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Abstract The goal of this study was to quantitatively

assess the relationship linking vegetation and airborne

pollen. For this, we established six sampling stations

in the city of Thessaloniki, Greece. Once every week

for 2 years, we recorded airborne pollen in them, at

breast height, by use of a portable volumetric sampler.

We also made a detailed analysis of the vegetation in

each station by counting all existing individuals of the

woody species contributing pollen to the air, in five

zones of increasing size, from 4 to 40 ha. We found the

local vegetation to be the driver of the spatial variation

of pollen in the air of the city. Even at very

neighbouring stations, only 500 m apart, considerable

differences in vegetation composition were expressed

in the pollen spectrum. We modelled the pollen

concentration of each pollen taxon as a function of the

abundance of the woody species corresponding to that

taxon by use of a Generalized Linear Model. The

relationship was significant for the five most abun-

dantly represented taxa in the pollen spectrum of the

city. It is estimated that every additional individual of

Cupressaceae, Pinaceae, Platanus, Ulmus and Olea

increases pollen in the air by approximately 0.7, 0.2, 2,

6 and 5%, respectively. Whether the relationships

detected for the above pollen taxa hold outside the

domain for which we have data, as well as under

different environmental conditions and/or with differ-

ent assemblages of species representing them are

issues to be explored in the future.

Keywords Allergy � Ecosystem service � Pollen

spectrum � Spatial pattern � Woody plants � Urban

green

1 Introduction

Airborne pollen is governed largely by local flora and

vegetation (Rojo et al. 2015). In many cities, the pollen

spectrum has changed over the recent years, one of the

main reasons being the planting of wind-pollinated

species in urban green spaces that produce large

amounts of pollen (Alcázar et al. 2004; Charpin et al.

2005). Apart from their aesthetic value, urban parks

provide essential ecosystem services, such as improv-

ing air quality (Beckett et al. 2000; Dzierzanowski

et al. 2011) and contributing to the quality of life and

the welfare of citizens (Latinopoulos et al. 2016;

Livesley et al. 2016; Shackleton et al. 2015). Because

of these highly appreciated effects and in view of the

climate change, many cities have undertaken an

accelerated greening process in recent decades (Jim

2013; Grant 2012). However, greening of the cities
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may have negative impacts on the quality of life and

the health of the human population (von Döhren and

Haase 2015), either resident or visiting, if not carefully

planned. It is imperative to understand which factors

may cause such disservices and control them as much

as possible.

Pollen emission by higher plants during the flow-

ering period may become an ecosystem disservice

with a great negative impact. Allergenic pollen

contributes to biotic air pollution (Cariñanos et al.

2007; Cariñanos et al. 2008) and has high direct

(doctor costs, medications, allergy diagnostic tests),

indirect (loss of work and school days, premature

retirement) and intangible (social costs, lowering of

the quality of life) cost implications (Green and Davis

2005; Reed et al. 2004). Approximately 10–30% of

adults and 40% of children suffer worldwide from

allergic rhinitis, a common reaction to allergenic

pollen (Pawankar 2014). Much of the symptom-

causing airborne pollen comes from the species most

commonly used in urban forests and green areas

(D’Amato et al. 2010; Hruska 2003; Nicolau et al.

2005). In many cities with a temperate climate, urban

green spaces are often characterized by an overabun-

dance of a low number of species, particularly poplars

(Populus spp.), willows (Salix spp.), elms (Ulmus

spp.), cypresses (Cupressus spp.) and planes (Platanus

spp.), which release simultaneously large amounts of

pollen into the air during the main pollen season

(Cariñanos and Casares 2011). This is the reason why

there is an increasing interest in evaluating the

negative impact of urban green spaces to human

health. For such an evaluation, information extracted

from aerobiological research and vegetation studies

together with the assessment of the allergenic risk of

extant green spaces (e.g. Cariñanos and Casares 2011;

Cariñanos et al. 2014; Weinberger et al. 2015;

Werchan et al. 2017) are very important.

Airborne pollen monitoring can provide valuable

information on the pollen-related air quality but also

on the occurrence and abundance of taxa in the

vegetation of the area where the sampler is located.

However, as pollen in the air is influenced by several

factors like time of the day, season, weather condi-

tions, geographical location, type of vegetation dom-

inating the area, proximity to pollen sources (Puc

2011; Grewling et al. 2012; Ziello et al. 2012), it is

important to have a deeper knowledge of the drivers of

airborne pollen variation. Pollen data at a fine

temporal scale (e.g. as bi-hourly concentrations) are

the first essential piece of information. Detailed

mapping of vegetation and/or information on land

use and its management (Skjøth et al. 2013), from

which pollen sources can be identified, are also very

important.

Many pollen observation stations are in operation

worldwide providing basic information on the daily

concentrations of airborne allergenic pollen. Most

often they are equipped with a 7-day volumetric trap

(Hirst 1952), located at a rooftop (10–30 m above-

ground). However, such a setting provides information

that is representative of a large area thus reflecting

mainly the influences of regional rather than local

sources (O’Rourke and Lebowitz 1984) and does not

allow quantification of the relationship between veg-

etation and airborne pollen or assessment of the

complexity of pollen distribution in cities (Werchan

et al. 2017). According to Werchan et al. (2017), the

main limitations of the studies so far that need to be

overcome are related to pollen sampling only within

part of a city or using only a few pollen traps per city,

the non-uniform heights of pollen traps and the long

intervals between changing traps. Others add that roof-

level data do not address intra-urban spatial hetero-

geneity of pollen concentrations (Peel et al. 2013) and

are thus less accurate for exposure assessment when

studying potential human health effects, whereas the

need of quantifying the relations between environ-

mental determinants and allergenic pollen concentra-

tions across urban gradients at local (B 100–300 m)

scales has been also stressed (Haberle et al. 2014;

WHO 2013).

In this study, we assess the sensitivity of the

relationship between airborne pollen and the vegeta-

tion producing it at a local scale, in the urban

environment. For this, we established a number of

sampling stations in the city of Thessaloniki, Greece.

In each station, we recorded pollen in the air and made

a detailed analysis of vegetation. This allows us to (1)

examine how accurately local vegetation is expressed

in the local pollen spectrum, (2) quantify the relation-

ship between the two parameters, thus enabling

prediction of changes in airborne pollen concentration

from changes in vegetation abundance and vice versa,

and (3) examine how the quantitative aspects of this

relationship differ among taxa.
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2 Materials and methods

2.1 Pollen sampling

We selected six stations for sampling in the wider area

of Thessaloniki (Fig. 1), at highly visited sites. These

are: Aristotelous st. (Ari), at the heart of the city; Ktel

Makedonia (Kte), the major intercity bus station, far

from the city centre; the Zoological station (Zoo), at

the edge of the peri-urban forest of Seih Sou on the hill

surrounding the city; Ethnikis Aminis st. (EAm), close

to the campus of the Aristotle University of Thessa-

loniki; Aretsou st. (Are), close to the seafront, and

Chimeiou square (Uni), within the campus of the

Aristotle University of Thessaloniki.

Air samples were collected once every week for

two consecutive years (2012 and 2013). Sampling

took place on the same day in all stations, at a specified

time for each station, and in the order indicated in

Fig. 1, always starting from downtown (station 1) and

ending at the University (station 6); it lasted 15 min in

each station. Samples were collected by use of a

portable volumetric air sampler (Hirst-type, Burkard

Manufacturing, Hertfordshire, England), which oper-

ates under battery, at a nominal air throughput of

10 L min-1. Records were taken at approximately

1.5 m above ground, while in motion on foot, at an

average speed of 3 km hr1, within a 4 ha area (core

zone of the station). Pollen grains were directly

collected onto the glass slide coated with gelvatol

inside the sampler; they were fixed with a mixture of

glycerol–distilled water–gelatine–phenol (in propor-

tions of 25:21:4:1) and 1% safranin (for staining) and

stored under cover slips (22 9 22 mm). Pollen grains

were counted and identified at x400 magnification

using an optical microscope (Nikon Eclipse E200).

Fig. 1 Map of Thessaloniki [image from Google Earth (2017)]

with the location of the sampling stations. Numbers before their

names indicate the order in which the stations were visited on

sampling days. Given in parenthesis is the time of the day, when

sampling took place in the stations, and in brackets the

abbreviations of their names as used in the text
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Results are expressed as number of pollen grains per

m3 of air (Hirst 1952; British Aerobiology Federation

1995). This is estimated as follows: Within the

sampling time of 15 min, the volume of air sampled

equals to 10 L min-1 (the throughput of the sampler)

multiplied by 15 min, thus to 150 L or 0.15 m3.

Hence, the number of pollen grains in 1 m3 equals the

number in the sample divided by the volume of the

sample (being 0.15 m3).

2.2 Vegetation sampling

In each station, and in five areas of increasing size, the

one surrounding the other, we recorded all individuals

of woody species, known from previous studies to

contribute pollen in the air (Damialis et al. 2007). In

each station, a core zone was defined measuring

40,000 m2 (4 ha), where pollen sampling took place.

Depending on the station, the shape of the core zone

was square, if an open space, or rectangular, if

sampling was conducted on a street. The four other

zones were at a distance of 50, 100, 150 or 200 m from

each side of the core zone. The following codes will be

used hereafter for the five zones: core zone, zone 1

(core ? area within a distance of 50 m from each side

of the core zone), zone 2 (core ? area within a

distance of 100 m), zone 3 (core ? area within a

distance of 150 m) and zone 4 (core ? area within a

distance of 200 m). Zone 4 corresponding to the entire

sampled area per station was divided into

50 m 9 50 m squares, resulting in 144 squares for

the square sampling design and in 160 for the

rectangular one (Fig. 2). This division in squares

was made by using panoramic Google Earth images,

which were georeferenced and rectified, and the

ArcMap 10.1 (ESRI 2011) software. The sizes of the

sampled zones were 9(10) ha, 16(18) ha, 25(28) ha and

36(40) ha, for zones 1–4, respectively, for the two

sampling designs (rectangular in parenthesis). With

the help of a GPS device, we counted the existing

woody individuals of the taxa contributing airborne

pollen in each square of every station.

2.3 Data analysis

Two data sets were created. The vegetation data set

contains the number of individuals per pollen taxon

(consisting of one or more species), which were

recorded in the five zones of each sampling station,

whereas the pollen data set contains the sums of pollen

concentrations (pollen grains per m3 of air) per taxon

and station over the 2 years of sampling. The

Fig. 2 Sampling designs for the estimation of the abundance of

woody species contributing airborne pollen. The design is that of

a square, when sampling took place in open places like squares,

or a rectangle, when in streets. The darker area in the middle is

the core zone (where pollen sampling took place) corresponding

to 4 ha. Surrounding it, there are four zones, corresponding to

the core zone and the area up to a distance of 50 m (zone 1), or

100 m (zone 2), or 150 m (zone 3), or 200 m (zone 4) from each

side of the core zone. The sampled area was divided into

50 m 9 50 m squares (in total, 144 and 160, for the square and

the rectangular sampling designs, respectively). Individuals

representing woody taxa that contribute airborne pollen in the

city were counted in every small square of every station
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vegetation data set contains five subsets (one for each

zone in each station), while the pollen data set is made

of only one set per station. Stations are then compared

regarding pollen taxa and their abundance on the

ground and in the air.

All analyses were conducted with R (version 3.3.2;

R Core Team 2016).

We applied Principal component analysis (PCA) to

data of vegetation and airborne pollen in order to

explore whether there are differences among sampling

stations. PCA was conducted at the level of the entire

sampled area (zone 4) in each station using the ‘vegan’

package (Oksanen et al. 2012). We further estimated

the similarity of sampling stations; for this, we used

Table 1 Pollen taxa with woody representatives participating in the pollen spectrum of the six sampling stations in Thessaloniki,

Greece, and concentration of their airborne pollen, expressed as number of pollen grains (PG) per m3 of air

Pollen taxa Presence in vegetation Pollen grains m-3

Ari Kte Zoo EAm Are Uni All stations

Cupressaceae 4 3627 2860 25,667 4093 3480 3240 42,967

Pinaceae 4 500 620 14,520 1020 1833 1540 20,033

Quercus 4 1800 1860 2567 1240 947 1193 9607

Platanus 4 180 287 707 420 987 3493 6073

Olea 4 227 427 260 500 920 893 3227

Moraceae 4 47 173 240 367 220 247 1293

Ulmus 4 213 47 87 413 180 60 1000

Carpinus 120 167 140 127 173 253 980

Populus 4 87 180 207 107 127 87 793

Fabaceae 4 73 67 207 100 133 127 707

Fagus 160 80 167 120 53 53 633

Corylus 20 67 60 160 100 120 527

Alnus 27 100 127 73 60 73 460

Castanea 13 67 33 100 133 53 400

Rosaceae 4 13 53 40 27 40 80 253

other Oleaceae 40 33 60 13 40 60 247

Liquidambar 4 20 20 7 40 27 73 187

Acer 4 40 13 47 40 27 – 167

Fraxinus 7 7 67 33 7 40 160

Salix 7 27 27 47 20 13 140

Tilia 4 – 7 13 13 – 60 93

Myricaceae 13 7 7 7 13 7 53

Ericaceae 7 – 7 7 – 20 40

Juglans 4 13 – – 7 – 7 27

Myrtaceae – 13 – – – – 13

Betula 7 7 – – – – 13

Ligustrum 4 – – – – 7 – 7

Total PG 7260 7187 45,260 9073 9527 11,793 90,100

No. taxa 24 24 23 24 22 27 27

Values for each station are the sum of pollen concentrations (PG m-3) over all days of sampling (once weekly, during two

consecutive years). Values per taxon under ‘Total’ are the sums from all stations. Marked as present in the vegetation are taxa that are

present in at least one of the stations. Taxa are presented according to their total concentration. Empty spaces in the second column

denote absence of the taxon’s representatives in the stations’ vegetation. Location and full names of the sampling stations are given in

Fig. 1
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the Jaccard (based on presence-absence) and the

Bray–Curtis (based on abundance) indices.

By use of the Generalized Linear Model (GLM;

Gaussian error distribution and identity link function),

we modelled the pollen abundance of each pollen

taxon as a function of the abundance of the woody

species that belong to the pollen taxon, as estimated in

the five zones of each station. Pollen values were log-

transformed (natural logarithms) to meet normality.

Then, we selected the best-fitting GLM model using

the Akaike information criterion (AIC) to detect the

optimal spatial scale. Using the package ‘boot’ (Canty

and Ripley 2015), we applied the leave-one-out cross

validation method to estimate the adjusted root mean

squared error (RMSE) of prediction. Additionally, via

GLM we modelled pollen at a station as a function of

the vegetation of the six stations (sorted by distance

from it); for this analysis, the data we used for each

station are those corresponding to zone 4 (entire

sampled area).

3 Results

3.1 Pollen in the air

A total of 27 woody taxa were represented in the

airborne pollen that was sampled from all stations

during the 2 years of study. Of these, Cupressaceae,

Pinaceae, Quercus, Platanus and Olea were the most

abundant (Table 1).

Total pollen concentration in the Zoo station

(Fig. 1) is four to six times higher than in the other

stations (Table 1). This is mainly due to Cupressaceae

and Pinaceae pollen; particularly for the latter, pollen

recorded in this station was from eight to 29 times

higher than in the other stations. The quantitative

aspects of the pollen spectrum differ greatly among

stations, even between those that are very close to each

other, as are the ‘EAm’ and ‘Uni’ stations (Fig. 1),

which are located at a distance of only 500 m. For

instance, Platanus pollen in ‘Uni’ is approximately

eightfold that in ‘EAm’, whereas Ulmus pollen in

‘EAm’ is sevenfold that in ‘Uni’, in correspondence to

the differing abundances of the two species in these

two stations (Fig. 3). For these taxa, differences in

pollen reflect differences in vegetation. In contrast, for

several taxa present in the pollen spectrum of the

stations, we did not find their representatives locally,

not even in one of the stations; the latter holds true for

Alnus, Carpinus, Castanea, Corylus, Ericaceae, Fagus

and Salix (Table 1).

3.2 Vegetation

A total of 11,714 individuals of woody species,

representing 15 pollen taxa, were counted in the six

stations (Table 2). Of these, more than half belong to

Pinaceae, with Cupressaceae following. The former

family is represented by Pinus brutia and P. pinea and

the latter by Cupressus arizonica, C. horizontalis, C.

pyramidalis and Thuja orientalis. Next in abundance

are Fabaceae (represented by four species), Platanus

(two species) and Ulmus (two species). With only 195

individuals, ‘Kte’ is the poorest station in terms of

vegetation, whereas ‘Zoo’, with 6978 individuals, is

the richest.

3.3 Relationships of airborne pollen

with vegetation at the local scale

The patterns of change in relative pollen concentra-

tions and relative abundances of the taxa with woody

representatives within the city of Thessaloniki are

presented in Fig. 3. In the case of the taxa ensemble,

the two patterns agree well. The same holds true for

several of the individual taxa. This is the case of

Cupressaceae, Pinaceae, Platanus, Ulmus and par-

tially for Tilia. In the case of Acer, Fabaceae,

Liquidambar, Moraceae, Olea, Populus and Rosaceae,

the pollen concentration maxima do not always concur

with the vegetation-abundance maxima. High values

may even appear in stations, in which representatives

of the pollen producing taxa are not recorded (e.g.

Rosaceae). For Juglans and Quercus, pollen is

bFig. 3 Relative abundance of pollen in the air (solid line) per

station (y-axis) and of the woody plants contributing pollen in

the air (bars) per zone of each station (x-axis). Zone 4,

represented by the fifth bar, corresponds to the entire sampled

area of each station. The value for a species’ abundance in a

certain zone of a station corresponds to the number of trees in the

zone of this station divided by the total number of trees recorded

in zones of the same size from all stations. Ari: Aristotelous st.,

Kte: Ktel (bus station) Makedonia, Zoo: Zoological station,

EAm: Ethnikis Aminis st., Are: Aretsou, Uni: Chimeiou Square-

University; maxP is the value of the station with the highest

pollen concentration for the taxon examined; maxV is the value

of the station with the highest number of the taxon’s individuals
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traceable in many stations but their representatives are

present in only one station (Quercus) or only one zone

of a station (Juglans).

Principal component analysis that was conducted at

the level of the entire sampled area per station showed

similar ordination patterns for pollen (Fig. 4a) and

vegetation (Fig. 4b). In both cases, the Zoo station is

separated from the other stations along the first axis.

For pollen, this is due to Pinaceae and Cupressaceae,

whereas for vegetation to Pinaceae. This is because the

number of Cupressaceae individuals does not differ as

much among stations (Table 2) as it does for pollen

(Table 1). Platanus also contributes to the ordination

pattern separating stations after the pollen spectrum.

Similarity estimations among stations showed that

they are more similar with respect to pollen than to

vegetation (Fig. 5). Also, when only presence-absence

is taken into account (Jaccard index), the similarity of

stations is higher than when abundance is also

examined (Bray–Curtis index) for both pollen and

Table 2 Abundance of woody taxa that are represented in the six studied stations, in Thessaloniki; abundance values are estimated

per pollen taxon and are given for the entire sampled area (zone 4) of the stations

Family Species Number of individuals

Ari Kte Zoo EAm Are Uni All stations

Aceraceae Acer campestre L.1 2 19 5 52 66 69 213

A. negundo L.1

Altingiaceae Liquidambar orientalis Mill. 6 1 0 36 0 32 75

Cupressaceae Cupressus arizonica Greene 13 40 1039 86 293 598 2069

C. horizontalis Mill.

C. pyramidalis O. Targ. Tozz.

Thuja orientalis L.

Fabaceae Cercis siliquastrum L. 390 14 70 163 264 201 1102

Robinia pseudoacacia L.

Sophora japonica L.1

Spartium junceum L.

Fagaceae Quercus coccifera L. 0 0 12 0 0 0 12

Juglandaceae Juglans regia L. 0 0 0 0 0 2 2

Moraceae Broussonetia papyrifera (L.) Vent.1 0 22 37 2 22 41 124

Morus nigra L.

Oleaceae Olea europaea L. 1 64 7 21 86 30 209

Ligustrum japonicum Thunb.2 69 1 0 56 144 116 386

Pinaceae Pinus brutia Ten. 50 17 5697 39 300 226 6329

P. pinea L.

Platanaceae Platanus hispanica Muenchh 42 3 56 48 72 172 393

P. orientalis L.

Rosaceae Prunus cerasifera Ehrh. 0 0 6 13 16 16 51

Salicaceae Populus alba L. 45 10 47 70 60 55 287

P. deltoides Marshall1

Tiliaceae Tilia cordata Mill. 10 4 0 14 27 29 84

Ulmaceae Ulmus americana L.2 179 0 0 163 0 20 362

Ulmus procera Salisb. 0 0 2 0 8 6 16

Total 807 195 6978 763 1358 1613 11714

Nomenclature is according to Euro ? Med (2006), except for the cases indicated
1Med-Checklist (2006), 2Walters et al. (1989)
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vegetation. As with PCA, the Zoo station, having the

lowest values of the similarity coefficients, differs

clearly from all others with respect to pollen. Regard-

ing vegetation, low values of the similarity coefficients

are also associated with this station but not spectac-

ularly so as when pollen is considered.

Results of the GLM that was used to explore the

effect exerted by the vegetation of each of the six

stations to the airborne pollen of a station showed that

its airborne pollen is influenced by its own vegetation

and that at the nearest station (Table 3). The average

distance of the nearest stations is 2.1 km (range

0.55–5.77 km). The effect of the other stations was not

significant.

The models describing the relationships between

the concentration of pollen in the air and the number of

individuals producing it on the ground, examined

separately per zone sampled, were significant in the

case of Cupressaceae, Pinaceae, Olea, Platanus and

Ulmus. The best-fitting model was not always

observed at the same spatial scale. For Cupressaceae,

Olea and Pinaceae, this was at the scale of zone 1, for

Platanus at zone 4, and for Ulmus at the core zone

(Fig. 6). For these models, the slopes of the curves

ranged from 0.002 (Pinaceae) to 0.056 (Ulmus). For

the remaining taxa, we did not detect a significant

relationship at any spatial scale. Highly significant was

also the relationship of the sum of woody individuals

and the sum of pollen grains over all pollen taxa. The

summary statistics of models for taxa with at least one

significant relationship and for the total are shown in

Table 4, for all the spatial scales examined. Selection

of the best-fitting model (Fig. 6) was based on AIC: it

was the model with the minimum value. Models were

cross validated by the adjusted RMSE of prediction.

Results for the latter show good accordance with AIC

(Table 4): in most cases, values minimize at the same

scale.

4 Discussion

The vegetation of the area surrounding a pollen

sampling station has a decisive effect on the counts

of airborne pollen locally (González and Candau

1997), but there are features of the urban environment

that can act as obstacles or as enhancers to the

transportation pathways and, hence, play an important

role in pollen dispersal (Cariñanos et al. 2002b;

Nazridoust and Ahmadi 2006; Rodriguez-Rajo et al.

2010). Results of our study that was conducted at a

local scale, from 0.25 to 40 ha, indicate that the pollen

spectrum reflects well the local vegetation in the city

of Thessaloniki. Even at very neighbouring stations,

considerable differences in the vegetation composi-

tion are expressed in the airborne pollen. For instance,

this is the case for the ‘Uni’ and ‘EAm’ stations, only

about 500 m apart, and the taxa Platanus and Ulmus.

Areas further away may influence pollen richness but

Fig. 4 Results of Principal component analysis (PCA) for

pollen and vegetation: a ordination of sampling stations with

respect to pollen; b ordination of sampling stations with respect

to woody species contributing pollen to the air at the spatial

scale of the entire sampled area (zone 4) of each station. The

insets are magnifications of the central parts of the plots, where

points representing taxa overlap
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they do not play a decisive role in the pollen

abundance of a station. For Thessaloniki, we found

that the airborne pollen at a station is significantly

affected by the vegetation of the station and of the one

nearest to it, at an average distance of 2.1 km.

Werchan et al. (2017) reported that vegetation data

from the area at a radius of 100 m from the pollen

sampler were not sufficient to explain the magnitude

of pollen sedimentation locally, in the city of Berlin.

Our study shows that vegetation data from an area up

to 200 m from the volumetric pollen sampler could

explain the magnitude of pollen in the air, locally, in

Fig. 5 Similarity values of Bray–Curtis (upper plots) and

Jaccard (lower plots) indices among the sampling stations with

respect to concentration of airborne pollen and abundance of

woody species contributing pollen to the air. Data analyzed

correspond to the core zone (plots to the left) or to the entire

sampled area per station (zone 4; plots to the right). Diamonds,

bold lines and dots indicate means, medians and outliers,

respectively. Ari: Aristotelous st., Kte: Ktel (bus station)

Makedonia, Zoo: Zoological station, EAm: Ethnikis Aminis

st., Are: Aretsou, Uni: Chimeiou Square-University
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the city of Thessaloniki. Our results support the

emerging body of the literature suggesting that the

amount of pollen at a particular site varies widely over

small spatial scales within metropolitan areas (Wein-

berger et al. 2015).

The two most abundant taxa on the ground are

Pinaceae and Cupressaceae; they are also the most

abundantly represented in the pollen spectrum. For

these, there is a complete match between presence on

the ground and pollen in the air. Fairly consistent

spatial patterns are also found for other taxa (e.g.

Platanus, Ulmus), but not for Fabaceae, third in the

rank with respect to vegetation, orQuercus that is third

with respect to pollen. The discrepancy for Fabaceae

may be explained by the fact that it is a primarily

insect-pollinated taxon; also, it is represented not only

by woody but also by herbaceous species in the

stations. In the case of Quercus, the discrepancy is due

to the fact that the taxon is present only in one station,

at the edge of the peri-urban forest of Seih-Sou.

Evidently, this area functions as a pollen source for

some of the taxa represented in the pollen spectrum of

the city but absent in its other green spaces (Krigas

2004). Nevertheless, pollen from some of the absent

taxa may arrive from even further. For Carpinus,

Fagus, Alnus, Castanea, we estimated the nearest

sources (Karagiannakidou and Raus 1996) to be at a

distance between 6 and 15 km. Another discrepancy

was found for the dioecious taxon Populus. This is a

rather widely planted taxon in the city, but the pattern

of its airborne pollen does not agree well with that of

its presence on the ground. As our specific search

revealed, most of the individuals that are planted in the

city are usually female, and this may be the reason for

this discrepancy.

The micro-environmental conditions in a given

urban district can affect the quality of life of its

residents. Comparison of pollen counts in areas with

different levels of urbanization reveals differences in

the quantity and number of the pollen types recorded

(Cariñanos et al. 2002a), the daily pollen cycles

(Kasprzyk 2006; Šikoparija et al. 2006) and plant

growth and productivity (Ziska et al. 2004). In

Thessaloniki, the Zoo station is the most loaded with

pollen. This station is located in a semi-natural

environment, at the edge of the Seih Sou peri-urban

forest that covers around 3000 ha. Evidently, the area

around this station should be avoided during the pollen

season by those who are sensitive to the pollen

produced by species in fair quantities at this part of the

city.

Several earlier studies provided evidence that local

vegetation is a driver of spatial variation for airborne

pollen. Gonzalo-Garijo et al. (2006) used information

from a tree census in their study area and found that the

site with the highest sycamore pollen concentration

was closer to major stands of sycamore trees; however,

exact distances and densities of the stands were not

reported. Katelaris et al. (2004) conducted vegetation

surveys in 2000 m circular areas around three sam-

pling sites and found differences in local vegetation,

which they paralleled with pollen concentrations;

however, no taxa-specific information was reported. In

a study by Nowak et al. (2012), one site was located at

100 m and another at 6.5 km from the closest

sycamore trees; annual sycamore pollen sums were

Table 3 Significance values of the Generalized Linear Model (GLM) examining the relationship between pollen recorded at a

station and the vegetation of this and the other stations, from the remotest (Station-near5) to the nearest (Station-near1)

Variables Estimate SE t value p value Significance

Intercept 3.7649 0.3089 12.190 0.0000 ***

Station 0.0009 0.0004 2.128 0.0363 *

Station-near1 0.0051 0.0023 2.269 0.0259 *

Station-near2 0.0006 0.0004 1.505 0.1362 ns

Station-near3 0.0004 0.0003 1.265 0.2095 ns

Station-near4 0.0005 0.0003 1.645 0.1037 ns

Station-near5 0.0004 0.0034 0.114 0.9098 ns

The data analyzed correspond to the entire sampled area per station (zone 4). The level of significance is noted as: p[ 0.05: ns,

p\ 0.05: *, p\ 0.01: **, p\ 0.001: ***; AIC = 407.93, residual standard error = 2.223 on 83 degrees of freedom (DF), multiple

R-squared = 0.3125, adjusted R-squared = 0.2615, F-statistic = 4.452 on 6 and 83 DF, p value\ 0.001
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10–20 times lower at the site that was farthest from the

sycamore trees, suggesting that most of the sycamore

pollen did not travel far from its source and that the

local sources were the most important drivers of local

pollen concentrations. Other studies also mentioned

that local vegetation data may help explain pollen

results but did not include systematic investigations of

this relationship (Weinberger et al. 2015).

To address intra-urban spatial heterogeneity of

pollen concentrations, we sampled pollen in several

stations within the city of Thessaloniki and studied in a

very detailed way the local vegetation. The results we

took allow quantitative estimations of pollen changes

Fig. 6 Generalized Linear

Model examining the

relationship between the

abundance of pollen [in

ln(number of pollen

grains ? 1)] and the

abundance of woody species

(number of individuals)

contributing pollen to the air

for taxa with at least one

significant relationship and

for the total, at the spatial

scale of the best-fitting

model according to AIC
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to be expected once vegetation changes are planned or

detected. For every additional individual of Cupres-

saceae, Pinaceae, Platanus, Ulmus, and Olea, we

estimate concomitant increases of pollen in the air by

approximately 0.7, 0.2, 2, 6 and 5%, respectively.

Such quantified relationships allow us to evaluate the

impact of increasing species abundances on the

allergenic pollen that they produce and, hence, on

the residents of an area. This is important to know

especially for the urban and peri-urban environment

that is usually humanly managed. Identification of the

sources of airborne pollen and quantification of their

contribution are essential for a more efficient design of

urban parks and gardens, enabling specific

recommendations to be made regarding the most

appropriate ornamentals for future green spaces (Rojo

et al. 2015; RNSA 2016). Such quantifications also

provide insight on the type and magnitude of associ-

ated changes to be expected once pollen or vegetation

changes are recorded. For instance, if increases in

pollen abundance are not justified in a quantitative

way by land use and vegetation changes, climate

change could be considered a plausible cause for

further exploration.

Pollen productivity, which is the primary factor

influencing pollen abundance, differs among species.

Differences may be large, as those detected at the level

of flower between Corylus avellana (3.9 9 103 pollen

Table 4 Models describing

the relationships between

the concentration of pollen

in the air and the number of

individuals producing it on

the ground for the taxa with

at least one significant

relationship in any of the

sampling zones, and for the

total pollen. Given are also

the values of the adjusted

root mean squared error of

prediction (RMSE)

estimated for the models’

cross validation

Taxon Zone Intercept Slope R2 p-value AIC RMSE

Cupressaceae Centre 8.001 0.011 0.892 0.003 5.007 0.741

50 7.937 0.007 0.923 0.001 2.965 0.789

100 7.909 0.004 0.804 0.010 8.577 0.801

150 7.909 0.003 0.651 0.033 12.040 0.854

200 7.899 0.002 0.587 0.047 13.051 0.883

Olea Centre 5.920 0.051 0.385 0.112 11.380 3.548

50 5.800 0.049 0.717 0.021 6.729 0.491

100 5.694 0.040 0.612 0.041 8.625 0.502

150 5.715 0.034 0.558 0.054 9.404 0.508

200 5.893 0.012 - 0.091 0.488 14.820 0.683

Pinaceae Centre 6.708 0.005 0.852 0.004 11.423 0.195

50 6.779 0.002 0.877 0.005 10.285 2.442

100 6.796 0.001 0.836 0.007 12.045 7.871

150 6.805 0.001 0.830 0.007 12.252 20.989

200 6.816 0.000 0.824 0.008 12.441 48.803

Platanus Centre 6.047 0.107 0.350 0.127 18.557 6.618

50 6.018 0.027 0.508 0.068 16.888 7.987

100 5.965 0.016 0.385 0.112 18.226 3.261

150 5.811 0.015 0.500 0.070 16.984 1.235

200 5.332 0.017 0.771 0.013 12.291 0.270

Ulmus Centre 4.343 0.056 0.590 0.046 12.992 0.526

50 4.382 0.020 0.575 0.050 13.207 0.429

100 4.402 0.012 0.530 0.061 13.802 0.489

150 4.401 0.009 0.473 0.079 14.490 0.590

200 4.360 0.008 0.502 0.070 14.154 0.486

Total Centre 4.365 0.013 0.101 0.001 412.438 6.802

50 4.402 0.005 0.082 0.004 414.333 12.027

100 4.401 0.003 0.081 0.004 414.406 14.618

150 4.404 0.002 0.077 0.005 414.766 15.933

200 4.407 0.001 0.077 0.005 414.852 16.117
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grains) and Olea europaea (1.3 9 105) (Damialis

et al. 2011). Large differences are also detected at

higher levels, for instance at that of the individual,

between unrelated species like Juglans regia (109) and

Quercus rotundifolia (1011) (Tormo-Molina et al.

1996), but also between co-generic species like

representatives of Cupressus, viz. C. sempervirens

(6.4 9 1010) and C. marcocarpa (1012) (Hidalgo et al.

1999). In other cases, differences may not be pro-

nounced. Charalampopoulos et al. (2013) found

comparable amounts of pollen, approximately 104

grains per flower, 108–109 per m2 of crown surface and

1010–1011 per individual produced by Quercus coc-

cifera, Q. ilex, Pinus pinea and P. heldreichii. Pollen

productivity may also differ within species, for

populations differing in elevation, exposure or year

of study (Charalampopoulos et al. 2013; Damialis

et al. 2011). Pollen production at higher levels (e.g.

individual) is more variable than at lower levels (e.g.

anther, flower) and, in general, of lower accuracy,

because it requires collection of several data other than

pollen (size of individuals, of the flower production,

etc.), representative samplings at all required levels (at

that of flower, inflorescence, crown, etc.), approxima-

tions (e.g. for the shape of the crown) and complex

calculations. How well the sizes of pollen production

at these levels match the patterns of airborne pollen

concentrations is an open issue. Charalampopoulos

et al. (2013) found Pinaceae to be under-represented in

the airborne pollen spectrum of Mt Olympos. Simi-

larly, in the study area of Thessaloniki, Pinaceae are

represented by three times as many individuals as

Cupressaceae but their pollen in the air is half that of

Cupressaceae. Nevertheless, the amounts of pollen

produced at the level of individual by Pinus and

Cupressus species are of the same range (Charalam-

popoulos 2017; Charalampopoulos et al. 2013;

Hidalgo et al. 1999). Several factors may be respon-

sible for non-matching cases, both intrinsic and

extrinsic, such as differences in size and age of

individuals and, hence, in the amounts of pollen that

they produce, in the species with differing production

sizes making each time the same pollen taxon, in the

environmental factors prevailing, and also in poten-

tially differing distributions of the individual pollen

types in the complex environment of a city.

In conclusion, we found that the local vegetation is

the driver of the spatial variation of airborne pollen

within the city of Thessaloniki and we could quantify

the relationship between the number of pollen grains

in the air and the number of individuals of the

producing species on the ground for the five most

abundantly represented taxa in the pollen spectrum of

the city. Our study adds to previous attempts to

quantify the vegetation–pollen relationships (Cariña-

nos et al. 2014; Charalampopoulos et al. 2013; Fotiou

et al. 2011; González and Candau 1997; Rodriguez-

Rajo et al. 2010) and thus get a better understanding of

pollen patterns and dispersal. Further research is

needed to explore how well the relationships detected

hold outside the domain for which we have data, as

well as under different environmental conditions and/

or with different species assemblages making up the

pollen taxa.
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