nasa.gov/wist-bin/api/ims.cgi?mode=MAINSRCH&JS=1
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 In the year 2013, the ESA (European Space Agency) will launch the  fi rst of a pair 
of Sentinel-2 satellites. This pair of satellites is very well designed for the needs in 
mapping allergological relevant species as they combine a high revisit time, high 
spatial resolution and multispectral imagery (13 bands) that are well designed for 
mapping vegetation. This suggests that aerobiology and the mapping of the relevant 
species can be advanced signi fi cantly today by using existing remote sensing products 
and that these possibilities will be further improved within the next few years. 

 Overall, the EAN data set is the largest and, for a number of pollen relevant plant 
species, also the only large-scale data set for mapping abundancy such as  Urtica  and 
Chenopodiaceae, and Figs.  2.6 ,  2.7 ,  2.8  are examples of how distribution maps can 
be produced (see summary in Table  2.2 ). However, this methodology also has four 
obvious limitations. (1) Station coverage is highly variable (Fig.  2.5  and Table  2.2 ) 
with some stations having observations during the entire period while others only 
for 1 year. This means that the distribution maps have a solid database in Central 
Europe, while other areas such as Eastern Europe have very limited or no data 
coverage. (2) The applied size of buffer zones can also be questioned. Data from 
pollen traps is a point measurement, and the introduction of a buffer zone where inter-
polation and data coverage is valid will introduce an error. It is not known how large 
this error is. (3) The database will be subject to errors in the data reporting or 
misclassi fi cation of the pollen grains in the microscope. (4) The pollen traps capture 
pollen within an area, which will be affected by amounts of plants, geographical 
variation in pollen production and atmospheric transport. One of these four limitations 
might be the reason to certain high-density hotspots seen in southern Italy for  Alnus  
(Fig.  2.6a ) or low-density areas seen in Scandinavia for  Betula  (Fig.  2.6d ). Another 
example is the distribution map for  Olea . In these maps, Hungary is white despite 
pollen counts of  Olea  being registered in the EAN database. These registrations 
could potentially be a misdetermination with  Ligustrum  pollen, or the pollen could 
originate from olives growing in pots because according to Flora Europaea, olive 
trees are not present in Hungary. Similarly, the Spanish network by de fi nition does 
not upload  Ambrosia  observation to the EAN data, although measurements indicate 
small quantities of  Ambrosia , which is also supported by Flora Europaea, which 
suggests a presence of  Ambrosia  in Spain. Similarly, the use of buffer zones and 
interpolations shows  Olea  distribution in Switzerland because Flora Europaea suggests 
olive trees in Switzerland. As such, these examples show the limitation of this very 
simple method for making distribution maps. Remote sensing products have been 
proven as a valuable tool for additional information for mapping pollen species. 
Many regional scale products are freely available from these satellites, including the 
Corine Land Cover (Landsat satellite), Globcover (Envisat Satellite) or the GLC2000 
(SPOT satellite) or more detailed products such as the JRC forest mapping (Landsat 
satellite) (Schuck et al.  2003  ) :   http://forest.jrc.ec.europa.eu/forest-mapping     or the 
Urban Atlas (SPOT 5):   http://www.eea.europa.eu/data-and-maps/data/urban-atlas    . 
However, better information over a speci fi c area can usually be obtained by detailed 
analysis of remote sensing pictures that are used to produce data sets such as 
CLC2000 data set (Schuck et al.  2003  )  or other similar products. However, remote 
sensing can so far not be used as a stand-alone product for mapping sources on the 

http://forest.jrc.ec.europa.eu/forest-mapping
http://www.eea.europa.eu/data-and-maps/data/urban-atlas
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species level. Remote sensing products (CLC2000, Image2000, etc.) need addi-
tional information such as highly detailed ground-based statistics (e.g. Skjøth 
et al.  2008  )  in order to apply bottom-up approaches for making inventories. These 
inventories will then be limited by the geographical coverage of the region with 
statistics, which means that a large uncertainty will be present in regions such as 
Ukraine and relatively small in sub-national regions of the UK or Denmark. Most 
medium to coarse-scale resolution remote sensing images can be obtained free of 
charge (Table  2.3 ), while high-resolution satellites such as Quickbird or Ikonos 
are commercial. These satellites are usually used for dedicated urban scale investigations 
and are well designed for identifying ornamentals trees including  Platanus ,  Betula  
and Cupressaceae. A recent possibility for urban scale mapping – in case allergenic 
plants are available – is the Kompsat-2 satellite. Kompsat-2 is a high-resolution 
satellite, and images over a large amount of European cities can be obtained free of 
charge through Category-1 proposals with the European Space Agency. This 
possibility however remains to be explored. Finally, remote sensing products can 
also be used on the large scale in combination with pollen indexes in order to apply 
top-down approaches for an ecosystem-based method for mapping location of pollen 
species in Europe (Skjøth et al.  2010b  ) . This methodology will however still be 
limited by trap coverage and the fact that the local pollen index is in fl uenced by 
variations in pollen production and atmospheric transport. Nevertheless, the meth-
odology possess a signi fi cant potential for detailed mapping of all major pollen 
species with high detail over Europe including those that be mapped cannot using 
bottom-up approaches due to insuf fi cient information.      
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  Abstract   The onset, duration and intensity of the period when pollen is present in 
the air varies from year to year. Amongst other things, there is an effect upon the 
quality of life of allergy sufferers. The production and emission of pollens are 
governed by interacting environmental factors. Any change in these factors may 
affect the phenology and intensity of the season. Readiness to  fl ower in a plant, and 
the amount of pollen produced, is the result of conditions during an often long 
period foregoing  fl owering. When a plant is ready to  fl ower, temporary ambient 
circumstances e.g., irradiation and humidity, determine the timing of the actual 
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pollen release. In order to understand variation between years and to be able to 
safely predict future situations, not least due to the ongoing climate change, it is 
necessary to know the determinants of all related processes and differences between 
and within species, here reviewed.  

  Keywords   Anemophily  •  Allergenic plants  •  Phenology  •  Readiness to  fl ower  
•  Vernalization  •  Onset of anthesis  •  Chilling  •  Dormancy  •  Forcing  •  Pollen release  
•  Pollen emission  •  Circadian rhythms  •  Pollen season duration  •  Pollen index  
•  Flowering intensity  •  Masting  •  Pollen season severity  •  Pollen production  
•  Climate change      

    3.1   Introduction 

 Aerobiology studies the behaviour of biological particles in the atmospheric 
medium. Due to their abundance and allergenic properties, fungal spores and pollen 
grains, primarily from wind-pollinated (anemophilous plants), are the most impor-
tant of these particles. Pollen grains from this group of plants are small, very light 
in mass, aerodynamic, with a relatively thin wall, low sculpturing and a powdery, 
non-sticky surface. 

 As “pollen season”, we de fi ne the period during which pollen is present in the air. 
The term is used either collectively, referring to pollen from any plant taxon or from 
each taxon separately. Evidently, the pollen season in a certain area is related to the 
local  fl owering season, as for pollen to be present in the air, it has to be previously 
produced and emitted by mature  fl owers. However, pollen seasons and  fl owering sea-
sons usually do not fully coincide; this is the result of intervening winds that allow for 
mid- and/or long-range transport. The abundance of pollen grains in the air is described 
by the term pollen season intensity: the more there are, the more intense the season is. 

 Pollen in the air, which is the result of pollen production and the different aero-
biological processes, emission, dispersion and/or transport and deposition, is con-
trolled by factors associated with climate. Any change in these factors may affect 
the phenological and quantitative features of the season. Monitoring airborne pollen 
provides substantial information on plants’ performance under different environ-
mental conditions and could allow predictions of their response under the ongoing 
climate change. 

 The onset, duration and intensity of the pollen season varies from year to year. In 
order to understand this variation and be able to safely predict future situations, it is 
necessary to know the determinants of all related processes. At an applied level, this 
is particularly important because the pollen season and its intensity affects the qual-
ity of life of allergic persons, who constitute a considerable part of the human popu-
lation, particularly in the industrialized countries. 

 In this chapter, we will attempt to identify the strength and weaknesses in our 
knowledge and, hence, the requirements for future activity. To this end, we will deal 
with the factors known to affect pollen-related processes in anemophilous plants giv-
ing emphasis to taxa of allergenic importance in both the north and south of Europe.  
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    3.2   Readiness to Flower 

 The major environmental factors that determine the readiness to  fl ower are 
photoperiod, temperature and water stress. Water stress can also be important 
through its effect on growth rate. In some plants, e.g. in many temperate grass spe-
cies,  fl oral buds are produced only after a sequence of environmental cues that may 
occur several months apart. The term “readiness” denotes a state of maturity. When 
a plant is ready to  fl ower, it is temporary ambient circumstances e.g., irradiation and 
humidity that determine the timing of the actual pollen release (Fig.  3.1 ). The latter 
circumstances are described in Sect.  3.3  of this chapter.  

    3.2.1   The In fl uence of Light as Day Length and Light Intensity 

 A photoperiod response is a biological response to changes in day length at latitudes 
where this cue is associated with seasonal progression. Plants discriminate day from 
night by means of photoreceptors, i.e., pigments that capture different wavelengths 
that may promote or inhibit  fl owering. These pigments synchronize biological 
activities with the day/night cycle, the so-called circadian clock. Plants that are 
governed by photoperiod may respond to day lengths surpassing a critical threshold 
in late spring or early summer, securing time for seed maturation, or in contrast, 
when nights become long so that as much of spring and summer as possible can be 
used for vegetative growth. For instance, in  Ambrosia artemisiifolia ,  fl oral initiation 
is not possible before summer (Lewis et al. in Rogers et al.  2006  ) . 

 Recent studies indicate that plants perceive day length through the degree of 
coincidence of light with the expression of the gene CONSTANS (CO). This gene 
encodes a clock-regulated protein that controls the expression of the  fl oral integrator 
FT, which is ubiquitous in plants, in a light-dependent manner. Although long- and 
short-day plants contrast in their reactions to light, the differences are due to 
modi fi cations of the same common basic pathway. Other  fl oral integrator genes 
react to temperature and/or developmental cues such as hormone levels (Kim et al. 
 2009  ) . Whereas a response to photoperiod is often overriding in short-lived plants, 
an interaction between photoperiod and temperature is common in perennials ( King 
and Heide  2009  ) . 

 Additionally, increasing light intensity during springtime and early summer is 
likely to in fl uence  fl owering in summer- fl owering plants. This increase can modify 
the effect of the photoperiod, but also act independently upon the FT-gene in long-
day plants (King and Heide  2009  ) .  

    3.2.2   Temperature 

 Each vital process in living organisms is adjusted to a certain temperature range. 
The optimal amplitude of this  fl uctuation range varies between plants adapted to 
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different climate regimes. For each species/ecotype and process, and for the 
development of different structures, there is a speci fi c response curve. Below the 
base temperature, development is zero. Above this threshold, development rate 
increases linearly up to an optimum temperature at which the rate of development 
is at a maximum. Above this point, development rate decreases linearly until an 

  Fig. 3.1    Scheme of the processes involved in the readiness of  fl owering and anther dehiscence of 
anemophilous plant species. Modi fi ed after Linskens and Cresti  (  2000  )        
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upper limit, above which development is again zero. In most temperate woody 
species and some perennial herbs (Rathcke and Lacey  1985  ) ,  fl owering time is 
mainly controlled by temperature which usually acts through accumulation of heat 
above a threshold level. 

 In temperate regions, many species need a period of exposure to low, but non-
freezing temperatures to acquire reproductive competence, as an adaptation to  fi t 
 fl owering and fruiting to periods when the risks for frost and/or detrimental drought 
are low. This process is called vernalization (from Latin word  vernus , meaning “of 
the spring”) and confers the ability of the plant to respond to the correct day length 
and to initiate  fl owers. Thus, it is not equal to  fl oral initiation, but must forego this. 
Many vernalization-requiring species have a winter-annual or biennial habit and 
many are long-day plants (Kim et al.  2009  ) . 

 Unlike cold acclimation, which is a relatively rapid process and which follows a 
separate physiological pathway, the vernalization process must go on for a pro-
longed period. Otherwise, the plants could be “tricked” into  fl owering by transient 
warm conditions before winter is really over. The low temperatures are perceived by 
the apical meristem, which later will develop into a  fl ower or an in fl orescence. Once 
it has been exposed, the meristem “remembers” that it is vernalized. This memory 
is stable throughout mitosis, and all daughter cells – also after grafting on a different 
plant – will retain the reproductive competence as a “memory of winter”. In con-
trast, the effect is not transmissible to tissues that do not originate in the exposed 
meristem. Although vernalization may have evolved multiple times and thus not 
necessarily involve identical pathways, it generally appears to be a slow epigenetic 
process that triggers a series of chromatin modi fi cations, ultimately resulting in 
silencing of genes that would repress  fl owering in an active state (King and Heide 
 2009 ; Kim et al.  2009  ) .  

    3.2.3   Resource Accumulation 

 In plants, there is often a plastic response in  fl owering time to the availability of 
water, nutrients and carbon dioxide. Plants of some species are said to reach a level 
of reproductive maturity only after they have accumulated a threshold level of 
resources, often measured by plant size. In annuals, large individuals that are large 
since they have accumulated resources quickly, often  fl ower earlier in the growing 
season to that of smaller individuals of the same species. The latter are assumed to 
be slower in resource acquisition (Rathcke and Lacey  1985  ) . In perennial or woody 
plants, where time between bud formation and  fl owering is generally longer, one 
could predict that seasonal resource accumulation determines when  fl oral buds are 
formed, but that  fl owering itself is triggered by a more predictable environmental 
cue. This situation has been documented in three shrubs belonging to the family 
Ericaceae (Reader in Rathcke and Lacey  1985  ) . 

 The atmospheric carbon dioxide concentration stimulates leaf-level photosyn-
thesis, which may or may not stimulate growth and, in this way, indirectly in fl uence 
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 fl owering time, which may be accelerated, delayed or unchanged with increasing 
CO 

2
  concentration. The response to elevated concentrations appears to be highly 

variable both among and within species, and even within populations (Nord and 
Lynch  2009  ) .  

    3.2.4   Readiness to Flower in Grasses and Other 
Herbaceous Plants 

 In Europe, most indigenous grasses, and with a few exceptions (e.g., the cosmopolitan 
weed  Cynodon dactylon ), most of those that are important for allergies, belong to 
the sub-family Pooideae. They are herbaceous plants that may be annual, or more 
commonly, perennial. A grass plant generally consists of a parent shoot, which has 
developed from the epicotyl, and a number of lateral shoots or tillers that originate 
from axillary buds. Each leaf at the base of the parent shoot can subtend such a 
tiller. Each shoot or tiller is monocarpic, i.e.  fl owers only once and then dies away 
after fruiting. 

 The origin of the subfamily Pooideae is connected with a shift from tropic to 
temperate regions, and it is postulated that a vernalization requirement originated 
early within the group, after this shift (Colasanti and Coneva  2009  ) . Many perennial 
grasses, however, need a dual induction of  fl owering (King and Heide  2009  ) . In the 
late autumn, a tiller that is exposed to short day conditions and/or a vernalization 
period will be able to initiate in fl orescence primordia, either directly or after transi-
tion to long-day conditions. But these primordia will not develop further, until a 
secondary induction caused by exposure to long day conditions takes place: hence, 
the latter is necessary for culm elongation, in fl orescence development and anthesis. 
Each tiller of a perennial species then has a biennial life cycle. 

 Critical temperatures and day lengths, as well as the critical duration of expo-
sure for primary induction vary greatly among the grass species and may also vary 
much among ecotypes of different geographic origin within the same species. For 
a number of temperate grasses of Scandinavian origin, 9°C appears to the most 
effective temperature to promote  fl owering during short-days conditions (King 
and Heide  2009  ) . Generally, ecotypes from high latitudes and especially arctic 
and alpine ecotypes, have wider ranges of inducing temperatures and photoperi-
ods, and they require fewer cycles of ef fi cient day lengths than their low-latitude 
and maritime counterparts; for these ecotypes or species, 3–6 weeks can be 
suf fi cient, whereas for those at mid-latitudes 16–18 weeks of vernalization could 
be necessary. The latter is the case for species belonging to the genera  Deschampsia  
and  Festuca . In the Mediterranean grass  Phalaris tuberosa  L., plants from 
Morocco and Israel have little or no vernalization requirement, but  fl owering in 
these ecotypes is accelerated by low temperatures. Populations of the same spe-
cies from more northern latitudes in Turkey and Greece require up to 8 weeks 
vernalization to induce complete  fl owering. Their respective requirements are 
related to the severity of winters at the collection sites (McWilliam  1968  ) . 
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Signi fi cant variation in vernalization requirements in accordance with different 
selection regimes is also found in annual grasses like  Bromus tectorum  and 
 Aegilops tauschii,  which can be found in a variety of habitats that differ in altitude 
and/or aridity (Meyer et al.  2004 ; Colasanti and Coneva  2009  ) . 

 After induction, the morphological changes of the apex by which the various 
parts of the in fl orescence and  fl ower primordia are laid down take place. This occurs 
during short-day conditions in the autumn in a number of arctic alpine ecotypes and 
in early- fl owering low-latitude species like  Alopecurus pratensis  and  Anthoxanthum 
odoratum.  In many dual induction grasses, however, morphological changes at the 
apex take place only after a shift from short to long days. In  Phalaris arundinacea , 
 Agrostis alba ,  Lolium perenne ,  Dactylis glomerata  and  Festuca  species, which all 
have large vernalization requirements, initiation takes place in the spring (King and 
Heide  2009  ) . 

 Floral initiation in the non-grass weeds  Ambrosia artemisiifolia  and  Artemisia 
vulgaris,  belonging to the family Asteraceae, depends on different day-light regimes. 
In  Ambrosia,  initiation takes place in short-day conditions (Rogers et al.  2006  ) . 
In  Artemisia vulgaris , the required photoperiod for  fl ower induction is 4–16 h for 
4 weeks  (  Barney and DiTommaso 2002  ) ; hence, it is not a pronounced short-day plant. 

 After induction and the earliest morphological changes, further development of 
in fl orescences and  fl owers is a growth process that is much in fl uenced by tempera-
ture and day length. In grasses, this development is associated with rapid stem elon-
gation (heading or bolting). Grasses begin growth in spring, when soil and daytime 
temperatures reach more or less species-speci fi c thresholds that trigger initiation of 
growth, if soil moisture is available. At this stage, the time to heading decreases with 
increasing temperature, at least up to about +25°C (King and Heide  2009  ) . 

 Many different species, with different responses to environmental conditions, 
contribute to the grass pollen content in the air. Since allergy sufferers react to most 
grass pollen, and the different taxa are not distinguished in the traditional pollen 
analysis, it is necessary to  fi nd generalized parameters for pollen, if prediction models 
are to be developed. In spite of the apparent importance of long-day conditions for 
in fl orescence development even to begin, a number of authors have successfully 
used temperatures even from the pre-equinox part of late winter and early spring 
(   Frenguelli et al.  1989 ; Spieksma and Nikkels  1998 ; Emberlin et al.  1993 ;    Smith 
and Emberlin  2005 , Table  3.1 ). In addition, a correlation between the amount of 
precipitation and onset of anthesis is found in a number of studies, alone or interacting 
with temperature; i.e., the more rain, the earlier is the start of  fl owering (Jones  1995 ; 
Ong et al.  1997 ; Stach et al.  2008  ) .  

 The December–January–February averages of The North Atlantic Oscillation 
(NAO) index (i.e. the difference in pressure between Iceland and the Central North 
Atlantic, see  Sect. 3.6.1 ) was found to be one of the most important predictors of the 
start of the grass pollen season in Poznan, Poland, as in several other locations in 
Europe; the strongest associations generally near the Atlantic Coast. A high value 
of the NAO index is associated with over-average temperatures and precipitation in 
North Europe. Also, the relationship between the NAO index and terrestrial ecosys-
tems is well-documented (Stach et al.  2008 ; Smith et al.  2009  ) . 
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 Cleland et al.  (  2006  )  investigated responses of phenology to four experimentally 
simulated changes in warming, elevated CO 

2
 , nitrogen deposition, and increased 

precipitation in grassland species. Elevated CO 
2
  delayed  fl owering in grasses and 

greening of the canopy at an ecosystem level, whereas N addition dampened the 
acceleration of greening caused by warming. In this study, increased precipitation 
had no consistent impacts on phenology. 

 In the weed  Ambrosia artemisiifolia , temperatures during early spring seem to have 
an indirect effect on  fl owering date through their effect on germination. A difference in 
the date on which  fi rst pollen release was recorded was found among cohorts of 
transferred-from-cold conditions to climate-controlled green-houses, at 15-day 
intervals. There was a consistent trend towards a later  fi rst date of anthesis in later 
cohorts. Therefore, in contrast to  fl oral initiation, the onset of anthesis is apparently 
not controlled by photoperiod (Rogers et al.  2006  ) .  

    3.2.5   Readiness to Flower in Woody Plants 

    3.2.5.1   Chilling and Forcing 

 Many woody plants in temperate areas alternate between a period of active growth 
in spring and summer, with a period of dormancy in autumn and winter, during 
which growth and development is temporarily suspended. The ability to survive 
unfavourable periods and to evade risk for freezing damage of new shoots is essen-
tial not only to the plant’s  fi tness, but also for the competence to maximize the 
duration of the growing season (Repo et al.  1990  ) . 

 When the environment imposes dormancy, e.g., by low temperatures, the dormant 
bud is said to be quiescent or ecodormant. When, in contrast, innate agents maintain 
dormancy, the bud is said to be in rest, or endodormant. Arora et al.  (  2003  )  recom-
mend the use of the terms eco- and endodormant (following the Lang et al.  1987  
proposal), since they are more physiologically descriptive than the older terms 
quiescence and rest. During endodormancy, many metabolic and developmental 
processes go on in the buds and twigs. These processes include respiration, photo-
synthesis, cell division, enzyme synthesis, production of growth stimulators, and 
dissipation of growth inhibitors. But growth is arrested: an endodormant bud cannot 
elongate even under very favourable circumstances. In poplars, the cells in the 
growing points within buds are cytoplasmically isolated from one another within 
5 days after endodormancy induction. In  Betula , the cell-to-cell communication 
in the growing points diminishes in association with the start of endodormancy, 
since the plasmodesmata, the intercellular “communication channels”, decrease in 
number and diameter. They appear to be blocked by 1-3-beta- d -glucan and thus the 
possibility for the apical meristem to act as an integrated whole is shut down. 
Endodormant buds have had less free water than ecodormant buds. Bound water 
status appears to be associated with low temperature stress tolerance rather than 
directly to dormancy itself. It has been suggested that dormancy induction may be, 
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in part, regulated through dehydration stress via alterations in the quantity or 
activity of aquaporins, membrane-bound water-channel proteins that are able to 
increase water transport across membranes 20-fold over diffusion alone. Another 
class of ubiquitous proteins, the dehydrins, are suggested to be responsible for the 
binding of free water. Dehydrins appear to be activated by low temperatures and the 
plant hormone abscisic acid. They also add to cold acclimation (Arora et al.  2003  ) . 

 The development of endodormancy and cold hardiness, though which a plant can 
sustain freezing temperatures without being damaged, are from a physiological 
point of view two separate processes, although they usually occur simultaneously. 
Both states are usually triggered by decreasing day length and low temperature 
(Arora et al.  2003  ) . According to prevailing theories and experimental evidence 
(e.g., Myking  1999  ) , growth-arresting conditions are eliminated when buds are 
exposed to chilling temperatures for a certain period. For many temperate plants, 
the optimal temperature for chilling appears to be within the interval 5–7°C 
(Richardson et al.  1974 ; Myking  1999  ) . 

 Winter chilling is associated with a change in the ratio between endogenous 
gibberellins and some growth inhibitors, such as abscisic acid. When, how and to 
what degree hormones are involved in dormancy release is still uncertain and 
evidence both supporting and refuting various growth regulators can be found in 
the recent literature (Arora et al.  2003  ) . It was suggested that chilling-requirement 
satisfaction is associated with the gradual release of water into the cytoplasm by 
the action of gibberellins, and the removal of a permeability barrier that prevents 
nutrients from entering the bud. Chilling may also lead to restoration of cell-to-cell 
signalling networks among individual cells of the apical meristem, allowing for 
symplastic movement of small signalling molecules, hormones, or proteins respon-
sible for dormancy release (Rohde et al.  2000 ; Arora et al.  2003  ) . 

 In the northern hemisphere, chilling requirements are generally met in December-
February, depending on species and region (Myking  1999  ) . The actual chilling 
requirement has been related to the risk of freezing damage in different environ-
ments (e.g. Chuine and Cour  1999  ) . Plants growing in cold areas could be expected 
to need a longer chilling period (and a shorter forcing period) than those in a com-
paratively warmer region (e.g., Jato et al.  2000 ; Rodriguez-Rajo et al.  2003  ) . 
However, the important factor for selection of a long period of dormancy may not 
be the low temperatures  per se.  During endodormancy, growth is prevented during 
transitory periods of warm temperatures (Arora et al.  2003  ) . Thus, chilling require-
ments are expected to be inversely related to the length and stability of the winter, 
rather than to its severity (Table  3.2 ). Ecotypes of  Betula  from Northern Norway 
have earlier bud burst than ecotypes from Mid-Norway and Denmark, when they all 
were kept at the same equal temperature and light regime (Myking  1999  ) . During 
winter in south Scandinavia, conditions often  fl uctuate between temperatures above 
and below the limit for frost damage (−5°C), whereas in the very north, warm tem-
peratures are rare in wintertime. A similar variation in chilling requirements is 
found between  Betula  ecotypes from areas differing in their degree of continental-
ity. In a transfer experiment, ecotypes native to mild oceanic winters were later 
released from dormancy than those of lowland continental origin. In contrast, a 
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continental Mediterranean climate provides a larger freezing damage risk to new 
 Olea  tissues than a maritime one from an area where frost seldom occurs (Orlandi 
et al.  2004  ) , thus creating a larger demand for chilling. Myking  (  1999  )  suggested a 
second explanation to the observed differences: that in a region where the growing 
season is short, early alleviation of dormancy (i.e. a low chilling requirement) 
secures rapid growth as soon as temperatures are favourable.  

 Since chilling requirements are usually low in Mediterranean species, thermal 
time models with temperature accumulation starting around 1 January are often 
considered to be suf fi cient for the prediction of  fl owering start. Any difference in 
chilling from 1 year to another is considered to be unimportant. However, the impor-
tance of chilling is not zero in Mediterranean species, as illustrated in  Olea europea . 
Every olive cultivar appears to require its own amount of chilling in order to  fl ower 
(Table  3.2 ). 

 When endodormancy is released, the buds are fully growth competent. But they 
still need stimulation from the environment before they can burst or  fl owering can 
begin. This stimulation has generally been presumed to be the occurrence of forcing 
temperatures i.e. temperatures above a certain base or threshold temperature. In many 
studies, 5°C has been considered as the standard threshold (basic) temperature for 
growth in boreal and temperate species (refs. in Myking  1999 ; Rodriguez-Rajo 
et al.  2004  ) , irrespective of origin. However, in several studies, a clinal within-
species variation, related to latitude, altitude, and different degrees of continentality, 
has been demonstrated (Table  3.2 ). The threshold may also vary with the age and 
developmental stage of the individual plant, as well as with environmental factors 
(Wielgolaski  1999  ) . 

 Although it is possible to experimentally identify the date for the breaking of 
dormancy, and to approximate it in a model based on phenological and meteorologi-
cal records, the temporal limitation between endo- and ecodormancy is not neces-
sarily clear-cut. Forcing temperatures may be effective even if chilling requirements 
have not been ful fi lled. In several studies, a dynamic relationship has been observed, 
i.e. the longer the chilling period, the fewer days of heat accumulation are needed to 
start the  fl owering (e.g. Rodriguez-Rajo et al.  2004 ; Emberlin et al.  2007  ) . However, 
the range of chilling and forcing intervals is not satisfactorily known (Chuine and 
Cour  1999  ) , nor is it clari fi ed when and how chilling and forcing temperatures act 
on bud growth when they alternate. Warm temperatures have been suggested to be 
able to reverse the effects of previous chilling (e.g. Fuertes-Rodriguez et al.  2007  ) , 
when they occur before endodormancy release; moreover, temperatures below a 
certain threshold during the forcing period have been suggested to nullify the effect 
of heating (Linkosalo et al.  2006  ) . There appears to be a considerable overlap 
between the intervals when chilling and forcing temperatures are ef fi cient, and their 
effects are easily confounded. It has been stated (references in Myking  1999  )  that 
the most ef fi cient temperature for resumption of growth in dormant buds was the 
temperature that is both low enough to break endodormancy (through chilling), 
and high enough to stimulate growth when dormancy diminishes (through forcing). 
Outdoor  fl uctuating temperatures have been claimed to be more effective for budburst 
than arti fi cial constant temperatures in many woody plants. This would imply that 
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the thermal time requirement for budburst is less when the temperature  fl uctuates 
than when it is constant. However, in an experiment with  Betula pendula  and 
 B. pubescens , no such difference could be detected (Myking  1999  ) . 

 Results from experiments with tree seedlings of boreal and temperate species 
(Linkosalo et al.  2006  )  indicate that there is a gap between dormancy and bud growth. 
Several analyses of phenological tree series suggest that the starting date of ontoge-
netic development of buds, usually initiated in previous seasons, falls somewhere in 
late winter or early spring. The ful fi lment of chilling requirements appears usually to 
be 3–4 months earlier, in late autumn or early winter. The delay is generally explained 
with prevailing low temperatures, which do not allow growth. However, a number of 
authors, e.g. Linkosalo et al.  (  2006  ) , have claimed that something more may be 
missing from the traditional models. For the ontogenetic development to start, a cue 
from the diurnal light regime might be necessary. A light dependency would guaran-
tee that development does not take place when temperatures giving frost injury still 
are likely to occur. While the climate is varying between years, the cyclic changes in 
light conditions remain stable at certain latitude. Photoperiod has been claimed to be 
the most important factor to promote  fl owering in late-successional species like 
 Fagus sylvatica  and  Quercus   robur  (Körner and Basler  2010  ) , but Chuine et al.  (  2010  )  
argued that no study has shown that it was dominant over temperature even in these 
genera. Linkosalo et al.  (  2000  )  suggested that for  Betula pendula , the cue could be a 
combination of day length or night length and twilight conditions. For that species, 
the initiation of bud development is suggested to occur around spring equinox. 
After this date, the temperature seldom falls below −5°C, which is the upper limit 
for freezing damage to occur in  Betula . Chilling requirement is then a necessary, 
but not suf fi cient control mechanism for  fl owering to take place. In  B. pendula  and 
 B. pubescens , short-day conditions stabilize dormancy, whereas long days promote 
dormancy release (Myking  1999  ) .  

    3.2.5.2   Similarities and Differences Within and Between Species 

 The local and regional adaptation of the reproductive phenology of wind-pollinated 
trees may be surprising, since there generally is a large gene  fl ow, as well as an 
overlap between generations, that would be expected to counteract selection. 
Moreover, in north Europe, trees arrived at their present locations fairly recently in 
the perspective of generation length. A number of quantitative trait loci, and in a few 
cases single loci that affect induction of endodormancy, chilling requirement and 
date of bud burst have been identi fi ed in  Malus ,  Populus  and  Vaccinium.  In these 
studies, some of the traits appear to have a large heritability, which would make 
natural selection possible. On the other hand, heritability of bud burst is very 
variable in  B. pendula  populations in north Scotland (Arora et al.  2003  ) . 

 Whereas members of the same genus and species from different climatic 
regions often differ with regard to reproductive phenology, species of the same 
genus that grow in the same region often respond in the same way to temperature. 
There can also be differences within genera, e.g., between  Betula pendula  and  
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B. pubescens , where the former usually has a lower chilling demand than the latter 
(Myking  1999  ) . 

 The similarity is also valid for species from different families, when selection 
pressures are strong and the successful responses limited.  Salix pulchra  and 
 Betula nana  from the Arctic had similar mean dates of bud break and could be 
predicted with the same model parameters (Pop et al.  2000  ) . But there are several 
other examples where chilling requirements and threshold temperature vary with 
environmental conditions, ecology, and presumably, with phylogeny. The chill-
ing requirements of  Betula pendula  and  B. pubescens  are in northern Europe 
often met with already in December, in  Populus tremula  in January, and in  Alnus 
glutinosa , in February.  Alnus  has a larger chilling requirement than  Betula , but 
 fl owers much earlier and quite soon after endodormancy alleviation. The low 
basic temperature may explain its quick growth resumption (Myking  1999  ) . 

 Although they may have different demands, temperate tree species in the same 
region come into lea fi ng and  fl owering in the same sequence from 1 year to another 
and their  fl owering dates are highly correlated. The heat accumulation of  Ulmus 
glabra , counted from the beginning of  fl owering of  Alnus glutinosa , varies little 
(Frenguelli and Bricchi  1998  ) . The date of alder  fl owering could thus be used to 
predict elm  fl owering.    

    3.3   Pollen Release and Pollen Traits 

    3.3.1   Anther Morphology and Pollen Maturation 

 In terrestrial plants, the life cycle is an alternation between a diploid, spore-producing 
multicellular generation (the sporophyte) and a haploid, also multicellular generation 
(the gametophyte), producing sperm and/or egg cells. A pollen grain contains the male 
gametophyte of the seed plant, i.e., the sperm-producing generation. In seedless plants, 
gametophytes are generally independent from the sporophyte, and consist of hundreds 
of cells; evolution of the seed-bearing habit involved dependence of the gametophytes 
upon sporophytes and reduction of their size. Thus, in gymnosperms, the male game-
tophyte has up to ten cells, whereas in angiosperms, there is only one vegetative cell 
apart from the two sperm cells (Fig  3.2 ). The male gametophyte originates from a 
spore, generally called a microspore, and is still surrounded by this spore’s sporopol-
lenin outer wall, the exine (Fig.  3.3c ), at maturity. The gametophyte’s own wall is 
called the intine (Fig.  3.3c ). Since a microspore is a single cell, it is not correct to use 
microspore and pollen as synonyms.   

 In angiosperms, the pollen grains develop within the anthers. An anther gener-
ally consists of two “halves” or theca, connected to a  fi lament. Each theca contains 
two locules, i.e. microsporangia, separated by a septum. There are several devia-
tions from this pattern, and there may be one or more locules in one theca (Endress 
1996 in Pacini  2000  ) . The inside of a locule is covered with the tapetum layer 
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(Fig.  3.3a ), which provides the developing spores with nutrients, enzymes and 
sporopollenin, conveyed through a liquid, the locular  fl uid. The tapetum disinte-
grates shortly before anther opening (Fig.  3.3b ). 

 There is also a mechanical layer, which may consist of one or more layers of cells 
situated in different parts of the anther. They are often dead at the time of pollen 
maturity, and may have ligni fi ed thickenings of different functional types within the 
same anther. As a result of the drying of all, or part of the anther, and in relation to 
the disposition of the thickened areas, the cells of the mechanical layer change their 
shape, causing stretching and folding. This action leads to opening of the anther and 
pollen presentation or expulsion (Manning 1996; Bianchini and Pacini 1996 in Pacini 
 2000  ) . In the epidermis of the part of the anther wall that faces the septum, there are 
one or two thin-walled zones or apertures called stomia (sing, stomium). 

 At the time of maturation and degeneration, the tapetum also secretes viscous 
substances, e.g. tryphine (Brassicaceae) or pollenkitt. They cause the pollen to 
clump together mostly in entomophilous species but have also other functions, 
e.g. to keep the pollen to remain in the anther until dispersal. In anemophilous 
species, pollenkitt is usually lacking; this is not the case for  Parietaria judaica  
(Fotiou et al.  2010  )  or  Olea europea  that has relatively “recent” entomophilous 
ancestors (Pacini  2000  ) . The remaining structures of the disintegrating tapetum 
are called orbicules (or Ubisch bodies) and consist of sporopollenin, just as the 

  Fig. 3.2    The    development of a pollen grain, i. e. a microgametophyte with a resistant outer wall. 
A gametophyte is the haploid, sexual generation of terrestial plants; a microgametophyte produces 
sperm cells. A diploid microsporocyte in one of the microsporangia of the anther (see Fig.  3.3a ) 
divides by meiosis into four haploid microspores. Each microspore develops further by mitosis, 
into a binucleate microgametophyte with a vegetative and a generative cell. During this process, 
sporopollenin synthesised by the tapetum of the microsporangium is deposited on the microspore 
to form the exine, the outer pollen wall (see Fig.  3.3c ). The generative cell divides to produce two 
sperm cells, either within the pollen grain before dispersal (Alt. 1) or after germination, within the 
pollen tube (Alt.2). The alternative locations differ between plant families. (2n = a diploid nucleus, 
n = a haploid nucleus)       
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pollen exine. Orbicules can be seen on the surface of pollen from some gymno-
sperms, e.g . Taxus baccata  and  Juniperus communis . They may or may not co-occur 
with pollenkitt, but appear to be absent from the anthers of many predominantly 
entomophilous angiosperm families, such as Asteraceae. In Fagales, and Poaceae, 
orbicules are present without pollenkitt. Since they have the same physical proper-
ties and electrostatic charge as the pollen grain surface, they have been suggested 
to facilitate pollen detachment from the anther, which is advantageous in a wind-
pollinated species (Pacini and Hesse  2004  ) . They have also been suggested to be 
allergen carriers (El-Ghazaly et al.  1995  ) .  

    3.3.2   Anther Dehiscence 

 Pollen release could be considered to occur in two simple steps:  fi rst, the locular 
 fl uid disappears and second, the anther wall bursts (Pacini and Hesse  2004 ; Laursen 
et al.  2007  ) . The  fi rst of these steps may be due to evaporation through the anther 
wall, or to reabsorbtion through the anther vascular bundles, or to both. The rate of 
evaporation depends on the ambient relative humidity, although it can be limited by 

  Fig. 3.3    ( a ) A cross section of an immature anther with two microsporangia, each containing 
numerous microspores and a tapetum layer that provides the microspores with various nutrients 
and sporopollenin. ( b ) A mature, dehisced anther with pollen grains. The tapetum is now con-
sumed. ( c ) A part of a pollen grain with a cross section of the pollen wall, showing the two layers 
of the exine (endexine and ectexine) and the largely pectocellulosic intine, which in contrast to the 
exine is derived from the microgametophyte       
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speci fi c mechanisms. But reabsorbtion is a programmed process that is regulated by 
the plant. It enables anther opening at any time of day, whereas evaporation may 
occur only in the driest hours of the day. The relative importance of the two pro-
cesses differs among species. The minimum temperature during the 24 h-cycle is 
also important as it determines whether anthers will dehisce or not. This is corro-
bated in studies from different taxa, such as Poaceae (Galán et al.  1995 ), Cupressaceae 
and  Olea europea  (Cariñanos et al.  2010  ) , Urticaceae (Galán et al.  2000  ) , and 
 Ambrosia artemisiifolia  (Bianchi et al.  1959  ) . 

 In anemophilous trees, which  fl ower in early spring, high temperature, low 
humidity, and moderate wind speed favour a passive dehydration, which then leads 
to a bursting of the anthers (Pacini and Hesse  2004  ) . There are, however, consider-
able differences among these species as to whether all pollen will be released simul-
taneously or if the anther will open and close again according to variations in 
humidity, e.g. during a rainy day. 1  Apart from generalizing statements, very little is 
found in the literature on this matter. 

 In grasses, the anther opens either along a longitudinal slit, or the opening is 
limited to the apex or both to the apex and the base of this slit (Fig.  3.4l ). In  Oryza , 
 Hordeum  and probably also in other grass species, dehiscence occurs when the 
pollen grains swell due to a potassium movement from locular  fl uid to the grain 
(Matsui et al.  2000  ) . This is a moisture-requiring process, whereas the widening of 

   1   Dahl, personal observation.  

  Fig. 3.4    ( a – b)   Artemisia vulgaris . ( a ) Male  fl ower in the pollen-presenting stage. ( b ) Stamen. 
( c – g )  Ambrosia artemisiifolia  ( c – e  redrawn after Bianchi et al.  (  1959  ) ;  b  and  g  redrawn after Curtis 
and Lersten  (  1995  ) ; see also illustrations in Martin et al.  (  2009,   2010  ) . ( c ) Male  fl ower of with 
extending anthers. ( d ) Male  fl ower in the pollen-presenting stage. ( e ) Male  fl ower after pollen 
dispersal. The pistillodium is visible. ( f ) Stamen. ( g ) Pistillodium. ( h – i )  Parietaria judaica . ( h ) 
Bisexual  fl ower in the female stage. The anthers are under tension and pressed towards each other. 
( i ) Open  fl ower with straight  fi laments and released pollen. ( j )  Betula pendula.  Stamen with cleft 
anther and open thecas. ( k )  Olea europaea , male  fl ower. ( l ) Grass stamen with two apical stomia       
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the splits in both the upper and lower part of the anther wall is caused by desicca-
tion (Matsui et al.  1999  ) . This has been proposed to be the result of evaporation as 
well as of active retraction (van Hout et al.  2008  ) .  

 In  Parietaria  and other Urticaceae, pollen is released explosively. All anthers in 
the  fl owers are juxtaposed and under tension. The  fi laments are incurved and form 
an arch inside the perianth, which compresses the anthers against one another 
(Fig.  3.4h ). Their walls have transverse thickenings (ribs) in their upper two-thirds, 
whereas there is no mechanical layer in the anther (Franchi et al.  2007  ) . When the 
anthers dehydrate, they shrink and lose contact with one another. This triggers all 
the stamen  fi laments to straighten violently (Fig  3.4i ), and the pollen is released as 
a small cloud through the single stomium (Pacini and Hesse  2004  ) .  

    3.3.3   Pollen Hydration and Vitality 

 The pollen wall is perforated by numerous micropores that allow for the transport 
of water, and it is to a certain degree elastic. At the time of exposure, pollen may 
contain from 1 to 70% water in its cytoplasm. As a rule, the higher the water con-
tent, the more active the metabolism of the pollen. In most species, the pollen grain 
is partially dehydrated just before or at the time of anther opening, a process that 
contributes to its longevity. These pollen grains often become ovoid at dispersal due 
to folding along their colpi (furrow-shaped apertures). Their carbohydrate content 
contributes to their water capacity and to their ability to stay vital and intact during 
humidity changes. In general, their longevity is increased at low relative humidities 
and low temperatures until germination, which generally requires high relative 
humidity (Gomez-Casero et al.  2004  ) . In contrast, in a number of species that remain 
partly hydrated at dispersal, e.g. of Urticaceae and Poaceae, there are no adaptations 
to prevent water loss. Their pollen grains are usually spherical in shape and devoid 
of colpi, and they do not change in shape when water is lost; instead, they may 
eventually collapse due to a thin pollen wall, as is usually the case in grass pollen 
(Pacini  2000  ) . Pollen that is partly hydrated at the time of dispersal is usually short-
lived and cannot stand dehydration (Pacini and Hesse  2004  ) . In the context of pollen 
allergies, it is important to distinguish pollen viability and allergenicity. The pollen 
allergens, which are glycoproteins produced by the pollen, may retain their impact 
on the human immune system for a long time, after the pollen grain is essentially 
dead (e.g. Yli-Panula and Rantio-Lehtimäki  1995  ) .  

    3.3.4   Diurnal Patterns of Pollen Release 

 Pollen release may be synchronous or staggered within  fl owers, in fl orescences and 
entire plants, depending on life form, adaptations or ambient meteorological factors. 
High temperatures usually speed up maturation and shorten the duration of anthesis. 
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 In many anemophilous trees high temperature, low humidity and moderate wind 
speed favour a passive dehydration which then leads to bursting of the anthers 
(Helbig et al.  2004  ) . In grasses, it is well known that each species sheds its pollen at 
its own time of day, and often with “clock-like regularity”. Anthesis starts when 
 fi laments elongate and push the anthers outside the  fl orets. In a study of several 
Indian grass species, Subba Reddi et al.  (  1988  )  concluded that each grass species 
follows the same course of pollen release on successive days with normal weather, 
but that variation occurs in the initiation, progress and termination of the daily course, 
when weather changes. They claimed that each course appears to be adapted to a 
certain “evaporating power”, presumably degree of relative humidity and the related 
vapour pressure de fi cit. In a study of the circadian rhythm of  Zea mays , the actual 
time of pollen release differed from day to day and depended on the time required 
for the anther tips to dry and open (van Hout et al.  2008  ) , which in turn was affected 
by the presence or absence of morning dew. In this study, the  fi rst pollen concentra-
tion peak, detected in Rotorod samplers situated at canopy height, happened shortly 
before the direct irradiance peak on the anthers suggesting that direct solar irradia-
tion might be important for the desiccation process. The temperature range that 
prevailed during the study period, 20–30°C, did not seem to have noticeable effects. 
Jarosz et al.  (  2003  )  related the initial morning emission of  Zea  to a decrease in 
relative humidity below 100 %, corresponding to vapour pressure de fi cit values of 
0.2–0.5 kPa around the anthers. 

 In a study undertaken in India, 50 of the 52 investigated species shed pollen 
during only one diurnal period, which lasted for 2–16 h (Subba Reddi et al.  1988  ) . 
The main period, when more than 50 % of the pollen was shed, could occur at any 
time, night or day, but always at the same time for the same species and always at 
the same time from one date to another. Some grass species are reported to exhibit 
a bimodal diurnal pollen release pattern (Subba Reddi et al.  1988  ) , e.g.,  Holcus 
lanatus ,  Festuca rubra , and  Lolium perenne . In all these species as well as in 
 Cynodon dactylon , most pollen was released during the second period. In another 
investigation of  Festuca rubra  and  Lolium perenne  (Liem and Groot 1973 in Subba 
Reddi et al.  1988  ) , a clear diurnal periodicity with regard to anther emergence was 
found: most of it took place from noon to midnight, and much less during the reverse 
period, from midnight to noon. Anthers must protrude from the  fl owers for pollen 
to be released, but anther emergence and pollen release are not synchronous. In 
this investigation, pollen release was not correlated to temperature or light either, 
but it was to low relative humidity. More pollen was released if the relative humidity 
fell below 50 %. There was no clear periodicity, and pollen could be released just 
at any time, depending on when the suf fi cient minimum humidity was reached. All 
emerged anthers in a plant were closed or opened simultaneously, which was inferred 
as a dependence on the same environmental factors. In  Zea mays  (   van Hout et al. 
 2008  )  the observed bimodal pattern of pollen emission was compared to meteoro-
logical factors. The cause of the bimodality was reduced mean wind velocity during 
mid-day and could not be related to any other meteorological factor.  Imperata 
cylindrica  and  Pennisetum americanum  studied by Subba Reddi et al.  (  1988  ) , 
released pollen during all 24 h, irrespective of weather. 
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 Divergence in daily  fl owering among grass species has been suggested to act as 
a regulating mechanism to avoid waste of pollen, stigma sites, and ovules through 
unwanted “nonsense” pollination (cf. van der Pijl  1978  ) , and also to promote repro-
ductive isolation between closely related species, which otherwise might produce 
hybrids with low  fi tness (Grant  1983  ) . 

 In  Artemisia  and  Ambrosia , which both belong to Asteraceae, several  fl owers 
(“ fl orets”) are closely packed together in an in fl orescence, a capitulum. The 
Asteraceae are characterized by secondary pollen presentation, i.e., after anther 
opening, the pollen is deposited and presented to dispersing agents in other parts of 
the  fl ower. In  Ambrosia  and some species of  Artemisia  the  fl owers are unisexual and 
positioned in likewise unisexual capitulae, whereas in  Artemisia vulgaris , pollen-
producing  fl owers are hermaphrodite and situated in the centre of the capitulum, 
surrounded by  fl owers containing only pistils. In both species, the pollen-producing 
 fl ower is tube-like and narrow, with  fi ve stamens arranged vertically on the inside. 
In the centre of the  fl ower there is a pistil, which in  Ambrosia  is modi fi ed into a 
columnar structure with a cap of clavate hairs, a pistillodium (Fig.  3.4g ). As described 
above, the anthers open inwardly (Fig.  3.4f ). In  Artemisia , the pollen adheres to the 
style by means of pollenkitt. When the style subsequently lengthens, it carries the 
pollen out of the  fl ower (Fig. 3.4a, b). The tips of the stigma lobes are modi fi ed into 
brush-like structures that help in this process (Garnock-Jones  1986 ; Pacini  2000  ) . 
In  Ambrosia , the elongation of the  fi laments appears to be the main force to cause 
the complete emergence of the pollen from the mouth of the corolla (Fig.  3.4c , d). But 
the pistillodium plays a role in the “sweeping out” of the pollen mass also in this 
species (Fig.  3.4e ), at least of the pollen grains that still remain in the anthers after 
dehiscence, or in the open space between them. The result is a bimodal pollen release 
(Bianchi et al.  1959 ; Martin et al.  2010  ) . 

 In studies of  Artemisia vulgaris  pollen is released during 4.00–8.00 (Finland, 
Käpylä  1981  )  and during 6.00–11.00 o’clock (Germany and Poland, von Wahl and 
Puls  1989 ; Kazlauskas et al.  2006  ) . However, it is retained by the apical appendages 
of the anthers. Pollen detachment from the capitulum is therefore likely to be tem-
porarily separate from the actual anther opening within the  fl ower, and thus could 
take place any time during the day when there is enough wind. Kazlauskas et al. 
 (  2006  )  found a negative correlation between pollen concentration in the air and rain 
during the morning and forenoon hours, but point out that there is no study on the 
possibility that anther dehiscence is postponed to the afternoon, if the weather dries 
up. There is also no study as to the relationship between the role of active reabsorb-
ment and of evaporation for anther opening. In an investigation of  A. tridentata  from 
sagebrush steppe in Wyoming, USA (Laursen et al.  2007  ) , a baseline diurnal pattern 
of increasing presentation, release, and transport from late morning to mid- to late 
afternoon was found. The data suggested that the actual degree and timing of anther 
development and dehiscence are modi fi ed by diurnal variations in temperature and 
humidity. Evening hours of high humidity were suggested to promote anther develop-
ment, while early morning hours of decreasing humidity most likely drive anther 
dehiscence, a process also driven by temperature which in this arid environment 
generally is inverse to humidity. Wind was responsible for actual pollen detachment. 
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There was not a linear relationship between wind speed and detachment, but there 
may be a lower critical limit, which in the Wyoming study was estimated to 2.67 m/s. 
This fairly mild breeze apparently was strong enough to remove pollen from the 
capitulae and keep them suspended for subsequent transport as winds continued to 
increase into the morning. Also Kazlauskas et al.  (  2006  )  found a relationship with 
wind speed and pollen concentration in the air. Finally, Munuera Giner et al.  (  1999  )  
did not discern any diurnal pattern that could be related to meteorology in the 
results from their  Artemisia  pollen concentration measurements in Murcia, Spain. 
Intradiurnal patterns of pollen concentrations were similar for late summer and 
winter species ( A. campestris  and  A. barrelieri ). During autumn-blooming, the 
intradiurnal pattern of  A. herba-alba  was particularly erratic. As pointed out by 
Laursen et al.  (  2007  ) , will temporal patterns of release from individual plants be 
obscured when their pollen merge into the well-mixed air streams of the general 
atmosphere? Moreover, when data are interpreted from pollen traps situated at 
different elevations, diurnal patterns will appear to differ according to when vertically 
transported aerosols emitted at ground level reach the trap, as shown by von Wahl 
and Puls  (  1989  )  and others. 

 In  Ambrosia , the pollen grains are released from the anthers about or shortly 
after sunrise, and the pistillodium has swept out the remaining ones about 5 h later 
(Martin et al.  2010  ) . Pollen grains tend to stick together in clumps, which stay on 
the capitulae or fall on adjacent vegetation prior to re fl otation by wind (Bianchi 
et al.  1959 ; Ogden et al.  1969 ; Martin et al.  2009  ) . Their detachment from the 
deposition surface is likely to be impeded by the occurrence of morning dew, and 
the highest concentrations of airborne  Ambrosia  pollen grains are then generally 
found during midday (Bianchi et al.  1959 ; Ogden et al.  1969 ; Solomon and 
Mathews  1990  ) . Like in  Artemisia , actual pollen dispersal is also related to wind 
speed and relative turbulence. Peak releases have been reported to occur in connec-
tion with unstable weather with increasing wind forces and shifting wind directions 
(Barnes et al.  2001  ) . 

 If populations are gregarious, turbulence will facilitate effective dispersal. But 
when conspeci fi c plants are separated, turbulence may cause much pollen go to 
waste (Subba Reddi et al.  1988  ) . Species that tend to appear in low density would 
be selected to shed pollen when conditions are stable, and pollen concentration at 
the source can be maintained at high level. Subba Reddi and Reddi  (  1986  )  identi fi ed 
30 such grass species.   

    3.4   Duration of the Pollen Season and the Shape 
of the Pollen Curve 

 The duration of the period, when pollen from a certain taxon is found in the air, and 
the shape of the curve that describes the change in pollen concentration over time, 
depend on a number of factors. First, a pollen taxon may comprise one species or an 
entire family, depending on the taxonomic level where morphological identi fi cation 
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is possible. The taxon Poaceae is an amalgam of different species with varying 
ecology, mating systems and heating requirements, and thus, the curve can have 
several peaks (e.g. Gonzalez Minero et al.  1998  ) . 

 The second important factor is the speci fi c schedule for pollen emission, as a 
result of the proportion of  fl owers open per day ( fl owering rate) and of  fl oral or 
in fl orescence longevity (Kudo and Hirao  2006  ) . Flowering may be synchronous or 
staggered, at the population and/or at individual levels (Rathcke and Lacey  1985 ; 
Primack  1985  ) . In wind-pollinated plants, which are the main contributors to the 
atmospheric pollen load, synchrony among conspeci fi c plants promotes outcrossing 
and pollen tube competition among a maximum number of potential mates. A high 
concentration of pollen in the air surrounding a maternal plant is bene fi cial to the 
 fi tness of its progeny. Furthermore, the period for ef fi cient pollination can be limited 
by predictable environmental changes, selecting for a synchronous behaviour. In 
temperate regions, many deciduous trees  fl ower before lea fi ng, in the springtime. In 
the Mediterranean, summer drought is ubiquitous, and at a certain point in time dur-
ing spring, many annual species allocate their resources away from vegetative growth, 
into an intense and  fi nal period of reproduction. Plants that  fl ower in late summer and 
autumn, such as  Ambrosia artemisiifolia , can be limited by the risk for early frost. 
When  fl owering is synchronous in a population or even in a region, the pollen curve 
is often positively skewed (Primack  1985  )  and the peak of pollen concentration will 
follow in a fairly short time after  fl owering onset. 

 Staggered or asynchronous  fl owering, on the other hand, can be the case when 
the outcome of  fl owering, fruit set or seed germination is uncertain due to the risk 
of adverse conditions (Rathcke and Lacey  1985 ; Kudo and Hirao  2006  ) . The result 
is a platykurtic pollen curve. In contrast to the annuals mentioned above, other 
annual herbs and grasses, and a number of perennials such as  Parietaria judaica,  
are opportunists with indeterminate growth. Their  fl owers are produced from lateral 
meristems, i.e., on side shoots, whereas the top of the plant continues to grow veg-
etatively. This growth pattern permits simultaneous vegetative and reproductive 
growth and allows for risk-spreading, as well as for the possibility to exploit 
favourable conditions. This growth pattern allows for pollen dispersal all the year 
around if there is no frost, although there may be a maximum, e.g., in late spring 
(Guardia and Belmonte  2004  ) . In winter- fl owering trees, such as  Corylus  and 
 Alnus  (Rodriguez-Rajo et al.  2004  ) , pollen-producing catkins are not injured by 
frost. In Northwest-Europe, winter temperatures often  fl uctuate between mild and 
sub-zero centigrades. In low but frost-free temperatures, only a few anthers open 
at one time. Moreover, a platykurtic pollen curve can be due to the existence of 
environmental and genetic variation for  fl owering time within populations and 
species, as has been documented for numerous species (Primack  1985 ; Wielgolaski 
 1999 ; Chuine and Belmonte  2004  ) . 

 Thirdly, apart from the inherent  fl owering behaviour,  fl owering rate and therefore 
also the duration and the timing for the peak of the pollen season, are affected by 
weather conditions. Temperature affects the rate of growth and development, depend-
ing on the species. The main pollination period of  Betula  (mainly  B. pendula , and in 
the north, also  B. pubescens ) varies considerably with temperature, as recorded in 
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several studies from different parts of Europe (Mendez et al.  2005  ) . The length and 
timing of the peak of the grass pollen season in Bilbao (Spain) differ between years, 
according to temperature (Antepara et al.  1995  ) . When nights are not hot enough as 
to favour anther dehiscence (i.e. >10–15°C) in mid-autumn, the pollen curve tails 
off in  Ambrosia artemisiifolia  (Bianchi  1959 ; Stark et al.  1997  ) , although there may 
not have been any night frost. The effect of heating and of related meteorological 
variables can alter as the season progresses, especially as a result of changes in the 
amounts of remaining pollen to be dispersed or of pollen production (Smith and 
Emberlin  2005 ; Vázquez et al.  2003  ) . Heat favours anther dehiscence in  Olea 
europaea  during the pre-peak period but makes  fl owering decrease during the 
post-peak period (reference in    Galán et al.  2001  ) . 

 Rainfall before anthesis can have an effect on the grass pollen season: in southern 
Spain, an abundant rainfall during development leads to a short and intense peak, 
whereas drier conditions will cause the season to be long and without a pronounced 
maximum (Gonzalez Minero et al.  1998  ) . In contrast, rainfall and a high relative 
humidity during anthesis will prolong the season in Poaceae (Antepara et al.  1995  ) , 
in  Olea  (   Gonzalez Minero and Fernandez-Mensaque  1996  )  and probably also in 
other species since they hamper anther dehiscence. 

 García-Mozo et al.  (  1999  )  investigated variations in the  Quercus  sp. pollen 
season at selected sites in Spain and detected that no relationship was observed 
between the amount of pollen produced (the pollen index, see subchapter 3.5.1   ) 
and season duration: years with higher pollen counts did not have a longer pollen 
season and vice-versa. However, there was a connection between the number of 
days on which more than 50 grains/m 3  were recorded and the pollen index, in 
years with lower pollen production, fewer days were registered despite the season 
maintaining its normal duration.  

    3.5   Factors That In fl uence the Magnitude of the Pollen 
Index/Pollen Sum 

    3.5.1   The Pollen Index Parameter 

 Ever since Blackley constructed the  fi rst pollen trap in the late 1860s, the amount of 
registered airborne pollen during de fi ned period of time has become a basic aerobio-
logical parameter. The amount of pollen registered during a year is described as the 
“annual pollen sum” or the “pollen index”. This has become the standard parameter 
both for quantitative descriptions of the registered airborne pollen within the same 
monitoring site. 

 The magnitude of the pollen sum/index re fl ects the  fl owering intensity of the 
pollen-producing plants. The availability of pollen can be important for successful 
pollination and fertilization, and is of interest in studies of plant reproduction 
behaviour (McClanahan  1986  )  or of the production of agricultural anemophilous 



52 Å. Dahl et al.

crops, such as  Olea  (   Galán et al.  2001  )  and  Vitis  (Cristofolini and Gottardini  2000  ) . 
The annual variations in the amount of registered pollen indicate variations in 
abundance of the source. Thus, changes in the amount of registered pollen have 
been used in studying changes in vegetation (Pidek  2007 ; Kobzar  1999  )  and in 
environmental conditions (e.g. Damialis et al.  2007  ) , which could be of particular 
interest for forecasts. However, the pollen index can be a biased measure of the 
reproductive output of the plants, as it is in fl uenced by factors such as the atmo-
spheric transport and deposition of pollen, and weather factors affecting the emis-
sion process (Ranta et al.  2008  ) . Episodes of long distance transport from remote 
sources occur at a regular basis, and can contribute signi fi cantly to the counts regis-
tered at a certain site (Mahura et al.  2007  ) . Although the reproductive output of tree 
species could be synchronized at a large geographical scale (Ranta et al.  2008  ) , the 
local pollen index may be in fl uenced by factors acting far away from the immedi-
ate environment.  

    3.5.2   Flowering Intensity in Grasses and Other 
Herbaceous Species 

 Pollen concentrations experienced by allergy sufferers depends on the weather 
during anthesis. Nevertheless, in temperate areas, the potential severity of the pollen 
season of grasses and other herbaceous species is mainly determined earlier, by the 
accumulated temperature and precipitation from the beginning of the growth period 
and onwards during the spring, when the culms elongate and pollen is formed in the 
anthers. Thus, the important factors are about the same that in fl uence the start date. 
They are dif fi cult to foresee far in advance, but forecast is possible when some time 
into the development period has passed. As emphasized in Emberlin et al.  (  1999  ) , 
speci fi c forecast models must be developed for different sites, since the absolute 
time periods that are important differ. Emberlin et al.  (  1993  )  found that for London, 
they could predict the likely severity of the season at the end of May or alternatively 
when 75 pollen grains were recorded, by using cumulative temperatures for March 
and April, combined with forecasts of temperature and precipitation in June in mul-
tiple regression analyses based on pollen data over a 20-year period. Predictions 
could be made even earlier, at the end of April, replacing the latter variables with 
long-term weather forecasts for May. The severity of the Poaceae pollen seasons 
was also modelled at a network of sites in the UK (Jones  1995  ) . Total monthly rain-
fall, daily average temperatures compiled to monthly mean and cumulated tempera-
tures as day degrees above 5.5°C were used as variables in a multiple regression 
analysis. It was, however, found that 10-day aggregated variables often gave the best 
results. Three models were developed, enabling the prediction of the grass pollen 
season within 4 days of the actual start dates, but with varying success at London, 
Cardiff and Derby, respectively. Emberlin et al.  (  1999  ) , employed 10-day aggre-
gates of cumulative daily temperatures above 5.5°C and precipitation at the same 
locations, and achieved a high level of explanation for them all. 
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 In the Mediterranean parts of South Europe, precipitation is an especially strong 
limiting factor to determine  fl owering intensity, not least because of the fact that it 
is irregular. In Sevilla, Southern Spain, the annual pollen index of grass pollen 
appeared to decrease over a period with recurring drought (Gonzalez Minero et al. 
 1998  ) . A lack of water will have a general negative effect on vigour and growth 
potential in all grasses since they have shallow roots, and especially in annual 
species, which constitute a relatively large proportion of the Mediterranean  fl ora. 
Galán et al. ( 1995 ) observed that the number of rainy days was even more important 
than the amount of precipitation collected in these areas, since rain tends to be tor-
rential and almost all is lost as run-off. In the Mediterranean area, the grass pollen 
season may continue throughout the year, but is most intense in late spring and 
early summer. In contrast to the results from Sevilla, Recio et al.  (  2010  )  found 
increasing grass pollen counts and more days with numbers over 100 grains/m 3  in 
Malaga during the springs 1992–2007, which they related to increased temperature 
and minimum temperatures during early spring, i.e., at seed germination and vege-
tative growth. Also the study from Sevilla, Spain (Gonzalez Minero et al.  1998  ) , the 
total pollen index increased with increasing rainfall between 1 January and 2 months 
onward. However, neither temperature prior to anthesis nor autumn precipitation 
was found to be important. In Melbourne, Australia, with a semiarid climate, the 
seasonal total of grass pollen was signi fi cantly correlated to the rainfall sum of the 
preceding year (Schappi et al.  1998  ) . Craine et al.  (  2010  )  found an interspeci fi c dif-
ference in the response to precipitation during the growing season at different times 
in three American tallgrass prairie grass species, which they related to differences 
in their phenology of resource uptake. 

 In a study of  Artemisia vulgaris , the highest annual pollen indexes were recorded 
during years when the maximum temperature was moderately high (between 22 and 
25°C) and there also was a high amount of precipitation during the 4 months pre-
ceding  fl owering. Higher maximum temperatures combined with lower precipita-
tion, i.e., a tendency to drought, were correlated to a lower annual total. Especially, 
rainfall recorded in the  fi rst fortnight of July had a positive effect on pollen season 
intensity (Stach et al.  2007b ). 

 Studies on yield in grass species used for forage indicate that in northern temper-
ate areas, growth conditions in the year previous to  fl owering could affect the annual 
pollen index. Thus, the carbohydrate status at the time of  fl oral induction can in fl uence 
the magnitude of reproductive output during the next summer. In several cool-season 
perennial grasses, as much as 92 % of the seed yield is said to be set before the onset 
of conditions favouring vernalization, i.e. during the growth season previous to 
 fl owering. But there is a variation among species. In  Poa pratensis  and  Festuca rubra , 
the tiller height at the end of post-harvest regrowth period was consistently related to 
 fl owering and seed yield. A connection between the basal diameter of vegetative til-
lers in autumn and  fl owering and seed yield was found in young stands of the same 
species, but not in older ones. Also, in  Dactylis glomerata  and  Festuca arundinacea , 
there was an age-related correlation between the number and size of vegetative tillers 
before induction with  fl owering and seed yield in young stands. Vegetative character-
istics were not related to  fl owering and seed production in  Lolium perenne  and 
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 Agrostis castellana  (Chastain and Young  1998  ) . Nitrogenous fertilizers applied 
before the onset of primary induction increase the number of in fl orescences in sev-
eral dual induction grasses (   Heide  1994  ) ; again, the effect is mainly indirect through 
an increase in the number and vigour of inducible tillers in autumn. 

 Grass pollen counts derive from many different species, which may result in 
multiple peaks. The long-term (26 year) dataset of daily airborne grass pollen 
concentrations in Leiden was analysed (Spieksma and Nikkels  1998  )  in order to 
identify trends and variations. Analysis showed that individual years had their own 
characteristic periods of high and low grass pollen concentrations, very often with 
multiple peaks. Average daily grass pollen concentrations over the 26-year period 
showed that the data had a tendency towards a bimodal distribution, as observed by 
Norris-Hill  (  1995  ) , with a main peak in mid-June followed by a secondary peak in 
the  fi rst week of July. 

 In the Mediterranean, Poaceae anthesis may continue throughout the year. It is 
generally most intense in late spring and early summer, but peaks may appear also 
in early spring and later, during summer, the latter depending on rainfall during May 
(Gonzalez Minero et al.  1998  ) . In North Europe, the grass pollen period continues 
from late spring until early autumn. Models of the course of grass pollen anthesis 
can be strengthened when the grass pollen season is divided into three periods 
(Smith and Emberlin  2006  ) . Pollen counts during the earliest period (end of May) 
can be used to predict the counts in July and August. 

 The intensity of the grass pollen season has a positive correlation with duration, 
because both rely on common variables. Davies and Smith ( 1973 ) used cumulated 
temperature divided with the number of days during two months prior to anthesis to 
predict the peak date. In a study from Bilbao, both season length, as well as the time 
to the peak date, was related to cumulated temperatures (800–900°C). The results of 
Emberlin and her colleagues (Emberlin et al.  1993,   1999  )  show that an early start 
date for the pollen season will lead to a higher total pollen catch. A similar relation-
ship to phenology was con fi rmed by a model based on the dates when the cumulated 
pollen counts reach a particular value (Davies and Smith  1973    ). The earlier these 
cumulated counts are obtained, the greater is the likelihood of a high pollen index.  

    3.5.3   Flowering Intensity in Trees 

 In trees and other perennial plants, it is common that reproductive effort varies 
among years, e.g. in  Betula  (Emberlin et al.  1993 ; Dahl and Strandhede  1996 ; 
Mahura et al.  2007 ; Ranta et al.  2008  ) ,  Olea  (   Galán et al.  2001  ) ,  Alnus  (Rodriguez-
Rajo et al.  2006  )  and  Quercus  (Jato et al.  2007 ). During one year, many  fl owers and 
fruits are produced in a population and in an entire region, whereas in other years, 
reproduction is moderate or sparse. The phenomenon is called masting, and a year 
of high abundance is called a mast year. 

 A number of non-mutually exclusive hypotheses as to the evolutionary advan-
tages of masting have been proposed. The result would be ef fi cient pollination, 



553 The Onset, Course and Intensity of the Pollen Season

especially in wind-pollinated trees, abundant fruit set, satiating seed predators 
(Janzen  1971 ), and vigorous progeny (Ranta et al.  2008  ) . In contrast, the resource 
matching hypothesis states that reproductive output will vary in response to 
environmental variation in the absence of selection for (or against) masting 
(Kelly  1994  ) . 

 Many species are claimed to have an innate  fl owering rhythm, where mast years 
recur every second or third year, depending on speci fi c characteristics and processes 
within the tree. A biannual cycle has been described for  Betula  (Jäger et al.  1991 ; 
Jato et al.  2002 ; Latałowa et al.  2002  ) ,  Olea europaea  (Lavee  2007  ) ,  Alnus glutinosa  
(Rodriguez-Rajo et al.  2006  )  and  Quercus ilex  (Latorre  1999  in Weryszko-
Chmielewska et al. 2006). In  Fraxinus , there is a tendency to a 3-year cycle, corre-
sponding to the number of seasons between  fl oral initiation and pollen emission 
(Dahl and Wallander, personal data). 

 The speci fi c cycle length appears to be affected by the shoot architecture, the 
schedule of development of different organs and their relative demands, and pos-
sible competition for energy (Dahl and Strandhede  1996  ) . These properties could 
actually be interpreted as evolutionary constraints for a constant reproductive out-
put. For various fruit species, the developing fruit has been suggested to act as a 
sink competing for metabolites (Monselise and Goldschmidt  1982  ) , but the negative 
effect upon future reproduction is not universal (Dahl and Strandhede  1996 ; Lavee 
 2007  ) . In contrast, Dahl and Strandhede  (  1996  )  found evidence for competition for 
resources between elongating in fl orescences and expanding leaves in the same 
shoot in  Betula pendula , resulting in a diminished assimilation capacity and a nega-
tive effect on the development of new in fl orescence initials and the following pollen-
production. In a study of  Styrax obassia , Miyazaki et al.  (  2002  )  found a lower 
amount of starch in reproductive than in non-reproductive shoots during the grow-
ing season of a mast year. Leaves of reproductive shoots had a signi fi cantly smaller 
area, a lower mass per area and lower concentrations of nitrogen than leaves of 
non-reproductive shoots, indicating a similar competition between reproductive 
and assimilating organs. 

 In  Olea , differences in growth regulators in leaves and buds between the so-
called “on” (heavy  fl owering) and “off” (lean  fl owering) years have been reported 
(Lavee  2007  ) . They indicate that masting indeed appears to be the result of selection 
in this species, and not just the result of morphological and physiological con-
straints. The growth regulators are supposed to balance the development of vegeta-
tive and reproductive shoots and, at the same time, act as vectors to initiate the 
speci fi c metabolic activity controlling the  fl owering and fruit potential for the next 
year. According to resource-budget hypotheses (Isagi et al.  1997 ), a tree will repro-
duce when accumulated resources exceed a certain threshold, which can be deter-
mined by the cost of reproduction in the species in question, e.g. according to fruit 
size, but not necessarily by environmental factors. 

 As a support for the resource-matching hypothesis, several studies show the 
effects of varying environmental conditions, causing a high degree of synchroniza-
tion between conspeci fi c trees in the same region, and even, as found by Ranta 
et al.  (  2008  )  for  Betula pendula  and  B. pubescens,  over wide geographical areas. 
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Such a pattern may be more evident in areas where environmental conditions are 
limiting factors to reproduction. In  Olea europaea , winter chilling (below 9°C) 
was suggested to cause such synchronization in for  fl owering bud differentiation in 
areas where relatively warm winters are common (Hartmann and Prolingis 1957 in 
Lavee  2007  )  A correlation between the amount of chilling and the pollen index has 
been reported; rainfall during the vegetative period exerted the greatest in fl uence 
on olive  fl owering intensity in Spain (   Galán et al.  2001  ) . In oak, rainfall and tem-
perature prior to the pollen season are the most important independent variables for 
predicting the pollen season intensity for  Quercus  in the Iberian peninsula (Garcia-
Mozo et al.  2006  ) . Similarly, the amount of rainfall during the rainy season of the 
year previous to  fl owering is positively correlated to the annual pollen sum for oak 
in northern California (reference in Antepara et al.  1995  ) . In North Europe, a number 
of studies show the importance of the weather conditions during the previous 
growing season for the intensity of birch  fl owering (Emberlin et al.  1993 ; Dahl and 
Strandhede  1996 ; Rasmussen  2002 ; Ranta et al.  2005 ; Ranta and Satri  2007  ) . 
Emberlin et al.  (  1993  )  used pre-seasonal meteorological parameters as independent 
variables in a multiple regression model. Among the tested parameters, precipi-
tation and temperature values until the end of April, performed best. 

 A number of authors emphasize the importance of combining biological and 
meteorological factors when predicting pollen intensity in anemophilous trees. 
Lavee  (  2007  )  described the intricate interaction between endogenous processes and 
the environment in  Olea . Dahl and Strandhede  (  1996  )  found that favourable condi-
tions could compensate for the innate competition between leaf expansion and 
 fl owering in  Betula . If late spring and early summer are warm enough, assimilation 
will be promoted and hence the trade-off effects caused by competition between the 
catkins from the previous year and those from the current year decreased. If a num-
ber of favourable years follow one another, the endogenous  fl owering rhythm, in the 
case of  Betula  a biannual cycle, will not be apparent. Ranta et al.  (  2008  )  tested a 
combined resource-budget and environmental effect model developed in Japan by 
Masaka and Maguchi  (  2001  )  for birch. This model is based on the assumption that 
abundant  fl owering and seeding in a mast year depend on resource accumulation 
over several years, affecting the amount of catkin initiation in springtime, as well as 
weather factors stimulating catkin growth and development during late spring and 
early summer during the year prior to  fl owering. They suggested that the model is 
not suitable for data sets longer than 10 years, if there is some long-term trend in 
environmental conditions affecting the amount of  fl owering such as increase in 
mean annual temperatures induced by climate change. However, for shorter time-
spans, the annual  fl uctuations are well explained.  

    3.5.4   The Effects of Atmospheric Carbon Dioxide 

 Besides temperature and water, atmospheric CO 
2
  could be considered as an impor-

tant environmental factor in fl uencing plant physiology, principally through its direct 
effects on photosynthesis, photorespiration, dark respiration and stomatal physiology. 
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Due to projected rates of future atmospheric CO 
2
  increase given by current climate 

change scenarios, scientists became interested in the impacts of CO 
2
  on growth 

and pollen production, especially in plants with C3-type photosynthesis that are 
currently carbon-limited. The increase of CO 

2
  is suspected to stimulate photosyn-

thesis, resulting in increased vegetative growth and pollen production (Skjoth et al. 
 2007  ) . For ragweed, it was shown that large plants produce more pollen grains and 
seeds than small ones (Fumanal et al.  2007  ) . As is experimentally con fi rmed any 
ecological factor resulting into biomass increase inevitably leads to increased pollen 
production per plant (references in Rogers et al.  2006  ) . 

 Ziska and Caul fi eld (2000, in Rogers et al.  2006  )  performed a highly controlled 
experiment involving ragweed reared in growth chambers. Pollen production per 
plant increased signi fi cantly with increasing CO 

2
  concentration: 132 % more pollen 

was produced by plants living in the current CO 
2
 -concentration as compared to 

plants that were exposed to pre-industrial CO 
2
 -levels. Another study (Rogers et al. 

 2006  )  con fi rmed these results. It also showed that earlier germination induces higher 
pollen production. Similar responses of ragweed plants to increased CO 

2
  concentra-

tions were also found in  fi eld studies. This has implications (increasing biomass and 
pollen production) for plants that live in areas enriched with greenhouse gases. In 
places like roadsides, it was experimentally proved that an enriched CO 

2
  environ-

ment induces increased levels of  Amb a  1 allergen in the pollen grains, although 
their total protein content remained unchanged (references in Rogers et al.  2006  )  

 Elevated CO 
2
  concentrations resulted in greater biomass and/or seasonal pollen 

production in loblolly pine ( Pinus taeda ) at the Duke University forest Free-Air 
CO 

2
  Enrichment (FACE) site (reference in Rogers et al.  2006  )  and in  fi eld studies of 

soybean ( Glycine max ), velvetleaf ( Abutilon theophrasti ) and tomato ( Lycopersicon 
esculentum ) (Ziska et al.  2001  ) .   

    3.6   Impacts of Climate Change on Plants 

 During the twentieth century, the average annual surface temperature has increased 
by 0.8°C in most of Europe. Results of the Intergovernmental Panel on Climate 
Change (IPCC), Working Group II on Impact, Adaptation and Vulnerability (Alcamo 
et al.  2007  )  showed that from 1901 to 2005, average temperature in Europe increased 
by 0.9°C, with a larger increase in winter than in summer. During the most recent 
period (1979–2005), the trend is considerably higher (+0.4°C/decade). Precipitation 
trends in the twentieth century showed an increase (10–40 %) in northern Europe 
and a decrease in southern Europe (up to 20 % in some parts). 

    3.6.1   Impact of Climate on Phenological Events 

 Climate change affects the physiology, phenology and distribution of European 
plant and animal species. Phenological data are simple to record, and the scienti fi c 
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community has pointed out the value of historical phenological databases for the 
climate change research. A meta-analysis, comprising different species in European 
countries, has shown that the response of spring phenology to temperature is unques-
tionable (Menzel et al.  2006  ) . Changes in phenology depend on the season when they 
take place, and also on climatic trends (Gordo and Sanz  2005  ) . In general it has been 
demonstrated that greater phenological changes are recorded in those events that 
occur earlier in the year, from early spring to summer. This emphasizes the fact that 
changes in temperature are more pronounced in winter and early spring (Schei fi nger 
et al.  2002 ; Peñuelas et al.  2002 ; Menzel et al.  2006  ) . However, for phenological 
events that occur in autumn, it is more dif fi cult to de fi ne a pattern since greater inter-
annual oscillations occur (Menzel et al.  2006 ; Gordo and Sanz  2005  ) . 

 In Europe, an increase of annual mean temperature in the last 30 years has been 
associated with an advance of the growing season start and increase of its duration; 
the end of the growing season showed a lower variability in all regions of Europe 
(Chmielewski and Rötzer  2001  ) . Studies at regional scale have shown that the rate 
of change is higher in Western Europe and Scandinavia, and that different pheno-
logical rhythm and trends occur in the Eastern part of Europe (Ahas et al.  2002 ; 
Chmielewski and Rötzer  2001  ) . Most long-term phenological studies to date have 
been focused on Northern Europe, while comparatively few have addressed the 
Mediterranean region (Peñuelas et al.  2002 ; Gordo and Sanz  2005  ) . For instance, it 
is important to consider that in the Mediterranean region other variables related with 
changes in rainfall and water availability are also important (Peñuelas et al.  2004  ) . 
However, Gordo and Sanz  (  2005  )  suggested that the relationship between water 
availability and different phenological phases is dif fi cult to quantify. 

 Furthermore, at regional level in Europe, it is important to consider the role of 
North Atlantic Oscillation (NAO) in governing the temporal variability of the lower 
atmosphere, and thus phenological dates in Europe (Schei fi nger et al.  2002 ; 
Chmielewski and Rötzer  2001  ) . The NAO is the dominant mode controlling (above 
all winter and spring) climate over Europe. It is characterised by the longitudinal 
oscillation of atmospheric mass between the two dominant pressure systems over 
the North Atlantic sector, namely the Azores high and the Icelandic low. Its positive 
state (high pressure difference between the Azores high and the Icelandic low) is 
connected with increased zonal  fl ow and causes northern Europe to experience wet 
and mild winters while over southwestern Europe, winters are anomalously dry 
(Xoplaki et al.  2004  ) . During its negative state, northern Europe experiences dry 
and cold winters while the winters in the western Mediterranean are wetter than 
normal (e.g. Wanner et al.  2001  ) . For central Europe, however, the NAO is of minor 
importance as this region is located at a transition zone of the main centers of action 
(Azores high, Icelandic low and Russian high). For a detailed discussion of this 
phenomenon see Wanner et al.  (  2001  ) . The NAO accounts for a signi fi cant amount 
of the interannual variation in temperatures in the North Atlantic (   Menzel et al. 
 2006 ; Post and Stenseth  1999  ) . Plant phenology in this region is therefore in fl uenced 
by year-to-year variations in the NAO (D’Odorico et al.  2002 ; Stenseth et al.  2002  ) . 
The maximum in fl uence of the NAO on phenological dates is found on early phases 
and decreases with an increasing number of days after January 1st (Schei fi nger 
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et al.  2002  ) . The in fl uence of the NAO is also reduced with increasing distance from 
the Atlantic coast (Schei fi nger et al.  2002 ; Ahas et al.  2002 ; Menzel et al.      2006  ) . 

 Climate change may also in fl uence the behaviour of the NAO. This may enhance 
or mask climate change on a regional level, which may lead to regionally very dif-
ferent implications of climate change on plant phenology. In this context the 
in fl uence of the NAO on phenological trends should be mentioned. A recent exam-
ple is the change of the NAO from predominantly negative to positive states around 
1990. This change advanced many phenological dates leading to pronounced trends. 
Hence recent trends in phenological time series should be interpreted along with 
changes in the NAO. 

    3.6.1.1   Impact of Climate on Pollen Content in the Air (Floral Phenology) 

 Many studies point out the role of phenology as one of the most important bio-
indicators to study the direct impact of global warming on different species, both 
at temporal and spatial level. Climate-related morphological changes in many 
plants are also good bio-indicators of different conditions that characterize the 
climes. The pollen content in the air offers a quantitative variable to describe the 
 fl oral phenology of anemophilous plants. For this reason, pollen season and pollen 
intensity historical databases have a relevant importance on global warming adap-
tation studies. For example, a report published by the Minister of Environment in 
Spain recommends the support of phenological networks, including aerobiology 
among others, to monitor impacts on plant biodiversity (Fernández-González et al. 
 2005  ) . In a report produced on an assignment from the Swedish Environmental 
Agency, it is stated that monitoring of airborne pollen and allergens could be nec-
essary to follow the possible health effects of global warming, and the same agency 
supports the development of a national phenological network. It should be noted, 
however, that certain characteristics of the pollen season (such as start or intensity) 
can be affected by long-distance transport, Therefore, it is necessary to make allow-
ances for this when interpreting the data.  

    3.6.1.2   Climate Impacts on the Timing of Pollen Seasons 

 As the World Health Organization (WHO) has concluded in the document on 
Phenology and human health, allergic disorders, an earlier start and peak of the 
pollen season is currently more pronounced in species that start  fl owering earlier in 
the year, whereas the duration of the season becomes extended in summer  fl owering 
species (Huynen et al.  2003  ) . 

 Different aerobiological studies, based on long historical databases, have shown 
earlier pollen seasons during recent years as a result of temperature increase, most of 
them related to spring  fl owering trees (Garcia-Mozo et al.  2006 ; Galán et al.  2005 ; 
Emberlin et al.  2007 ; Damialis et al.  2007 ; Frei and Gassner  2008 ; Bono fi glio et al. 
 2009 ; Orlandi et al.  2009 ). The greater advances observed in earlier rather than later 
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spring pollen seasons are probably due to the higher dependency on temperature of 
early spring tree species, such as hazel, alder and birch. This fact could also be 
explained by the in fl uence of the NAO on pollen season start (   D’Odorico et al.  2002 ; 
Smith and Emberlin  2006 ; Smith et al.  2009  ) . The seasonality of the NAO suggests 
that the phenomenon is more likely to affect ecological mechanisms in winter 
(Hurrell  1995 ; Ottersen et al.  2001  ) . Indeed, some relationship was found between 
grasses and the NAO (Smith et al.  2009  ) , but it should be remembered that several 
factors other than temperature affect the  fl owering date, like photoperiod and water 
availability. 

 However, it is important to take into consideration that the pollen season 
advance or delay depends on the period of time selected for the study and the 
temperature trends during these years, i.e. a moderate increase of temperature 
resulted in a delay in winter/early spring tree pollen season start (Emberlin et al. 
 2007 ; Tedeschini et al.  2006  ) . It also depends on regional characteristics (Orlandi 
et al.  2009 ; Recio et al.  2009  ) , what may confound patterns. This is possibly the 
reason why there are no clear systematic patterns on pollen season dates in South-
Eastern Europe, i.e. Greece (Damialis et al.  2007  ) . 

 An advance in reproductive phenology could give rise to a greater risk of expo-
sure to late frosts, with plants being more exposed to cold stress episodes that can 
provoke damage on the reproductive structures (Linkosalo et al.  2000 ; Schei fi nger 
et al.  2002 ; Garcia-Mozo et al.  2001  ) . In addition, increases on climatic variability 
and incidences of extreme events are aspects of climate change that can affect less 
drought-tolerant species (Huynen et al.  2003  ) . 

 There are also differences in response to climate change depending on the 
species. Although earlier and longer pollen seasons also occur in some spring 
 fl owering herbaceous plants, such as  Artemisia  in Eastern Europe (Stach et al. 
 2007b  ) , the long-term trends seem to be less remarkable for grass and weeds than 
for trees (D’Amato and Cecchi  2008  ) . Stable trends, with a slight tendency to 
delayed weed pollen season start, have been observed in southern Europe 
(Alcázar et al.  2009 ; Recio et al.  2009  ) .   

    3.6.2   Climate Impacts to Pollen Season Severity and Projections 

 As previously mentioned ( Sect. 3.5.2 ), different researchers have observed an 
increase in annual pollen index in some winter-spring  fl owering trees (Garcia-Mozo 
et al.  2006 ; Damialis et al.  2007 ; Frei and Gassner  2008 ; Bono fi glio et al.  2009  ) , 
being regulated by weather factors together with the system of resource allocation 
among years (Dahl and Strandhede  1996 ; Ranta et al.  2005  ) . It should also be noted 
that there are possible interactions with other components of global change. For 
instance, it is important to consider that atmospheric increases of CO 

2
  and the depo-

sition of nitrogenous compounds favour plant activity and photosynthesis, which 
favours an increase in  fl oral intensity (Garcia-Mozo et al.  2006 ; Rogers et al.  2006 ; 
Ziska et al.  2001,   2008  ) . In general, long-term trends are more evident in the amount 
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of pollen produced by trees and shrubs than by herbs (Damialis et al.  2007  ) . 
Precipitation trends in Europe may also affect  fl oral intensity. This is because of the 
generally low water availability in the Mediterranean region; especially for herbs 
and grasses, declining precipitation can provoke declining annual pollen counts 
(Recio et al.  2010  ) . However, relating changes of pollen season intensity to climate 
change cannot be straightforward. Relationships between climate change and pollen 
production increase are not always evident and depend on the site and the period of 
time studied (Clot  2003 ). Among the factors that may in fl uence pollen counts are 
changes to land use and urban green space designs (like the planting of ornamental 
plants in urban areas). 

 The NAO may have an in fl uence on the intensity of the pollen season. There is a 
signi fi cant positive relationship between total pollen count and averages of the NAO 
the previous year in Poznan (Poland). The city has a continental climate, but it is 
located in an area where winds arrive predominantly from the west and southwest 
(Woś   1994 ; Stach et al.  2008 ;    Corden et al.  2000  ) . In the likewise Polish city Krakow, 
the intensity of  Betula  pollen seasons do not appear to be in fl uenced by the NAO, 
which is probably the result of a more continental climate. Also, in contrast to the 
situation in Poznan, in Worcester and London, the temperatures and averages of the 
NAO during the year previous to pollen dispersal were negatively related to the pol-
len counts. Instead, the intensity of the birch pollen season at these locations was 
positively correlated to temperatures and averages of the NAO during winter and 
spring in the current year (Stach et al.  2008  ) . 

 Predictive modelling based on climate projections is an important tool to allow 
the adoption of mitigation measures for the anticipated impacts. However, only few 
studies in aerobiology have focused on this topic. Future meteorological data mod-
elled by the Hadley Meteorological Centre, included in the Intergovernmental Panel 
on Climate Change (IPCC), have been used for estimating future projections on 
pollen season start dates and intensity for different trees in the Iberian Peninsula 
(Garcia-Mozo et al.  2006 ; Galán et al.  2005  )  and the UK (Emberlin et al.  2007  ) . 
Studies on some spring  fl owering trees in southern Europe indicated that, under a 
double CO 

2
  scenario, at the end of the twenty- fi rst century pollen seasons for these 

species will start from 1 week to 1 month earlier, depending on the plant and the 
study area, with stronger effects in inland areas.  

    3.6.3   Climate Impacts on Plant Migration 

 With climate change, non-native species from adjacent areas may cross over fron-
tiers and become new elements of the biota. When such movements cover long 
distances, they can usually be attributed to human activity (Walther et al.  2002 ). 
Either plant invasion or long-range transport of foreign allergenic pollen exposes 
citizens to new allergenic pollen grains. 

 Ragweed ( Ambrosia ) is an important cause of pollen allergy in Eastern and 
Central Europe and can be presented as a recent example of biological invasion. 
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It has been introduced in Europe with cereal grain from North America (   Smith et al. 
 2008 ; Stach et al.  2007a ). Ragweed populations do not tend to thrive under a maritime 
climate and in northern Europe the growing season is often too short for seed matura-
tion (Comtois  1998 ; Dahl et al.  1999 ; Saar et al.  2000  ) .  Ambrosia  has been recorded 
as far north as Poland, the Baltic States and even Sweden, but populations are often 
ephemeral and scattered and reliant on the regular introduction of seeds from outside 
sources (Dahl et al.  1999 ; Saar et al.  2000 ; Stepalska et al.  2002  ) . Often, ragweed does 
not reach maturity in northern latitudes and so the occurrence of  Ambrosia  pollen may 
be reliant on conditions being appropriate for both germination and  fl owering or long-
range transport (Stach et al.  2007a  ) . However, when seed set does occur, it may con-
tribute to a persistent seed bank. Climate change may therefore allow ragweed to 
spread to areas where populations have not previously been able to establish.  

    3.6.4   Climate Impacts on Public Health 

 Climate change can prolong or shorten pollen seasons, increase or decrease pollen 
season intensity and aid the spread of species with allergenic interest. In addition, 
the higher occurrence of heavy precipitation events and an increase of episodes of 
urban pollution can provoke or aggravate health problems (Ziska et al.  2008 ; 
D’Amato and Cecchi  2008  )  including negative effects on respiratory allergic dis-
eases. However, the data and tools currently available make predictions quite uncer-
tain. To face this limitation, a number of activities should be undertaken. As also 
recommended by Cecchi et al.  (  2010  ) , (a) aerobiological data should be collected in 
a structured way at the European level, (b) multidisciplinary research teams should 
be created, promoted and supported, (c) there should be more attention to and 
emphasis on the pollen/spore exposure in the guidelines for the diagnosis and treat-
ment of respiratory and allergic diseases, and (d) communicating the importance of 
aerobiological research and lobbying the European Union and other funders to 
 fi nance this research should become priority activities.       
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  Abstract   The section about monitoring covers the development of phenological 
networks, remote sensing of the season cycle of the vegetation, the emergence of 
the science of aerobiology and, more speci fi cally, aeropalynology, pollen sampling 
instruments, pollen counting techniques, applications of aeropalynology in agricul-
ture and the European Pollen Information System. Three data sources are directly 
related with aeropalynology: phenological observations, pollen counts and remote 
sensing of the vegetation activity. The main future challenge is the assimilation of 
these data streams into numerical pollen forecast systems. Over the last decades 
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consistent monitoring efforts of various national networks have created a wealth of 
pollen concentration time series. These constitute a nearly untouched treasure, 
which is still to be exploited to investigate questions concerning pollen emission, 
transport and deposition. New monitoring methods allow measuring the allergen 
content in pollen. Results from research on the allergen content in pollen are 
expected to increase the quality of the operational pollen forecasts. 

 In the modelling section the concepts of a variety of process-based phenological 
models are sketched. Process-based models appear to exhaust the noisy information 
contained in commonly available observational phenological and pollen data sets. 
Any additional parameterisations do not to improve model quality substantially. 
Observation-based models, like regression models, time series models and compu-
tational intelligence methods are also brie fl y described. Numerical pollen forecast 
systems are especially challenging. The question, which of the models, regression 
or process-based models is superior, cannot yet be answered.  

  Keywords   Aerobiology  •  Aeropalynology  •  Phenology  •  Pollen modelling  • 
 Phenological modelling  
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    4.1   Introduction 

 Input for the aeropalynological core topics of monitoring, modelling and forecasting 
of the pollen season have been drawn from an array of disciplines and cast into this 
review chapter. History, current state, recent developments and future prospects of 
phenological and pollen counting networks have been reviewed in the  fi rst section. 
Both, phenological observations and pollen counts collected by various networks 
form the observational basis of any quantitative description of the relationship 
between the seasonal cycle of plants and their atmospheric environment. The various 
modelling strategies and their applications are extensively elucidated in the second 
section. 

 Although phenology and aeropalynology experienced separate historical devel-
opments, they meet here and share the same models, which forecast the beginning 
of  fl owering and the beginning of pollen shedding, respectively. Links between 
aeropalynology and phenology are scattered throughout this review, but are explicitly 
summarised under the headings of “Phenological observations” and “Process-based 
phenological models”:

   The natural relationship between phenology and aeropalynology may be expressed • 
in the assumption that the beginning of  fl owering equals the beginning of pollen 
shedding into the atmosphere. Pollen emission modelling can bene fi t much from 
the knowledge, observations and modelling of  fl owering phenology.  
  The effort to maintain a phenological network is less than to maintain a pollen • 
observing network. Therefore in many regions the spatial density of pheno-
logical networks is higher than that of pollen traps and phenological time series 
are longer than pollen concentration time series. Thus it is possible to infer 
something about the pollen problem from phenology with a higher spatial 
density and/or further back in time than it would be possible based on pollen 
data alone.  
  Phenology has made substantial progress during the last decade in various aspects • 
like phenological modelling, satellite observation of the vegetation cycle, relation 
with climate variability and others, so that the problem of pollen allergenicity 
now can bene fi t from that progress in phenological research.    

 The recent boost in the interest in phenology as climate impact factor has been 
motivated by the discussion about human in fl uence on climate, which became 
manifest in an increasing  fl ood of publications with phenological background and 
an extended chapter of the 4AR about the role of phenology in climate impact 
research (Rosenzweig et al.  2007  ) . Aeropalynology bene fi ts a great deal from the 
enhanced interest in phenology within the frame of the climate impact discussion. 
Both  fi elds of interest have more in common than it appears at  fi rst glance, a factor, 
which has still to be exploited.  
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    4.2   Monitoring 

    4.2.1   Phenological Observations 

    4.2.1.1   Monitoring Networks 

 Systematic phenological observation can now look back on a history, which reaches 
back as far as the eighteenth century, when Carolus Linnaeus started the  fi rst pheno-
logical network in Sweden and Finland 1750–1752 (Nekovar et al.  2008  ) . A few 
decades later phenological observations were also included in the  fi rst pan European 
meteorological network of the Societas Meteorologicae Palatinae (1781–1792). 
In the mid-nineteenth century the  fi rst national networks began their operation in 
the USA and Europe, although in most cases only for a limited time period. Ihne and 
Hoffmann managed to run their phenological network in a number of European 
countries over 1883–1941 (Fig.  4.1 ). During the 1950s the idea of International 
Phenological Gardens with a cloned set of plants was born, which resulted in a still 
operating and expanding phenological network in Europe. During the same period 
most national phenological networks began collecting phenological observations 
systematically, as recommended by the Commission for Agrometeorology (CAgM) 
of the World Meteorological Organisation (WMO).  

 A detailed global overview about phenological networks can be found in Schwartz 
 (  2003  )  and Koch  (  2010  ) , whereas    Nekovar et al.  (  2008  )  summarise the current 
situation in Europe. 

      National Monitoring Networks 

 Phenological research relies on phenological observations, collected mostly by 
national meteorological and hydro-meteorological services (NMHS). Phenological 
data collection with its rather small data volume has been usually running unobtru-
sively alongside the main stream collection of meteorological and climate data and 
thus survived in many NMHSs the ups and downs of the interest in phenological 
science through time. Another advantage of NMHSs is their experience in running 
station networks, quality controlling the incoming data, digitising and storing them 
on appropriate devices. Due to the efforts of COST Action 725 and the growing 
concern about climate change impacts, the Commission for Climatology (CCl) of 
the WMO now recommends the NHMS to organise phenological observations, 
whereas the World Climate Data and Monitoring Programme (WCDMP) and World 
Climate Programme (WCP) are working to stimulate and coordinate climate and 
climate impact monitoring activities around the world, which include phenological 
observations (  www.omm.urv.cat/media/documents/WMO.pdf    ). 

http://www.omm.urv.cat/media/documents/WMO.pdf


76 H. Schei fi nger et al.

 The recently published report of the COST Action 725 summarises the information 
about national European phenological networks (Nekovar et al.  2008  ) . A few 
“phenophases”, which are relevant for pollen allergies, entered the COST Action 
725 data base. Here is a list of plants shedding allergenic pollen with a useful number 
of observations of phenological events (beginning of  fl owering) in this data base: 
Norway maple ( Acer platanoides),  horse chestnut ( Aesculus hippocastanum ), black 
alder ( Alnus glutinosa ), meadow foxtail ( Alopecurus pratensis ) ,  mugwort ( Artemisia 
vulgaris ), birch ( Betula pendula ), hazel ( Corylus avellana ), forsythia ( Forsythia 
suspensa ), ash ( Fraxinus excelsior ) and goat willow  (Salix caprea ). 

 An increasing number of national weather services and other organisations 
interested in nature observation have been creating internet-based observation net-
works, where volunteers can enter their georeferenced phenological observations 
(Table  4.1 ). Some weather services merge the data from their traditional network 
and the entries from the web.   

      International Monitoring Networks and Data Collection Initiatives 

 Contrary to national networks, the distribution of plants is not in fl uenced by national 
borders. There exist two basic strategies to overcome the problem of national differ-
ences in observational methods, either by an international network in the  fi rst place 
or by merging national networks. 

  Fig. 4.1    Stations of the Hoffmann–Ihne phenological network from 1883 to 1941. Only stations 
with a minimum number of  fi ve observations are being displayed. The historical phenological 
database HPDB is maintained by the DWD (after Koch et al.  2008  )        
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 The International Phenological Gardens (IPGs), for instance, were thought to 
obtain comparable and standardised large-scale phenological observations across 
Europe (Chmielewski  2008  ) . With the same idea in mind, the Global Phenological 
Monitoring has been launched (  http://www.agrar.hu-berlin.de/struktur/institute/pfb/
struktur/agrarmet/phaenologie/gpm    ). 

 National data collection initiatives achieve their  fi nal value only after a number 
of national networks get merged over larger areas. Unfortunately, such merging 
efforts are only few because of a number of dif fi culties. COST Action 725 “Establishing 
a European Phenological data Platform for Climatological Applications” (2004–
2009) aimed at creating a European reference data set of phenological observations 
that can be used for climatological purposes (Koch et al.  2005 ; Nekovar et al.  2008  ) . 
The proposal for a follow up of COST725 so called “PEP725” (Pan European 
Phenological Database) was accepted by EUMETNET, has started in 2010 and will 
run over 5 years. PEP725 will maintain and update the COST initiated phenological 
database. Additionally, it will incorporate phenological data from before 1951 and 
develop better quality checking procedures. PEP725 will ensure an open access to 
the database for research and education. An attractive webpage will make phenology 
and climate impacts on vegetation more visible for the public, enabling a real time 
monitoring of vegetation development. 

 The European Phenology Network (  http://www.pik-potsdam.de/~rachimow/
epn/html/frameok.html    ) represents a broad based compilation of meta-information 
on phenological and related networks across the world.  

      Monitoring for Special Scienti fi c Studies 

 For some research projects, special phenological observational data sets are required, 
because observations from ordinary networks are insuf fi cient, not applicable or not 

   Table 4.1    List of web-based phenological observational networks   

 Number  Country  Name  Web address 

 1  The Netherlands  Natuurkalender    http://www.natuurkalender.nl     
 2  UK  Nature’s Calendar    http://www.naturescalendar.org.uk/     
 3  Ireland  Nature’s Calendar    http://www.biology.ie     
 4  USA  National Phenology 

Network 
   http://www.usanpn.org/?q=home     
   http://www.usanpn.org/participate/observe     

 5  USA  Appalachian 
Mountain Club 

   http://www.outdoors.org/conservation/
mountainwatch/index.cfm     

 6  USA  Project Budburst    http://www.windows.ucar.edu/
citizen_science/budburst/results.php     

 7  Canada  Alberta Plantwatch    http://plantwatch.fanweb.ca/     
 8  Canada  PlantWatch    http://www.naturewatch.ca/english/

plantwatch/intro.html     
 9  Austria  Phänologie    http://zacost.zamg.ac.at/phaeno_portal/     
 10  Sweden  Svenska fenologi-

nätverket 
   http://www.blommar.nu/index.php     

 11  Australia  ClimateWatch    http://www.climatewatch.org.au/     

http://www.agrar.hu-berlin.de/struktur/institute/pfb/struktur/agrarmet/phaenologie/gpm
http://www.agrar.hu-berlin.de/struktur/institute/pfb/struktur/agrarmet/phaenologie/gpm
http://www.pik-potsdam.de/~rachimow/epn/html/frameok.html
http://www.pik-potsdam.de/~rachimow/epn/html/frameok.html
http://www.natuurkalender.nl
http://www.naturescalendar.org.uk/
http://www.biology.ie
http://www.usanpn.org/?q=home
http://www.usanpn.org/participate/observe
http://www.outdoors.org/conservation/mountainwatch/index.cfm
http://www.outdoors.org/conservation/mountainwatch/index.cfm
http://www.windows.ucar.edu/citizen_science/budburst/results.php
http://www.windows.ucar.edu/citizen_science/budburst/results.php
http://plantwatch.fanweb.ca/
http://www.naturewatch.ca/english/plantwatch/intro.html
http://www.naturewatch.ca/english/plantwatch/intro.html
http://zacost.zamg.ac.at/phaeno_portal/
http://www.blommar.nu/index.php
http://www.climatewatch.org.au/


78 H. Schei fi nger et al.

available. Special networks are operated at a limited number of observational 
points and over a short period of time. For instance, this was the case for the larch 
phenological study in the Western Alpine Aosta valley by Migliavacca et al.  (  2008  ) , 
where the in fl uence of elevation and topography on the phenology of larch ( Larix 
decidua)  was studied. Ziello et al.  (  2010  )  linked phenological, meteorological 
and palynological data along an altitudinal gradient in the German Alps. The study 
of the  fl owering phenology of herbaceous plants in a lawn community required a 
special observational setup (Marletto et al.  1992  )  as did the observation of the beginning 
of male  fl owering of trees of the cypress family ( Cupressaceae)  for pollen modelling 
purposes (Torrigiani Malaspina et al.  2007  ) .  

      Monitoring for Pollen Forecasting Purposes 

 In the traditional phenological monitoring setup the observational sheets are returned 
to the network operator at the end of each year. For more immediate information on 
the state of the vegetation, some network operators introduced a rapid information 
system (e.g. Sofortmeldenetz of the German and Swiss weather services). Such 
immediately transmitted phenological information supports the pollen forecast 
system of the German weather service, for instance. Assuming that the observers 
enter their observed entry dates immediately, information on the current state of 
the vegetation can be derived from the web-based networks (Table  4.1 ). Remote 
sensing systems, like satellites and real time digital cameras, can also serve the 
same purpose, but are still to be included into the operational procedures. Likewise, 
assimilation systems, which consistently merge the observational real time data 
into phenological and pollen dispersion models, still have to be developed (Stöckli 
et al.  2008  ) .   

    4.2.1.2   Remote Sensing 

      Normalised Difference Vegetation Index (NDVI) 

 Live green plants absorb solar radiation in the photosynthetically active spectral 
region (400–700 nm), which they use as a source of energy for photosynthesis. At the 
same time leaf cells do not absorb but re fl ect and transmit solar radiation in the 
near-infrared spectral region. This large contrast in re fl ectance properties between 
red and near-infrared spectral regions is unique for photosynthetically active plants, 
and can be used by remote sensing sensors to distinguish them from other land 
cover types as soil, bare rock and snow. 

 Accordingly, phenological changes during the growing season can be studied by 
examining changes in the remote sensing-based Normalised Difference Vegetation 
index (NDVI) value. The NDVI is de fi ned as:

     ( ) ( )= − +NDVI Ch2 Ch1 / Ch2 Ch1 ,
   (4.1)  
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where Ch1 and Ch2 represent re fl ectance measured in the near infrared and red 
channels, respectively (Lillesand and Kiefer  1994  ) . NDVI quanti fi es the contrast 
between red surface re fl ectance, which decreases with chlorophyll content, and near 
infrared surface re fl ectance, which increases with leaf area index and crown density. 
NDVI of an area containing a dense green vegetation canopy will tend to have high 
positive values (typically 0.6–0.8); more sparsely vegetated areas will have lower 
values while clouds and snow  fi elds will be characterised by negative values of the 
NDVI index. 

 Atmospheric noise in the NDVI caused by clouds, dust and aerosols is generally 
negatively biased. This is due to the additive path radiance, which causes an increase 
in red re fl ectance, while lower atmospheric transmission reduces near infrared 
re fl ectance (Guyot et al.  1989  ) . Maximum value compositing (Holben  1986  )  is a 
common method of minimising such noise. In this method, only the highest NDVI 
value in a prede fi ned compositing period (typically 15–16 days) is retained. This results 
in fewer but more reliable NDVI values representing the time series.  

      Satellite Sensors 

 Maximum value composite NDVI datasets with global coverage and bi-monthly 
compositing period have been created using data from sensors with large swath 
widths as the National Oceanic and Atmospheric Administration (NOAA) Advanced 
Very High Resolution Radiometer (AVHRR) and the VEGETATION sensor aboard 
Satellite Probatoire d’Observation de la Terre (SPOT). The starting dates of these 
time series are 1981 and 1998, respectively, and the products are available at spatial 
resolutions of 8 and 1 km, respectively. 

 Since 2000, NDVI products have been available from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) aboard the Terra and Aqua satellites. Compared 
with the NOAA AVHRR GIMMS dataset, MODIS NDVI data have improved cali-
bration and atmospheric correction, a spatial resolution of 236 m and compositing 
intervals of 16 days. This medium-resolution dataset opens new possibilities within 
global phenological monitoring. 

 Recently, satellite series as Formosat-2, Komsat-2, and RapidEye were launched. 
This new generation of satellite sensors, with both high temporal and spatial resolution 
(<10 m), opens new possibilities for local phenological monitoring.  

      Phenological Observations by Satellites 

 Satellite image-aided analysis of phenology of natural vegetation provides spatially 
complete coverage that can be used to interpolate traditional ground-based pheno-
logical observations, and NDVI has evolved as the primary tool for monitoring 
changes in vegetation activity. Probably the most commonly used long-time dataset 
is the Global Inventory Modeling and Mapping Studies (GIMMS) dataset based on 
the AVHRR instrument (Tucker et al.  2005  ) . It has been used by many researchers 
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to study the effect of global climate change on phenological timing and primary 
production (e.g. Myneni et al.  1997 ; Walker et al.  2003 ; Stöckli and Vidale  2004  ) . 

 Karlsen et al.  (  2006,   2007  )  mapped the onset of the growing season of the whole 
of Fennoscandia by applying the GIMMS-NDVI dataset, where the onset of season 
was well correlated with the phenophase “onset of lea fi ng of birch”. They compared 
the NDVI-de fi ned start of growing season with registrations of the onset of lea fi ng 
of birch at 15 phenological registration sites across Fennoscandia. Most of the 
stations (13 out of 15) showed a moderately high correlation (r 2  = 0.22–0.65) 
between  fi eld data and the NDVI-de fi ned start of growing season. Four of the 
stations had 20- or 21-year-long time-series. For these stations, the mean coef fi cient 
of determination (r 2 ) between the start of growing season and the onset of lea fi ng of 
birch was 0.39 (p < 0.05). For all stations except one, the mean time span between 
the NDVI-de fi ned start of growing season and the onset of lea fi ng of birch was less 
than 1 week, and the root mean square error between  fi eld data and NDVI data was 
less than 10 days for all stations. For bi-monthly maximum value composited NDVI 
time series this is probably as close as it is possible to get. To decrease the difference 
it is necessary to use daily NDVI data.  

      Birch Flowering Measured by Satellites 

 Onset of  fl owering of birch and leaf-bud burst of birch are well correlated. Linkosalo 
 (  1999,   2000  )  found in southern Finland that the difference in time from male 
 fl owering to the  fi rst date of bud burst is only 1.1 days with male  fl owering occurring 
 fi rst. This indicates that the phenophase observed as leaf-bud burst could be used 
to determine the timing of local birch pollen release. Also, since bud burst of birch 
is accurately measured by remote sensing, measurements of NDVI could be used 
to determine the timing of local birch pollen release. Høgda et al.  (  2003  )  used the 
GIMMS-NDVI dataset, correlated it with birch pollen measurements from  fi ve 
stations, and found correlation values (r) in the range from 0.55 to 0.85. They also 
found trends in the timing of the start of pollen seasons, consistent with effects of 
climate change. 

 Because of its mountainous topography, deep fjords, and long distance from 
north to south, Norway is climatically and ecologically very diverse. The number 
of pollen traps is also relatively low so developing pollen forecasts in Norway is a 
challenging task.  Karlsen et al. (2009a)  used MODIS-NDVI satellite data with 
16-days time resolution and 236 m spatial resolution to map the average onset of 
birch  fl owering in Norway for the 2000 to 2007 period (Fig.  4.2 ).  

 In those studies, they found high correlation with phenological  fi eld data of onset 
of lea fi ng of birch, as well as with the date when the annual birch pollen sum reaches 
2.5% of the annual total from the ten Burkard traps across Norway. Accordingly, the 
satellite data can be used to determine the best location of the pollen traps and de fi ne 
the area with similar timing for start of birch pollen seasons as each trap. 

  Karlsen et al. (2009a)  also identi fi ed the NDVI threshold for each pixel when 
the onset of birch  fl owering occurred. On this basis they developed a model for 
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real-time monitoring of the birch  fl owering. In the model they used additional 
geo-data, where the most important was a Landsat TM based vegetation map of 
all of Norway used to identify vegetation types where birch occurs. The model 
was applied to monitor the onset of birch pollen season in near real-time during 
spring 2009  (  Karlsen et al. 2009b  ) . The method showed in most cases good agreement 
with data from the pollen traps. However, the model does not give any information 
about the amount of birch pollen or about long-distance transported pollen. This 
will be a limitation for forecasting in areas where long-distance transport is an 
important factor.  

  Fig. 4.2    Onset of birch  fl owering in southern Norway, based on mean values from the MODIS-NDVI 
dataset for the period 2000–2007, after  Karlsen et al. (2009a) . The map also shows the position of 
the pollen traps used in the study       
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      Future Prospects 

 The next step to consider would be to apply the model, which was developed for the 
start of birch pollens season in Norway, at other places. In areas with complex 
topography, as the Alps, where atmosphere-based models are less reliable, remote 
sensing-based methods would be particularly useful. The same procedure would 
have to be followed as was applied in Norway, where at  fi rst the average onset of 
birch  fl owering had to be mapped and afterwards a model for real-time measuring 
was installed. It is also believed to be possible to further develop the model to map 
the onset of the grass pollen seasons as well, but with slightly less accuracy. Since 
the release of e.g. grass pollen occurs after the peak of the seasonal NDVI curve, 
simple threshold based methods as used for birch pollen will not be suf fi cient. 
Comparing time integrated NDVI and Growing Degree Days Karlsen et al.  (  2006  )  
found a very high correlation. Accordingly, one method to apply satellite monitoring 
for estimating release dates of different pollen types could be to use time integrated 
NDVI as an additional data source. 

 The new generation of satellite sensors, with both daily data and high resolution 
(as Formosat-2, Komsat-2, and RapidEye), provide an opportunity to monitor 
the onset of the pollen season at a local scale. Due to the high data costs, it is only 
realistic to use these data for relatively small areas (<~1,000 km 2 ) and only some 
years. However, this new scale of observation creates a link between  fi eld observa-
tion of phenology/data from pollen traps and medium resolution sensors as MODIS. 
This would increase our understanding of the seasonal dynamics of the vegetation 
and improve the up-scaling from pollen traps to large regions, for instance, by the 
use of MODIS-NDVI data. 

 In the years to come there will be an increasing number of satellites with a range 
of scales in spatial resolution suitable to be used for near real time phenological 
monitoring (Ward  2008 ). Our conclusion is that satellite based monitoring of phe-
nology is rapidly developing and observations will be assimilated into phenological 
models.    

    4.2.2   Aerobiological Observations 

 There is a wide spectrum of micro-organisms and biological particulate matter 
present in the atmosphere, which is investigated with a similarly wide range of 
methods and instruments (Cox and Wathes  1995  ) . Biological aerosol sources are 
located in any place where biological activity exists. Many small organisms use the 
atmosphere as a means to be transported or to transport their own propagules. 
Bacteria, microalgae, microfungi, protozoa, insects and sometimes viruses are among 
the organisms that change their geographic location along their life cycle through 
the air. Fungal spores, lower plant spores or higher plant pollen grains are propagules 
transported by air. Fragments of fungi, animal or vegetal origin are also present in 
the atmosphere. 
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 Aerobiology studies the release of biological particulate matter into the 
atmosphere, its transport through the atmosphere, and its deposition and re-suspension. 
In order to be taken up and transported, biological particles have to be released into 
the atmosphere, which is achieved by different mechanisms: (a) active, explosive 
or turgid; (b) passive, from an external agent. For example, in the case of most lower 
plants, i.e. bryophytes and pteridophytes, one  fi nds active mechanisms for spore 
emission. In some cases, special sporangia and other devices enable an active 
emission by means of a catapult like discharge of the spores. However, these spores 
are usually large and heavy, which limits their dispersion through the atmosphere. 
In contrast, most of higher plants possess passive mechanisms for pollen emission. 
The role of pollen grains is to transfer the male gametophytes to the female repro-
ductive organs. This is called pollination and is achieved via different mechanisms 
depending on the plant, which may be classi fi ed as anemophilous, entomophilous or 
hygrophilous. In order to guarantee an effective pollination, the entire structure of 
pollen grain is subject to selection pressure. However, this review will concentrate 
mainly on airborne pollen from wind-pollinated plants that are primarily responsible 
for seasonal allergies, the prevalence of which has been increasing substantially 
during the last decades. 

    4.2.2.1   Pollen Monitoring History 

 Aerobiology is a young scienti fi c discipline that made great advances in the second 
half of the twentieth century, largely due to the introduction of advanced methods of 
monitoring. This brought a larger number of devotees to the subject and witnessed 
the rise of networks monitoring pollen and fungal spores on a national scale. Though 
aerobiology is related par excellence to ecology, it grew up following the major 
advancements in “allergology”. The term “Aerobiology” was de fi ned in the 1930s 
by Fred Campbell Meier (1893–1938), but Aerobiology did not become a recogn-
ised discipline until the 11 September 1974, when the International Association for 
Aerobiology (IAA) was founded at the 1st International Congress of Ecology, which 
was held at The Hague, in The Netherlands. Prior to this, in 1964, aerobiology had 
become a theme when the International Biological Program (IBP) was established. 
The major objective of the IBP was to study the biological basis for productivity of 
the world’s ecosystems. NASA supported the Atmospheric Biology Conference, 
with the idea that the atmospheric dispersion of biological materials might be given 
attention by the IBP. An aerobiological programme was subsequently established in 
1968, through the efforts of Benninghoff & Gregory, under the IBP section Use and 
Management of Biological Resources (UM). The IBP of fi cially  fi nished in 1974, 
when it was recognised that the studies on Aerobiology at international level 
should continue, and the IAA was formed 4 years later. Aerobiology is currently 
considered an experimental and multidisciplinary science that includes workers 
from botany, palynology, mycology, agronomy, microbiology, acarology, bioclima-
tology, meteorology, allergology and ecology. Aerobiology is made up of many 
different scienti fi c disciplines and so it is not easy to trace the most signi fi cant 
milestones in its history. 
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      The Origin of the Aerobiology 

 In ancient times, we  fi nd several references to the idea of micro-organisms and to 
the hypothesis that air can be a vector for diseases. For example, the Greek physician 
Hippocrates (460–377 BC) argued in “De Flatibus Corpus Hippocraticum” that 
people fall ill with fever after having inhaled infected air, although he was unaware 
of the nature of the infection. The author M. Terentius Varro (116–27 BC) cited 
invisible animals, which penetrated the body through mouth and nostrils thus causing 
disease. This concept was taken up in 1546 by Girolamo Fracastoro (1478–1553), 
who realised that some diseases were caused by “life seeds” that contaminate man, 
assuming that the body is reached by these particles by direct contact or by breathing 
in infected air. The Latin poet and philosopher Titus Lucretius Caro (98–55 BC) also 
mentioned small particles that can infect man.  

      Precursors of Aerobiology 

 Another important step was accomplished at the end of the  fi fteenth century by 
the invention of the microscope, the instrument that gave green light to explore the 
unknown world of the in fi nitely small and that allowed the investigation of aero-
biological particles. The natural philosopher Robert Hooke (1635–1703) made a 
number of accurate microscopic observations in the book Micrographia (1665). 
This work inspired the Dutch biologist Antonie van Leeuwenhoek (1632–1723), 
who between 1673 and 1683  fi rst described bacteria, the animalcules (protozoa) or 
diatomaceous, as well as some yeasts and moulds, and assumed that they were 
transported by the wind along with  fl oating dust. In 1682 Nehemiah Grew published 
his book “Anatomy of Plants”, which contains the  fi rst known description of pollen 
(Fig.  4.3 ).   

      Birth of the Experimental Aerobiology 

 Around 1860, French biologist Louis Pasteur (1822–1895) began to study the bio-
aerosols in the atmosphere. He built a series of specially designed glass bottles with 
a long curved neck (“a swan neck”) with a spout at their end that could be sealed. 
The bottle was positioned in a way that the dust containing spores and germs were 
deposited on infusions that were sterilised by boiling in the bottle. When the air had 
been  fi ltered or heated at a temperature high enough to kill all germs, the infusion 
remained sterile, but exposure to dust instead of air caused the deposition and 
growth of microorganisms on the infusion. Thanks to these experiments, Pasteur 
was able to demonstrate the heterogeneity of aerospora and the dispersion of germs 
in the atmosphere. Therefore, Pasteur is also considered a pioneer in aerobiology, 
the one who designed the  fi rst aerobiological experiments to examine the biological 
contents of dust in the air of Paris. 
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 His most direct descendant was without doubt the French physician Pierre Miquel 
(1850–1922), who continually monitored pollen and fungal spores in the atmo-
sphere for years with various types of samplers of his own design. The results of 
his research were published in “Les organismes vivants de I’atmosphere” (1883), 
which presents interesting data and many graphs on the amount of fungal spores and 
bacteria in the air correlated with some meteorological parameters such as temperature, 
rainfall, humidity and wind speed. 

 During the nineteenth century, the German physician and naturalist Christian 
Gottfried Ehrenberg (1795–1876) worked as one of the founders of the science 
dealing with micro-organisms transported by the atmosphere. He examined samples 
of soil, water, sediments, atmospheric dust and rocks, describing hundreds of new 
species of bacteria, protozoa, diatoms, rotifers and fossils in about 400 publications. 
Irish physicist John Tyndall (1820–1893) became famous for his studies on light 
(the Tyndall effect) and sterilisation (Tindalizzazione). He also conducted aerobio-
logical studies investigating the physical aspects of atmospheric particles and 
physiological growth of micro-organisms. Indeed, in essays on the  fl oating matter 
of the air in relation to putrefaction and infection (1881), which represents his most 

  Fig. 4.3    Nehemiah Grew ( left ), who published the “Anatomy of plants” in 1682 ( top right ). His book 
contains a plate depicting the  fi rst description of pollen ( bottom right )       
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important contribution to aerobiology, Tyndall studied the organic nature of dust 
in the atmosphere and claimed that epidemic diseases and putrefaction were 
caused by germs, thus refuting the abiogenesis. He was among the  fi rst to observe 
that seeds are abundantly present in and transported by the atmosphere. In the 
same century, Florentine Giorgio Roster (1843–1927), professor of biological 
chemistry and hygiene at the Royal Institute for Advanced Studies in Florence, can 
certainly be called one of the  fi rst experts on urban air pollution. He was the  fi rst 
true Italian aerobiologist.  

      Birth of “Aeropalynology” from “Aerobiology” 

 During the second half of the nineteenth century the study of micro-organisms 
expanded greatly. This stimulated an interest in studying also the pollen grains in 
the air, which led to the development of the  fi eld of aeropalynology. During this 
time, a number of hypotheses emerged, which tried to explain the seasonal appear-
ance of respiratory allergy in humans. It should be recalled that in 1819 the English 
physician John Bostock (1773–1846) set forth in detail the clinical picture of the 
disease.  

      Origins of Pollen Monitoring 

 In 1873, another English physician, Charles H. Blackley (1820–1900), went down in 
history as the father of aerobiology. He was the  fi rst to show that pollen was present 
in large quantities in summer and was the cause of breathing problems (described 
as Catarrhus æstivus or summer catarrh), demonstrating the direct relationship 
between the amount of pollen in the air and the severity of symptoms. From 1866, 
he compiled pollen calendars of Manchester, UK, having counted the pollen that he 
collected with a self-made sampler under a microscope. 

 During the same period, Morrill Wyman (1812–1903) described the autumnal 
catarrh in the United States of America, which appeared each year in August and 
September. He attributed it to the  fl ourishing of ragweed ( Ambrosia) . Elias Marsh 
(1835–1908), who created the  fi rst pollen calendars for ragweed pollen in 1875 for 
Paterson (New Jersey), must also be mentioned. 

 The factor that contributed most to the increase of knowledge about aerospora, 
after the invention of the microscope, was the introduction of air sampling devices. 
Starting from the  fi rst sampler of Pasteur (1860) and Blackley (circa 1866), during the 
second half of the nineteenth century, many scientists devised their own equipment 
to conduct aerobiological investigations. Most famous among them were the aero-
scopes of Maddox (1870), Cunningham (1873) and Miquel (1878), the aeroscope 
recorders for bacteria and moulds (France, circa 1884) and the electric suction pump 
of Roster (1885). These instruments relied on the state of the art technology of their 
time, but more rudimentary samplers were in operation between the late 1800s 
and the early decades of the twentieth century. For instance, samplers were built 
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with clothes pegs and a glass slide covered with glycerine  fi xed to a backing of 
wood and often covered with a small roof to shield them from the elements. These 
low precision instruments enjoyed some success primarily for economic reasons 
and they aroused the interest of many scholars for aerobiology and pollen monitoring. 
In 1946, O.C. Durham introduced his gravimetrically standardised sampler, which 
became the most frequently used instrument around the world for many years. It was 
also adopted by the “Pollen and Mold Committee of the American Academy of 
Allergy” as standard equipment. In 1967, the American Botanists Ogden and Raynor 
devised the rotary impact sampler “Rotoslide”. In 1952, the Englishman Jim Hirst 
designed a sampler with a suction pump, which was the ancestor of the modern 
Burkard and Lanzoni traps. Hirst-type volumetric samplers are still operated by the 
majority of monitoring centres throughout the world.  

      Aerobiology in 1800–1900 

 Without doubt the discovery of numerous micro-organisms responsible for infectious 
diseases have to be listed among the most signi fi cant achievements of biomedical 
science between the second half of the 1800s and the  fi rst decades of the 1900s. 
German bacteriologist and hygienist Carl Flügge (1847–1923), a colleague of Robert 
Koch who devised many bacteriological techniques and established the bacterial 
causes of a number of infectious diseases, proved around 1890 that coughing 
and sneezing releases small droplets, de fi ned as “droplets of Fluggi”, which contain 
numerous pathogenic micro-organisms that remain suspended in the air and are 
responsible for the transmission of infectious diseases to new hosts. Around 1912, 
the Czech-Austrian botanist and chemist Hans Molisch (1856–1937) coined the 
term “Aeroplankton” by including it in all sorts of particles and especially those of 
biological origin such as pollen, fungal spores, algae, etc.  

      Birth of Pollen Monitoring Networks 

 Pollen monitoring at national level started for the  fi rst time in the US by O.C. 
Durham (1889–1967) in an attempt to correlate patient and pollen data of  Ambrosia  
in 1928. Within a few years, the American network had expanded to more than 50 
stations scattered throughout the country and the measurements were extended to 
all types of pollen. The network spread in a short time over much of the continent 
including Canada, Mexico and Cuba. Durham continued to coordinate this pollen 
recording network until the 1950s. In 1955, Durham supervised the publication 
of the  fi rst report of the monitoring network, which constituted the  fi rst of its kind. 
The  fi rst conference to deal exclusively with aerobiological topics was held in 1942 
under the auspices of the “American Association for the Advancement of Science”. 
After 1970, national monitoring networks were established in most European coun-
tries and the “European Aerobiology Society” was founded in 2008. 
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 Aerobiology is still developing as a discipline and considerable advances are 
expected in the coming years. For example, many aerobiologists still use sampling 
equipment that is based on a design from the 1950s (Hirst  1952  )  and the analysis 
of samples is by light microscopy, which is labour intensive and extremely time 
consuming. One of the main areas of future development is expected to be in the 
monitoring of airborne organic particles with automated detection and analysis 
technologies (Rogers  2006  ) , such as monitoring the allergen content of the air, DNA 
analysis or image analysis. There are also likely to be improvements in atmospheric 
modelling. Many of these advances are expected to be fuelled by an increasing need 
for aerobiological data due to the effect of climate change on human health (Huynen 
et al.  2003  ) .   

    4.2.2.2   Monitoring Instruments and Sampling Methods in Aerobiology 

      Conventional Pollen Monitoring Instruments 

 Mullins and Emberlin  (  1997  )  reviewed strategies applied in sampling airborne 
pollen. The authors stressed that airborne pollen samplers, if they are to be effective, 
should be able to obtain volumetric record of all particles (5–50  m m), irrespective 
of the wind velocity. Numerous strategies including cylinder traps, sedimentation 
traps, impactors and  fi lters have been used in trapping pollen. 

 Volumetric pollen samplers based on the Hirst design (Hirst  1952  )  are used as 
the standard method in many national networks for measuring the pollen concentra-
tion in the atmosphere. Air is sucked in through a 2 mm × 14 mm nozzle at a rate of 
10 l/min. The rate of 10 l/min was chosen for operation in the  fi eld because ef fi ciency 
varied less at different wind speeds than at an alternative rate of 17.5 l/min. At a 
suction rate of 10 l/m   in there was also less danger of obscuring the spore deposit 
with  fi ne dust particles, which are less ef fi ciently impacted with a lower velocity in 
the ori fi ce (Hirst  1952  ) . Airborne particles are deposited on a tape mounted on a 
drum, which is slowly turned by clockwork (Levetin et al.  2000  ) . The sticky tape is 
then mostly stained with suitable dye and analysed under an optical light micro-
scope, whereby the pollen and spores of different taxa are determined and their 
numbers per surface area counted according to standardised procedures (Makinen 
 1981 ; BAF  1995 ; Galán et al.  2007  ) . The Hirst type volumetric pollen trap supplies 
pollen concentration data at a temporal resolution of up to 2 h. Relating the pollen 
counts with the exposure time, the number of pollen grains per cubic meter and 
time can be calculated. In order to avoid the distortion of the pollen count by local 
emissions, the traps are located on the roof of buildings, often at 12 m above street 
level (Winkler et al.  2001  ) . 

 In the US, whirling arm samplers, such as the Rotorod, are preferred. In whirling 
arm samplers, airborne particles impact on one side of translucent 6 cm long square 
rods (1.6 × 1.6 mm) that whirl through the air at 2,400 rpm resulting at a sampling 
rate of about 120 l/min. The duration of whirling period determines the sampling 
period. 
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 The Cour’s method (Cour  1974  )  is based on the principle of passive sampling, 
which has the advantage that it does not require any power supply. The traps are 
mounted in 3 m above the surface. The pollen is collected passively on a  fi lter. It is a 
volumetric method, because the results are expressed as the number of pollen grains 
per m 3  of air. The method has been applied for agronomical questions and has exclu-
sively been used by the French Association for Ragweed Study (AFEDA) for the last 
29 years. A pair of 20 × 20 cm  fi lters (400 cm 2 ) composed of six sterile cellulose 
gauzes impregnated with silicone oil are exposed over a week. The trap functions with 
a weather vane; it is always oriented perpendicular to the wind direction and retains 
pollen grains transported by air currents. Wind speed, measured by an anemometer 
at the level of the trap, is used to compute the volumetric quantity  fi ltered and the 
number of pollen grains per cubic meter of air. In the laboratory, the gauze with the 
collected material is dissolved in hydrochloric acid, hydro fl uoric acid, acetone and 
potassium hydroxide. Chemical treatment empties pollen grains of the nucleus and the 
cytoplasm. The pollen grains are concentrated in the residue which is diluted in glyc-
erine and homogenised. A volume of 50  m l of this dilution is deposited between a slide 
and a 22 × 50 mm cover slip and examined using light microscopy.  

      Pollen Counting Methods for Conventional Instruments 

 Whatever method for airborne pollen sampling is used, further analysis requires 
identi fi cation and quanti fi cation of registered pollen types. The identi fi cation of pollen 
requires knowledge on basic palynology (primarily pollen morphology), and it is 
performed either based on a comparison with reference microscopic slides or by 
using pollen identi fi cation keys and atlases. Due to their small size, pollen grains are 
commonly analysed under light microscope. The magni fi cation is chosen so that 
pollen can be safely identi fi ed according to the characteristics speci fi c for each taxon. 
The most widely used magni fi cation in aerobiological monitoring is ×400. 

 Because the Hirst-type pollen samplers are the most common ones today, the 
various quanti fi cation methods will be brie fl y described below. When performing 
the quantitative analysis of a sample collected by the Hirst-type volumetric sampling 
procedure, the most accurate method would be to count pollen on the entire surface 
of the 24 h sample. However, from a routine pollen monitoring point of view and in 
the context of producing data for forecasting and informing public on the prevalent 
allergy risk, this would be unacceptably time-consuming. Therefore, three sub-sampling 
methods, which analyse only a fraction of 24-h slide, are proposed:

    a.    The random  fi eld method (Makinen  1981  )  considers the examination of a certain 
number of  fi elds chosen at random from the entire daily surface, and counting 
the pollen present in each single  fi eld. This is probably the quickest method for 
slide analysis but, although it is good at estimating the daily mean concentration, 
it is unable to estimate short term concentrations (bi-hourly) (Kapyla and 
Penttinen  1981  ) . Furthermore, the application of the random  fi eld method can 
result in underestimates or overestimates of the pollen concentration, because 
their depositing is not uniform on the tape, but depends on the particular biological 
cycle, environmental conditions and the type of pollen (Tormo et al.  1996  ) .  
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    b.    The transverse traverses method (Emberlin et al.  1994  )  considers either the 
examination of successive tangent  fi elds in 12 transversal lines or the examination 
of complete 12 transversal lines, separated by 4 mm distance from one another. 
In this way a line is read for every 2 h, enabling an estimation of both daily and 
bi-hourly pollen concentrations. The choice of the position of the lines could 
in fl uence the  fi nal result obtained by this sub-sampling method, because pollen 
deposited within a very short time on the tape might be missed.  

    c.    The longitudinal traverses method considers either the examination of successive 
tangent  fi elds (Mandrioli  1990  )  positioned on 3 or 4 or 5 horizontal lines or the 
examination of 3 or 4 or 5 complete horizontal (   Dominguez et al.  1991 ) lines 
separated by a space of about 2 mm. Although this method enables the estimation 
of both daily and bi-hourly pollen concentrations, it was noted that overestimates 
can arise from counting only the central regions of the slide, where most of the 
pollen is deposited (Tormo et al.  1996  ) .     

 All of these sampling methods produce the pollen count expressed as concentration 
in pollen grains/m 3 , which is calculated having in mind the suction rate of the used 
sampler and the ratio between the total sample surface and the sub-sampled surface 
of the slide based on the formula: pollen grains/m 3  = (pollen count*total sample 
surface)/(sub-sample surface on which pollen are counted*total volume of air 
sampled) (BAF  1995  ) . 

 Since the main disadvantage of sub-sampling in the airborne pollen monitoring 
is the analysis of only a small proportion of the daily sample, Comtois and his col-
leagues  (  1999  )  checked the effect of sub-sampling on the accuracy of the quantitative 
analysis. They found that, when comparing concentrations obtained by counting 
the total slide surface versus counting only a fraction of it, none of the sub-sampling 
methods was able to reproduce the counting result of the total slide nor did the fractional 
counting give exactly the same result. Furthermore, the sub-sampling error was much 
higher than what is commonly believed, and it was signi fi cantly correlated with 
the abundance of pollen taxa on the sampled slide. Although each method has its 
advantages and disadvantages, all proposed methods enable a fairly good estimation 
of the whole biological population contained in a certain volume of air (Comtois 
et al.  1999 ; Sterling et al.  1999 ; Carinanos et al.  2000  ) .  

      Automated Pollen Counting Techniques 

 For forecasting purposes, a continuous delivery of pollen counts and most suitably 
in an hourly time resolution would be very valuable. This cannot be achieved by 
manual counting systems, but could be obtained with automated pollen counting 
systems. In recent literature several different methods for automated pollen detection 
have been described:

    1.    Systems that make use of multifocal optical microscopic images of air samples 
collected by a conventional Hirst-type pollen sampler. A  fi rst step in automated 
counting of the pollen is the discrimination of the pollen grains from other 
airborne material in the images (Landsmeer et al.  2009 ; Bonton et al.  2001  ) . 
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For subsequent identi fi cation of the pollen grain, several characteristic pollen 
features, including shape, statistical grey-level and speci fi c pore/colpus features 
are extracted from the images by pattern recognition software tools (Boucher 
et al.  2002 ; Chen et al.  2006  ) . These methods report various levels of success 
in identi fi cation of speci fi c pollen types: 77% in samples from airborne pollen 
(Boucher et al.  2002  )  or 97.2% in samples containing three allergenic pollen taxa 
(Chen et al.  2006  ) .  

    2.    A fully integrated pollen sampling system that automatically collects, prepares 
and records by making use of a conventional light microscope (Ronneberger 
 2007  ) . The method developed for the recognition of the pollen employs digitised 
images, using the grey-value of each pixel (Ronneberger et al.  2002  ) . This system 
reached a recognition rate in “real world” samples of 84.3% (Ronneberger  2007  ) . 
Up until now, it was not developed beyond a stage of a prototype and it did not 
reach the stage of becoming commercially available.  

      3. Other systems do not make use of digitised images of pollen, but are based on the 
technology of particle counters by laser light.

In the system described by Kawashima et al.  (  • 2007  ) , pollen is characterised by 
the sideways and forward scattering of laser light. Air, containing the airborne 
particles, is passed through the optical system and irradiated by a laser beam. 
The scattering of light signals caused by the pollen grains is recorded in real 
time and processed by a computer. During a sampling period in late summer, 
pollen from nettle ( Urticaceae) , ragweed and grass ( Poaceae)  could be sepa-
rated well by different scattering patterns. For other European pollen taxa, the 
system has not been tested yet. 
 In Japan, another real-time airborne pollen counter was developed by the com-• 
pany Kowa. The technology is based on a laser particle counter and on the 
characteristic distribution of pollen on the scattered diagram according to the 
grain size versus the  fl uorescent hue. In Japan, this counter is used by the 
Tokyo pollen information network systems (Suzuki et al.  2008  ) . 
 Recently, a new methodology was presented on the 9th International Congress • 
of aerobiology: the WIBS 4 (Wide-Issue Bioaerosol Spectrometer). This 
instrument combined information from laser light scattering with 
2D-spectroscopic measurements. The instrument was successfully used in an 
area with a low diversity of pollen (Sodeau et al.  2010  ) .  

      4. Another method is based on the Coulter counting principle (Zhang et al.  2005  ) . 
Pollen was suspended in a KCl aqueous suspension and passed through a micro-
channel. The changes in conductance, due to the passing of the pollen, were 
recorded and analysed. In this system juniper ( Juniperus)  and grass pollen could 
be discriminated.      

      Airborne Allergen Monitoring Instruments 

 Allergologists have become increasingly interested in questions concerning the 
allergenic potency of pollen, which cannot be answered by the conventional pollen 
counts. For the purpose of allergen measurement in pollen new types of pollen traps 
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needed to be developed, which now allow the application of immunological analysis 
methods like ELISA or immuno- fl uorescence. Spieksma et al.  (  1990 ,  1999 ) used a 
high volume sampler that operated at 1,130 l/min equipped with a  fi ve-stage cascade 
impactor (HSV), sampling onto glass  fi bre impaction sheets to fractionate particles 
by size class. The HVS had a high capture ef fi ciency (96–99 % for particles > 0.3  m m 
diameter) but sampling was not isokinetic or unidirectional. Also, Rantio-Lehtimaki 
et al.  (  1994  )  used a static, size selective bio-aerosol sampler (virtual impactor) 
with a  fl ow rate of 18.5 l/min that collected samples onto three  fi lters. Alternatively, 
Emberlin and Baboonian  (  1995  )  collected particles over a wide range of sizes in 
Eppendorf tubes for immunological analysis using a cyclone sampler operating at 
16.6 l/min (Mullins and Emberlin  1997  ) . 

 More recent approaches include the Coriolis ®  Delta of Bertin that works at a  fl ow 
rate of 300 l/min and transfers pollen into a liquid collection media. It has an ef fi ciency 
of 90–100% for particles with a diameter of 3  m m upwards (Bertin Technologies 
 2007  ) . 

 Other samplers have been designed that are able to separate particulate matter 
from ambient air according to its size. The Andersen sampler aspirates 28 l/min 
of air (Andersen  1958  ) . This sampler may contain up to six impaction stages, capturing 
particles with an aerodynamic size of PM > 8.2  m m, 10.4  m m > PM >5.0  m m, 
6.0  m m > PM > 3.0  m m, 3.5  m m > PM > 2.0  m m, 2.0  m m > PM > 1.0  m m and < 1  m m, 
enabling the study of the distribution of the allergenic particles according to their 
sizes (De Linares et al.  2007 ,  2010 ). The Chemvol ®  high-volume cascade impactor 
represents a more recent development (Demokritou et al.  2002  ) . Ambient air is 
aspirated at 800 l/min and split into three identical airstreams, each impacting on a 
porous polyurethane impacting substrate. A cascade of stages with cut-offs at 10, 
2.5, 1, 0.12  m m and an absolute stage can be mounted. Pollen and allergen are 
mostly detected in the stage PM > 10  m m with an additional 10–15% of allergen 
in the stage10  m m > PM > 2.5  m m. The smallest stage (particles with a diameter of 
2.5  m m > PM > 0.12  m m) is seldom used when working with pollen or allergen in 
ambient air as no allergen was found in this stage. The authors postulate that this 
could be due to concomitant collection of diesel particles at this stage, absorbing the 
possibly available allergen (Buters et al.  2010  ) . This phenomenon could be shared 
by all samplers.  

      Personal Samplers 

 The Burkard Personal Volumetric Air Sampler (Burkard Manufacturing Co., 
Rickmansworth, UK) is a portable battery-powered device similar in operation to 
the Hirst trap. Air is drawn through a vertically orientated slot-shaped intake and 
impacted directly onto an adhesive covered microscope slide. The sample may thus 
be examined under the light microscope with little additional effort (Aizenberg et al. 
 2000  ) . Whilst the term “personal sampler” is often applied to such portable devices, 
true personal samplers that sample from the breathing zone are designed to be worn 
by one person. For instance, the CIP 10, available from Arelco, was developed by 
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INERIS (Industrial Environment and Risks National Institute) to measure the 
exposure of workers to dusts in coal mines (Arelco  2004 ). The sampler can be set 
up to select either the respirable alveolar, thoracic or inhalable particle size fraction, 
collected in a foam  fi lter. The Button Aerosol Sampler (SKC, Eighty Four, PA, 
USA) is a  fi lter device that targets the inhalable particle fraction. Air is aspirated 
at a rate of 4 l/min through a curved, porous inlet designed to minimise wind sensi-
tivity and promote uniform particle distribution. Sample analysis is by microscopy, 
immunoassay or PCR (SKC  2010  ) . The Nasal Air Sampler is a passive impaction 
device worn inside the nasal cavity, thus truly measuring personal exposure rather 
than particle concentration in the breathing zone. Inhaled air is drawn past a specially 
designed adhesive strip onto which particles with suf fi cient inertia are impacted. 
Samples may be analysed using ELISA, or be mounted for microscopic examination 
(Graham et al.  2000  ) .  

      Quality Standard 

 In order to produce comparable aerobiological data a Quality Control working 
group has been established within the European Aerobiology Society (EAS) in 2008, 
which intends to create an internationally recognized standard. As a  fi rst step 
towards such a quality standard a preliminary list of “Minimum requirements” for 
all monitoring stations involved in the European Aeroallergen Network (EAN) has 
been compiled. More details of the Quality Control working group discussions have 
been published in the IAA Newsletters (beginning with number 67:   http://www.
isac.cnr.it/aerobio/iaa/IAABULL.html    ).   

    4.2.2.3   Applications of Aerobiological Monitoring 

 Mandrioli and Ariatti  (  2001  )  stated that aerobiology must be considered as a discipline 
by itself as well as a tool for other disciplines. Because pollen grains of a number of 
plant species induce allergic reactions, aerobiology and in particular airborne pollen 
research developed as a discipline in close relation to medical research. In addition 
to that, allergenic airborne pollen is the only object of aerobiological research for 
which routine monitoring on a daily basis is widely accepted and often implemented 
in country, regional or continental networks, producing long time series of data 
available from numerous regions worldwide. Bryant  (  1989  )  identi fi ed pollen as 
“ fi ngerprints of plants”, which are closely related with  fl owering, reproduction and 
distribution of the vegetation. Such relationships provide the potential for airborne 
pollen observations to be used in wide spectra of studies dealing with anemophilous 
plant species. 

 Frenguelli  (  1998  )  reviewed the potential contribution of aerobiological observa-
tions to agriculture. There it can for  instance be applied to yield forecasting. Two 
approaches have been followed: (1) the pollen index indicates the number of 
developed  fl owers, which correlates with the number of fruits in monoecious 

http://www.isac.cnr.it/aerobio/iaa/IAABULL.html
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plants; (2) the pollen index indicates the amount of pollen available for fertilisation 
in anemophilous plants (a higher number of successful fertilisations is linked 
with a higher fruit productivity). These approaches were successfully implemented 
in forecasting the production of olives ( Olea Europeae , Moriondo et al.  2001 ; Galán 
et al.  2004 ,  2008 ; García-Mozo et al.  2007a  ) , grapes ( Vitis vinifera , Cristofolini and 
Gottardini  2000  )  and even forest species, such us oaks ( Quercus , García-Mozo et al. 
 2007b  )  or birch (Litschauer  2003  ) . 

 On the other hand, with the development of Genetically Modi fi ed (GM) crops, 
there emerged the need for monitoring the potential gene  fl ow (Stokstad  2002  ) . 
In that context, aerobiological observations could offer data on pollen dispersal 
patterns primarily originating from wind pollinated plants, such as oak (Schueler 
et al.  2005  ) , which show an intermediate to high potential of gene  fl ow (Govindaraju 
 1988  ) . In the case of oilseed rape ( Brassica ), although it is primarily insect-pollinated, 
aerobiological studies prove transport of airborne pollen (Fiorina et al.  2003  ) . These 
 fi ndings address the potential risk of gene  fl ow in GM oilseed rape threatening 
the surrounding crops. Therefore, aerobiology should support the development of 
methods to predict the concentration of viable pollen as a function of distance from 
the source. Such predictions should be a guideline for policy makers when de fi ning 
distances needed between crop  fi elds in order to prevent gene  fl ow. 

 Aerobiological observations enable indirect analysis of plant responses (in 
particular linked to male reproductive systems) to environmental factors. For example, 
stress situations caused by frost could lead to male sterility, which would result in a 
lower pollen index, as it was observed in the case of the Mediterranean cork-oak 
( Quercus suber , García-Mozo et al.  2001  ) . Also, climate change induced differences 
in the timing and duration of the  fl owering phenophase of anemophilous plants that 
could be observed by analysis of the duration, start and end dates of the airborne 
pollen season (Tedeschini et al.  2006 ; Frei and Gassner  2008  ) . Such changes were 
also observed by Fotiou et al.  (  2011  )  who modelled the  fl owering process of north- and 
south-facing populations of spreading pellitory ( Parietaria judaica)  and compared 
the duration of the  fl owering and pollen seasons locally. 

 Pollen analysis has a great potential for providing a continuous record of pollen 
production going back thousands of years, due to the fact that pollen is produced 
in large quantities, dispersed widely and remains well preserved in wet anaerobic 
environments. In order to be able to reconstruct past climate, Autio and Hicks  (  2004  )  
suggested deducing an empirical relation between pollen production and meteoro-
logical conditions. Applying sedimentational Tauber traps, these authors analysed 
the annual variation in pollen production in the studied area in relation to meteoro-
logical parameters. The network of stations for pollen monitoring using Hirst 
type volumetric traps is well distributed all over Europe. Furthermore signi fi cant 
correlations exist between data obtained by volumetric Burkard and sedimentation 
Tauber traps (Levetin et al.  2000  ) . This allows the description of the in fl uence of climate 
variability on pollen production and deposition, which supports the quantitative 
reconstruction of past climate.  
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    4.2.2.4   The European Pollen Information System 

 At present, the Europe-wide pollen information system consists of two coherent units:

   the European aeroallergen database EAN  • 
  the public web portal  •  www.polleninfo.org        

      EAN Database 

 Both units form the basis of the aerobiological unit. Access to the database is 
restricted to a de fi ned user group: those who contribute data have read access to all 
available data for internal use. By agreement, the use of data for publication or for 
commercial purposes without the consent of the data owners is prohibited. Founded 
in 1988, the database has got a new structure in 1999 and 2009. 

 The majority of data sets cover the last decade, but some time series extend back 
as far as to 1974. In total, over 700 monitoring stations from 38 countries are incor-
porated in the database, collecting pollen and spore counts of over 200 different 
taxa. This results in about 1 million annual reports (pollen types per station and 
year). The main goal concerning pollen information services is to assist in forecasting 
and to help in developing and testing forecast models. Another frequently used feature 
is providing data for multicentre studies in allergology, forestry, and climatology.  

      The Public Web Portal (  www.polleninfo.org    ) 

 Since 1997, a European platform for pollen information has been provided for the 
public (  www.cat.at/pollen/    ). A hierarchic structure allows navigation from general 
overviews down to highly speci fi c local information contents. The up-to date infor-
mation county by country are available both in English and in the country language(s). 
The main goal is to provide links to pollen information services on a common 
European pollen information portal – in particular for travellers and for vacation 
planning. A new platform   www.polleninfo.org     has been launched in mid April 2003 
with  fi nancial support from epi Ltd. replacing the old cat.at/pollen/site.     

    4.3   Modelling and Forecasting of the Pollen Season 

 Although very different in the way of being observed and measured, phenological 
events and pollen counts can be traced back to the same phenomenon, the  fl owering 
of plants. Similarly, both kinds of data can in many respects be modelled with a 
similar set of observation-based models. Simple regression models can predict entry 
dates of phenological phases and likewise the start, peak and end of the pollen season 
or, given a greater number of independent variables, the day to day variability of the 

http://www.polleninfo.org
http://www.polleninfo.org
http://www.cat.at/pollen/
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pollen counts. Phenological models will equally well predict the entry dates of 
phenological phases as well as the start, peak and end of the pollen season. 

 Phenological models are sometimes grouped into the class of process-based 
models, because they are built on assumptions rooted in experimental results on 
plant physiological responses to various environmental variables (Chuine et al. 
 2000  ) . The other modelling approaches presented in this section are summarised 
under the term observation-based models, because no a-priori assumptions are 
involved. This includes regression models, time-series modelling and a survey about 
applications of arti fi cial intelligence methods to pollen data. A discussion of special 
problems related to numerical pollen forecast completes the literature survey. 

    4.3.1   Observation-Based Models 

 Observation-orientated models relate pollen records (dependent variable) to one or 
more variables (independent variables) that can be measured or predicted, and are 
constructed without knowledge of the sources, emission or calculations of diffusion 
(Norris-Hill  1995  ) . On the contrary, everything starts from the pollen counts being 
recorded at the pollen traps (the receptors). Pollen data usually produce mean daily 
values for the studied area and in some cases hourly or 2-h values. These data can 
be used for producing forecasts of day-to-day variations in pollen concentrations, or 
for predicting characteristics of the pollen season, such as start dates and severity. 

 All methods use certain mathematical tools in order to describe and imitate the 
behaviour of pollen count (its temporal and in some cases spatial variations); they 
may be applied for better understanding, description and knowledge concerning 
pollen season problems. The most rudimentary method for pollen forecasting is 
the pollen calendar. Recording seasonal variations in the timing and abundance of 
different pollen types is the  fi rst task undertaken by operators of pollen-monitoring 
sites. When suf fi cient data has been recorded, it is possible to relate temporal varia-
tions in pollen records (diurnal variations, daily average values or seasonal charac-
teristics) to meteorological data, such as temperature and rainfall. This is achieved 
using a variety of statistical techniques that include correlation analysis, parametric 
Pearson correlations and non-parametric Spearman Rank correlation analysis 
(e.g. Stach et al.  2008 ; Smith and Emberlin  2006 ; Galán et al.  2000 ; Rodriguez 
Rajo et al.  2005  ) , Factor Analysis (Makra et al.  2004  )  and hierarchical multiple 
regression analysis (Emberlin et al.  2007  ) . The results from these analyses can be 
used to improve qualitative predictions or provide the theoretical rationale on which 
quantitative forecast models are built. 

    4.3.1.1   Regression Models 

 Regression analysis is an empirical technique that is often used in aerobiological 
studies. It is used to predict a score on one variable from a score on the other and as a 
result is often referred to as a causal method of statistical modelling. Causal models 
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predict the future by modelling the past relationships between a dependent variable 
and one or more other variables called either independent or predictor variables. 
The goal of regression analysis is to arrive at the set of B values for independent 
variables, called regression coef fi cients, that bring predicted Y values from the 
equation as close as possible to the Y values obtained by measurement. The ability 
to  fi nd potentially causal relationships that not only predict but also explain the 
dependent variable makes regression analysis a very powerful technique (DeLurgio 
 1998 ; Tabachnick and Fidell  2001  ) . 

 In simple bivariate (two-variable) linear regression, a straight line between the 
two variables is found. The best  fi tting straight line goes through the means of X and 
Y and minimises the sum of the squared distances between the data points and the 
line (Kinnear and Gray  1999 ; Tabachnick and Fidell  2001  ) . This technique is useful 
when the dataset is not large enough for multiple regression analysis (Stach et al. 
 2008  )  as studies based on relatively small datasets are inappropriate for the multiple 
regression process because they result in in fl ated regression coef fi cients of determi-
nation ( R  2  values) and inaccurately estimated coef fi cients. In such cases, it may be 
more suitable to use simple linear regression (Ong et al.  1997  ) . 

 In multiple regression analysis, the values of the dependent variable are estimated 
from those of two or more independent variables (Kinnear and Gray  1999  ) . Multiple 
regression analysis makes a number of assumptions about the data (such as normality, 
linearity and homoscedasticity) and is not forgiving if they are violated (Kinnear 
and Gray  1999 ; Pallant  2001  ) . Many of the problems associated with these factors 
can be addressed by transforming the data prior to analysis. Different methods of 
data transformation have been used by a variety of authors, mainly when predicting 
daily variations in pollen counts; these include square root (Smith and Emberlin 
 2005  ) , lognormal (Alcazar et al.  2004  )  and log10 (Stach et al.  2008  ) . Toro et al. 
 (  1998  )  investigated the use of different methods of data transformation. The authors 
transformed daily mean grass pollen data ( x  

t
 ) expressed as the number of pollen 

grains/m 3  into different scales before attempting to construct regression models: 
log( x  

t
  + 1), √ x  

t
 , and ln(( x  

t
 *1,000,  x ) + 1). The latter method is the transformation 

proposed by Moseholm et al.  (  1987  ) . Toro et al.  (  1998  )  found that a regression 
equation obtained from data transformed by square root usually resulted in a better 
prediction because substantial errors can be introduced in de-transforming the data 
to the usual scale (pollen grains/m 3 ), although its  R  2  value was lower than equations 
obtained with other transformations. Furthermore, it was suggested that the trans-
formation proposed by Moseholm et al.  (  1987  )  should not be used to construct 
short-term predictive models because the margin of error is further increased by the 
inclusion of an additional factor ∑ x  (total of pollen grains for the whole season), 
which has to be predicted before it can be transformed (Toro et al.  1998  ) . In addition 
to data transformations, datasets also have to be cleaned prior to analysis in order to 
remove or alter univariate and multivariate outliers that regression models are sensitive 
to, as they can distort statistics (DeLurgio  1998 ; Tabachnick and Fidell  2001  ) . 

 There are several methods of multiple regression analysis commonly used in 
observation based modelling. Step-wise multiple regression analysis has often been 
used in aerobiological studies (Galán et al.  1995 ; Goldberg et al.  1988 ; Bringfelt 
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et al.  1982 ; Moseholm et al.  1987  ) . An alternative method used in aerobiological 
research is standard multiple regression analysis (Stach et al.  2008 ; Smith and 
Emberlin  2005 ; Makra et al.  2004  ) , where all the independent variables are entered 
into the equation simultaneously and each independent variable is evaluated in 
terms of its predictive power compared to that of the other independent variables 
(Kinnear and Gray  1999 ; Pallant  2001  ) . However, non-linear statistics should 
be used, if the data do not show a normal distribution (Toro et al.  1998  ) , such as 
polynomic regression (Antepara et al.  1995  )  or semi-parametric Poisson regression 
models, where the variance of the data is proportional to its mean (Stark et al.  1997 ; 
Erbas et al.  2007  ) . 

 Regression analysis has been used for predicting daily values (Stach et al.  2008 ; 
Smith and Emberlin  2005  ) , as well as the start (Emberlin et al.  1993a ; Laaidi  2001a,   b ; 
Galán et al.  1998,   2001a ; Frenguelli et al.  1989 ; Davies and Smith  1973  ) , peak 
(Orlandi et al.  2006  ) , duration (Laaidi et al.  2003  )  and severity (Emberlin et al. 
 1993b ; Galán et al.  2001b  )  of pollen seasons and the beginning of  fl owering 
(Crepinsek et al.  2006  ) . A number of different independent variables were used in 
these analyses. Variables that affect the timing of pollen release from allergenic 
plants are used to predict the start of pollen seasons and the beginning of  fl owering, 
such as monthly (Stach et al.  2008 ; Emberlin et al.  1993a ; Galán et al.  1998,   2001a ; 
Frenguelli et al.  1989 ; Davies and Smith  1973 ; Crepinsek et al.  2006  )  or 10-day 
periods (sometimes referred to as decades-of-days; Stach et al.  2008 ; Smith and 
Emberlin  2005 ; Spieksma and Nikkels  1998  )  of meteorological data, as well as 
winter averages of the North Atlantic Oscillation (Stach et al.  2008 ; Spieksma and 
Nikkels  1998  ) . Similar variables are also used when attempting to predict the severity 
of seasons (Emberlin et al.  1999 ; Laaidi  2001b ; Galán et al.  1998  ) . Observed pollen 
season starting dates, which occur before the start dates of the pollen season to be 
modelled, can also be considered as only or additional independent regression 
parameter (Norris-Hill  1998  ) . 

 A variety of different independent variables have also been used to predict daily 
average pollen counts, and include minimum (Toro et al.  1998  ) , maximum (Iglesias 
et al.  2007 ; Rodriguez Rajo et al.  2004,   2005 ; Mendez et al.  2005 ; Toro et al.  1998  )  
and mean (Toro et al.  1998 ; Rodriguez Rajo et al.  2004 ; Goldberg et al.  1988  )  daily 
temperatures, rainfall (Stark et al.  1997 ; Rodriguez Rajo et al.  2004 ; Toro et al.  1998  ) , 
relative humidity (Stach et al.  2008 ; Smith and Emberlin  2005 ; Toro et al.  1998  ) , 
sunshine hours (Stach et al.  2008 ; Toro et al.  1998  ) , wind speed (Bringfelt et al. 
 1982  )  and also direction and persistence (Damialis et al.  2005  ) , and the amount of 
pollen recorded in the previous days (Stach et al.  2008 ; Smith and Emberlin  2005 ; 
Iglesias et al.  2007 ; Sánchez-Mesa et al.  2002 ; Rodriguez Rajo et al.  2004,   2005 ; 
Mendez et al.  2005  ) . The division of grass pollen seasons prior to analysis has 
become an accepted methodology when attempting to predict daily pollen counts, 
because the relationship between pollen counts and environmental data tends to 
change during the pre-peak and post-peak periods (Sánchez-Mesa et al.  2003 ; Galán 
et al.  1995 ; Toro et al.  1998  ) . Examples include splitting the grass pollen season 
into two and de fi ned the pre-peak period as dating from the beginning of the main 
pollen season to the peak day itself (Toro et al.  1998  ) , or dividing the grass pollen 
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seasons into three (pre-peak, peak and post-peak periods of pollen release) because 
pollen counts around the peak day behave as one population, whereas pollen counts 
from the pre-peak and post-peak periods can be treated separately (Smith and 
Emberlin  2005  ) . 

 When selecting the independent variables to enter into regression analysis, it is 
important to avoid multicollinearity, which exists when the independent variables 
are highly correlated. For instance, highly correlated variables (such as maximum, 
minimum and mean daily air temperatures) should not be included in the same 
multiple regression. It is also important not to attempt to assess prediction accuracy 
with the same data used to construct the model (Stark et al.  1997  ) .  

    4.3.1.2   Time Series Modelling 

 Modelling and forecasting of pollen counts based on regression equations is simple 
and straightforward and can be carried out with any statistical package providing 
multivariate regression procedures. However, it suffers from a number of disad-
vantages. The most important one is that usually time is kept  fi xed and different 
time periods are handled as different variables, which prevents any exploration of 
the role of timescales. In order to do this, it is usually preferable to use time-series 
approaches. 

 The classical time-series method for the analysis and forecasting of pollen levels 
is the Box-Jenkins approach (Box et al.  1994  ) . This is based on the successive 
re fi nement of the model by  fi tting different deterministic and stochastic components 
of variability. First, the average value is found and then subtracted from the series. 
Then, a trend is  fi tted to these centred residuals and the values of this trend-line are 
subtracted to get the detrended values. Next, successive years are stacked on a daily, 
weekly or monthly basis and we  fi nd the average over all years for each day, week 
or month. For example, if we use a monthly basis, the model  S ( m ) for  m  = June is the 
average of the detrended values for June averaged over all years. Finally, after this 
cyclic model has been subtracted from the data, the autocorrelation structure is  fi tted 
using ARIMA techniques (Box et al.  1994  ) . Ideally, at the end of this stage, the 
residuals should be free of correlation. This is a widely-used approach, which can 
be regarded as standard, and features in several aerobiological studies (Moseholm 
et al.  1987 ; Stephen et al.  1990 ; Rodriguez-Rajo et al.  2006 ; Aznarte et al.  2007  ) . 
The model may thus be described as:

     = + + +( ) ( ) ( ) ( )εtX t M Tr t S m t    (4.2)   

 Here,  Tr ( t ) is the trend component at time  t , a steadily rising or falling back-
ground that is sometimes observed in pollen records (Damialis et al.  2007  ) , and  M  is 
the mean value of detrended series. The seasonal component is  S ( m  

 t 
 ), where  m  

 t 
 is the 

month (or week or day) of the year. Finally   e  ( t ) is the residual noise, whose structure 
can be described by an ARIMA model. It is often desirable to transform data, for 
example using the logarithm or square-root, before carrying out a Box-Jenkins analysis. 
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This is especially true in the case of pollen data, where variability is strongly skewed. 
Covariates such as temperature and humidity can also be built into this forecasting 
approach (Moseholm et al.  1987  ) . 

 Figure  4.4  shows an example of this approach applied to a pollen series (olive) 
from Thessaloniki, for the years 2001–2005. It is clear that this model can be used 
to  fi t pollen data and it should be possible to make predictions of future pollen 
concentrations, at least for certain groups.  

 However, the basic Box-Jenkins approach can also be quite limited. Figure  4.5  
illustrates some major dif fi culties of forecasting in the context of pollen dynamics. 
Noting that the scale is logarithmic, where the model fails to predict, the divergence 
can be very large (e.g. end of 2001,  fi rst cycle). Seasons can be irregular, so in 2003 
(third cycle), the season begins later and is shorter than expected. Variations in the 
seasonality of pollen concentrations are primarily driven by ecological factors 
that may in turn be driven by climate or ecological interactions leading to shifts of 
the peak (Ocana-Peinado et al.  2008  ) . The statistical behaviour of the counts does 
not conform to the usual patterns. For example, though data are extremely right 
skewed, a log-transformation does not remove it (Aznarte et al.  2007  ) . The back-
ground “noise” generates variability on all scales. It cannot be removed by smooth-
ing. For example, in Fig.  4.4 , it is clear that the cleft in the peak moves about on a 
scale of weeks. This multi-scale behaviour (Halley and Inchausti  2004  )  has major 
consequences for the design of forecast procedures. In Fig.  4.4 , the data have been 
normalised by year, that is, each year’s data have been scaled so as to lead to the 
same total for each year. Figure  4.5  shows weekly data, without this pre-processing, 
for the family Poaceae, in Thessaloniki, over the years 1996–2004. Yearly counts 
vary considerably, so this introduces an extra twist that illustrates the direction we 
need to take in pollen season forecasting.  

  Fig. 4.4    Application of the Box-Jenkins method to forecast olive pollen levels in Thessaloniki 
for the years 2001–2005 based on a model parameterized for the years 1995–2000. The data and 
predictions are resolved on a weekly basis per m 3  of air. The units in the range have been stan-
dardised and logarithmically transformed. We plot  X  

 t 
  = log( P  

 t 
  + 1), where   R   

 t 
  is the pollen level, 

against time  t        
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 There is clearly a year to year variation of pollen counts. Thus, we have a more 
suitable model for pollen prediction:

     = + + +( ) ( ) ( )· ( ) εt t tX t M Tr t A y S m    (4.3)   

 Here, the seasonal component is the product of a random annual component  A  
for the year  y  

 t 
 , and the cyclic seasonal component that depends only on the month, 

 m , as before. This modi fi ed Box-Jenkins model addresses some of the multiple-
scale variability that needs to be included in any attempt to forecast pollen levels. 

 Other time-series based approaches include neural networks (Arizmendi et al. 
 1993  )  or neuro-fuzzy approaches (Aznarte et al.  2007  )  and functional regression 
(Ocana-Peinado et al.  2008  ) . To assess the relative success of forecasting, various 
comparisons have been made, but as yet have been mainly con fi ned to speci fi c 
places, taxa and timescales. Thus, there is a need for considerable work on the 
multiple-scale nature of pollen variability, which can be addressed within a suitably 
modi fi ed Box-Jenkins framework or using other time-series based methods. It is 
too early to say, which of the methods is the best. Investigations into appropriate 
measures of deviation of models from data are needed to quantify the relative merit 
of different models.  

    4.3.1.3   Computational Intelligence 

 Environmental data are very complex to model due to underlying interrelations 
between numerous variables of different type. However, as standard statistical tech-
niques may possibly fail to adequately model complex, non-linear phenomena and 
chemical procedures, the application of Computational Intelligence (CI) methods 
for forecasting of a wide range of air pollutants and their concentrations at various 
time scales, perform usually well in atmospheric sciences. 

  Fig. 4.5    Weekly counts of pollen of the Poaceae family in Thessaloniki, for the years 1996–2004 
inclusive. The data are resolved on a weekly basis per m 3  of air. Because of the large between-year 
variability, no model curve is drawn. The time axis begins on January 1, 1996 and ends December 
31, 2004. There is no transformation of pollen levels  P  

 t 
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 Computational Intelligence methods, such as Neural Networks, Classi fi cations 
and Regression Trees, Self Organising Maps, Support Vector Machines, etc. are 
advanced tools for knowledge discovery and forecasting parameters of interest. CI 
methods can be used for multiple tasks, such as classi fi cation, numerical prediction, 
clustering etc., while the main advantage of these methods is the accuracy combined 
with computational ef fi ciency. CI techniques such as Arti fi cial Neural Networks 
(ANNs), Classi fi cation and Regression Trees (CART) and Support Vector Machines 
have already been applied for analysing and forecasting air pollution parameters 
(Slini et al.  2006 ; Karatzas and Kaltsatos  2007  ) . The performance of CI methods 
is similar or in some cases better compared with that of deterministic models, 
when applied to the atmospheric environment (Kukkonen et al.  2003  ) , thus CI methods 
are appropriate tools to be applied for the development of operational forecasting, 
among others. 

 The application of CI methods for analysing and modelling pollen concentration 
data has increased in the recent years, since it was identi fi ed that methods, such as 
Arti fi cial Neural Networks and Neuro-Fuzzy models, clearly outperform traditional 
linear methods in forecasting tasks (Sánchez-Mesa et al.  2002 ; Ranzi et al.  2003 ; 
Aznarte et al.  2007  ) . Most of these applications have taken into account daily 
average pollen concentrations and meteorological parameters, aiming at forecasting 
pollen concentration of certain species 1 to 5 days ahead. CI methods have also been 
applied in order to investigate the relationships between pollen and air pollution 
with very promising results (Voukantsis et al.  2010  ) , while papers published 
concerning the use of CI methods for analysing and forecasting pollen data are 
appearing more and more frequently (Degaudenzi and Arizmendi  1998 ; Aznarte 
et al.  2007 ; Voukantsis et al.  2011  ) . 

 The rest of this chapter presents a short description of some of the most popular 
CI methods applied in atmospheric sciences are included, based on Tzima et al.  (  2007  ) . 

 Decision trees usually assume that the function f(x) to be learned, is constant in 
intervals de fi ned by splits on the individual attribute axes. Internal nodes of the 
tree implement split decisions based on impurity measures (de fi ned in terms of 
the class distribution of records before and after splitting), while leaf nodes de fi ne 
“neighborhoods” of records, each of which is assigned a speci fi c class attribute value 
(class label). 

 In neural networks the target function f(x) is implemented as a composition of 
other functions     ( )ig x   :

     

⎡ ⎤= ⎢ ⎥⎣ ⎦
∑( ) ( ) ,i i

i

f x K w g x
   

(4.4)
  

where  K  is some prede fi ned transfer function, such as a member of the sigmoid 
family (typical for multi-layer perceptron networks) or a radial basis function (as 
in RBF Networks). Given a speci fi c task to solve, and a class of functions  F,  the set 
of observations is used in order to  fi nd the optimal target function that minimizes a 
prede fi ned cost function. For CI applications, where the solution is dependent on 
the training data, the cost must necessarily be a function of the observations, such 
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as the mean-squared error between the network’s output, f(x), and the target class 
value y over all the example pairs. 

 Neural networks can be effectively applied to classi fi cation problems, even in 
the presence of large datasets. However, the resulting model’s robustness depends 
heavily on the appropriate choice of the model (network size and topology), the cost 
function and the learning algorithm. Inappropriate implementations, combined 
with bad choice of a training data set, typically impair the classi fi er’s generalisation 
ability or lead to model over fi tting. 

 The self-organising map (SOM) also referred to as Kohonen Network, is a subtype 
of arti fi cial neural networks. SOM is based on competitive learning, which runs in 
an unsupervised manner, aiming at selecting the so called winning neuron that best 
matches a vector of the input space. In this way, “a continuous input space of activation 
patterns is mapped onto a discrete output space of neurons by a process of competition 
of the neurons in the network” (Haykin  1999  ) . This makes SOM one of best methods 
for modelling a knowledge domain with the aim to reveal topological interrelations 
and hidden knowledge, via the visualisation of the network’s neurons. 

 SOM is capable of learning from complex, multi-dimensional data without 
speci fi cation of the output, thus making it very appropriate to be applied in pollen and 
atmospheric quality data. The resulting nonlinear classi fi cation consists of clusters 
that can be interpreted via visual inspection. The method’s unsupervised learning 
algorithm involves a self-organising process to identify the weight factors in the 
network, re fl ecting the main features of the input data as a whole. In that process, 
the input data is mapped onto a lower dimensional (usually two-dimensional) 
map of output nodes with little or no knowledge of the data structure being required 
(a characteristic of the method that renders it appropriate for data compression). 
The output nodes (neurons) represent groups of entities with similar properties, 
revealing possible clusters in the input data. It should be noted that, although the 
method is unsupervised in learning, the number of the output nodes and con fi guration 
of the output map (number of nodes included, etc.), need to be speci fi ed before the 
learning process. 

 Rule-based algorithms apply “if…then…” rules of the form (Condition)- > y, where 
Condition is a conjunction of observable attributes and y is the class label, where the 
values are put. The collection of rules may contain rules that are:

   mutually exclusive (each record is covered by at most one rule) or not (the rule • 
set is ordered or employs a voting scheme);  
  exhaustive (each record is covered by at least one rule) or not (a record may not • 
trigger any rules and be assigned to a default class).    

 Among others, advantages of rule-based algorithms include the fact that they 
are easy to interpret and highly expressive. Moreover, they are fast to generate 
and can classify new instances rapidly, with a performance comparable to that of 
decision trees. 

 Bayesian classi fi ers compute conditional probability distributions of future 
observables given already observed data. More speci fi cally, the analysis usually 
begins with a full probability model – a joint probability distribution for all attributes 
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including the class – and then uses Bayes’ theorem to compute the posterior 
probability distribution of the class attribute. The classi fi er’s prediction is the value 
of the class attribute that maximizes this posterior probability. Naïve Bayes classi fi ers 
additionally assume independence among all attributes, given the class, when 
computing posterior probabilities. 

 Despite the fact that the independence assumptions made by Naïve Bayes 
classi fi ers are often inaccurate, the latter have several interesting properties that 
may prove useful in practice. They are robust to isolated noise points and irrelevant 
attributes and can handle missing values by ignoring the instance during probability 
estimate calculations. Moreover, their independence assumption allows for each 
distribution to be estimated independently as a one dimensional distribution, thus 
alleviating problems such as the “curse of dimensionality”. Finally, another advantage 
of all Bayesian classi fi ers is their conceptual and interpretation simplicity, rendering 
them appropriate for use by non-domain experts. 

 Support vector machines (SVMs) were introduced by Vapnik in 1963. The original 
algorithm de fi nes a method for  fi nding the optimal hyperplane that separates, with 
the maximum margin, a set of positive examples from a set of negative examples. 
Thus, it is a linear classi fi er. A later extension of the algorithm, though, proposes 
the use of the “kernel trick” to maximum-margin hyperplanes: every dot product 
in the original algorithm is replaced by a non-linear kernel function, allowing the 
transformation of the feature set to a high-dimensional space, whose hyperplanes are 
no longer linear in the original input space.   

    4.3.2   Process-Based Phenological Models 

 Phenological models determine the entry dates of phenological phases as function 
of environmental factors. First efforts date back to the idea of Reaumur  (  1735  ) , who 
explained spatial and temporal differences in phenological entry dates as a result 
of different heat sums during plant development. During the past years a number of 
review articles about phenological modelling have been published so that we will 
keep this sub-chapter as concise as possible. In addition, we will evaluate the current 
phenological modelling scene and touch a number of problems, which have been 
discussed only marginally in the literature. Special sections will deal with the appli-
cation of phenological models to seasonal pollen modelling. More extensive reviews 
about phenological models are to be found in Hänninen  (  1995  ) , Menzel  (  1997  ) , 
Chuine et al.  (  1998,   2003  ) , Chuine  (  2000  ) , in Schwartz  (  2003  ) , Schaber and 
Badeck  (  2003  ) , Chuine and Belmonte  (  2004 ) and Linkosalo et al.  (  2008  ) . The 
phenological models introduced here refer to plants of medium to high latitudes, 
whereas low latitude phenological modelling requires different approaches (Hudson 
et al.  2010  ) . 

 Generally two different kinds of phenological models exist. The purely statistical-
empirical approach relates the entry dates usually with mean temperatures over 
certain time periods preceding the phenological occurrence date. No mechanistic 
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details of the relationship between plant physiology and environment are considered. 
The second kind of phenological models, also called process based models, is based 
on experimental studies about possible mechanisms, which are supposed to govern 
the relationship between plant physiology and the environment. During the vegetation 
period the buds for the next season are created, but remain in an inactive state called 
dormancy. During autumn and early winter dormancy is overcome through chilling. 
After dormancy has been released, the development of leaf,  fl ower and shoot buds 
begins in the following spring. The timing of these events is the crucial point for 
the plants. If it occurs too early, frost might damage the plant organs, if it happens 
too late, the plant suffers from a loss of photosynthetic potential (Linkosalo et al. 
 2006  ) . Although the high-temperature requirements of bud burst and  fl owering are 
well established, there is great uncertainty about the mechanisms enabling bud 
development. Among the basic factors governing the seasonal plant development are:

    1.    chilling temperature  
    2.    forcing temperature  
    3.    photoperiod  
    4.    water availability     

 Phenological models may consider at least one or any combination of these four 
factors. There follows a short description of phenological models, which use individual 
factors or combinations of them, as found in literature. 

    4.3.2.1   Models Considering Thermal Forcing Only 

 The Thermal Time or Spring Warming model or Growing Degree Day models 
ignore the chilling requirement and consider only the temperature forcing in spring 
(Linkosalo et al.  2008  ) . They describe the start of bud development in spring, omit-
ting the dormancy phase altogether. Thermal Time models implicitly assume that 
environmental conditions required to release dormancy have been met before the 
starting date of temperature sum accumulation. The start date of temperature 
summation can be  fi xed or determined via an inverse procedure separately for each 
phase and station. The entry date  t  

 2 
 is a function of the starting date of temperature 

accumulation  t  
 1 
  , and the temperature sum  F  between  t  

 1 
  and  t  

 2 
  above the temperature 

threshold  T  
 b 
 :    2 1( , , )bt f t T F=   . The state of forcing  F  (forcing units usually in degree 

days) is represented by
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1
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where  t  
 1 
  is the starting date of temperature accumulation,  t  

 2 
  the entry date of the 

phase and  R  
 f 
  the rates of forcing, which are de fi ned as
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where  T  is the daily mean temperature and  T  
 b 
  the temperature threshold. 
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 A number of variants and simpli fi ed versions of Thermal Time model have been 
applied to the pollen period and compared with each other (García-Mozo et al. 
 2000  ) . For instance the threshold temperature may be omitted and daily maximum 
temperatures may be added up from the end of the chilling period to the entry date. 
Most works prefer the daily mean temperature as input for the calculation of 
temperature accumulation, whereas some use alternatively the maximum daily tem-
perature. Weighting of the temperature before summation has also been considered 
by some authors (Clot  1998 ;  2001  ) . 

 An interesting alternative formulation of the thermal accumulation method is 
described in Aono and Kazui  (  2008  ) , who consider the thermal energy accumulated 
during the developmental period of the plants. The daily DTS (number of days 
transformed to standard temperature) value is a ratio expressing the amount of 
growth that occurs in one day at the actual daily mean temperature with respect to 
that which occurs at the temperature set as a standard. The authors claim their method 
to produce a generally 0.4 days lower RMSE in comparison to the conventional 
degree day models.  

    4.3.2.2   Models Considering Chilling Only 

 For some species it turned out that there exists a useful relationship between 
the date, when the required chilling hours have been accumulated and the onset 
date of bud burst. Orlandi et al.  (  2004  )  tested two different chilling models and their 
ability to predict the onset date of bud burst in olive trees. Similarly, it appears that 
the chilling requirements exert a greater in fl uence than the heat requirements for the 
start of black alder pollen release in the Mediterranean region (Jato et al.  2000  )  

      4.3.2.3 Models Considering Thermal Forcing and Chilling 

 The following models include a description of the dormancy and the thermal forcing 
factor. Chilling requirement must be met before ontogenetic development can 
commence. Here follows a short description of each of the thermal forcing and 
chilling models with their underlying speculative assumptions:

   Sequential models are based on the assumption that chilling units must have • 
been accumulated completely before accumulation of heat units can commence 
(Linkosalo et al.  2006  ) .  
  Parallel models consider chilling and forcing factors too, but assume that both • 
processes may proceed in parallel.  
  Alternating models assume a negative exponential relationship between the sum • 
of forcing units required for completion of quiescence and the sum of chilling 
units received (Chuine et al.  2003  )   
  The deepening-rest model stipulates that the state of chilling must increase, • 
before it can loosen its block on assimilation of heat units again.  
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  The Four Phases model assumes three phases of dormancy (pre-rest, true-rest • 
and post-rest) before the phase of quiescence. This is formalised by an increasing 
temperature threshold for forcing during pre-rest and a decreasing temperature 
threshold for forcing during post-rest, and buds cannot respond to forcing tem-
perature at all during true rest (Chuine et al.  2003  ) .      

    4.3.2.4   Models Considering Thermal Forcing, Chilling and Photoperiod 

 The evidence showing that the dormancy is released solely by the chilling requirement 
is far from solid (Linkosalo  2000  ) . There is in fact evidence that increasing day 
length has to do with the onset of ontogenetic development.  

    4.3.2.5   Models for Herbaceous Species Considering Temperature, 
Photoperiod and Soil Water Availability 

 Among the commonly recognised environmental factors governing the beginning of 
 fl owering of grasses, such as temperature and photoperiod, water availability plays 
a dominant role, especially in Mediterranean areas (Clary et al.  2004  ) . Although 
various authors have developed models for predicting daily grass-pollen concentrations 
(Moseholm et al.  1987 ; Emberlin et al.  1999 ; Sánchez-Mesa et al.  2002  ) , few papers 
have addressed the development of models to forecast the main pollen-season dates, 
i.e. start date and peak date (Clot  1998 ; Chuine and Belmonte  2004 ; Laaidi 
 2001a    ; Stach et al.  2008 ; García-Mozo et al.  2009  ) . The main dif fi culty in developing 
forecasting models for this taxon is that grass pollen counts are an amalgam of 
pollen from many species, and pollen release dynamics prompt a large number of 
peaks (Férnández-González et al.  1999 ; Emberlin et al.  1999  ) . García-Mozo et al. 
 (  2009  )  developed process-based models to predict the start- and the peak-date of the 
grass pollen season. The models take into account the effects of temperature, 
photoperiod and water availability on the timing of grass  fl owering in Spain. Apart 
from predicting the pollen-season start and peak dates, process-based models provide 
information on (i) the Poaceae response to weather-related factors, (ii) the period 
during which these factors affect grass growth, and (iii) the relationship between 
photoperiod, temperature and water availability for the  fl owering of grasses.  

    4.3.2.6   Generalised Phenological Models 

 There are two even more generalised models, which can be summarised in a sepa-
rate group (Linkosalo et al.  2008  ) . They are based on the idea that a model with a 
 fl exible structure will conform to the essential features of phenological control when 
 fi tted to a dataset.

   The Uni fi ed model was developed by Chuine  (  • 2000 ), where various weighting 
functions regulate the relationship between temperature and the development of 
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chilling and forcing. Weighting is summarised by two generalised functions with 
all together nine parameters, which must be determined by a numerical optimisa-
tion procedure.  
  The Promotor-Inhibitor model by Schaber and Badeck  (  • 2003  )  is based on the 
idea that a hypothesised balance or ratio between promotory and inhibitory 
agents determines the physiological state of development of the plant and its 
reaction to external driving forces.     

    4.3.2.7   Thermal Time Models Incorporating Real Time 
Phenological and Pollen Data 

 A number of authors experimented successfully with the idea to hinge the Thermal 
Time model forecast on the observation of entry dates of previously  fl owering 
species (Driessen and Moelands  1985 ; Driessen et al.  1989 ; Frenguelli and Bricchi 
 1998 ; Norris-Hill  1998  ) . This approach requires real time phenological observa-
tions or pollen counts of the preceding species, which might not be readily available 
everywhere.  

    4.3.2.8   Optimisation of Model Parameters 

 From the schematic representation of for example the Thermal Time model 
    2 1( , , )bt f t T F=   as explained above, it becomes clear that the three parameters  t  

 1 
  , T  

 b 
  

and  F  have to be determined such that the phenological model yields best results 
with lowest error values. 

 In many cases it may be suf fi cient to work with a-priori  fi xed parameter values. 
From experimental evidence, for instance it appears that for a great number of 
species in the temperate zone 5°C represents an optimum threshold  T  

 b 
  (Frenguelli 

and Bricchi  1998 ; Jato et al.  2000  ) . For colder regions 0°C has been suggested 
(Gerad-Peeters  1998 ; Clot  1998  )  and in warmer climates some authors have proposed 
12.5°C (Alcalá and Barranco  1992 ; Galán et al.  2001a  ) . 

 It is dif fi cult to generalise model parameter values across a number of species or 
over large areas, as it turned out that the threshold temperature of certain species and 
phases depends on environmental factors, like the bio-climatic region and altitude. 
In the case of olive, the optimum threshold temperature was 10°C in Malaga 
(5 m.a.s.) but 12.5 in Córdoba (123 m.a.s.) within the same bio-climatic belt (thermo-
Mediterranean). Different plants in the same locality have different temperature 
requirements: i.e. in Córdoba province, it has been de fi ned at 11°C for oaks (early 
spring  fl owering), and 12.5°C for olive (late spring  fl owering, Galán et al.  2001a, 
  2005 ; García-Mozo et al.  2002 . Ribeiro et al.  (  2006  )  suggest around 9°C for the 
olive in Portugal, but Orlandi et al.  (  2005  )  use temperatures between 7 and 15°C for 
the olive, in Spain and Italy, respectively. 

 For the start date of temperature accumulation  t  
1
 , a number of suggestions can be 

found in the literature. In Europe, 1 January has been suggested for early  fl owering 
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species (Frenguelli and Bricchi  1998 ; Ribeiro et al.  2006 ; Orlandi et al.  2005  ) , 
whereas 1 March for late  fl owering ones (Alba and Díaz de la Guardia  1998 ; 
Clot  1998  ) . 

 Today’s numerical techniques make it comparatively easy, to determine the optimum 
values of model parameters. A number of authors rely on LUT (Look Up Table) 
methods to optimise model parameter values. The phenological model is applied 
through a range of parameter values with a set increment. With the help of a cost 
function, which can be the squared error, standard deviation or root mean square 
error (RMSE), the optimum values are determined (for instance Van Vliet et al. 
 2002 ; Crepinsek et al.  2006 ; Migliavacca et al.  2008  ) . If the dimensionality of the 
phenological model is not too high (not more than two or three model parameters), 
the LUT results can be plotted and viewed (Fig.  4.6 ). In case of phenological 
models, it turned out that the RSME values form a valley with any number of very 
differing optimum parameter values along the valley  fl oor with similarly low RSME 
values. One may conclude that there is no unique solution to the problem and any 
one from an in fi nite number of parameter value sets is equally well describing 
the phenological behaviour. The objective selection of the most adequate set of 
parameter values constitutes a problem, which has not been solved yet. One way to 
arbitrarily select the most appropriate set is to calculate a mean from a certain fraction 
of the best parameter values.  

 Apart from the graphical visualisation of the minimisation problem, another 
advantage of the LUT method consists in its robustness. But the computational 
effort increases quickly with each additional dimension respectively model parameter 
to be optimised. 

 The other group of works prefer numerical methods to  fi nd the optimum parameter 
values of the phenological model. Kramer  (  1994,   1995  )  applies various numerical 
procedures (FITNONLINEAR from the GENSTAT package, NAG subroutine 
E04FCF, Downhill Simplex from Press et al.  (  1992  )  or a Newton approximation), 
whereas Linkosalo et al. ( 2009 ) rely on the direct search algorithm of Hooke and 
Jeeves (  http://www.netlib.org./opt/hooke.c    ). The Simulated Annealing Algorithm 
provided in Press et al.  (  1992  )  has gained some popularity among phenological 
modellers (for instance Chuine et al.  1998  or Schaber and Badeck  2003  ) . In 
comparison with the LUT methods, the numerical algorithms are computationally 
much more ef fi cient, especially, if the phenological model needs considerably 
more than two or three parameters to be optimised. On the other hand, the proce-
dure may converge or not to the global minimum. The Simulated Annealing 
Algorithm tries to overcome that problem by introducing a random  fl uctuation, 
which helps the procedure to step over local minima. In some cases, it might be an 
advantage to apply more than one method, especially, if the results of a numerical 
procedure are doubtful. 

 To assess the model quality, Galán et al.  (  2005  )  provide Root Mean Square Errors 
(RMSE) for a temperature sum model for olive in Spain. The RMSE range between 
6.2 and 7.8. The mean absolute difference between the modelled and the actual date 
was 4.8 days using independent data. In a similar but older study (Galán et al. 
 2001a  ) , this number was 4.7 for olive (though not tested on independent data).  

http://www.netlib.org./opt/hooke.c
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    4.3.2.9   Application of Process Based Phenological Models to Pollen Season 
Modelling 

 The year-to-year variability of the beginning of the  fl owering season is strongly 
linked with the year-to-year variability of the atmospheric conditions prior  fl owering 
inception. The modelling and forecasting of the start of the  fl owering season as 
function of the atmospheric conditions is therefore very useful for the pollen fore-
cast procedure. Once  fl owering has started, the subsequent temporal development 
of the pollen concentration follows a certain pattern, which can also be modelled 
(Linkosalo et al.  2010  ) . 

 The application of phenological models to predict the start, peak and end of 
the pollen season of various anemophilous species appears well established and 
generally yields reliable results (Thibaudon and Lachasse  2005  ) . Nevertheless, the 
application of phenological models to the pollen season modelling is not straightfor-
ward and therefore the underlying ideas should be critically reviewed. The following 
two assumptions are tacitly expected to be true:

   Assumption 1. If the start of the local  fl owering season has been observed, local • 
pollen shedding has also started.  

  Fig. 4.6    Sample plot of a LUT (Look Up Table): the phenological phase is lilac beginning of 
 fl owering at the Austrian station of Kremsmuenster (1951–2004), the minimisation function is the 
RMSE (Root Mean Square Error) depicted in various shades of grey at starting date ( t  

 1 
 ) yearday 71 

(2 March). A three step approximation procedure selects only the relevant area and leaves the 
rest white       
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  Assumption 2. If pollen of a certain species has been recorded by the local pollen • 
sampler, local pollen shedding has started.    

 If Assumption 1 holds, one could apply a phenological model to predict the entry 
of the  fl owering phase and thus have an indication of the beginning of the local 
pollen season. This has actually rarely been done because of a number of reasons. 
Generally, the species range of pollen data is much wider than that of phenological 
networks. Phenological and pollen networks have been created independently, are 
not coordinated and are usually run by different organisations, so that pollen and 
phenological species overlap only to a minor extent in most networks. Only in a few 
cases the density of phenological data are suf fi cient to calibrate a phenological 
model to support the forecast of the beginning of the pollen season. 

 Assumption 2 implies that pollen is not transported over larger distances and that 
the local pollen record faithfully re fl ects the local pollen shedding after  fl owering of 
the local plants has commenced. But Estrella et al.  (  2006  )  did show that in the case 
of birch, in Germany, Assumption 2 needs not be true. They found major temporal 
discrepancies between local phenology and local pollen concentration. Pollen 
can be transported over large distances from areas with currently  fl owering plants to 
the recording site, where plants have either not yet commenced  fl owering or have 
stopped  fl owering already. Therefore, the locally observed entry date of the pheno-
logical phase of  fl owering, the locally recorded beginning of the pollen shedding 
and the beginning of the pollen season may not be identical. 

 Usually, Assumption 2 is applied and a phenological model is  fi tted for a date 
relevant for the pollen season, like start and end, according to a selection criterion, 
or peak of the pollen season. In order to convert pollen concentration values to one 
or more of such dates, a range of de fi nitions has been suggested in literature. 
Although transport processes in fl uence the local pollen concentration, pollen season 
start dates (regardless of how they are de fi ned) can be modelled as function of 
temperature sums.   

    4.3.3   Special Problems in Pollen and Phenological Modelling 

    4.3.3.1   Application to Large Areas 

 When designing a pollen forecast procedure, one has to choose an area large enough 
to accommodate for a possible long range transport of pollen. This, in turn, requires 
the modelling of the start and progress of the pollen season over a larger area, 
beyond national boundaries and with a spatial resolution, much higher than that of 
existing networks. In complex terrain, for instance, it makes much sense to calculate 
the phenological entry dates on a grid with a high spatial resolution, either few km 
or even <1 km, because deviations in elevation between the DEM and real topography 
can cause a substantial shift of entry dates modelled on a grid (entry dates may 
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vary between 20 and 40 days/1,000 m elevation, Schei fi nger et al.  2002  ) . Typically, the 
density of the phenological, pollen or meteorological networks is not high enough 
to enable such a procedure for the required spatial resolution. 

 The spatial robustness of phenological models has been tested with a set of 
European phenological and pollen data (Chuine  2000 ; Chuine and Belmonte  2004  ) . 
In some cases, models  fi tted with data from one station set predicted pollen season 
entry dates well at a set of neighbouring stations or even at stations more than 
900 km apart. If the model gave reliable results in the area, where it was  fi tted, the 
probability was high that it also worked well at distant stations. The geographical 
range of the applicability of the model parameters appeared to be to some extent 
also species dependent. 

 García-Mozo et al.  (  2008  )  grouped Spanish pollen stations according to pheno-
logical model parameter values. Phenological models  fi tted with local pollen and 
meteorological data yielded the best results (75–95% explained variance); pheno-
logical models  fi tted with regionally deduced parameter values resulted in lower 
explained variances at individual stations (55–85%), whereas phenological models 
 fi tted with parameter values deduced on the basis of all stations gave the lowest 
explained variance (51%). One might conclude from that study that in order to 
achieve the best  fi t, only locally deduced model parameters should be applied or a 
method needs to be found to interpolate the model parameter values to each indi-
vidual climate station or grid point. 

 White et al.  (  1997  )  developed a phenological model for the onset of greenness of 
deciduous broad leafed forests and grasslands of the temperate zone based on the 
Thermal Time model approach including radiation. They found that the temperature 
sums combined with radiation sums at onset of greenness are a function of average 
annual temperature and radiation. Applying this relationship they were able to model 
the onset of greenness over the contiguous US with a high degree of accuracy (mean 
absolute errors ranged from 5.3 to 7.1 days).  

    4.3.3.2   Real Time Modelling 

 Numerical pollen forecast procedures require real-time operational phenological 
models and the spatial interpolation of phenological entry dates (Helbig et al.  2004 ; 
So fi ev et al.  2006 ). The temporal development of  fl owering in space with the subse-
quent pollen emission is the essential input for atmospheric transport models. 
Phenological real-time observation is still in its infancy and cannot be used for 
the purpose of pollen forecast. Therefore, phenological models have to simulate the 
developmental stages of the plants in real time. If the entry of the  fl owering phase 
has been calculated in an area, another model must assess the quantity of pollen 
emitted into the atmosphere, which is then input for the dispersion model. All pro-
cess-based phenological models are basically suitable for such a real-time applica-



1134 Monitoring, Modelling and Forecasting of the Pollen Season

tion. As real-time phenological observation systems (remote sensing via satellites 
and digital cameras) and real-time pollen measuring devices are being developed, 
the question of assimilation of such data into the operation models becomes relevant 
in the near future. 

 In some cases, the pollen forecast procedure is designed so that an interpolation 
of observed or modelled phenological entry dates is not necessary. If the prognostic 
atmospheric model provides a temperature  fi eld with the required spatial resolution, 
the phenological model can directly be applied to the temperature data on the same 
grid (Puppi and Zanotti  1992 ; Kawashima and Takahashi  1995 ; Hidalgo et al.  2002  ) . 
Possible model temperature biases have to be taken into account.  

    4.3.3.3   High Resolution Spatial Representation of Phenological Entry Dates 

 In other cases it might be desirable to interpolate phenological entry dates observed 
at network stations or modelled on a comparatively coarse grid to a Digital Elevation 
Model (DEM) with a higher spatial resolution (for a more detailed overview see 
Jeanneret and Rutishauser  2010  ) . For pollen modelling purposes, for instance, the 
spatial distribution of phenological entry dates must be available on a DEM, which 
resolves the main topographical features of the area. A great mismatch between the 
spatial resolution of the phenological information and the real topography inevita-
bly leads to an equivalent mismatch between the modelled entry dates on the DEM 
and on the real topography. 

 A number of methods have been developed to produce phenological maps. 
Beginning with Ihne’s  (  1885  )  work, a good historical overview and a description of 
the theoretical background of spatial interpolation of phenological observations is 
given in Puppi and Zanotti  (  1989  ) . If the terrain is largely  fl at or the grid is rather 
coarse, one might just interpolate the entry dates straightforward with Inverse 
Distance Weighting (IDW, Ahas et al.  2002 ; Schei fi nger et al.  2002  ) . If the area is 
large (from a few hundred up to a few thousand kilometer in diameter) and it turns 
out that the relationship between phenological entry dates and space is strict (for 
instance >70%), a multiple regression model can be applied, where the phenological 
entry dates are modelled as a function of station longitude, latitude and elevation 
(Rötzer and Chmielewski  2001  ) . Small scale topographical features are considered 
by height reduced methods, like reduced detrended Kriging (Badeck et al.  2004  )  or 
via a radiation model, which is applied to a high resolution DEM to subsequently 
provide the spatial weights for the phenological entry dates (Chytry and Tichy 
 1998  ) . A more complex approach is presented by Puppi and Zanotti  (  1989  ) , where 
the phenological entry dates are calculated as a function of a number of independent 
environmental variables, like altitude, slope, incident solar radiation, tree layer 
cover, urbanisation or geomorphologic features (sides and bottom of the valley) via 
a set of regression equations. Geostatistical software can facilitate interpolation 
and visualisation of interpolated  fi elds (García-Mozo et al.  2006  ) .    
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    4.4   Discussion and Summary 

 This section is thought to present a few ideas, which pop up when one begins to re fl ect 
about the compiled snap shot of the current state of the art about monitoring and 
modelling of pollen counts, pollen season and phenology. 

 Each of the highly diverse scienti fi c disciplines contributing to aeropalynology 
has its own history, where tools and technologies have been developed and data sets 
collected. These factors could be called science intrinsic factors. Similarly, external 
factors have evolved related, for instance, with the public health issue of pollinosis. 
Driven by external factors, the accumulated expertise of each discipline is being 
summarised by a small scienti fi c community within the  fi eld of aeropalynology, 
which has just begun to exploit their heritage in a most fruitful manner. Pollen transport 
models, which are being developed by a number of European weather services, 
can be cited as an example for such a combined interdisciplinary effort, where 
biologists, meteorologists and physicians work together. 

 Plant physiology, atmospheric dispersion and the human immune system are 
rather complex research objects, so that progress in many aspects of aeropalynology 
is counterbalanced by an increasing number of unresolved questions. Thus, this  fi eld 
appears both challenging and fascinating. 

    4.4.1   Monitoring 

 The chapter about monitoring reviews the current situation of three data sources, 
which are directly related with aeropalynology: phenological observations, pollen 
counts and remote sensing of the vegetation activity. Up to now, all three data sets 
more or less co-exist, without much exchange or fusion. Any assimilation of two or 
all three of them into one is in its infancy, if existing at all. A number of assimilation 
techniques have been developed in earth sciences, from which suitable ones could be 
chosen and adapted. Phenological observations, pollen counts and remote sensing 
information on the state of the vegetation could then be assimilated into pollen 
emission models and  fi nally into the numerical pollen forecast. Pollen modelling 
would bene fi t a great deal from such a data fusion. 

 Over the last decades, consistent monitoring efforts of various national networks 
have created a wealth of pollen concentration time series. These constitute a nearly 
untouched treasure, which is still to be exploited to investigate questions concerning 
pollen emission, transport and deposition. 

 New monitoring methods emerge, which allow measuring the allergen content in 
pollen. This adds a new dimension to the problem of pollen related allergies. Results 
from research on the allergen content in pollen, like the HIALINE project (  http://
www.hialine.com/en/klinikum-rechts-der-isar-der-technischen-universitaet-
muenchen.php    ) are expected to make the operational pollen forecasts more speci fi c, which 
in turn helps the sufferers to improve their avoidance strategies.  

http://www.hialine.com/en/klinikum-rechts-der-isar-der-technischen-universitaet-muenchen.php
http://www.hialine.com/en/klinikum-rechts-der-isar-der-technischen-universitaet-muenchen.php
http://www.hialine.com/en/klinikum-rechts-der-isar-der-technischen-universitaet-muenchen.php
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    4.4.2   Modelling 

 Although process-based phenological models have been around for a couple of 
decades, a number of problems remain to be solved, when applying them to statistical 
and numerical pollen forecast models:

   Model quality• 

   Model quality is restricted by the noise inherent in the data. Phenological entry  –
dates are observed subjectively and pollen counts are in fl uenced by plant 
distribution and atmospheric factors. Models can not be more accurate than 
the observations they are based on.  
  The Thermal Time Model appears to exhaust the noisy information contained  –
in commonly available observational data sets. Attempts have been made to 
explicitly incorporate plant physiological concepts into the process-based 
phenological models, but model quality could not substantially be improved 
beyond that of the simple Thermal Time models (Chuine  2000 ; Schaber and 
Badeck  2003 ; Linkosalo et al.  2008  ) .     

  Operational statistical or numerical pollen forecast ideally requires the model • 
results over a large area on a grid. Up to now, only a few studies have proposed 
methods to model phenological entry dates over a larger area and a practical 
solution is still absent.  
  As already mentioned in the monitoring section, the assimilation of pheno-• 
logical observations, pollen counts and remotely sensed information about 
vegetation will emerge as one of the central topics in the  fi eld of numerical 
pollen forecast.    

 Regression models, where the pollen count is modelled as function of a num-
ber of environmental variables, are well established and widely used to reliably 
improve the operational day to day pollen forecast. More elaborate statistical 
techniques, like computational intelligence methods, have still to become estab-
lished for the operational pollen forecast. Some statistical packages offer such 
methods, like neural networks in the SPSS package, which can be run on personal 
computers. 

 The question, which of the models, regression or process-based, is superior, 
cannot yet be answered. Reviewing the wide range of models for forecasting the 
start of the pollen season, no superior model can be identi fi ed. Laaidi et al.  (  2003  )  
employed a temperature sum model and a regression model using a number of 
predictors (air temperature, rainfall, relative humidity, sunshine duration and soil 
temperature) to forecast the start of the pollen season of  Ambrosia . The regression 
model performed better during calibration, but the temperature sum model showed 
better results when tested on independent data. Chuine et al.  (  1999  )  conclude from 
a model comparison study that there is no single model that accurately predicts the 
dates of  fl owering of every species. Depending on the species, different models may 
perform best. Even among a single species there is not one model performing best, 
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because relationships between the species and the environment may differ according 
to the climatic region. This emphasises the importance of careful evaluation and 
testing of various models for predicting the start of the pollen season.       
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  Abstract   This chapter reviews the present knowledge and previous developments 
concerning the pollen transport in the atmosphere. Numerous studies are classi fi ed 
according to the spatial scales of the applications, key processes considered, and the 
methodology involved. Space-wise, local, regional and long-range scales are distin-
guished. An attempt of systematization is made towards the key processes respon-
sible for the observed patterns: initial dispersion of pollen grains in the nearest 
vicinity of the sources at micro-scale, transport with the wind, mixing inside the 
atmospheric boundary layer and dry and wet removal at the regional scale, and the 
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long-range dispersion with synoptic-scale wind, exchange between the boundary 
layer and free troposphere, roles of dry and wet removal, interactions with chemi-
cals and solar radiation at the large scales. 

 Atmospheric dispersion modelling can pursue two goals: estimation of concen-
trations from known source (forward problem), and the source apportionment 
(inverse problem). Historically, the inverse applications were made  fi rst, mainly 
using the simple trajectory models. The sophisticated integrated systems capable of 
simulating all main processes of pollen lifecycle have been emerging only during 
last decade using experience of the atmospheric chemical composition modelling. 

 Several studies suggest the allergen existence in the atmosphere separately from 
the pollen grains – as observed in different parts of the world. However, there is no 
general understanding of the underlying processes, and the phenomenon itself is 
still debated. Another new area with strongly insuf fi cient knowledge is the interac-
tions of airborne allergens and chemical pollutants.  

  Keywords   Airborne pollen  •  Atmospheric pollen transport  •  Dispersion modelling      

    5.1   Introduction 

 The atmospheric pathway is the fastest and the simplest way for biological agents to 
spread over terrestrial ecosystems. Many organisms can signi fi cantly increase the 
ef fi ciency of their movements by taking advantage of air currents (Isard et al.  2005  ) . 
Biota that is present in the atmosphere ranges in size from very small (viruses,  bacteria, 
pollen and spores) to quite large (seeds, aphids, butter fl ies and moths, songbirds, and 
waterfowl) (Gage et al.  1999 ; Westbrook and Isard  1999  ) . The link between these 
biological systems and the atmosphere is the key to understanding the population 
dynamics of and diseases spread by, aerobiota. Within this chapter, the emphasis is 
placed on identifying biologically and medically relevant temporal and spatial scales 
of atmospheric motions and meteorological parameters, which help control the abun-
dance and distribution of airborne biota, such as pollen and other aeroallergens. 

 Biologically-relevant dispersion of bioaerosols affects the structure of ecosystems, 
since pollen is responsible for gene  fl ow (Ellstrand  1992 ; Ennos  1994 ; Burczyck 
et al.  2004 ; Belmonte et al.  2008  ) , and it contributes in determining the spatial 
distribution of plant species (Ellstrand  1992 ; Smouse et al.  2001 ; Sharma    and 
Khanduri  2007 ; Schmidt-Lebuhn et al.  2007 ; Belmonte et al.  2008  ) . Therefore, 
understanding the pollen gene dispersal is instrumental for the interpretation of the 
biogeographic range of plants and plant conservation issues. A review by Di-Giovanni 
and Kevan  (  1991  )  on the factors affecting the pollen dispersion in natural habitats 
can be recommended for the corresponding processes. 

 Apart from gene  fl ow, the transport of bioaerosols causes concern because of its 
potential to distribute pathogens and allergens, which can affect human health, agri-
culture, and farming (Belmonte et al.  2000 ; Grif fi n et al.  2001a, b ; Taylor  2002 ; 
Brown and Hovmoller  2002 ; Shinn et al.  2003 ; Garrison et al.  2003 ; Wu et al.  2004 ; 
Kellogg et al.  2004 ; Grif fi n  2007 ; Paz and Broza  2007 ; Polymenakou et al.  2008  ) . 
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 The pollen records from aerobiological monitoring sites have traditionally been 
interpreted as if the grains always originate from the local environment. Consequently, 
pollen forecasting tools have been designed by taking into account only local mete-
orological variables and phenological observations in the neighbourhood. This view 
is currently changing to acknowledge much broader bioaerosol movements, based 
on increasing evidence of pollen and spore transport at much greater distances, 
including continental (Belmonte et al.  2000,  2008 ; So fi ev et al.  2006a ; Siljamo et al. 
 2007,   2008b,   c ;Skjøth et al.  2009  )  and intercontinental scales (Prospero et al.  2005 ; 
Kellogg and Grif fi n  2006 ; Rousseau et al.  2008  ) . 

    5.1.1   Basic Terms 

    5.1.1.1   Spatial and Temporal Scales 

 Pollen-related processes in the atmosphere take place at a wide range of scales. 
For the needs of the current chapter the following terms will be used following the 
classical de fi nitions after Seinfeld and Pandis  (  2006  )  – Fig.  5.1 :

   Processes at the micro-scale are connected with pollen release and take place • 
within a few metres from the plants  
  Local-scale processes include initial dispersion of grains that happen within the • 
nearest kilometre from the source  
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  Regional and meso-scales are considered as synonyms and cover the processes • 
responsible for the dispersion and removal of the bulk of pollen grains – at distances 
of up to a hundred kilometres.  
  The hierarchy of the scales related to long-range transport consists of synoptic, • 
continental, and global scales, which include processes of up to 1,000–2,000 km, 
up to 5,000 km, and over 5,000 km, respectively.    

 Connections between the above spatial and corresponding temporal scales are 
shown in Fig.  5.1 .  

 Distinction between the scales is not always unequivocal and speci fi c borders 
can vary depending on the speci fi c application and criteria used. For the purposes of 
this review, we will also consider the cases as “local” or “regional” if the conditions 
at both source and the receptor points can be (roughly) described by a single or few 
observation stations. In the long-range transport case, such a description always 
requires many stations distributed over the area and atmospheric modelling as a way 
to evaluate the transport conditions.  

    5.1.1.2   Pollen Life Time in the Atmosphere 

 Atmospheric lifetime is the key parameter for each tracer, which has a direct 
connection to its spatial scale of distribution and temporal scale of its variations 
(Seinfeld and Pandis  2006  ) . Several example species are marked in Fig.  5.1  follow-
ing their characteristic lifetimes. With pollen and allergens, the situation is more 
complicated. Indeed, the pollen atmospheric lifetime of a few days (due to substan-
tial gravitational sedimentation) de fi nes it as a local-scale pollutant with some minor 
connection to regional scales (So fi ev et al.  2006a  ) . However, as discussed below, 
in many cases the released amount is so large that the medical impact can be 
substantial at much larger distances – up to continental scales. This ambiguity is 
re fl ected in Fig.  5.1  where the pollen-related processes are delineated by a separate 
rectangular.  

    5.1.1.3   Aerobiological Phases of Pollen and Other Biogenic Aerosols 
in the Atmosphere 

 A schematic model for passively transported biological substances includes presen-
tation of the biological material, its release in the atmosphere, dispersion, transfor-
mation, deposition, and impact (Fig.  5.2 , extended from Isard and Gage  2001  ) . 
Sometimes, after deposition, the grains can be subjected to re fl oating processes, 
thus being resuspended back into the air. In this chapter we will consider only 
release, transport, transformation, and deposition phases as the most important and 
studied so far.   
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    5.1.1.4   Types of Biogenic Aerosols 

 The most-studied biogenic aerosol is evidently the pollen grain. It transfers the male 
gametophyte to the female reproductive organs, which is termed as pollination process. 
Once pollen grains are deposited on the reproductive female organs the recognition 
process starts via protein exchange to allow the germination and liberation of the 
male gametes for fecundation. Several proteins inside the grain are considered to be 
allergens since, in some occasions, the human immune system can react on their 
presence by triggering allergenic reactions. Direct studies of these proteins in connec-
tion to atmospheric transport are very limited, therefore the main attention in this 
chapter will be given to pollen grains. The allergen-related studies will be included 
wherever possible. Other types of biogenic particulates, such as spores, seeds, etc., 
are beyond the scope of the review.  

    5.1.1.5   Main Features of Pollen and Allergen as Atmospheric Tracers 

 A pollen grain, from the point of view of the atmospheric transport, is a very large 
but comparatively light aerosol. Aerodynamic features of most of the pollen grains 
(except for the largest ones with diameter over 100  m m) allow the classical model 
considerations when the particle is considered to be embedded into all atmospheric 
 fl ows including the small-scale turbulent eddies (So fi ev et al.  2006a  ) . The life span 
of the particles in the atmosphere strongly depends on their deposition intensity, i.e. 
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  Fig. 5.2    Phases of aerobiological processes related to transport of chemically inactive biogenic 
aerosol (Extended from Isard and Gage  2001  )        
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the sum of dry and wet deposition. For coarse particles, the gravitational settling is 
the most important deposition pathway (Seinfeld and Pandis  2006  ) , which makes the 
sedimentation velocity the primary parameter deciding the atmospheric life time of 
pollen. For birch, it is about 1.2 cm sec −1  (So fi ev et al.  2006a  ) , which corresponds to 
the lifetime ranging from a few tens of hours up to a couple of days depending on 
the vertical transport and mixing. 

 Pollen is not soluble in water but can easily be scavenged via impaction (in case 
of sub-cloud scavenging). Processes occurring inside the clouds are very poorly 
studied but one can expect that the grains can be embedded into the forming droplets 
and scavenged together with them. 

 A pollen allergen is usually a sub-micron aerosol with high water solubility 
(Vrtala et al.  1993 ; Taylor et al.  2004  ) . It can therefore be scavenged with precipita-
tion but has no substantial dry deposition velocity (see Chap.   19     of Seinfeld and 
Pandis  2006  ) . As a result, one can expect the allergen to stay in air much longer than 
pollen – days and, possibly, weeks in the case of no precipitation. 

 Among the transformation processes occurring during the atmospheric transport, 
the most frequent one is a loss and gain of water depending on the air humidity, 
an ability of the pollen grain called harmomegathy (Wodehouse  1935  ) . Sometimes 
this situation provokes the pollen grain rupture and allergen release. Secondly, it is 
a loss of viability due to temperature and UV radiation. Thirdly, a chemical damage 
of the grains by strong oxidants can take place in polluted environments. Finally, 
the release of the pollen content due to the grain rupture or (pseudo-) germination 
has been con fi rmed by several studies (Pacini et al.  2006 ; Motta et al.  2006 ; Taylor et al. 
 2002,   2004,   2006  ) .    

    5.2   Meteorological Drivers of Pollen Dispersion 
in the Atmosphere 

 The pollen lifecycle in the atmosphere starts from the release from the anthers – 
arguably the smallest-scale relevant atmospheric process. In many anemophilous 
trees, the anther’s burst is a result of dehydration due to high temperature, solar 
exposure, low humidity and moderate wind (see Helbig et al.  2004 ; Linskens and 
Cresti  2000  and references therein). In other plants,  fl oral parts, such as the  fi laments 
in grasses actively push the anthers into an exposed position, and anther’s dehis-
cence may be a result of passive desiccation or active reabsorption. Reabsorption 
enables the anther opening at any time of day, whereas evaporation may occur only 
during dry hours. The Asteraceae, which includes the genera of  Artemisia  and 
 Ambrosia , is characterized by the secondary pollen presentation, which in this case 
means that the pollen mass is pushed to the top of the  fl ower where it is exposed to 
atmospheric stress (von Wahl and Puls  1989 ; Kazlauskas et al.  2006  ) . In this case, 
the pollen detachment from the capitulum can take place later than the anther opening. 
In particular, it could take place at any time during the day when the wind and 
turbulence are strong enough to pick up the pollen from the  fl ower. In the Urticaceae, 
pollen emission is explosive and is caused by the spring-like release of the anthers 

http://dx.doi.org/10.1007/978-94-007-4881-1_19


1335 Airborne Pollen Transport

caused by dehydration. A more detailed account of pollen release can be found in 
the Chap.   3     of this book and dedicated reviews, such as (Pacini and Hesse  2004 ). 

 Once the pollen grains are released into the atmosphere, the mechanical force of 
air  fl ow, either induced by mean wind or by turbulent eddies, becomes the only 
process that keeps the grains in the air. The initial mixing and uplift driven by the 
turbulent motions largely determines the fraction of the released grains that will 
come to larger-scale dispersion (e.g. Gregory  1961  ) . At the meso-scale, the mean 
wind becomes the main transport force while the turbulent mixing keeps the grains 
aloft and further redistributes them along the vertical – inside and beyond the atmo-
spheric boundary layer. At regional and large scales, both horizontal and vertical 
mean-wind components are responsible for the transport on-par with turbulent mixing. 
At all scales, the processes of dry deposition, by impact or gravitational sedimenta-
tion, as well as wet deposition by scavenging with precipitation, are responsible for 
the removal of grains from the atmosphere. However, their importance varies being 
the highest at large scales.  

    5.3   Micro- and Local Scales 

 Micro- and local-scale transport of pollen grains includes the initial dispersion of 
pollen grains from the anthers and the transport over the  fi rst kilometre(s) from the 
source. An outlook of the main factors affecting the dispersion can be found in 
(Di-Giovanni and Kevan  1991  ) . The knowledge about micro- to local scale pollen 
transport is based on  fi eld experiments with pollen release from a well-de fi ned 
source. The dispersion of the pollen plume at these scales can be modelled with 
various types of dispersion models (Lagrangian, Gaussian plume model, large eddy 
simulation, or quasi-mechanistic models – e.g. Aylor et al.  2006 ; Arritt et al.  2007 ; 
Chamecki et al.  2009 ; Jarosz et al.  2003,   2004 ; Klein et al.  2003 ; Kuparinen  2006 ; 
Kuparinen et al.  2007 ; Schueler and Schlünzen  2006  ) . 

 Experiments studying the dispersion and deposition of pollen were already made 
in the 1960s and 1970s by Raynor, Ogden and Hayes. For ragweed pollen, Raynor 
et al.  (  1970  )  used a set of point and area sources surrounded by four to  fi ve rings 
of samplers located concentrically from 1 to 69 m from the centre of the plot. 
The samples were taken at four heights from 0.5 to 4.6 m. It was found that about 
half of the ragweed pollen grains reaching the edge of the source are still airborne 
some 55–65 m further away. Extrapolation towards greater distances indicates that 
about 1% of the pollen grains remain airborne at 1 km. Raynor et al.  (  1970  )  state 
that since pollen clearly disperses similarly to other (small) particles, calculation of 
pollen dispersion by use of existing diffusion models should be practical. Further 
studies for Timothy grass and maize pollen were published by Raynor et al.  (  1972a  ,   b  ) . 

 Particular interest to the pollen transport was caused by the gene  fl ow problem at 
local scales. Gleaves  (  1973  )  has developed a local-scale empirical gene- fl ow model 
and performed a series of sensitivity studies of the exchange ef fi ciency of the genetic 
material depending on the mutual position of the plants, transport conditions, etc. 
A motivation for the study was that, despite “pollen can be blown hundreds of miles, 
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the bulk of cross-pollination occurs over very short distances”. Therefore, the analysis 
has been performed for the transport range of a few tens of metres. Govindaraju 
 (  1988  )  has statistically demonstrated that the pollination mechanism directly 
in fl uences the gene  fl ow and showed that the dependence is the strongest for the 
wind-pollinating plants, being much weaker for animal- and self-pollinating species. 
Quantitative estimates for the tree species can be found in Govindaraju  (  1989  ) . 

 Several recent  fi eld experiments have been designed to estimate the three-dimensional 
plume shape of airborne pollen grains, as well as the amount deposited. The out-
come was also used for evaluation of the dispersion models. With numerous samplers 
placed around the source, instrument towers, and occasionally even remote-piloted 
planes and aircrafts, pollen concentrations up to several tens of meters above the 
ground were measured. The experiments for maize were made by Jarosz et al.  (  2003, 
  2004  ) , Aylor et al.  (  2003 , 2006), Boehm et al.  (  2008  ) , Klein et al.  (  2003  ) , Arritt 
et al.  (  2007  ) ; for ragweed pollen by Chamecki et al.  (  2009  ) ; and for oilseed rape 
pollen by McCartney and Lacey ( 1991 ). 

 The introduction of genetically modi fi ed organisms (GMO) in agriculture 
favoured the research of pollen transport processes on local scales for establishing a 
basis for assessment of the gene  fl ow from these plants to other crops or to natural 
vegetation. An overview of these efforts is given by the European Environment 
Agency  (  2002  ) . This report considers the signi fi cance of pollen-mediated gene  fl ow 
from six major crops: oilseed rape, sugar beet, potatoes, maize, wheat and barley. 

 The EEA  (  2002  )  report con fi rmed that the majority of airborne pollen is depos-
ited at very short distance from the pollen source, although out-crossing of maize 
pollen has been recorded at up to 800 m from the source and, in extreme cases, there 
is the evidence of wind transfer of oilseed rape pollen up to at least 1.5 km (Timmons 
et al.  1995  ) . Studies of maize pollen dispersal from small plots (e.g. Raynor et al. 
 1972b ; Jarosz et al.  2003  )  have suggested that there is relatively little impact of pollen 
beyond a few hundred meters from the source. However, the impact of pollen may 
extend to much greater distances because the dispersal distribution has a long 
extending tail (Aylor et al.  2003  ) . The tail is expected to be much more evident for 
large source areas (Aylor et al.  2006  ) . Brunet et al.  (  2004  )  used measurements taken 
by aircraft and found the viable pollen throughout the entire depth of the atmo-
spheric boundary layer. Their results imply that updrafts due to turbulent eddies in 
the boundary layer overcome the terminal fall velocity of maize pollen grains and 
transport pollen to considerable heights, so that it could travel long distances before 
settling (Arritt et al.  2007 ). 

 One of the key parameters originating from the local-scale studies is the estima-
tion of the pollen source strength, as seen at various scales, and its dependence on 
the plant type and atmospheric conditions. 

 A detailed micro-scale experiment by Laursen et al.  (  2007  )  included 15-min 
 measurements of the key meteorological parameters accompanied by the pollen 
 concentration monitoring in the nearest vicinity of the plants. An empirical 
 multi-linear regression  fi t was obtained for concentrations of  Artemisia  grains as a 
function of temperature, humidity, and wind speed. As was shown, wind and 
 temperature are synergetic, i.e. higher wind and temperature both promote pollen 
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release. Interestingly, relative humidity was not included into the equation (although 
measured during the experiment). 

 Aylor et al.  (  2006  )  estimated the maize pollen release rates 10–700 grains per 
square meter per second depending on weather factors and the day-to-day and diurnal 
variation of pollen production. In many cases pollen is not released steadily but 
reacts on wind gusts that “shake” the anthers. Grasses are known to disperse pollen 
at a certain time of the day, which varies between the species and environmental 
conditions. Some grass species exhibit a bimodal diurnal pattern (Davidson  1941 ; 
Subba Reddi et al.  1988  ) . 

  Ambrosia  pollen is initially shed from the staminate  fl owers in large pollen 
clumps containing hundreds of grains. Turbulent wind stress breaks these pollen 
clumps quickly into smaller ones, so that at regional scales  Ambrosia  pollen is 
released as a largely homogeneous plume. Modelling with large eddy simulation 
by Chamecki et al.  (  2009  )  provided an estimate of the total pollen emission of a 
ragweed  fi eld and its deposition partition inside the  fi eld and downwind. About 60% 
of pollen is deposited inside the  fi eld, 14% was deposited downwind inside the 
simulation domain, which is about 1,000 m long, while 26% of the total pollen 
remained airborne and left the domain. 

 Bricchi et al.  (  2000  )  found that the highest  Platanus  pollen deposition is recorded 
close to the plants and decreases quite quickly at a distance greater than 400 m. More 
than 88% of the pollen is deposited within a range of 2,750 m from the source. 

 A measuring experiment of local  Betula  pollen dispersion was presented by 
Michel et al.  (  2010  ) , aiming at 3-D representation of the plume originating from an 
isolated birch stand. 

 A study by Spieksma et al.  (  2000  )  about the in fl uence of nearby stands of  Artemisia  
on pollen concentrations at street-level versus roof-top-level shows that the street-level 
concentrations were in average 4.8 times higher than the ones at 25 m on the roof.  

    5.4   Regional Scale 

 Regional-scale pollen dispersion over distances of about a hundred kilometres 
(or slightly more) poses different challenges in comparison with local scales. First 
of all, only a fraction of emitted pollen reaches these scales – so-called “regional 
component” (Faegri et al.  1989  )  or “escape fraction” (Gregory  1961  )  of the emission. 
Secondly, the observations at the receptor location are not fully representative for 
the pollen release area. They can, however, provide rough estimates for the transport 
conditions between the source and receptor points. 

 This connection of regional-scale meteorology and climatology with the pollen 
dispersion has been known for decades and is used in practically all studies. For exam-
ple, the relation between measurements of  Castanea sativa  pollen concentration and 
the meteorological variables registered in different locations of Po Valley (Italy) were 
studied by Tampieri et al.  (  1977  ) . Peeters and Zoller  (  1988  )  and Gehrig and Peeters 
 (  2000  )  connected the  Betula  and  Castanea  pollen distribution in Switzerland with 
such factors as altitude, prevailing meteorological patterns during spring time, etc. 
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 The situations of strong regional pollen dispersion and the conditions favouring 
the regional-scale transport of  Juniperus ashei  pollen were described by Van de 
Water et al.  (  2003  )  and Van de Water and Levetin  (  2001  ) . The authors qualitatively 
estimated the conditions favouring or precluding the released pollen to be trans-
ported regionally. A trajectory model HYSPLIT and  fi ve observation stations were 
used to obtain a complex pattern of the regional pollen distribution and to evaluate 
the allergenic threat in the region of Tulsa city. Conditions found to be favouring the 
regional-scale transport were: sunshine level of greater than 65%, temperature over 
5 °C, relative humidity less than 50% and wind speed exceeding 1.8 m/s. The con-
sidered region was about 1,000 by 1,000 km with a characteristic transport distance 
being about 300–400 km in case of favourable conditions. 

 Many studies rely on single-point observations at a receptor site, thus concentrating 
on evaluation of the origin of the observed pollen. Strong indication of the regional-
scale transport in such cases is high concentrations of pollen during night time when 
the local release is low. 

 Examples of these studies are: the multi-species study of Damialis et al.  (  2005  )  
in Thessaloniki, the study of the regional impact of Copenhagen birch sources 
(Skjøth et al.  2008b  ) , impact assessment of the southern England birch population 
onto London (Skjøth et al.  2009  ) , evaluation of the role of regional and long-range 
transport on the Lithuanian pollen seasons by Veriankaité et al.  (  2010  ) ; the airborne 
monitoring during a cruise across the East Mediterranean Sea (Waisel et al.  2008  ) . 
Most of the above studies provided qualitative connections between the regional-
scale meteorological patterns and pollen distribution. 

 Some information helping to detect the pollen transport can be obtained using 
the local phenological observations together with the pollen counts. For example, 
the differences between  fl owering dates recorded by phenology network and pollen 
counts of  Betula , Poaceae and  Artemisia  observed in Germany were correlated with 
the regional and large-scale transport by Estrella et al.  (  2006  ) . Similar comparisons 
were used by Veriankaité et al.  (  2010  ) , Siljamo et al.  (  2008b  )  and others. However, 
such comparison has to be performed with care because of very large uncertainties 
of the phenological observations (Siljamo et al.  2008a  ) . 

 In contrast with the above studies stressing the episodic features of the regional 
transport, several assessments have concentrated on its long-term characteristics and 
impact. The comparison of multi-annual data sets of airborne and deposited pollen in 
northern Finland by Ranta et al.  (  2008  )  were used for qualitative description of the 
main transport directions in the region. The other long-term studies included the redis-
tribution of genetically modi fi ed creeping bentgrass pollen (Van de Water et al.  2007  ) ; 
and paleopalynological studies (Romero et al.  2003 ; Hooghiemstra et al.  2006  ) .  

    5.5   Long-Range Transport (LRT) 

 The large-scale dispersion of atmospheric constituents is controlled by synoptic-, 
continental-, or hemispheric- scale meteorological phenomena. In particular, it means 
that even combined observations at both source and receptor points cannot describe 
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the transport conditions. In fact, in many cases the mere connection between the 
sources and receptors is dif fi cult to establish due to complicated large-scale disper-
sion patterns. Under such constraints, the indication of the LRT can be either foreign 
pollen grains, which cannot be produced locally, or “wrong” time of appearance of 
the grains, which is signi fi cantly outside the local  fl owering period. Application of 
dispersion models in either forward or inverse mode is practically inevitable for 
analysis of such cases. 

 Studies of exotic grains observed in various parts of the globe started at least half 
a century ago, mainly in application to polar altitudes where the diversity of plants 
is comparatively low and exotic pollen is easier to  fi nd (Nichols  1967 ; Ritchie and 
Lichti-Federovich  1967 ; Janssen  1973 ; Ritchie  1974  ) . Probably, these were the  fi rst 
unequivocal proofs of existence of such long-range dispersion of pollen material. 
Similar studies continued and extended towards temperate zones in later years 
(Hicks  1985 ; Porsbjerg et al.  2003 ; Hicks et al.  2001 ; Campbell et al.  1999 ; Rousseau 
et al.  2003,   2004,   2006  ) . In some cases, speci fi c meteorological conditions could be 
identi fi ed as a driving force for the exotic pollen appearance (Campbell et al.  1999  ) . 
However, usually the number of the exotic grains found is small and the practical 
importance of the trans-continental transport for the human allergy and gene  fl ow 
has proven to be low. 

 More signi fi cant amounts of pollen are episodically transported from Northern 
Africa, which has been identi fi ed as a source area in a number of studies. For 
instance, Van Campo and Quet  (  1982  )  identi fi ed several pollen types that had been 
transported from North Africa to Montpellier (France) together with mineral desert 
dust. Further south,  Cannabis sativa  (marihuana) pollen originating in Morocco 
was detected in Malaga, Southern Spain (Cabezudo et al.  1997  )  and  Cannabis , 
 Cupressus ,  Pinus ,  Platanus  and  Sambucus  pollen were observed in Cordoba (South 
Spain) exclusively during African-dust events (Cariñanos et al.  2004  ) . In addition, 
the source areas of several LRT episodes in Tenerife (Canary Islands) that origi-
nated from Mediterranean region were traced to the Saharan sector and the Sahel 
(Izquierdo et al.  2011  ) . 

 A strong association of biological particles with desert dust was also suggested 
by Kellogg and Grif fi n  (  2006  ) . Dust clouds generated by storm activity over arid land 
can result in mineral particles combined with viruses, bacteria (Hua et al.  2007 ; Hervàs 
et al.  2009  ) , fungal spores (Grif fi n  2004,   2007 ; Grif fi n and Kellogg  2004 ; Grif fi n 
et al.  2001a,   2003,   2007,   2006 ; Kellog and Grif fi n  2006 ; Wu et al.  2004 ; Garrison 
et al.  2006 ; Schlesinger et al.  2006 ; Lee et al.  2007  )  and pollen being raised to altitudes 
over 2 km and then transported for thousands of kilometres, i.e. at a planetary scale. 
For example, viable microorganisms and fungal spores from Africa were sampled 
at Barbados after being transported by African dust plumes (Prospero et al.  2005  ) . 
Intercontinental mineral dust transport has been the subject of much attention 
over decades (Guerzoni and Chester  1996 ; Goudie and Middleton  2001 ; Prospero 
et al.  1996 ; Zhang et al.  1997  ) , but further research is needed on the biological com-
ponent associated to the dust. 

 Finally, the study of aerobiological long-range transport has stimulated a new research 
line about the viability of pollen (Bohrerova et al.  2009  ) , bacteria (Hervàs et al.  2009  )  
and fungal spores (Gorbushina et al.  2007  )  after the long distance dispersion. 



138 M. So fi ev et al.

 In Europe, numerous long range transport episodes have been identi fi ed in 
Fennoscandia (Ranta et al.  2006 ; Oikonen et al.  2005  ) . Franzen and Hjelmroos 
 (  1988  )  observed pollen transport from Germany, Holland and England to the 
Swedish coast, and Franzen  (  1989  )  and Franzen et al.  (  1994  )  documented the arrival 
of pollen grains to Fennoscandia from the Mediterranean. A strong episode of the 
ragweed pollen transport from southern Europe to Finland was recorded in 2005 
and traced back to the source areas in Hungary. A particularly speci fi c spring season 
in Europe took place in 2006, when a strong plume of birch pollen was transported 
from Russia over the whole Europe and reached Iceland. The pollen cloud was 
mixed with the dense smoke from wild-land  fi res, which allowed its easy identi fi cation 
and follow-up by chemical observations and air quality models (e.g. Saarikoski 
et al.  2007  ) . 

 As examples of transport episodes from East to West Europe, there are episodes 
of  Betula  pollen coming from Poland and Germany to Denmark (Skjøth et al.  2007  )  
and from Russia to Finland (Siljamo et al.  2008b  ) . In the opposite direction,  Betula  
pollen arrived in Lithuania from Latvia, Sweden, Denmark, Belarus, Ukraine, 
Moldava, Germany and Poland (Veriankaité et al.  2010  ) . Also, episodes of the pollen 
of the tree species  Fagus sylvatica  (beech) reaching Catalonia were traced back to 
central Europe (Belmonte et al.  2008  ) . Complicated large-scale patterns have been 
found for Moscow by Siljamo et al.  (  2008b  ) , who also reported strong bi-directional 
exchange of birch pollen between Russia and Finland. 

 The LRT episodes are not speci fi cs of the tree pollen only. Thus, Smith et al. 
 (  2005  )  has registered Poaceae pollen in the UK originating from the continental 
Europe. The pollen spectrum of Lithuania was also affected by long range transport 
of several pollen types coming from other European regions (Sauliene et al.  2007  ) . 

 As an outcome of a series of studies,  Ambrosia  distribution pathways over Europe 
were found to be highly irregular and episodic. Thus, the pollen registered in Poland, the 
Balkans and Italy was shown to originate near the Pannonian Plain (Cecchi et al.  2006, 
  2007 ; Stach et al.  2007 ; Kasprzyk  2008 ; Smith et al.  2008 ; Šikoparija et al.  2009  )  
and Ukraine (Kasprzyk et al.  2010  ) . In contrast, other studies recorded the transport 
in the opposite direction from France, Italy and Croatia to Hungary (Makra and Pal fi  
 2007  ) , as well as from France to Switzerland (Clot et al.  2002  ) . There is also 
evidence of  Ambrosia  pollen transport to Catalonia (northeastern Spain) from France 
(Belmonte et al.  2000  ) . Furthermore, an increasing risk of LRT  Ambrosia  episodes 
was detected in Scandinavia due to the rapid spread of ragweed in North-Northeast 
Europe (Dahl et al.  1999  ) . 

 In North America, Raynor and Hayes  (  1983  )  applied the trajectory model to 
cases of pollen wet deposition in Albany (New York) after long-distance transport 
from the source areas located at South-Southwest. The arrival of  Juniperus ashei  
pollen released in southern Oklahoma and Texas to Tulsa has been reported by 
Rogers and Levetin  (  1998  )  and Van de Water et al.  (  2003  ) . 

 In South America, extra-regional pollen of  Celtis  coming from the northeast and 
of  Nothofagus  from the southwest has been found to contribute to Mar de Plata City 
(Argentina) pollen records (Gassmann and Pérez  2006  ) . 

 In the north-western India, bioaerosols collected during dust storms sporadically 
contained pollen from Himalayan species (Yadav et al.  2007  ) . The presence of pollen 
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grains from trees forming forests at much lower latitudes has been evidenced in the 
Arctic environment (Bourgeois  2000 ; Savelieva et al.  2002 ; Rousseau et al.  2003, 
  2004,   2005,   2006,   2008  ) . Extra-regional pollen transport has also been found in 
Antarctic (Wynn-Williams  1991  ) , Arctic (Campbell et al.  1999  ) , Australia (Salas 
 1983 ; Hart et al.  2007  ) , and New Zealand (Moar  1969  ) .  

    5.6   Release of Pollen Allergens from Grains 

 Probably the most important process that takes place during the pollen transport is 
the release of allergen from the grains. In a dry atmosphere, pollen is very stable and 
can keep its content over years (Stanley and Linskens  1974  ) . However, under 
speci fi c conditions the allergen release can take place within minutes: (i) a high 
relative air humidity; (ii) thunderstorms and heavy rain; (iii) high concentrations of 
air pollutants. According to Behrendt et al.  (  1997  )  under humid conditions, allergens 
are released from pollen grains in the process that resembles pollination. The exis-
tence of free allergen in air and its importance for the pollination season were 
con fi rmed by a series of  fi eld observations, such as Busse et al.  (  1972  )  for  Ambrosia , 
Stewart and Holt  (  1985  )  for grass, and Rantio-Lehtimaki and Matikainen  (  2002  ) , 
Rantio-Lehtimaki  (  2002  ) , Matikainen and Rantio-Lehtimaki  (  1999  ) , and Rantio-
Lehtimaki et al.  (  1994  )  for birch. 

 Pollen allergens are generally glycoproteins. The majority of them are found in a 
limited number of protein families. Their biological functions are presumably related 
to the recognition, attachment, growth and development of the pollen tube on and 
within the pistil, i.e. to hydrolysis of proteins, polysaccharides, and lipids, binding of 
metal ions and lipids, and to the cytoskeleton (Radauer et al.  2008  ) . Allergen activity 
can be detected, depending on the speci fi c role of the protein in question, both before 
and after germination (Alché et al.  2002 ; Buters et al.  2010  ) . These proteins were 
found in organelles, such as mitochondria, polysaccharide particles, starch granules, 
and endoplasmatic reticulum (Behrendt and Becker  2001 ; Rodríguez-García et al. 
 1995  ) . Allergens are sometimes stored in the ectexine of the outer pollen wall. Rapid 
elution and water solubility is considered an important prerequisite for a protein to 
behave as a major allergen (Grote et al.  2001 ; Gupta et al.  1995  ) . 

 The allergen release from pollen is responsible for bio-availability of the allergen 
(Behrendt and Becker  2001  )  but it also releases into the atmosphere the new particles 
with entirely different transport features. Indeed, using the formulations of So fi ev 
et al.  (  2006a  )  and applying them to the allergen size distribution observed by Taylor 
et al.  (  2004  )  or Miguel et al.  (  2006  ) , one obtains the sedimentation velocity for 
allergen to be 0.01–0.1 mm sec −1 , compared to 12 mm sec −1  for pollen. Allergens 
can stay in air much longer than pollens and thus be transported over much longer 
distances. In contrast to pollen grains, which due to their size do not penetrate into 
the lower human airways, the allergen aerosols are respirable and can provoke 
stronger immune response than pollen itself (Motta et al.  2006  ) . 

 The allergen liberation is well reproduced in laboratories and can occur within a 
few tens of minutes in favourable conditions (Behrendt et al.  1997 ; Behrendt and 
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Becker  2001 ; Taylor et al.  2002,   2004,   2007  ) . The release can take place through the 
pollen walls or through the pollen tube wall. The liberation is pH- and temperature 
dependent (Behrendt et al.  1997  ) . It is yet unclear how frequent this phenomenon is 
present in the real atmosphere because the  fi eld measurement of allergen are 
extremely complicated and often give semi-qualitative results based on the indirect 
indicators (Matikainen and Rantio-Lehtimaki  1999 ; Buters et al.  2010 ). 

 Schäppi et al.  (  1997  )  found that atmospheric concentrations of birch pollen allergen 
are correlated with birch pollen counts, but also that concentration of  fi ne particles 
associated to Bet v 1 dramatically increase with light rainfall. They suggested that 
deposited pollen was stimulated to germinate, and that these particles were liberated 
as pollen tubes dried out when the rain was over. In Derby, UK, the pollen levels 
affected the number of emergency visits for asthma during days with light rainfall, 
but not during dry days (Lewis et al.  2000  ) . 

 During thunderstorms, outbreaks of allergenic reactions have been registered 
and a high fraction of the patients were sensitive to both grass pollen and fungal 
spores (Pulimood et al.  2007  ) . It was suggested that pollen grains, spores and other 
bioaerosols are carried into a cloud base, where they burst. Cold out fl ows transport 
the debris downwards where it can cause the observed asthma exacerbations (Marks 
et al.  2001  ) . 

 In contrast to results from other studies, Buters et al.  (  2010  )  in Munich did not 
 fi nd any Bet v 1 in the fraction 0.12–2.5  m m. A hypothesis was suggested that either 
no allergen was present in the particles of this size range or the allergen was absorbed 
to diesel soot particles and became invisible for the technique used. Diesel soot 
particles bound to the grass allergen Lol p 1 under in vitro conditions were previ-
ously found by Knox et al.  (  1997  ) . 

 An indirect way to detect the allergen in the air is to monitor the long-range 
transport plumes. Due to sharply different features of the particles, pollen grains are 
deposited faster than allergen and, after some travel time, the only aerosols present 
in air will be the allergen. The other option is to use size-segregated observations, 
thus separating pollens and allergens in different  fi lters. That way, however, is 
dif fi cult because of: (i) non-ideal  fi ltering of coarse particles during sampling, which 
results in contamination of the  fi ne-particle  fi lter with pollen grains, (ii) very low 
allergen concentrations in ambient air – a few nanograms m −3  which are dif fi cult to 
measure, (iii) addiction of allergen to the black carbon aerosols originating from 
diesel exhaust, which can make the detection of the allergens complicated or 
impossible.  

    5.7   Inter-Action Between Pollen and Chemical Pollutants 

 At all spatial and temporal scales, pollen, spores and, if present in a free form in the 
air, allergens are subjected to chemical and physical interactions with other atmo-
spheric constituents. Chemical pollution can stress both the pollinating plants and 
the pollen grain, which cause qualitative and quantitative changes of the pollen 
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content. The impact starts already during the pollen formation. For example, Aina 
et al.  (  2010  )  found an increased amount of the allergenic proteins in the grass  Poa 
annua  if the plant is grown in soil contaminated with cadmium. Similarly, the pollen 
vitality of  Parietaria judaica  was found maximal in soils enriched with heavy metals 
(Fotiou et al.  2010  ) . 

 Processes taking place in the air during pollen transport are very poorly studied 
and one can only guess the type and intensity of the involved reactions. In an attempt to 
classify these processes, one can consider the physical transformations (rupture of 
grains, phase transformations of allergen particles, coagulation with other aerosols, 
etc.); chemical transformations (oxidation and nitration), and biological transforma-
tions of the particles (loss of viability, germination). Some of these processes can 
lead to substantial changes in the atmospheric features of the particles affecting 
their life time and dispersion features, and some are of importance from medical 
and biological points of view. In this sub chapter, we will consider only changes that 
are induced by chemical and physical transformations and result in alterations of 
the atmospheric features of the particles. The other aspects of the interactions are 
considered in other chapters of this book. 

 During transport, the water content of the grains is adapted to ambient humidity 
via water exchange through the pollen walls (Traidl-Hoffmann et al.  2003  ) . In a 
very humid environment, a process resembling germination (so-called pseudoger-
mination) can be triggered resulting in an abrupt release of the pollen content into 
the air (Motta et al.  2006 ; Traidl-Hoffmann et al.  2003 ; Grote et al.  2000,   2001, 
  2003  ) . Together with water, pollen also absorbs dissolved heavy metals, nitrate and 
sulphur (WHO  2003  ) . 

 The other process revealed in laboratory conditions refers to damage of pollen by 
aggressive chemicals,  fi rst of all ozone and nitrogen oxides. The related chemical 
processes are oxidation and nitration. According to Motta et al.  (  2006  ) , treatment 
of pollen grains by ozone leads to a substantial increase of the fraction of damaged 
pollen already for the ozone concentrations of 100 ppb, which can easily be observed 
in the real atmosphere. For NO 

2
 , the levels of a few ppm needed for the non-negligible 

impact were much too high to represent any real-life case, which questions the role 
of nitrogen oxides in the pollen rupture. Apart from NO 

2
  and O 

3
 , oxidation agents, 

such as hydroxyl radicals, can damage pollen or oxidise allergen but, to our know-
ledge, no experiments were performed with such species. 

 Chemical pollution can cause morphological changes of the pollen grains. Among 
the effects are the collapse and thinning of the exine (Shahali et al.  2009  ) , which 
increases a bioavailability of the content. Stronger leaching was one of the explana-
tions of observed decreased allergen detection in grass pollen exposed to car exhausts 
(Peltre et al.  1991  ) , as well as to O 

3
 , SO 

2
  and NO 

2
  (Rogerieux et al.  2007  ) . 

 The reaction between the pollen allergens and air pollutants is nitration (Franze 
et al.  2005  ) , which may augment the allergenic potential of the allergen. 

 Interactions of pollen with  fi ne aerosols of anthropogenic origin are con fi rmed 
by observations (Behrendt and Becker  2001  ) , who showed that small carbon 
particles stick to the surface of pollen grains. This process provokes pseudo-
germination and pollen rupture. However, comparatively fast depositing pollens 
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can serve as a scavenging agent for small particles. The latter process, however, 
can be non-negligible only for the episodes with extremely high pollen concen-
trations in the air. 

 Interaction of allergen and diesel exhaust probably rests on the coagulation 
mechanism. Knox et al.  (  1997  )  showed that grass allergen molecules tend to bind to 
micrometre-size aggregates formed by black carbon particles. Since the resulting 
aggregate is in the respirable range and is much less soluble than the allergen itself, 
these particles tend to be transported even further than allergen and are capable of 
penetrating deep into human airways. 

 Apart from allergens, pollen grains also contain an array of non-allergenic but 
pro-in fl ammatory pollen-associated lipid mediators (PALMs) and enzymes that are 
suggested to be involved in the pathogenesis of allergic diseases (Gunawan et al. 
 2008 ; Gilles et al.  2010  ) . Pollen collected in streets with a heavy traf fi c released 
signi fi cantly more PALMs than pollen collected in rural surroundings (Risse et al. 
 2000  ) . A similar effect was found by Behrendt et al.  (  1999  )  for grains treated with 
volatile organic compounds.  

    5.8   Modelling the Pollen Dispersion 

 Modelling studies of pollen dispersion in the atmosphere are not numerous and 
concentrate on just two main directions. The most widely used model-based 
approach is an inverse-modelling analysis of the observational results and determi-
nation of the source regions affecting the speci fi c monitoring site. This direction is 
dominated by simple backwards trajectory analysis. 

 The second application area – forward pollen dispersion – aims at simulation of 
the actual pollen life cycle: production, release into the air, transport, deposition, 
and sometimes, also the health impact. The outcome of such studies is a set of con-
centration and deposition maps of the particular pollen type. This task normally 
requires comprehensive systems, detailed input information of various kinds, and 
substantial computational resources. Compromising approaches can be applied in 
this area too but they are quite rare. 

    5.8.1   Inverse Studies and Analysis of Observational Results 

 The inverse modelling studies usually pursue one of the following objectives: 
(i) to  fi nd out the reasons of the observed peculiar behaviour of pollen concentra-
tions, (ii) to outline the source areas most frequently and signi fi cantly affecting 
certain region. The  fi rst task normally covers a short period of time, up to a few days 
that immediately precede the considered episode, while the second task requires the 
analysis of a period of a few years to accumulate suf fi cient information for the 
statistical analysis. 
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 The most common and simple method for back-tracing the origin of the observed 
pollen is the backward trajectories computed using a Lagrangian trajectory model 
(the Lagrangian trajectory approach). Within this method, a few trajectories directed 
backwards in time are started from the location of the pollen monitor and evaluated 
a few hours or days back in time. The resulting trajectories roughly show the direction 
from where the air masses arrived at the observation place during the observation 
time period. Since the method is qualitative, extra measures can be taken to increase 
the value of the outcome: clusters or ensembles of trajectories can be started from 
different points (e.g. Smith et al.  2005 ; Stach et al.  2007  ) , trajectories can also be 
started at different heights, a random shift of start time can be applied, etc. 

 The backward trajectory methodology has been used for studying the origin of 
the observed pollen by Gassmann and Pérez  (  2006  )  for  Celtis  and  Nothofagus  pollen 
in Argentina, by Stach et al.  (  2007  )  and Smith et al.  (  2008  )  for  Ambrosia  in Poland, 
by Skjøth et al.  (  2007  )  for birch in Poland, by Šaulienė and Veriankaitė  (  2006  )  and 
Veriankaité et al.  (  2010  )  for birch in Lithuania, by Cecchi et al.  (  2007  )  for  Ambrosia  
in Central Italy, by Mahura et al.  (  2007  )  and Skjøth et al.  (  2007,   2008b  )  for birch in 
Denmark, by Skjøth et al.  (  2009  )  for birch in London, etc. The bulk of the works 
were based on inverse trajectories computed by the NOAA HYSPLIT model 
(Draxler and Hess  2010  ) , but also by own systems, such as THOR (Skjøth et al. 
 2002  )  in Denmark. A manual construction of trajectories via summing-up the wind 
vectors was used by Giner et al.  (  1999  )  for evaluation of the  Artemisia  source areas 
affecting the station at the eastern coast of Spain. 

 Apart from the above regional-scale assessments, trajectories were also used for 
back-tracking the transoceanic transport. In particular, many studies quoted in 
Sect.  5.5  (Long-Range Transport) have used trajectories to understand the origin of 
the exotic pollen (e.g. Rousseau et al.  2003,   2004,   2006  ) . 

 A next step in the complexity of the methodology is consideration of a large 
number of Lagrangian particles – from a few thousands and up to a few millions. 
Each particle is transported with wind, thus drawing a trajectory, and is randomly 
relocated at every model time step, thus re fl ecting the impact of atmospheric diffusion. 
This approach is called as the “Lagrangian particle random-walk” method. In com-
parison with few trajectories, the large number of particles allows reproducing the 
actual shape of the clouds and makes it possible to include linear transformation 
processes, dry, and wet deposition. Most of the presently used Lagrangian models 
follow that paradigm: FLEXPART (Stohl et al.  2005  ) , SILAM-L (So fi ev et al. 
 2006b  ) , DERMA (Sorensen  1998  ) , SNAP (Saltbones et al.  2001  ) . 

 The statistical analysis of a great number of back trajectories from receptor sites 
has turned out to be an ef fi cient tool to identify sources and sinks of atmospheric 
trace substances or to reconstruct their average spatial distribution (Ashbaugh  1983 ; 
Seibert et al.  1994 ). A trajectory statistical method was successfully applied to iden-
tify source areas for beech pollen recorded in Catalonia (Belmonte et al.  2008  )  and 
for pollen of various species recorded on Tenerife (Izquierdo et al.  2011  ) . 

 Lagrangian particle models, being more realistic than Lagrangian trajectory ones, 
still inherit some weaknesses of the Lagrangian approach –  fi rst of all, limited spatial 
representativeness of a single Lagrangian particle. As a result, even for regional studies 
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an astronomical number of particles have to be evaluated (Veriankaité et al.  2010 ; 
Siljamo, et al.  2008b ; So fi ev et al.  2006a  ) . It was also shown that the trajectory models 
show dif fi culties in mountain regions, where air fl ow patterns are known to be complex 
(Pérez-Landa et al.  2007a,   b  )  and hard to explore with few trajectories. It has there-
fore been suggested that more sophisticated (Eulerian) approaches could be applied 
for such environments (Smith et al.  2008 ; Šikoparija et al.  2009  ) . 

 Compared with the back-trajectories approaches, adjoint dispersion modelling 
offers a more rigorous instrument to identify the sources (Marchuk  1982  ) . The idea 
of the method is to explicitly compute the sensitivity of the observed values to 
 emission  fl uxes, chemical transformations and meteorological processes, which can 
affect the particular observation. Adjoint methods (both explicitly identi fi ed in the 
studies and implicitly included into the numerical systems) are extensively used in 
observational analysis at a local scale (Kuparinen  2006 ; Kuparinen et al.  2007 ; Rannik 
et al.  2003  ) , in the source apportionment of greenhouse gas emissions (Bergamaschi 
et al.  2005  ) , analysis of regional air quality (e.g. Saarikoski et al.  2007 ; Prank et al. 
 2008,   2010  ) , and for the regional-scale source apportionment of the observed pollen 
(Veriankaité et al.  2010 ; So fi ev et al.  2006a,   b ; Siljamo et al.  2008b  ) . 

 An example of comparison of the three methodologies is a study of Veriankaité 
et al.  (  2010  ) , where the Lagrangian trajectory model HYSPLIT was used in combi-
nation with the SILAM model, which was run in two setups: as a back-tracking 
Lagrangian particle model and as an Eulerian model in adjoint mode. Despite quali-
tatively similar conclusions of all three analyses, a general recommendation was 
favouring the most comprehensive and least subjective approach of Eulerian adjoint 
modelling. It was noted that the results of trajectory analysis suffered from limited 
representativeness of a single trajectory and depended on subjective selection of the 
trajectory setup. The problems can become acute in meteorologically complicated 
situations, such as passage of a frontal line, strong cyclonic activity, etc. 

 As a post-processing of the model output for quantitative source identi fi cation, a 
number of analytical inversion techniques have been developed and applied in air 
pollution research (Wotawa et al.  2003 ; Seibert and Frank  2004 ; Stohl et al.  2009  ) . 
Such methods have not yet been applied to the problem of identifying pollen sources. 
The same is true for variational methods of source apportionment (So fi ev and 
Atlaskin  2007  ) .  

    5.8.2   Forward Simulations and Forecasting 
of the Pollen Seasons 

 Forward model simulations aim at predicting the pollen emission from plants, 
dispersion in the atmosphere and computing on its basis the concentrations of the 
grains at any distance from the sources. Similar to the inverse modelling, both 
Lagrangian and Eulerian approaches have been developed for these tasks. 

 A series of works addressed the local-scale dispersion of pollen from genetically 
modi fi ed plants: see review of Kuparinen  (  2006  ) , applications for maize by Arritt 
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et al.  (  2007  ) , Jarosz et al.  (  2004  ) , and Aylor et al.  (  2006  ) , theoretical considerations 
of Novotny and Perdang  (  2003  )  and Fraile et al.  (  2006  ) , meso-scale Lagrangian 
model of Kuparinen et al.  (  2007  ) , etc. 

 In the 1980s, the signi fi cance of atmospheric conditions for the regional pollen 
dispersion was considered and the trajectory model applied for prediction of the 
transport direction (Davis and Main  1984 ,  1986 ). Another work was connected with 
the transport of marihuana pollen from Northern Africa to Europe (Cabezudo et al. 
 1997  ) . The transport of  Junipeerus Ashei  pollen towards the city of Tulsa, USA, was 
studied by Van de Water et al.  (  2003  )  and Van de Water and Levetin  (  2001  ) , who used 
a separately estimated release of pollen in combination with trajectory and weather 
pattern analysis. The result was a qualitative forecast of the threat to the downwind 
regions, covering a territory of about 1,000 km 2 . The outcome was encouraging: 
during the two seasons of 1998–1999, only a single occurrence of “high” or “very 
high” pollen concentrations in the city of Tulsa was not directly linked to “moderate” 
or “severe” forecast threat predictions. Other applications include the study of Pasken 
and Pietrowicz  (  2005  )  for oak, and the study by Kawashima and Takahashi  (  1999  )  
for Japanese cedar (both emission and dispersion were predicted). 

 The results of trajectory model applications in 1990s showed a principal possi-
bility to predict the pollen distribution by means of dispersion modelling. However, 
actual forecasting for large areas, such as Europe, could be approached only by 
integrated modelling systems, which incorporate descriptions of all the parts of the 
pollen cycle: production, release, transport, transformation, and deposition (Helbig 
et al.  2004 ; So fi ev et al.  2006a,   2009 ; Siljamo et al.  2004a,   b,   2006,   2007,   2008a,   b,   c ; 
Vogel et al.  2008  ) . The corresponding biological, mathematical and physical 
 sub-models are then driven only by historical, actual and forecasted meteorological 
information. 

 The input information for the pollen dispersion models consists of: (i) map of 
distribution of the source plants (see maps in So fi ev et al.  2006a ; Skjøth et al.  2008a, 
  2010  ) , (ii) information for the phenological model covering the whole region of com-
putations and predicting both start and end of the  fl owering season (Helbig et al. 
 2004 ; Linkosalo et al.  2010 ; Siljamo et al.  2007,   2008c ; Efstathiou et al.  2011  ) , (iii) 
information on the pollen season severity obtained from observations or predicted 
from historical meteorological and pollen data (Ranta and Satri  2007  ) , (iv) meteoro-
logical data produced by numerical weather prediction models. One has to warn 
against the climatology-based approaches, when the model is driven by long-term 
averaged parameters, such as the  fl owering date expressed as Julian date of the year: 
such approaches are bound to fail in every speci fi c situation (So fi ev et al.  2006a  ) . 

 Observational information on pollen distribution, to our knowledge, is not used 
in any of the presently existing systems. The same is true for the remote-sensing 
observations, despite showing that they provide valuable information about the phe-
nological stages of some plants (Høgda et al.  2002  ) . 

 The pollen emission and dispersion computations are usually split into two 
stages: prior to the season and during the season. Before the season, the only 
important process is the accumulation of the heat sum and other relevant param-
eters, which control the pollen development. Upon ful fi lling some condition 
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(e.g., reaching the prescribed heat sum threshold), the actual pollination starts. 
During that stage, the model follows the propagation of the  fl owering season but 
also responds to the short-term meteorological stress, such as cold weather, diurnal 
cycle of temperature and humidity, precipitation, etc. These variations can be 
parameterised as a function of daytime (e.g. Mahura et al.  2009  )  or predicted 
dynamically from the basic meteorological parameters (Linkosalo et al.  2010 ; 
Helbig et al.  2004 ; Siljamo et al.  2008b  ) .   

    5.9   Discussion 

 In this section we will brie fl y touch on a few aspects of the pollen and allergen 
dispersion in the atmosphere, which bring together the above sections and illustrate 
interconnections between them. The topics are by no means exhaustive and the 
reader is referred to the cited literature sources for a more comprehensive analysis. 

    5.9.1   Quanti fi cation of Pollen Loads at Different Scales 

 As shown above, the pollen dispersion in the atmosphere is relevant at a very wide 
range of scales (Fig.  5.1 ) – from micro-scale up to continental. There are very few 
pollutants, which distribution can be relevant for so large variety of spatial and 
temporal scales. The main reason for this is a large variety of processes where the 
pollen impact is important – especially, biological and medical. 

 For successful fertilization, the density of the pollen cloud must be thousands 
of grains per cubic metre, though this level varies greatly for different species. 
At lower concentrations, probability of fertilization becomes too small to be bio-
logically important (Gleaves  1973  ) . Such concentrations usually can be obtained 
only in the source vicinity, i.e. biologically relevant distances hardly exceed tens or 
hundreds of metres for herbaceous species and, possibly, a few kilometres for wind-
pollinating trees. 

 With regard to human allergy, concentrations much lower than those near the 
source are important (see the chapter on the pollen allergy threshold). In some 
cases, a few tens of grains per cubic metre can be suf fi cient to trigger the  fi rst 
symptoms. As demonstrated by the above-quoted studies, such concentrations can 
easily be observed at hundreds and, possibly, thousands of kilometres distance from 
the sources. 

 Finally, the inter-continental transported pollen, though existing (see the LRT 
section), can hardly play any practical role due to extremely low concentrations at 
the receptor point. One can, however, use exotic pollen as a natural tracer, which can 
reveal the pathway and frequency of the inter-continental exchange. Pollen, therefore, 
can serve as a marker of distribution of other species, whose observations may be 
not possible or very complicated. 
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 A very wide range of relevant scales poses serious challenges to pollen monitoring 
and modelling. To date, the most widely used methodology of pollen monitoring is 
the Hirst  (  1952  )  trap. This is a low-volume device (about 0.01 m 3  min −1 ), which is 
prone to signi fi cant uncertainties. The problem exacerbates further due to sharp 
gradients of pollen concentrations occurring in the vicinity of the sources: moving 
the trap higher or lower or repositioning it may lead to strong changes. 

 From the modelling point of view, the major challenge is also the near-source 
distribution and a fraction of pollen that reaches the regional scale of transport. 
All regional models currently ignore the complexity of the micro-scale processes 
replacing them with some variations of the “escape fraction” of Gregory  (  1961  ) . 
The micro-scale models, to the contrary, concentrate of reproducing the patterns in 
the nearest vicinity of the source while the regional tails of the distributions are 
considered unimportant for the applications. 

 These de fi ciencies in both current monitoring and modelling techniques are to be 
addressed in future research in order to end up with comprehensive descriptions of 
pollen dispersion at all relevant spatial and temporal scales.  

    5.9.2   Variety of Modelling Approaches: Any Chance 
for Harmonization? 

 A variety of model types used for the pollen-related simulations is largely caused by 
historical reasons and conditions when the availability and simplicity of the systems 
were the primary selection criterion. However, the capabilities of the Lagrangian 
trajectory models are still suf fi cient for some tasks,  fi rst of all, for analysis of some 
speci fi c measurements obtained at a single station. As long as a simple direction of 
transport is enough, these models are the reasonable choice. For more sophisticated 
observation analysis one has to rely on Lagrangian particle or Eulerian systems. 
Concerning the prediction of the pollen concentrations (the forward modelling 
tasks), the de fi ciencies of Lagrangian approaches ( fi rst of all, limited representativeness 
of a single particle) become impossible to overcome, so for these tasks the compre-
hensive Eulerian models are inevitable. 

 A speci fi c problem of Lagrangian trajectory systems is selection of the type of 
trajectories. For about half a century it has been known that, for example, isobaric 
trajectories should not be used because they can produce entirely wrong results 
(Danielsen  1961  ) . The isentropic trajectories are somewhat better but can still deviate 
from the true pathways, which can be drawn only by fully 3D trajectories. In that 
sense, the Lagrangian particle models, usually based on 3D trajectories, are preferable. 

 Considering the comprehensive systems for the pollen forecasts, one has to pay 
special attention to the phenological models as a part of the emission sub-system. 
There have been numerous phenological models developed for many species (see the 
Chap.   3    , “Pollen season”, and Sect.   4.3.2     “Process based phenological models”, this 
issue). However, practically all of these models have been developed and evaluated 
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within a limited territory. An attempt to use these models outside their native region 
leads to unpredictable results. The experience of SILAM system (presently, the only 
European-scale pollen forecasting system) shows that none of the existing pheno-
logical models can satisfactorily describe the birch phenology over the whole conti-
nent. The thermal-sum model used in SILAM had to be reparameterised for each 
sub-region independently (Sect.   4.3.3.1     “Application to large areas”). Understanding 
the differences between the regions and the reasons why the same taxa require dif-
ferent accumulated heat in different regions is a challenge for the future.       
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  Abstract   The impact of pollen on human health is primarily evident in allergic 
diseases. Sensitized patients can respond to pollen by symptoms of nose, eyes and 
bronchi. Pollen threshold levels for sensitization are unknown; instead most studies 
focus on the  prevalence  of sensitization for different pollen species. The pollen 
thresholds for symptom development vary among the different studies. Factors that 
in fl uence the threshold level of a pollen species for symptom development are 
discussed. (i) Differences in response are observed among individual patients, but also 
among (ii) ethnic populations, (iii) changes in response to pollen concentrations 
during the pollen season occur, (iv) the amount of allergens carried by the pollen 
grains can differ in per region, from day to day and from year to year, and  fi nally 
(v) threshold levels are affected by environmental factors, like weather conditions 
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(temperature, pressure and storms), and air pollutants.The diversity of factors that 
in fl uence the health impact of pollen has hampered the de fi nition of a straight 
forward relationship between pollen and the severity of symptoms. However, within 
the public, the policymakers and the pharmaceutical industry there is a need for a 
de fi nition of threshold pollen levels. A  fi rst approach to meet this need could be to 
de fi ne preliminary threshold values for different regions, followed by a validation of 
these preliminary threshold levels with patient symptom scores that can be collected 
by using new information and communication technology (ICT). 

 Finally, the possible role of pollen in non allergic diseases is discussed, especially 
non-allergic respiratory diseases, cardio- and cerebrovascular diseases, and psychiatric 
diseases, including suicide and suicide attempt.  

  Keywords   Airborne allergens  •  Allergenic pollen  •  Allergy  •  Pollutants  •  Threshold 
levels      

    6.1   Introduction 

 Charles Blackley (1820–1900) was the  fi rst to demonstrate that pollen has an impact 
on human health. He performed the  fi rst pollen provocation tests on himself 
by applying several pollen types to the nostrils, the conjunctiva, the tongue and 
lips, by inhaling it and by inoculating the upper and lower limbs. Furthermore, he 
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demonstrated that the amount of pollen in the atmosphere was correlated with 
the severity of his own symptoms (Waite  1995  ) . Nowadays, we know that proteins 
carried by pollen (allergens) can evoke speci fi c responses in the immune system. 
First of all, individuals can get sensitized to the allergens (sensitization) and subse-
quently these IgE-sensitized individuals can respond to the allergens with allergic 
symptoms. These can consist of nasal symptoms, eye symptoms, or bronchial reac-
tions, or a combination of these. The level of allergen exposure can vary for instance, 
with the location, the weather or the time of year and it is a relevant determinant 
for both sensitization and symptom development. This paper focuses on the threshold 
values of allergen required for sensitization or for the development of symptoms, 
and on the various factors that can in fl uence these threshold values. Furthermore, 
allergenic pollen not only appeared to interact with the human immune system to 
elicit an allergic response in sensitized individuals but it has other effects as well. 
This is described in the last part of this chapter which focuses on the effect of pollen 
on non-allergic diseases (Traidl-Hoffmann et al.  2003  ) . 

    6.1.1   Threshold Values for Sensitization 

 To our knowledge, studies on threshold values for sensitization are not available and 
instead of threshold values this paper focuses on the prevalence of sensitization in 
different areas, which is indicative of the sensitization rate. Prevalence of sensitization 
is determined by both host genetic factors as well as by environmental factors, like 
temperature, atmospheric pressure, storms or air-pollution. Environmental factors 
that are associated with asthma, rhinoconjunctivitis and eczema have been recently 
discussed by Asher et al.  (  2010  ) . The effect of pollen exposure on the prevalence of 
sensitization in a population is not clear: two regional scale studies showed a positive 
correlation between the pollen exposure and the prevalence of sensitization (Frei 
and Gassner  2008 ; Charpin et al.  1993  ) , while a world wide study involving children 
showed a weak inverse relation, suggesting high exposure to pollen in early life may 
give some protection against the risk of acquiring respiratory allergy (Burr et al. 
 2003  ) . Sensitization against inhalant allergens is identi fi ed either by a skin prick test 
or by determination of allergen-speci fi c IgE in peripheral blood. However, a positive 
result of either of these tests indicates sensitization to a particular allergen, but does 
not fully correlate with the clinical relevance of this sensitization, i.e. symptom 
development upon exposure. False positive and false negative results can both occur. 
The characteristics of an allergen that distinguish it from other pollen components 
that do not result in sensitization, are incompletely understood (Radauer et al.  2008 ; 
Traidl-Hoffmann et al.  2009  ) . Furthermore, pollen exposure is not the only environ-
mental factor that determines sensitization. Other factors include air pollution (Riedl 
and Diaz-Sanchez  2005  ) , and microbial exposures. Environmental pollution, such 
as diesel soot particles, can change the immune response in making non-reactive 
individuals react to an allergen (Diaz-Sanchez et al.  1999  ) . Also non-protein substances 
derived from pollen for example the “pollen-associated lipid mediators” (PALMS) 
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and adenosine in fl uence the human immune system by making it more prone to trigger 
a Th2-sensitization response (Traidl-Hoffmann et al.  2005 ; Gilles et al.  2010  ) . Thus 
there seems to be more than allergen alone in the sensitization process leading to a 
Th2-dominated allergy to pollen.  

    6.1.2   Threshold Levels for Symptom Development 

 The determination of allergen threshold levels for symptom development is hampered 
by many factors that in fl uence the outcome. Sensitized patients differ in the extent 
of exposure to allergen required for symptom development. Furthermore, airborne 
allergen is thought to be present not only in intact pollen, but also in small respirable 
particles (Taylor et al.  2004 ; Spieksma et al.  1995a ; Grote et al.  2003  ) . However, 
whereas most of our knowledge on threshold values and symptom development is 
based on pollen counts in ambient air determined by a pollen sampler in a certain 
area, data from monitoring allergen in ambient air are still scarce (Buters et al. 
 2008  ) . This chapter provides an overview of the current knowledge on pollen threshold 
values on symptom development and the various factors that in fl uence these threshold 
values (Fig.  6.1 ).    

    6.2   Determination of Threshold Levels for Symptom 
Development 

 A large variety of studies has focused on the determination of pollen threshold 
levels that cause symptoms. Therapeutic intervention studies are especially useful. 
These deal with the determination of pollen (or allergen) thresholds that cause 
previously de fi ned symptoms (e.g. “at least  fi ve sneezes and/or a symptom score 
of at least 2 on a scale from 0 to 3”). Although natural exposure to pollen under 
conditions of daily life is the most relevant, it has several disadvantages (see also 
Sect.  6.2.3 , “Ambient Air Studies”). Therefore more controlled settings have been 
developed like provocation tests and exposure chambers. These study designs have 
their own advantages and disadvantages that will be discussed in the following 
section. 

    6.2.1   Provocation Tests 

 In an experimental challenge model the allergen is delivered onto the nasal mucosa 
by dripping, by paper disc, by pump sprays (Akerlund et al.  2005  )  or by eye drops 
on the eyes. In these studies the delivered dose is expressed in arbitrary units such 
as “Allergen Units” (Abelson et al.  1994  ) , “standardized quantity units” (Korsgren 
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et al.  2007  )  or “biologic units” (Bonini et al.  1990  ) . These units were de fi ned in 
most cases for standardization of allergen preparations, and their relation to pollen 
and/or allergen load is often unclear. Therefore, these studies will not give informa-
tion on pollen thresholds, but they indicate the different threshold levels to which 
individual patients will respond. The patients are challenged with standardized 
increasing concentrations of the allergen until previously de fi ned symptoms develop 
(Bonini et al.  1990 ; Abelson et al.  1994 ; Ahlholm et al.  1998 ; Ahlstrom-Emanuelsson 
et al.  2004 ; Ciprandi et al.  2009  ) . The concentration at which these symptoms 
develop is the threshold concentration. A drawback of this approach is the repeated 
challenge of allergen to the nasal mucosa or the conjunctiva, which may prime these 
tissues and may cause a non-speci fi c increase in the sensitivity and responsiveness 
(Connell  1968 ; Canonica and Compalati  2009  ) . Furthermore, whereas these 
challenge studies will not reveal relevant information on pollen thresholds, they are 
perfectly suitable for (i) identi fi cation of the allergen to which a patient responds; 
(ii) examining the pathogenesis of allergic rhinitis or conjunctivitis; and (iii) assessing 
the response of individual patients to therapeutic intervention because of the 
standardized delivery of the allergen on the surface to be tested. These studies can 
show clearly that individual patients have different threshold levels for symptom 
development (Ciprandi et al.  2009  ) .  

Pollen
threshold
values for
symptom

development

Patient
characteristics
(on individual and
population level)

Air pollution Pollen
allergenicity

Weather
conditions

Time of the
season

  Fig. 6.1    Schematic representation of the main factors that in fl uence the pollen threshold values 
for symptom development ( black arrows ). Some of these factors can also in fl uence each other 
( blue arrows )       
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    6.2.2   Pollen Chambers 

 Special chambers have been developed for controlled human exposure to pollen. 
These chambers avoid the unpredictable levels of pollen and weather conditions 
during a study period. Different pollen chambers are developed, either hosting up to 
14 persons (Horak et al.  2003  ) , or 160 persons at the same time (Day and Briscoe 
 1999  ) . The pollen chambers deliver a controlled pollen level over a period and allow 
assessment of the response throughout the study period. Pollen levels used in these 
chambers are usually quite high, e.g. 3,500 grains/m 3  for ragweed (Day and Briscoe 
 1999  ) , 4,000 pollen/m 3  or 1,500 pollen/m 3  for grass pollen (Day and Briscoe  1999 ; 
Horak et al.  2003 ; Krug et al.  2003  ) , to ensure the desired effect of producing a full 
spectrum of symptom severity in allergic persons without affecting non-allergic 
participants. 

 Because of the requirement of high pollen concentrations, the pollen chambers 
have not yielded good studies on pollen thresholds for symptom development that 
are relevant in real life. In contrast, the chamber provocations have been very helpful 
assessing the effect of anti-allergic drugs (Day et al.  2000,   2009  ) .  

    6.2.3   Ambient Air Studies 

 Exposure to natural pollen under “real life” conditions is the most relevant situation 
but also the most dif fi cult to study, since the conditions are not well controlled and 
the exposure of patients to pollen will be variable due to the fact that they are 
 outdoors during different times at different locations. A study design that tries to 
control these latter variables are the so-called “park studies” (Georgitis et al.  2000 ; 
Akerlund et al.  2005  ) . In these studies, patients are allowed to sit, walk and recreate 
in a park on a day where at several locations pollen traps monitor the local pollen 
concentrations. This design has the advantage that parks can be found in almost any 
city (in contrast to pollen chambers) and patients are in close vicinity to pollen traps 
during the study period so that exposure can be measured and they can be monitored 
regularly. The limitations of these park studies are that they are time-consuming to 
organize and they require effort and time from the patient. Therefore, these studies 
are often performed on 1 day with high pollen counts to ensure symptom develop-
ment. For threshold studies the patients should be monitored on subsequent days 
during the season. Although such daily studies in a park would be valuable for 
threshold studies, to our knowledge they have never been used for this purpose. 

 Another method of studying symptoms under natural conditions is to ask patients 
during their daily life to  fi ll in a record of their symptoms (diary studies). Studies 
with this kind of approach assess the most relevant situation for the patients, i.e. daily 
life. However, since there is no general consensus on the method to determine the 
threshold level under these “real life” conditions, the designs of these studies differ. 
Furthermore, the “freedom of the patient” leads to variable pollen exposures among 
individual patients. These aspects are relevant in the interpretation of the results. 
The local pollen concentration at the patient location is variable and unknown. Often, 
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pollen is monitored by a pollen sampler placed on a central roof top location to give 
a representative sample of regionally distributed pollen. The results are used as an 
average estimate of the concentration during the past 24 h in an area de fi ned by a 
certain vegetation, climate regime and land use. If pollen traps were situated at ground 
level, the result would be affected by an overrepresentation of pollen produced by 
sources in the immediate vicinity of the trap. Although the results have been shown 
to correlate with symptom scores, medication use, and consultations for rhinocon-
junctivitis and asthma in several studies, they are not equal to the pollen concen-
tration that individual patients experience during their activities in the street. The 
difference in the exposure between persons in different parts of a city will vary 
among pollen types, and is probably more signi fi cant for pollen released at low 
height than for example birch pollen in Scandinavia which is produced in large 
amounts at tree-top level. 

 Bi-hourly pollen counts are also possible. These counts re fl ect the time that the 
pollen grains arrive at the trap, not the time at which the pollen grains are emitted. 
Furthermore, these counts will still not give us the pollen levels that the patients 
encounter. Therefore personal sampling of the environment of the patient is required. 
Several methods can be used to study the personal exposure to aeroallergens, like 
battery-operated personal samplers (Fiorina et al.  1997 ; Mitakakis et al.  2000 ; 
Okuda et al.  2005  ) , nasal air samplers (Mitakakis et al.  2000  ) , pollen trapped in nose 
(Okuda et al.  2005  )  and hair (Wiltshire  2006  ) . However, to our knowledge none of 
these methods have been used for threshold studies. The time that the patient is 
outside and thus exposed to pollen is dependent on the patient’s activities schedule 
and therefore variable. Furthermore, the activity pattern during the exposed time 
period will be variable and this will result in a different exposure to pollen (Mitakakis 
et al.  2000  ) ; e.g. a jogger will breathe in more pollen-loaded air than a sun-bather. 
The size of the group of patients differs between studies and also the criterion of 
“symptom development” at which the threshold pollen concentration should be 
determined diverges between different studies. For instance, in one study the pollen 
threshold level is de fi ned as the pollen count at which 90% of all patients experience 
their  fi rst symptoms (Viander and Koivikko  1978  ) , while another study uses the pol-
len concentration at which, on a scale from 0 to 3, the mean symptoms score of 
the whole population exceeds 1 (Florido et al.  1999  ) . Standardization of the method 
to determine pollen threshold levels (size of the group of patients and of criteria for 
threshold pollen concentrations) will be necessary for a good evaluation of the 
threshold concentration in different regions and among different populations.  

    6.2.4   Clinical Network 

 In France the assessment of threshold levels for symptom development is not only 
based on pollen counts but also on the information obtained from a network of 
allergists. More than 100 allergists from several areas in France provide weekly 
information on the number of pollinosis patients, the symptom-type, and the severity 
of the symptoms (Thibaudon et al.  2008  ) . With these clinical data it was possible to 
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draw three areas in France with different threshold levels for the various pollen 
types (see also Table  6.1 ). Furthermore, these clinical data have proven to be a tool 
to study the change in health impact from pollen during a season and to monitor the 
change in health impact from year to year.    

    6.3   Allergenic Pollen Species and Their Threshold Values 

 In the past decades several studies have been published on threshold levels of 
different pollen types. Studies on the most relevant pollen types in Europe and the 
Mediterranean countries are discussed in this section. 

 In aerobiological studies, pollen of species belonging to the same genus or of 
genera belonging to the same family usually cannot be distinguished under the light 
microscope as they share the same characteristics (they are stenopalynous). For this 
reason the different allergenic pollen or spore expositions refer to airborne pollen 
that represent a family (e.g. Poaceae), a genus (e.g.  Plantago ), and rarely a single 
species (e.g.  Olea europaea ). 

 Furthermore it is important to note that when we try to de fi ne the pollen risk thresh-
old, the de fi nition depends on the methodology used for pollen monitoring, i.e. the 
sampler type or the sampler height position. For instance, most threshold studies in 
ambient air determine pollen levels using a pollen sampler on a roof top, usually at a 
different height from personal exposure. This is one of the reasons why threshold 
values differ among the different studies (Table  6.1 ). Greater differences can be 
observed when comparing both daily and intradiurnal pollen content in the air at human 
height or roof top height, showing higher or lower differences depending on pollen 
size, meteorological conditions and atmospheric stability during the sampling period 
(Rantio-Lehtimäki et al.  1991 ; Galán et al.  1995 ; Alcázar et al.  1998,   1999a,   b  ) . The 
various pollen types will be discussed in alphabetical order and studies on the threshold 
values and the prevalence are summarized in Tables  6.1  and  6.2 , respectively.  

    6.3.1    Alnus , Betulaceae Family 

 Alder is a rather common tree in all temperate climatic regions, mainly restricted to 
wet soil conditions. Predominant species of the genus are black alder ( A. glutinosa ) 
and grey alder ( A. incana ). The  fl owering period occurs from winter to early spring, 
depending on the climatic characteristic of the region. Patients sensitive to alder 
pollen may exhibit reactions towards other pollen of the Fagales order, although 
the cross reactions appear to be strongest among the species belonging to the 
same family e.g. within the family of Betulaceae, e.g. alder/birch. The major aller-
gen of alder Aln g 1 is closely related to the major allergens of birch (Bet v 1), hazel 
(Cor a 1), hornbeam (Car b 1) and oak (Que a 1) (Matthiessen et al.  1991  ) . The alder 
pollen season precedes the season of birch pollen and may act as a primer making 
patients more sensitive to birch pollen (Emberlin et al.  2007  ) .  
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   Table 6.1    Studies on pollen threshold levels published in peer-reviewed journals   

 Country(city) (Reference)  Criteria 
 Pollen threshold 
(grains/m 3 ,24 h) 

 Alnus 
 Poland (Rapiejko et al.  2007  )   First symptoms  45 

 Symptoms present in all patients  85 
 Poland (Hofman et al.  1996  )   ?  50 
 Finland (Rantio-Lehtimäki et al. 

 1991  )  
 Low  <10 
 Moderate  10–100 
 Abundant  >100 

 France a  (Thibaudon  2003  )   Low  6–13 
 Moderate  14–227 
 High  >227 

 Ambrosia 
 Canada (Comtois and Gagnon  1988  )   First symptoms  1–3 
 Canada (Banken and Comtois  1990  )   Majority of allergic patients show 

symptoms 
 13 

 France (Déchamp et al.  1997  )   First symptoms  First pollen grains 
 Russia (Ostroumov  1989  )   First symptoms  20–25 
 Austria (Jäger  1998  )   Majority of sensitive patients show 

symptoms 
 20 

 Hungary (Juhász  1998  )   60–80% of the sensitive patients 
show symptoms 

 50 

 France (North) a  (Thibaudon  2003  )   Low  >30 
 Moderate  >80 

 France (Mid-France) a  (Thibaudon 
 2003  )  

 Low  >1 
 Moderate  >2 
 High  >10 

 France (Mediterranean area) a  
(Thibaudon  2003  )  

 Low  >10 
 Moderate  >50 
 High  >100 

  Artemisia  
 Poland (Rapiejko et al.  2007  )   First symptoms  30 

 Symptoms present in all patients  55 
 Poland (Hofman et al.  1996  )   ?  20 
 Finland (Rantio-Lehtimäki et al. 

 1991  )  
 Low  <10 
 Moderate  10–30 
 Abundant  >30 

 Israel b  (Waisel et al.  2004  )   Initiation of symptoms  >4–5 
 France a  (Thibaudon  2003  )   Low  5–19 

 Moderate  20–69 
 High  >69 

  Betula  
 Finland (Viander and Koivikko  1978  )   Highly sensitive patients develop 

symptoms 
 30 

 90% of patients had symptoms  80 
 Poland (Rapiejko et al.  2007  )   First symptoms  20 

 Symptoms present in all patients  75 
 Poland (Hofman et al.  1996  )   ?  100 

(continued)
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Table 6.1 (continued)

 Country(city) (Reference)  Criteria 
 Pollen threshold 
(grains/m 3 ,24 h) 

 Finland (Rantio-Lehtimäki et al. 
 1991  )  

 Low  <10 
 Moderate  10–100 
 Abundant  >100 

 France(North and Mid-France) a  
(Thibaudon  2003  )  

 Low  5–20 
 Moderate  20–99 
 High  >99 

 France (Mediterranean area) a  
(Thibaudon  2003  )  

 Low  5–99 
 Moderate  100–299 
 Low  >99 

  Castanea  

 France2 (Thibaudon  2003  )   Low  >99 

 Corylus 
 Poland  First symptoms  35 
 (Rapiejko et al.  2007  )   Symptoms present in all patients  80 
 Poland (Hofman et al.  1996  )   ?  6–12 
 France a  (Thibaudon  2003  )   Low  6–13 

 Moderate  14–227 
 High  >227 

 Cupressaceae 
 Israel b  (Waisel et al.  2004  )   Initiation of symptoms  10–50 
 France(North and Mid-France) a  

(Thibaudon  2003  )  
 Low  70–141 
 Moderate  >141 

 France (Mediterranean area) a  
(Thibaudon  2003  )  

 Low  7–13 
 Moderate  14–141 
 High  >141 

  Olea  
 Spain (Jaen) (Florido et al.  1999  )   Regression analysis on mean 

symptoms score “development of 
mild symptoms” 

 >400 

 Israel b  (Waisel et al.  2004  )   Initiation of symptoms  >4 
 France (North and Mid-France) a  

(Thibaudon  2003  )  
 Low  >60 

 France a  (Thibaudon  2003  )   Low  6–13 
 Moderate  14–227 
 High  >227 

  Parietaria  
 Italy (Negrini et al.,  1992  )   % of patients with symptom score > 2 

  31%  10 
  47%  15 
  67%  40 
  90%  80 

 Italy (D’Amato et al.  1991  )   ?  30 
 Israel b  (Waisel et al.  2004  )   Initiation of symptoms  5 
 France (North and Mid-France) a  

(Thibaudon  2003  )  
 Low  20–49 
 Moderate  >49 

(continued)
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Table 6.1 (continued)

 Country(city) (Reference)  Criteria 
 Pollen threshold 
(grains/m 3 ,24 h) 

 France (Mediterranean area) a  
(Thibaudon  2003  )  

 Low  5–19 
 Moderate  20–69 
 High  >69 

  Platanus  
 Spain (Cordoba) (Alcázar et al.  2004  )   Most patients had symptoms  >50 
 Spain (Madrid) (Camacho et al.  2008  )   Combination of medical and 

statistical criteria (assures allergic 
reaction and “no-back”) 

 30 

 France a  (Thibaudon  2003  )   Low  6–13 
 Moderate  14–227 
 High  >227 

 Poaceae 
 London (Davies and Smith  1973  )   All patients experience symptoms  50 
 Poland (Lipiec et al.  2005  )   ¼ of patients showed allergic 

reaction (eyes) 
 22 

 All patients symptoms score 2 (eyes)  52 
 Poland (Rapiejko et al.  2007  )   First symptoms  20 

 Symptoms present in all patients  50 
 Poland (Hofman et al.  1996  )   ?  20 
 Spain (Antepara et al.  1995  )   All patients experience moderate or 

severe symptoms 
 37 

 Finland (Rantio-Lehtimäki et al. 
 1991  )  

 Low  <10 
 Moderate  10–30 
 Abundant  >30 

 Israel b  (Waisel et al.  2004  )   Initiation of symptoms  >4 
 France a  (Thibaudon  2003  )   Low  >1 

 Moderate  >4 
 High  >35 

 Quercus 
 France a  (Thibaudon  2003  )   Low  6–13 

 Moderate  14–227 
 High  >227 

  The threshold levels were determined in different countries and at different criteria. Pollen levels 
are determined in ambient air at roof top level using a Hirst type pollen sampler unless otherwise 
indicated 
  a The scale of 3 levels is for the public, there is another scale (5 levels) for doctor 
  b Pollen levels are determined by a Rotorrod sampler at a sampling height of 80 cm  

    6.3.2    Ambrosia,  Asteraceae (Compositae) Family 

 Although this genus comprises up to 45 species worldwide, the species that is 
spreading in Europe and Eastern North-America is essentially  Ambrosia artemisii-
folia  or common ragweed. Ragweed established itself in Europe at the beginning of 
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the twentieth century, resulting in highly infested areas like the Balkan area, the 
Rhône valley in France and Northern Italy. In areas heavily infested with these plants 
ragweed pollen is considered as the major pollen allergen (e.g. Vitányi et al.  2003  ) . 

 Ragweed pollen is often nearly the only pollen type in the air except for a very 
short period in the beginning of the  fl owering season when mugwort pollen 
( Artemisia vulgaris ) is also airborne. Although the allergens present in mugwort 
and ragweed pollen show cross reactivity (Hirschwehr et al.  1998 ; Asero et al. 
 2006  ) , this does not interfere with the diagnosis for ragweed pollinosis, since the 
 fl owering season of these two species only partly overlaps. If sufferers keep a daily 
symptom diary it is easy to know if symptoms correlate with the presence of either 
ragweed or mugwort pollen in the air. 

 European studies on the ragweed pollen threshold for symptom development 
are rare. This is most likely to be due to the fact that ragweed is an invasive weed 
that was not known in Europe two centuries ago and was introduced from the new 
World. Its spread is now intensive due to several factors such as (i) changes in life-
style and land use, (ii) increases in suburbs resulting in the decrease of arable 
lands (iii) some bylaws of Common Agricultural Policy established in 1993–1994 
(Déchamp et al.  2001  )  and recently (iv) possible effects of climate change. 

 A relevant paper on ragweed thresholds comes from Quebec, in the Eastern part 
of Canada (Comtois and Gagnon  1988  ) . This study, which was conducted over 
two pollen seasons showed that symptoms appear at 1–3 pollen/m 3  of air. In France, 
many ragweed pollen allergic patients ask for treatment when the  fi rst pollen grains 
appear in the pollen monitoring trap (Déchamp et al.  1995  ) . 

 Ragweed pollen is prevalent between 42° and 50° Northern latitude and rare in 
most countries around the Mediterranean coast and Portugal. Recent studies on the 
prevalence of ragweed sensitization in Europe show an increasing trend (Burbach 
et al.  2009  ) . In contrast to other pollen types, ragweed pollinosis tends to be more 
prevalent in suburbs than in towns (Harf and Déchamp  2001  ) .  

    6.3.3    Artemisia , Asteraceae (Compositae) Family 

 Mugwort is an unsuspicious weed, which looks very similar to  Ambrosia . The major 
allergen of the mugwort pollen, Art v 1, is homologous to Amb a 4 of  Ambrosia  
pollen and may cause cross reactivity in patients (Wopfner et al.  2005  ) . 

 The weed is spread all over Europe. The most common species in Europe is  A. 
vulgaris  and it  fl owers in late summer (at the end of July, August and September). 
Two species which are common in Southern Europe  A. annua  and  A .  verlotorum  
 fl ower even later (late summer to autumn). For this pollen type it was shown that 
street level counts are usually higher than the counts from rooftop samplers (Rantio-
Lehtimäki et al.  1991  ) . This may also hold for other pollen types due to the fact 
that these pollen grains are released during the early morning, when there is hardly 
any convection or turbulence in the air, preventing them from being lifted up to 
rooftop levels.  
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    6.3.4    Betula , Betulaceae Family 

 Birch is the major pollen allergen producing tree in Northern Europe. The  fl owering 
season varies depending on the area. In Western Europe  fl owering starts by the end 
of March while in Central and Eastern Europe pollen grains appear in the air from 
the beginning to mid-April. Northward  fl owering starts, depending on the latitude, 
from late April to late May. Towards the South the number of birch trees is reduced 
and in Spain they are found mostly in mountainous areas and in zones in the interior 
of the North of the Peninsula with maximum values being detected during February 
and March (Hernandez et al.  1998  ) . 

 Some allergens of these pollen grains show cross reactivity with other species 
belonging to this family. For example, the major allergen of birch Bet v 1 and Bet v 2 
share IgE epitopes with the allergens in hazel and alder (Niederberger et al.  1998  ) . 
Due to this cross reactivity the sequential  fl owering of the Betulaceae species may 
cause a prolonged hay fever season for sensitive patients.  

    6.3.5   Castanea, Fagaceae Family 

 There are no threshold studies published for  Castanea  pollen. This may be due to 
the fact that chestnut allergy (a) is strongly associated with latex-fruit syndrome and 
some other fruits (Raulf-Heimsoth et al.  2007  ) , (b) has cross-reactivity with many 
other tree species like birch, walnut or  Quercus  (Cosmes et al.  2005 ; Teuber et al. 
 2003  ) , (c) scores very low in monosensitization in positive skin prick-tested patients 
to  Castanea  (Lee et al.  2005 ; Laurent et al.  1993  ) . Flowers bloom in late spring.  

    6.3.6    Casuarina , Casuarinaceae Family 

 The genus  Casuarina  (Australian pine) comprises nearly 60 species mainly natives 
to Australia. Some species are represented in warm regions forming part of the 
green urban spaces. It is an anemophilous tree that  fl owers during autumn, from 
September to November depending on the climatic characteristic of the region. 
 Casuarina  pollen allergenicity has been cited by various researchers (i.e. Agashe 
et al.  1994 ; García et al.  1997  ) , but there are no studies on the pollen threshold for 
sensitized patients. Trigo et al.  (  1999  )  describes the presence of this pollen type in 
Spain. Although in most locations the daily average concentration of  Casuarina  
pollen did not exceed 5 pollen/m 3  of air, in some locations in Andalusia Region and 
especially in Malaga (Sun Coast), 30 and 500 pollen/m 3  of air were reached, respec-
tively. For this reason it is important to consider this tree as responsible of autumnal 
allergies in the Mediterranean Region.  
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    6.3.7    Corylus , Betulaceae Family 

 Hazel is widely distributed in Europe and it typically has a number of shoots or 
trunks branching out at ground level. Due to this growth habit, it has been referred 
to as a bush rather than a tree. Flowering occurs from winter to early spring, depending 
on the climatic characteristics of the region. 

 The major allergen of hazel pollen, Cor a 1, is cross reactive with Bet v 1. Mari 
et al.  (  2003  )  showed that exposure to a high amount of hazel pollen in an intensively 
cultivated hazel area north of Rome (Italy) seems to lead to an IgE sensitization to 
allergenic molecules that are present only in hazel or hazel-related pollen.  

    6.3.8   Cupressaceae Family 

 Cupressaceae are the most widely distributed conifer family with a global range of 
nearly all continents except for Antarctica. In Europe, trees of the genus  Cupressus  
are spread widely over the East Mediterranean e.g.  C. sempervirens  (native) and  C. 
arizonica  (introduced). Many species or genera of this family (e.g.  Cupressus, 
Juniperus, Thuya ) release pollen almost all year round and their pollen cannot be 
distinguished morphologically from each other. Daily concentrations can reach 
record peaks in the Mediterranean region during winter or early spring (Hidalgo 
et al.  2003 ; Charpin et al.  2005 ; Perez-Badia et al.  2010  )  although the pollen pro-
duction shows a large variation from year to year. A gradual increase in the annual 
amounts of Cupressaceae pollen in the Mediterranean was observed since the 1980s, 
which in some cases was attributed to the increased planting of these trees (Calleja 
and Farrera  2000 ; Damialis et al.  2007  ) . 

 Since reliable extracts to test the sensitization to Cupressaceae allergy have only 
been available since the last decade, the epidemiology of this allergy is poorly 
understood (Charpin et al.  2005  ) . In Europe, allergy to Cupressaceae pollen was 
considered a rarity until 1975. Since then, considerable increases in the number of 
cases has been observed in Spain, France, Italy and Israel (Guerra et al.  1996 ; Papa 
et al.  2001 ; Charpin et al.  2005  ) . An Italian multicentre study showed that 14.7% of 
the Cupressaceae allergic patients were monosensitized and that their average age 
was higher than that of the polysensitized patients (Italian Association of Aerobiology 
 2002  ) . This may suggest that at least in some of the Cupressaceae allergic patients 
the sensitization may be caused by a long lasting exposure to the pollen, without 
being a typical atopic patient (Charpin et al.  2005  ) .  

    6.3.9    Fagus , Fagaceae Family 

 Fagus is a tree of temperate South-West and Central Europe, extending to South 
Sweden. No threshold values for  Fagus  (beech) pollen can be found in the literature. 
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Also studies on prevalence rates are not very conclusive. In Germany, 12% of all 
hay fever patients react to it (   Horak et al.  1979  ) . Reactions against beech pollen 
allergen occurred in 87% of all persons allergic to birch pollen in a Swedish multi-
centre study (Eriksson et al.  1984  ) . The rate was the same in all Sweden, even in 
parts of the country where  Fagus  does not occur. It was concluded that the reactions 
against  Fagus  allergens resulted from of primary sensitization to  Betula  pollen. 
According to Horak et al.  (  1979  ) , approximately 50% of all beech pollen allergies 
are due to cross-reactions with pollen from other species of Fagales. In a study from 
Swiss and Austrian birch pollen allergic patients, sera exhibited similar IgE reactivity 
pro fi les to birch, beech and oak pollen extracts due to beech and oak allergens 
that cross-react with the birch pollen allergens Bet v 1, 2 and 4 (Egger et al.  2008  ) . 
In Sweden, the correlation coef fi cient between reactions to birch and beech pollen 
was 0.75 (Eriksson et al.  1987  ) . The beech-speci fi c IgE-levels were 0.063 in patients 
from Basel and 0.081 in patients from Vienna, respectively, as compared to 0.481 
and 0.668 for birch (Egger et al.  2008  ) . Beech is considered to be an early spring 
 fl owering tree.  

    6.3.10    Fraxinus , Oleaceae Family 

 In central Europe,  Fraxinus  pollen concentrations are considerably high. In 
Switzerland, for example, the concentrations are comparable with the amounts of 
birch pollen. Most of these pollen grains originate from  Fraxinus excelsior , while 
other species with a more southern European distribution like  Fraxinus ornus  or 
 Fraxinus angustifolia  are represented with distinctly less pollen in the pollen traps 
(Guerra et al.  1996  ) . Several studies show that ash pollen should be considered as 
a relevant allergen of spring pollinosis (Schmid-Grendelmeier et al.  1994 ; Hemmer 
et al.  2000  ) . Sensitization to  Fraxinus  pollen is common in Switzerland and is also 
of clinical relevance as shown by nasal provocation tests (Schmid-Grendelmeier 
et al.  1994  ) . The prevalence of  Fraxinus  sensitization in groups of pollen allergic 
patients varied from 17.6% in Vienna (Hemmer et al.  2000  ) , 51.8% in Locarno 
and Lugano, Switzerland (Colombo  2010  )  to 56% in Zurich, Switzerland (Schmid-
Grendelmeier et al.  1994  ) . 

 The main ash allergen Fra e 1 is a homolog of Ole e 1, the highly allergenic olive 
pollen allergen. Fra e 1 has only a limited cross reactivity to birch pollen. Additionally 
this cross reactivity is con fi ned to minor birch allergens (Wahl et al.  1996  ) . 
Concerning thresholds for the development of symptoms, the study of Horak et al. 
 (  1979  )  gives a level of 167 pollen/m 3 . In this study patients’ symptoms were 
compared with the pollen measurements of the pollen trap in Vienna. The threshold 
is de fi ned as the value for causing symptoms in the average patient. Thresholds for 
high pollen concentrations in Switzerland and Austria are 100 and 90 pollen/m 3  
respectively, but these values are not based on symptom studies.  Fraxinus  is consid-
ered to be a late winter or spring  fl owering tree, depending on the species and the 
geographical area.  
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    6.3.11    Ligustrum,  Oleaeceae Family 

 The genus  Ligustrum  (privet) comprises about 20 species, subspecies and varieties. 
They are frequently found in urban environments in the Mediterranean Region, 
both as ornamental trees or hedges in parks and gardens. Privet is considered to be 
an entomophilous plant with large and heavy pollen grains which are not well collected 
by samplers located on the building roof tops. However, Cariñanos et al.  (  2002  )  
have observed higher pollen counts in samplers situated at human height, where this 
plant is observed frequently in the urban green space. 

 Being a member of the Oleaceae family, privet pollen carries a homologue of Ole 
e 1. Since the  fl owering period occurs at the end of spring, coinciding with the post-
peak olive pollen curve, for people suffering from olive pollen allergy the period 
with symptoms can be extended. For this reason privet pollen should be considered 
as a potential causative agent of local allergy problems (Cariñanos et al.  2002  ) .  

    6.3.12    Olea Europaea , Oleaeceae Family 

 Olive is a cultivated evergreen tree native to the Mediterranean region. It is an ambo-
philous species, i.e. pollinated by both insects and the wind. Due to the selection 
through time of varieties with high  fl ower and pollen production, nowadays the 
anemophilous character is more pronounced. Although the olive tree showed an 
entomophilous character in origin, today it is considered to be an anemophilous 
species due to the selection through time of varieties with high  fl ower and pollen 
production. Although Ole e 1 was the  fi rst major allergen described and characterized, 
it has been demonstrated since that there are at least, 20 proteins present with allergic 
activity. Ten of these have been characterized, cloned and expressed (Cárdaba et al. 
 2007  )  (see paragraph 6.4.2   ). This tree  fl owers during the spring so that the olive and 
grass pollen seasons usually coincide. Although many studies support the role of 
olive pollen as one of the main causes of allergic disease in the Mediterranean 
area, only a few studies cite a speci fi c risk threshold for sensitized patients (Table  6.1 ). 
As it has been mentioned before, the methodology used for pollen monitoring is an 
important issue to take into consideration when trying to de fi ne the pollen risk 
threshold. In these two studies (Table  6.1 ) a Hirst designed spore trap, located on a 
roof top, was used in Spain, while a Rotorod sampler located at a height of 80 cm 
was used in Israel.  

    6.3.13    Parietaria , Urticaceae Family 

 Pellitory-of-the-wall ( Parietaria ) is a typical allergenic pollen producing plant in 
the Mediterranean area. Par j 1 and Par j 2 are the two major allergens, with similar 
IgE epitopes, in  Parietaria judaica  (Asturias et al.  2003  ) .  Parietaria  belongs to the 
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Urticaceae family together with  Urtica  (nettle) which is allergenically of little 
importance. The pollen of these two genera cannot be distinguished microscopi-
cally. Only the species  Urtica membranaceae  has a distinct pollen type, allowing 
the study of its individual pollen behaviour in the air (Galán et al.  2000  ) . In the 
Mediterranean area the pollen season extends from spring to early summer and even 
autumn (Fotiou et al.  2011  ) , depending on the species and the geographical area.  

    6.3.14    Plantago , Plantaginaceae Family 

 Plantain ( Plantago ) pollen is considered to be a minor cause of pollinosis in Europe 
(D’Amato et al.  1998  ) . Mono allergy to plantain is unusual and often patients that 
are positive in a skin prick test for plantain pollen extract are also sensitized for 
grass pollen (Watson and Constable  1991 ; D’Amato et al.  1998  ) . This is probably 
due to cross reactivity among these pollen species. Group 5 grass pollen allergen 
appeared to be responsible for most grass/plantain cross reactivity (Asero et al. 
 2000  ) . The  fl owering season of plantain largely overlaps with the grass  fl owering 
period. Therefore the symptoms caused by  Plantago  cannot always be attributed to 
 Plantago  pollen.  

    6.3.15    Platanus , Platanaceae Family 

 Plane trees are widely grown as street and shade trees in European cities, especially 
in France, Spain, Italy and Greece. London Plane tree ( P. acerifolia  or  P. hybrida ) is 
the most common cultivated species. A high prevalence of positive skin prick tests 
has been recorded for  Platanus hybrida  in Madrid (Varela et al.  1997  ) . In Córdoba 
(South Spain) 17% of the population is sensitive to  Platanus  pollen and patients 
presented symptoms almost immediately after the  Platanus  pollen season started, 
as this pollen type appears abruptly in high concentrations in the air. Patients suffer 
from symptoms at pollen concentrations of 51–200 pollen/m 3  during less than a 
month (Alcázar et al.  2004  ) .  Platanus  pollen is produced at high levels in the southern 
European countries, where it is a relevant allergenic pollen species. Plane trees  fl ower 
during early spring.  

    6.3.16   Poaceae Family 

 Poaceae, grasses, comprise a high number of species  fl owering from winter to the 
end of summer, depending on the species and on the geographical area. Although 
knowledge about the differences in the allergenic potency of the various species is 
scarce, most species are considered to be allergenic. A recent study showed that 
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within the Pooidae subfamily 12 grass species which are common in the temperate 
and subtropical zones appeared to share similar IgE determinants (Andersson and 
Lidholm  2003  ) . Threshold studies discussed here deal with the mixture of grass 
pollen that is produced in the particular area under study. Most threshold studies in 
ambient air determine pollen levels using a pollen sampler on a roof top, except for 
a study from Israel, but the criteria at which the threshold levels are determined differ 
among the different studies (Table  6.1 ). Recent European studies show that the preva-
lence of sensitization to grass pollen is signi fi cantly higher than that to other pollen 
species (Bauchau and Durham  2004 ; Bousquet et al.  2007  )  except for ragweed pol-
len in highly infested regions (Vitányi et al.  2003  ) . The prevalence of grass pollen 
allergy differs among different European countries and among different studies 
(Table  6.2 ) and appears to be inversely associated with pollen exposure (Burr et al. 
 2003  ) . This inverse association is very weak, but this study cautions us to conclude 
that high exposure to pollen increases the risk of rhinoconjunctivitis or/and asthma.  

    6.3.17    Rumex,  Polygonaceae Family 

 Sorrel  fl owers from late May until August, which largely overlaps with the  fl owering 
seasons of  Plantago  and grass pollen. The clinical relevance of sorrel pollen cannot 
easily be de fi ned. Allergy to sorrel may be overlooked, because it is not thought of dur-
ing the grass pollen season. From a group of 96 grass pollen allergic patients in Austria, 
70% of randomly selected sera tested positively for sorrel speci fi c IgE. Relevant cross-
reactivity between grass and sorrel pollen was excluded (Frank et al.  1991  ) .  

    6.3.18    Salix , Salicaceae Family 

 Salix species (willow, sallow) are both insect- and wind pollinated, but the proportions 
of the two pollination modes differ between species. Pollen grains often tend to 
stick together (Dobson  1988 ; Karrenberg et al.  2002  )  and regional levels of airborne 
pollen are often low (Jones and Harrison  2004 ; Zeghnoun et al.  2005  ) . No published 
threshold values of  Salix  are available from Europe and a Canadian study showed 
that the impact of an interquartile increase in daily  Salix  pollen levels upon asthma 
admissions was insigni fi cant (Dales et al.  2008  ) . The prevalence of  Salix  sensitiza-
tion has been addressed in a Swedish multi-centre study (Eriksson et al.  1984  ) . 
Positive skin prick reactions against  Salix  allergens occurred in 37% of people with 
birch pollen allergy, but they were strong (>2+) in only 12%. In patients reacting to 
other pollen types, only 6% showed mild positive results in prick tests (SPT = 1+), 
and no one had a stronger reaction. Positive IgE tests against  Salix  allergens were 
found in 40% of the birch pollen sensitive people, but only 6% reacted with RAST 
class > 2. In Eskisehir, Turkey, 24.9% of the hay fever patients reacted to  Salix  
pollen. Of these, the allergy was considered severe in 16.9% (Egger et al.  2008  ) .  
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    6.3.19   Spore Types:  Alternaria  and  Cladosporium  

 Epidemiological studies on mould allergy in Europe show that  Alternaria  and 
 Cladosporium  are the most important sources of fungal allergens;  Cladosporium  
seems to be most prevalent in Northern Europe and  Alternaria , especially in children, 
is most common in Southern Europe (D’Amato et al.  1997  ) . A multicenter study in 
Europe showed that the prevalence of positive skin prick tests to these moulds varies 
from 3% in Portugal to 20% in Spain (D’Amato et al.  1997  ) . Studies on the threshold 
level that induces symptoms are scarce for these spores. A study from 1979 men-
tions 100 spores/m 3  for  Alternaria  and 3,000 spores/m 3  for  Cladosporium  (Gravesen 
 1979  )  but no details on the determination are given. 

 In Europe, the main season for the occurrence of  Alternaria  spores is from June 
until October (Kasprzyk  2008  ) , thus overlapping with the grass pollen season. 
The variation in annual totals is large, for instance concentrations from 10,000 to 
25,000 spores/m 3 /year have been described (Thibaudon and Lachasse  2006  ) .   

    6.4   Factors Affecting the Threshold 

    6.4.1   Differences Among Individuals 

    6.4.1.1   Nonspeci fi c and Allergen-Speci fi c Hyperreactivity 
as Basis for Symptoms 

 The physiological background for symptom development in allergic individuals is 
the increased sensitivity of their mucosa after allergen exposure. This may result in 
an hyperreactivity (or hyperresponsiveness) of the mucosa of eyes, nose or bronchi. 
There are two types of hyperreactivity (or hyperresponsiveness) of the mucosa in 
eyes, noses, and bronchi which determine the severity of the clinical response 
(symptoms) in pollen allergic individuals following exposure to pollen allergens: 
the non-speci fi c and the allergen-speci fi c hyperreactivity. Since there are more data 
on the hyperreactivity of the airways than for nose and eyes, this part will focus 
primarily on bronchial hyperresponsiveness. 

 Airway or bronchial hyperresponsiveness (BHR) is de fi ned as excessive bronchial 
narrowing and manifests itself as an exaggerated bronchoconstrictor response of the 
airways to various inhaled stimuli, including pollen (Sterk et al.  1993  ) . BHR is 
determined at least in part by airway in fl ammation and airway structural remodeling 
(Busse  2010  ) . The severity of BHR in non-asthmatic patients changes with pollen-
induced rhinitis during the season and evidence suggests that during the pollen 
season, and even after the cessation of exposure to pollen, BHR is increased for 
weeks (Prieto et al.  1994  ) . 

 The severity of allergic BHR is often measured as the provocative dose or concen-
tration causing a 20% fall in the FEV 

1
  (=forced expiratory volume in 1 s) (Sterk et al. 
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 1993  ) . Non-speci fi c BHR can be measured by using non-speci fi c bronchoconstrictor 
stimuli such as histamine and methacholine that are well standardized and frequently 
used in clinical settings. Methacholine and histamine act directly on smooth muscle, 
while other stimuli can act indirectly by stimulating the release of in fl ammatory 
mediators and/or by stimulating neural pathways (Sterk et al.  1993  ) .  

    6.4.1.2   Factors In fl uencing Hyperreactivity and Threshold 

 It is a well-known fact that the same amount of pollen does not cause the same 
intensity of complaints among individual patients with hay fever. Different factors 
or exposures have been implicated in temporary changes in nasal and airway reac-
tivity. BHR may be variable over time because of several reasons.  

    6.4.1.3   Atopy 

 The most important and independent risk factors for BHR are lung function and 
atopy. Lower FEV 

1
 , a lower Tiffeneau ratio (FEV 

1
  as a percentage of FVC), and the 

presence of atopy are associated with an increased occurrence of BHR (Britton 
et al.  1994  ) . 

 The association between atopy and BHR is complex. Both skin prick test posi-
tivity as well as serum IgE are positively associated with BHR (Peat et al.  1996 ; 
Sunyer et al.  1995  ) . Also it has been shown that BHR is frequently present in 
 subjects without asthma but with allergic rhinitis. Moreover, BHR worsens during 
the allergen season in subjects with rhinitis who are atopic to pollen (Riccioni et al. 
 2002  ) .  

    6.4.1.4   Gender and Age 

 Several studies have shown a relationship between BHR and gender. In children 
without asthma, BHR is approximately twice as frequent in boys as in girls (Ernst 
et al.  2002  ) . On the other hand, the occurrence of BHR is more frequent among 
female than among male adults (Britton et al.  1994  ) . This switch in prevalence 
among males and females seems to occur during and/or after puberty .  The relation-
ship between BHR and age is unclear: BHR is either not in fl uenced by age or 
 subjects of older age have a lower risk for BHR after correction for lung function or 
those of older age are more likely to have increased BHR (Hopp et al.  1985  ) .  

    6.4.1.5   In fl uence of Smoking 

 Although smoking has been signi fi cantly associated with BHR, cigarette smoking 
appears less important than atopic status after correction for other risk factors 
(Britton et al.  1994  ) . Smoking may increase BHR in part by increasing in fl ammatory 
cell numbers in the airways (Amin et al.  2003  ) .  



1836 Impact of Pollen

    6.4.1.6   Allergen Exposure 

 Experimental exposure to allergen is associated with an increase in BHR the following 
day (Sterk et al.  1993  ) . Seasonal variations in the allergen load and air pollution 
are paralleled by  fl uctuations in BHR, with higher allergen exposure levels being 
associated with increased responsiveness (van der Heide et al.  1994  ) . 

 In subjects with asthma, a worsening in indices of BHR has been observed after 
respiratory infections (Cheung et al.  1995  ) .  

    6.4.1.7   Effects of Lifestyle 

 Pollen counts show the pollen concentrations in the outside environment. However, 
most people spend most of their time indoors. Farrera et al.  (  2002  ) , using a Cour’s 
pollen trap inside and outside a house in the Rhône Valley (France), showed that 
60% of the taxa found in the environment close to the house were also present inside 
the house during the same period. Ragweed pollen was the most prevalent species. 
It would be interesting to investigate the factors that are responsible for transfer the 
pollen grains inside the house. 

 Furthermore, the patient’s personal agenda is relevant for the exposure to pollen. 
A person can sit inside a house all day or cycle through meadows. Also the traveling 
history of a person is relevant for the speci fi c exposure to pollen. This was nicely 
demonstrated by Penel et al.  (  2009  )  who collected the hairwashing of volunteers 
in Valence and subsequently identi fi ed the pollen in these washings. In a period 
without any  Pinus  pollen on the trap he found that 36% of the pollen from the hair 
washing was  Pinus  pollen. This person arrived from Spain where  Pinus  was 
 fl owering. This study showed that hair can function as a pollen trap that is indicative 
for the site of life for a person.  

    6.4.1.8   Effects of Viral and Bacterial Infections 

 Transmissible viral infections occurring in the general population are also an envi-
ronmental factor which can potentially modify the allergic response and asthma 
attacks. Viral infections and immunode fi ciency (e.g. HIV) might be problematic, 
for instance, in immunotherapy. Depending on the virus and the person’s state of 
health, various viruses can infect almost any type of body tissue, from the brain to 
the skin. Viral infections cannot be treated with antibiotics. 

 Busse  (  1989  )  summarizes the important role that viral illnesses could play in the 
allergic diathesis. Respiratory infections precipitate wheezing in many patients with 
asthma. A number of important conclusions in this relationship has come from 
detailed epidemiological studies. First, viral, not bacterial, respiratory infections 
provoke asthma in children and adults. Second, although many respiratory viruses 
trigger asthma, the prevalent organism responsible for increased wheezing varies 
with the age of the affected patient. For example, respiratory syncytial virus (RSV) 



184 L.A. de Weger et al.

infections predominate in infants and young children, whereas rhinovirus, in fl uenza 
and para-in fl uenza emerge with greater frequency as age increases. It is, however, 
unlikely that mechanisms of virus-induced wheezing are different for each respiratory 
virus. Rather, a common mode of asthma exacerbation should prove to be the rule. 
Third, the likelihood of increased wheezing with colds is greater when patients have 
severe symptoms such as malaises, fever, coryza, etc. Greiff et al.  (  2002  )  suggest 
that common colds in part through stimulation of granulocyte activity potentiate the 
airway in fl ammation in allergic diseases.   

    6.4.2   Differences Among Different Ethnic Populations 

 Different studies have shown that the pollen threshold levels for symptom develop-
ment depend not only on allergy potency, but also on other environmental, genetic 
and socio-economic characteristics, e.g. ethnic population. This will be illustrated 
by studies on olive pollen, one of the main causes of allergic disease in the 
Mediterranean area. Olive allergy represents a unique allergy model where a sharp 
exposure gradient leads to different clinical allergy pro fi les (Barber et al.  2007  ) . 
First of all, it is important to present the different proteins which have allergenic 
activity. Taking into account that major allergens are de fi ned as those recognized by 
more than 50% of the patients allergic to a particular source (King et al.  1994  ) , Ole 
e 1 was the  fi rst major allergen described and characterized (Blanca et al.  1983 ; 
Lauzurica et al.  1988a,   b  ) , being recognized by more than 70% of patients. Nowadays 
the presence of, at least, 20 proteins with allergenic activity has been demonstrated, 
and 10 of them have been characterized, cloned and expressed (Cárdaba et al.  2007  ) , 
including Ole e 1 as the major allergen and other minor allergens (Lauzurica et al. 
 1988a,   b ; Villalba et al.  1994 ; Asturias et al.  1997 ; Ledesma et al.  1998 ; Barral et al. 
 2004,   2006  ) . Recently, the 11th has been described (R. Rodriguez, personal 
communication). 

 In the case of olive pollen exposure, it has been demonstrated in several studies 
that high levels of pollen exposure can cause minor allergens to become major 
allergens for allergic patients that live in areas with high exposure to the respective 
pollen. For example, some minor allergens have been de fi ned as major allergens, i.e. 
Ole e 4 and Ole e 7, by Rodríguez et al.  (  2001  ) . Cárdaba et al.  (  2007  )  described a 
more complex IgE response to the various olive allergens in allergic patients from 
areas with extremely high pollen counts. They showed that not only Ole e 1 but also 
2, 7 and 10 were major allergens in highly exposed populations, but not in popula-
tions with a lower antigenic exposure. On the other hand, Barber et al.  (  2007,   2008  )  
de fi ned next to Ole e 1, also Ole e 7 and Ole e 9 to be major allergens. Ole e 7 sensitiza-
tion has been described with an average prevalence of about 47% in patients with 
olive allergy by Tejera et al.  (  1999  ) . These authors show that high exposure to olive 
pollen can lead to different sensitization rates to this “minor allergen” Ole 7. In Jaen 
(South of Spain) up to 60% of the patients were sensitized to Ole 7, compared to less 
than 20% of the patients in the Madrid area (Central Spain) (Tejera et al.  1999  ) . 
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 Moreover, in a high olive pollen exposed area in the Andalusia Region, Spain 
(Jaen, Córdoba, Granada and Malaga provinces), it has been observed that 50% of 
the patients reacted only to Ole e 1, which is normal in areas with lower pollen 
counts. On the other hand, Ole e 9 sensitization always coincided with Ole e 1; 
however, Ole e 7 cases were Ole e 1 independent, 40% of Ole e 1-negative patients 
were sensitized to Ole e 7 (Barber et al.  2007,   2008  ) . In this well exposed area of 
Andalusia it is important to consider not only Ole e 1, but also Ole e 9 and, particularly, 
Ole e 7. In other areas which are less exposed to olive pollen, Ole e 7 sensitization 
always coincided with Ole e 1. Clearly, new approaches to allergen standardization, 
diagnosis, and vaccination are necessary in different geographical areas. 

 Although it is generally believed that allergic sensitization to aeroallergens 
re fl ects the degree of exposure, and this also applies to pollen sensitivity, some studies 
show different results (Cárdaba et al.  2007  ) . Geller-Bernstein et al.  (  1996  )  have 
observed different sensitization prevalences to olive pollen, in ethnically different 
populations of Israel. Geller-Bernstein et al.  (  2002  )  have observed very low preva-
lence of sensitization to olive pollen in the Druse Arab, (12%), Christian Arab 
(27%) and Muslim Arab (35%) populations, as compared to the Jewish population 
(66%). The Druse, the Christian and part of the Muslim Arabs have lived in the 
study region for several centuries. In this area, olive trees have been cultivated as a 
crop for centuries, so that the residents are massively exposed to olive pollen from 
birth. However their sensitization prevalence to olive pollen is lower than that of the 
Jewish population that has lived in the same region only for about 150 years. This 
interesting observation might indicate that a population exposed to a type of pollen 
(allergen) from birth onwards, for centuries, might lead to tolerance, rather than to 
sensitization – possibly another aspect of the “hygiene hypothesis” (Geller-Bernstein 
et al.  2002 ; Cárdaba et al.  2007  ) . 

 Geller-Bernstein et al.  (  2002  )  compared the Israeli Druse population and the 
Andalusia population. Both populations are exposed to massive amounts of olive 
pollen in the air from birth. Such a continuous exposure has apparently lowered 
their possible sensitization to olive allergens. Finally, in studies comparing pollen 
thresholds for symptom development in different geographical areas, only a few 
papers focus on olive pollen, i.e. Jaen (Andalusia Region, Spain) (Florido et al. 
 1999  )  and Netzer Sireni (Coastal Plain of Israel, Israel) (Waisel et al.  2004  ) . Florido 
et al.  (  1999  )  have published a pollen risk threshold of 400 olive pollen/m 3  for Jaen 
patients, the province with the biggest number of olive groves in the world. However, 
lower pollen counts in the air (2–4 pollen/m 3 ) seem to cause allergy among the 
Israeli population living in Netzer Sireni, with a smaller number of olive trees. The 
olive pollen threshold level for symptom development may differ in different 
geographical areas, depending upon amount of exposure and/or ethnic origins. 

 In general, different studies on migration offer information about the role of the 
environmental and genetic factors in the development of atopy and asthma under 
different scenarios (Hjern et al.  1999 ; Brabäck et al.  2004  ) . These studies show that 
both the way of life and the environmental factors of industrialized countries play a 
role in the case of atopy and asthma. Furthermore, it appeared that in the beginning 
of respiratory allergies environmental factors play a more important role than genetic 
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ones (Hjern et al.  2000 ; Rottem et al.  2005 ; Lombardi et al.  2008  ) . The epidemiologi-
cal information reveals that the prevalence of asthma and atopy depends on the age 
in which the migration occurs and is increased by the duration of the residence in 
the countries of destination. 

 All these studies demonstrate how dif fi cult it is to de fi ne risk thresholds for 
sensitization to olive pollen in a particular geographical area.  

    6.4.3   Seasonal Variations in Threshold Level 

 Regarding the seasonal variations in threshold level, lower pre- and post-season 
exposure to relatively smaller pollen concentrations may cause allergic responses at 
a lower threshold. In the case of olive, Ole e 1 is also present in other trees belonging 
to the Oleaceae family, such as  Fraxinus  and  Ligustrum . In the Andalusia region 
(Spain) different  Fraxinus  species  fl ower at different periods of time.  F. angustifolia , 
 fl owering in early spring, coincides with pre-season olive pollen exposure and 
 F. ornus ,  fl owering in late spring, coincides with high olive pollen exposure (Guerra 
et al.  1996  ) . On the other hand, privet ( Ligustrum ) is an ornamental tree that  fl owers 
later, in June, coinciding with post-season olive exposure. This pollen appears in the 
air after the patients have been suffering from olive pollen allergy for a long time 
(Cariñanos et al.  2002  ) . Privet pollen grains are very heavy and they are not transported 
easily by air. However, it has been demonstrated that people living near large areas 
with this ornamental tree suffer from allergy. For this reason, these homologous 
pollen types can be responsible in a percentage of olive allergic responses at the 
beginning and end of the olive pollen season. 

 It is also important to take into consideration pan-allergens (i.e. pro fi lins, lipid-
transfer, proteins, polcalcins, etc.) when trying to understand the seasonal variations 
in threshold levels (Barber et al.  2008 ; Quiralte et al.  2007  ) . Homologous allergens 
in Oleaceae and non-Oleaceae species could account for cross-reactivity between 
different pollen (Quiralte et al.  2007  ) . This is important especially in patients living 
in south Europe, where olive and grass pollen seasons usually coincide. Pro fi lin 
sensitizations are mainly associated with grasses. Moreover other different aller-
genic pollen seasons usually overlap, i.e.  Rumex ,  Plantago ,  Artemisia ,  Ambrosia  
or Amaranthaceae/Chenopodiaceae (nowadays both of them are included in the 
Amaranthaceae family) (Barber et al.  2008  ) . 

 Another variation in symptom development during the season is observed in the 
grass pollen season in a Dutch grass pollen sensitive patient group. Patients seem to 
respond with more severe symptoms to the relatively low grass pollen concentra-
tions in the early part of the season, while at the end of the season when the grass 
pollen concentrations were still relatively high, symptom scores were reduced (de 
Weger et al.  2008  ) .  
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    6.4.4   Pollen Allergens in the Air 

 Most pollen allergens in the air are carried by pollen grains, but the presence of 
airborne small respirable particles containing pollen allergens has also been reported 
(Spieksma et al.  1995a ; Schäppi et al.  1997  ) . The total amount of allergen in the air 
we breathe needs to be considered in the assessment of thresholds for symptom 
development. 

    6.4.4.1   Small Respirable Particles 

 Pollen is the carrier of the airborne allergens. Although the existence of non-pollen, 
small respirable particles that contain allergen is still debated, for birch for instance 
the only source of the main allergen Bet v 1 is the pollen. Even anatomically closely 
situated parts of the catkin to pollen, such as orbicules (anatomic part inside anthers 
to which developing pollen are attached) do not contain allergen Bet v 1 (Vinckier 
et al.  2006  ) . At  fi rst this may seem surprising, but closer investigation showed that 
no Bet v 1 allergen is present in birch pollen until about 1 week before pollination 
(Buters et al.  2010  ) . The Bet v 1 allergen was found only inside the pollen. Because 
orbicles were shown to be devoid of this allergen, there is apparently no transfer 
of Bet v 1 inside catkins, and separate parts of a birch tree including catkins must 
produce their own Bet v 1. So far Bet v1 has not been found in any plant parts 
studied (except one report on the presence of low levels of Bet v 1 in birch leaves) 
(Grote and Fromme  1986  ) . Even if other parts of the tree such as leaves, bark or 
catkins contain some Bet v 1, they must become airborne which is unlikely. Thus, 
small respirable particles containing allergen must come from pollen from processes 
during or after pollen release, for example, rupture of pollen from birch (Schäppi 
et al.  1999b ; Grote et al.  2003 ; Taylor et al.  2004 ; Namork et al.  2006  )  or grass 
(Rantio-Lehtimäki et al.  1994 ; Schumacher et al.  1988 ; Motta et al.  2006 ; Namork 
et al.  2006  ) , or transfer of allergen after extraction by rain water to other environ-
mental particles (Behrendt and Becker  2001  ) . In Munich, Germany, during the last 
5 years of continuous allergen monitoring in ambient air during the pollen season, 
Buters et al.  (  2010  )  did not  fi nd any birch allergen in the respirable fraction con-
taining PM < 2.5  m m. The discrepancy between their results and other authors 
could be due either to speci fi c climatic conditions not present in Munich, Germany, 
or to the difference between grass and birch pollen (Namork et al.  2006  ) . Finding 
these small respirable particles is challenging as they occur in the same respirable 
fraction PM < 2.5  m m as diesel soot particles. Diesel soot adsorbs the allergen Bet v 
1 and consequently no allergen can be detected anymore in the sampled fraction. 
It is also unclear if allergen-coated diesel particles release the allergen once inhaled, 
or if that the allergen is no longer bioavailable for interactions with the immune 
system (see Fig.  6.2 ).  

 Pollen releases several substances, such as lipid mediators (PALMS) and larger 
quantities of adenosine; factors which seem to in fl uence the sensitization reaction 
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of the immune system. Once sensitized, the allergen seems to govern the observed 
patient symptoms (environmental pollutants in fl uence the extent of the immune 
reaction too (Lubitz et al.  2010  ) , but these compounds do not originate from pollen). 
The discussion concerning the threshold value then becomes the question of 
whether pollen releases a constant amount of allergen. If the pollen were constant 
in allergen release, then the pollen count would be a good surrogate marker for 
allergen exposure and a pollen-symptom threshold could be determined. If pollen 
release a variable amount of allergen, then an allergen-symptom threshold is per-
haps possible.  

    6.4.4.2   Regional Variation in Allergen Release 

 There are very few studies concerning the regional variability of allergen release 
from the same amount of pollen. Buters et al.  (  2008  )  showed that two regions in 
Germany, about 600 km apart, varied three-fold in allergen release from the same 
amount of pollen of the same species, and that this difference remained similar 
during the 3 years studied (see Fig.  6.3 ). Also,  Ambrosia artimisiifolia  plants 
exposed to higher CO 

2
  values gave rise to higher pollen production but less allergen 

release per pollen (Ziska et al.  2003 ; Rogers et al.  2006  ) . CO 
2
  varies among regions, 

although the differences are small, except for inner cities (Ziska et al.  2003  ) . 
Interestingly, more individuals living in inner cities with a higher environmental 
pollution are sensitized than city-inhabitants that live in less polluted areas 
(Morgenstern et al.  2008  ) .   

  Fig. 6.2    Absorption of the allergen Bet v 1 to diesel soot particles. Allergen was incubated with 
diesel particles (NIST#2975) and the remaining allergen in the supernatant was determined by 
ELISA (data from J. Buters)       
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    6.4.4.3   Day-to-Day Variability in Allergen Release 

 For birch, several authors monitored the allergen release from pollen collected from 
ambient air (see Fig.  6.4 ) (Buters et al.  2010  ) .  

 After rainfall (recognized by a very high humidity) both pollen and the allergen 
are greatly reduced. In the 1990s Rantio-Lehtimäki in Finland (Pehkonen and 
Rantio-Lehtimaki  1994 ; Jensen et al.  1989  )  had shown that allergen and pollen 
 fl ight were not congruent, suggesting that the release of allergen per pollen is not 
constant and varied per day. Schäppi and colleagues,  fi rst in Switzerland and later 
also in Australia, showed the same results (Schäppi et al.  1996,   1997,   1999a,  b  ) . 
Riediker et al.  (  2000  )  con fi rmed this  fi nding but also cautioned that allergen present 
in other fractions of ambient air might be due to sampling artefacts. The same was 
described for olive pollen (De Linares et al.  2007  )  although surprisingly most olive 
allergen was detected in those fractions that do not contain pollen. For grass pollen 
the differences in release is to be expected as the pollen from different grass species 
cannot be discriminated in a Hirst-type pollen trap, as microscopically the main 
species of grass pollen (such as  Lolium perenne ,  Dactylis glomerata  or  Phleum 
pratense ) show the same morphology (Winkler et al.  2001  ) . 

 The allergen release per  fi xed amount of grass pollen varied (Schumacher et al. 
 1988  ) . In addition, it can be demonstrated that, Phl p 5 was only partly congruent to 
grass pollen counts over Europe (Buters et al. unpublished observation).  

  Fig. 6.3    Differences in Bet v 1 release from the same amount of pollen collected directly from 
trees in Munich and Nordrheinwestphalia (NRW) and from different years. The  fi gure shows the median 
and the 90 and 75% con fi dence interval (with permission from Buters and Behrendt  (  2008  ) )       
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    6.4.4.4   Year-to-Year Variability in Allergen Release 

 Currently, to our knowledge only one study has examined the effect of different 
seasons on the allergen release of birch pollen. The authors reported an up to  fi ve-
fold difference in allergen release between the same amount of pollen sampled from 
the same trees in different years (Buters et al.  2008  ) . Although day of sampling will 
in fl uence the allergenicity of pollen due to the rapid increase of allergen just before 
pollination, the year-to-year differences remained between all years studied. Indeed, 
pollen sampled from ambient air from the same location varied up to ten-fold in 
allergen release potency between different years (Buters et al.  2010  ) . Thus allergen 
release from the same amount of birch pollen is variable. Also, the high variability 
among individual birch trees was not constant between years, although a few trees 
constantly remained in the lower percentile (Buters et al.  2008  )  A Europe-wide 
project was initiated that studies these questions in detail for birch, grass and olive 
pollen (see   www.hialine.com    ).  

  Fig. 6.4    ( a ) Daily variation in birch pollen allergen in different fractions of ambient air (-● - 
PM > 10  m m, - ▲ - 10  m m > PM > 2.5  m m: not shown 2.5  m m > PM > 0.12  m m, since all fractions 
resulted in baseline values) and pollen ( grey bars ) in ambient air from Munich, Germany in 2006. 
At the end of the birch pollen season pollen counts decline, but Bet v 1 does not. ( b ) Concomitant 
humidity (■) and temperature (▼) at the sampling site. Adapted from Buters et al.  (  2010  ) .       

 

http://www.hialine.com
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    6.4.4.5   Allergen Release from Different Pollen Species 

 Differences in allergen release from the same amount of pollen was best studied for 
birch (see above) but was also reported for grass, olive and ragweed pollen (Namork 
et al.  2006 ; Buters et al.  2008,   2010  ) . The phenomenon seems to be present in all the 
pollen species studied. This phenomenon is likely to be a general natural character-
istic of plants since it has been known for a long time that the speci fi c contents of 
certain ingredients vary also in non-allergenic species (Stahl and Jork  1964 ; 
Filipowicz et al.  2006  ) . Pollen is thus no exception. 

 Although previous  fi ndings suggest that airborne allergen measurements correlate 
with pollen counts (Marsh et al.  1987 ; Spieksma et al.  1995a  ) , the recent studies 
discussed above suggest that it is likely that pollen contain different amounts of 
allergen per pollen grain. The question remains, if the differences observed result in 
differences in patient symptoms. An additional advantage of allergen monitoring 
could be that automation and on-line monitoring of allergen is less complicated than 
pollen counting, as the current techniques have dif fi culties discriminating optically 
similar but allergenically different pollen species (Delaunay et al.  2007  ) . 

 Pollen grains release more than allergen alone (Traidl-Hoffmann et al.  2005  )  and 
the allergens themselves are a mixture of several different proteins, each protein 
again consisting of a mix of different isoforms. Thus birch pollen releases a mixture 
consisting of at least PALMs, adenosine, Bet v 1, Bet v 2, and Bet v 4. Bet v 1 consists 
of 37 reported isoforms, of which 6 are commonly present in European samples. 

 The major isoform of Bet v 1 is Bet v 1.0101. About >90% of European sensi-
tized individuals are sensitized to Bet v 1 (Moverare et al.  2002  ) , and >50% of 
Bet v 1 is made up by the isoform Bet v 1.0101 (Swoboda et al.  1995  ) . The other 
isoforms of Bet v 1 are close homologues of Bet v 1.0101 and birch pollen sensi-
tized individuals react to all these isoforms equally, except for the hypoallergenic 
isoform Bet v 1.0401 (Bet v 1d), which is a minor isoform (Hartl et al.  1999  ) . 
Patients sensitized to the minor allergen Bet v 2 or Bet v 4 are often simultaneously 
sensitized to Bet v 1 (Moverare et al.  2002  ) . 

 The major allergen in grass pollen is Phl p 5. Phl p 1 is a major allergen too and 
often sensitization to both occurs simultaneously (Moverare et al.  2006  ) . ELISA, 
the technique used to determine the allergen content of ambient air in all published 
studies, is mostly designed to recognize only one allergen, of which it then recog-
nizes the isoform mix relevant for patients. For Bet v 1 the antibodies used in the 
ELISA recognized all isoforms (except the hypoallergenic Bet v 1.0104) of Bet v 1, and 
the ELISA used predicted patient reactivity. Therefore, this technique is suitable for 
determining allergen exposure.  

    6.4.4.6   Allergen Release from Other Plant Parts 

 Allergen speci fi c IgE binding activity appeared to be present in other plant parts 
than pollen of e.g. ragweed (Agarwal et al.  1984  )  and birch (Fountain et al.  1992  ) . 
It is not known whether leaves, stems, seeds and roots can release relevant amounts 
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of allergens into the air under general conditions. However, release of allergens from 
other plant parts than pollen may be relevant during the annual campaigns to draw 
ragweed in the Rhône valley. During these campaigns which take place before 
the  fl owering season of ragweed, plants are being broken and snapped and during 
these actions some of the voluntary workers suffered from sudden attacks of asthma, 
conjunctivitis and/or urticaria (C. Déchamp, personal communication).   

    6.4.5   Environmental Aspects 

    6.4.5.1   Temperature and CO 2  

 Temperature is the primary determinant of the metabolic rate of plants, and therefore 
it is an important determinant of phenology including that of allergenic plants 
(Linderholm  2006  ) . Higher CO 

2
  concentrations stimulate photosynthesis in many 

plants especially when enough nutrients such as nitrogen are available (Bazzaz 
 1990  ) . Therefore increasing temperature and high CO 

2
  may affect the pollen load 

in a region. 
 Spieksma et al.  (  1995b  )  examined atmospheric birch ( Betula ) pollen data from 

 fi ve European stations (Basel, Vienna, London, Leiden, and Stockholm) between 
1961 and 1993 (records from 18 to 30 years). They found weakly rising trends of 
annual sums of daily concentrations at all  fi ve stations. More recent European studies, 
in Denmark (Rasmussen  2002  )  and Switzerland (Frei  1998  )  found trends of increasing 
amounts of pollen over the latter decades of the 1900s that were related to climate 
change. Teranishi et al.  (  2000  )  studied the association between Japanese cedar 
( Cryptomeria japonica ) pollen and temperature from 1983 to 1998 in Japan. They 
found a signi fi cant positive correlation between total pollen count in a year and 
temperature in July the previous year. In North America, Levetin  (  2001  )  has found 
statistically signi fi cant increases in a number of taxa, including  Juniperus ,  Quercus , 
 Carya , and  Betula , since 1987. There is some evidence that these increases have 
been associated with increases in average winter temperature. 

 Rising CO 
2
  concentrations may affect the amount of pollen produced per plant as 

well as the allergenic content of the pollen grains itself. Greenhouse experiments 
with ragweed plants showed that plants exposed to elevated levels of CO 

2
  increased 

their ragweed pollen production (   Ziska and Caul fi eld,  2000 ) as well as the Amb a 1 
content per pollen grain (Singer et al.  2005  ) .  

    6.4.5.2   Atmospheric Pressure 

 Although only a few studies on the importance of atmospheric pressure have been 
carried out, the effects of pressure on the threshold levels can be very diverse. (i) In 
connection with the NAO (North Atlantic Oscillation)-studies it has been shown 
that that pressure is a much more important factor causing changes in pollen 
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concentrations than has been realized thus far (e.g. Smith et al.  2009  ) . The role of 
pressure is revealed in long-distance pollen transport. Emberlin  (  1994  )  suggested 
that an increase in the strength of the Atlantic westerlies over north-west Europe 
would enhance the long distance transport of pollen from northern and central 
Europe to Scandinavia. This aspect should be taken into account for pollen forecast, 
since it may affect the expected pollen load for the coming day(s) considerably. (ii) 
Although the role of climatic factors in exacerbating asthma is poorly understood 
(D’Amato et al.  2001  ) , high and low atmospheric pressures have been linked to 
asthma attacks (Garty et al.  1998 ; Celenza et al.  1996  ) . There is evidence that changes 
in temperature, barometric pressure and relative humidity have some in fl uence on 
the worsening of asthmatic symptoms (e.g. Hashimoto et al.  2004  ) . (iii) Differences 
in atmospheric pressure can cause remarkable error in the function of pollen trap; 
for instance, in Switzerland at an altitude of about 2,300 m at Gütsch where the 
mean air pressure is 770 hPa this causes a 10% error compared to sampling in Basel 
where the air pressure is 979 hPa on an average (Gehrig and Peeters  2000  ) .  

    6.4.5.3   Thunderstorms 

 Thunderstorms have been linked to asthma epidemics, especially during the pollen 
seasons, and there are descriptions of asthma outbreaks associated with thunder-
storms. This is mainly because pollen grains release allergenic particles when they 
get in to contact with rainwater in combination with an electric  fi eld. 

 Grass pollen has been responsible for triggering allergic asthma, gaining impetus 
as a result of the 1987/1989 Melbourne and 1994 London thunderstorm-associated 
asthma epidemics (Suphioglu  1998  ) . Ryegrass pollen ruptures upon contact with 
water releasing about 700 starch granules which not only contain the major allergen 
Lol p 5, but have been shown to trigger both  in vitro  and  in vivo  IgE-mediated 
responses. Starch granules have been isolated in Melbourne atmosphere with 50-fold 
increase following rainfall. Free grass pollen allergen molecules have been shown 
to interact with other particles including diesel exhaust carbon particles, providing 
a further transport mechanism for allergens to gain access into lower airways 
(Suphioglu  1998  ) . Taylor et al.  (  2007  )  also suggested that thunderstorm asthma 
epidemics may be triggered by grass pollen rupture in the atmosphere and the entrain-
ment of respirable-sized particles in the out fl ows of air masses at ground level. 
Pollen contains nicotinamide adenine dinucleotide phosphate (reduced) oxidases and 
bioactive lipid mediators which likely contribute to the in fl ammatory response. 

 Vaidyanathan et al.  (  2006  )  decided to determine whether the potential for pollen 
fragmentation is increased during thunderstorms by exploring the effects of electric 
 fi elds, with magnitude as found in the outdoor environment. Fresh pollen grains 
were collected from Bermuda grass  fl owers. Water was added to test for pollen 
rupture and to assess pollen viability. Bermuda grass pollen did not rupture within 
1 h of contact with water. Only after exposure to an electric  fi eld the Bermuda grass 
pollen showed a considerable amount of rupturing immediately upon immersion in 
water. The higher the voltage the pollen is exposed to before coming into contact 
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with water, the higher the percentage of rupture of the pollen. Electric  fi elds, generated 
in the laboratory and of magnitude found during thunderstorms, affected the pollen 
after as little as a 5 s exposure. Thunderstorms regularly generate electric  fi elds up 
to 5 kV/m in strength, can reach 10 kV/m and cover several km in distance.  

    6.4.5.4   Ozone 

 Exposure to increased atmospheric levels of O 
3
  causes increased airway reactivity 

to pollen and is related to an increased risk of asthma exacerbation (Chen et al. 
 2004  ) . It has been observed that O 

3
  exposure has a priming effect on allergen-

induced responses as well as an intrinsic in fl ammatory effect in the airways of allergic 
asthmatics (Mol fi no et al.  1991 ; Kehrl et al.  1999  ) . Exposure to O 

3
  may increase 

the risk of allergic sensitization in predisposed subjects. Indeed, by lowering the 
threshold concentration of allergen able to induce clinical symptoms, O 

3
  can enhance 

the airway responsiveness of sensitized subjects. Mol fi no et al.  (  1991  )  reported that 
a 1-h exposure to 0.12 ppm O 

3
  while at rest caused a two-fold reduction in the 

provocation concentration of inhaled antigen required to cause early bronchocon-
striction in speci fi cally sensitized asthmatic subjects. The mean provocation dose of 
ragweed pollen necessary to reduce FEV 

1
  by 20% in sensitized asthmatic subjects 

was signi fi cantly reduced to about one-half the dose of ragweed allergen when the 
patients were pre-exposed to 0.12 ppm O 

3
  for 1 h  versus  pre-exposure to air. Jörres 

et al.  (  1996  )  using a higher effective dose (0.25 ppm inhaled through a mouthpiece 
with intermittent exercise) and a longer duration of exposure (3 h), found that 23 of 
24 mild asthmatic subjects required a lower provocation dose of allergen to cause a 
20% decrease in FEV 

1
  (PD 

20
 ) after O 

3
  exposure. The previous exposure to O 

3
  (and 

NO 
2
 ) on subsequent pollen allergen signi fi cantly increases the allergen-induced 

release of eosinophil cationic protein in nasal lavage of patients with seasonal allergic 
rhinitis (Devalia et al.  1998  ) . 

 Rogerieux et al.  (  2007  )  exposed timothy grass pollen to ozone (O 
3
 ), nitrogen 

dioxide (NO 
2
 ) and sulphur dioxide (SO 

2
 ) alone or in combination. For O 

3
 -treated 

pollen, tests with patients’ sera showed an acidi fi cation of allergens Phl p 1b, Phl p 
4, Phl p 5 and Phl p 6. Moreover, samples treated with a mix of NO 

2
 /O 

3
  or NO 

2
 /SO 

2
  

showed a higher decrease in allergen content, compared with samples treated with 
only one pollutant.  

    6.4.5.5   Nitrogen Dioxide (NO 2 ) and Sulphur Dioxide (SO 2 ) 

 Automobile exhaust is the most signi fi cant source of NO 
2
  which is an oxidant pollutant. 

It is less chemically reactive than O 
3
  and thus the inhalation of NO 

2
  is usually not 

associated with signi fi cant changes in bronchial function of asthmatic patients but 
it has an obstructive in fl uence on bronchi during exercise (Roger et al.  1990  ) . 
Tunnicliffe et al.  (  1994  )  demonstrated a greater allergen-induced early bronchocon-
striction by a combined inhalation of allergen and NO 

2
  for 1 h, while at rest, than after 
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sham exposure. SO 
2
  is generated primarily from burning of sulphur-containing fossil 

fuel. It has been shown to induce bronchial obstruction very rapidly (within 2–5 min) 
in asthmatic patients at low concentrations (Riedel et al.  1988  ) . O 

3
 , NO 

2
  and SO 

2
  

have been found to interact with allergenic pollen in the ambient air to aggravate 
symptoms of asthma (Feo Brito et al.  2007  ) . 

 Rogerieux et al.  (  2007  )  showed that exposure of grass pollen to nitrogen dioxide 
(NO 

2
 ) and sulphur dioxide (SO 

2
 ) induced a decrease of grass allergen recognition 

by patients’ sera. This decrease could be due to a mechanical loss of allergens from 
the altered pollen grains and/or post-translational modi fi cations affecting allergen 
recognition by IgE.  

    6.4.5.6   Particulate Matter 

 Particulates, alternatively referred to as particulate matter (PM) or  fi ne particles, are 
tiny particles of solid or liquid suspended in a gas. Sources of particulate matter can 
be man made or natural. Some particulates occur naturally, originating from volca-
noes, dust storms, forest and grassland  fi res, living vegetation, and sea spray. Human 
activities, such as the burning of fossil fuels in vehicles, power plants and various 
industrial processes also generate signi fi cant amounts of aerosols. Increased levels 
of  fi ne particles in the air are linked to health hazards such as heart disease, altered 
lung function and lung cancer. Fernvik et al.  (  2002  )  studied health effects due to air 
pollution arising from motor vehicles, a major public and political concern world-
wide. Epidemiological studies have shown that the manifestations of asthma are 
increased by air pollution in individuals who are already affected, e.g., the interaction 
between ambient PM 

10
  and pollen in studies of short-term effects (Lierl and Hornung 

 2003 ; Feo Brito et al.  2007  )  To investigate the potential role of traf fi c particulate 
matter, TPM, or pure carbon core particles in the initiation and persistence of exper-
imental allergic in fl ammation, mice were immunized with birch pollen alone, or 
pollen together with TPM, or with birch pollen and Al(OH) 

3
 , or with birch pollen 

and carbon core particles. Mice immunized with birch pollen alone and challenged 
intranasally with pollen or a mixture of pollen and TPM demonstrated the highest 
levels of IL-4 and IL-5 (Fernvik et al.  2002  ) . These results highlight the importance 
of the exposure to a combination of particulate matters and pollen allergens. 
The results strongly suggest that it is most likely to be the organic phase bound to 
the carbon core of the diesel exhaust particles (DEP) that might have an important 
adjuvant effect in the induction of experimental allergy. 

 Diaz-Sanchez et al.  (  1996  )  studied the effect of DEP on antigen in ragweed-
sensitive subjects challenged (nasal provocation test) with DEP, Amb a1 (the major 
ragweed allergen) and a combination of DEP and Amb a 1. Provocation with rag-
weed led to an increase in both total and ragweed-speci fi c IgE in nasal lavage  fl uid 
measured at 18 h, 4 and 8 days post challenge. The DEP challenge increased the 
concentration of ragweed-speci fi c IgE 16-fold  versus  concentrations observed after 
challenge with ragweed allergen alone. Combination of DEP and ragweed allergen 
challenge markedly enhances human  in vivo  nasal ragweed-speci fi c IgE and skews 
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cytokine production to a T-helper cell type-2 (Th2) pattern. These results indicate 
that DEP plays a role in the enhanced allergic in fl ammatory response thus decreasing 
the threshold value (Rudell et al.  1994  ) .    

    6.5   Impact of Allergenic Pollen on Non-allergic Diseases 

 Recent observations draw attention to rather consistent relationships between daily 
variations in both pollen counts and the incidence or prevalence of various non-
allergic diseases. This applies especially to three groups of diseases: non-allergic 
respiratory diseases, cardio- and cerebrovascular diseases, and psychiatric diseases 
including suicide and suicide attempt. 

    6.5.1   Effects on Non-allergic Respiratory Diseases 

 An impressive amount of data supports the effects of air pollution on respiratory 
diseases both in terms of mortality and morbidity (Schwela  2000 ; Baldacci and 
Viegi  2002 ; Pascal  2009  ) . However, pollen and spores have been included rarely 
among pollutants and their possible effects are often neglected. Brunekreef et al. 
 (  2000  )  were the  fi rst in 2000 to report an association between pollen concentrations 
and mortality. The authors evaluated daily non-accidental deaths due to cardiovascular 
and respiratory diseases and pneumonia between 1986 and 1994 in the Netherlands, 
and daily pollen levels for Poaceae,  Betula ,  Quercus ,  Fraxinus ,  Artemisia , and 
 Rumex  from two stations (Leiden, west and Helmond, south). Results were also 
adjusted for long-term and seasonal trends, temperature, relative humidity, in fl uenza 
morbidity, day of the week and holidays. Furthermore, lag (−7, −2, −1, 0) effect was 
evaluated. The main  fi ndings were that (i) Weekly concentrations of Poaceae were 
associated particularly with daily deaths due to chronic obstructive pulmonary dis-
ease (COPD) and pneumonia (ii) there was a consistent dose–response relationship 
and (iii)  Betula  and  Rumex  were positively associated with mortality. None of these 
 fi ndings were confounded by air pollution. 

 More recently, several papers con fi rmed and clari fi ed Brunekreef’s (Brunekreef 
et al.  2000  )  study. A symmetric case-crossover analysis, including pollen levels 
of Asteraceae, Betulaceae, Cupressaceae, Chenopodiaceae, Ericaceae, Fagaceae, 
Myrtaceae, Oleaceae, Pinaceae, Plantaginaceae, Platanaceae, Poaceae, Polygonaceae, 
Salicaceae and Urticaceae, performed in the city of Vigo (Spain) provided con fi rmation 
of a short-term relationship between pollen levels of  Betula , Chenopodiaceae, 
 Corylus  and  Alnus  and the medical emergency calls for respiratory and cardiovas-
cular causes in the period 1996–1999, even though there was no evident interaction 
between pollen and chemical air pollutants (Carracedo-Martinez et al.  2008  ) . 
Interestingly, this association was statistically signi fi cant at lag 0 for Chenopo-
diaceae, at lag 2 for  Corylus  and  Alnus  and at lag 3 for  Betula , whereas no relationships 
were found at lag 1. 
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 In Darwin (Australia), positive linear associations were shown between hospital 
admissions for total respiratory diseases and COPD in the period April 2004–
November 2005 and total pollen counts, without lag effect. But no convincing 
evidence was found for relationships between total pollen and asthma or respiratory 
infections. The  fi nding of an association between pollen concentrations and respira-
tory hospital admissions that could not be explained by asthma admissions suggests 
that ambient airborne pollen grains might have a wider public health impact than 
previously recognized. When individual taxa were investigated, associations were 
the strongest in relation to Myrtaceae pollen (the dominant tree taxon in the region), 
while positive associations not attaining statistical signi fi cance were observed for 
Poaceae, Cyperaceae and Arecaceae. On the other hand, no associations were evident 
for any conditions with fungal spores (Hanigan and Johnston  2004  ) . 

 Another study, published by Burney et al.  (  2008  ) , shed new light on intrinsic (i.e. non-
allergic) asthma. A cohort of 297 patients using bronchodilators aged 18–64 years 
was extensively evaluated with skin tests in London and they were asked to report 
any acute respiratory event over the coming months. Small particles with a mean 
aerodynamic diameter <10  m m (PM 

10
 ) were collected and the ability of airborne 

particles to bind IgE from the patients was compared with particles sampled on the 
weekend before their reported exacerbation and with particles sampled on the weekend 
2 weeks before or after. A highly signi fi cant association ( p  = 0.00089) between 
exacerbations and a 25% increase in IgE binding to particles collected on the previ-
ous weekend compared with the control weekends was found, even in patients with 
negative skin prick tests to grass or tree pollen. This observation indicates a role of 
unidenti fi ed allergens in asthma diagnosed as intrinsic, suggesting limits in current 
allergy diagnostics.  

    6.5.2   Effects on Cardio- and Cerebrovascular Diseases 

 The study in the Netherlands by Brunekreef et al.  (  2000  )  does not allow any conclu-
sions on the possible effects on mortality from cardiovascular diseases to be drawn. 
The association between pollen and mortality was seen only for two taxa,  Betula  
and  Rumex,  and the authors did not show results by disease type. On the other hand, 
high Poaceae pollen counts were not associated with mortality from cardiovascular 
diseases. Similarly, in the study with patients who made medical emergency calls in 
Vigo (Carracedo-Martinez et al.  2008  ) , elevations in pollen levels did not increase 
medical emergency calls because of cardiovascular causes. 

 However, Low et al.  (  2006  )  analyzed the effects of numerous environmental 
variables, including pollen and spore counts, on hospital admissions for stroke in 
New York. Using a statistical time series modelling technique, the authors found a 
relatively small, but signi fi cant independent association ( p  = 0.0341), between stroke 
events and grass pollen concentration. It is a pity that they did not provide any 
hypothesis supporting this observation, apart from the fact that alveolar in fl ammation 
is proposed as the mechanistic link. 
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 Similarly, according to Matheson et al.  (  2008  ) , hay fever seems to be a risk factor 
for stroke during a 4.4 year period in South Carolina. Patients with a history of 
allergic rhinitis had an unadjusted hazard ratio of 1.72 (95% CI, 1.08–2.27) for 
stroke  versus  patients without allergic rhinitis. Risk of stroke remained signi fi cant 
(hazard ratio, 1.87 [95% CI, 1.17–2.99]) after controlling for age, sex, race, smoking 
status, body mass index, diabetes, hypertension, alcohol use, and hyperlipidemia. 
The authors suggested the mechanism to be the systemic in fl ammation found in 
those with allergic rhinitis. Yet, Ng et al.  (  2008  )  put forward an additional explana-
tion, i.e. obstructive sleep apnea (OSA), for the increased risk. It is now well 
accepted that allergic rhinitis is associated with an increased risk of OSA in adults 
and children and that adults with OSA have an increased risk of cerebrovascular 
disease independent of atherosclerotic risk factors.  

    6.5.3   Effects on Psychiatric Diseases 

 The seasonal trend of some psychiatric diseases has been reported consistently, but 
its causality is still poorly understood. In this view, several papers investigated 
the possible role of the pollen season which overlaps with the seasonality of some 
psychiatric diseases. An experimental study showed a regression in children with 
autistic spectrum disorders (ASD) or with attention de fi cit hyperactive disorder 
(ADHD) after nasal challenge with oak, timothy grass and ragweed pollen. During 
natural pollen exposure, 15 of 29 (52%) children with ASD and 10 of 18 (56%) 
children with ADHD demonstrated neurobehavioral regression. There was no 
correlation with the child’s allergic status (IgE, skin tests and RAST) or allergy 
symptoms. The same effect was observed in allergic and non-allergic children 
(Boris and Goldblatt  2004  ) . The authors suggested that, although they had not con-
ducted an empirically test, an unknown non IgE-mediated mechanism underlined 
this relationship. 

 The most numerous studies are about suicide or suicide attempt, including those 
done at the University of Maryland School of Medicine at Baltimore. A strong and 
highly replicated seasonality of suicide in late spring and, less consistent, in late 
summer and early fall is well known (Hakko et al.  1998  ) . For this reason, Postolache 
et al.  (  2005  )  performed an epidemiologic study analyzing 2,417 suicides in the tree 
pollen season and 1,811 in the ragweed season for the continental US and Canada 
in the period 1995–1998. They found a two-fold increase in the rate of non-violent 
suicides among younger females during the period with high tree pollen, in 
comparison to similar periods with low tree pollen (95% CI, 1.3–3.0). There was no 
difference between the post pollen period and the pre pollen period. The association 
was thus found only for non-violent suicides, only in females, and only for tree pollen 
(and not also for ragweed pollen). While these results may have been confounded 
by a number of biological and psychosocial factors (such as impact of feeling sick), 
acting during the allergy season on individuals and their social support systems, two 
possible explanations were proposed. These were the side-effect of anti-allergic 



1996 Impact of Pollen

drugs (pseudoephedrine, antihistamines and corticosteroids), which may worsen 
prosuicidal factors such as night-insomnia, day-somnolence, agitation, anxiety, 
impulsivity, and cognitive disturbance (Pretorius  2004  ) ; or a mechanism linked to 
an increased expression of cytokines during the immune activation. Both hypotheses 
appear rather weak. Nevertheless, three points require careful thought: (i) If there is 
insuf fi cient data to prove any link between the other medications used to treat allergy 
and suicidality, systemic (but not topical) corticosteroids used for severe symptoms 
have been really associated with manic and depressive episodes and mixed mood 
states (Postolache et al.  2008  ) . On June 12, 2009 the US Food and Drug Administration 
issued a warning raising concerns about the suicidality potential of montelukast 
(trade name Singulair ® ) and other leukotriene receptor antagonists (LTRA) (Manalai 
et al.  2009  ) . (ii) Another mechanism linking allergic in fl ammation, depression, and 
suicide has been demonstrated. Reeves et al.  (  2007  )  outlined the role of alcohol, that 
is a well-established risk factor for adolescent suicide, in inducing phosphorylation 
and rearrangement of tight junction proteins of the blood–brain barrier (BBB) 
resulting in increased “leakiness”, i.e. passage of cells and molecules. Many authors 
have proposed for a long time that allergic in fl ammation in fl uences depression-
related brain function via molecular and cellular mediators, but those mediators 
have a very limited access to the brain when the BBB is intact. Alcohol intake 
disrupts BBB, allowing increased brain exposure to cellular mediators of allergy, 
especially in youth when alcohol use starts. (iii) It has also been shown in Brown 
Norway rats that sensitization and exposure to aeroallergens induces anxiety-like 
and aggressive behaviours as well as allergy-related helper T-cell type 2 (Th2) 
cytokine gene expression in the prefrontal cortex. Thus, it is possible that sensitization 
and exposure to aeroallergens, which peak in spring, may be conducive to seasonal 
exacerbation of suicide risk factors such as anxiety, depression, hostility/aggression, 
and sleep disturbance. The recent report of Th2 (allergy-mediating) cytokine expres-
sion in the orbitofrontal cortex of suicide victims should lead to future studies to test 
the hypothesis that mediators of allergic in fl ammation in the nasal cavities may 
result in Th2 cytokine expression in the brain, in fl uencing affect and behavioural 
modulation (Postolache et al.  2008  ) . 

 Other studies showed a signi fi cant relationship ( p  < 0.001) between high pollen 
season and self-reported non-winter seasonal affective disorder (SAD), distinguished 
by depression in summer and remission in fall and winter (Guzman et al.  2007  ) . The 
survey was conducted among college students at local universities in Washington, 
DC. However, the sample included only African American and African students 
and, therefore, the results may not be applicable to the entire population. The study 
was based only on a questionnaire and patients were not tested for pollen sensitization. 
No direct measures of depression scores or pollen counts were collected. It is 
nevertheless a fact that the  fi ndings con fi rm certain results of the oldest study about 
this question that used an ethnically diverse sample (Bartko and Kasper  1989  ) . 

 Postolache et al.  (  2008  )  stated that (i) the rates of depression, anxiety, and sleep 
disturbance (suicide risk factors) are greater in patients with allergic rhinitis than in 
the general population, (ii) that the rate of allergy is greater in patients with depression 
and (iii)  fi nally that patients with a history of allergy may have an increased rate of 
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suicide. However, it remains unknown if these associations are true or spurious, and 
if true, if they represent trait (vulnerability) – level relationship or if mood-states are 
involved, i.e. if there is adequate evidence to suggest that exposure to allergens 
might trigger mood changes in vulnerable individuals. In another study, con fi rming 
the relationship between tree pollen and changes in mood in patients sensitized to 
that pollen, Postolache et al.  (  2007  )  suggested a connection between allergy and 
depression decompensation rather than between pollen and depression. 

 To sum up, allergy can in fl uence mood by several potential mechanisms. There 
may be somatic changes, such as discomfort caused by allergic in fl ammatory 
processes in the upper airway that may affect well being. This situation may lead to 
other possible mediators affecting mood, such as the use of medications like corti-
costeroids or LTRA, or disturbance of sleep caused by multiple factors including 
obstruction of the airways. The release of in fl ammatory mediators including cytokines 
is one likely mechanism that may promote the worsening in mood. This mood 
worsening can occur by either acting directly in the brain or through other path-
ways, such as interactions with the HPA-axis and/or the IDO enzyme. Cytokines 
have been shown to induce depression and anxiety. The  fi ndings of Postolache et al. 
 (  2007  )  relating allergic symptoms with depression scores may be explained in part 
by the release of cytokines during allergic reactions.  In vitro  studies have also shown 
that certain human polymorphisms increase the expression of cytokines including 
TNF- a , IL-13, and IFN- g . In addition, certain cytokine polymorphisms increase 
susceptibility to allergic disease such as asthma. Moreover, allergic symptoms have 
been correlated with the amount of cytokines released during some allergic reactions. 
It is possible that depression scores in some individuals may re fl ect the increased 
amount of cytokine release during allergic processes. This issue is a matter to be 
clari fi ed with future investigations.   

    6.6   Conclusion 

 Pollen has a substantial impact on human health. Besides the role of pollen and 
fungal spores in allergic diseases, recent research also suggests an effect of aller-
genic pollen on non-allergic diseases. Current knowledge is insuf fi cient to draw a 
conclusion on these effects. Experimental studies showing a proin fl ammatory and 
immunomodulatory activity of pollen support the hypothesis of a non-IgE mediated 
effect on human health, even if with several limitations, some epidemiological 
observations are consistent with the experimental data. Other indications come from 
studies on respiratory and psychiatric diseases which present some diagnostic 
dif fi culties and limitations. However, all these  fi ndings have not been suf fi ciently 
reproduced so far. Consequently, further research is needed at clinical, epidemio-
logical, animal and postmortem tissue levels to clarify the complex role of pollen on 
human health, which probably goes beyond allergic diseases. Experimental studies 
should identify the role of pollen-derived particles in airborne particulate matter 
(e.g.PM 

10
 ) and their effects on human health. Moreover, epidemiological studies 

should be speci fi cally designed by a multidisciplinary research team, with the aim 
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of con fi rming the association between pollen counts and diseases. The advances in 
the  fi eld of detection of airborne allergens could contribute to distinguishing the 
effects of allergens from those of other non-allergenic proteins of pollen (Thibaudon 
and Sindt  2008  ) . 

 Most knowledge on the impact of pollen on human health deals with the allergic 
sensitization upon pollen exposure causing IgE-mediated responses in susceptible 
individuals. These responses, resulting in respiratory diseases and allergic eye irrita-
tion, have a marked impact not only on clinical parameters, but also on functional 
status as shown by a study demonstrating a reduction in productivity of 11–40% 
(Vandenplas et al.  2008  ) . This impact of pollen on health status differs among 
patients, both on an individual as well as on a population level. It is dependent on 
weather conditions (e.g. temperature, thunderstorms), presence of air pollutants 
(e.g. O 

3
 , NO 

2
 , SO 

2
 , particulate air pollution [PM]) and the impact may change dur-

ing the season. Furthermore, the amount of allergen per pollen grain can differ 
which may affect the impact of pollen. 

 The diversity of factors that in fl uence the health impact of pollen has hampered the 
de fi nition of a straightforward relationship between pollen and the severity of symp-
toms. Several studies report pollen levels at which symptoms develop, but there is still 
no consensus on these threshold levels. The various factors discussed in this overview 
that in fl uence the interactions between pollen and patients, are responsible for the fact 
that threshold values not only vary by pollen type, but also by region, population, year, 
time of the season, and landscape architecture (e.g. urban or rural). However, there is 
a need for de fi nition of threshold pollen levels, not only for  scientists and physicians, 
but also for patients that want to know at which pollen concentration they are at risk 
for symptom development, and for policymakers that want to create distinct rules for 
public information services. At this moment, science cannot formulate a validated 
solution. However, one  fi rst approach to tackle this problem could be to de fi ne 
 preliminary threshold values for different regions. Whereas this is inevitably an 
oversimpli fi cation, such preliminary threshold values could be validated using symp-
toms scores of patients that can be entered by special websites (e.g.   www.allergiera-
dar.nl     or   www.polleninfo.org    ). Such websites may reach a wide audience and 
symptoms scores can be collected including GPS coordinates. The combination of 
geographical coordinates and symptoms scores will result in relevant new information 
which can teach us whether these preliminary threshold values are correct or whether 
they should be adjusted based on interacting mechanisms.      
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  Abstract   The aim of this chapter is to describe the ways that pollen information is 
being presented and disseminated to the general public, in various European countries 
and elsewhere, with the aid of information and communication systems and methods. 
For this purpose, the chapter  fi rstly addresses the legal framework concerning the 
dissemination of environmental information and especially information concerning 
the quality of the atmospheric environment. In the next section, the production of 
pollen related information via monitoring systems and with the aid of appropriate 
models is addressed. Then, the chapter presents and analyses pollen information 
dissemination, including internet technologies as well as participatory sensing. 
Furthermore, on-line pollen information systems are investigated, and pollen infor-
mation presentation as well as communication means are analysed. On the basis of 
the aforementioned investigations, the chapter then addresses the area of electronic 
information systems and services for quality of life. Such services are suggested as 
appropriate for disseminating environmental quality information related to pollen 
levels. Lastly, conclusions are drawn concerning information services that would 
include pollen related data and knowledge.  
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    7.1   Introduction 

 Airborne pollen is a major problem for a considerable percentage of people, due to 
the allergic reactions that it triggers, and the health problems that it is related to. 
Therefore, it is evident that information concerning the existence of pollen grains in 
the air, as well as the appearance of allergic reactions and risks associated with 
speci fi c pollen types, is of major importance for citizens (Gonzalo-Garijo et al. 
 2009  ) . The need for pollen information provision has already been recognised, in 
the frame of various research initiatives concerning the dissemination of informa-
tion concerning the quality of the atmospheric environment (Peinel and Rose  2004 ; 
ROADIDEA  2011  ) . Such information should be collected, prioritised, disseminated 
and presented in a structured, easily understandable way, in order to increase the 
awareness of the sensitive parts of the population and allow them to take preventive 
or protective measures to minimise the allergic reactions and risks (Moriguchi et al. 
 2001 ; Neidell  2009  ) . 

 Although airborne pollen, via its associated allergy, can considerably affect 
a sufferer’s quality of life, it is not regulated in terms of: (a) pollen emission abate-
ment, (b) obligation to monitor and map airborne pollen concentration levels, 
(c) agreed limit or target values and de fi nition of associated exceedance episodes, 
(d) measures to prevent or alter allergic reactions and risks. Yet, it has been recognised 
that pollen is part of the environmental pressures that the atmospheric environment 
may pose to people (Kusch et al.  2004  ) , and on this basis, the legal framework on 
environmental information dissemination as well as air quality management may be 
used as a starting point for pollen information dissemination and presentation.  

    7.2   The Legal Framework of Environmental Information 
Dissemination 

 The issue of access to environmental information and its dissemination towards the 
public has been on the agenda of various administrative and decision making bodies 
for many decades in Europe. The EU environmental legislation covers all major 
aspects of various  fi elds of environmental quality, like air pollution, water quality, 
noise, waste management etc. Nevertheless, there is no speci fi c regulation concerning 
pollen, although the latter may be considered as part of the ‘air’ domain, in line with 
the provisions of Dir. 90/313/EEC, which de fi nes environmental information as any 
available information, in any form, concerning the state of the various elements 
of the environment. Thus, pollen does not appear explicitly in any part of the EU 
environmental monitoring and management legislation, most probably due to the 
fact that such legislation is used to address mainly man-made pollution or environ-
mental pressures. This issue has been revised in the latest directive concerning the 
quality of the atmospheric environment (EC Dir. 2008/50/EC), where air pollutant 
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contributions coming from natural sources and mechanists are explicitly mentioned 
(Article 2 (15) of the aforementioned directive). The inclusion of pollen in natural 
sources of air pollution (as part of the primary biological aerosol particles), has 
already been discussed in terms of providing guidelines for air quality assessment 
(Marelli  2007 ; EC  2011  ) . 

    7.2.1   Information Access for the Atmospheric Environment 

 It has been recognized that citizens who are well informed on environmental issues 
can support the formulation and application of practices for the protection of the 
environment and the sustainable development, while being able to protect them-
selves from negative effects that the environment might have to their health (Karatzas 
et al.  2005  ) . Yet, what is lacking is a model for effectively communicating environmen-
tal information to the public. Such a model – set of guidelines, may be formulated 
via the related legal framework. Those legal texts, in their turn, attempted to incorpo-
rate in the best possible way the scienti fi c knowledge concerning the impacts of 
Air Quality (AQ) to human health and the environment, and introduced in our 
everyday vocabulary terms like assessment, limit values, target values, concentra-
tion and many others. 

 The  fi rst EU legislation concerning air quality information availability was Dir. 
82/459 which was later replaced by Directive 97/101, and stated that Environmental 
Information (EI) should be made accessible to the public via an information system 
set up by the European Environment Agency (EEA), the European Air Quality 
Information System Airbase (  http://air-climate.eionet.europa.eu/databases/airbase/    ). 

 The major change came with Directive on Ambient Air Quality Assessment and 
Management (96/62/EC) that required the development of action plans concerning 
zones within which concentrations of pollutants in ambient air exceed limit values. 
These limit values were established by so-called Daughter Directives, that replaced 
old ones. It is worth noting that within these Daughter Directives, the use of computer-
network services is explicitly mentioned in order to provide the public with the 
appropriate air quality information, which should be up-to-date and routinely made 
available (Karatzas and Moussiopoulos  2000  ) . 

 The latest Directive on public access to environmental information (2003/4/EC), 
declares that environmental information should be provided to the public on-line. 
This is in line with Article 7 (1) of this Directive which states that ‘ Member States 
shall take the necessary measures to ensure that public authorities organise the 
environmental information… with a view to its active and systematic dissemination 
to the public, in particular by means of computer telecommunication and/or electronic 
technology ’. Lastly, in the Directive 2008/50/EG on ambient air quality and cleaner 
air for Europe (so-called ‘Air Quality Directive’), it is clearly stated in Article 26 on 
public information that ‘ The information shall be made available free of charge by 
means of any easy accessible media including the Internet or any other appropriate 

http://air-climate.eionet.europa.eu/databases/airbase/
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means of telecommunication ’. Concerning environmental information provision, 
this directive also includes forecasts for air quality information that should be 
disseminated to citizens, thus de fi ning a timely and in advance information provision 
scheme. Moreover, the fact that such information should be made available on 
both an everyday basis and on the basis of an incident-event (i.e. exceedance of 
regulated levels), suggests a combined pull and push communication mode (Juvva 
and Rajkumar  1999  ) . 

 In addition to the above, there is also the Directive on public participation in relation 
to environmental decisions (Dir. 2003/35/EC), as well as the Directive on the re-use 
of public sector information (Dir. 2003/98/EC), that dictate the distribution of 
environmental information to the citizens. Overall, there is a suf fi cient legal frame-
work that supports the provision of environmental information to the citizens, and 
the dissemination of any information related to the quality of the atmospheric 
environment. Yet, it should be noted that pollen is not explicitly included in the list 
of environmental domains who’s quality should be ‘of fi cially’ monitored (like in the 
case of air or water quality), and for this reason it may be considered to be unclear 
whether it constitutes public sector information. On the other hand, any information 
that is related to the quality of the environment is, by de fi nition of the relevant direc-
tives, environmental information, and thus related to the well being of the public. 
The way that pollen may currently be considered is via the related AQ directives 
and regulations. Even in this case, it is dif fi cult to come up with a harmonised and 
homogeneous way (regardless of time, space and pollutants) to brie fl y and accurately 
describe AQ for the general public, and communicate related information, due to 
the complexity of the air pollution problem per se and the variations in the way that 
limit values and alert thresholds are de fi ned and calculated. This dif fi culty is more 
pronounced in the case of pollen, due to the lack of any agreement or regulation 
concerning thresholds and limit values. In practice, the closest that pollen levels 
have come to being regulated, has been via pollen or allergy indexes that were 
proposed by experts and are being used to inform citizens concerning allergy risks 
and symptoms in various countries. 

 All the above demonstrate the differences in the way that aeroallergens and ‘clas-
sical’ air pollutants are treated in terms of the sensitivity of people and the impact 
they have to their health. It is evident that an aero-pollutant is considered to affect 
ambient air quality in a different way in comparison to ‘classical’ air pollutants, and 
these differences should be taken into account in the design of any AQ information 
and communication method. On this basis, the pollen related information to be 
made available to the public should take into account (i) the mandates of the legal 
framework, (ii) the prerequisites of the information content, (iii) current practices 
concerning air quality information dissemination (Karatzas  2009  ) , and (iv) the rec-
ognised need for providing pollen forecast information (Mäkinen  1985  ) . Following 
the aforementioned requirements, the environmental quality information to be made 
available to the public should consist of: (a) spatial and temporal pollen concentrations 
data, (b) pollen forecasts (c) measures and advices to decrease personal exposure, 
(d) guidelines for sensitive individuals and administrative details.   
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    7.3   Pollen Information Sources 

    7.3.1   Pollen Monitoring 

 Aeroallergens (i.e. allergenic airborne pollen grain and fungal spore concentrations) 
are being observed with the aid of numerous technological methods, employing 
manual, semi-manual or fully automated procedures, all aiming at: (a) recording the 
various taxa of the pollen species that are present in a certain observation location, 
and (b) estimating the concentration of the pollen grains (usually in number of 
grains per cubic meter). In addition, there are observations coming from citizens, 
which report on the symptoms that they are experiencing and the possible cause of 
those symptoms, thus helping in mapping the pollen in fl uence within the population 
of an area of interest, and estimating the potential impact of pollen concentrations 
(like in the case of the AllergieRadar system –   www.allergieradar.nl    ). Extended 
versions of such information systems address various EU countries, and aim at col-
lecting information on allergic symptoms and the pollen content of the air, fostering 
information dissemination on the basis of personalized records (  www.pollendiary.
com    ). Another type of system that is currently under investigation and prototype 
development, makes use of the technological capabilities of modern mobile phones, 
which are capable of taking good quality pictures of pollen producing plants, 
automatically geo-reference them, provide additional information and tagging, and 
posting them on a freely available geographic information space like Google 
Earth or Visual Earth. The aforementioned approaches are based on the concept 
of Participatory Environmental Sensing (PES), where the individual takes part in 
recording environmental status, reporting on environmental conditions and pressures, 
and exchanging information that is of importance for his/her health status and concerns 
(Burke et al.  2006 ; Goldman et al.  2009 ; Karatzas  2011  ) .  

    7.3.2   Simulation and Modelling 

 Having multiple sources of pollen observations, it is evident the need to manage 
them properly and to ef fi ciently extract knowledge from a vast amount of data. 
On the basis of a literature review conducted by the authors of this chapter, pollen 
data are being simulated and modelled with the aid of various computational and 
mathematical methods, such as regression and time series analysis, neural networks, 
fuzzy analysis, genetic algorithms, deterministic numerical models, etc. Yet it 
should be noted that despite the fact that prototype research and effective model 
development is accomplished, few of these approaches lead to operational use of 
models, as suggested by the CAFE (Clean Air For Europe) air quality Directive for 
the atmospheric environment. 

 The aforementioned literature review addressed 97 papers and revealed that there 
are certain pollen taxa which are ranked as the most ‘popular’ for model-based 

http://www.allergieradar.nl
http://www.pollendiary.com
http://www.pollendiary.com
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forecasting, as reported in Table  7.1 . According to the review results,  Poaceae , 
 Betula ,  Alnus  and  Olea  are the most forecasted taxa, while the most popular fore-
casting goals are season start, followed by daily values, and when it comes to forecasting 
goals per pollen taxa, then  Poaceae  is the subject of forecasting for season start and 
daily values, accompanied by season severity.  

 This information should be complemented by the type of forecasting method 
being used for each one of the 12 pollen taxa, as reported in Table  7.2 . It is evident 
that regression models are applied in the majority of cases (targeting mostly at 
 Poaceae  and  Betula ). The next most applied modelling method is the one based on 
the temperature sum, and then phenological – climatological modelling and chilling. 
These models were mostly applied for predicting season start of  Alnus, Betula, Corylus, 
Olea  and  Quercus .    

    7.4   Pollen Information Dissemination 

    7.4.1   Pollen Information Type 

 It is very important to distinguish the difference between information about allergy 
potency and information about allergy risk; allergy potency is a parameter depending 
only of the pollen grain itself, and of its content in allergens, while allergy risk is 
another parameter that represents the expected health impact caused by airborne 
pollen. The allergy risk depends on heterogeneous parameters such as allergy 
potency of speci fi c pollen, pollen counts, period of observation during pollen season, 

   Table 7.1    Results of a literature analysis on pollen forecasting models   

 Pollen  Daily 
values 

 Season 
start 

 Peak 
day 

 Season 
duration 

 Season 
severity 

 Pheno-
logy 

 Long term 
(1 month) 

 Numerical 
modelling  Total  Taxa 

  Alnus   5  14  –  1  1  1  –  1   23  
  Ambrosia   1  1  –  1  –  –  –  –   3  
  Artemisia   –  1  –  –  –  –  –  –   1  
  Betula   9  20  1  3  5  –  –  2   40  
  Chenopodiaceae   –  –  –  –  –  –  –  –   0  
  Corylus   1  8  –  –  1  1  –  –   11  
  Cupressaceae   –  3  –  1  –  –  –  –   4  
  Olea   5  13  1  –  3  2  –  –   24  
  Platanus   1  6  –  1  –  1  –  –   9  
  Poaceae   10  17  1  4  8  1  1  –   42  
  Quercus   3  9  3  1  2  –  –  1   19  
  Urticaceae/

Parietaria  
 1  1  –  1  –  –  –  –   3  

  Total    36    93    6    13    20    6    1    4    179  

  The table reports on the forecasting goal for each one of 12 pollen taxa in Europe (note that more 
than one target may be mentioned per taxa)  
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geographical position of the trap, ethnic consideration and meteorological conditions. 
Although in most cases the allergy potency information (in terms of pollen grain 
concentrations) is the only information type provided to citizens, there are cases 
where allergy risk information is also calculated and provided, in terms of risk 
potential and possibilities to develop certain symptoms.  

    7.4.2   Pollen Information Sources and Dissemination Methods 

 The main issue about optimizing the dissemination process of pollen and quality of 
life information to users, is to precisely de fi ne: (a) what type of information will be 
destined for dissemination, (b) how it will be presented and visualized, (c) when it 
will become available, and (d) to which user group. 

 Usually, there are three levels of information coverage: national, regional and 
personal. National information consists of general reports written about today’s 
observations or forecasting information of a country, commonly published on a 
website, on newspaper, radio etc. Regional information is related to certain geographic 
locations-areas, addressing the main pollen taxa being present in the air, and usually 
includes recommendations for quality of life reassurance. These information services 
and forecasts are usually published on different websites or other media outlets. 
Conversely, personal information delivers targeted information provision to every 
subscribed user of a pollen information/alerting system. Noti fi cations of pollen data 
concerning user’s geographical area, as well as alerts according his/her pollen sen-
sitivity can be sent directly by email, SMS or become available on-line through 
particular ICT services.  

    7.4.3   Pollen Observation-Based Information System Examples 

 Polleninfo (  http://www.polleninfo.org/    ) is a detailed, web-based pollen information 
portal, addressing national alerts and issues concerning pollen season, phenology, 
allergy risk, health recommendations and preventive measures. The platform also 
provides with pollen diary services, where users can record their daily allergy symp-
toms and compare this information with actual pollen load of the main allergenic 
plants. Polleninfo is the most comprehensive information system concerning pollen 
data at a European level, currently including 35 countries. Contributors are experts 
per country and members of the European Aeroallergen Network (EAN) that either 
run a pollen observation station/system, or are responsible for data handling. 
The portal provides with a European overview of aeroallergen levels, forecasts, 
distribution maps and timeseries charts per country and per pollen taxa, where avail-
able. Forecasting maps, giving information about today’s and next day grass pollen 
counts, are derived in collaboration with the Finnish Meteorological Institute (FMI). 

http://www.polleninfo.org/
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Coloured  fl ow charts produced six times a day, give annual statements and analyze 
principal pollination period of different pollen types in certain geographical regions 
in Europe. Additionally, static colour-scaled maps of Europe show the intensity of 
pollen loads for every 10 days per month. These maps result from a detailed analysis 
of a 15-year-record of daily pollen counts coming from 300 monitoring stations. 
Furthermore, Polleninfo includes numerous supporting material and links, making 
it the most complete pollen information portal in Europe. 

 An example of a regional, comprehensive, web-based information system for 
information on allergenic pollen and spores in the air, is PIA (Point of Information 
on Aerobiology,   http://lap.uab.cat/aerobiologia/en/    ), which is operated by the 
Autonomous University of Barcelona. PIA provides with pollen and spores data for 
various locations in Spain, based on observations. The portal also provides with 
weekly forecasts, that inform the public on the current levels as well as on the trend 
(increase, stable, decrease, attention) of air conditions, for 16 pollen and 2 spore 
types. The portal also includes pollen calendars for Catalonia and Tenerife. 

 Coming to observation-based information systems outside Europe, the of fi cial 
website of Albuquerque city in New Mexico may be used as a typical example 
(  http://www.cabq.gov/airquality/pollen.html    ), which incorporates a regional infor-
mation system that gives general information, alerts, as well as recommendations 
about air quality and correlated health issues. The system provides with a detailed 
record about today’s and past concentration levels of allergic pollen types, but also 
gives useful information concerning the range of the highest daily pollen counts of 
primary pollen producers, the elaboration of pollen types, pollen seasons and the 
collection sample methodology. Operating as an alerting system, it provides pollen 
count observations on a daily basis. Information is visualized in a table format, 
comprising actual counts and rating of allergy risk per monitored pollen. Apart from 
the aforementioned information being available to every interested party through 
the website, email noti fi cation services are available for those who want to get 
informed directly through their mail-box. Internet access is prerequisite in order to 
accomplish communication between general public and the information authority. 

 Another example of a system providing with similar information and visualization 
methods, is the Forsyth county (Georgia, USA), which maintains a regional web-
site (  http://www.co.forsyth.nc.us/EnvAffairs/default.aspx    ) concerning environmen-
tal affairs. It provides, among other, online services, with daily air quality/pollen 
reports. These reports are updated each business day, on a settled time, while fore-
casts can be directly emailed to every subscribed user. In a detailed manner, it pub-
lishes pollen history diagrams, daily pollen reports and 3-days-ahead forecasts of 
three types of pollen emission sources: trees, grasses and weeds. Pollen measured 
data (density, as grains per cubic meter) are visualized in a table format, using a 
pollen rating coloured scale with  fi ve levels (absent, low, moderate, high, very high), 
where ranges are de fi ned in correlation to pollen density and to scales suggested by 
the National Allergy Bureau (NAB) and the American Academy of Allergy, Asthma 
and Immunology (AAAAI,   https://pollen.aaaai.org    ).  

http://lap.uab.cat/aerobiologia/en/
http://www.cabq.gov/airquality/pollen.html
http://www.co.forsyth.nc.us/EnvAffairs/default.aspx
https://pollen.aaaai.org
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    7.4.4   Pollen Model-Based Information System Examples 

 One of the most easily accessible model-based information systems for pollen in 
Europe is based on SILAM (System for Integrated modeLling of Atmospheric 
coMposition). The open-source Air Quality and Emergency Modelling System 
named SILAM, started back in 2005 and was developed under a research project 
of the Academy of Finland (  http://silam.fmi. fi     ). Its functionality and services are 
built by adopting ef fi cient Computational Intelligent and mathematical methods. 
The system combines various phenological models describing pollination season of 
different pollen types, with meteorological and aerobiological information. The 
system demonstrates emissions, concentration forecasts and spatial dissemination 
of pollen across Europe, giving daily updated predictions for speci fi c pollen types 
(birch and grass), in a 5-day ahead forecasting horizon. Pollen concentrations are 
estimated as counts (grains per cubic meter), taking into account detailed grass 
land and birch forest maps. Results are represented on the basis of a coloured scale, 
visualizing the information as animated movies on geographical maps, where users 
can navigate through different prediction horizons. No estimated values of pollen 
counts are given to the public. All information is freely accessed through the cor-
responding website (  http://pollen.fmi. fi /pics/index.html    ), while no personalized 
noti fi cation /alert services are available to the users. 

 Concerning model-based pollen information systems, the one launched in 
Denmark in 2005 may also be mentioned (  http://www.pollenprognoser.dk    ; Rasmussen 
et al.  2008  ) . The system gives detailed information on the expected pollen concen-
tration of  birch ,  grass  and  mugwort  in Denmark every 6 h up to 2 days ahead. 
The presentations are put on maps using a colour scale for 6 levels from ‘very low’ 
to ‘very high’. From 2010 the forecast is also made available as time series of hourly 
data for all Danish cities. The system’s forecasts were originally based on a statistical 
model of pollen emissions and pollen concentrations utilising data from the meteo-
rological numerical weather prediction model DMI-HIRLAM (High Resolution 
Limited Area Model, Korsholm et al.  2006  )  with a horizontal resolution of 5 km. 
In 2008 the existing modelling system was improved by the implementation of a 
new semi-operational dynamical modelling system for birch pollen covering the 
pollen emissions, atmospheric transport, dispersion and deposition of pollen particles. 
The system based on Enviro-HIRLAM is developed at DMI in cooperation with the 
FMI and other European partners. The dynamical model system is planned to run 
also for  grasses  and  mugwort  within 2011. 

 Moreover, and in addition to operational models, a vast number of modelling 
methods and tools have been employed for the production of pollen information. 
Such data are integrated into pollen information bulletins that are issued by aeroallergen 
societies and pollen research institutes. These bulletins, however, do not primarily 
target the citizen, as the information recipient, and thus are exempted from the cur-
rent analysis.  

http://silam.fmi.fi
http://pollen.fmi.fi/pics/index.html
http://www.pollenprognoser.dk
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    7.4.5   Pollen Related Observations via PES 

 PES establishes a citizen’s observations and information exchange. EDDMapS (Early 
Detection and Distribution Mapping System,   http://www.eddmaps.org/    ) is a 
web-based system for documenting invasive species distribution that combines data 
from databases and organizations as well as users’ observations to create a national 
network of invasive species distribution data that is shared with every interested 
party (citizens, scientists, researchers, educators, ecologists, etc.). All these data 
serve the foundation of a better understanding of invasive species distribution around 
the world. 

 The system requires registration to the website in order to become member and 
be able to report an invasive species occurrence. Simply by  fi lling a form about 
location and infestation data, participants can submit their observations, upload 
captured images of species and then track results through interactive queries into the 
EDDMapS database. Users can also maintain their pro fi le or personal records, and 
visualize data with interactive maps. 

 In the same line of action lies the so called ‘What’s Invasive!’ system (  http://
whatsinvasive.com/    ), which supports citizens’ participation for locating invasive 
weeds. Nevertheless, the additional potential given to participants is that, by the 
use of their mobile phones, they can capture and upload information about invasive 
species that they have witnessed. Since these data are immediately available to anyone, 
users can get automatically updated information about invasive species associated 
with their nearest location. 

 The most integrated solution on pollen observation and information systems 
based on the concept of PES is the Envitori project (  http://knowledge.vtt. fi /eo/envi-
tori.jsp    ), which aims to become an environmental information market place that 
collects, manages and shares environmental data among citizens, as well as private 
and public parties. Envitori combines strong expertise of ICT with environmental 
technology, by making use of Web 2.0 capabilities, advanced Computational 
Intelligence (CI) methods, wireless networks, low-cost sensors and mobile internet 
services in order to create new customized and personalized services, dependent on 
user, place and time. 

 The EnviObserver (   https://knowledge.vtt. fi /eo/    ) is the operational system for 
mobile environmental monitoring in EnviTori. The system utilizes multiple media 
channels so that air quality and pollen information can be monitored on Google 
Maps, Google Earth or corresponding applications being available on mobile 
phones. A user can choose among various observations, such as air quality, weather 
conditions and pollen symptoms, all data coming either from stations or from user 
observations (e.g. users can report on various types of  fl owering plants that they 
have spotted and/or report on symptoms). The system’s information dissemination 
utility about air quality and health risks can be targeted according to a particular 
place at a given moment (real-time), where the user is located. Generally, observations 
are being updated on a daily basis, with measurements provided to the public coming 
from the last 24 h recorded data.   

http://www.eddmaps.org/
http://whatsinvasive.com/
http://whatsinvasive.com/
http://knowledge.vtt.fi/eo/envitori.jsp
http://knowledge.vtt.fi/eo/envitori.jsp
https://knowledge.vtt.fi/eo/
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    7.5   Pollen Information Systems and Services 

 Pollen Information Systems may be considered as a type of an Air Quality Information 
System (AQIS). Although there are not as many PIS as air quality ones, those existing 
make use of internet technologies and in some cases of SMS messaging and smart 
phone services or communicating information and provide warnings to the recipients. 
Some systems are designed for and integrated in mobile phone applications, 
reinforcing the existence of ubiquitous pollen information and its direct provision 
to citizens, regarding the region of interest or even the exact location where the 
individual is living. 

 On a continental level, the European PIS is   www.polleninfo.org    , (already 
presented in detail in Sect.  7.4.3 ). From 2007, a scienti fi c collaboration project 
(COST action) on the assessment of production, release, distribution and health 
impact of allergenic pollen in Europe has initiated its activities (  www.eupollen.eu    ) 
and provides support concerning pollen information provision. In the frame of the 
current chapter, the authors, in collaboration with the participants of the aforemen-
tioned EUPOLLEN Cost action, undertook the initiative to compile an extensive 
list of on-line PIS and services that are currently in operation in Europe and also 
some of the systems that operate outside the European continent. The results of this 
inventory are presented in Table  7.3 , in country-based alphabetic order. For each 
PIS or service, the following information is provided: country of origin, the informa-
tion type provided, the information presentation method, the means of communication 
employed, the frequency of information provision, and the nature (commercial 
or free) of the PIS/service. Table  7.3  is accompanied by a detailed list of the internet 
addresses of the PIS/services, which is provided in the form of an Annex at the end 
of this chapter.  

 In some of the systems included in Table  7.3 , meteorological models are 
combined with air dispersion models, that receive input from pollen emission models 
(in some cases in combination with pollen emission observations), for the calculation 
of grains of pollen per cubic metre on a daily basis. Thus, these computational 
information systems incorporate operational forecasting models, in order to provide 
with predictions of pollen count levels for different forecasting horizons. In most of 
the PIS of Table  7.3 , data come from public authorities via networks of observation 
stations, while some others combine pollen observations with information such as 
reports on allergy symptoms, or  fl owering phenology, made by citizens utilising 
ICT device services. In the majority of these systems, web-sites enriched with compu-
tational results are freely open to the general public, while some of the systems 
require further registration to provide with more detailed and personalized information, 
or even some sort of monthly fee in order to obtain personalized services. 

 It should be noted however that some dedicated sites for the forecasting and 
information provision of pollen levels, and some related projects, have already 
appeared some years ago. A couple of such systems are brie fl y presented hereafter, 
for reasons of completeness concerning PIS/services:

   The  • A.S.T.M.A.  project (ENV4-CT98-0755), developed between 1998 and 
2001, provided forecast information on allergy risk regarding 4 aeroallergens 

http://www.polleninfo.org
http://www.eupollen.eu
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( Cupressaceae ,  Olea ,  Poaceae  and  Parietaria ) in 4 regions: Nice (France), 
Emilia Romagna (Italy) and Andalucía and Catalonia (Spain). (  www.enviport.
com    ).  
  Dynamic on-line forecasting system for cedar pollen in Kanto, Japan (   Delaunay • 
et al.  2002  ) . In this system a meteorological forecast model was fed with pollen 
emission data and observations, for the provision of pollen concentration levels. 
Information was made available via the web, while WAP access was also being 
tested and used during the  fi rst years of operation.     

    7.6   Results and Discussion Concerning Pollen Information 
Dissemination 

 On the basis of the detailed review and analysis of the PIS included in Table  7.3 , it 
was made evident that all the systems studied adopt, to some degree, Human-
Computer Interaction prototypes, enabling people to be part of an ‘observing-
analyzing-disseminating’ information chain. The presentation of the available data 
is made, in most of the cases, in an encoded and user-friendly manner, by using 
colour-scaled graphs, short messages, static or dynamic maps, with the resulting 
information displayed as a graph, or as an interactive, animated movie. In this way, 
pollen information provision may easier overcome any misunderstandings in 
scienti fi c terminology while the said information is more easily perceived. In order 
to have a better overview of the characteristics concerning pollen information 
dissemination as well as PIS, the authors took also into account a survey that was 
conducted, with the aid of a questionnaire, at the end of 2008, in the frame of the 
EUPOLLEN COST Action (  www.eupollen.eu    ). The survey included information 
from 19 EU countries (Fig.  7.1 ) on pollen information dissemination, and the various 
dissemination media that were identi fi ed are reported in Table  7.4 .   

 By combining the information of Table  7.3  with that of Table  7.4 , it is evident 
that electronic media (mainly the internet but also mobile phones) play an important 
role in the provision of pollen related information to the citizens. In addition, ‘tradi-
tional’ electronic media (TV and radio) and newspapers are also popular in providing 
pollen related information to the public. In most of the cases information is being 
available to everybody visiting the relevant web site, (‘pull’ communication mode), 
while in some others a kind of subscription (usually without any fee) or another type 
of user-oriented action was required in order to have access to the information (‘push’ 
communication mode). This demonstrates the fact that a wide range of information 
channels, acting complementary to each other, are required in order to be able to 
communicate with as many citizens as possible. Moreover, it was made evident that 
citizens prefer information that addresses everyday utility and habits, while they 
would like to receive pollen forecasts early in advance and not after an incident of 
pollen ‘episode’.  

http://www.enviport.com
http://www.enviport.com
http://www.eupollen.eu
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    7.7   Conclusions 

 Information about aeroallergens plays an important role in the timing of prophylactic 
medication and in maintaining compliance in treatments among the sensitised popu-
lation (Bousquet et al.  2001 ; Sabbah et al.  1999 ; Stern et al  1997  ) . Such information 

  Fig. 7.1    The 19 EU countries that provided data on current pollen forecasting services and outlets 
in member (as reported in Table  7.4 )       

   Table 7.4    Number of countries supplying pollen information to various information-media types   

 Services  Number of countries/19 
 Number of countries paid for 
service 

 Television  12  5 
 Radio  14  4 
 Newspapers: national  12  4 
 Newspapers: regional  13  6 
 Newspapers: local  12  6 
 Websites  17  7 
 Mobile phone/SMS  11  4 
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is usually aimed at allergy sufferers directly so that they can plan their medication 
and activities in advance, or to medical professionals who plan treatment and schedule 
clinical trials. Pollen (aeroallergen) information, particularly forecasts, is also of 
value to those who produce and stock health care products (Emberlin et al.  1999  ) . 
Information of this type comes mainly from observations, yet it is complemented in 
some cases by modelling, while the usage of participatory sensing methods has 
started to appear in recent years. 

 Pollen information systems are usually geared towards the internet, while they 
also make use of mobile phones and smart devices for the personalised provision of 
information and related advice. The latter is tailored with the aid of colour scales or 
other information representation techniques (graphics, etc), and in some cases it 
addresses possible symptoms and precaution measures. The analysis of the on-line 
information systems suggests that there is a strong interest for personalized provi-
sion of information, which addresses everyday life. Moreover, for those that suffer 
from allergies, it is of major importance to be able to receive information tailored to 
their own needs and everyday habits, and to be able to compare their health status 
with the health status of those that suffer from same or similar allergies, while also 
have access to historical as well as real time data and forecasts concerning pollen 
levels at geographic areas of interest. There is also a trend towards the development 
of information services based on social media, as the latter allow for the creation of 
interest groups that not only receive information from prede fi ned sources, but also 
develop and exchange information and knowledge between them. On this basis, it is 
expected that the participatory sensing concept, in combination with social media, 
will play an important role in future pollen information dissemination systems and 
services, addressing quality of life.      
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      Annex    1 

 The internet addresses (URLs) of the online PIS included in Table  7.3  

      Websites in Europe 

 AAD (Astma-Allergi Danmark) 
   http://hoefeber.astma-allergi.dk/hoefeber/pollen     

http://hoefeber.astma-allergi.dk/hoefeber/pollen
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 AeroUEx 
   http://www.unex.es/     

 AFEDA (French Foundation of Ragweed Study) 
   http://afeda.assoc.pagespro-orange.fr/     

 AIA (Associazione Italiana Di Aerobiologia) 
   http://www.ilpolline.it/     

 AirAllergy 
   http://airallergy.wiv-isp.be/sites/airallergy/default.aspx     

 Allergie Radar 
   http://www.allergieradar.nl/     

 Allergology 
   http://www.allergology.ru/     

 Clarityn 
   http://itunes.apple.com/WebObjects/MZStore.woa/wa/viewSoftware?mt=8&ign

-lr=Lockup_r2c1&id=370539091     
 CAN (Croatian Aerobiology Network) 

   http://www.stampar.hr/PeludIPeludna     
 Czech pollen information service 

   http://www.pylovasluzba.cz/home     
 Deutscher Wetterdienst 

   http://www.dwd.de/pollen fl ug     
 DMI 

   http://www.dmi.dk/dmi/index/danmark/dagens_pollental.htm     
 Informació del Pollen – Ajuntament de València 

   http://www.valencia.es/polen     
 Irishhealth Pollen Alert 

   http://www.irishhealth.com/pollen_cnt.html     
 IVZ (Institut za Varovanje Zdravja) 

   http://www.ivz.si/Mp.aspx?ni=130     
 LUMC (Leids Universitair Medisch Centrum) 

   http://www.lumc.nl/con/1070/85683/105795/     
 MeteoSwiss (page not currently available - July 2012) 

   http://www.meteosuisse.admin.ch/web/en/weather/health/pollen.html     
 NPARU (National Pollen and Aerobiology Research Unit) 1  

   http://www.worcester.ac.uk/discover/aerobiology.html     
 NPARU (National Pollen and Aerobiology Research Unit) 2  

   http://www.zirtek.co.uk/     
 NSPolen 

   http://www.nspolen.com/en/home     
 PIA (Point of Information on Aerobiology) 

   http://lap.uab.cat/aerobiologia/en/     
 PollenIndex 

   http://www.pollenindex.hu/     
 Polleninfo.org 

   http://www.polleninfo.org/     

http://www.unex.es/
http://afeda.assoc.pagespro-orange.fr/
http://www.ilpolline.it/
http://airallergy.wiv-isp.be/sites/airallergy/default.aspx
http://www.allergieradar.nl/
http://www.allergology.ru/
http://itunes.apple.com/WebObjects/MZStore.woa/wa/viewSoftware?mt=8&ign-lr=Lockup_r2c1&id=370539091
http://itunes.apple.com/WebObjects/MZStore.woa/wa/viewSoftware?mt=8&ign-lr=Lockup_r2c1&id=370539091
http://www.stampar.hr/PeludIPeludna
http://www.pylovasluzba.cz/home
http://www.dwd.de/pollenflug
http://www.dmi.dk/dmi/index/danmark/dagens_pollental.htm
http://www.valencia.es/polen
http://www.irishhealth.com/pollen_cnt.html
http://www.ivz.si/Mp.aspx?ni=130
http://www.lumc.nl/con/1070/85683/105795/
http://www.meteosuisse.admin.ch/web/en/weather/health/pollen.html
http://www.worcester.ac.uk/discover/aerobiology.html
http://www.zirtek.co.uk/
http://www.nspolen.com/en/home
http://lap.uab.cat/aerobiologia/en/
http://www.pollenindex.hu/
http://www.polleninfo.org/
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 Pollinfo.ini.hu 
   http://www.pollinfo.ini.hu/     

 Pollen fl ug 
   http://www.apfelnews.eu/2010/03/19/pollen fl ug-info-furs-iphone/     

 Pollen Luxembourg 
   http://www.pollen.lu/     

 PollenPrognoser 
   http://www.pollenprognoser.dk/     

 Pollen Report in Finland 
   http://aerobiologia.utu. fi /tiedotus/siitepolytiedote/polleninformation.html     

 Pollenvarslingen.no 
   http://www.pollenvarslingen.no/forsiden/varsel.aspx     

 PollenWarnDienst.at 
   http://www.pollenwarndienst.at/     

 REA (Spanish Aerobiology Network) 
   http://www.uco.es/rea     

 Red AEROCAM (Red de Aerobiologia de Castilla – La Mancha) 
   http://aerocam.uclm.es/niveles_de_polen     

 Red de Aerobiologia de Castilla – Leon 
   http://www.sanidad.jcyl.es/polen     

 Red Palinológica de la Comunidad de Madrid 
   http://www.madrid.org/polen/     

 RGA (Rede Gallega de Aerobiologia) 
   http://www.usc.es/aerobio/index.htm     

 RNSA 
   http://www.pollens.fr/     

 RPA (Rede Portuguesa de Aerobiologia) 
   http://www.rpaerobiologia.com/?iml=EN     

 SEAIC 
   http://www.polenes.com/en/index.html     

 Sun Coast University of Málaga 
   http://webdeptos.uma.es/biolveg/02Aer/00HAer/01Aer.html     

 Swedish Pollen Laboratories 
   http://www.nrm.se/sv/meny/faktaomnaturen.7036.html     

 Weather Channel 
   http://uk.weather.com/health/index     

 ZAMG 
   http://zacost.zamg.ac.at/phaeno_portal/      

http://www.pollinfo.ini.hu/
http://www.apfelnews.eu/2010/03/19/pollenflug-info-furs-iphone/
http://www.pollen.lu/
http://www.pollenprognoser.dk/
http://aerobiologia.utu.fi/tiedotus/siitepolytiedote/polleninformation.html
http://www.pollenvarslingen.no/forsiden/varsel.aspx
http://www.pollenwarndienst.at/
http://www.uco.es/rea
http://aerocam.uclm.es/niveles_de_polen
http://www.sanidad.jcyl.es/polen
http://www.madrid.org/polen/
http://www.usc.es/aerobio/index.htm
http://www.pollens.fr/
http://www.rpaerobiologia.com/?iml=EN
http://www.polenes.com/en/index.html
http://webdeptos.uma.es/biolveg/02Aer/00HAer/01Aer.html
http://www.nrm.se/sv/meny/faktaomnaturen.7036.html
http://uk.weather.com/health/index
http://zacost.zamg.ac.at/phaeno_portal/
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      Other International Websites 

 AccuPollen 
   http://njms2.umdnj.edu/pollen/     

 Allergy Alert 1  
   http://extensions.joomla.org/extensions/maps-a-weather/weather/climate/11581     

 Allergy Alert 2  
   http://www.pollen.com/iphone.asp     

 Allergy Alert 3  
   http://www.pollen.com/alert.asp     

 Allergy Forecast 
   http://www.pollen.com/allergy-forecast.asp     

 BaltimoreSun 
   http://www.baltimoresun.com/news/weather/     

 MetService 
   http://vaac.metservice.com/default/index.php?alias=smsservices     

 Mobilink Pollen Services 
   http://propakistani.pk/2009/03/17/mobilink-offers-pollen-updates-via-sms/     

 NAAC 
   http://www.nwasthma.com/resources/pollen.asp     

 Nasal Allergies Resource Center 
   http://www.nasonex.com/nasx/application?namespace=main&event=content_

display&event_input=enterzip     
 National Allergy Bureau 

   http://www.aaaai.org/nab/index.cfm?p=pollen     
 Online Pollen and Mold Center 

   http://www.stlouisco.com/doh/pollen/Index.cfm     
 Pollen Count Albuquerque 

   http://www.cabq.gov/airquality/pollen.html     
 Polenes.cl 

   http://www.polenes.cl/     
 Pollen Journal 

   http://itunes.apple.com/app/pollen-journal/id301787659?mt=8     
 Pollen Map 

   http://www.pollen.or.kr/english/map/map_main.asp     
 Pollen Mobile web 

   http://www.pollen.com/mobileweb.asp     
 Pollen Radar 

   http://www.gizmag.com/iphone-app-pollen-radar-japan/14111/     
 Ufone Pollen Count 

   http://www.ufone.com/mobPro_PollenCount.aspx     
 WeatherBug 

   http://weather.weatherbug.com/pollen-forecast.html     

http://njms2.umdnj.edu/pollen/
http://extensions.joomla.org/extensions/maps-a-weather/weather/climate/11581
http://www.pollen.com/iphone.asp
http://www.pollen.com/alert.asp
http://www.pollen.com/allergy-forecast.asp
http://www.baltimoresun.com/news/weather/
http://vaac.metservice.com/default/index.php?alias=smsservices
http://propakistani.pk/2009/03/17/mobilink-offers-pollen-updates-via-sms/
http://www.nwasthma.com/resources/pollen.asp
http://www.nasonex.com/nasx/application?namespace=main&event=content_display&event_input=enterzip
http://www.nasonex.com/nasx/application?namespace=main&event=content_display&event_input=enterzip
http://www.aaaai.org/nab/index.cfm?p=pollen
http://www.stlouisco.com/doh/pollen/Index.cfm
http://www.cabq.gov/airquality/pollen.html
http://www.polenes.cl/
http://itunes.apple.com/app/pollen-journal/id301787659?mt=8
http://www.pollen.or.kr/english/map/map_main.asp
http://www.pollen.com/mobileweb.asp
http://www.gizmag.com/iphone-app-pollen-radar-japan/14111/
http://www.ufone.com/mobPro_PollenCount.aspx
http://weather.weatherbug.com/pollen-forecast.html
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 Weather Channel 
   http://www.weather.com/activities/health/allergies/index.html     

 Weather Zone & Pollen Tracker 
   http://www.weatherzone.com.au/pollentracker/     

 WebMD 
   http://www.webmd.com/allergies/healthtool-pollen-counter-calculator     

 Wunderground 
   http://www.wunderground.com/DisplayPollen.asp        
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