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Climate change is a key factor determining changes in plant phenology. The start and end dates of the pollen
season, as well as its duration, are closely linked to shifting meteorological conditions. Rising air temperatures
have a particularly strong impact, but changes in other meteorological factors, such as precipitation, are also
important. This study analyses two genera within the Betulaceae family, alder (Alnus) and birch (Betula) pollen
seasons from 2005 to 2023 in Lithuania, focusing on season dates, duration, pollen concentration, and their
relationships with meteorological parameters. The dates and duration of the pollen season were evaluated using
two definitions. The analysis is based on daily aerobiological observation data from Vilnius, Siauliai, and
Klaipeda.

The alder pollen season typically begins in March and lasts, on average, from 24 to 36 days in different study
sites. Over the past two decades, a significant trend toward an earlier start of the season has been observed, with
the beginning date moving up by 13-34 days, depending on the location and calculation method. The duration of
the season varied slightly, and the end dates did not show statistically significant differences. The increase in air
temperature during February and March was the primary factor driving the season’s earlier start.

The birch pollen season in Lithuania usually begins in mid-April and lasts about 30 days. Changes are sta-
tistically insignificant, despite minor shifts in the start and end dates. A weak but significant correlation exists
between February-March temperatures and the beginning of the birch pollen season, while a weak negative

correlation was observed between April-May temperatures and the season-end dates.

1. Introduction

As global climate change progresses, plant phenological periods are
gradually shifting. Consequently, in some regions of the world, various
trees and plants have begun flowering earlier, and the duration of the
pollen season has increased (Adams-Groom et al., 2022; Glick et al.,
2021; de Weger et al., 2021). This phenomenon is primarily linked to
rising air temperatures (Ziska et al., 2019; Schramm et al., 2021),
although precipitation patterns can also influence pollen season in-
dicators (Schramm et al., 2021). In addition to meteorological factors,
land use changes can impact pollen season characteristics
(Adams-Groom et al., 2022). Investigations show that temperature in-
creases associated with climate change may lead to the spread of new
pollen species (Ziska et al., 2011).

The flowering period and its duration affect human health, especially
for people with allergies, whose numbers are increasing globally. The
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World Allergy Organization reports that allergies, including allergic
rhinitis, affect 10 %-30 % of adults worldwide and up to 40 % of chil-
dren (Pawankar et al., 2013). Allergic reactions to pollen have become
more frequent and severe in particular regions over the past few decades
(Damialis et al., 2019; Aerts et al., 2021) and are likely to keep
increasing due to urbanization, air pollution, and climate change,
especially in urban environments (Lake et al., 2017).

Numerous studies, often focusing on the pollen dynamics of indi-
vidual plant species, have reported local or regional increases in aller-
genic pollen concentrations from plants like ragweed (Ambrosia), oak
(Quercus), alder (Alnus), and birch (Betula) (Scevkova et al., 2024;
Myszkowska et al., 2011). These studies also highlight increased pollen
load for multiple species (Ariano et al., 2010; Mousavi et al., 2024).

Pollen seasonality and concentration have been widely analysed
from ecological and human health perspectives. The evaluation of
meteorological conditions is essential in predicting the airborne pollen
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distribution. Various studies have examined the relationship between
pollen seasonality and meteorological conditions, particularly the links
between flowering seasons, start and end dates, and duration, and their
correlation with meteorological indicators. Temperature and precipita-
tion are key factors in plant phenology and can substantially impact the
concentration and distribution of airborne pollen (Garcia-Mozo et al.,
2015; Schramm et al., 2021; Tang et al., 2023).

The main meteorological factors influencing pollen distribution dy-
namics are air temperature, precipitation, wind speed, relative humid-
ity, and solar radiation. Temperature and precipitation play the most
significant role in determining pollen concentrations, though their ef-
fects are complex and influenced by additional factors. High air tem-
peratures are often associated with an earlier start to the pollen season,
longer duration, and higher pollen concentrations (Schramm et al.,
2021). Therefore, changing temperatures can affect the season’s onset,
which, in turn, can influence the intensity and duration of allergic re-
actions (Ziska et al., 2011). Precipitation can affect pollen concentration
in several ways. For instance, it can reduce airborne pollen concentra-
tions by washing pollen out of the atmosphere (Muzaylova et al., 2021),
delay pollen release if rain follows initial flowering, and influence the
overall spread and duration of the season. For example, if trees begin
flowering and are followed by several days of heavy rainfall, pollen
concentration in the air may significantly decrease due to precipitation
effectively removing pollen and limiting their dispersion (Rathnayake
et al.,, 2017). Wind speed and direction influence the transport and
distribution of airborne pollen. Studies show that wind direction and the
distribution of plant species strongly influence pollen concentration
(Silva Palacios et al., 2000). According to some studies, pollen concen-
trations positively correlate with wind speed (Scevkova et al., 2015;
Chico-Fernandez and Ayuga-Téllez, 2025), while other studies find that
the concentration of certain pollen types has a negative correlation
(Tormo Molina et al., 2001). Relative humidity generally correlates
negatively with pollen concentration (Scevkova, 2003; Puc, 2012), as
high humidity leads to more moisture being absorbed by the pollen,
which reduces its ability to stay airborne. Furthermore, some plant
species release more pollen when weather conditions are dry. The solar
radiation and sunshine duration positively correlate with pollen con-
centration (Iglesias-Otero et al., 2015). Some species release more pollen
under sunny conditions, and when dry, warm, sunny weather prevails,
pollen stays airborne longer (Juprasong et al., 2022).

Aerobiological observations and research in Lithuania started in
2003 (Sukiené and Sauliené, 2013). The first measurements were con-
ducted in Siauliai. The previous studies focused on the analysis of pollen
seasonal characteristics, pollen dispersion, and long-range transport
(Veriankaite et al., 2010; Sauliené et al., 2019) as well as the impact of
allergenic pollen on residents (Sukiené et al., 2021). The research in-
cludes the assessment of pollen indicators from various plant species
(alder, birch, hazel, mugwort, and grass). Additionally, the influence of
meteorological factors on pollen dispersion has been investigated
(Sauliené et al., 2019). The novelty of this study lies in two main aspects.
First, no comparable research has been conducted in the Baltic region using
such an extensive pollen dataset. Lithuania has been under continuous
monitoring since 2003, offering a unique source of information. Although a
19-year record has statistical limitations, it is considered sufficiently long and
robust for aerobiological studies. Second, our study makes a methodological
contribution by comparing the EAN (European Aerobiology Network) and
EAACI (European Academy of Allergy and Clinical Immunology) defi-
nitions of pollen season characteristics within the same dataset. This
approach is rarely undertaken, as these definitions are usually applied in
different research communities.

In addition to academic inquiry, these data have proven essential in
the development of public-oriented tools such as PASYFO - the Personal
Allergy Symptom Forecast system (see more at pasyfo. eu). Meteoro-
logical data, particularly air temperature and precipitation trends, play a
key role in improving the accuracy of such forecasts and enabling in-
dividuals sensitive to airborne pollen to better plan their outdoor
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activities. As climate conditions shift, the ability to anticipate how
changes in meteorological factors affect allergenic pollen risk becomes
increasingly important. Recognizing the intensity and pace of these
climatic changes is crucial not only for generating accurate predictions
but also for expanding services like PASYFO to broader European con-
texts. The analysis of pollen concentrations in Lithuania directly sup-
ports these goals by strengthening the model’s accuracy and relevance at
the regional level.

This study analyses the differences in Alnus and Betula pollen seasons
and pollen concentrations at three locations in Lithuania (Siauliai, Vil-
nius, Klaipeda). It evaluates the changes in these parameters from 2005
to 2023. It also examines the relationship between pollen seasonality,
concentration, and meteorological parameters such as air temperature
and precipitation amount. In Europe, only a few studies have been done
using both the EAN definition and the EAACI definition (Glick et al.
(2021); Bastl et al. (2018)). However, this type of research is even more
rarely combined with meteorological information.

1.1. Study area

Lithuania is located on the eastern Baltic Sea coast, and its territory
(65,300 km?) is characterised by lowlands and undulating plains, with
the highest point reaching 294 m above sea level. Forests cover 33.7 %
of the country. Coniferous trees dominate (56 %), including Scots pine
(Pinus sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst.)
(Petrokas et al., 2025). Deciduous forests (44 %) are dominated by silver
birch (Betula pendula Roth.; 22 %) and alders (Alnus glutinosa (L.) Gaertn
and Alnus incana (L.) Moenx; 14 %) (Manton et al., 2022). In addition to
silver birch, downy birch (Betula pubescens Ehrh.) also occurs in
Lithuania, while shrub birch (Betula humilis Schrank.) and dwarf birch
(Betula nana L.) are rare and of limited silvicultural relevance. The latter
two species are not identified in practical forestry inventories due to
their restricted distribution and minor economic significance.

The average annual temperature in Lithuania is 7.4 °C over the
period from 1991 to 2020. According to the Koppen climate classifica-
tion, the majority of the country falls under the Dfb type (warm-summer
humid continental climate): the average temperature of the coldest
month drops below —3 °C, and the temperature of the four warmest
months (May-August) exceeds 10 °C, with the temperature of the
warmest month remaining below 22 °C. However, the western and
southwestern parts of the country fall into the Cfb (humid temperate
climate sub-type) type, as the average temperature of the coldest month
does not drop below —3 °C. It is likely that over the next few decades, the
entire territory of Lithuania will fall under the Cfb type, as even now, the
average temperature of the coldest month drops below —4 °C only in the
easternmost part of the territory. The warmest month’s temperature
across Lithuania’s territory is nearly 18 °C. Since the 1960s, the air
temperature in Lithuania has increased by 2.5 °C (https://klimatokaita.
1t/), with the most significant changes recorded in February and March.
On average, the country receives 550-800 mm of precipitation (with the
highest amounts in the western part of the country). Seasonal precipi-
tation differences are modest. In inland regions, most precipitation oc-
curs in the second half of summer, whereas coastal areas experience
maximum rainfall in autumn. In winter, a thin snow cover forms,
becoming increasingly unstable in recent years due to the warming
climate. On average, snow cover persists for 68 days yearly, dropping to
fewer than 50 days along the coastline.

1.2. Data and methods

The airborne pollen concentration data used in this study were
collected in Siauliai, Klaipeda, and Vilnius (Fig. 1) from 2005 to 2023.
The collection and analysis of samples were conducted according to EN
16868:2019 standard (European Committee for Standardization, 2019),
which specifies the technical requirements for equipment, sampling
height, and calibration. The observation stations in Vilnius, Siauliai, and
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Fig. 1. The location of Lithuania in Europe (bottom corner map) and the
location of aerobiological observation stations used in this study (Basemap:
Esri, 2017).

Klaipeda are equipped with Hirst-type volumetric traps (Burkard
Manufacturing Co. Ltd., UK) installed on building rooftops (£15 m
above ground level) in urban environments. Measuring uncertainty re-
mains within the limits defined by the EN 16868:2019 standard. The
data are expressed as pollen concentration per cubic meter of air per
day. The study analysed Alnus (Miller, 1754) and Betula (Linnaeus,
1753) pollen concentrations over this period, except for data gaps in
Vilnius (2010 (Alnus and Betula) and 2016 (Alnus)) and Klaipeda (2016
(Alnus)). Daily meteorological data, including temperature and precip-
itation, were obtained from the Lithuanian Hydrometeorological Service
(https://www.meteo.lt/en).

The study analysed the start and end dates of the pollen season, its
duration, the annual daily maximum pollen concentration (particles/
m3), and the corresponding date. The Annual Pollen Integral (APIn) and
the Seasonal Pollen Integral (SPIn) were also evaluated during the
analysis (Galan et al., 2017). The study also determined the part of the
total annual pollen concentration recorded over 5, 10, 15, 20, 25, and 30
consecutive days during the highest pollen concentration. Pollen sea-
sons, their start and end dates, and season duration were evaluated using
EAN and EAACI definitions (Table 1). The autocorrelation analysis
showed no statistically significant autocorrelation in the time series of
season start, end, duration, or annual pollen concentrations.

The EAN definition method is straightforward, easy to calculate, and
generally suitable for the climatological assessment of pollen indices.

Table 1
EAN and EAACI standard pollen season definitions (Bastl et al., 2015, 2018;
Pfaar et al., 2017).

Season start Season end

95 % of the total annual
pollen concentration

1 % of the total annual
pollen concentration

EAN (European
Aerobiology Network)

definition

EAACI (European On the first of five The season ends on the
Academy of Allergy consecutive days, each last day that meets the
and Clinical with a pollen same criteria as start
Immunology) concentration of at least 10~ date
definition pollen/m® and a

cumulative sum of >100
pollen/m? over those five
days
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However, this method is unsuitable for real-time assessment of the
pollen season onset, as it can only be accurately determined after the end
of the season when the Annual Pollen Index (API) is known. According
to the EAACI definition, the start of the season is associated with a
concentration of 10 pollen/m?. However, this may also be inaccurate, as
it strongly depends on the number and proximity of such plant species
near the trap. Therefore, the aerodynamic characteristics of pollen types
and the height of a plant relative to the trap can contribute to differences
in pollen concentration (Jochner et al., 2012).

The study examines the correlation between pollen season parame-
ters and meteorological conditions. We primarily focus on air temper-
ature and precipitation, as these variables are most relevant for assessing
the influence of general climatic conditions on pollen indicators, while
factors such as wind, humidity, and solar radiation are more relevant to
short-term fluctuations. In all cases this relationship was evaluated using
Spearman’s  (Spearman, 1904) correlation coefficient. The
non-parametric Mann-Kendall (Mann, 1945; Kendall, 1975) test was
used to assess the statistical significance of changes. Both correlation
and trends were considered statistically significant when p < 0.05.

2. Results
2.1. Alder pollen season

On average, the alder pollen season begins in the first half of March
and ends at the beginning of April (Table 2). According to the EAN
definition, the start is recorded slightly earlier than according to the
EAACI definition, while the end time almost coincides. Using different
calculation methods, the season lasts, on average, from 24 to 36 days in
different study sites. The season duration can extend to two months in
some years, although it usually does not exceed one month. In Siauliai
and Klaipeda, the season duration, according to EAN definition, is
longer, whereas in Vilnius, it is slightly shorter. The peak pollen con-
centration on average is recorded between March 22 and 24 in
Lithuania.

However, during the 2005-2023 period, the start of the alder pollen
season, which is associated with the beginning of spring, has signifi-
cantly advanced at all study sites (Fig. 2a and b). The changes ranged
from 13 days in Siauliai to 34 days in Vilnius, according to the EAN
definition, and from 22 days in Siauliai to 27 days in Vilnius and Klai-
peda, according to the EAACI definition. However, according to the
Mann-Kendall test, statistically significant changes in the pollen season
were found only in Vilnius for both definitions, while in Klaipéda sig-
nificant changes were detected only under the EAACI definition. The
standard deviation of pollen season start dates ranged from 17 to 21
days, which explains why relatively large shifts were not statistically
significant at other locations. Although air temperature increases were
similar across Lithuania, the warming was slightly weaker near the
Baltic coast.

Such an advancement in the season start dates is driven by air tem-
perature rise in February and March (Fig. 3a and b). Since the 1980s,
intense warming in Lithuania has been particularly pronounced during
these months, with temperatures rising well above 2 °C across the entire
territory. Strong negative correlations were observed between the
average February—March temperature and the start dates of the alder
pollen season, with Spearman’s rank coefficients ranging from —0.85 to
—0.61 (p = 0.0001-0.007). The negative correlation with precipitation
amount is weaker and statistically significant only in some cases.
However, this relationship is more likely associated with higher hu-
midity in warmer air rather than directly impacting the start of the
pollen season. In early spring, soil moisture in Lithuania is generally
sufficient to initiate vegetation growth after the snow cover melts.

The dates for the end of the season have also shifted by 19-22 days,
according to the EAN definition, and by 12-21 days according to the
EAACI definition. However, these changes are not statistically signifi-
cant. The timing of the season’s end is closely linked to March air
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Table 2

The average start, end, and peak concentration dates of the Alnus and Betula pollen seasons and the season duration at three measurement sites according to EAN
definition and EAACI definition in 2005-2023.

Pollen season indices Alnus Betula
Siauliai Vilnius Klaipeda Siauliai Vilnius Klaipeda
Peak concentration data 22-Mar 24-Mar 22-Mar 28-Apr 27-Apr 27-Apr
EAN definition
Start date 1-Mar 9-Mar 6-Mar 14-Apr 15-Apr 15-Apr
End date 5-Apr 5-Apr 5-Apr 12-May 7-May 13-May
Duration (days) 36 28 32 29 24 29
EAACI definition
Start date 12-Mar 10-Mar 13-Mar 19-Apr 16-Apr 20-Apr
End date 4-Apr 8-Apr 7-Apr 18-May 20-May 16-May
Duration (days) 24 31 26 30 35 28
a) b)
30-Apr 30-Apr
10-Apr 10-Apr
21-Mar 21-Mar i
1-Mar 1-Mar i
10-Feb 10-Feb
21-Jan W 21-Jan
1-Jan 1-Jan
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Fig. 2. Changes and linear trends in the start dates of the pollen season from 2005 to 2023: a) alder (EAN definition); b) alder (EAACI definition); ¢) birch (EAN
definition); d) birch (EAACI definition).
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Fig. 3. Relationship between the average air temperature and the pollen season start date for alder and birch: a) alder (EAN definition); b) alder (EAACI definition);
c) birch (EAN definition); and d) birch (EAACI definition). Average temperature was calculated for February-March for alder and March-April for birch.

temperatures, with Spearman’s correlation coefficients ranging from slightly shortens according to the EAN definition but increases according
—0.81 to —0.85 (p < 0,0001) for the EAN definition and from —0.71 to to the EAACI definition.

—0.79 (p = 0,0007-0,0001) for the EAACI definition. The overall The average APIn ranges from more than 2500 in Siauliai to over
duration of the season has changed little. Only in Vilnius does the pollen 3700 in Vilnius (Fig. 4). The highest pollen levels were recorded in 2019
season lengthen by more than 10 days, while in Siauliai and Klaipeda, it when the concentration exceeded the average from 1.9 times in Siauliai
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Fig. 4. Dynamics of the Annual Pollen Index (API) values from 2005 to 2023.

to 4.4 times in Klaipeda. That year, due to the very warm February (In
February 2019, the average air temperature was 3.6-5.0 °C higher than
usual in all three different locations compared to the 1991-2020
average), the pollen season started at the end of the month. The weather
became extremely dry toward the end of March. Only 1-3 mm of pre-
cipitation (LHMS data) was recorded in these areas from late March to
early May. As a result, even if pollen production had decreased, the
pollen remained in the air for an extended period and was not washed
away by rain.

The relationship between APIn values of alder in different locations
is relatively high, reaching 0.84 (p < 0.0001) between Vilnius and
Siauliai. Due to the peculiarities of the maritime climate, the correlation
with Klaipeda is slightly weaker but still statistically significant.
Meanwhile, changes in APIn values during the investigation period are
insignificant in all locations, according to the Mann-Kendall test.

While the SPIn ratio to APIn, according to the EAN definition, is very
close to 0.94 (as defined by the calculation routine), according to the
EAACI definition, this number is slightly higher, ranging from 0.94 in
Siauliai to 0.96 in Vilnius. On days when pollen concentrations are
highest, the average pollen count is 21-26 % of the APIn. (Table 3). In
some years, nearly half of the total annual pollen concentration has been
recorded in a single day (2005 in Siauliai, 2011 in Klaipeda).

On the peak days of alder pollen concentration, an average anomaly
of 3.2 °C in mean and 4.4 °C in maximum air temperature is recorded,
indicating sunny weather conditions. Precipitation was typically absent
on these days, with only 17 % of cases registering light rainfall
exceeding 1 mm.

There are approximately 25 days per year when pollen concentration
exceeds 10 pollen/m®, while more than 100 pollen/m? are recorded on
average for 7 days per year (Table 3). On days with the highest pollen
concentrations, an average of more than 600 pollen/rn3 is recorded
across all cities, with the highest concentration in Klaipeda, nearly 1000
pollen/m®. On average, more than half of the alder pollen is recorded
over five consecutive days with the highest pollen concentration, and
more than 80 % of the annual pollen count is reached over 15 days. The
standard error of the mean is very small (<2 %), indicating that the
mean values are quite precise and variability around them is minimal.
(Fig. 5). Analysing the 15-day period with the highest pollen concen-
tration, it was found that during those days, a positive temperature
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Fig. 5. The average pollen concentration (% from APIn) recorded over 1-30
consecutive days during the period with the highest pollen concentration.

anomaly of 2.1 °C was recorded on average. The precipitation sum was
nearly the same as the mean value.

The differences in alder pollen concentration over the 30 days of
peak pollen concentration are not very pronounced (Fig. 6a). The daily
pollen concentration remains close to or above 2 % of APIn throughout
most of the period. Slightly higher pollen levels are observed in the first
half of the period, with values exceeding 4 % on days 6-15. On average
the highest concentration is recorded on day 14 (4.7 % of APIn).

The relationship between pollen season duration and APIn depends
on the method used to define the start and end of the pollen season.
When the alder season duration is based on the EAN definition method,
the correlation between these two parameters is very weak and not
statistically significant. Using this method, the season often appears
prolonged if there is no clearly defined pollen peak, and in such cases,
APIn also tends to be relatively low.

In contrast, when calculated using the EAACI definition method,
Spearman’s rank correlation is positive (r = 0.51-0.71; p = 0.026-
0.0007) and statistically significant. The longer the period with days

Table 3

Alnus and Betula pollen concentration, average values, and standard errors at three measurement sites, according to EAN and EAACI definitions, from 2005 to 2023.
Pollen concentration parameters Alnus Betula

Siauliai Vilnius Klaipeda Siauliai Vilnius Klaipeda

Mean API value 2610 + 416 3744 £+ 693 3429 + 817 12208 + 3275 16869 + 3556 10393 £ 3043
Mean SPI value (EAN definition) 2434 + 389 3520 + 655 3200 + 763 11339 + 3023 14091 + 3322 9596 + 2815
Mean SPI value (EAACI definition) 2448 + 420 3597 + 702 3273 + 824 12031 + 3257 16697 + 3553 10178 + 2998
Mean pollen concentration per season day (EAN definition) 88 +19 130 + 22 114 + 29 660 + 242 1115 + 329 573 +£198
Mean pollen concentration per season day (EAACI definition) 97 +£13 122 + 15 118 + 20 374 + 89 430 £ 75 326 + 80
Days with pollen concentration >10 pollen/m? 232 27 £2 23+2 302 34+3 27 £2
Days with pollen concentration >100 pollen/m? 6+1 8+2 7+1 13+2 16 £2 11+1
Mean maximum daily pollen concentration 635 + 113 728 + 182 996 + 273 2256 + 672 2981 + 652 1950 + 610
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Fig. 6. Distribution of alder (a) and birch (b) pollen concentration (% from APIn; 5-day moving average) over a 30-day consecutive period during the peak pollen

concentration.

where pollen concentration exceeds 10 pollen/m?, the higher the APIn.

2.2. Birch pollen season

According to the EAN definition, the birch pollen season in Lithuania
typically begins in mid-April or up to five days later, according to the
EAACI definition (Table 2). In rare cases, the season may start as early as
March. The pollen season usually ends in the second decade of May;
however, in some cases, it may end in April. A more considerable dif-
ference was observed in Vilnius; according to the EAACI definition, the
season, on average, ends 13 days later than the EAN definition.

The average duration of the birch pollen season is approximately 30
days. However, significant differences are observed in Vilnius, where the
season lasts, on average, 25 days according to the EAN definition but
extends to 35 days according to the EAACI definition (Table 2). The
season has been remarkably short in some years, lasting fewer than 10
days. The shortest recorded season was just 8 days in 2016 in Vilnius
(according to EAN definition). Conversely, in some cases, the season can
persist for over two months (up to 68 days in Vilnius in 2014, according
to EAACI definition).

Although both methods show similar mean pollen season start and
end dates and season duration, a weak correlation exists between the
analysed values calculated using different techniques. The only statis-
tically significant correlation is in the season start dates in Vilnius (r =
0.61; p = 0.006), based on Spearman’s rank correlation.

On average, the peak pollen concentration is recorded on April
27-28 (Table 2). On peak days, the recorded pollen concentration is, on
average, around one-fifth of the total APIn, which is a few percentage
points lower than in the case of alder. The highest concentration, above
11000 pollen/m3, was recorded in Siauliai on April 28, 2012. Birch
pollen is more evenly distributed than alder pollen, and the 40 % from
API was exceeded only once on a peak day (in Klaipeda in 2009).

The birch pollen season date changes are less pronounced than alder.
According to the EAN definition, during the study period, the start of the
birch pollen season advanced by 3-12 days, while the EAACI definition
indicates a shift of only 1-4 days (Fig. 2c and d). The end-of-season dates
varied even less, with the only significant change observed in Vilnius,
where the season end shifted 8 days later based on the EAACI definition.
The season duration slightly increased, with the most notable changes
recorded in Siauliai and Klaipeda—up to 14 and 13 days, respectively,
according to the EAN definition. However, all these changes are statis-
tically insignificant based on the Mann-Kendall test. This could be
attributed to the high variability in season start and end dates and the
relatively short observation period from a statistical point of view.

A weak but statistically significant negative correlation was found
between March-April air temperatures and the start of the birch pollen
season (according to EAN definition) (Fig. 3c). A weak negative corre-
lation was observed between April-May temperatures and the season’s

end dates as well. However, no statistically significant relationship was
found with season start and end data according to the EAACI definition
(Fig. 3d). Similarly, no significant correlations were detected for season
duration. The correlation with precipitation amount was even weaker.

The average APIn values range from above 10000 in Klaipeda to
almost 17000 in Vilnius (Fig. 4). However, in some years, the index
value exceeded 40000 at all locations (2.9-4.0 times above the average).
In all places, the maximum APIn was reached in 2014. That year,
anomalously warm and extremely dry weather settled in during the
second half of April, just after the start of the pollen season. The average
air temperature was 12.5-13.5 °C (3-4 °C above normal), and no pre-
cipitation was recorded in Klaipeda and Siauliai, while in Vilnius, it
rained only once. The warm weather increased pollen production, and
the absence of precipitation allowed the pollen to remain airborne for an
extended period. No statistically significant changes in birch APIn values
were recorded.

The correlation of APIn values is stronger between Vilnius and
Siauliai (r = 0.89; p < 0.0001), while the correlation with Klaipeda is
weaker (r = 0.64-0.73; p = 0.0031-0.0004). The SPIn to APIn ratio,
according to the EAACI definition, was even higher than in the alder
case, reaching 0.98-0.99. This indicates that nearly all pollen are
captured during the pollen season. The average number of days with a
pollen concentration >10 pollen/m? ranges from 27 in Klaipeda to 34 in
Vilnius, while the number of days with a concentration exceeding 100
pollen/m3 varies from 11 to 16 on average (Table 3).

As with alder pollen, the pollen peak is observed on warm, sunny,
and dry days. On average, the mean air temperature anomaly was 2.6 °C,
while the daily maximum temperature anomaly reached 4 °C. Moreover,
more than 1 mm of precipitation was recorded on only 8 % of these days.
Nearly three-quarters of the total pollen concentration is recorded
within 10 consecutive days, with the highest concentrations, and almost
90 % within 20 days (Fig. 4). During the 15 days of highest concentra-
tion, the average temperature was, on average, 1.1 °C higher than the
long-term average. Since a greater-than-average air temperature
amplitude was also recorded during these days, it can be stated that this
day can be characterised by lower cloudiness and longer sunshine
duration. Precipitation was, on average, 29 % lower. In the case of alder
pollen, the key factor was a relatively strong positive temperature
anomaly, however, peak concentrations were recorded on sunny days
with less precipitation.

Analysis of the 30 days with the highest birch pollen concentrations
revealed a sharp increase in pollen levels at the beginning of the period,
peaking on days 7-10, most commonly on day 8. 6 % of the total APIn
(on average accounts for 6 % of the total APIn). Thereafter, the con-
centration gradually declines, and from around day 20 onward, it
typically remains below 2 % of the APIn (Fig. 6b).

A negative and statistically significant correlation between APIn
values and the pollen season duration defined by the EAN definition (r =
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—0.65 to —0.80; p = 0.0026-0.0001) was recorded. In contrast, a weaker
positive correlation is observed with the season duration calculated
according to the EAACI definition (r = 0.51-0.62; p = 0.0257-0.0046).

3. Discussion

Due to changing cold-season patterns in Lithuania—such as rising
winter and spring air temperatures, increasingly frequent winters
without long-lasting snow cover, and earlier occurrences of the last
spring frosts (Rimkus et al., 2018; Klimavicius and Rimkus, 2024)—
corresponding plant responses have been observed, including an earlier
onset of the pollen season. It was determined that the pollen season is
advancing, and this shift is likely caused by earlier springs and milder
winters (Figs. 2 and 3). Other studies have also shown that the start of
the pollen season tends to occur earlier when average temperatures are
higher, particularly during the spring months (Kubik-Komar et al.,
2021). Warmer springs may also lead to a more extended period of
pollen activity. Because trees are early pollen producers, the effects of a
shorter winter due to warmer temperatures have a pronounced impact
on the earlier start of the pollen season (Fig. 2). Research by Schramm
et al. (2021) demonstrated that air temperature significantly influences
the start date of the pollen season. As climate change causes warmer
temperatures earlier in the year, an earlier onset of the pollen season is
increasingly being observed. Similarly, Malkiewicz et al. (2016) found
that the earlier start of alder (Alnus) and birch (Betula) pollen seasons in
southwest Poland over the past 60 years is closely linked to rising air
temperatures. Zhang and Steiner (2022) also reported that warmer
temperatures in the United States have advanced the onset of spring
pollen emissions by 10-40 days, with the overall season lasting longer.
Additionally, Emberlin et al. (2007) observed that the alder pollen
season had become longer in the Worcester area of the UK. However,
Haobeke et al. (2018) noted that the alder pollen season is stable, and
season start and end dates are stable over the years of research.

Our findings align with previous studies highlighting the complex
relationship between environmental conditions and pollen season
timing. The start and development of pollen seasons are influenced by
many factors, including meteorological conditions and the specific
location of the plants (e.g., urban vs. rural environments), making it
challenging to isolate and interpret individual correlations (Tischer
et al., 2017). As in our case, among the various indicators of pollen
season timing, the start date most frequently shows a statistically sig-
nificant correlation with air temperature (Schramm et al., 2021). Higher
spring temperatures and shifts in precipitation timing can lead to earlier
pollen season onset, longer durations, and increased airborne pollen
concentrations (Cristofolini et al., 2024). Consistent with our results,
Hajkova et al. (2015) also did not find a significant correlation between
pollen and precipitation sums. Likewise, Schramm et al. (2021) reported
that the majority of analyses revealed no significant associations be-
tween precipitation and various pollen season timing indicators. Our
study found statistically significant correlations between air tempera-
ture and the start dates of the pollen season (Fig. 2). However, almost no
significant relationships were identified between these airborne pollen
season parameters and precipitation amount. These results are consis-
tent with Schramm et al. (2021), who reported that higher temperatures
were associated with an earlier onset of the primary pollen season and
increased average daily pollen concentrations, while correlations with
precipitation were less evident. In some cases, early spring precipitation
delays the start of the pollen period (Guada et al., 2024). It should be
noted that the relatively short time series (19 years) may limit the
robustness of the statistical tests and the interpretation of effect sizes.
For this reason, the significance test results should be interpreted
cautiously, as indicative rather than definitive. The limited study period
may also limit the ability to detect long-term trends correctly and po-
tential nonlinear changes.

During the 2005-2023 period, statistically significant trends were
identified mainly for the alder pollen season, while changes in the birch
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pollen season were weaker and insignificant. The start of the alder
pollen season advanced the most, especially in Vilnius, reflecting the
substantial impact of rising late-winter and early-spring temperatures.
Meanwhile, the indicators of the birch pollen season showed only minor
shifts. The fact that the Betula pollen season has not occurred earlier in
the last few decades is also noted in other research (Adams-Groom et al.,
2022; Glick et al., 2021). The differences between alder and birch suggest
that early-flowering species such as alder are more sensitive to
short-term temperature fluctuations. Overall, these results highlight the
contrasting phenological responses of tree species to ongoing climate
change in Lithuania.

We used two different methods to calculate pollen season dates: the
EAN definition and the EAACI definition. In years with a low APIn, 1 %
of the APIn might be reached very early in the year, which is sometimes
unlikely to mark the actual start of the pollen season. Low pollen con-
centrations in winter can result from short-term warming or long-range
transport events.

Even a few pollen with a low APIn can lead to a formal pollen sea-
son’s early start. For example, according to the EAN definition, in
Siauliai in 2007, the pollen season began on January 15. That particular
year, the APIn was registered at a value of a little above 700 pollen/m?,
so a concentration with few pollens detected over several days in mid-
winter led to an unusually early start of the season. The unusually
warm winter start in Siauliai resulted in predominantly positive tem-
peratures in January. However, cold weather that began at the end of
January persisted until late February, with minimum temperatures often
dropping to —20 °C. The daily pollen concentration only reached 5
pollen/m? on March 8 for the first time. Thus, it is highly inaccurate to
consider January 15 as the actual start of the pollen season that year.

On the other hand, such an early start is not always a misstart. For
instance, in 2020, the alder pollen season began on January 22, ac-
cording to the EAN definition method, with an APIn just above 400
pollen/m>. That winter was the warmest on record, with average tem-
peratures falling below 0 °C on only a few days. As a result, 50 % of the
API was reached by February 8.

Conversely, in years with a very high APIn, the start of the pollen
season can be recorded quite late, even if pollen concentrations were
already relatively high earlier in the season. For example, in 2011, the
season’s start was recorded on March 20, even though pollen concen-
tration had already exceeded 20 pollen/m® on March 13-14. On March
19, the pollen concentration had dropped to just four pollen/m>. These
examples illustrate the EAN definition method’s limitations in defining
the precise date of the pollen season start.

In Lithuania, the average APIn values difference is relatively minor
(31 %) across the investigated locations during the study period.
Therefore, the EAACI definition method is slightly more suitable for
assessing pollen seasonality in Lithuania. In addition, the EAACI defi-
nition is more useful for public information purposes, as it allows the
start of the pollen season to be identified earlier than with the EAN
definition. This feature makes it more useful for allergy risk forecasting
and for improving citizen-oriented services such as the PASYFO system
currently applied in Lithuania. The EAN definition is particularly valu-
able for assessing pollen dispersion in the atmosphere and for improving
air quality model forecasts, as it allows for a better assessment of climate
impact. Even though the correlation between the pollen season dates
determined by these two methods is weak, the average long-term dates
and season duration are similar. Pfaar et al. (2024) compared different
pollen season definitions and found that the EAN definition method
generally results in a slightly later pollen season start compared to the
EAACI definition. Despite this difference, calculations showed high
consistency between the two definitions. The choice between these
definitions depends on the context: the EAACI definition may be more
suitable for real-time evaluation, while, in contrast, the EAN definition
method requires the entire season before calculations can be performed.
Bastl et al. (2018) support this preference for the EAACI definition in
clinical contexts. Ultimately, the definition of the pollen season should
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align with the study’s specific aims. Deviations from established or
recommended definitions can be justified if the methods and terminol-
ogy are clearly and precisely defined (Bastl et al., 2018).

Several studies have revealed that the start of the airborne pollen
season does not necessarily match the beginning of local flowering. For
example, as discussed in Jochner et al. (2012), the start of the birch
pollen season in Germany occurred on average 6 days earlier than local
flowering. However, the peak of the pollen season coincided with the
mean flowering date. The mismatch of local phenological onset dates
with the start of the pollen season can be partly explained by long- or
medium-range transport of airborne pollen by moving air masses
(Jochner et al., 2012). In some cases, there may be no correlation be-
tween pollen concentration and local meteorological conditions, as
pollen can be transported over long distances, originating from other
regions or even countries ([zquierdo et al., 2015). In the study by Sofiev
et al. (2006), long-range birch pollen transport phenomena were also
investigated. The almost spherical grains are small and belong to one of
the furthest transported types of pollen.

The observed trends—such as the earlier onset and shifting intensity
of alder and birch pollen seasons in Lithuania—offer concrete, region-
ally grounded evidence that can be directly used to calibrate and vali-
date airborne pollen or pollinosis risk indices. For example, pollen
resistance index forecasting services developed through the EO4EU
platform (https://www.eo4eu.eu/), which aims to make Earth obser-
vation data more accessible, make it easier to link pollen and air quality
loads to human health. This study provides actionable data by quanti-
fying the effect of meteorological variables on pollen release and peak
concentrations, and enables the improvement of pollinosis forecasts
similar to PASYFO.

4. Conclusions

This study analyses the seasonal indicators of alder and birch pollen
in Lithuania and their changes over time. It also investigates the re-
lationships of pollen seasonal indicators with air temperature and pre-
cipitation. No prior research of this kind has been conducted in the Baltic
region. Lithuania has been monitoring pollen continuously since 2003,
making it a unique data source. Although we acknowledge the statistical
limitations of a 19-year record, it is still considered a sufficiently long
and robust dataset in aerobiological studies, where shorter time series
are often analysed.

The findings show that the start of the alder pollen season has
advanced the most (13-34 days in different locations), which can be
linked to the remarkably rapid increase in air temperature during the
February-March. This indicates a clear climate-driven shift in alder
pollen distribution in Lithuania. Changes in birch pollen season in-
dicators are less prominent. Although most pollen seasons’ start and end
dates have shifted earlier, majority of the changes were statistically
insignificant due to the high variability in pollen season parameters and
the relatively short study period. Season duration has changed only
slightly and inconsistently across locations and calculation methods,
with the highest increase observed in Vilnius by approximately 10 days.
The seasonal indicators of the studied pollen also reveal a weak and
inconsistent relationship with the monthly precipitation sums during the
spring months. However, the absence of precipitation combined with a
positive temperature anomaly, often several degrees above normal, is
the most critical factor determining alder and birch pollen peak con-
centrations. On average, about 21-26 % of the annual alder pollen and
18-20 % of birch pollen are recorded on peak pollen days. Over half of
the APIn is, on average, recorded during the five consecutive days with
the highest concentrations, while over 80 % is typically captured within
the 15 days. Seasonal variations in birch and alder pollen concentrations
directly affect the clinical treatment of patients with seasonal allergic
rhinitis, particularly regarding the timing of allergen immunotherapy
and medication use. In this context, EAACI criteria provide a clinically
oriented framework, while EAN criteria are more suitable for long-term
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aerobiological data evaluation. On the other hand, our findings may also
be important for urban greening and planning policies, ensuring that
allergenic burden is considered in strategies for healthier cities.
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