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10.000  pollen*day*m−3. Woody taxa had generally 
shorter seasons than herbaceous taxa. In trees, we see 
precipitation as the main limiting factor for assimilate 
production prior to anthesis. A severe tree pollen sea-
son in 2016 suggests intense synchronous flowering 
across taxa and populations triggered by favourable 
water supply in the preceding year. GAM models can 
explain the effect of weather on pollen concentrations 
during anthesis. Under the climatic conditions over 
the study period, temperature had a negative effect on 
spring flowering trees, and a positive one on summer 
flowering weeds. Humidity, atmospheric pressure 
and precipitation had a negative effect on weeds. Our 
findings contribute to environmental and allergologi-
cal knowledge in southern Europe and Turkey with 
relevancy in the assessment of impacts of climate 
change and the management of allergic disease.

Keywords  Allergenic pollen seasons · Pollen 
severity · Allergy management · Generalized additive 
models · Meteorological factors · Masting

1  Introduction

Information on the  allergenic pollen season and its 
severity provides insight on the state of the environ-
ment of a region and facilitates allergy symptom man-
agement (Karatzas et al., 2019; Gehrig et al., 2018). 
Both aspects are closely connected in aerobiologi-
cal research. Climate change gives rise to increased 
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respiratory allergy, due to its impact on the start and 
duration of the pollen season, the flowering inten-
sity, and the presence of allergen content (D’Amato 
et  al., 2020; Eguiluz‐Gracia et  al., 2020; Damialis 
et  al., 2019; Katelaris & Beggs, 2018; Jenerowicz 
et  al., 2012). The megacity Istanbul with a popula-
tion of close to 18 million has now an allergy and 
asthma incidence of 20% in adolescents and adults 
(Turkish Statistical Institute, 2020). Furthermore, it 
supports health practitioners in the choice of aller-
gen extracts to test (Zemmer et al., 2021; Ansotegui 
et  al., 2020; Heinzerling et  al., 2013), in the timing 
for implementation of clinical trials (Bastl et  al., 
2019; Pfaar et  al., 2017) and in the sound interpre-
tation of clinical results (Werchan et al., 2018). Pol-
len types detected in aerobiological sampling differ 
in their clinical relevance between regions (Karatzas 
et al., 2019; D’Amato et al., 2007). Within a region, 
relevance may also change over time. In Milan, for 
example, Cupressaceae only recently have become 
important with regard to allergy (Asero et al., 2020). 
Regular updates on local pollen information are, thus, 
essential (Ansotegui et  al., 2020). In the interpreta-
tion of pollen information cross-reactivity patterns of 
taxa have to be considered (Ansotegui et  al., 2020). 
Some of the major proteins causing allergy are panal-
lergens, common to many flowering plants (McK-
enna et al., 2016). The major birch allergen Bet v 1, 
for example, belonging to the protein family PR10, 
has homologues in hazel (Cor a 1) and alder (Aln g 
1) within the families Betulaceae and Fagaceae as in 
beech (Fag s 1) in the order Fagales (Matricardi et al., 
2016; Weber, 2008) and also in non-related taxa, such 
as apple (Mal d 1) (McKenna et al., 2016). Therefore, 
when presenting pollen information, you can address 
clinical needs by grouping taxa above species, genus, 
and even family level (Hoffmann et al., 2020).

In environmental terms, the local pollen spectrum 
depends on the  natural vegetation, land use, orna-
mental flora in green urban spaces, and the  ruderal 
urban flora  (Werchan et  al., 2018; Monroy-Colín 
et  al., 2018; McInnes et  al., 2017; Tosunoglu et  al., 
2015; Carinanos et  al., 2014; Fernández-Rodríguez 
et al., 2014; Çeter et al., 2012), as well as on prevail-
ing air currents (Alan et al., 2019; Rojo et al., 2015; 
Damialis et  al., 2005). It can reveal the arrival of 
invasive plants, such as ragweed, when the presence 
of local sources is not yet known (Zemmer et  al., 
2012). Meteorological factors influence the flowering 

phenology, and thus, the duration and intensity of 
the pollen flow in anemophilous species (Dahl et al., 
2013). So can accumulated temperature during the 
period when male catkins are initiated and formed, 
affect the amount of pollen released during flower-
ing (Bogdziewicz et  al., 2017; Dahl & Strandhede, 
1996). Air humidity impacts pollen release. Dry air 
favours anther dehiscence in many anemophilous spe-
cies  (Dahl et  al., 2013; Martin et  al., 2010; Pacini, 
2000; Bianchi et al., 1959). When air is humid, pollen 
grains absorb water and get heavier; some types like 
grass pollen will even burst as they cannot adjust to 
humidity (Dahl et  al., 2013; Pacini, 2000). In dryer 
climates, water availability is a limiting factor affect-
ing plant biomass accumulation (Szymczak et  al., 
2020) and flowering intensity (Velasco-Jiménez et al., 
2020; Galán et  al., 2016; García-Mozo et  al., 2010; 
Peñuelas et  al., 2004). The Mediterranean region, 
including southern Europe, will face increased arid 
conditions due to climate change (Hoegh-Guldberg 
et al., 2018). In Istanbul this trend has become evident 
in the shift from a moist-subhumid towards dry sub-
humid climate during the last twenty years (Turoğlu, 
2014). The result may be spatial and temporal shifts 
of allergenic pollen sources (Damialis et  al., 2019). 
Reports on phenology and flowering intensity of wind 
pollinated taxa of a region provide, therefore, impor-
tant information on environmental changes over time 
(Velasco-Jiménez et al., 2020; Galán et al., 2016).

In this paper, we analyse atmospheric pollen moni-
tored in Istanbul from the environmental perspective. 
The aims are to (1) define pollen seasons (2) report 
on the intensity of pollen concentrations (3) and on 
the effect of meteorological factors on the main taxa.

2 � Materials and methods

2.1 � Study area

The monitoring was performed in Büyükçekmece at 
the western fringes of Greater Istanbul. The climate 
of Istanbul corresponds to the Köppen Geiger Csa-
type (Turoğlu, 2014) that is somewhat between tem-
perate and Mediterranean (Climate-Data.org, 1999). 
The Bosporus and the south of the city are influenced 
by the Marmara Sea, while the climate in the north-
ern and western hinterland is more continental, as it 
is influenced by the Black Sea and the Balkans. The 
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study area is, thus, characterized by a transitional cli-
mate from cool and wet conditions northwards into 
the Istranca mountain range, to a dry and warm situ-
ation in the south and around Bosporus (Baser, 2011; 
Fig. 1). The topography is hilly and the highest eleva-
tion is about 300  m above sea level. North-easterly 
winds prevail. The vegetation changes according to 
the climatic north–south gradient. In plant geographi-
cal terms, two floristic regions blend here into one 
another: the South-Eurosiberian and the Mediterra-
nean (Schroeder, 1998). Most of the wood cover is 
situated upwind the trap in the Belgrad Forest, and 
features the following wind-pollinated deciduous 
thermophilus trees: Quercus frainetto, Q. petrea, Q. 
robur, Q. cerris, Fagus orientalis, Castanea sativa, 
Corylus avellana, Carpinus betulus, C. orientalis, 
Alnus glutinosa, Fraxinus angustifolia, F. ornus, Pop-
ulus tremula, Erica arbora, E. manipuliflora, Ulmus 
minor, Salix caprea and S. cinerea   (Çoban et  al., 
2016; Baser, 2011; Kavgaci et  al., 2010). There are 
also areas of Pinus nigra plantations. Amidst patches 
of pseudomaquis with Quercus coccifera, Junipe-
rus communis, Paliurus spina-christi and Pistacia 
terebinthus, grasslands turning dry in summer, and 
agricultural lands, villages emerge. The agricultural 
land is used for the growth of annual crops (sun-
flower, canola, cereals). The area has four watersheds, 
some of them functioning as fresh water reserves 
of the city with restrictions on urban development. 

Anemophilous urban flora on walls, wastelands 
and coasts feature herbaceous plants pertaining to 
Poaceae (i.e. Digitaria sanguinalis, Setaria ssp., 
Echinochloa ssp., Sorghum halepense), Asteraceae 
(i.e. Artemisia vulgaris, A. annua, A. absinthium, 
Xanthium spinosum, X. strumarium), Urticaceae 
(i.e. Urtica dioica, U. membranacea, U. pilulifera, 
U. urens, Parietaria judaica), Amaranthaceae (i.e. 
Amaranthus ssp., Chenopodium ssp., Atriplex ssp., 
Salicornia ssp.), Polygonaceae (Rumex ssp.), Plan-
taginaceae (i.e. Plantago lanceolata, P. major, P. 
coronopus, P. afra) (Bakis et  al., 2020; Altay et  al., 
2010). Common anemophilous ornamental trees are 
Cupressus sempervirens, Cedrus libani, Plantanus x 
acerifolia, P. orientalis, Thuja orientalis, Morus ssp., 
Salix babylonica, Fraxinus angustifolia, Ulmus ssp., 
Celtis australis, Ailanthus altissima, Acer negundo, 
Pinus ssp. (Baser, 2011) and Olea europaea.

2.2 � Pollen monitoring

Pollen data include a 3½ year period from 28th Janu-
ary 2013 to 26th June 2016  sampled according to 
the current standard methodology with a 7 day volu-
metric Hirst-type pollen sampler (Hirst, 1952). Pol-
len monitoring, identification and counting followed 
the minimum requirements of the European Soci-
ety of Aerobiology (EAS) (Galán et  al., 2014) and 

Fig. 1   Study area (left) and climate diagram of Istanbul (right). The striped areas in the climate diagram denote humid conditions, 
and the dotted areas show when the conditions are arid (constructed according to Walter & Lieth, 1960)
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are normed by EN 16868 (2019). Daily mean pollen 
concentrations are expressed in pollen (p)*m−3 air.

On 21st April 2014 the position of the trap had to 
be moved from three to 10 m height (ca. 200 m ENE 
from the original position) due to a construction pro-
ject. We did not alter the master data set for the period 
prior to the change, based on findings that the height 
of the trap does not influence the time series sig-
nificantly (Rojo et  al., 2019a; Fernández-Rodríguez 
et  al., 2014; Galán et  al., 1995). We verified this 
assumption following the theory that most pollen is 
shed in the vicinity of the trap (Adams-Groom et al., 
2017). To do so, we studied the distribution of pollen 
concentrations of Poaceae and Plantago, growing in 
the immediate surrounding of the trap, and of Olea 
and Pinaceae growing at about 40  m distance dur-
ing their peak flowering  period (pre-peak in case of 
Plantago); all of them flowering during May (Fig. 2).

2.3 � Meteorological data

Meteorological data on temperature, humidity and 
pressure were obtained from the open source www.​
weath​erund​ergro​und.​com, recorded at 41.14°  N, 
28.46°  E Istanbul Hezarfen Airfield Station located 
6  km northwest of the trap location. Precipitation 
data were purchased from the State Meteorological 

Service (www.​mgm.​gov.​tr). We tested the effect of 
maximum (Tmax) and minimum daily temperature 
(Tmin), mean daily humidity (HumMean), mean daily 
pressure (PressMean) and precipitation (Prec) on the 
main pollen taxa. Precipitation of the year 2012 was 
included to study the effect of this factor on trees a 
year ahead of anthesis when flowers are initiated 
(Dahl and Strandhede, 1996).

2.4 � Data analysis

The dataset was homogenised to obtain equally 31 
taxa for all years by removing pollen taxa with neg-
ligible Annual Pollen Integral (APIn), for example, 
Arecaceae, Mercurialis, Typha, Iva. Single pollen out 
of season attributed to resuspension or flowering out 
of season (for example, Ulmus) were removed. Next, 
a quality check was performed to identify missing 
data. In 2013 and 2015 sampling was discontinued 
during January for technical reasons. We interpo-
lated the missing data with the moving mean func-
tion because it adapted better to our data than linear 
regression did in preliminary tests. We confirm that 
for aerobiological data, the moving mean interpola-
tion performs better as compared to other methods as 
suggested by Picornell et al. (2021).

Fig. 2   Pollen concentrations of taxa growing in the surround-
ing of the trap during May in a four-year comparison. The 
boxes include 50% of the data, the interquartile range (IQR) 
between the first quartile (Q1), and the third quartile (Q3); the 

line in the box is the median, the whiskers show the data range 
(Q1 − 1.5 * IQR, Q3 + 1.5 * IQR); dots are outliers and indicate 
peak concentrations

http://www.weatherunderground.com
http://www.weatherunderground.com
http://www.mgm.gov.tr
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We present the weekly pollen concentration aver-
age of our studied years, not considering this presen-
tation a pollen calendar for which at least five years 
of  data are required  (Galán et  al., 2017). For this 
figure, we chose a scale of 10 colour gradients from 
light to dark: light colour standing for low and dark 
for higher pollen concentrations.

We used descriptive statistics for the analysis of 
phenology, represented by the timing of the pollen 
season, and the flowering intensity, represented by 
the Seasonal Pollen Integral (SPIn) and APIn. For the 
retrospective analysis of our aerobiological data the 
percent method was deemed appropriate (Bastl et al., 
2018). The pollen seasons were, thus, defined accord-
ing to the 95% method (Andersen, 1991): the season 
starts when 2.5% of the APIn is reached and ends on 
the day with 97.5% of the APIn. The result thereof 
can be used to calculate the SPIn. To assess the valid-
ity of this method for the season start date, the 1st day 
of 5 non-zero concentrations was determined. Aero-
biological data were mainly analysed with the AeRo-
biology package (Rojo et al., 2019b) in RStudio ver-
sion 3.6.3.

To analyse the effect of meteorological factors on 
pollen seasons, we run generalized additive models 
(GAMs) based on the assumption of a nonlinear rela-
tionship between meteorological factors and pollen 
concentrations. These models estimate the effect on 
the change of pollen concentrations with each added 
unit of independent variable (Ravindra et  al., 2019). 
The model can automatically fit nonlinear depend-
encies and is adequate for short term and long-term 
time series (Ravindra et al., 2019). For the model we 
used the quasi-Poisson function and a spline function 
on time. GAMs were created with the nlme package 
(Pinheiro et al., 2021) in R.

3 � Results

3.1 � Trap position change

Herbaceous Poaceae and Plantago displayed pro-
nouncedly higher pollen concentrations in May 2013 
compared to the other years and peak concentra-
tions were over three times higher. In woody Olea 
and Pinaceae, the bulk of the data was similar over 
the studied years. Peak concentrations, however, were 
twice higher in 2013 than in the other years. Effects 

on pollen intensities of other taxa were negligible 
(compare SPIn and peak values in Tables 1, 2). When 
reading diagrams this bias should be considered.

3.2 � Flowering phenology

We calculated numerical details on seasonal param-
eters of 31 woody and herbaceous taxa (Tables 1, 2).

The start (2.5%) and end date (97.5%) of the APIn 
of the pollen seasons reflecting the flowering pheno-
phase of anemophilous plants varied between years 
(Fig. 3, Tables 1, 2). The longest seasons were gener-
ally observed in herbaceous plants, for example,  Urti-
caceae (> 60  days difference between years), Ama-
ranthaceae and Poaceae, but also in Carpinus (about 
50 days difference between years). Variations for the 
end date of the seasons was pronounced in herba-
ceous Plantago, Amaranthaceae and Urticaceae, and 
for some trees, especially in Pinaceae (over 100 days 
difference between years), Carpinus, and to a lesser 
extent in Fraxinus.

We compared the 95% method to define the sea-
son start with the date of the 1st day of 5 non− zero 
concentrations for the main pollen contributing taxa 
to assess the feasibility of this method at our location. 
Cupressaceae, Fraxinus, Pinaceae, Platanus, Poaceae, 
and Plantago had a standard deviation < 5 in the dates 
of the season start during the study period. The differ-
ences in the season start dates were low also for Olea 
(except in 2016) and Betula (except in 2013).

3.3 � Pollen intensity

The relative abundance of the 15 main pollen types 
is reported in Fig.  4. The summarization of Betu-
laceae and Fagaceae in the analysis is made to follow 
the rationale of cross-reactions in the Fagales order 
(Matricardi et  al., 2016). Alnus and Carpinus were 
the main pollen contributors within Betulaceae and 
Quercus in the Fagaceae.

The details on the phenology and relative abun-
dancies of all taxa pertaining to the Fagales includ-
ing Corylus, Fagus and Castanea sativa, all three 
with < 0.5% of the APIn, are presented as violin plots 
in Fig. 5. Violin plots can show the entire distribution 
of the data emphasising peak periods. Wider parts in 
the plot contain observations with higher density than 
in thinner parts (Hintze & Nelson, 1998). Corylus, 
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Quercus and Castanea had a shorter pre-peak period 
than Alnus, which can be inferred from the posi-
tive skewness of the distribution. Alnus displayed a 
short and intense flowering period. Fagus and Betula 
showed a more uniform distribution without a pro-
nounced peak.

Variation in the interannual flowering intensity was 
pronounced for most species. We observed remark-
able differences in the SPIn of single years (Tables 1, 
2 and Fig. 4). In 2013, the SPIn of Poaceae was about 
four times (2426  pollen*day*m−3) and of Plantago 
(666  pollen*day*m−3), two times higher than the 
mean concentrations of the other three years observed. 
Olea had the highest SPIn and peak value in 2013. 
Comparably higher SPIns and peak concentrations 
were observed also in Salix both in 2013 and 2014. 
In 2014  the SPIn of Corylus (67  pollen*day*m−3) 
and Alnus (223 pollen*day*m−3) was over two times 
higher than the  mean. The SPIn of Carpinus was 
five times higher in 2015 (234 pollen*day*m−3) and 
nine  times higher in 2016 (429  pollen*day*m−3) 
than the mean SPIn of the two preceding years 2013 
and 2014 (48  pollen*day*m−3). All in all, seven 
woody taxa (Pinaceae, Platanus, Fraxinus, Cupres-
saceae, Betula, Quercus and Castanea) out of 20 
showed an obvious increase in the SPIn in 2016. 
The SPIn of Ambrosia increased steadily from 476 
pollen*day*m−3  in 2013, to 539  pollen*day*m−3 in 
2014 and 600 pollen*day*m−3 in 2015.

Weekly mean pollen concentrations of the 15 
main pollen contributing taxa recorded in Büyükcek-
mece are shown in Fig.  6. The highest pollen con-
centrations were found in the months April and May. 
Table  3 provides an overview of taxa with concen-
trations > = 100  pollen*m−3. Over the entire study 
period the highest pollen loads were recorded in April 
2016. The APIn in 2013 was 9591 pollen*day*m−3; 
in 2014: 6695  pollen*day*m−3; in 2015: 
7458 pollen*day*m−3. Interestingly, till the 26th June 
2016 already more pollen (10790  pollen*day*m−3) 
was shed than in all the other years monitored.

Fraxinus and Pinaceae displayed pronounced 
bimodal flowering periods (Fig. 6). Low pollen con-
centrations of Cupressaceae were recorded irregularly 
in autumn, mostly in October and November and in 
the last week of December. Urtica and Plantago pol-
len were not continuously recorded during the season.
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Table 2   Annual pollen seasons (PS), start and end date, dura-
tion, peak value and day, and the Seasonal Pollen Integral 
(SPIn) of herbaceous taxa. For the  main pollen contributing 
taxa the 1st day of 5 consecutive non-zero records, the stand-

ard deviation (Sd), and the days difference between the meth-
ods to define the season start  date is reported. Empty cells 
imply not applicable calculations or data deficiency

Taxon Year PS start PS end Duration SPIn Peak 
Value

Peak Date 1st day of 
5 non-zero 
record date

Sd Days dif-
ference

Amaranthaceae 2013 26/05/2013 15/09/2013 113 202 28 09/08/2013
2014 17/05/2014 22/10/2014 159 93 6 05/09/2014
2015 28/05/2015 20/09/2015 116 247 31 27/08/2015 24/07/2015 57
2016

Ambrosia 2013 03/07/2013 15/09/2013 75 471 51 19/08/2013 06/08/2013 14.9 35
2014 28/07/2014 20/09/2014 55 539 89 05/09/2014 09/08/2014 12
2015 07/08/2015 27/09/2015 52 600 138 31/08/2015 06/08/2015 − 1
2016

Apiaceae 2013 09/05/2013 08/09/2013 123 27 6 23/05/2013
2014 12/05/2014 14/08/2014 95 28 2 26/05/2014
2015 19/05/2015 31/08/2015 105 81 10 09/07/2015
2016 28/04/2016 25/06/2016 59 86 11 20/05/2016

Atremisia 2013 31/07/2013 28/09/2013 60 107 12 01/08/2013
2014 13/07/2014 08/11/2014 119 45 3 10/08/2014
2015 15/07/2015 03/10/2015 81 78 7 27/08/2015
2016

Brassicaceae 2013 25/09/2013 25/09/2013 1 1 1 25/09/2013
2014 05/04/2014 19/09/2014 168 44 7 13/05/2014
2015 03/04/2015 18/07/2015 107 25 4 27/04/2015
2016 04/04/2016 95 21 15/04/2016

Cannabaceae 2013 01/08/2013 15/09/2013 46 68 9 02/08/2013
2014 23/07/2014 10/09/2014 50 32 4 03/09/2014
2015 17/07/2015 04/09/2015 50 27 3 15/08/2015
2016

Plantago 2013 20/05/2013 04/08/2013 77 209 29 23/05/2013 20/05/2013 0.5 0
2014 20/04/2014 14/09/2014 148 97 7 20/06/2014
2015 23/04/2015 12/08/2015 112 108 8 06/06/2015 22/04/2015 − 1
2016

Poaceae 2013 04/05/2013 14/09/2013 134 2426 248 21/05/2013 01/05/2013 2.3 1
2014 06/04/2014 24/09/2014 172 482 42 12/05/2014 06/04/2014 0
2015 26/04/2015 19/09/2015 147 869 66 22/05/2015 21/04/2015 − 5
2016 27/03/2016 47 09/05/2016 25/03/2016 − 2

Rumex 2013 16/04/2013 25/05/2013 40 14 4 07/05/2013
2014 09/04/2014 13/07/2014 96 35 6 31/05/2014
2015 17/04/2015 21/07/2015 96 45 7 17/05/2015
2016

Urticaceae 2013 27/04/2013 15/11/2013 203 179 22 13/08/2013 31/07/2013 49.9 95
2014 03/02/2014 08/11/2014 279 281 12 23/07/2014 06/06/2014 123
2015 05/04/2015 27/08/2015 145 280 18 31/05/2015 17/05/2015 42
2016 06/02/2016 247 16 19/06/2016 30/01/2016 − 7
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3.4 � The effect of meteorological factors

We observed an increased flowering intensity in 
spring flowering trees in 2015 and even more so in 
2016. This was most likely elicited by abundant and 
evenly distributed rains throughout spring 2014 and 
the second half of 2014 including the winter months, 
which continued into spring 2015 (Table  4). As a 

result, the APIn in 2015 was higher than in 2014. 
In Istanbul’s winters, humidity is higher than it is in 
summer (Table 4) with pronounced daily fluctuations 
due to frequent precipitation events during this sea-
son. Water was sufficiently available during the veg-
etative growth period in winter and early spring dur-
ing the years studied. The dry period in Istanbul lasts 
from May to September (Fig. 1). We investigated the 
effect of meteorological factors on the 15 main woody 

Table 2   (continued)

Taxon Year PS start PS end Duration SPIn Peak 
Value

Peak Date 1st day of 
5 non-zero 
record date

Sd Days dif-
ference

Xanthium 2013 01/08/2013 22/09/2013 53 43 7 01/09/2013

2014 05/08/2014 23/09/2014 50 34 7 02/09/2014

2015 10/08/2015 13/09/2015 35 28 4 23/08/2015

2016

Fig. 3   Variability in the 
pollen season start and 
end dates of the15 main 
pollen taxa monitored in 
Büyükçekmece between 
January 2013 and June 
2016

Fig. 4   Relative abundance 
of the 15 main pollen taxa 
during the study period 
based on APIns. The error 
bars reflect the annual 
variability. Alnus, Corylus, 
Carpinus and Betula are 
grouped into Betulaceae; 
Quercus, Fagus and Cas-
tanea into Fagaceae
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and herbaceous taxa with generalized additive models 
(GAMs) (Table 5).

In GAMs including the entire study period, we 
observed the following patterns (Table 5): The effect of 
temperature on pollen concentrations was significantly 
negative for tree taxa mainly flowering in winter and 
spring within April (Table 1 and Fig. 6). On Poaceae 
and Olea, with peak flowering in May, the effect faded. 
For the weeds with flowering phenophase in summer 
(Plantago, Amaranthaceae and Ambrosia), the effect 
of temperature turned to be the opposite. This applies 
also to Urticaceae, which have their peak in summer 
(Table 2, Fig. 6). Relative humidity had a positive effect 
on winter and spring flowering Cupressaceae, Fraxinus, 
Betulaceae and Salix, and in Fagaceae. Significances 

for relative humidity, pressure, and precipitation 
were mostly negative for taxa with a pollen season in 
summer.

4 � Discussion

4.1 � Flowering phenology

Airborne pollen can be used to infer the timing of 
flowering of taxa that are relevant in allergological 
terms. The intensity of the pollen season depends on 
the magnitude of the flowering, as well as on weather 
and climate (Dahl et  al., 2013). The duration of the 
season, however, is bound to how it is defined. The 

Fig. 5   The phenology and 
relative intensity of Fagales 
pollen taxa (January 2013- 
June 2016) calculated on 
the base of the density of 
daily mean pollen con-
centration records of each 
taxon without scales and 
units

Fig. 6   Phenology and intensity of pollen based on mean 
weekly airborne pollen concentrations on a 10 scaled-colour 
gradient of the main pollen taxa monitored in Büyükçekmece. 

Weekly means < 1 are not considered in the plot, so that stag-
gered occurrence is eliminated
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95% method based on the APIn (Andersen, 1991), 
can be suitable for low pollen concentrations (Bastl 
et  al., 2018), as it is the case at the trap location 
in Büyükcekmece/Istanbul with APIns < 10.000 
pollen*day*m−3  during 2013–2015. To compare, 
Kastamonu, located in the mountainous Turk-
ish Black Sea Region with dense forest cover, has 
APIns > 100.000 pollen*day*m−3 (Çeter et al., 2012); 
Antalya, on the Mediterranean coast on the foot of 
the Taurus mountains has > 20.000 pollen*day*m−3 
(Tosunoglu et  al., 2015). The disadvantage of the 
percentual method is that the delineation of seasons 
depends on the flowering intensity, on missing data 
in the database, and can only be done retrospec-
tively (Bastl et  al., 2018; Grundström et  al., 2019). 
The inherent bias for an earlier start of the season 
for years with lower intensities was seen, for exam-
ple, in Poaceae and Ambrosia. Alternatively, with the 
1st  day of 5 non-zero concentrations, the start date 
of the season was generally delayed, except for taxa 
with high pollen production, such as Cupressaceae 
or Poaceae. For Fraxinus and Platanus, but also 
Pinaceae, Poaceae, and Plantago the season start date 
using both methods were very similar. In South Spain 
the pollen season start for Fraxinus and Populus was 
defined with 1 pollen grain *m−3 plus 5 non-zero 
concentrations (Velasco-Jiménez et  al., 2020) sug-
gesting that this method could possibly work also in 
Istanbul for some taxa. The five consecutive non-zero 

concentrations are not suitable for all taxa at our 
location because the start date would fall far into the 
main flowering phase of the taxon and even trespass 
the first peak. Grundström et al (2019), who analysed 
several methods to calculate the oak pollen season 
across Europe found that the cumulative sum method 
of three consecutive days with 5 p * m−3 delayed the 
start 10–12  days into the oak season as compared 
to the cumulative sum of 50 pollen grains. Fur-
ther investigation targeted to individual taxa would 
be needed to delineate the most suitable method to 
define the pollen season in Istanbul. Other factors 
determine the duration of the pollen season. First, 
the taxonomic level of identification of a taxon under 
the light microscope, whether it consists of a species 
(i.e. Olea europaea), genus (i.e. Quercus) or family 
(i.e. Cupressaceae, Poaceae). Second, if conspecific 
plants flower at the same time (synchronically) or 
continuously staggered (asynchronically) and how 
many flowers are open per day (the flowering rate). 
The third important factor is weather conditions 
(Dahl et al., 2013). The pollen season start and end of 
herbaceous plants, for example, Urticaceae, showed 
considerable variations over three pollen seasons 
and a long flowering duration. In Urticaceae we can 
observe asynchronous flowering with the contribution 
of Parietaria judaica to the pollen spectrum of this 
family. Parietaria judaica, a perennial herb, grows 
and flowers all year long in shaded, ruderal urban 
(wall) communities of the city (Altay et  al., 2010). 
Continuous growth ensures reproduction when avail-
ability of resources is unpredictable (Fotiou et  al., 
2011). The course of the Urticaceae season in Istan-
bul was comparable to the Urticaceae season in Thes-
saloniki (Fotiou et al., 2011), with continuous records 
from May to August and irregular ones stretching into 
November. In contrast, in Krakow, in an analysis of 
pollen season dynamics on a 17 year long data series, 
pollen seasons of herbaceous plants were reported 
to have generally low variability with regard to the 
season start and end date (Myszkowska et al., 2011). 
We explain this difference with summer drought in 
Mediterranean regions forcing herbaceous plants to 
an opportunistic flowering behaviour (Dahl et  al., 
2013). In Krakow, a typical city with warm temperate 
cfb climates of Europe, June, July and August are the 
wettest months (Climate-Data.org, 1999), while they 
are the driest in Istanbul. The pollen season start and 
end dates were less variable for grasses. The onset 

Table 3   The frequency of daily pollen concentrations  ≥ 100 
p*m−3,  ≥ 200 p*m− 3,  ≥ 400 p*m−3 recorded over the study 
period

Year Concentration (p*m−3)

Taxon ≥ 100 ≥ 200 ≥ 400

2013 Cupressaceae 7 3 0
Olea 1 1 0
Pinaceae 1 0 0
Poaceae 8 3 0

2014 Cuperssaceae 3 0 0
2015 Ambrosia 1 0 0

Cupressaceae 4 2 1
2016 Carpinus 1 0 0

Cupressaceae 10 3 2
Pinaceae 1 0 0
Platanus 1 0 0
Quercus 3 1 0
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of the grass pollen season in Istanbul is preceded by 
regular equinoctial (winter) rains facilitating growth 
during the developmental phase (Dahl et  al., 2013). 
This leads to rather short and intense flowering peaks. 
When abundant rains occur during anthesis, the grass 
pollen season can be prolonged (Dahl et  al., 2013). 
We observed this phenomenon during 2014, when 
grass flowering coincided with persistent rainfalls in 
spring.

Woody taxa had generally shorter pollen seasons 
than herbaceous ones, which was also observed by 
Werchan et al. (2018) and Myszkowska et al. (2011). 
The season end of Pinaceae, however, was prolonged 
due to the bi-modal flowering of this taxon. Tosuno-
glu et  al. (2015) identified a distinct pollen season 
for Cedrus in Antalya, from the end of September to 
mid-December, with highest concentrations in Octo-
ber. It could be envisioned to record Cedrus-pollen 
separately from the rest of the Pinaceae family also 
in Istanbul to better delineate the pollen season of this 
taxon. Cupressaceae, Carpinus and Fraxinus had long 
seasons, too. In the case of ash, for example, Fraxi-
nus angustifolia flowers in early spring, but Fraxinus 
ornus in April. While Fraxinus angustifolia is a com-
mon ornamental tree, F. ornus grows in the submedi-
terranean woods in the hinterland of the city. The 
consequence is an ash season that can possibly stretch 
from the last week of January into the beginning of 
May. We observed pollen of Carpinus rather irregu-
larly, with two months difference in the start and the 
end date of pollen seasons in four years of observa-
tions. The Carpinus/Ostrya type in Split (Croatia) 
varied also six  weeks in the season start (Puljak 
et al., 2016). Eurosiberian vegetation is found mostly 
about 80 km upwind and at ca. 15 km downwind of 
our trap location. Temporal shifts in the beginning of 
flowering due to temperature differences at the differ-
ent growth locations, and atmospheric transport can 
explain the long season of this taxon.

4.2 � Flowering intensity

Relative abundances and the SPIn of pollen are 
measures of flowering intensity. Differences in the 
magnitudes have to be discussed in the light of 
annual variations and the bias of the trap height for 
some taxa in 2013 and early 2014. Annual varia-
tion depends on meteorological conditions and spe-
cies inherent physiological flowering dynamics in 

woody perennial plants. The weather determines the 
amount of resources (i.e. assimilates in form of car-
bohydrates, the resorption of nutrients) that a plant 
can accumulate (Bogdziewicz et al., 2017; Dahl et al., 
2013; Dahl & Strandhede, 1996). In 2016, conspicu-
ously high intensities of Cupressaceae, Quercus, 
Fraxinus, Pinaceae, Platanus and Carpinus seem to 
be the result of favourable environmental conditions 
for the accumulation of resources acting across fami-
lies. We suspect a masting phenomenon across taxa 
and populations. Masting, in fact, does not occur 
independently of environmental factors (Bogdziewicz 
et al., 2017). At time intervals plant populations in a 
wider area spend these resources in highly synchro-
nous mass reproduction (Koenig et al., 2015). Mast-
ing is typical for many wind-pollinated woody spe-
cies (Pearse et  al., 2016) including Betula, Quercus, 
and Fraxinus (Bogdziewicz et  al., 2020; Dahl et  al., 
2013; Dahl & Strandhede, 1996; Tapper, 1992). The 
correlation of weather with synchronous fluctuations 
in pollination success of isolated populations (known 
as pollination Moran effect) acts on individuals of 
the same taxon but also across taxa and ecosystems 
(Hansen et  al., 2020; Pearse et  al., 2016). Interest-
ingly, in 2016 the highest birch pollen concentrations 
since the start of the records were reported for Poland 
and connected to long distance transport from South-
east Europe early in the birch pollen season in April 
(Myszkowska et al., 2021).

An increased magnitude of pollen with pronounc-
edly higher daily  peak values of Poaceae and Plan-
tago growing within 10  m of the trap location was 
detected when the trap was positioned at three  m 
height, than when it was positioned at 10  m height. 
Also, higher peak values of Olea, Salix and pos-
sibly Pinaceae in 2013 could result from stands in 
the vicinity. Conversely, several Platanus trees grow 
about 250 m (N)NE of the original trap location but 
pollen concentrations were not increased in com-
parison to other years. Pollen concentration, in fact, 
is highest in the immediate vicinity of the source 
(Adams-Groom et al., 2017). All in all, the change of 
the trap height did not constitute an apparent effect on 
most pollen type concentrations monitored, which is 
consistent with Rojo et al. (2019a).

The main contributing pollen taxa in Istanbul 
observed during the study period are very similar to 
the taxa reported for Thessaloniki (in order of mag-
nitude: Cupressaceae, Quercus, Urticaceae, Oleaceae, 
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Pinaceae, Poaceae, Platanus, Corylus, Amaran-
thaceae, Asteraceae, Populus and Plantaginaceae) 
(Gioulekas et al., 2004). The city is located at a simi-
lar geographical latitude as Istanbul and has warm-
temperate cfa climate with more precipitation in sum-
mer (Climate-Data.org, 1999). Cupressaceae typically 
domineers the pollen spectrum of Mediterranean 
cities in the winter and spring  (Puljak et  al., 2016; 
Tosunoglu et al., 2015; Martínez-Bracero et al., 2015; 
Gioulekas et  al., 2004). Cupressaceae pollen can be 
responsible for pollinosis early in the year (Asero 
et al., 2020; Charpin et al., 2019; Sposato & Scalese, 
2013). However, sensitization to Cupressaceae aller-
gen in western Istanbul seems low (3%) (Zemmer 
et al., 2021). Comparing data from our trap location 
in the western suburbs with data from Central Istan-
bul obtained between 2005 and 2006 (Celenk et  al., 
2010), relative abundances for Cupressaceae (34%), 
Fraxinus (3%), and Moraceae (2%) were similar. 
Abundances of Poaceae, Pinaceae, Quercus, Olea and 
Salix pollen, in contrast, were considerably higher at 
our site, while Platanus (24%) and Urticaceae pol-
len (13%) appeared to be more important in the city 
centre. In highly urbanised Central Istanbul ornamen-
tals like Platanus and Fraxinus are frequent. In the 
historic peninsula there are still many Platanus trees 
originating from the Ottoman Empire (Baser, 2011) 
which are very large in size. Besides, Parietaria juda-
ica is the most common species on the ancient stone 
walls of the city (Altay et al., 2010). In contrast, the 
hinterland of Istanbul features grass- and woodlands. 
Pollen from taxa of the Fagales order reached consid-
erable concentrations at our study site, due to north-
easterly air currents. Considering Fagales as a group 
facilitates the practitioner as well as self-empowered 
patients to identify periods of increased incidence of 
this allergenic pollen. Highly allergenic Ambrosia has 
become the main weed pollen contributor in west-
ern Istanbul with proven clinical relevance (Zemmer 
et  al., 2021). A clinical pollen season (Pfaar et  al., 
2017) of ragweed identified on the base of pollen 
data from 2018 (Hoffmann et al., 2020), endorses this 
finding.

4.3 � Meteorological factors

An important limiting factor for flowering intensity in 
the Mediterranean is precipitation (Galán et al., 2016; 
Dahl et al., 2013). Prior to anthesis, in the example of 

Betula, catkin initiation depends on the availability of 
assimilates during the vegetation period previous to 
flowering (Dahl & Strandhede, 1996). In summer-dry 
Istanbul, water availability plays an important role in 
this process (Table 4).

The flowering intensity of herbaceous plants such 
as grasses and weeds is influenced by meteorologi-
cal conditions during vegetative growth (Dahl et al., 
2013). The peak flowering period of grasses in Istan-
bul is May. Water was sufficiently available during the 
vegetative growth period in winter and early spring 
during the years studied, necessary for the induction 
of flowering shoots (Dahl et al., 2013). Drought, as a 
limiting growth factor in the study area, might have 
affected the intensity of the Urticaceae pollen season 
in 2013. This taxon has the peak period in summer, 
but flowers all year so that water deprivation might 
have reduced the vigour of the plants and the ability 
to produce flowers.

To assess the effect of meteorological factors dur-
ing anthesis we ran GAMs. In aerobiological stud-
ies, the relationship between meteorological factors 
and pollen concentrations is often discussed on the 
base of correlations  (Kluska et  al., 2020; Bruffaerts 
et al., 2018) and regressions (Gioulekas et al., 2004) 
assuming a linear dependency (Le, 2003). The effects 
of meteorological factors studied in a GAM provide 
insight on flowering behaviour and can be part of pre-
dictive models (Cordero et  al., 2021). Significances 
in the GAMs reflected direct impacts of meteoro-
logical factors on the pollen curve during peak flow-
ering  periods. If the factor units follow the pollen 
curve, the effect will be positive, otherwise negative. 
Temperature models were significantly positive when 
pollen concentrations rose with rising temperatures, 
as in the case of weeds. Summer rains – often torren-
tial – reduce temperatures. As temperatures rise again 
and humidity deceases when skies clear, dehiscence 
occurs (Dahl et  al., 2013). The effect turns negative 
when the pollen curve falls as temperatures are still 
on the rise as seen in spring flowering trees. Grasses 
and Olea flower at the onset of summer when tem-
peratures increase and precipitation becomes less fre-
quent. This may explain why the GAM model did not 
show a significant effect in temperature.

Humidity models were positive for early spring 
(winter) flowering trees, as Cupressaceae and Fraxi-
nus. In Istanbul’s winters humidity is higher than in 
summer with high daily fluctuations due to frequent 
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precipitation events during this season. Rising pol-
len curves must have coincided with rising mean 
humidity levels, when dehiscence can still occur at 
sunny spells during a day. In 2015, mean humidity 
was higher in February than in January and may have 
had an effect on the global model. Negative humidity 

signals for summer flowering weeds could be eighter 
linked to both short term precipitation effects as in 
Amaranthaceae or Ambrosia or to a seasonal decrease 
in humidity after the peak period in the course the 
pollen seasons as in Plantago.

Table 4   Meteorological factors recorded during the study period. Precipitation data of 2012 were included for the interpretation of 
the effects on the flowering of woody taxa

Parameter/
MONTH

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
precipita-
tion

2012 Precipitation (mm) 41 111 40 115 54 27 2 46 18 33 40 131 658
2013 Max. mean tem-

perature (°C)
10 12 14 18 25 27 30 31 26 19 14 10

Min. mean tem-
perature (°C)

4 6 7 10 16 20 22 23 18 6 11 4

Mean rel. humidity 
(%)

76 74 68 66 63 60 54 59 54 73 73 72

Mean pressure 
(hPa)

1021 1012 1009 1012 1009 1009 1010 1010 1011 1012 1016 1025

Precipitation (mm) 94 68 66 32 21 22 7 11 8 52 62 50 494
2014 Max. mean tem-

perature (°C)
12 12 15 19 22 26 30 30 25 20 15 13

Min. mean tem-
perature (°C)

6 6 7 11 15 19 22 23 19 14 10 8

Mean rel. humidity 
(%)

80 78 71 71 70 68 63 65 68 78 75 81

Mean pressure 
(hPa)

1015 1016 1012 1010 1009 1010 1008 1008 1010 1014 1017 1115

Precipitation (mm) 41 24 73 44 77 64 12 72 122 40 71 97 736
2015 Max. mean tem-

perature (°C)
10 10 12 15 23 26 30 31 27 20 17 11

Min. mean tem-
perature (°C)

5 5 7 8 15 19 22 24 21 15 12 6

Mean rel. humidity 
(%)

72 76 71 66 64 66 59 60 68 72 72 72

Mean pressure 
(hPa)

1015 1028 1016 1014 1010 1010 1003 1010 1011 1016 1016 1026

Precipitation (mm) 108 153 41 82 5 25 1 3 56 61 51 12 596
2016 Max. mean tem-

perature (°C)
9 13 14 20 22 28

Min. mean tem-
perature (°C)

4 8 8 12 15 21

Mean rel. humidity 
(%)

74 74 68 59 65 60

Mean pressure 
(hPa)

1013 1016 1011 1010 1009 1009

Precipitation (mm) 158 78 86 29 42 24 417 (first 
half of the 
year)
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In weeds, the signals of atmospheric pressure 
were the same as in the humidity models. The moist 
parameters humidity, pressure and precipitation had 
a similar negative effect, as they are interconnected 
(Brenner, 2004). This was not evident in spring flow-
ering trees due to daily weather fluctuations.

Precipitation generally lowers pollen concentra-
tions (Paschalidou et  al., 2020). This phenomenon 
occurs due to wash out (Tormo-Molina et al., 2010), 
whereby 5 mm * h−1 are necessary for a pronounced 
effect (Kluska et al., 2020) and is seen also in correla-
tion analysis (Bruffaerts et al., 2018). In Poaceae, for 
example, an extended period of rain during the last 
week of April and first decade of May in 2014 may 
have caused a decrease in airborne pollen concentra-
tions and explain the negative effect in the GAM.

GAMs run over a time series of several years pro-
vide a more general picture on the effect of the factors 
studied on the pollen seasons, than seasonal or annual 
GAMs. A higher resolution of the effects on the pol-
len curve can be obtained with short term GAMs 
and used in forecasts (Cordero et al., 2021; Ravindra 
et al., 2019).

5 � Conclusion

The  main pollen contributing taxa were Cupres-
saceae, Poaceae, Pinaceae, Quercus, Carpinus, Olea, 
Fraxinus, Urticaceae, Salix, Amaranthaceae, Plan-
tago, Morus, Acer, Platanus and neophytic ragweed. 
The definition of the pollen season, referring to the 
period when 95% of the APIn is dispersed, seems 
adequate due to low concentrations of airborne pol-
len. For Pinaceae, Platanus, Fraxinus, Cupressaceae, 
as well as for Poaceae and Plantago, the method of 
consecutive 5 non-zero daily concentrations could be 
an alternative to the percent-method. Further investi-
gations on single taxa are needed to define a pollen 
season start detached from the percentual method. 
High pollen concentrations observed in 2016 indicate 
that weather cues prior to anthesis can trigger intense 
flowering across tree populations. We possibly wit-
nessed a masting phenomenon. Further research 
on pollen seasons of neighbouring regions in 2016 
would provide insight on the truth of this hypothesis. 
A change in how high the pollen trap was positioned 
mainly affected pollen concentrations of taxa growing 

Table 5   The results of generalized additive models, where meteorological factors are used as independent variables, and pollen con-
centrations of the main pollen taxa are used as the dependent ones

Signif. codes <0.001 ‘***’ <0.01 ‘**’ <0.05 ‘*’ <0.1 ‘.’
Negative estimate (−)

Pollen taxon Tmax Tmin Hum mean Press mean Prec

Cupressaceae *** (−) ***(−) ** .(−)
Fraxinus ***(−) ***(−) * **(−)
Betulaceae ***(−) ***(−) ***
Salix ***(−) ***(−) **
Pinaceae *(−) ***(−)
Acer ***(−) ***(−)
Platanus ***(−) ***(−) .(−)
Fagaceae ***(−) ***(−) **
Morus ***(−) ***(−)
Olea **(−)
Poaceae .(−) ***(−) **(−)
Urticaceae *** *** *** (−) *** (−) *(−)
Amaranthaceae *** *** *** (−) *** (−) *** (−)
Ambrosia *** *** *** (−) *(−)
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in the immediate surrounding. Differences in the 
importance of pollen contributing taxa between the 
city centre and the suburbs suggest that one trap in 
the city centre and one each at the western and east-
ern outskirts of the city would assure representable 
pollen information for Istanbul. GAMs provide causa-
tive explanations on the effect of weather on pollen 
concentrations during anthesis. Meteorological fac-
tors showed contrasting effects on spring and summer 
flowering taxa.
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