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• The Pollen Contribution Index evaluates
the importance of the pollen emission of
the species.

• The index considers phenology, pollen
grain size, species abundance and pollen
production.

• This standardised Indexwas applied to a
case study of grass species.

• Late-flowering grass species bring the
highest concentrations of airborne pol-
len.

• A small number of species were respon-
sible for most airborne grass pollen.
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Grass pollen is themain cause of pollen allergy in Europe, and—given itsmarked allergenic potential and elevated
airborne concentrations—constitutes a major public health risk. This study sought to identify the grass species
triggering allergies during the highest-risk periods, and to measure the contribution of each species to airborne
grass pollen concentrations. This type of research is particularly useful with a view to optimising the prevention
and diagnosis of pollen allergies and developing themost effective immunological treatments. To that end, a total
of 28 species potentially responsible for allergies were analysed. In order to assess the potential contribution of
these species to overall airborne pollen concentrations, an index was designed (Pollen Contribution Index)
based on the following parameters for each species: flowering phenology, pollen grain size (polar and equatorial
axes), abundance of the species in the area and pollen production. The species contributingmost to airborne pol-
len concentrations were, in order: Dactylis glomerata subsp. hispanica, Lolium rigidum, Trisetum paniceum and
Arrhenatherum album. These species all shared certain features: small grain size (and thus greater buoyancy in
air), high pollen production and considerable abundance. This Index was applied to a case study in a
Mediterranean-climate area of the central Iberian Peninsula, but could equally be applied to other areas and
other allergenic pollens. Findings showed that a small number of species were responsible for most airborne
grass pollen.

© 2017 Elsevier B.V. All rights reserved.
Keywords:
Floral phenology
Pollen allergy
Poaceae
Pollen production
Airbone pollen
1. Introduction

Grass pollen poses a major health risk due to its elevated allergenic
potential (Westritschnig et al., 2008; Scaparrotta et al., 2013), and is
the main cause of pollen allergy in many parts of the world (D'Amato
et al., 2007). In Europe, the prevalence of grass-pollen allergy is very
high among allergy sufferers, who display marked sensitisation even
when airborne pollen concentrations are low (Weger et al., 2013). In
many countries, including the UK, Denmark and Switzerland, over 50%
of allergy-sufferers are sensitive to grass pollen (Burbach et al., 2009;
Heinzerling et al., 2009), while in some regions of Spain as many as
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80% of people displaying allergic reactions are sensitive to Poaceae
(Pereira et al., 2006).

The problems posed by grass pollens for the allergy-sufferers are ag-
gravated by a number of factors according to Thommen's postulates
(Coca et al., 1931): these species are abundant and widely-distributed
worldwide (Simon et al., 2017); they are also wind-pollinated and pro-
duce large amounts of pollen (Prieto-Baena et al., 2003), giving rise to
elevated airborne concentrations (Skjøth et al., 2013). As a result, the
degree of exposure is very high (Blanca-Lopez et al., 2016). It is estimat-
ed that up to 24% of the world's plant cover comprises communities in
which grass species predominate (Judd et al., 2002). Moreover, grasses
grow in all kinds of habitats, even in the most extreme environments,
including those associated with saline substrates and high-mountain
climates (Rivas-Martínez et al., 2002). In addition, around 70% of the
world's arable land is given over to grasses grown as crops
(Thomasson, 1988).

The Poaceae family comprises roughly 12,000 species grouped in
823 generaworldwide (Simon et al., 2017), and includes both perennial
and annual species with a broad biological spectrum; this species diver-
sity gives rise to marked phenological heterogeneity (León-Ruiz et al.,
2011). As a result of these characteristics, the pollen-season is very
long—given the successive flowering of the different grass species in
any given area (Pérez-Badia et al., 2010; Rojo et al., 2017).

Phenological data linked with airborne pollen records allows to iden-
tify the species whose flowering season coincides most closely with pe-
riods of maximum airborne pollen concentrations. For grasses, studies
of this kind have been carried out by León-Ruiz et al. (2011), Tormo
et al. (2011), Cebrino et al. (2016) and Rojo et al. (2017) in central, west-
ern and southern Spain; similar research has been conducted in other
Mediterranean countries, including Italy, by Frenguelli et al. (2010) and
Ghitarrini et al. (2017),while Kmenta et al. (2016) have examinedpheno-
logical data in conjunction with aerobiological records for grasses in
Austria (central Europe). All these studies have sought to identify, by indi-
rect means, those species contributing most to the Poaceae pollen curve.
Other authors have addressed pollen production in grass species
(Prieto-Baena et al., 2003; Aboulaich et al., 2009) or have attempted to es-
tablish correlations between certain pollen sources and airborne pollen
concentrations (Skjøth et al., 2012). Yet there is clearly a need to investi-
gate all these factors together, with a view to establishing not only which
grass species are major sources of airborne pollen but also the contribu-
tion made by each of those species to airborne pollen concentrations.

Pollen grain size is another factor governing variations in the
amount of grass pollen in the atmosphere (Friedman and Barrett,
2009), since it influences grain buoyancy and thus the length of time
the grain remains in the air before being deposited (Oteros et al.,
2015; Rojo et al., 2016). The pollen grains of different wild grass species
vary considerably in size (20–80 μm), the smallest grains being themost
buoyant (Subiza and Jeréz, 2002). Research into grass pollen grain size
and morphology has hitherto focused on phylogenetic and ecological
considerations (Schüler and Behling, 2011; Jan et al., 2015; Morgado
et al., 2015), rather than on the crucial link between pollen grain size
and dispersal of airborne pollen into the atmosphere.

As indicated earlier, awareness of the health risk involved has
prompted a great deal of research into airborne Poaceae pollen (Brito
et al., 2010), and there is widespread interest in those grass species
with the greatest allergenic potential (Kleine-Tebbe, 2008; Johansen
et al., 2009). But there is still a need to establish the contribution made
by different species to the overall airborne allergen load, and to account
for it in terms of species-specific characteristics. To that end, the present
study sought to develop a standardised index (Pollen Contribution
Index, PCI) based on the hypothesis that several characteristics of the
grass species, included in Thommen's postulates, influence airborne pol-
len concentrations: flowering phenology in those species whose
flowering season coincides most closely with periods of maximum air-
borne pollen concentrations; the abundance and distribution of those
species; pollen production; and pollen grain size.
2. Material and methods

2.1. Aerobiological and phenological data

Airborne pollen amount was recorded at the Toledo City pollen sta-
tion in central Spain (coordinates: 39° 51′ 55″N, 4° 2′ 31″W), over a 10-
year period (2006–2015), using a Hirst-type volumetric sampler (Hirst,
1952). Sample collection and preparation, and pollen counts, were car-
ried out usingmethods recommended by the Spanish Aerobiology Net-
work (Galán et al., 2007).

Data on flowering phenology were collected between March and
July in 2013 and 2015 (no data available for 2014), at 11 sampling
sites in and around the city of Toledo, where the pollen station is located
(Fig. 1; Table 1). Phenological observations were made for 25 individ-
uals of each species growing at the sampling sites, which were selected
as being representative of characteristic habitats for local grass species:
forest vegetation (holm-oak forests with clearings mainly covered by
xeric grasslands and shrublands); anthropic areas of ruderal grassland
in urban and periurban areas; weed communities associated with the
extensive croplands surrounding the urban area; and finally riparian
vegetation containing Poaceae species. Flowering was studied in a
total of 28 grass species (Table 2); the most representative species at
each sampling point were selected following León-Ruiz et al. (2011):
25 individuals/m2 were selected for annuals and 25 individuals/10 m2

for perennials. Therefore, the number of the studied species varied for
each site according to the presence/absence of the species. For example,
Brachypodium phoenicoides was only observed in the Peraleda park site
and thus a total of 25 individuals were sampled for this species. Other
species as Trisetum paniceum were found in 6 different sites, and thus
the total observed individuals were 150 in this example (25 individuals
× 6 sites).

Phenological observations were recorded weekly, following Barbieri
et al., (1989) and using the phenophases defined in the international
BBCH scale (Meier, 2001). The flowering season was deemed to have
commenced when the first anthers were visible (BBCH code 61) and
ended when all anthers were dehydrated and thus all pollen had been
released (BBCH code 69). Linear interpolation was subsequently used
to yield a continuous series of daily data on the phenological develop-
ment of each species, as reported in previous phenological studies
(Rojo and Pérez-Badia, 2014).

Phenological data were processed using Principal Factor Analysis to
reduce dimensionality, thus yielding one result for each species (because
most species were sampled at several sites). Given de similarity of
phenological data for each species at different sites, the first principal com-
ponent in the FactorAnalysis accounted in all cases for over 90%of variance
(Rojo et al., 2017). Phenological datawereused tomodel the aerobiological
data series and analyses the grass species contributing most to the pollen
curve. In order to model the deterministic component of the series
(seasonal + trend), the random component was eliminated using the
Seasonal-Trend Decomposition procedure based on Loess, following Rojo
et al. (2015a) and Rojo et al. (2017). The random componentwas attribut-
ed to very short-term sources of variability, such as daily variations in
weather conditions (Petropavlovskikh et al., 2015; Rojo et al., 2017).

Modelling was performed using Partial Least Squares (PLS) regres-
sion, taking the phenological data for all the species studied as indepen-
dent variables and airborne pollen concentrations as response variable.
As part of this method, the relative influence of each species (phenolo-
gy) on pollen concentrations was estimated by calculating the Variable
Importance in Projection (VIP), thus identifying those grass species
whose flowering period coincided with the highest peaks on the pollen
curve. VIP index is the measure of the cumulative importance of the
loading weights that each variable (phenology for each species) has
for each component generated on the PLS regression (Mehmood et al.,
2012). Here, the VIP variable ranged in value between 0 and 2 (mini-
mum and maximum values for coincidence of flowering-period with
highest pollen concentrations.



Fig. 1. Study area. Distribution of sampling sites. Phenological sites in the province of Toledo (central Spain): 1Bar, Bargas; 2Bur, Burguillos; 3Cam, Campus University; 4Gua, Guajaraz res-
ervoir; 5Oli, Olías del Rey; 6Per, Peraleda park; 7Saf, Safont park; 8San, St Anton park; 9Sma, StMartin bridge; 10Vad, Valdelobos; 11Val, Tagus valley. The pollen trap is located in the city of
Toledo.
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Statistical analysis was carried out using the TANAGRA 1.4.50 soft-
ware package (Rakotomalala, 2005).

2.2. Pollen grain size

Pollen grain size was measured for the 28 species included in the
phenological study (Table 2); pollen grains were randomly chosen
from 5 individuals per species at each sampling site. Two anthers
were extracted per individual, i.e. 10 anthers per species. Following
the adapted protocol published by Dafni (1992), pollen from these an-
thers was placed in Eppendorf tubes containing 200 μl of 70% ethanol
solution and stained with fuchsine. Pollen grains were viewed at 400×
magnification and the polar and equatorial axes were measured defin-
ing polar axis as themaximumdiameter of the pollen grain and equato-
rial axis as the perpendicular plane to the polar axis, i.e. by geometrical
criteria according to Faegri (1978). Diameters were measured using a
light microscope equipped with a H101 ProScan II micropositioning
stage and the Nikon NIS Elements software package (version 4.11).
Table 1
Geographical characteristics of the phenological sites.

No. Site Code Coordinates

1 Bargas 1Bar 39° 56′ 45″ N 4° 1′ 32
2 Burguillos 2Bur 39° 47′ 43″ N 3° 58′ 5
3 Campus University 3Cam 39° 51′ 57″N 4° 2′ 37″
4 Guajaraz reservoir 4Gua 39° 47′ 55″ N 4° 04′ 5
5 Olías del Rey 5Oli 39° 56′ 9″ N 4° 0′ 2″ W
6 Peraleda park 6Per 39° 52′ 24″ N 4° 02′ 4
7 Safont park 7Saf 39° 51′ 28″ N 4° 1′ 3″
8 St Anton park 8San 39° 52′ 25″ N 4° 1′ 16
9 St Martin bridge 9Sma 39° 51′ 28″ N 4° 2′ 3″
10 Valdelobos 10Vad 39° 52′ 48″ N 4° 4′ 58
11 Tagus valley 11Val 39° 50′ 41″ N 4° 1′ 12
A total of 100 randomly-selected pollen grains were measured for
each species, this being deemed a sufficiently representative number
(Mäkelä, 1996; Jan et al., 2015). Here an interval classification based
on natural breaks according to Jenks'methodwas subsequently applied.
This method is based on a data clustering using the average deviation
between the classes (Jenks, 1967). As a result, four class intervals were
used to calculate the value of the parameter pollen grain size in the Pol-
len Contribution Index (PCI). The classes were inverted and the highest
category (class number 4) includes pollenwith the smaller size and vice
versa.

2.3. Estimation of species abundance

Species abundance was estimated using, as an indirect indicator, the
surface area covered by the habitats of which the studied species was
considered characteristic, in view of its ecological requirements and
phytosociological traits. This ecological information about the type of
habitatwhere the studied species can be found,was consulted in several
Elevation (m a.s.l.) Distance from the pollen trap (km)

″ W 581 8.9
5″ W 681 9.2
W 450 0.2
8″ W 631 8.0

623 8.6
3″ W 449 0.9
W 470 2.0
″ W 494 2.0
W 455 1.0
″ W 514 3.8
″ W 600 2.7

Image of Fig. 1


Table 2
Characteristics of the grass species according to the phenological development (VIP), pollen production, pollen size and local distribution (potential habitat).

Grass species Sampling sitesa VIPb Pollen productionc Pollen
sized

Potential habitate

Aegilops geniculata Roth 5Oli, 8San, 11Val 1.41 51,212⁎ 50.12 Ruderal vegetation
Arrhenatherum album (Vahl) Clayton 4Gua, 10Vad, 11Val 1.51 4,945,510 ⁎ 31.16 Forest vegetation (ca)
Avena barbata Link 2Bur, 4Gua, 7Saf, 8San 0.42 468,693⁎ 51.19 Ruderal and weed vegetation
Avena sterilis L. 1Bar, 5Oli 0.93 347,702⁎ 83.16 Ruderal vegetation
Brachypodium phoenicoides (L.) Roem. & Schult. 6Per 0.44 – 38.37 Riverbanks
Bromus diandrus Roth 3Cam, 6Per, 7Saf, 8San, 11Val 0.56 129,257⁎ 56.76 Ruderal vegetation
Bromus hordeaceus L. 7Saf, 11Val 0.63 245,176⁎ 39.56 Ruderal vegetation
Bromus rubens L. 2Bur, 5Oli, 8San, 9Sma, 11Val 0.52 193,035⁎

(B. matritensis)
43.82 Ruderal vegetation

Bromus tectorum L. 1Bar, 2Bur, 5Oli 0.59 193,035⁎

(B. matritensis)
38.76 Ruderal vegetation

Celtica gigantea (Link) F.M. Vázquez & Barkworth 4Gua 0.42 – 48.52 Forest vegetation (si)
Cynosurus elegans Desf. 8San 0.38 1,931,087⁎

(C. echinatus)
30.73 Forest vegetation (ca)

Dactylis glomerata L. subsp. hispanica (Roth) Nyman 2Bur, 4Gua, 5Oli, 8San, 10Vad,
11Val

1.49 7,971,347⁎ 29.99 Forest (ca/si) and ruderal
vegetation

Echinaria capitata (L.) Desf. 10Vad, 11Val 0.52 – 32.86 Forest vegetation (ca)
Elymus pungens (Pers.) Melderis subsp. campestris (Godr. & Gren.)
Melderis

3Cam, 6Per 0.70 1,635,984 a

(E. repens)
36.42 Riverbanks

Hordeum distichon 1Bar, 2Bur 0.50 – 55.63 Herbaceous crops
Hordeum murinum L. subsp. leporinum (Link) Arcang. 2Bur, 3Cam, 6Per, 8San, 9Sma 0.43 245,607⁎ 38.61 Ruderal vegetation
Hyparrhenia hirta (L.) Stapf 4Gua 1.46 2,820,582⁎ 32.97 Rock vegetation
Lamarckia aurea (L.) Moench 9Sma 0.29 46,878⁎ 28.92 Ruderal vegetation
Lolium rigidum Gaudin 1Bar, 2Bur, 8San 1.44 5,271,037⁎ 35.89 Ruderal and weed vegetation
Macrochloa tenacissima (L.) Kunth 4Gua, 10Vad, 11Val 0.75 – 36.02 Forest vegetation (ca)
Melica ciliata L. magnolii (Gren. & Godr.) Husn. 2Bur, 4Gua, 10Vad 1.66 390,871⁎⁎ 32.83 Rock vegetation
Piptatherum miliaceum (L.) Coss. 3Cam, 7Saf, 8San, 9Sma 1.49 6,045,099⁎ 29.21 Ruderal vegetation
Poa annua L. 6Per, 7Saf, 9Sma 0.94 115,511⁎ 29.95 Ruderal vegetation
Poa pratensis L. 6Per 0.25 2,088,492⁎⁎

(P. trivialis)
27.88 Riverbanks

Rostraria cristata (L.) Tzvelev 2Bur, 5Oli, 6Per, 10Vad 0.76 157,658⁎ 31.01 Ruderal vegetation
Stipa capensis Thunb. 9Sma, 11Val 0.47 172,790⁎ 32.07 Ruderal vegetation
Trisetum paniceum (Lam.) Pers. 2Bur, 5Oli, 6Per, 7Saf, 9Sma,

11Val
1.65 21,278,803⁎ 24.31 Ruderal vegetation

Vulpia bromoides (L.) Grey 4Gua, 11Val 0.54 14,458⁎ 29.38 Forest vegetation (si)

a Sampling sites: 1Bar, Bargas; 2Bur, Burguillos; 3Cam, Campus University; 4Gua, Guajaraz reservoir; 5Oli, Olías del Rey; 6Per, Peraleda park; 7Saf, Safont park; 8San, St Anton park; 9Sma,
St Martin bridge; 10Vad, Valdelobos; 11Val, Tagus valley.

b VIP, Variable Importance Projection: Relationship between phenological development (flowering-period) and airborne pollen concentration. VIP values ranged between 0 and 2
(minimum and maximum values for coincidence of flowering-period with highest pollen concentrations).

c Pollen production indicates number of pollen grains per inflorescence. Literature about pollen production: (*) Prieto-Baena et al. (2003); (**) Aboulaich et al. (2009).
d Pollen size indicates the mean of the two diameters (polar and equatorial axes) of the pollen grains. Units: μm.
e Potential habitat: forest vegetation areas have been divided according to the type of soil: ca, calcareous soils; si, siliceous soils.
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reference manuals on flora and vegetation (Devesa Alcaraz et al., 1991;
Rivas-Martínez et al., 2002). Habitatsweremapped at a scale of 1:5.000,
defining uniform tiles from the orthophoto provided by the Spanish Ae-
rial Orthophotography Plan (PNOA). Then, a potential surface (abun-
dance) was assigned for each species according to their habitat
requirements. Finally, the abundance values of the species were
grouped into four categories by applying the classification of intervals
based on natural breaks according to Jenks' method (Jenks, 1967).

The surface areas of the habitats (riverbank vegetation, forest vege-
tation, rocky ground, ruderal vegetation, herbaceous crops and woody
crops) were measured in a 20 km radius centered on the pollen station
where the pollen trap was located. Since the main local atmospheric
processes influencing pollen transport, such as convection, turbulence
and storms (Orlanski, 1975) take placewithin this radius,most airborne
pollen is likely to be originated in themapped habitats. In this sense, al-
though long distance transport can be responsible for some peaks,
short-distance transport is responsible for the most important peaks
of the pollen curve (Rojo and Pérez-Badia, 2015).

2.4. Estimation of pollen production

Pollen production for each specieswas estimated on the basis of data
reported by Prieto-Baena et al. (2003) andAboulaich et al. (2009). These
works quantified the number of pollen grains from several parts of the
grasses (anthers, flowers, spikelets, inflorescences). We have used the
variable “pollen grains/inflorescence” in order to value the pollen
production.

The values of the parameter pollen productionwere grouped in four
classes applying an interval classification based on natural breaks ac-
cording to Jenks'method (Jenks, 1967) to the list of grass species includ-
ed in thework of Prieto-Baena et al. (2003) (Fig. 2). This way, we obtain
a wider classification for the parameter pollen production which can be
applied for the species we study here as well as for other species that
could be incorporated in other studies. Those species for which we do
not have data on pollen production we have assigned the known
value of pollen production of species that exhibit similar biological
and morphological characteristics.

2.5. Pollen Contribution Index

The contribution of each species to overall airborne pollen concen-
trations was established by applying an index (PCI) comprising the fol-
lowing parameters: species phenology (VIP), pollen grain size with
inverted classes (diameter, iD), pollen production (P) and surface area
covered by the habitats studied (S), as a measure of the potential abun-
dance of each species.

PCI ¼ VIP�iD��P�S
128�� where VIP= Variable Importance Projection of the

species (mean for the two study years), iD = pollen diameter (mean of



Fig. 2.Natural breaks (Jenks)method for classifying pollen production of bibliographic data from Prieto-Baena et al. (2003). These class intervalswere used in order to calculate the Pollen
Contribution Index (PCI). Species considered in Prieto-Baena et al. (2003): 1Vulpia myuros, 2 Hordeum marinum, 3 Brachypodium distachyon, 4 Lamarckia aurea, 5 Aegilops geniculata, 6
Aegilops triuncialis, 7 Desmazeria rigida, 8 Poa annua, 9 Bromus diandrus, 10 Rostraria cristata, 11 Stipa capensis, 12 Bromus lanceolatus, 13 Bromus matritensis, 14 Bromus hordeaceus, 15
Hordeum leporinum, 16 Phalaris paradoxa, 17 Briza maxima, 18 Paspalum paspalodes, 19 Avena sterilis, 20 Polypogon monspeliensis, 21 Panicum repens, 22 Avena barbata, 23 Phalaris minor,
24 Holcus lanatus, 25 Cynodon dactylon, 26 Elymus repens, 27 Holcus setiglumis, 28 Cynosurus echinatus, 29 Agrostis stolonifera, 30 Hyparrhenia hirta, 31 Vulpia geniculata, 32
Arrhenatherum album, 33 Lolium rigidum, 34 Piptatherum miliaceum, 35 Dactylis glomerata, 36 Festuca arundinacea, 37 Trisetaria panicea, 38 Sorghum halepense.
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polar and equatorial axes), P=pollen production, S= surface area cov-
ered by the habitats studied.

(⁎) Pollen grain size is inversely related to PCI. Thus the classes of this
parameter (iD) have been inverted i.e. the highest category (class 4) in-
cludes pollen with the smaller size, and vice versa.

(⁎⁎) This figure represents the maximum values attained by param-
eters VIP × iD × P × S (2 × 4 × 4 × 4).

In this formula, VIP displayed values ranging between 0 and 2; in
order to simplify calculations, values for pollen production, pollen
grain size and surface area of habitat were transformed and reduced
to four classes (values 1, 2, 3 and 4), using natural break method classi-
fication (Jenks' method) implemented in the R package “classInt”
(Bivand, 2017), thus enabling the index to be standardised. Values for
the index therefore ranged from 0 (i.e. no contribution by the species
to airborne pollen concentrations) and 1 (i.e. maximum contribution).
Finally, Principal Component Analysis (PCA) was carried out using R
software (R Core Team, 2016) to examine the relationship between
the parameters studied (i.e. phenology, pollen production, pollen grain
size and species abundance) and to group species as a function of
their contribution to the pollen concentrations shown by the pollen
curve. Two principal components were used to relate the data.

3. Results

The flowering season of the grass species in the study area generally
started in late March and ended in early July. Analysis of the flowering
period for each species and its coincidence with pollen-curve peaks re-
vealed a phenological succession (Fig. 3). The earliest-flowering grass
species included Hordeum murinum subsp. leporinum, species of the
genera Vulpia, Bromus and Avena, as well as Cynosurus elegans and
Echinaria capitata (Fig. 3). All these species flowered between the
third week in March and the second week in May, coinciding with low
to moderate peak airborne pollen concentrations (all peaks bellow
200 pollen grains/m3). From early May to late June, late-flowering spe-
cies coincided with maximum airborne pollen concentrations, i.e. the
most intense peaks several days exceed the threshold of 200 pollen
grain/m3: these included Lolium rigidum, Arrhenatherum album,
Trisetum paniceum, Dactylis glomerata subsp. hispanica, Melica ciliata
and Piptatherum miliaceum (Fig. 3).

Modelling using PLS regression showed that flowering phenology
accounted for 87% of variance in contribution to airborne pollen concen-
trations (R2 = 0.87) in 2013 and for 89% (R2 = 0.89) in 2015. Observed
values correlated well with predicted values from the model according
to the Kendal rank correlation (Fig. 4). Mean VIP values which indicate
the importance for each grass species on the model of the airborne pol-
len concentrations are shown in Table 2. Therefore, the greatest VIP
values are found for the species whose flowering-period coincided
with the highest pollen peaks as indicated above (Melica ciliata, Trisetum
paniceum, Arrhenatherum album…).

The most abundant habitat was annual herbaceous cropland, which
accounted for 59.4% of the study area (Fig. 5). Themain agricultural crop
in this habitat was two-rowed barley (Hordeum distichon), while slen-
der wild oats (Avena barbata) and ryegrass (Lolium rigidum) were the
most abundantweed species in this area (Table 2).Woody cropland, ac-
counting for 11.4%, also included a number of weed species. Ruderal
communities, growing on abandoned arable land, in peri-urban areas
and at roadsides, covered 4.4% of the study area and contained a consid-
erable variety of species belonging to the genera Hordeum, Bromus,
Avena, and Trisetum, among others. Forest vegetation comprised mostly
sclerophylous shrubland and scrub aswell as xerophyllous pastureland,

Image of Fig. 2


Fig. 3.Variations indaily grass-pollen concentrations (grains/m3) andfloral phenology of grass species in 2013 and 2015. Floral phenology: light grey bar indicates 25–50% of individuals in
flower; dark grey bar indicates N50% of individuals inflower. Abbreviations of sampled species: AeGe Aegilops geniculata, ArAl Arrhenatherum album, AvBa Avena barbata, AvSt Avena sterilis,
BrPh Brachypodium phoenicoides, BrDi Bromus diandrus, BrHo Bromus hordeaceus, BrRu Bromus rubens, BrTe Bromus tectorum, CeGi Celtica gigantea, CyEl Cynosurus elegans, DaHi Dactylis
glomerata subsp. hispanica, EcCa Echinaria capitata, ElCa Elymus pungens subsp. campestris, HoDi Hordeum distichon, HoLe Hordeum murinum subsp. leporinum, HyHi Hyparrhenia hirta,
LaAu Lamarckia aurea, LoRi Lolium rigidum, MaTe Macrochloa tenacissima, MeCi Melica ciliata subsp. magnolii, PiMi Piptatherum miliaceum, PoAn Poa annua, PoPr Poa pratensis, RoCr
Rostraria cristata, StCa Stipa capensis, TrPa Trisetum paniceum, VuBr Vulpia bromoides.
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and accounted for 18.9% of the surface area studied (calcareous soils
14.8%; siliceous soils 4.1%). Grass species growing in these habitats
(woodlands, scrubs and grasslands of the forest vegetation) included
perennials such asMacrochloa tenacissima and Celtica gigantea, and an-
nuals like Echinaria capitata and Vulpia bromoides (Table 2).

Riverbank vegetation was among the least common habitats,
representing 1.5% of the surface area studied, while rocky ground
accounted for 0.1% (Fig. 5). Given the surface area of the various types
of habitat, the most abundant species in terms of potential habitat
were weeds commonly found in cropland, and species characteristic
of forest vegetation; surface areas in all cases exceeded 5473 ha (N5%
of the total study area). (Fig. 6A).

Analysis of pollen grain size (Table 2) yielded a first group (class 1,
inverted classes) of species with a pollen grain size N56.9 μm, a second
group comprising species with pollen grains ranging between 44.0 and
56.8 μm, a third groupwith grain sizes of between 33.1 and 43.9 μm, and
a fourth group of less 33.0 μm (Fig. 6B).

Revision of pollen production data (Table 2) showed that the
species producing the largest amount of pollen was Tristeum
paniceum, with 21,278,803 pollen grains per inflorescence, although
high pollen productionwas also recorded for other species, including
Arrhenatherum album, Dactylis glomerata subsp. hispanica,
Hyparrhenia hirta, Lolium rigidum and Piptatherum miliaceum
(Prieto-Baena et al., 2003). The lowest pollen-production values
were observed for studied species as Vulpia bromoides, Lamarckia
aurea, Aegilops geniculata, Poa annua, Bromus diandrus or Rostraria
cristata (Table 2). Interval classification for all grass species from
Prieto-Baena et al. (2003) is shown in the Fig. 2.

The application of the Pollen Contribution Index (PCI) revealed that
Dactylis glomerata subsp. hispanica, with a score of 0.34, makes the
greatest contribution to the pollen curve (Fig. 7). Other species with a
great contribution (PCI values over 0.20) were Lolium rigidum, Trisetum
paniceum and Arrhenatherum album, followed by perennial species as
Macrochloa tenacissima, Piptatherum miliaceum or Hyparrhenia hirta.
The remaining species had low scores of b0.10 (Fig. 7).

The PCI, establishing the contribution of each study species to air-
borne pollen concentrations (the pollen curve), enables species to be
classified in terms of the four parameters used to calculate the index
(phenology, abundance, pollen size and pollen production) (Fig. 8). It
also enables the relationship between the parameters to be analysed.

Image of Fig. 3


Fig. 4. Pollen data curve (seasonality + trend) with values estimated using a PLS regression model (R2 coefficient of determination); Kendal rank correlation shows the relationship
between observed values and estimated values for 2013 and 2015.
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Phenology, which determined the coincidence of grass flowering with
the highest airborne pollen concentrations, displayed a direct correla-
tionwith species pollen production but an inverse correlation with pol-
len grain size (Fig. 8).

4. Discussion

The grass pollen season is long and complex, often lasting 4 or
5 months (García-Mozo et al., 2009; Gucel et al., 2013), and sometimes
as long as 7 months (Pérez-Badia et al., 2010). Moreover, as the present
Fig. 5.Map of habitat types in the study area. Land use
study showed, plotting of airborne grass-pollen concentrations reveals
numerous oscillations, though maximum concentrations in central
Spain tend to be recorded in May and June (Pérez-Badia et al., 2011;
Sabariego et al., 2011; Rojo et al., 2017). This pollen-curve behaviour
makes it difficult to determine the main sources of pollen emission
(Skjøth et al., 2013), since for any given study area there are contribu-
tions from numerous species with highly-varied phenological patterns
(Rojo et al., 2017).

Phenology enabled airborne pollen concentrations to bemodelled as
a function of flowering intensity (measured here as the percentage of
category according to the study area (125,790 ha).

Image of Fig. 4
Image of Fig. 5


Fig. 6. Natural breaks (Jenks) method for classifying species abundance (A) and pollen size (B). The classes of the pollen size (B) have been inverted i.e. the highest category (class
4) includes pollen with the smaller size, and vice versa Abbreviations of species names are defined in Fig. 3.
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individuals in flower) of the grass species most representative of the
study area. Findings confirmed the close relationship between phenolo-
gy and aerobiology, phenological data yielding a pollen curve (eliminat-
ing the random component) with a coefficient of determination
approaching 0.9.

These results represent a further contribution to the study of the
main grass species contributing to the pollen curve, complementing
the findings reported by other authors (Frenguelli et al., 2010;
León-Ruiz et al., 2011; Cebrino et al., 2016). The present study sought
not only to analyse the relationship between grass phenology and
aerobiology, but also to investigate the characteristics of key species in
terms of pollen emission rates and capacity for airborne pollen dispers-
al: pollen production and abundance of each species in the geographical
area as a measure of potential pollen release into the atmosphere (Rojo
et al., 2015b;MayaManzano et al., 2017), and pollen grain size as an in-
dicator of dispersibility (Oteros et al., 2017).

The resulting Pollen Contribution Index, applied here to grass spe-
cies in a limited geographical area, offers a standardised tool for
assessing the contribution of individual species to airbornepollen levels,
and thus provides a valuable means of comparing the contribution of

Image of Fig. 6


Fig. 7. Chart showing Pollen Contribution Index for the grass species studied. Abbreviations of species names are defined in Fig. 3.
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each species to the pollen curve in periods when the flowering periods
of several species coincide.

The highest airborne pollen concentrations coincided with the
flowering-period of later-flowering species (between May and June),
including Aegilops geniculata, Arrhenatherum album, Avena sterilis,
Dactylis glomerata subsp. hispanica, Hyparrhenia hirta, Lolium rigidum,
Fig. 8. Results of Principal Component Analysis (PC1 vs. PC2) taking into account the classificatio
pollen production. Abbreviations of species names are defined in Fig. 3.
Melica ciliata subsp. magnolii, Poa annua and Trisetum paniceum. Al-
though the presence of any given grass species obviously depends on
the biogeographical features of each study area, the findings broadly
agree with those reported in southern Spain (León-Ruiz et al., 2011),
Italy (Ghitarrini et al., 2017) and Austria (Kmenta et al., 2016), where
the strongest correlation with pollen concentrations was observed for
n of the grass species with respect to phenology, species abundance, pollen grain size and

Image of Fig. 7
Image of Fig. 8
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the genera Arrhenatherum, Dactylis, Lolium, Poa and Trisetum, all species
of the subfamily Pooideae (Subiza et al., 2003). However, application of
the Pollen Contribution Index, incorporating data on abundance, pollen
production and pollen grain size for each species, revealed that only a
few species as Dactylis glomerata subsp. hispanica, Lolium rigidum,
TrisetumpaniceumorArrhenatherumalbumwas found tomake a consid-
erable contribution to the pollen curve.

The species releasingmost pollen into the atmosphere share certain
characteristics: high pollen production per individual, small pollen-
grain size, and marked abundance in the study area (Cruden, 2000;
Aboulaich et al., 2009). Dactylis glomerata subsp. hispanica is notable
for its elevated pollen output (7,971,347 pollen grains per inflorescence,
class 3; Prieto-Baena et al., 2003), it's very small pollen-grain size (29.99
μm, class 4), its flowering period also coincides with the highest pollen-
intensity peaks (VIP 1.49) although this species shows a moderate
abundance (class 2). By contrast, Avena sterilis and Aegilops geniculata
displayed a very low PCI score and are thus of negligible importance, al-
though a phenological approach alone would indicate otherwise (Rojo
et al., 2017).

The Pollen Contribution Index described here also enables a reduc-
tion of the bias generated in phenological sampling, or in the estimation
of other parameters such as the indirect measurement of species abun-
dance on the basis of habitat surface area, since these species are
assigned interval or category values, which absorb errors of
quantification.

A further contribution made by this study is the generation of a
database on pollen-grain size and morphology for the grass species
most representative of habitats in central Spain. This complements
the information hitherto available for members of the Poaceae family
(Jan et al., 2015; Morgado et al., 2015), and seems to confirm that in
theMediterranean region the shape and size of pollen grains is close-
ly linked to their buoyancy (Rojo et al., 2016; Oteros et al., 2017).

The findings serve to confirm certain aspects regarding the grass-
dominated habitat types constituting major sources of pollen emis-
sion and thus making the greatest contribution to airborne pollen
concentrations. Aboulaich et al. (2009) argued that species growing
in natural and semi-natural habitats produce more pollen than
those growing in cropland and ruderal areas; this view is generally
supported by the present findings, although with certain exceptions
such as Trisetum paniceum and Lolium rigidum, which were found to
produce large amounts of pollen. Pollen-grain size in species charac-
teristic of urban, ruderal or cropland habitats, belonging to the gen-
era Aegilops, Avena, Bromus and Hordeum, was classed as large
(over 35 μm), thus hindering their airborne dispersal with respect
to other species (Hernández-Ceballos et al., 2014). Bosch-Cano
et al. (2011) and Rojo et al. (2015a) reported that pollen levels orig-
inating in rural areas were higher than those associated with urban
areas. The present study included the crop species Hordeum
distichon, growingwidely in the study area. Though highly abundant,
this species scored very low on the Pollen Contribution Index, having
a large pollen grain (class 1) and low pollen production (class 2). As a
result, the degree of coincidence with maximum pollen concentra-
tions was also low (VIP 0.50). The application of PCI index to urban
scale can be used to identify allergenic grass species of grasslands
and lawns in the cities. Knowing these species, it would be possible
to recommend the authorities and gardening and environmental
services, not to use seeds of these species in the composition of the
seed mix used in the grasslands and lawns in urban green spaces.

These findings point clearly to an inverse correlation between
pollen production per individual and pollen-grain size, reported
earlier by Cruden (2000) and attributed to a simple size/number
trade-off (Charnov, 1982). This is of particular importance in terms
of airborne pollen production, given the limited capacity of species
with large pollen grains to produce abundant sufficiently-buoyant
pollen (Subiza and Jeréz, 2002). Moreover, a number of species
producing large pollen grains—among them Hordeum
distichon—reproduce by cleistogamy, a floral selfing mechanism
through which pollen is transferred from anther to stigma within
the closed flower, thus preventing the entry of external pollen
(Campbell et al., 1983). This pollination mechanism also hinders
pollen release and dispersal.

Another key factor is species morphology. As reported by Tormo
et al. (2011), the species contributing most to airborne Poaceae
pollen concentrations include numerous perennials. Pollen
production per inflorescence is greater in perennials than in annuals
(Prieto-Baena et al., 2003), although certain annual species such as
Trisetum paniceum are known for their high inflorescence density
(Aboulaich et al., 2009). Since pollen production is also directly
linked to anther size, the most productive species are those with
large anthers (Tormo et al., 1996), including the majority of
perennials. High pollen production may ensure cross-fertilisation
in perennial species, most of which display marked self-
incompatibility (Prieto-Baena et al., 2003).

Identification of the grass species releasing the largest amount of
pollen into the atmosphere, and measurement of their abundance in
any given area, is crucial to establishing which periods constitute a
real public health risk (Héguy et al., 2008) and to the planning of
more effective campaigns for the prevention and treatment of
allergies. At present, grass-pollen vaccines used in immunotherapy
generally involve a mixture of pollens of various species. The most
widely-used mixture is Dactylis glomerata, Phleum pratense,
Anthoxanthum odoratum, Lolium perenne and Poa pratensis, these
being the most common species; they are widespread throughout
Europe, and are known for their allergen content (Jutel et al.,
2005). Although a number of studies report that tests using any
species belonging to the subfamily Pooidae are effective both for
diagnosis and for immunotherapy (Johansen et al., 2009), different
species-specific allergens prompt a differing degree of sensitisation
in patients (Moingeon et al., 2008); symptoms may even be linked
to the phenology of each species (Kmenta et al., 2016). In this
sense, the results of the application of the Pollen Contribution
Index (PCI) can be used to encourage new works to determine
allergens from wild species little known or studied (such as Lolium
rigidum, Macrochloa tenacissima or Piptatherum miliaceum) and to
initiate specific immunotherapy treatments with the allergens of
wild grass species that obtain the highest PCI values.

5. Conclusions

The Pollen Contribution Index for grass species presented here is
a valuable tool for identifying the species releasing the largest
amounts of pollen into the atmosphere, coinciding with periods of
greatest allergy risk. The fact that a small number of species account
for most of the airborne pollen concentrations recorded has
important implications when drawing up recommendations for
grass-allergy sufferers, in that it enables the main sources of pollen
emission to be identified, and exposure to them avoided. Since
calculation of the index is standardised, it allows the contributions
of different grass species to be compared, and can readily be
extended to other geographical areas of the Mediterranean region
where the vegetation (natural or anthropic areas) is dominated by
the same grass species or taxonomically close. The Pollen
Contribution Index could also be usefully applied to other pollen
types, especially those involving species whose flowering-periods
overlap, such as Plantago and Amaranthaceae, which also comprise
numerous and highly-diverse species.
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