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ABSTRACT: Using 22 pollen taxa collected at 6 localities in Catalonia (NE Spain) during the
period 1994-2011, we show that climate variability associated with Northern Hemisphere telecon-
nection patterns (North Atlantic Oscillation, Arctic Oscillation and Western Mediterranean Oscil-
lation) affects both seasonal pollen production and the timing of the airborne pollen season. For
most of the studied pollen taxa, positive phases of the 3 climatic indices were related to a decrease
in the seasonal pollen index and an advance and enlargement of the pollen season. Furthermore,
for most taxa, negative phases of the climatic indices were linked to higher pollen production via
an increase in rainfall. A clear relationship between climatic indices and the end of the pollen sea-
son was not observed. Since pollen parameters correlate more strongly with the Western Mediter-
ranean Oscillation index (WeMOi) than other indices, the WeMOIi negative trend observed over
the last decades needs to be confirmed to properly identify its effect on ecosystems and public
health in the western Mediterranean basin.
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1. INTRODUCTION

The influence of climate and climatic changes on
ecosystems has often been mentioned in the litera-
ture in recent years (Walther 2010). It is apparent that
large-scale climate variability affects ecosystems not
through a single weather variable, but rather through
a combination of weather features (Stenseth &
Mysterud 2005). Climate change may result in an
increase in the frequency of extreme events which
are more relevant in the phenology of the ecosystems
than fluctuations in the mean climate (Stenseth et al.
2002, 2003). Climate indices reducing complex space
and time variability and gathering different climatic
variables into simple measures have been shown to
be of great use in the field of ecology. One of the
more interesting climate indices in terms of correla-
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tion with ecological processes in the Northern Hemi-
sphere is the North Atlantic Oscillation (NAO) index
(Barnston & Livezey 1987). The NAO is one of the
major driving forces of the climate system of the
Northern Hemisphere (Hurrell 1995) that quantifies
the interannual variability in the atmospheric circula-
tion of the northern Atlantic region. The NAO index
(NAOi) is based on the sea level pressure difference
between the sub-polar low-pressure center over Ice-
land and the subtropical high-pressure center over
the Azores (Tildes Gomes 2000, Stenseth et al. 2002).
Many studies have discussed the databases of the
different meteorological stations—Punta Delgada,
Lisbon, Gibraltar, Reykjavik, Akureyri, Stykkishol-
mur, among others—that could be used to measure
this difference of pressure (Hurrell 1995, Jones et al.
1997, Osborn 2006). For the purposes of this study,
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the NAOI is defined as the difference between the
normalized pressure anomaly at Gibraltar (Iberian
Peninsula) and Reykjavik (southwestern Iceland).

According to Hurrell (1995), the NAO is the main
large-scale pattern that influences the variability of
the Euro-Mediterranean climate. The NAO regulates
the cyclone trajectories and cyclogenesis in the Medi-
terranean area that influence its climatic variability
(Bolle 2003). This phenomenon is particularly impor-
tant in the western Mediterranean region, which is
strongly affected by the NAO atmospheric dipole
(Von Storch et al. 1993). Thus, a positive NAO phase
results in a positive level pressure anomaly over the
Mediterranean Basin, which, in turn, corresponds
to a northward deflection trajectory, followed by
Atlantic cyclones and to weaker cyclogenesis in the
basin (Hurrell et al. 2003). In other words, a positive
NAO phase corresponds to a lower cyclone fre-
quency in the area, less cloud cover and, therefore,
greater insolation. So, taking into account that the
surface temperature in the Mediterranean area relies
heavily on the insolation (Munoz-Diaz & Rodrigo
2003) and that temperature has been identified as the
most important factor affecting the starting date of
pollen seasons in temperate ecosystems (Emberlin et
al. 1993, Van Vliet et al. 2002, Galéan et al. 2005), the
hypothesis that an advance in the pollen seasons of
different taxa is correlated with the NAOi can be
inferred. In contrast, the NAO negative mode pro-
duces high-pressure blocking in the NE Atlantic,
with more meridional circulation and wetter condi-
tions in the western Mediterranean.

Some effects of climate variability on plant pheno-
logy include advances on some parameters, such as
the deployment of new leaves or flowering (Menzel
et al. 2006), shifts in the timing of pollen seasons
(Jager et al. 1996, Emberlin et al. 2007), or an in-
crease in the pollen production of different plants
(Teranishi et al. 2000, Ziello et al. 2012). According to
Clot (2003), atmospheric pollen can be considered
a very sensitive indicator of climate variability. For
this reason many recent studies have addressed the
climate-variability—aerobiology relationship perspec-
tive. D'Odorico et al. (2002) were able to find rela-
tionships between some phases of the NAO and dif-
ferent parameters of the pollen season. Later, Avolio
et al. (2008) found that the climatic interannual vari-
ability due to the NAO was unequivocally tied to the
olive pollen seasons in Central Italy. More recently,
a study by Smith et al. (2009) showed the importance
of considering large-scale patterns of climate vari-
ability like the NAO for the prediction of the start and
magnitude of the grass pollen seasons across Europe.

On the other hand, the western Mediterranean is
under the WeMO (Western Mediterranean Oscilla-
tion) domain. This recently defined secondary oscil-
lation form in the western Mediterranean basin
(Martin-Vide & Lopez-Bustins 2006) accounts for the
eastern Iberian Peninsula regions that are only
weakly related, or even completely unrelated to the
NAO pattern. The WeMO is defined using the dipole
San Fernando (Cadiz, Spain)-Padua (Italy). The pos-
itive mode corresponds to high pressure over the SW
Iberian Peninsula and low pressure in the Liguria
Gulf. In the positive phase, rainfall is more abundant
along the Cantabric peninsular coast and less abun-
dant along the Mediterranean coast, primarily repre-
senting fluxes over Catalonia from the north (France
and northern Iberian Peninsula). Its negative mode is
produced when an anticyclone is situated in central
Europe and the north of Italy and low pressure is
found on the SW Iberian Peninsula. In this negative
phase, fluxes over Catalonia are predominantly from
the Mediterranean Sea and northern Africa and wet-
ter conditions occur over the eastern coast of the Iber-
ian Peninsula and the Ebro basin.

There is another natural mode of variability that
greatly affects Europe and the Mediterranean area,
the Arctic Oscillation (AO), which represents the
state of atmospheric circulation over the Arctic
(Lopez-Bustins et al. 2008). The AO is defined as the
first principal component time-series of the mean
sea-level pressure field over the Northern Hemi-
sphere, north of 20° (Stenseth et al. 2003). Although
there is a high correlation between the AO and NAO,
the basic physical mechanisms are different (Zhou et
al. 2001). While the NAO refers to a local mechanism
associated with a physical dipole affecting the North
Atlantic, the AO has a zonal structure reflecting the
variations of the circumpolar flow (Ambaum et al.
2001). In its positive mode, lower-than-normal pres-
sures over the polar region are registered, driving
Atlantic storms northward and, thereby, wetter
weather over northern Europe and drier conditions in
Mediterranean regions.

In short, positive phases of the NAO, WeMO and
AO indices reflect sunnier and drier conditions in
Catalonia and their negative phases coincide with
wetter and rainier conditions.

The most recent studies on the subject have
focused on the spatial variability of the pollination
seasons in relation to the NAO index (Stach et al.
2008a,b, Smith et al. 2009, Dalla Marta et al. 2011),
but, for instance, there have been no studies to assess
the influence of the NAO over the different taxa rep-
resentative of the surrounding vegetation. No studies
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have been done relating airborne pollen data with
WeMO and AO indices.

In this study, we aim to investigate the correlation
between the NAO, WeMO and AO indices and the
main standardized airborne pollen parameters (Sea-
sonal Pollen Index, Start, End and Length of the air-
borne pollen season) of 22 taxa collected at 6 locali-
ties in Catalonia (NE Spain) during the 18 yr period
from 1994 to 2011, in order to determine the effect of
climate variability on the pollen dynamics.

2. MATERIALS AND METHODS
2.1. Pollen records

Airborne pollen data were recorded by the Aerobi-
ological Network of Catalonia at 6 stations located in
Barcelona and Bellaterra, for the 18 yr period from
1994 to 2011, and in Girona, Lleida, Manresa and
Tarragona, for the 16 yr period from 1996 to 2011
(Fig. 1). Samples were obtained daily from Hirst sam-
plers (Hirst 1952), the standardized method in Euro-
pean aerobiological networks, and analyzed follow-
ing the standardized Spanish method (see Galan Sol-
devilla et al. 2007). The Seasonal Pollen Index (SPI,
sum of the mean daily pollen concentrations in a year
for the pollen season) has been used as the measure
of pollen and has been obtained for 22 pollen taxa
considered of high interest due to abundance, land-
scape importance and/or allergenic significance:
Alnus, Ambrosia, Artemisia, Betula, Castanea, Cheno-
podiaceae/Amaranthaceae, Corylus, Cupressaceae,
Fagus, Fraxinus, Olea, Pinus, Pistacia, Plantago, Pla-
tanus, Poaceae, Polygonaceae, total Quercus, Quercus
deciduous type, Quercus evergreen type, Ulmus and
Urticaceae (Table 1).

The pollen parameters studied were: the SPI, the
dates of the Start and End of the pollen season and
the Length of the season (number of days between
Start and End). We define the pollen season as the
period between the date (Start) in which the sum of
the daily mean pollen concentrations reaches 2.5 %
of the annual sum, and the date (End) in which the
sum reaches 97.5 % (after Andersen 1991).

2.2. Climatic indices

The NAO (available at https://climatedataguide.
ucar.edu/climate-data/hurrell-north-atlantic-oscillation-
nao-index-stationbased; Hurrell et al. 2014), the
WeMO (available at www.ub.edu/gc/English/wemo.
htm; Group of Climatology, University of Barcelona)
and the AO (available at www.cpc.ncep.noaa.gov/
products/precip/CWIlink/daily_ao_index/ao_index.
shtml; NOAA/National Center for Environmental
Prediction, Climate Prediction Center) indices were
correlated with SPI and Start, End and Length of the
pollen season. Standardized data (obtained by sub-
tracting the mean and dividing by the standard devi-
ation) were used in the SPI and the climatic indices.
The Spearman rank correlation coefficient (Spear-
man's rho) was applied to measure the relationship
between the pollen data and the climatic indices.

Considering that the climatic indices show their
most relevant dynamics during the cold months,
both the annual and the winter (December to March)
indices were used. However, the correlations be-
tween SPI and the summer NAO (SNAO; July to
August) were also computed. Though less robust and
extensive than their counterpart, the SNAO is none-
theless a prominent feature of summer atmospheric
variability in the North Atlantic/European sector,

Manresa
L ]
Bellaterra
L]

Barcelona

Fig. 1. Study area and sampling stations of the Aerobiological Network of Catalonia: Barcelona, Bellaterra, Girona, Lleida,
Manresa and Tarragona
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Table 1. Annual means of total pollen for the taxa under study (pollen grains yr~!), and the percentage of each individual taxon
at the 6 sampling stations for the period 1994-2011

Pollen taxon Barcelona Bellaterra Girona Lleida Manresa Tarragona Catalonia
Total pollen (grains yr?) 42747 39784 55498 31938 43555 32874 41066
Alnus (%) 0.37 0.38 1.27 1.62 0.35 0.26 0.72
Ambrosia (%) 0.02 0.03 0.01 0.02 0.01 0.01 0.02
Artemisia (%) 0.34 0.42 0.15 1.18 0.42 0.69 0.48
Betula (%) 0.46 0.46 0.54 0.23 0.32 0.40 0.42
Castanea (%) 0.59 0.41 0.99 0.22 0.23 0.54 0.53
Chenopodiaceae/ 1.24 1.21 0.77 12.9 2.20 1.79 2.89
Amaranthaceae (%)

Corylus (%) 0.53 0.56 0.96 0.32 0.47 2.99 0.92
Cupressaceae (%) 16.1 16.6 12.2 25.5 18.3 27.4 18.4
Fagus (%) 0.04 0.05 0.13 0.06 0.04 0.04 0.07
Fraxinus (%) 0.66 0.68 3.21 0.83 0.93 1.07 1.36
Olea (%) 2.89 2.73 1.57 6.74 5.45 9.37 4.38
Pinus (%) 11.2 20.3 12.4 8.18 15.6 12.6 13.5
Pistacia (%) 0.17 0.30 0.12 0.24 0.42 0.35 0.26
Plantago (%) 0.92 2.46 1.27 3.08 8.66 1.57 2.98
Platanus (%) 37.2 10.3 9.35 5.35 12.3 4.07 13.6
Poaceae (%) 2.62 3.76 3.78 7.21 5.49 3.75 4.32
Polygonaceae (%) 0.18 0.19 0.24 0.43 0.17 0.24 0.23
Quercus 11.5 18.1 28.1 11.5 11.6 12.0 16.4
Quercus deciduous type (%) 2.36 5.65 9.96 2.35 2.82 1.93 4.62
Quercus evergreen type (%) 9.13 12.5 18.2 9.13 8.81 10.1 11.8
Ulmus (%) 0.30 0.67 0.19 0.21 0.71 0.86 0.47
Urticaceae (%) 6.76 5.46 5.75 3.29 7.53 10.3 6.49
Sum (%) 94.1 85.1 83.0 89.2 91.3 90.4 88.5

which significantly affects precipitation in the Medi-
terranean area (Bladé et al. 2012).

3. RESULTS

Table 1 shows the percentage of each individual
pollen taxon collected at the 6 sampling stations, and
the annual mean of total pollen (expressed in pollen
grains per year) for the 1994-2011 period. The 22
pollen taxa selected accounted for 83 to 94 % of the
total pollen.

3.1. Climatic indices

In the 18 yr period analyzed here (Table 2), the
NAO and AO showed a high positive Spearman bi-
variate correlation in both their annual (0.794, p <
0.001) and winter (0.796, p < 0.001) dynamics, and a
weaker but still significant correlation (0.507, p < 0.05)
between the NAO annual and the AO winter indices.
Regarding the WeMOi, the winter index showed a
positive correlation (0.645, p < 0.001) with the NAO
winter index but a weak and non-significant positive

correlation between their annual values. No correla-
tion was found between the WeMOi and AOi.

Fig. 2 shows the decadal trends of climatic indices.
Annual and winter trends of the NAO, AO and
WeMO indices were negative during the 1994-2011
period, but only the declining trend in the annual
WeMOi was significant (R? = 0.504, p = 0.001).

3.2. SPI relationship with annual and winter
climatic indices

In general, seasonal airborne pollen levels (SPI)
measured at the 6 sampling stations correlated better
with the WeMOi (a total of 34 significant Spearman
correlations) than with the NAOi (17) and AOi (7)
(Table 3). All taxa presented significant correla-
tions with at least 1 of the indices at a minimum of 1
of the stations, except Alnus, Ambrosia, Betula,
Fagus and Polygonaceae which did not present any
(Table 4). Bellaterra was the station with the most
correlations (19), followed by Barcelona (13), Lleida
(10) and Manresa (8), while Tarragona and Girona
were the stations with the fewest correlations (4)
(Table 4).
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AOi

WeMOi

WeMOi: Western Mediterranean Oscillation index; AOi: Arctic Oscillation index

NAOi

Table 2. Spearman's rho between the climatic indices for the period 1994-2011. Bold: significant (*p < 0.05; **p < 0.001). NAOi: North Atlantic Oscillation index;
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Results of Spearman correlations between SPI and
the 3 climatic indices (Table 4), which are detailed
thereafter, correspond to significant correlations at
at least 1 of the monitoring stations. Artemisia,
Cupressaceae, Fraxinus, Olea, Pinus, Plantago, total
Quercus, Quercus deciduous type, Quercus ever-
green type, Ulmus and total pollen were inversely
correlated with the climatic indices, while Castanea,
Chenopodiaceae/Amaranthaceae, Corylus and Pista-
cia were positively correlated. Platanus, Poaceae and
Urticaceae showed both negative and positive corre-
lations. Corylus, with 8 positive correlations, was the
pollen taxon with the highest number of correlations,
as well as the most sensitive taxon to the annual
NAOI variability, although 71% of the significant
correlations between SPI and climatic indices were
negative.

Spearman correlations were also carried out for the
average SPI data of the 6 stations, as representative of
the mean behavior in Catalonia (for further details see
Table S1 in the Supplement at www.int-res.com/
articles/suppl/c066p171_supp.pdf). Results showed
no significant correlations between SPI and the cli-
matic indices in Catalonia for Alnus, Ambrosia,
Betula, or Fagus, nor for Castanea, Fraxinus, Pistacia,
Platanus, or Urticaceae. Conversely, Polygonaceae
were negatively correlated with the winter WeMOi.
The rest of the taxa showed negative correlations,
excepting Corylus, which was positively correlated
with the annual NAOi and AOi. WeMOi was the
index with the highest number of correlations (13),
and these were negative, while AOi only showed
1 correlation with the annual index, and this was
positive.

Finally, negative correlations between the SNAOi1
and SPI (Table 5) were observed for: Ambrosia,
Chenopodiaceae/Amaranthaceae, Fraxinus, Olea,
Pinus, Platanus, total Quercus, Quercus evergreen
type, Ulmus and Urticaceae. The SNAOi was only
positively correlated with the SPI of Ambrosia in
Girona, and no correlations were found among the
rest of the pollen taxa.

3.3. Influence of climatic indices in the Start, End
and Length of the pollen season

The influence of the NAO;, WeMO, and AQO; in the
dates at which pollination occurs was evaluated
(Tables S2—-S4 in the Supplement at www.int-res.com
/articles/suppl/c066p171_supp.pdf). Different behav-
iors between stations were found, showing the most
significant correlations in Bellaterra (a total of 42 sig-
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Fig. 2. Winter and annual trends of: (a) North Atlantic Oscillation (NAO), (b) Arctic Oscillation (AO) and (c) Western
Mediterranean Oscillation (WeMO) indices for the 1994-2011 period
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Table 3. Number of significant Spearman correlations (p <
0.05) between pollen parameters (Seasonal Pollen Index
[SPI], Start, End and Length) versus winter (w; from Decem-
ber to March) and annual (a) climatic indices (see Table 2 for
index abbreviations) at the 6 sampling stations for the period
1994-2011. N: negative correlation; P: positive correlation

w/a N P Totals
NAO
SPI w 9 2 11 17 60
a 1 5 6
Start w 7 3 10 21
a 11 0 11
End w 1 2 3 10
a 7 0 7
Length w 2 4 6 12
a 3 3 6
WeMO
SPI w 14 1 15 34 110
a 14 5 19"
Start w 3 0 3 » 23
a 16 4 20
End w 2 5 7 23
a 4 12 16
Length w 3 7 10 30
a 2 18 20
AO
SPI w 1 2 3 7 43
a 2 2 4
Start w 9 1 10 18
a 8 0 8
End w 5 0 5 11
a 5 1 6
Length w 1 1 2 7
a 3 2 5

nificant Spearman correlations), followed by Lleida
(32) and Barcelona (24); Girona was the site which
showed the slightest influence (16). Regarding the
indices, the greatest number of significant correla-
tions was obtained for WeMOi (76), followed by
NAO; (43) and AO; (36) (Table 3). The pollen season
parameter with the highest number of correlations
was Start (62), followed by Length (49) and End (44)
(Table 3).

Spearman correlations between the Start of the
pollen season and the climatic indices were mainly
negative, which accounted for 87 % of the total corre-
lations (Table 6; Table S2 in the Supplement). Nega-
tive correlations were obtained for Alnus, Ambrosia,
Artemisia, Cupressaceae, Olea, Pinus, Pistacia, Plan-
tago, Platanus, total Quercus, Quercus deciduous
type, Quercus evergreen type, Ulmus and Urtica-
ceae. Platanus was the taxon with the most signifi-

Table 4. Significant correlations between Seasonal Pollen Index versus winter (w; from December to March) and annual (a) climatic indices (see Table 2 for abbreviations) at the 6 sampling

stations for the period 1994-2011. Only species that have significant correlations (p < 0.05) are listed. N: negative correlation; P: positive correlation. Significance: *p < 0.05; **p < 0.01

N P Totals

i

Tarragona
NAO, WeMO, AO

i

W a w a w a

i

Manresa
NAO, WeMO, AO

i

W a w a w a

i

i

Lleida
NAO, WeMO, AO

W a w a w a

i

Girona
NAO, WeMO, AO

i

W a w a w a

i

i

Bellaterra
) NAO, WeMO, AO
W a w a w a

i

Barcelona
NAO, WeMO. AO

i

W a w a w a

Pollen taxon

AT S S S NS S S S R A S S S <3 -
T S RSHES S B OO H S ot A
N

Artemisia
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cant correlations (11), followed by Cupressaceae (7),
Pistacia and Urticaceae (6). However, Platanus was
more sensitive to winter AOi variability, while
Cupressaceae and Pistacia were more sensitive to
winter NAOi and annual WeMOi, respectively. Posi-
tive significant correlations were obtained between
Betula, Castanea and Fagus versus winter NAOi, and
Castanea and Fagus versus annual WeMOi. Corylus
and Polygonaceae showed both negative and posi-
tive correlations. Meanwhile, there were no signifi-
cant correlations with Chenopodiaceae/Amarantha-
ceae, Fraxinus, or Poaceae.

Fewer significant correlations were obtained with
the End of the pollen season (Table 6; Table S3 in the
Supplement). The number of positive and negative
correlations was balanced; however, negative cor-
relations accounted for 55% of total correlations.
Spearman correlations were negative for Alnus,
Artemisia, Betula, Corylus, Pistacia, Platanus, Ulmus
and Urticaceae, and positive for Ambrosia, Castanea,
Olea, Pinus, Polygonaceae, total Quercus, Quercus
deciduous type and Quercus evergreen type. Some
taxa showed positive and negative significant corre-
lations depending on the station (Chenopodiaceae/
Amaranthaceae, Fagus, Plantago and Poaceae). Olea
was the taxon with the most significant correlations
(4), half of them being with the winter WeMOi. No
significant correlations were found for Cupressaceae
or Fraxinus.

Spearman correlations between Length of the
pollen season and the climatic indices (Table 6, Table
S4 in the Supplement) were mostly positive, which
represented 71 % of the total correlations. Correla-
tions were positive for Artemisia, Cupressaceae, Olea,

Pinus, Pistacia, Poaceae, Polygonaceae, total Quer-
cus, Quercus deciduous type and Quercus evergreen
type and Urticaceae. Negative significant correla-
tions were obtained for Alnus, Betula, Corylus, Frax-
inus, Plantago and Ulmus. In the case of Fagus and
Platanus, positive and negative correlations were
obtained, depending on the station. The taxon that
exhibited the greatest influence on the Length of the
pollen season was Olea (7). Ambrosia, Castanea and
Chenopodiaceae/Amaranthaceae did not show sig-
nificant correlations.

Spearman correlations were also carried out for
pollen season parameters with the average values in
Catalonia (Table S1 in the Supplement). In this case,
the Start date has been established as the earliest
Start date registered at the sampling stations, and
End, as the latest End date. The Length was the num-
ber of days between the Start and the End. The
pollen season parameter with the highest number of
correlations in Catalonia was Start (14), followed by
Length (7) and End (5). Start showed negative corre-
lations for Artemisia, Betula, Cupressaceae, Pinus,
Pistacia, Plantago, Platanus, Poaceae, Polygonaceae
and Quercus deciduous type, and positive for Cas-
tanea and Fraxinus. The rest did not show significant
correlations. On the other hand, only 3 significant
correlations between the End date and the climatic
indices were found. These were negative correlations
between Chenopodiaceae/Amaranthaceae, Fagus and
Ulmus versus NAO and AO indices. No correlations
with the rest of pollen taxa were observed, nor were
they observed with WeMOi. Finally, Length for
Artemisia, Cupressaceae, Pinus and Quercus decidu-
ous type was positively correlated with the NAOi and

Table 5. Significant Spearman correlations between the summer NAOi (SNAOi) and Seasonal Pollen Index (SPI) at the 6 sam-
pling stations and the mean for Catalonia for the period 1994-2011. Only species that have significant correlations (p < 0.05)

are listed. Significance

. *p<0.05, **p<0.01

Pollen taxon Barcelona Bellaterra

Girona

Lleida Manresa Tarragona Catalonia

Ambrosia -0.47*
Chenoppdoaceae/
Amaranthaceae

Fraxinus

Olea

Pinus

Platanus

Quercus

Quercus ever-
green type

Ulmus

Urticaceae

Total pollen

-0.65**
-0.60**
-0.59**

-0.48*
-0.47*
-0.60**

0.70**

-0.53*

—0.67** -0.51*
-0.59*

-0.50*
-0.55* -0.47*
-0.64**

-0.55* -0.49*

-0.59*
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WeMOi, and for Fagus and Ulmus it was negatively
correlated with the NAO and AO annual indices. No
significant correlations were found for the rest of the
taxa and the annual AOi.

Summarizing, the influence of atmospheric tele-
connection patterns on pollen dynamics in Catalonia
showed the following. (1) A predominance of nega-
tive correlations between SPI and Start date with the
climatic indices for most pollen taxa, with the excep-
tion of positive correlations between the SPI of Cory-
lus versus annual NAO and AO indices, and the Start
date of Castanea and Fraxinus versus the annual
WeMOi and winter AOi, respectively. These results
suggested an increase of pollen levels and a delay of
pollen season for most pollen taxa during the nega-
tive phases of climatic indices in Catalonia. (2) An
enlargement of the pollen season due to a delay in
the end of the pollen season of Fagus and Ulmus can
also be expected during the negative phases of the
NAO and AO. (3) A delay in the end of the pollen
season of Chenopodiaceae/Amaranthaceae during
the negative phases of the NAO and AO has been
observed, but, in this case, the pollen season Length

Table 6. Number of significant Spearman correlations (p < 0.05) between Start,
End and Length versus the winter (from December to March) and annual cli-
matic indices at the 6 sampling stations for the period 1994-2011. N: negative

correlation; P: positive correlation

did not show variations. Conversely, results pointed
out (4) an enlargement of the pollen season of
Artemisia, Cupressaceae, Pinus and Quercus decidu-
ous type during the positive phases of the NAO and
WeMO. Finally, (5) the lack of correlation between
the pollen season parameters of Alnus, Ambrosia and
Urticaceae versus climatic indices suggested that
their pollen dynamics in Catalonia were not affected
by these teleconnection patterns.

4. DISCUSSION

The individual rhythms of plant pollination and
phenological phenomena are modified by the effects
of atmospheric conditions (Bringfelt et al. 1982,
Emberlin et al. 1993). Changes in phenology (sea-
sonal activity driven by environmental factors) from
year to year may be a sensitive and easily observable
indicator of changes in the biosphere (Menzel &
Fabian 1999, Jochner & Menzel 2015). Climate vari-
ability associated with teleconnection patterns may
affect ecological processes such as the breeding phe-
nology of plants. Over the Iberian
Peninsula there is strong evidence
that positive (negative) values of
the winter NAO induce low (high)
vegetation activity in the following

spring and summer. This feature

Pollen taxon Start End Length has mainly been associated with the
N P Total N P Total N P Total impact of the NAO on winter pre-
cipitation, together with the strong
Alnus 1 1 3 3 2 2 .
‘Ambrosia 1 1 n 1 0 dependence of the spring and sum-
Artemisia 5 5 1 1 2 9 mer Normalised Difference Vege-
Betula 1 1 1 1 2 2 tation Index (NDVI) on water avail-
Castanea 3 3 11 0 ability during the previous winter
Cilenopoiiﬁaceae/ 0 3 2 5 0 (Gouveia et al. 2008). Most of the
maran . .
Cory?ui aceae 2 1 3 1 1 1 1 studies of Northern Hemisphere
Cupressaceae 7 7 0 1 1 teleconnection patterns focus on the
Fagus 2 2 2 1 3 4 1 5 winter months, when the atmo-
Fraxinus 0 0 1 1 sphere is most active dynamically,
Olea 2 2 4 4 7 7 . .
Pinus 5 5 11 5 5 and perturbations grow to their
Pistacia 6 6 2 2 1 1 largest amplitudes (Hurrell & Deser
Plantago 1 1 2 1 3 2 2 2010). In the Mediterranean region,
Platanus 11 11 2 2 r 5 6 during winter, a strong correlation
Poaceae 0 2 1 3 1 1 ; : s
exists between the regional precipi-
Polygonaceae 2 1 3 2 2 2 2 K g .p p
Quercus 1 1 3 3 2 9 tation patterns and upper-air, large-
Quercus deciduous type 1 1 1 1 2 2 scale circulation anomalies (Quad-
Quercus evergreen type 1 1 2 2 4 4 relli et al. 2001, Goodess & Jones
Ulmus 2 2 3 3 1 1 2002). However, during high SNAO
Urticaceae 6 6 2 2 2 2 . .
summers, when strong anticyclonic
Total 54 8 62 24 20 44 14 35 49 s ..
Percent (%) 87 13 100 55 45 100 29 71 100 conditions and suppressed precipi-
tation prevail over the UK, the
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Mediterranean regions are anomalously wet (Bladé
et al. 2012).

In this context, the primary aim of this study was to
investigate the possible effects of the NAO, WeMO
and AO on pollen production and the timing of the
pollen season in wind-pollinated plants in Catalonia
(NW Mediterranean area). First, correlations be-
tween the 3 climatic indices for the 1994-2011 period
were performed. As expected (Thompson & Wallace
2000, Wallace 2000), high positive correlations
between the NAOi and AOi for both annual and win-
ter data were observed. The positive correlation
obtained between the winter NAOi and WeMOi is
consistent with the 50 yr period 1950-2000 analyzed
by Martin-Vide & Lépez-Bustins (2006), in which the
winter WeMOi and NAOi correlated positively,
although non-significantly (Pearson: +0.122, p-value:
0.399). In contrast, a non-significant correlation was
found between the WeMOi and AOQOi, whereas
Martin-Vide & Loépez-Bustins (2006) found a nega-
tive correlation for the 50 yr period (Pearson: —0.386,
p-value: 0.005).

Seasonal airborne pollen levels correlated better
with the WeMOi than with the NAOi and AOi.
Negative correlations between the SPI and climatic
indices accounted for 71 % of the total correlations,
which indicated the positive effect of precipitation on
the annual pollen production for most of the taxa dur-
ing the negative phase of the 3 indices. In accordance
with this study, one can expect a link between
increases in winter rainfall in Catalonia during the
negative phase of winter climatic indices and in-
creases in pollen production in the following plants:
Artemisia, Cupressaceae, Fraxinus, Olea, Pinus,
Plantago, total Quercus, Quercus evergreen type and
Ulmus, as well as in total pollen. Annual indices were
also negatively correlated with these pollen taxa,
except Artemisia and Pinus. The Quercus pollen
behavior on the NE Iberian Peninsula paralleled pat-
terns observed in Denmark, whereby February pre-
cipitation showed a positive influence on Quercus
and Corylus pollen accumulation, but the effect was
negative for Betula and Tilia (Nielsen et al. 2010).
However, biological responses to climate changes
could vary depending on the location of the plant;
therefore, different responses could be observed for
the same species in different areas. This could
explain the differences between Corylus and Betula
pollen dynamics in Catalonia and Denmark. On the
other hand, it is necessary to take into account that
the precipitation regime of the previous year may
also influence the success of a flower's development
and pollen production in the following year of some

trees, e.g. Betula (Stach et al. 2008b, Nielsen et al.
2010). This could explain the lack of correlation
between the SPI of Alnus, Betula and Fagus and the
climatic indices of the same year. In addition, pollen
transported from distant regions could mask the cor-
relations between the SPI and climatic indices, since
episodes of long-range pollen transport of Ambrosia
(Belmonte et al. 2000, Fernandez-Llamazares et al.
2012), Corylus (Belmonte et al. 2008a) and Fagus
(Belmonte et al. 2008a,b) have been documented in
Catalonia.

Precipitation during the flowering season can have
a direct negative effect on pollen release and disper-
sal; daily pollen concentrations in the atmosphere
show a clear negative relationship with precipitation
(Sommer & Rasmussen 2008). Precipitation washes
pollen out of the atmosphere, so that both intensity
and annual distribution of precipitation can be re-
lated to the duration and intensity of the pollen sea-
son (Jato et al. 2002). Corylus pollinates in winter,
consequently positive correlations between the SPI
of Corylus and the 3 climatic indices have been inter-
preted as a washing-out effect. Negative correlations
between the SNAOi and SPI of Ambrosia, Chenopo-
diaceae/Amaranthaceae, Fraxinus, Olea, Pinus, Pla-
tanus, total Quercus, Quercus evergreen type, Ulmus
and Urticaceae have also been related to this pro-
cess. Nevertheless, the increase in the SPI of Casta-
nea and Chenopodiaceae/Amaranthaceae, with pollen
seasons in summer and spring—summer, respectively,
may be associated with greater insolation during the
positive phase of the WeMO. Conversely, the rela-
tionships between the SPI of Platanus, Poaceae and
Urticaceae and climatic indices were not clear, with
both positive and negative correlations observed.
Although the Poaceae SPI was negatively correlated
with the winter NAO in Coérdoba (southern Spain)
(Smith et al. 2009), in Catalonia this was only nega-
tively correlated with the annual AOi and positively
with the annual WeMOi.

Positive correlations between Length of the pollen
season and the climatic indices obtained for Artemi-
sia, Cupressaceae, Olea, Pinus, Pistacia, Poaceae,
Polygonaceae, total Quercus, Quercus deciduous
type and Quercus evergreen type and Urticaceae ob-
served in Catalonia (71%), which were linked to
drier years with higher insolation. However, the rela-
tionship between End of the pollen season and the
climatic indices did not show a clear pattern for most
pollen taxa. The number of positive (45 %) and nega-
tive (55 %) correlations were balanced, and the sign
of correlation varied depending on the pollen taxon.
In addition, End was the pollen season parameter
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least correlated with teleconnection patterns, despite
the fact that 44 correlations were obtained and 15 of
them were with the annual WeMOi. End dates for
Cupressaceae and Fraxinus were not correlated with
climatic indices. In contrast, negative correlations
between the End date for Cupressaceae and the
NAO in March and February—-March periods in
Central Italy were found, which could primarily be
ascribed to the relationship between the winter NAO
and winter air temperature (Dalla Marta et al. 2011).

Results suggest that the greatest influence of
Northern Hemisphere teleconnection patterns occurs
in spring flowering taxa (i.e. Olea, Pinus, Plantago,
Quercus), but the cases in summer (Artemisia) and
winter (i.e. Cupressaceae, Fraxinus, Ulmus) are not
negligible.

The NAO and AO showed positive trends for
much of the 1970s and 1980s, with historic peaks in
the early 1990s, and it has been suggested that they
contributed significantly to the global warming sig-
nal (Hurrell 1995, Cohen & Barlow 2005). Although
NAO and AO trends during the period 1984-2011
were slightly negative (Fig. 2), our results showed
that when positive phases of these indices occurred,
a decrease in the SPI and an advance and enlarge-
ment of the pollen season were observed. These
observations agree with those in previous studies
that showed an increase in the length of the active
growing season of terrestrial plants in the northern
part of the Northern Hemisphere (Myneni et al.
1997), and particularly in Europe (Menzel & Fabian
1999), as a result of warming during the winter—
spring period in the last decades, possibly related to
positive NAOi values. Besides, there is an evident
signal of advanced leaf unfolding, flowering and
fruiting in wild plants all across Europe in almost
80 % of the records (Menzel et al. 2006). It is quite
obvious that changes in pollination may affect the
prevalence and severity of allergic diseases, but
what are the ecological effects? Changes in severity
and timing of the pollen season may have direct
effects, e.g., on the timing and quantity of fruit pro-
duction, but they could also indirectly alter other
ecological processes. Responses by individual spe-
cies to climate change are connected through inter-
actions with other species at the same or adjacent
trophic level (Walther 2010). For instance, some evi-
dence indicates that warmer spring weather in
Europe has disrupted the synchrony between cater-
pillars Operophtera brumata and oak budburst
(Visser & Holleman 2001), leading to a mismatch
between the peak of insect availability and the peak
demands of insectivorous bird nestlings (Visser et

al. 2006). Therefore, the timing of change in differ-
ent taxonomic groups is not always synchronous
and may have huge ecological consequences, a-
Ithough some communities are already undergoing re-
assembly (Both & Visser 2005).

The WeMO showed a negative phase throughout
the nineteenth century and a positive one in the twen-
tieth century up to the late 1960s. Opposite phases of
similar periodicities during the second half of the
twentieth century between the AO and WeMO have
been observed, which seem to show an increase in the
modulation of the Mediterranean pattern by the
Arctic pattern in the last few decades (Martin-Vide &
Lépez-Bustins 2006). Negative correlation between
the annual WeMO and AO indices was also observed
during the period 1994-2011; however, it was non-
significant, and a decreasing trend was detected for
the WeMO during our study period, which was signif-
icant for the annual timeframe. Considering that the
WeMOi was the climatic index best correlated with
pollen parameters, more research is needed to
confirm the above-mentioned trend of the WeMOi in
the future, as it could be used as an indicator to
predict pollen production, timing and the length of
pollen season in the western Mediterranean basin.

5. CONCLUSIONS

Results showed that pollen production and the tim-
ing (start and length) of the pollen season can partly
be explained as an effect of Northern Hemisphere
teleconnection patterns, suggesting the possibility
of predicting the onset and severity of pollination
through their atmospheric modes. In general a link
between an increase in pollen production for most
pollen taxa studied and an increase in rainfall was
detected in Catalonia during the negative phase of
climatic indices. Furthermore, the pollen season was
observed to be advanced and extended in years in
which the indices had high positive values (i.e. char-
acterized by less rainfall and higher insolation and
temperatures in the western Mediterranean basin).
However, the relationship between the End of the
pollen season and climatic indices did not show a
clear pattern for most pollen taxa. Finally, we inter-
preted negative correlations between the SNAOi and
SPI of Ambrosia, Chenopodiaceae/Amaranthaceae,
Fraxinus, Olea, Pinus, Platanus, total Quercus, Quer-
cus evergreen type, Ulmus and Urticaceae as a wash-
ing-out effect.

These data on the timing and magnitude of the
pollen season are valuable for the prevention and
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treatment of allergic diseases. According to the
persistent duration of the NAO and AO in their posi-
tive phases since 1970—although showing a slightly
declining trend over the last 2 decades—a decrease
in the SPI accompanied by an advance and enlarge-
ment of the pollen season is expected in the western
Mediterranean basin. Furthermore, WeMO variability
plays a key role in the production and timing of the
pollen season on the Iberian Peninsula. The negative
trend observed for WeMOi during our study period
needs to be confirmed in order to identify its effects
on ecosystems and public health. Intensifying efforts
to clarify the dependencies and strengths of the link-
ages between different Northern Hemisphere tele-
connection patterns and ecological processes, while
also taking into account the complexity of ecosys-
tems, would also be advisable.
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